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ABSTRACT

In this study we track and analyze eddy movement in the global ocean using 20 years of altimeter data and
show that, in addition to the well-known westward propagation and slight polarity-based meridional de-
flections, mesoscale eddies also move randomly in all directions at all latitudes as a result of eddy—eddy
interaction. The speed of this random eddy movement decreases with latitude and equals the baroclinic
Rossby wave speed at about 25° of latitude. The tracked eddies are on average isotropic at mid- and high
latitudes, but become noticeably more elongated in the zonal direction at low latitudes. Our analyses suggest a
critical latitude of approximately 25° that separates the global ocean into a low-latitude anisotropic wavelike
regime and a high-latitude isotropic turbulence regime. One important consequence of random eddy movement
is that it results in lateral diffusion of eddy energy. The associated eddy energy diffusivity, estimated using two
different methods, is found to be a function of latitude. The zonal-mean eddy energy diffusivity varies from over
1500 m?s ™! at low latitudes to around 500 m?s ™! at high latitudes, but significantly larger values are found in the
eddy energy hotspots at all latitudes, in excess of 5000 m*s 1. Results from this study have important implica-
tions for recently developed energetically consistent mesoscale eddy parameterization schemes which require
solving the eddy energy budget.

1. Introduction largest scale eddies, due to the inverse energy cascade
(e.g., Ferrari and Wunsch 2010). Therefore, to under-
stand eddy transports and their impact on the global
tracer and energy budgets, a key step is to understand the
distribution of eddy energy and the processes that move
the largest eddies around the ocean.

It is well known that, owing to the B effect, eddy
movement in the ocean is strongly anisotropic. In the
zonal direction, apart from in the Antarctic Circumpo-
lar Current and separated western boundary currents,
mesoscale eddies are found to propagate ubiquitously
westward at speeds close to the long baroclinic Rossby
wave, varying from over 20cms ™! near the equator to
less than 1cms ™! near the polar regions (Chelton et al.
Corresponding author: Xiaoming Zhai, xiaoming.zhai@uea.acuk 2007, 2011; Hughes and Miller 2017). In the meridional

Mesoscale eddies are ubiquitous and energetic features
of the global ocean circulation and play an important role
in transporting climatically important properties such
as mass, heat, carbon, and nutrients (Richardson 1983;
Chelton et al. 2011; Zhai et al. 2010; Zhang et al. 2014;
Dong et al. 2014; Conway et al. 2018). The magnitudes of
eddy tracer transports depend on the eddy diffusivities,
which are believed to scale with the eddy energy (e.g.,
Eden and Greatbatch 2008; Marshall and Adcroft 2010;
Marshall et al. 2012; Jansen and Held 2014; Jansen et al.
2015; Mak et al. 2018) which, in turn, is dominated by the
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direction, anticyclonic eddies and cyclonic eddies tend
to drift slightly equatorward and poleward, respectively,
as a result of combined effects of 8 and self-advection
(Cushman-Roisin et al. 1990; Chassignet and Cushman-
Roisin 1991; Morrow et al. 2004). These characteristics
of eddy movement are particularly clearly observed for
isolated eddies (McWilliams and Flierl 1979; Early
et al. 2011).

The ocean, on the other hand, is crowded with non-
linear eddies, where eddy distortion, coupling, splitting,
and merging occur all the time. This eddy—eddy inter-
action potentially changes eddy pathways, making them
deviate from the simple picture of westward propaga-
tion plus meridional deflection (Early et al. 2011). For
example, recent idealized modeling studies have shown
that eddies can strongly interact with each other which
leads to isotropic eddy energy spread from the source
region on an f plane (Grooms 2015, 2017). To our knowl-
edge, so far there have been no systematic studies of such
random eddy movement due to eddy—eddy interaction
in the global ocean from observations.

The B effect also induces another anisotropy in ocean
eddies, that is, different eddy length scales in the zonal
and meridional directions. In the inverse cascade theory
of geostrophic turbulence, as the eddies grow in size
through nonlinear interaction, their time scale increases.
When the eddy time scale matches the time scale of
Rossby waves, Rossby waves may be excited and tur-
bulent eddy energy is transformed into Rossby waves
or zonally elongated flow (Rhines 1975; Tulloch et al.
2009). Generally, this transition from turbulence to
waves occurs only at low latitudes where turbulence and
Rossby wave time scales overlap. In contrast, at high
latitudes Rossby wave frequencies are too low to be
excited by turbulent eddies in the inverse cascade pro-
cess. As such, there exists a critical latitude that sepa-
rates the global ocean into a low-latitude anisotropic
wavelike regime and a high-latitude isotropic turbulence
regime (Theiss 2004; Eden 2007; Tulloch et al. 2009;
Klocker and Abernathey 2014; Klocker et al. 2016). The
critical latitude is often defined as the latitude at which
the Rhines length scale equals Rossby deformation ra-
dius or the latitude at which the eddy rotational speed
equals Rossby wave propagation speed, and is diag-
nosed to be in the range of 18°-30° depending on the
data and method used (Eden 2007; Tulloch et al. 2009;
Klocker and Abernathey 2014). Whether and how the
different regimes at low and high latitudes affect ran-
dom eddy movement associated with eddy—eddy inter-
action are yet open questions.

One important consequence of random eddy move-
ment is that it results in lateral diffusion of eddy energy.
Ocean models used for long-range climate simulations
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will reply on parameterizing the effect of mesoscale
eddies for the foreseeable future. State-of-the-art eddy
parameterization schemes solve an explicit eddy energy
budget to control the magnitude of eddy transfer coef-
ficients (e.g., Eden and Greatbatch 2008; Marshall and
Adcroft 2010; Marshall et al. 2012; Jansen and Held
2014; Jansen et al. 2015; Mak et al. 2018). One of the
unknowns in this eddy energy budget is the lateral eddy
energy diffusion coefficient whose value is sometimes
chosen for numerical reasons (Mak et al. 2018). Since
the eddy energy is dominated by coherent eddies at the
largest scales due to the inverse energy cascade, in this
study, we track and analyze random movement of dy-
namically coherent mesoscale eddies in the global ocean
using satellite altimeter data and provide an estimate of
associated eddy energy diffusivity.

The paper is organized as follows. Mesoscale eddy
trajectories tracked from the satellite-derived sea level
anomaly (SLA) data are analyzed in section 2, eddy
movement speeds calculated from these trajectories are
described in section 3, and eddy length scales in the zonal
and meridional directions are compared in section 4. In
section 5 we conduct stochastically forced quasigeo-
strophic (QG) reduced-gravity model experiments to
help interpret some observed behavior of random eddy
movement and in section 6 we estimate eddy energy
diffusivity associated with random eddy movement using
two different methods. Finally, conclusions are provided
in section 7.

2. Eddy trajectory

Daily gridded global SLA data produced and distrib-
uted by the Copernicus Marine Environment Monitoring
Service (http://marine.copernicus.eu/) are used in this
study for the 20-yr period from January 1998 to December
2017. This SLA data product merges the Ocean
Topography Experiment (TOPEX)/Poseidon, Jason-1,
ERS-1/2, and Envisat altimetry measurements onto a
0.25° X 0.25° grid. To remove large-scale signals associ-
ated with wind forcing and surface heating/cooling and
isolate mesoscale variability, each SLA map is high-pass
filtered using a Gaussian function with a half-power cut-
off wavelength of 10° before we apply the eddy detection
and tracking procedure (Xu et al. 2016).

The eddy identification method we employ here is
based on the SLA geometry (e.g., Chelton et al. 2011;
Chaigneau et al. 2011). Contours are first extracted from
the high-pass-filtered SLA maps at an interval of 1cm
(Chelton et al. 2011). Then, the average position of the
innermost closed SLA contour is regarded as the center
of an eddy, the outermost closed SLA contour that en-
closes no more than one eddy center is regarded as the
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FIG. 1. Mesoscale eddy trajectories tracked in the global ocean over the 20-yr period from
1998 to 2017. Only trajectories longer than 90 days are shown and the trajectories with initial
locations east (west) to terminal locations are plotted in red (blue).

edge of the eddy and the SLA difference between the
eddy center and the eddy edge is taken to be the am-
plitude of the eddy. The radius of the eddy is defined as
the radius of a circle that has the same area as that
within the outermost closed SLA contour. Given the
accuracy of satellite altimetry data, eddies with am-
plitude smaller than 3cm are excluded (Chaigneau
et al. 2011) in our analysis. Eddies are tracked by
finding the smallest dissimilarity parameter A (e.g.,
Penven et al. 2005; Souza et al. 2011) from time step i to
time step i + 1 within a search circle centered at the
eddy center at time step i:

i1 _ i\ 2 i1 i 2
)
r i

where ris the radius of the eddy, and 7 is the SLA at the
center of the eddy. Given that the distance between two
eddy centers identified from altimeter data is typically
larger than 80km (Chelton et al. 2011) and that no
eddies travel longer than 80km in one day, the radius
of a search circle is set to be 80km. The eddy tracking
automatically terminates when eddies are no longer
found within the search circle. An alternative eddy
detection and tracking method of finding the closest
centroid of the eddy edge (Chelton et al. 2011) is also
used and the results are almost identical (see appendix
A; Fig. Al).

Using the eddy identification and tracking proce-
dure described above, nearly 1200000 trajectories of
mesoscale eddies are tracked from the SLA maps
during the 20-yr study period. For clarity, only eddy
trajectories with lifespan longer than 3 months are
shown in Fig. 1. Comparing eddy terminal locations
with their initial locations, these long-lived eddies are
found to propagate predominantly westward in the
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global ocean, apart from in the Kuroshio, Gulf Stream,
and Antarctic Circumpolar Current regions where they
are advected eastward by strong depth-mean flow,
consistent with previous studies (e.g., Chelton et al.
2011; Klocker and Marshall 2014).

We now group together the long-lived eddy tracks
that originate poleward and equatorward of the latitude
of 25° separately. There are two reasons for choosing
this latitude. First, it is the critical latitude found by
Tulloch et al. (2009) that separates the low-latitude an-
isotropic wavelike regime and high-latitude isotropic
turbulence regime. Second, our analysis later also
identifies this latitude to be the latitude at which the
eddy random movement speed equals Rossby wave
propagation speed and the latitude equatorward of
which the eddy zonal length scale starts to significantly
exceed its meridional length scale (see sections 3 and 4).
As shown in Fig. 2a, equatorward of 25° in latitude, the
identified eddies propagate predominately westward
with slight poleward and equatorward deflection for
cyclonic and anticyclonic eddies, respectively. This re-
sult is consistent with two previous ocean eddy census
studies (Chelton et al. 2007, 2011). However, poleward
of 25°, a different picture emerges. Westward propaga-
tion becomes much less dominant and a large percent-
age of eddies move eastward, northward, and southward
(Fig. 2b). On closer inspection, these eddy trajectories
are found to be convoluted and often characterized by a
large number of looping structures, reflecting complex
eddy—eddy interaction in the real ocean. Similar random
eddy movement has also been found in recent idealized
model simulations where eddy—eddy interaction leads to
lateral spreading of eddies from their source regions
(Grooms 2015, 2017). In the next section, we use the
tracked eddy trajectories to further quantify the random
eddy movement speeds.
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FIG. 2. (a) Anticyclonic (red) and cyclonic (blue) eddy tracks
(>90 days) originated equatorward of 25° latitude, relative to the
initial locations, with the positive x and y axis corresponding to
eastward and poleward, respectively. (b) As in (a), but for the eddy
tracks originated poleward of 25°.

3. Eddy movement speed

When it comes to characterizing eddy movement,
one of the most commonly used metrics is the time-
mean zonal eddy movement velocity, that is, the
Eulerian time average of the zonal (eastward and
westward) velocity component at which the eddies
propagate. Here we compare the magnitude of zonal
eddy movement velocity with the absolute eddy move-
ment speed defined as the distance traveled by the
eddies divided by the time elapsed which is one day,
i.e., temporal resolution of altimeter data. With all the
eddy trajectories tracked in the 20-yr period, it is
straightforward to calculate these two quantities and
then project and average them onto a global 2.5° X
2.5° grid. Except in the separated boundary currents,
the zonal eddy movement velocities are predomi-
nantly westward and are slightly smaller than the
phase speeds of the Rossby wave (Figs. 3a,b), same as
earlier results (Chelton et al. 2007, 2011; Tulloch et al.
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2009). The absolute eddy movement speeds are con-
siderably larger than the magnitude of zonal eddy
movement velocities almost everywhere in the global
ocean, and also larger than the Rossby wave speeds
outside of the tropics (Figs. 3c,d). This result is again
characteristic of random eddy movement in the ocean.
Since eddies travel in all directions, the calculation of
zonal eddy movement velocity involves cancellation
of westward and eastward eddy propagation velocities
which contributes to the smaller magnitude of zonal
eddy movement velocities compared to the absolute
eddy movement speeds.

To test this conjecture, we calculate eddy move-
ment speeds in all four directions. For example, the
northward eddy movement speed is defined as the
distance traveled by the eddies in the northward
direction divided by the time elapsed (one day). A
few interesting features emerge (Fig. 4). First, eddy
movement speeds in all four directions decrease
quickly with increasing latitude at low latitudes and
remain roughly constant, at approximately 4.5cms ™!,
at high latitudes. There is also indication that random
eddy movement speeds are slightly elevated in eddy-
rich regions such as the western boundary current
regions. Second, eddy movement speeds are isotropic
at mid- and high latitudes, but anisotropic at low lat-
itudes. At low latitudes, the northward and southward
eddy movement speeds are almost identical and both
are noticeably smaller than the eastward eddy move-
ment speed which is, in turn, much smaller than the
westward eddy movement speed. Third, the meridi-
onal eddy movement speeds equal the Rossby wave
speeds at about 25° in latitude. Note that this is also
the latitude at which the magnitude of previously
estimated depth-averaged eddy velocities matches
the Rossby wave speed (Tulloch et al. 2009). Tt is
perhaps not surprising that the random eddy move-
ment speeds and depth-averaged eddy velocities are
related since random eddy movement is induced by
eddy-eddy interaction.

The number of times that eddies are detected to
move in each of the four directions relative to their
locations on the previous day is of the same order of
magnitude (thousands of times in each case), al-
though westward movements occur more frequently
than eastward movements apart from the Antarctic
Circumpolar Current latitudes (Fig. 5). Further ana-
lyses show that there is almost no difference in eddy
movement speeds in all four directions between an-
ticyclones and cyclones (Fig. 6). It is worth pointing
out that the eddy movement speeds diagnosed in our
study are more than one order of magnitude larger
than those associated with equatorward (poleward)
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FIG. 3. Eddy movement speeds (cm s~ 1) calculated from the eddy trajectories. (a) Zonal eddy movement ve-
locities averaged on a global 2.5° X 2.5° grid. (b) Zonal mean (black bold curves) of (a) with one standard deviation
(gray shadings). Black thin curves denote the phase speeds of linear Rossby waves (Chelton et al. 2011). (c),(d) As
in (a) and (b), but for the absolute eddy movement speeds.

deflections of anticyclones (cyclones), which are typ-
ically on the order of 0.1cms™! (Morrow et al. 2004).

4. Eddy length scale

In this section we analyze the length scales of de-
tected mesoscale eddies and investigate eddy isotropy
as well as its dependence on latitude. Rather than
using the spectral method as in Eden (2007), here
we directly make use of the identified eddy edges,
i.e., outermost closed SLA contours, to estimate eddy
length scales in the zonal and meridional directions.
The zonal (meridional) length scale R, (Rmer) of an
eddy is defined as the average distance between the
center of the eddy to the edges of the eddy in the zonal
(meridional) direction.

Similar to previous results (Chelton et al. 2007, 2011),
eddy length scales averaged over the 20-yr study period
are found to depend strongly on latitude; both R,,,, and
Rper decrease with latitude (Figs. 7a—d). On the other
hand, although R,,, and R, are highly comparable at
mid- and high latitudes, R, is considerably larger than
Rer at low latitudes (~200km versus ~150km when
zonally averaged). Our results thus confirm that meso-
scale ocean eddies are indeed zonally elongated at low
latitudes. At low latitudes, the turbulence and Rossby
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wave time scales overlap. As the time scale of the eddies
increases through nonlinear interaction and becomes
comparable to the time scale of Rossby waves, they are
able to excite Rossby waves. As a result, turbulent eddy
energy is transformed into Rossby waves or zonally
elongated flow, i.e., the inverse energy cascade is ar-
rested by B8 (Rhines 1975). This is consistent with the fact
that the eddies tracked from altimeter data are only
weakly nonlinear at low latitudes (e.g., Chelton et al.
2011). Figure 8 shows the distribution of the nonlinearity
parameter U/c estimated using altimeter data, where U
is the maximum eddy rotational speed and c is the eddy
translation speed. Although the ratio of U/c is almost
everywhere larger than 1 (indicating nonlinear vortices),
it is close to 1 (indicating more wavelike motions) in the
tropical latitudes. Note that Fig. 8 only shows the surface
estimates of Ulc; we expect the values of U/c at the
subsurface to be smaller for baroclinic eddies whose
rotational speeds decrease with depth.

To further quantify the degree of eddy anisotropy, we
calculate the ratio between the zonal and meridional
eddy length scales, i.e., R,on/Rmer- As shown in Fig. 7e,
the anisotropy ratio exhibits considerable regional var-
iability and has a value ranging from 0.9 to over 2. This
result is consistent with a previous estimate of eddy
scales in a high-resolution model of the North Atlantic
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FIG. 4. Eddy movement speeds (cm s~ ') in four directions on the global 2.5° X 2.5° grid and their zonal averages
(black bold curves) with one standard deviation (gray shadings). (a),(b) Westward component. (c),(d) Eastward
component. (e),(f) Southward component. (g),(h) Northward component. Black thin curves in (b), (d), (f), and
(h) denote the phase speeds of linear Rossby waves.

(Eden 2007), where the eddy zonal length scales were Interestingly, it is equatorward of 25° latitude that the
found to be 20%-100% larger than the meridional zonal eddy length scales become greater than the me-
scales equatorward of 30°N. When zonally averaged, the ridional ones. Therefore, both the tracked eddy move-
anisotropy ratio decreases from about 1.5 near the ment speeds and estimated eddy length scales point to
equator to close to 1 at mid- and high latitudes (Fig. 7f). ~25° latitude as a critical latitude that separates the
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FIG. 5. (a)-(d) The number of times that eddies are detected to move in each of the four directions on the global
2.5° X 2.5° grid and (e)-(h) their zonal averages.

global ocean into a low-latitude anisotropic wavelike
regime and a high-latitude isotropic turbulence regime.

5. Eddy spreading experiment

Two results on random eddy movement require fur-
ther explanation: 1) Why do eddy random movement
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speeds decrease with latitude? 2) Why is the random
eddy movement speed in the zonal direction noticeably
larger than that in the meridional direction at low lati-
tudes? To shed light on these questions, we carry out
two sets of numerical experiments using a stochasti-
cally forced QG reduced-gravity model. The potential
vorticity evolves through
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g_f +J (W, )= 0F = uVy+ v,V — v, Vo0, (2)
=V — f? Y+ and 3)

q g/H Vs
y=41, )

where g is the potential vorticity, J is the Jacobian op-
erator, i is the streamfunction, o is the stochastic forcing
amplitude, F is the normalized stochastic forcing field,
w is the linear Ekman drag, v, is the Laplacian viscosity,
v, is the hyperviscosity, fis the Coriolis parameter, g’ is
the reduced gravity, H is the thickness of the upper
layer, 8 is the meridional gradient of Coriolis parameter,
g is the gravitational acceleration, and 7 is the SLA.
To maintain a statistically steady eddy field, following
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Samelson et al. (2016, 2019), o is obtained from o
gf>s0,/(g HAt) (where o, is the amplitude of SLA in-
crement, f>5 is the Coriolis parameter at 25°N, and At is
the model time step), and F is randomly generated at
each time step in the same way as the initial eddy field
(see below). Values of key model parameters are given
in Table 1.

For all experiments, the domain is doubly periodic
and the domain size is equal to 6400 km with a spatial
resolution (Ax, Ay) of 10km X 10km. The Fourier
spectral method is used to calculate spatial derivatives
and the fourth-order Runge—Kutta time stepping is used
to integrate the model forward in time (Early et al. 2011;
Constantinou 2018).

The initial eddy SLA field is synthesized via super-
position of sinusoidal functions (e.g., Koszalka et al.
2009; Brannigan et al. 2015)
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FIG. 8. (a) Nonlinearity parameter U/c on the global 2.5° X 2.5° grid estimated using all the eddy trajectories
tracked over the 20-yr period. White contours are contours of U/c = 1. (b) Zonal average (black curves) of (a). Gray
shadings indicate one standard deviation and dashed black line indicates U/c = 1.

X Dakx
n =1;_0L2_, s1n< T + 01(k, l))

% sin (@ +0,(k, 1)) x Gn(k)} )

where 7, is the mean SLA at the center of eddies, k
and / are the zonal and meridional components of
wavenumber k, L is the domain size, 6; is random
phase angle, and square bracket denotes normaliza-
tion by the magnitude. We use a Gaussian function
G, (k) = exp[—(|k|— ko)*/3.5%/2] in wavenumber space
to confine eddy kinetic energy at around |k| = k¢. To
address the two questions set out in the beginning of
this section, we carry out two sets of numerical ex-
periments: one set on the f plane (Experiment 1) and
the other set on the g plane (Experiment 2).

In Experiment 1, the QG model is run on the fplane at
different latitudes, increasing from 5° to 50°N with an
interval of 5°. The corresponding deformation radius
ranges from 294km at 5°N to 33km at 50°N. At each
latitude, the model is run 20 times with different initial
eddy fields randomly generated from (5). Only ensemble-
mean results are shown. In Eq. (5), we set 7j; = 15cm
and ko = 10 (i.e., with initial eddy radius of ~160 km) to
ensure that the eddy time scale and Rossby wave time
scale overlap at low latitudes (Theiss 2004; Fig. 9a).
Furthermore, we scale initial 7 in each model run by a
factor of f/f>5 such that the magnitude of initial eddy
velocity calculated through geostrophy is the same for
all the model integrations centered at different latitudes.
The purpose of Experiment 1 is to highlight the key
factor behind the decrease of random eddy movement
speeds with latitude.

In all the model runs in Experiment 1, eddy-eddy
interaction leads to random eddy movement, regardless
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of whether they are centered at high or low latitudes. On
the other hand, after applying the eddy detection and
tracking procedure to the simulated eddy fields, we find
that over the same time interval, eddy trajectories
tracked at low latitudes (Fig. 9b) tend to be longer than
those at high latitudes (Fig. 9c), indicating larger eddy
movement speeds at lower latitudes. Ensemble averag-
ing all the model simulations at each latitude shows that
the simulated eddy movement speeds decrease with
latitude (Fig. 10a), in a similar way as that diagnosed
from altimeter data (Fig. 4). Given that the only key
difference between model runs centered at different
latitudes is the value of the Coriolis parameter, we
conclude that it is the magnitude of f that is the key
factor behind the simulated decrease in random eddy
movement speeds with latitude. In the QG reduced-
gravity model the eddy azimuthal velocity decays
exponentially away from the eddy on a scale of the
deformation radius (e.g., Larichev and McWilliams
1991). This can be seen by setting 8 = 0in (3) and then
inverting a ¢ monopole to find . Therefore, the pri-
mary effect of changing fin model runs in Experiment
1 is to alter the deformation radius, which, in turn,
alters the range of vortex interactions. At high lati-
tudes where the deformation radius is smaller, the
eddy azimuthal velocities decay exponentially away
from the eddies at a faster rate and, as such, mutual
advection of adjacent eddies is weaker and conse-
quently smaller random eddy movement speeds at
high latitudes.

The limitation with model runs in Experiment 1 is that
in this experiment the eddy movement speeds are the
same in all directions, i.e., isotropic (Fig. 10a), whereas
in altimeter data the random eddy movement speed in
the zonal direction is greater than that in the meridional
direction at low latitudes. To explain the anisotropy
in random eddy movement speeds at low latitudes,
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F1G. 9. (a) A random initial SLA field used in the stochasti-
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TABLE 1. Parameters used in the stochastically forced QG
reduced-gravity model.

Parameter Symbol Value
Amplitude of SLA increment o, 0.0l m
Ekman drag coefficient 25%x107 757!
Laplacian viscosity coefficient 25m?*s™!

2% 10°m*s™!
Depends on latitude
Depends on latitude

Coriolis parameter

m
V2
Hyperviscosity coefficient vy
f
Meridional gradient of Coriolis B

parameter
Reduced gravity g 0.02ms?2
Thickness of the upper layer H 700 m
Gravitational acceleration g 9.81ms 2
Domain size L 6400 km
Time step At 3600s
Spatial resolution Ax, Ay 10km

movement is less influenced by the Rossby waves and
mean flow (LaCasce et al. 2014; Klocker and Abernathey
2014). Inspired by these earlier drifter/float-based
studies, we estimate eddy energy diffusivity associ-
ated with random eddy movement using the tracked
eddy trajectories from altimeter data. Recall that the
majority of the mesoscale features we identified and
tracked from altimeter data are nonlinear eddies,
rather than linear wave disturbances, as measured by
the nonlinearity parameter U/c (Fig. 8). Two different
methods (LaCasce 2008a; LaCasce et al. 2014; Roach
et al. 2018) are used here:

1) Single-particle separation (three versions):

Ky (0 = 0l = ). ©)

Ky(0) = 5 {0 =, ). ™)
T

K1) = w (8)

where K is the meridional diffusivity, v(¢) is the
meridional eddy movement velocity as a function
of time, y(¢) is the meridional location of a detected
eddy and y, is the initial location of the eddy. The
angle bracket denotes averaging of all the eddies
with trajectories originating inside 5° X 5° bins
centered at grid points of the global 2.5° X 2.5° grid
(see appendix B; Fig. B1). Should there be less than
25 tracked eddies within any 5° X 5° bin over the 20-
yr period, no calculation of K is attempted in
that bin.
2) Two-particle separation:

(D)) - (D3)]

K =
40 4t ’

)
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ional eddy length scales from QG Experiment 2 model runs cen-
tered at 5°N (black) and 50°N (gray), respectively. The dashed lines
denote time averages.

where D(¢) is the meridional distance between two
centers of paired eddies, Dy is the initial distance
between them and the modulus operator means
taking the absolute value. To ensure sufficient samples,
two eddies of the same polarity in the same bin but at
different times are also regarded as a pair, assuming
that changes of eddy diffusivity over the 20-yr study
period are not significant (Roach et al. 2018).

The overall magnitude and spatial pattern of eddy en-
ergy diffusivities estimated from single-particle and two-
particle separations are similar away from the western
boundaries (Figs. 12a—d). Near the western boundaries,
the magnitudes of K;—K3 become significantly elevated
with several pronounced hot spots but these are absent
in K,. This difference can be explained by advection of
eddies by the background western boundary currents
which strongly enhances eddy diffusivity estimated from
single-particle separation but has less effect on eddy
diffusivity estimated from two-particle separation.
The zonal-mean values of all four diffusivities are found
to decrease with latitude, from over 1500 m?s ! close
to the equator to about 500m?s ' at high latitudes,
but significantly larger values are found in the eddy
energy hotspots at all latitudes, in excess of 5000m?*s ™"
(Fig. 12e). These numbers are generally comparable to
previous estimates of eddy tracer diffusivities based on
Eulerian and/or Lagrangian methods (e.g., Abernathey
and Marshall 2013; LaCasce et al. 2014; Klocker and
Abernathey 2014).

Note that eddy energy transport/diffusion is funda-
mentally different from eddy tracer transport/diffusion.
There is a debate on the importance of eddy ““drift”
tracer transport, that is, tracer transport achieved by
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FIG. 13. Schematic of eddy movement in the global ocean, taking the Northern Hemisphere as
an example.

eddies through trapping and translating tracer anoma-
lies (e.g., Beron-Vera et al. 2013; Abernathey and Haller
2018). At the center of this debate is the unknown ability
of eddies to trap and translate fluid. However, this eddy
tracer trapping efficiency has no bearing on eddy energy
diffusivity diagnosed in our study from random eddy
movement, since eddy energy is a property of the eddies.
Moreover, this eddy energy diffusivity is a fundamental
ingredient for recent eddy parameterizations that in-
volve solving a prognostic eddy energy equation (e.g.,
Eden and Greatbatch 2008; Marshall and Adcroft 2010;
Marshall et al. 2012; Jansen and Held 2014; Jansen et al.
015; Mak et al. 2018).

7. Conclusions

In this study we have tracked and analyzed eddy tra-
jectories in the global ocean using 20 years of satellite
altimeter data, and shown that, in addition to the well-
known westward propagation and slight polarity-based
meridional deflections, mesoscale eddies move randomly
at all latitudes. The random eddy movement speeds have
been found to decrease with latitude and equal the
Rossby wave speed at about 25° latitude. Furthermore,
the random eddy movement speeds were found to be
isotropic at mid- and high latitudes but larger in the zonal
direction than meridional direction at low latitudes. We
also estimated eddy length scales using the identified
eddy edges and found that mesoscale eddies are on
average isotropic in shape at mid- and high latitudes
but become increasingly zonally elongated equator-
ward of ~25° latitude. Therefore, both the tracked
eddy movement speeds and identified eddy length
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scales suggest a critical latitude of approximately 25°
that separates the global ocean into a low-latitude an-
isotropic wavelike regime and a high-latitude isotropic
turbulence regime (Theiss 2004; Eden 2007; Tulloch
et al. 2009; Fig. 13).

We then conducted two sets of stochastically forced
QG reduced-gravity model experiments to investigate
the key factors behind two notable features in the di-
agnosed random eddy movement, i.e., decreasing speed
with latitude and anisotropy at low latitudes. In the first
set of model experiments, the QG model was run on the
fplane at a wide range of discrete latitudes and the re-
sults demonstrate that it is the increase in the magnitude
of the Coriolis parameter with latitude that results in the
decrease in random eddy movement speeds with lati-
tude. A large f value at high latitudes mean a smaller
deformation radius and hence a smaller range of vortex
interactions, since the eddy azimuthal velocity decays
exponentially away from the eddy on a scale of the de-
formation radius (e.g., Larichev and McWilliams 1991).
In the second set of model experiments, we ran the
QG model on the B plane and the results strongly
suggest that it is the anisotropy in eddy zonal and
meridional length scales that leads to the difference
between random eddy movement speeds in the zonal
and meridional directions at low latitudes. When
eddies are zonally elongated, their pressure gradient
in the meridional direction becomes greater than that
in the zonal direction which, via geostrophy, results in
stronger zonal currents on the meridional flanks of
the eddies.

One important consequence of random eddy move-
ment is that it results in lateral diffusion of eddy energy.
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FIG. Al. (a) Zonal eddy movement velocities and (b) absolute eddy movement speeds calculated from an
alternative eddy tracking method via finding the closest centroid of the eddy edge (Chelton et al. 2011).

The eddy energy diffusivity associated with random
eddy movement has been estimated by applying single-
particle and two-particle separation methods to the
tracked eddy trajectories from altimeter data. The zonal-
mean eddy diffusivities estimated from both methods
were found to be a function of latitude, decreasing from
over 1500 m*s ™! close to the equator to about 500 m?*s "
at high latitudes, with larger values in eddy energy
hotspots in excess of 5000 m*s~'. This estimated eddy
energy diffusivity is of direct benefit to recently pro-
posed energetically consistent mesoscale eddy param-
eterization schemes which require solving an explicit
eddy energy budget to control the magnitude of eddy
transfer coefficients (Eden and Greatbatch 2008;
Marshall and Adcroft 2010; Marshall et al. 2012;
Jansen and Held 2014), since one of the unknowns
in this eddy energy budget is the lateral eddy energy
diffusion coefficient.
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APPENDIX A

Robustness of the Diagnosed Random Eddy
Movement

To assess the robustness of the random movement of
mesoscale eddies in the global ocean, we utilize an al-
ternative eddy tracking method (Chelton et al. 2011).
This method is performed by tracking the closest centroid
of the outermost closed SLA contour within the search
circle. The resulting eddy movement speeds (Fig. A1) are
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FIG. B1. Eddy energy diffusivities in different regions (solid
curves) as a function of time together with their time averages over
the lifetime of detected eddies (dashed lines). The diffusivities
estimated within the 5° X 5° bins centered at (35°, —45°), (65°,
—25°), and (175°, —20°) are shown in light gray, dark gray, and
black, respectively.
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very similar to those as described previously (Figs. 3b,d).
In addition, the limited 1/4° spatial resolution of the
gridded altimetry data may miss some SLA extrema.
Thus, we apply the daily 1/12° HYCOM SLA output
(https://hycom.org/) to estimate the associated errors.
First, the daily HYCOM SLA maps are processed via a
bandpass Gaussian filter with half-power cutoff wave-
lengths between 1° and 10° to isolate mesoscale signals.
Then, the filtered SLA maps are subsampled from the
original 0.08° X 0.08° grid to a coarser grid of 0.25° X
0.25°. Finally, mesoscale eddies are identified and tracked
on the original and coarser grids, respectively. Comparing
the results of the two grids, it is found that subsampling
to the coarser grid has only induced a 6.3% overestimate
of the eddy movement speeds over the World Ocean.
Therefore, the random eddy movement presented in this
study is believed to be robust.

APPENDIX B

Estimation of Representative Eddy Energy
Diffusivity

Previous drifter/float-based studies typically define
the local representative eddy diffusivity by averaging the
asymptotic diffusivity over a short period, i.e., tens of
days (e.g., LaCasce et al. 2014; Roach et al. 2016, 2018).
As shown in Fig. B1, while the eddy energy diffusivity in
some regions tends to level off after about 25-50 days
(solid gray curves), the eddy energy diffusivity in other
regions keeps increasing with time (solid black curve),
a superdiffusive regime that LaCasce (2008b) attributes
to the vortices being an active rather than passive tracer.
In this study, eddy energy diffusivity in each bin is de-
fined as the average eddy energy diffusivity over the
lifetime of detected eddies in that bin (dashed lines).
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