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Abstract. Recently, Jánosi et al. (2019) introduced the con-
cept of a “vortex proxy” based on an observation of strong
correlations between integrated kinetic energy and integrated
enstrophy over a large enough surface area. When mesoscale
vortices are assumed to exhibit a Gaussian shape, the two
spatial integrals have particularly simple functional forms,
and a ratio of them defines an effective radius of a “proxy
vortex”. In the original work, the idea was tested over a re-
stricted area in the Californian Current System. Here we ex-
tend the analysis to global scale by means of 25 years of
AVISO altimetry data covering the (ice-free) global ocean.
The results are compared with a global vortex database con-
taining over 64 million mesoscale eddies. We demonstrate
that the proxy vortex representation of surface flow fields
also works globally and provides a quick and reliable way to
obtain coarse-grained vortex statistics. Estimated mean eddy
sizes (effective radii) are extracted in very good agreement
with the data from the vortex census. Recorded eddy ampli-
tudes are directly used to infer the kinetic energy transported
by the mesoscale vortices. The ratio of total and eddy kinetic
energies is somewhat higher than found in previous studies.
The characteristic westward drift velocities are evaluated by
a time-lagged cross-correlation analysis of the kinetic en-
ergy fields. While zonal mean drift speeds are in good agree-
ment with vortex trajectory evaluation in the latitude bands
30–5◦ S and 5–30◦ N, discrepancies are exhibited mostly at
higher latitudes on both hemispheres. A plausible reason for
somewhat different drift velocities obtained by eddy track-

ing and cross-correlation analysis is the fact that the drift of
mesoscale eddies is only one component of the surface flow
fields. Rossby wave activities, coherent currents, and other
propagating features on the ocean surface apparently con-
tribute to the zonal transport of kinetic energy.

1 Introduction

Mesoscale eddies (MEs) at spatial scales from approximately
50 up to 500 km are energetic patterns of ocean surface
flow fields. The birth of MEs often occurs along shorelines
triggered by shear-driven barotropic instabilities or at the
edges of surface currents by density-anomaly-driven baro-
clinic instabilities (Willett et al., 2006; Chelton et al., 2007;
Smith, 2007; Badin et al., 2009; Chelton et al., 2011; Fagh-
mous et al., 2015; Marta and Isachsen, 2018; Brach et al.,
2018; Pnyushkov et al., 2018; Cetina-Heredia et al., 2019;
van Sebille et al., 2020; Chérubin et al., 2021; Wichmann
et al., 2021). The observation of mesoscale vortices on global
ocean surfaces is usually based on satellite altimetry, which
determines local sea surface heights with respect to the geoid
by return time analysis of reflected microwave pulses (Stam-
mer and Cazenave, 2017). Local sea level anomalies (SLAs)
are obtained by removing local long-term mean sea surface
height (SSH) values. 2D velocity fields are obtained by as-
suming geostrophic equilibrium at which horizontal (hydro-
static) pressure gradient forces are compensated for by the
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Coriolis effect. Several Eulerian methods have been devel-
oped to identify and locate mesoscale vortices from surface
flow fields, most of them based on some form of finding close
contours of SLA (Chelton et al., 2011; Mason et al., 2014; Li
et al., 2016; Schütte et al., 2016; Pessini et al., 2018; Zhib-
ing et al., 2022). Alternatives use the geometry of the veloc-
ity vectors (Nencioli et al., 2010; Ji et al., 2018), contours
of the Okubo–Weiss parameter (Chelton et al., 2007; Kurian
et al., 2011; Ubelmann and Fu, 2011; Schütte et al., 2016;
Pessini et al., 2018), or wavelet analysis (Rubio et al., 2009;
Pnyushkov et al., 2018). Detailed comparisons show that all
Eulerian methods have pros and cons, and none of them is su-
perior to another (Souza et al., 2011; Escudier et al., 2016).
Methods based on identifying Lagrangian coherent struc-
tures obey a much better mathematical foundation (Haller,
2015; Beron-Vera et al., 2018; Haller et al., 2018; El Aouni,
2021; Ryzhov and Berloff, 2022). However, they are compu-
tationally rather demanding and the (relatively low) spatial
resolution of the input fields is a challenging aspect of them
(Amores et al., 2018).

Kinetic energy (KE) is a quantitative characteristic of
ocean flow fields (Wunsch and Ferrari, 2004; Stammer, 1997;
Wunsch, 2009, 2013). KE is usually separated into the mean
KE and the eddy KE (EKE) computed from the time-varying
velocities; see Fig. 1. Recent data evaluation of satellite ob-
servations suggests that eddy-rich regions exhibit a signif-
icant increase in mesoscale variability (thus EKE per unit
volume), while the equatorial oceans show a decrease in EKE
(Martínez-Moreno et al., 2019, 2021).

In this work we extend a previous analysis by Jánosi et al.
(2019) to the global scale based on the observation that in-
tegrated EKE and integrated enstrophy over a large enough
area are strongly correlated in time. A coarse-grained ap-
proach can reveal useful information such as mean eddy size
or the fraction of vortex energy in total EKE, similarly to a
recent study by Rai et al. (2021) wherein oceanic eddy killing
by wind was analyzed. In the next section we briefly summa-
rize the essential points of the aforementioned methodology.
Then we demonstrate the presence of strong correlations be-
tween integrated kinetic energy and enstrophy, and we obtain
effective “proxy vortex” radii globally. (In Jánosi et al., 2019,
the term “super vortex” was coined to characterize the sur-
face flow field by a single Gaussian vortex; here we rather use
proxy vortex to avoid overstatement.) Note that we restrict
our analysis to 2D surface flow fields, and vertical vortex
structures are not considered. We validate the procedure by
comparing the results with data on 64 million mesoscale vor-
tices identified by the most common closed contour method
(Faghmous et al., 2015). In addition, we analyze the ampli-
tude relationships between our method and the global vortex
census. Finally, we provide a global survey of westward drift
constructed by measuring temporal cross-correlations of ki-
netic energies; discrepancies are discussed.

2 Data and methods

2.1 Data sources

Our primary data source is the AVISO data bank (Aviso,
1993–2018; Taburet et al., 2019). Besides sea level anoma-
lies, geostrophic velocity components and their anomalies
are also available. Absolute zonal and meridional veloc-
ity components (ugos and vgos in AVISO, denoted here
by [ug,vg]) were derived from sea surface height (SSH)
data above geoid with the geostrophic balance relations.
The absolute velocity components are related to the abso-
lute dynamic topography, which is the sum of sea level
anomaly and the mean absolute dynamic topography (MDT).
MDT is one of the key quantities to characterize persis-
tent ocean surface currents. Geostrophic velocity anomalies
(ugosa and vgosa, [u′g,v

′
g]) were computed by remov-

ing 20-year mean values (over the period of 1993–2012)
for each grid cell (Aviso, 1993–2018; Taburet et al., 2019).
In general, geostrophic velocity anomalies are related to
mesoscale eddies representing deviations from the mean flow
(Frenger et al., 2015; Ji et al., 2018). Figure 1a illustrates
the geographic distribution of integrated eddy kinetic en-
ergy obtained from geostrophic velocity anomalies [u′g,v

′
g]

as
∫∫ 1

2 (u
′2
g+ v

′2
g), while Fig. 1b is determined from the dif-

ference between absolute kinetic energy and eddy kinetic
energy as

∫∫ [ 1
2 (u

2
g+ v

2
g)−

1
2 (u
′2
g+ v

′2
g)
]
. Figure 1a is sup-

posed to characterize eddy activities, while Fig. 1b is re-
lated to the persistent energetic ocean currents. The over-
lap of red bands in Fig. 1a and b indicates intense vortex
shedding along the major currents; however, it cannot be
separated from the effects of meandering and relocation of
the main currents. The spatial resolution of AVISO fields
is 0.25◦× 0.25◦ (1440× 720 grid cells), and land areas are
masked. The temporal resolution is 1 d in the period 1 Jan-
uary 1993–23 October 2018, with 9397 d without missing
dates. Total and eddy kinetic energies (KE and EKE) are ob-
tained trivially from [ug,vg] and [u′g,v

′
g], and enstrophy (the

squared vorticity) is determined from the curl of the velocity
field (by centered numerical derivatives). Since this opera-
tion does not work directly along the shorelines (at least one
grid cell should be omitted), we matched the fields properly
for an appropriate comparison.

For the validation, we exploited the vortex data bank
assembled by Faghmous et al. (2015). They determined
mesoscale eddies from the same AVISO data that we uti-
lized, but covering a somewhat shorter temporal period
(1 January 1993–2 May 2014, 7791 d). During this period
they identified 32 687 988 cyclonic and 31 872 899 anticy-
clonic eddies globally. Several parameters are stored about
each vortex (geographic location, size, major and minor axis
lengths from a fit to an ellipsoid, major axis orientation, am-
plitude, area, etc.); however, we used a limited subset of such
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Figure 1. Snapshot of the global geostrophic flow field on a randomly chosen day (23 September 2018) from the AVISO data bank (Aviso,
1993–2018; Taburet et al., 2019). Color coding is in a logarithmic scale for better visualization; note the different ranges. (a) Integrated
eddy kinetic energy for each grid cell of 0.25◦×0.25◦ from geostrophic velocity anomalies 1

2 (u
′2
g+v

′2
g) (units: m4 s−2). Velocity anomalies

[u′g,v
′
g] are obtained from the AVISO data bank; see Sect. 2.1. (b) The difference between the total kinetic energy from geostrophic velocities

[ug,vg] and the eddy kinetic energy
[

1
2 (u

2
g+ v

2
g)−

1
2 (u
′2
g+ v

′2
g)
]
. Direct [ug,vg] components are determined from sea surface height (SSH)

data in the AVISO data bank. Integration is performed by multiplying the squared velocity difference by the curvature-corrected cell size
measured in square meters (m2).

data, as explained in Sect. 3 (“Results and discussion” sec-
tion).

We are aware of the fact that there is a continuously grow-
ing set of data repositories, most of them based on AVISO
altimetry. We recently learned about the recent development
by Pegliasco et al. (2022), which lists several alternatives
(Chelton et al., 2007, 2011; Tian et al., 2020; Zhang et al.,
2013; Martínez-Moreno et al., 2019). Our choice of Fagh-
mous et al. (2015) was merely determined by the easy ac-
cess, transparent data format, and large number of eddies in
the census. Furthermore, since the vortex detection methods
are very similar, we do not expect any large difference be-
tween data banks with our coarse-grained methodology.

2.2 Gaussian mesoscale eddies

Several studies of the shape of ocean MEs revealed that they
are close to Gaussian humps or troughs (Hopfinger and van
Heijst, 1993; Chelton et al., 2011; Raj et al., 2016; Keppler
et al., 2018; Martínez-Moreno et al., 2019). A detailed fitting
procedure of about 5 million SLA profiles by Wang et al.
(2015) revealed that around 50 % of MEs are indeed well

approximated by a Gaussian shape:

η(r)= η0 exp
(
−
r2

2R2

)
, (1)

where η0 is the peak height, r is the radial distance from
the vortex center, and R is a radius parameter. Note that
R belongs to the 1σ standard deviation of a Gaussian pro-
file, which is not necessarily identified as the radius of an
ME by closed contour methods. Besides the Gaussian ed-
dies, another∼ 40 % are Gaussian over a sloping background
or merger of two nearby Gaussian eddies, and the rest have
a quadratic core resembling Rankine vortices. Geostrophic
equilibrium velocities in polar coordinates have only nonzero
tangential components v′g = [0,v

′
g(r),0]:

v′g(r)=
g

f

∂η(r)

∂r
=−

η0gr

fR2 exp
(
−
r2

2R2

)
, (2)

where g is the gravitational acceleration, and f = 2�sin(ϕ)
is the local Coriolis parameter at latitude ϕ with�= 7.292×
10−5 s−1 for the Earth. The vertical vorticity component ξ(r)
is the curl of Eq. (2) in cylindrical coordinates, as usual.
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We do not repeat all the details described in Jánosi et al.
(2019); we just recall the most important observations. For
an isolated Gaussian vortex, the total eddy kinetic energy
and enstrophy are finite over an infinite domain of integra-
tion (written in 2D polar coordinates):

IEKE =
1
2

∞∫
0

2πrv′2g(r)dr =
g2πη2

0
2f 2 , (3)

IZ =
1
2

∞∫
0

2πrξ2(r)dr =
g2πη2

0

f 2R2
eff
. (4)

The total eddy kinetic energy integral IEKE depends only on
the peak height η0 of the vortex at a given geographic lati-
tude. The total enstrophy integral IZ is very similar but has
an effective radius Reff. That is why the ratio of the two inte-
grals is simply

IEKE

IZ
=

1
2
R2

eff. (5)

When the time series of the two integrals are properly corre-
lated, the ratio provides a key to estimate an effective size for
a single proxy vortex characterizing the given area of integra-
tion. The radius parameter R in Eqs. (1)–(2) and the param-
eter Reff in Eq. (5) are equivalent in the case of an isolated
vortex. However, when we use the spatially integrated kinetic
energy and enstrophy ratios over the ocean, the integrals can
belong to a couple of eddies. There is no a priori argument
regarding why the real radius characterizing the size of an
isolated eddy should be closely related to an Reff parameter
related to several eddies (apart from the dimension).

We note here that a Gaussian vortex represents a specific
case of a general class of solutions of the vorticity equation.
The nondimensional form of the tangential velocity field is
v(r)= 1

2 r exp(−rq), where q is the so-called steepness pa-
rameter controlling the shape (Carton and Mcwilliams, 1989;
Hopfinger and van Heijst, 1993). For any q > 0 integer or
non-integer case, the spatial integrals of the kinetic energy
and enstrophy are finite over an infinite domain of integra-
tion usually expressed by the 0 function. Consequently, the
ratio of the two integrals is also some rational number. It is
an empirical finding (described in the first paragraph in this
subsection) that the Gaussian vortex approximation (q = 2)
works well for mesoscale eddies.

2.3 Analysis of correlations

In order to characterize correlations for the two integrals
IEKE and IZ , we determined the Pearson correlation coef-
ficient P by using the standard definition

PIEKE,IZ =

〈[
IEKE(t)−

〈
IEKE(t)

〉
t

][
IZ(t)−

〈
IZ(t)

〉
t

]〉
t

σIEKEσIZ
, (6)

where angle brackets 〈·〉t indicate temporal mean values,
and σ is the standard deviation. All calculations were per-
formed in a Python environment (version 3.6) with the stan-
dard Numpy (Harris et al., 2020) and SciPy (Virtanen et al.,
2020) packages. Maps were drawn by the Basemap module
(https://matplotlib.org/basemap/, last access: 27 April 2022).

Pearson correlation is the most common metric for the
evaluation of a linear association between two time series. An
often-used alternative metric to test arbitrary but monotonous
association between two time series is provided by the Spear-
man rank correlation coefficient, which is actually Pearson’s
correlation coefficient applied to the ranks of the observa-
tions. According to our tests, the two coefficients are essen-
tially identical for the integrals, and therefore we use Pear-
son’s P .

Special considerations are required to determine the area
of integration. The reason is that practically no correlations
exist between IEKE and IZ in single grid cells of 0.25◦×
0.25◦. The plausible explanation is that a single velocity vec-
tor per grid cell (assumed to be a characteristic value over
the cell) cannot resolve finer structures, and therefore the
kinetic energy and enstrophy change almost independently
in time. We analyzed this question in detail in Jánosi et al.
(2019). On the global scale, an analogously detailed analysis
would be too computationally expensive to perform. Instead,
we will compare results for three different tilings: 21× 21,
11× 11, and 5× 5 grid cells (the odd numbers have the ben-
efit that the position of the central grid cell defines a clear
geographic location for a tile). Close to the shorelines, we
kept tiles wherein a large enough number of grid cells were
over the oceans, specifically at least 200 out of 441, 80 out
of 121, and 20 out of 25, respectively. The tessellations were
constructed with an overlap of 1 grid cell wide stripes at the
edges in order to have an easy reference to the central coor-
dinates of tiles. In this way the spacing of tile centers is 1.0◦

for the smallest, 2.5◦ for the medium, and 5.0◦ for the largest
tiles.

A finite area of integration at any tessellation is not closed:
eddies come and go, emerge and decay. Still, when the Gaus-
sian hypothesis holds, then a strong correlation is expected
between integrated kinetic energy and enstrophy. If the cor-
relations between IEKE and IZ are strong enough, we can use
the simple relationship in Eq. (5) to estimate an effective ra-
dius Reff for a single Gaussian proxy vortex.

2.4 Consideration of eddy amplitudes

We noted before that the integrated kinetic energy over an in-
finite domain as in Eq. (3) depends only on the squared peak
height η2

0 of an isolated Gaussian vortex. Theoretically, we
can exploit this fact to obtain proxy vortex amplitudes and
compare them with the amplitudes stored in the mesoscale
eddy database (Faghmous et al., 2015). In practice, however,
we run into the problem that eddies are never isolated in the
ocean, and an estimation of KE or EKE is performed always
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over a finite area. Numerical tests prove that time series of
EKE at a given location but at two different tile sizes are
quite similar when the area relationship is properly consid-
ered. For example, the kinetic energy behaves similarly (but
not identically) at a fixed lat–long center for integration areas
of 11× 11 and 21× 21 grid cells when the former is multi-
plied by the area ratio of 441/121≈ 3.645. A comparison
is also possible after normalization; the result in this case
is energy per unit area (commonly used in oceanography).
However, such normalization does not work in Eq. (3) sim-
ply because an increasing area of integration does not yield
energy saturation in any real surface flow field, in contrast to
an isolated vortex.

For the reason explained above, we reverse the consider-
ation of Eq. (3) in order to get a hint about the partition of
kinetic energy between geostrophic vortices and the back-
ground flow. We assume that the majority of oceanic ed-
dies has a Gaussian shape, and we estimate their total kinetic
energy by inserting the measured (squared) amplitudes into
Eq. (3) from the vortex census. Next we compare the sum of
kinetic energies for the individual eddies and the total kinetic
energy obtained from the velocity anomaly field. We perform
this procedure for the two larger tilings (21× 21 and 11× 11
grid cells) for which we expect that MEs exist in the given
tile and time.

2.5 Westward drift of mesoscale eddies

A well-known and widely analyzed feature of eddy tra-
jectories is the general tendency for westward propagation
in the absences of strong countercurrents (Cushman-Roisin
et al., 1990; Chelton et al., 2007, 2011; Early et al., 2011;
Kurian et al., 2011; Drótos and Tél, 2015; Brach et al., 2018;
Cetina-Heredia et al., 2019; van Sebille et al., 2020; Wich-
mann et al., 2021, just to mention of a few references from
the existing vast literature). The usual parsimonious expla-
nation is based on the beta-plane effect: the Coriolis pa-
rameter is slightly different on the two opposite sides of
an eddy (in the meridional direction). Beta-plane approx-
imation exploits the linear expression f = f0+βy, where
f0(ϕ) is the Coriolis parameter at the reference latitude
ϕ, y is a (linear) meridional distance, and the slope factor
is β = df/dy|ϕ = 2�cos(ϕ)/RE, where RE = 6378100 m
is the radius of Earth. Manifestly, β is largest around the
Equator and decreases toward larger latitudes on both hemi-
spheres.

The beta-plane approximation allows an analytical solu-
tion with the result that all eddies (cyclonic and anticyclonic)
propagate westward, and the speed does not depend on the
size and height (or depth) of a vortex obeying geostrophic
equilibrium. The simple formula for the drift speed is the
same as for long nondispersive Rossby waves (Cushman-
Roisin et al., 1990):

Ud =−βR2
d, (7)

where Rd =
√
g′H/f 2

0 is the radius of deformation with the
reduced gravity g′ and the mean layer thickness H (outside
an eddy). The latter is usually estimated as the thickness of
the mixed layer down to the pycnocline as a first approxima-
tion. Nevertheless, obtaining a precise value for Rd is not a
trivial task (see, e.g., Nurser and Bacon, 2014). The picture
is further complicated by the weak nonlinear effects present
in a quasi-geostrophic approach, resulting in an amplitude
(thus traveling distance) dependence of propagating speeds
(see, e.g., Figs. 9 and 10 in Early et al., 2011).

We will compare our results with the linear estimate. We
used the gridded dataset for Rossby radii compiled by Chel-
ton et al. (1998), which is available online (https://ceoas.
oregonstate.edu/rossby_radius, last access: 27 April 2022).

The appealing aspect of the beta-plane approach is that the
drift speed does not depend on the characteristics of individ-
ual eddies, although they transport kinetic energy and vortic-
ity westward. We exploit this fact to estimate westward prop-
agation velocities by evaluating the cross-correlationX(τ) of
integrated kinetic energy IEKE(t) between neighboring tiles
in the zonal direction:

X(τ)=

〈[
IEKE(t)i −

〈
IEKEi

〉
t

][
IEKE(t − τ)i−1−

〈
IEKEi−1

〉
t

]〉
t

σiσi−1
, (8)

where the time lag τ represents a temporal shift between the
two time series by τ days, angle brackets 〈·〉t denote temporal
means, and σ is the standard deviation of IEKE(t) in the given
tile.

For the validation, we again explored the eddy census by
Faghmous et al. (2015). Besides the collection of individ-
ual MEs, they provide 2 758 222 eddy tracks (in a single gi-
ant text file containing 36 662 978 lines and seven records by
line). The temporal resolution of tracks is 1 d (AVISO stan-
dard). Since the cross-correlation method (Eq. 8) outlined
in the previous paragraph detects only zonal drifts, we ex-
tracted the same information (mean zonal drift speed as a
function of the latitude) from the available eddy tracks. Daily
travel distances in the zonal direction were determined by the
widely used haversine formula (Cotter, 1974), wherein the
mean value of the latitudes at dayi and dayi+1 and the zonal
distance of longitudes were inserted.

3 Results and discussion

3.1 Correlations between IEKE(t) and IZ(t), vortex
radii

The geographic distribution of the Pearson correlation coef-
ficient P for IEKE(t) and IZ(t) is shown in Fig. 2a, b, and c
for the three tilings, respectively. The common feature is the
strongly decreasing correlation in the latitude band 10◦ S–
10◦ around the Equator. This behavior is expected because
the Coriolis effect vanishes at the Equator; thus, geostrophic
eddies have a very short survival time when drifting close to

https://doi.org/10.5194/os-18-1361-2022 Ocean Sci., 18, 1361–1375, 2022
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Figure 2. Pearson correlation coefficients P for the integrated kinetic energy IEKE(t) and enstrophy IZ(t) at three different tilings determined
for the whole period of AVISO records. (a) 21× 21 grid cells; (b) 11× 11 grid cells; (c) 5× 5 grid cells (for details see Sect. 2.3).

the zero latitude. The color coding in Fig. 2 indicates stronger
correlations for larger tile sizes, which is in full agreement
with the result in Jánosi et al. (2019). Somewhat surprising is
the fact that strong correlations between IEKE(t) and IZ(t)
appear in several ocean basins at the smallest tile size of
1.25◦× 1.25◦, mostly at the eastern boundaries of the basins
(south to Australia and around the Agulhas, Antarctic Cir-
cumpolar, Gulf, and Kuroshio Current). The yellowish col-
ors dominating Fig. 2c represent lower but statistically sig-
nificant correlations with P values between 0.6 and 0.7.

The strong correlations permit giving an estimate for an
effective proxy vortex radius Reff with Eq. (5) as Reff =√

2IEKE/IZ . For simplicity, we show here only the map for
the finest tiling in Fig. 3, adding, however, that all three pan-

els look very similar. Likewise, in Fig. 2, we observe anoma-
lies in the equatorial band of 10◦ S–10◦ N as unusually large
vortex sizes.

For the validation of the results, Fig. 4 exhibits a com-
parison for five datasets. From the vortex census by Fagh-
mous et al. (2015), we used the parameter of eddy area for
each individual case because it is given in units of square
kilometers (km2) and not in grid cell number; therefore, we
did not need to determine the meridional corrections. We de-
termined and plotted zonal means for an equivalent radius
Requiv, which is a radius of a circular vortex of the same
area as recorded. Since the identified eddies were fitted with
ellipses by Faghmous et al. (2015), the lengths of the ma-
jor and minor axes a and b were recorded. We checked the
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Figure 3. Geographic distribution of the effective radius Reff based on the estimate by Eq. (5) for the finest tiling of 1.25◦×1.25◦. The color
scale is logarithmic for better visualization. White pixels denote seasonally ice-covered regions.

statistics by determining the usual parameter of eccentric-
ity ε =

√
1− (b/a)2. Characteristic zonal mean values are

around ε ∼ 0.75 (b ≈ 0.66a) in the large ocean basins be-
tween latitudes 40◦ S and 40◦ N. Northward and southward
of this band the eccentricity gradually increases close to 1
(strongly elongated shapes). This result is in agreement with
Chen et al. (2019), wherein statistics of fitted ellipses and
their orientations are presented for 2.6 million individual ed-
dies. However, a simple visual check of a couple of maps (not
shown here) indicates that an ellipsoidal fit is also an approx-
imation. Mesoscale eddies strongly interact with the neigh-
bors, and before they decay, the isocontours of sea height
anomalies exhibit rather complex features with lobes and
waves around.

The agreement between the five estimates of zonal mean
effective radii Reff and Requiv is rather satisfactory for the
latitudinal bands 80–20◦ S and 20–80◦ N. The gray band in-
dicates the equatorial zone where we obtained poor corre-
lations (see Fig. 2). Despite this fact, we plotted the esti-
mates for the following reason. The vortex data bank (Fagh-
mous et al., 2015) contains a surprisingly large number of
mesoscale eddies in this “gray zone” (see Fig. 4) with rather
large equivalent radii. Since this band cannot be a source of
geostrophic eddies, they must be advected here from higher
and lower latitudes. These eddies have systematically low
amplitudes, and therefore their detection by isocontours can
have a large error and can easily result in underestimates of
their size. Unfortunately, eddy radius estimates by Eq. (5) are
rather unreliable in the gray zone too because of the low level
of correlations at each tiling (see Fig. 2).

Note that averaging should be performed with care. This is
due to a finite size effect: it often occurs that no eddies (more
precisely, no eddy centers) are identified in a given day and in
a given tile by the eddy census. Actually, from the aggregated
dataset of size 7792× 36× 72 (days× long× lat), 26.3 % of
the largest tiles and 31.1 % of the medium-sized tiles (out of
7792× 72× 144) are zeros. For this reason, all zero values

Figure 4. Zonal and temporal mean values of the characteristic vor-
tex sizes Requiv and Reff for five datasets. Solid symbols are statis-
tics from the vortex database (Faghmous et al., 2015), with 32 mil-
lion cyclonic (blue symbols) and about the same number of anti-
cyclonic eddies (orange stars) MEs. Solid lines are the estimates
by Eq. (5) for the three tilings; see legend. The gray band denotes
the equatorial region of low correlations (see Fig. 1) where the es-
timates for Reff are particularly unreliable. Black error bars are for
Reff statistics (1σ ) with the largest tiles (21× 21) of integration. For
comparison, the dashed line indicates the zonal mean Rossby radius
of deformation; data are from Chelton et al. (1998).

in the tile-wise eddy census were masked, and the mask was
used in all data series before computing mean values.

The dashed line in Fig. 4 denotes the mean Rossby ra-
dius of deformation (Chelton et al., 1998). It is well known
that MEs usually have larger equivalent radii than the Rossby
radius at a given latitude due to essential (albeit weak) non-
linearities (Matsuura and Yamagata, 1982; Roisin and Tang,
1990; Dewar and Killworth, 1995; Willett et al., 2006; Chel-
ton et al., 2011), and it is properly reproduced in high-

https://doi.org/10.5194/os-18-1361-2022 Ocean Sci., 18, 1361–1375, 2022



1368 I. M. Jánosi et al.: Global coarse-grained vortex statistics

resolution ocean models (Ajayi et al., 2020; Moreton et al.,
2020). The agreement between the proxy vortex approxima-
tion and a previous global direct vortex census by Chelton
et al. (2011, see Fig. 12) is remarkably good.

3.2 Vortex amplitudes and kinetic energies

In order to compare amplitudes of proxy vortices and ampli-
tudes (stored height parameters) in the eddy census database,
one can explore Eq. (3). Since IEKE depends only on the
squared peak height of a Gaussian proxy vortex (and some
constants), proxy vortex amplitudes can be obtained by in-
serting the sum of kinetic energies belonging to identified ed-
dies

∫∫
EKEec in the eddy census. As described in Sect. 2.4,

we performed the calculation in the reverse direction. Instead
of attempting to extract sum of squared peak heights from
IEKE, we estimated the eddy kinetic energy tile-wise from the
eddy census

∫∫
EKEec by inserting the stored amplitudes into

Eq. (3). This approximation assumes that MEs have Gaussian
sea level anomaly profiles in general. The result for temporal
mean values is illustrated in Fig. 5. As expected, higher inte-
grated EKEec values are characteristic in the vicinity of en-
ergetic ocean currents, where a large number of vortices are
generated by baroclinic instabilities at the current edges (e.g.,
Willett et al., 2006; Smith, 2007; Badin et al., 2009; Mole-
maker et al., 2015; Marta and Isachsen, 2018; Pnyushkov
et al., 2018).

Figure 6 illustrates the tile-wise mean ratio
IEKE/

∫∫
EKEec, which is equivalent with the ratio of

squared amplitudes η2
0/η

2
ec (see Eq. 3) in the Gaussian

approximation. The map in Fig. 6b is rather pixelated,
indicating high variabilities. Indeed, in both space and time
the local values of the eddy kinetic energy ratios fluctuate
strongly between 0.5 and 15. Note that, here again, only
the dates were considered in the determination of mean
values when at least a single eddy center was detected in a
given tile. The range of mean ratios is of the same order of
magnitude as found by Amores et al. (2018) (they reported a
partition ratio between 1 and 5 fluctuating strongly in time);
however, it differs from Fig. 5b in Jánosi et al. (2019). In
the latter, a mean ratio around 2 was deduced in a restricted
ocean region along the shoreline of Oregon and California.
However, the way of estimating eddy heights was different.
While in Jánosi et al. (2019) the values of sea level anomaly
at the very center of identified eddies were used as proxies,
here we directly extracted the amplitude parameters from
the eddy census by Faghmous et al. (2015).

These statistics also suffer from an additional finite size ef-
fect, besides the occasional lack of identified vortices. When
the location of an ME is close to the boundary of the given
tile, its contribution to

∫∫
EKEec is larger than to IEKE (deter-

mined by direct counting from geostrophic velocity anoma-
lies [u′g,v

′
g]). This is because the implied integration domain

in Eq. (3) is infinite for a given eddy, but only about half of
it contributes to the counting of total kinetic energy inside

the tile. As a consequence, in several cases the daily ratio
is smaller than 1, suggesting that eddy centers in the given
tile are close to the tile edges. Fortunately this bias is not too
strong; at least the zonal mean values shown in Fig. 6a are
consistent for the medium and largest tile sizes (far enough
from the Equator).

An essential and well-known source of input data errors
is the difficulty of measuring eddy amplitude from altimeter
data. Most of the recorded amplitudes are small in the range
of a few centimeters, and the reference level is usually the
approximate height of the identified close contour (depend-
ing on the method). Small eddies (in both extent and height)
are poorly resolvable at the available spatial resolutions, and
therefore estimates are certainly loaded with errors. In order
to check the sensitivity of the method to amplitude errors, we
repeated all the calculations whereby the amplitude values
are systematically shifted up by +1 cm (note that large ed-
dies of 0.5 m or similar are hardly affected by such a shift).
The results changed rather strongly: while the curves of zonal
mean values keep all the presented geographic tendencies
(see Fig. 6a), the partition ratio dropped to a mean value
of 4.3 instead of 6.2, illustrating the sensitivity of our ap-
proach.

3.3 Eddy drift properties

The results for the analysis of (mostly) westward drift (see
Sect. 2.5) are presented in Figs. 7 and 8. The geographic
distribution for the coefficient of cross-correlations (X(τ) in
Eq. 8) in Fig. 7a exhibits high statistical significance almost
everywhere, particularly in the band 30◦ S–30◦ N. The time
lags τ at the maximum cross-correlations obey definite neg-
ative values in this band (blue in Fig. 7b), indicating marked
westward drift. Eastward drift (red in Fig. 7b) is character-
istic in the regions of the Antarctic Circumpolar Current as
well as at the northern Gulf and Kuroshio Currents, as ex-
pected. Note the appearance of large white areas along the
Equator and at larger than 40◦ latitudes on both hemispheres,
indicating very short time lags of 1–2 d or even zero (re-
call that the temporal resolution of flow fields is 1 d). Nearly
zero lags result in anomalously large values for velocity es-
timates as distance over time lag. By checking several flow
field maps, it seems that these regions can be characterized
by weak vortex activity. One plausible explanation is that lag-
zero significant cross-correlations are related to simultaneous
kinetic energy changes with the wind field over extended ar-
eas pumping kinetic energy into or from the oceanic surface
layer.

Figure 8 illustrates the comparison of drift speed results,
zonal mean values for the vortex data bank (red symbols and
orange error bars, Fig. 8a), and the cross-correlation analysis
(blue, Fig. 8b). The results of the cross-correlation method
are in good agreement with vortex tracking statistics in the
latitude bands 5–30◦ on both hemispheres. Stronger discrep-
ancies are present in the bands 30–50◦, again on both hemi-
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Figure 5. Temporal mean eddy kinetic energy
∫∫

EKEec estimated from the squared amplitude parameters η2
ec of the eddy census by Eq. (3)

for the tiling of 11× 11 grid cells. The white band indicates the equatorial region where estimates diverge because the Coriolis parameter
∼ sin(ϕ) in the denominator of Eq. (3) tends to zero. The color scale is logarithmic for better visualization.

Figure 6. Temporal mean eddy kinetic energy ratio IEKE/
∫∫

EKEec. The latter estimated from the squared amplitude parameters η2
ec of the

eddy census by Eq. (3). (a) Zonal mean values for the tilings of 11× 11 (blue) and 21× 21 (red) grid cells. The vertical dashed line (orange)
is not fitted and is only for orientation. (b) Geographic distribution for the tiling of 11× 11 grid cells. The white band indicates the equatorial
region where estimates diverge because the Coriolis parameter ∼ sin(ϕ) in the denominator of Eq. (3) tends to zero. The color scale is linear.

spheres. As for the narrow band 5◦ S–5◦ N along the Equator,
the vortex census statistics indicate a sharp drop in propa-
gation speeds. Since here mesoscale eddies cannot survive
a long time with a lack of the Coriolis effect, the statistics
break down.

The observed discrepancies can be explained by the fact
that mesoscale eddies are not the only form of kinetic energy
transport on the ocean surfaces. We have already noted that
the eddy kinetic energy field estimated from the geostrophic
velocity anomalies (see Fig. 1a) has a surprisingly large con-
tribution from the energetic current systems of apparently
strong temporal and spatial variabilities. The strong and nar-
row eastward currents at higher latitudes are parts of the top
branch of ocean gyres. This probably explains the anoma-
lies also present in the vortex tracking statistics: particularly
in the latitude bands 40–50◦ on both hemispheres, the mean
propagating velocity is zero or near zero (see Fig. 8). Stand-
ing mesoscale eddies can exist only where the westward
drift is balanced by an eastward background flow. Along the
Equator, freely propagating, nondispersive, linear, first-mode

baroclinic Rossby waves are common (Chelton and Schlax,
1996, see also Fig. 5a), suggesting that cross-correlation
analysis detects such Rossby waves in this band. Further-
more, long-living MEs might be related to Rossby waves
as suggested recently by Sutyrin et al. (2021). When steady
propagating baroclinic vortices are embedded in a large-scale
vertical shear, they can radiate Rossby waves without decay
by extracting available potential energy from the vertically
sheared background flow (Sutyrin et al., 2021).

3.4 Eddy kinetic energy transport

In order to further elaborate the possible reasons for the dis-
crepancies between the drift speed values obtained by the
two methods, we studied the Hovmöller diagrams (time–
longitude plots) for several latitudes. Three examples are il-
lustrated in Fig. 9. Red coloring indicates the time evolution
of the locations where the eddy kinetic energy per grid cell
has relatively high values. In Fig. 9a, the visible drift is east-
ward; this is no wonder because this region falls into the band
of the Antarctic Circumpolar Current (see Fig. 7b). The pat-
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Figure 7. Time-dependent cross-correlation analysis of the EKE field by Eq. (8) for the smallest tiling (5× 5 grid cells). Only zonal neighbors
are considered. The color scales are linear. (a) The level of maximal cross-correlation for each valid tile. (b) The time lag of maximal cross-
correlation for each valid tile. Blueish and reddish coloring indicates dominant westward and eastward zonal drifting tendency.

Figure 8. Zonal mean values of the characteristic zonal drift speed Ud in units of centimeters per second (cm s−1) for three datasets.
Gray bands emphasize the tropical region of particularly strong cross-correlation values (see Fig. 7a). (a) Red symbols (with orange error
bars) indicate the result from the tracks of vortex census. The solid black line is the estimate for nondispersive Rossby waves in Eq. (7).
(b) Blue symbols denote the result for the cross-correlation analysis at the smallest tiling (1.25◦× 1.25◦); anomalously low time lag values
(τ = 0,1,2 d) are filtered out from the statistics. The red line represents the mean drift speeds from (a).

tern suggests that vortical activity is patchy and formed by
small eddies of short lifetimes. The usual westward propaga-
tion pattern is illustrated in Fig. 9b. Notably, this eastern sec-
tion of the North Pacific basin along 31◦ N is also interrupted
by white areas of short time lags (see Fig. 7b), indicating
the lack of mesoscale eddies. Even after the filtering, τ ≥ 3

lags give anomalously large drift speed values to the zonal
mean. An interesting situation is exhibited in Fig. 9c. This
section along the Aleutian Islands in the northeastern Pacific
is characterized by the quasi-periodic appearance of a single
giant energetic eddy or ocean ring advected by the Alaskan
Stream. Such an event is depicted in Fig. 10, where the huge
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Figure 9. Hovmöller plots (time–longitude diagrams) of eddy kinetic energy propagation for three particular regions. Latitudes are indicated
in the title of panels. Black lines guide the eye for characteristic slopes. Color scales are logarithmic. (a) A southern Pacific section in the
region of the Antarctic Circumpolar Current at the latitude 60◦ S. The eastward drift speed (black line) is estimated as 5.8 cm s−1. (b) A
northern Pacific section at the latitude 31◦ N. The westward drift speed (black line) is around −5.2 cm s−1. (c) A northern Pacific section at
the latitude of 52◦ N, rather close to the Fox Islands. The rare extreme energetic vortices obey a westward drift speed around −2.9 cm s−1.

ring of diameter 300–350 km passes by westward between
day 1500 (9 February 1997) and day 2000 (24 June 1998).
Similar giant rings have been known and studied mostly by
satellite altimetry for a few decades (Ladd et al., 2007; Ueno
et al., 2009; Lyman and Johnson, 2015; Prants et al., 2019).
Recent results suggest that their unusually long lifetime is re-
lated to the bottom topography (Gulliver and Radko, 2022).

4 Summary

Since we already discussed the results in the subsections
above, here we list the main findings of this work.

– The eddy kinetic energy (EKE) obtained from the 2D
geostrophic velocity anomalies [u′g,v

′
g] of the AVISO

data bank partly reflects the activity of mesoscale ed-
dies; however, it has significant contributions from the
meandering and swinging of the major western bound-
ary and equatorial currents (see Fig. 1).

– The time-dependent integrated eddy kinetic energy
IEKE and integrated enstrophy IZ are strongly correlated
except along the Equator. The larger the area of integra-
tion the stronger the temporal Pearson correlation (see
Fig. 2). While there is no correlation in a single grid cell
of size 0.25◦× 0.25◦ with a single mean velocity (as-
signed to the center of grid cells), and integration area
of 5× 5 grid cells (1.25◦× 1.25◦) is enough to exhibit
significant correlations almost everywhere (see Fig. 2c).

– The effective zonal mean radii of proxy vortices Reff
obtained by Eq. (5) are in good agreement with zonal
mean values extracted from the eddy census by Fagh-
mous et al. (2015) away from the equatorial band 10◦S,
10◦ N (see Fig. 4). Here correlations between IEKE and

IZ are decaying, and thus the approximation by Eq. (5)
breaks down.

– Integrated eddy kinetic energies are obtained by two es-
timates. Firstly, IEKE is computed from geostrophic ve-
locity anomalies by direct counting. Secondly, for an ap-
proximation of the “true” eddy contribution

∫∫
EKEec,

squared amplitudes from the eddy census by Faghmous
et al. (2015) are inserted into Eq. (3). The zonal mean
ratio of IEKE/

∫∫
EKEec is somewhat larger than found

in previous analyses (see Fig. 6a); however, this ratio
is very sensitive to small errors in recorded eddy am-
plitudes. A uniform upward shift by 1 cm resulted in a
∼ 30 % drop in zonal mean values.

– As for the propagation of kinetic energy and drift of ed-
dies, the estimates from time-lagged cross-correlation
analysis of EKE fields are in general agreement with
vortex tracking statistics considering order of mag-
nitude and sign (see Fig. 8). However, it provides
somewhat larger drift velocities than that of individual
mesoscale eddies. Discrepancies are not unexpected be-
cause, besides mesoscale eddies, Rossby wave activi-
ties, coherent currents, and other propagating features
on the ocean surface apparently contribute to the zonal
transport of kinetic energy.

We can shortly conclude that the original proposal by
Jánosi et al. (2019) works on a global scale. The compari-
son with the rich eddy census database by Faghmous et al.
(2015) resulted in good agreement in many aspects, validat-
ing the Gaussian proxy vortex approach. Apparent discrep-
ancies also provide useful insight, e.g., into the separation
of kinetic energy between “true” eddy and background flow
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Figure 10. Snapshots of the geostrophic flow field and integrated
kinetic energy (color scale is linear) for two time instances in the
northern Pacific region analyzed in Fig. 9c. (a) 9 February 1997
(day 1500 in Fig. 9c). (b) 200 d later on 28 August 1997 (day 1700
in Fig. 9c). The radius of the huge anticyclonic vortex has a length
around 300–350 km (note that the apparent elongation is the conse-
quence of equidistant cylindrical map projection).

contributions or into the mechanisms of kinetic energy trans-
port.

Code and data availability. Global geostrophic velocity fields
are openly available after registration at the EU Copernicus
Marine Service (https://resources.marine.copernicus.eu/products,
Taburet et al., 2019). The mesoscale vortex data bank as-
sembled by Faghmous et al. (2015) is available at https://
doi.org/10.5061/dryad.gp40h (Faghmous et al., 2016), together
with MATLAB routines in the Zenodo source code repository
(https://doi.org/10.5281/zenodo.13037, Faghmous et al., 2014). All
the other calculations and plotting are based on standard Python
modules described in Sect. 2 (“Data and methods” section) in de-
tail.
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