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Abstract Mesoscale eddies are essential for transport and mixing processes in the global ocean, with their
characteristic westward propagation being a significant finding from the satellite altimetry era. Traditional
predictions of their zonal propagation rely on the theoretical phase speed of long baroclinic Rossby waves;
however, this approach is known to overestimate eddy speeds equatorward of approximately 35° latitudes. To
address this issue, we incorporate local eddy wavelengths inferred from satellite-based eddy radii into the
estimation of global eddy speeds, thereby significantly reducing the overestimation biases in mid-to low-latitude
regions. This improvement is consistent with the observation that mesoscale eddies in these latitudes have
length scales comparable to the local deformation scales and thus refrain from satisfying the long-wave
approximation, whereas the long baroclinic Rossby wave phase speed remains useful for capturing the most
energetic but less abundant eddies. The remaining discrepancies between the revised theoretical speeds and
observations primarily stem from uncertainties in the background zonal flow, spatial variability of vertical
modal structures (and the associated deformation radii), and estimation of local eddy length scales. These
findings have important implications for understanding long-range mesoscale eddy propagation and eddy-
driven mixing in the global ocean, which are anticipated to benefit future ocean model developments and
enhance predictions of mesoscale eddy dynamics.

Plain Language Summary Mesoscale eddies are crucial features in the ocean that facilitate the
transport and mixing of water masses, significantly influencing ocean dynamics. One of their defining traits is
their tendency to move westward, a phenomenon made more evident with satellite altimetry technology.
Traditional predictions of the east-to-west traveling speeds of these eddies rely on a theory of long planetary
ocean waves. However, this approach often overestimates eddy speeds, particularly for those in the tropics. This
study addresses this issue by utilizing satellite data to determine the local wavelengths of these eddies, enabling
more accurate predictions of their movements. Our findings suggest that the size of mesoscale eddies can
effectively be used to estimate their local wavelengths. It is noteworthy that the long planetary wave speed
remains useful for estimating the speeds of the most energetic but less common eddies. These insights are
important for enhancing our understanding of how mesoscale eddies propagate over long distances and their
role in ocean mixing. Ultimately, this research will contribute to ocean model developments and enhance our
ability to predict the behaviors of ocean eddies.

1. Introduction

Mesoscale eddies are ubiquitous and dynamically important features in the world's oceans (Chelton et al., 2011).
These coherent structures typically span 10-100 km in the horizontal and survive for several weeks to over a year
(Abernathey & Haller, 2018; Chelton et al., 2011; Wortham & Wunsch, 2014; Wunsch & Stammer, 1995). By
redistributing heat (Wang et al., 2023), nutrients (Uchida et al., 2020), chlorophyll (McGillicuddy, 2016), dis-
solved greenhouse gases (Youngs et al., 2023), and other oceanic tracers (Atkins et al., 2022), and transferring
momentum and energy across multiple spatial scales of oceanic processes (Balwada et al., 2022; Capet
et al., 2008; McWilliams, 2008; Salmon, 1982; Scott & Wang, 2005), these eddies profoundly impact the global
ocean circulation, biogeochemistry, long-term climate evolution, and even extreme events (Atkins et al., 2022;
Bian et al., 2023; He et al., 2023; McGillicuddy, 2016).

The aggregation of satellite altimetry records over the past few decades has enabled a long-range, global-scale
census of mesoscale eddies by tracking anomalous sea surface height (SSH) signatures (Chelton et al., 2011);
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such a census has provided valuable insights into the distributions, kinematic features, and potential impacts of
mesoscale eddies. Among various statistical characteristics of mesoscale eddies, the eddy zonal propagation or
translation speed can be accurately estimated via classical geostrophic turbulence theories. Specifically, the
theoretical zonal phase speed of long baroclinic Rossby waves has routinely been employed to interpret the
predominantly westward propagation behavior of mesoscale eddies (Chelton et al., 2007; Cushman-Roisin
et al., 1990; Killworth, 1986; McWilliams & Flierl, 1979; Xu & Oey, 2015) and to inform closure theories of
eddy-driven mixing processes in the global ocean (Abernathey & Wortham, 2015; Ferrari & Nikurashin, 2010;
Klocker & Abernathey, 2014; Klocker et al., 2016).

Early studies have shown that the theoretical zonal phase speed of long baroclinic Rossby waves roughly matches
the phase speed of planetary-scale SSH signatures in Hovmoller diagrams equatorward of ~20° latitudes; these
SSH signatures have since been interpreted as the first mode of baroclinic Rossby waves (Chelton &
Schlax, 1996). However, the speeds of these observed wave signatures tend to be underestimated by theory in
mid-to high-latitudes (Chelton et al., 2007, 2011; Chelton & Schlax, 1996). Lots of efforts have been made to
diminish the deviations between the theory and observation by retrieving the effects that were neglected in the
classical linear wave theory, such as topography, background flow, bottom friction and so on (Aoki et al., 2009;
Tailleux, 2012; Tailleux & McWilliams, 2000, 2001). Recent studies addressed this underestimation issue by
accounting for the local background flow conditions and finite wavelengths (Tulloch et al., 2009), and by revising
the calculation of local deformation radii over a rough seafloor (Lacasce, 2017; LaCasce & Groeskamp, 2020). On
the other hand, when the theoretical zonal phase speed of long baroclinic Rossby waves was applied for quan-
tifying mesoscale eddy propagation documented in the altimetry-based eddy census, it was found to substantially
overestimate westward eddy propagation speeds equatorward of ~35° latitudes (Chelton et al., 2007, 2011), even
if the Doppler shift of eddy propagation induced by the depth-mean zonal flow velocity was taken into account
(Abernathey & Wortham, 2015; Klocker & Abernathey, 2014; Klocker & Marshall, 2014). Moreover, the zonal
propagation speeds documented by the altimetry-based eddy census generally differ from those of SSH signatures
inferred from Hovmoller diagrams (Chelton et al., 2007), which results in varied utilities of the long-wave
approximation in quantifying wave or eddy movements at different geographic locations.

Despite the apparent disparity between the theoretical long-wave zonal phase speeds and the observed eddy zonal
propagation speeds across mid- to low-latitudes, existing studies of mesoscale eddy mixing, including those
focusing on global-scale eddy diffusivity quantification (Groeskamp et al., 2020; Klocker & Abernathey, 2014),
parameterization of eddy mixing (Ferrari & Nikurashin, 2010), and climate response to eddy mixing (Busecke &
Abernathey, 2019), routinely employ the theoretical long-wave zonal phase speeds to characterize eddy zonal
propagation, which, in turn, informs the strength and spatial pattern of eddy mixing (Ferrari & Nikurashin, 2010;
Kong & Jansen, 2017). Such an approach leads to significant biases in the predicted strength of eddy mixing,
particularly across mid-to low-latitudes (Klocker & Abernathey, 2014).

Given these long-standing issues in characterizing mesoscale eddy propagation and estimating global-scale eddy
mixing, two fundamental questions arise. First, can additional factors be incorporated into existing theories to
enable accurate and universal estimates of mesoscale eddy zonal propagation speeds globally? Second, why do
observed zonal eddy propagation speeds documented in the altimetry-based census (Chelton et al., 2011) deviate
from zonal phase speeds of SSH in Hovmoller diagrams or wavenumer-frequency spectral analyses, particularly
at low latitudes where waves and eddies are readily overlapped in spectral space (Tulloch et al., 2009)?

This study addresses both questions by relaxing the widely used long-wave approximation and by invoking a
broad range of length scales of mesoscale turbulence. We evaluate theoretical baroclinic Rossby wave phase
speeds, incorporating local eddy length scales, against observed mesoscale eddy propagation speeds globally. Our
results show substantially improved accuracy across most latitudes compared to existing theoretical predictions.
This enhanced accuracy stems from the adaptability of the revised theory to abundant mesoscale eddies with
horizontal scales comparable to local deformation radii. Furthermore, our new estimation elucidates the funda-
mental difference between the most energetic eddies or energy-containing eddies (Kong & Jansen, 2017) detected
by SSH Hovmoller diagrams and the majority of observed eddies across the global ocean.
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2. Materials and Methods
2.1. Observational Mesoscale Eddy Zonal Propagation Speed

In this study, the observational zonal propagation speed, denoted by C,y, of each eddy on each day is determined
by calculating the corresponding zonal displacement along the eddy trajectory one day before and after that day,
and then dividing this displacement by the time span of 2 days. The altimetric mesoscale eddy trajectory atlas was
produced by SSALTO/DUACS and distributed by AVISO+ (Pegliasco et al., 2022). Only eddy trajectories
corresponding to the mature eddy phases are analyzed, selected by excluding the first and final 10% of each
trajectory associated with the eddy genesis and demise phases (Z. Zhang & Qiu, 2018). Next, the geographic
location of each eddy, covered by all selected eddy trajectories, is treated as the initial location of a new eddy
pathway segment, which resembles a “pseudo-trajectory” defined in previous studies (Klocker et al., 2012; Chen
& Waterman, 2017; W. Zhang & Wolfe, 2024). All pertinent eddy properties, including eddy radius, zonal eddy
phase speed, geographic and temporal coordinates, are averaged from the date of any initial location of the eddy
segment for 21 consecutive days and then recorded for that eddy segment. Adjusting the temporal length of the
eddy segment primarily influences the sample size, but not the main conclusions drawn from this article. In
general, this eddy segment processing approach carries two major advantages:

1. It substantially increases the sample size to enhance statistical robustness under various filtering conditions; a
total of 805,894 (854,855) anticyclonic (cyclonic) eddy trajectories yield 1,696,845 (1,803,046) eddy seg-
ments globally.

2. The eddy properties at each spatial and temporal location can be more accurately quantified via averages
across short-term eddy segments, as opposed to full eddy lifecycles, given that a mesoscale eddy can persist
across different seasons and propagate for very long distances.

To interpret and compare with the results of Tulloch et al. (2009), we further employ the Radon transform
estimation of SSH anomaly propagation speeds Cg,g,,,, constructed by C. W. Hughes (personal communication).
This global data set also builds upon the quarter-degree AVISO gridded sea level data. Weekly estimates are made
to determine the zonal propagation speeds of SSH anomalies per 5-longitudinal-degree overlapping patch
centered on each quarter-degree grid point (each patch thus covers 21 longitudinal grid points). The most updated
data set covers SSH records from 1993 to December 14th, 2016. For applying the Radon transform, filtering was
adopted to retain SSH signatures with periods between 21 and 168 days. In this work, we interpolate Cg,,,, Onto
each eddy position to make as fair a comparison as possible against various definitions of eddy phase speed.

2.2. Barotropic Zonal Velocity of Background Flow

The observational barotropic zonal velocity (or more precisely, the depth-mean velocity) of the background flow
is estimated by invoking the thermal wind relation and then depth-averaging, that is,

1 ° ou, g dp
=— cdz, —f=2CF 1
“ H/_Hu"’ oz T pof oy M

where u, denotes the background geostrophic zonal velocity, H measures the local ocean depth, p, = 1000 kg/m®
represents a constant reference density, f stands for the local Coriolis frequency, and p is the potential density. To
exploit the thermal wind relation, a reference depth is defined at the seafloor, where the zonal velocity is assumed
to vanish. The potential density p is calculated through the TEOS-10 toolbox (McDougall & Barker, 2011), for
which the required full-depth temperature and salinity are obtained from Met Office Hadley Center observational
data set (version number EN.4.2.2.c14) with a regular 1-degree latitude/longitude grid resolution (Cheng
et al., 2014; Good et al., 2013). Since mesoscale eddy trajectories cover the years 1993-2021, the corresponding
monthly u, is calculated also from 1993 to 2021. Consistent with the calculation of u,, the meridional background
velocity v, is estimated following identical procedures and adopted for extracting the linear quasi-geostrophic
(QG) wave solutions, detailed below.

2.3. Deformation Radii

The first baroclinic Rossby deformation radius is estimated as
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across most latitudes and is approximated as

in tropical regions within 5 latitudinal degrees from (but excluding) the equator (Chelton et al., 1998). Here, N
denotes the buoyancy frequency, and f is the planetary vorticity gradient. We use the monthly climatology density
field of EN.4.2.2.c14 data to calculate L, following Equations 2 and 3 through years 1993—2021, and then
interpolate the calculated L; onto all eddy segments of the corresponding months and years. Following Tulloch
et al. (2011), we further define the deformation wavelength as Lz; = 2zL,.

The deformation radius L, defined following Equations 2 and 3 presumes a flat seafloor. To complement our
analyses, we further consider the surface mode deformation radius, Ly|, in place of L; wherever possible when
estimating the eddy phase speed. The global estimation of L|,,; by LaCasce and Groeskamp (2020) based on the
World Ocean Atlas 2018 climatology data set (Garcia et al., 2019) alongside a rough seafloor condition (i.e., by
assuming vanishing geostrophic velocity at the ocean bottom) is utilized throughout this work.

2.4. Theoretical Zonal Eddy Phase Speeds

Following Klocker and Marshall (2014), we assume that the barotropic component of zonal mean flow imposes a
Doppler-shift effect on the eddy zonal propagation, but neglect any advective impact from the mean baroclinic
flow. As stressed in Klocker and Marshall (2014), this latter impact on nonlinear eddy propagation remains to be
well constrained theoretically. Thus, the theoretical zonal eddy phase speed has been constantly quantified using
the zonal phase speed of long baroclinic Rossby waves, Doppler-shifted by u, (Groeskamp et al., 2020; Klocker &
Marshall, 2014), that is,

Clw = Uup — ﬁlel (4)
over a flat seafloor and

Clwlsurf =up — ﬁLd'zurf (5)

over a rough sea floor.

Considering that mesoscale eddies do not necessarily satisty the long wave approximation at all latitudes, a
revised theoretical zonal eddy phase speed is proposed,

(6)

C,; =uyy—————>,
R TR

where K> = Ki + Kf represents the squared horizontal eddy wavenumber with [K,, K,] indicating the zonal

and meridional wavenumber components. Assuming mesoscale eddies to be horizontally isotropic, one obtains:

2
e =2<;Z> . ™)

Here, L, = 4R stands for the eddy length scale, assumed to be greater than the eddy radius R by a factor of four
(Tulloch et al., 2011), and « is an empirically determined correction factor, set to unity by default; the un-
certainties associated with « are discussed in §4. This correction factor remedies the deviation of R, which was
empirically defined as the radius of a circle with an identical area to that of the SSH contour associated with the
maximized circum-average geostrophic speed of an eddy (Chelton et al., 2011), from one-fourth the eddy length
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scale. It also accounts for the skewed distribution of statistical characteristics of eddy radii caused by the blind
zone of satellite altimetry resolution (Figures 1c and 1d) and estimation errors introduced by eddy horizontal
anisotropy (Stewart et al., 2015). An alternative form of the revised theoretical zonal eddy phase speed, using the
surface deformation radius Lg|y, in place of L, in Equation 6, is analogously tested and denoted by C,;, | .

throughout this paper.

2.5. Linear Wave Phase Speed

In this study, we quantify the linear wave phase speeds based on the linearized QG potential vorticity (PV)

equation, which, upon taking a wave form solution, yields an eigenvalue problem (Smith, 2007; Tulloch
et al., 2009):

. 09 09\ .

(Kyug + Kyve — @) G, = (K},E - KXa—y)y/n, —H<z<0,

A B B\ .
(Kxug + Kyvg - CO,,) bn = (KVE - K)‘a_};)y/"’ z=0, (8)

B oH B oH
(23 -

(Kyuy + Kyve — @,) by, o e 3y o

Here, &, represents the wave amplitude of the nth Fourier mode, ¢ is the eddy PV, b stands for the eddy buoyancy
anomaly, y denotes the eddy geostrophic streamfunction, and the mean buoyancy and PV gradients are related to

the background geostrophic velocity through VB = [f‘%", —f‘)""] and VQ = [i<£—22 ‘N") p - i<ﬁ %)]

0z 0z 0z 0z\ N? 0z
respectively. The eigenvalue w,, corresponds to the complex frequency of a wave solution; the real part of w,
governs the phase propagation and the imaginary part, if any, represents the growth or decay rate of the wave. To
implement the eigenvalue solver, we again utilize the three-dimensional climatological thermal wind velocity and
stratification calculated from EN.4.2.2.c14 ineach 1° X 1° grid box across the globe. Details of implementing this
eigenvalue solver are given by Smith (2007).

To extract the zonal phase speeds of linear waves, C = %, we have retained our assumption of horizontal

X

isotropy (K, = K,) to maintain consistency with other definitions of eddy phase speed. Tulloch et al. (2009)
noted little difference between waves with horizontal isotropy and those with purely zonal phase propagation
(K, = 0) in seeking consistent wave solutions with the Radon transform of SSH anomalies. Two wavelength
scales are analyzed in detail in this study. The first length scale, corresponding to those of the deformation-scale
eddies and thus the short-wave limit, has K, = 1/L,; (Tulloch et al., 2009). Then at each geographic location, we
follow Tulloch et al. (2009) to select the wave solution with a vertical structure (i.e., the real part of the eigen-

vector) projecting the most onto the first baroclinic mode, @,),| which corresponds to the first-mode solution

m=1>
of the Sturm-Liouville problem derived from the linearized QG system with no background flow nor bottom

topography (Vallis, 2017):

=0. ©

d(f* do, - Ko do,, _
menm dz lz=0,-H

dZ\N? dz

The corresponding linear wave phase speed is denoted as Cpyyjpcy), - We note in passing that the inverse of K,
d

yields a suite of deformation radii associated with an orthogonal family of neutral Rossby modes, yet the first
baroclinic deformation radius calculated from the Sturm-Liouville problem is nearly identical to that formulated
under the Wentzel-Kramers—Brillouin approximation in Equations 2 and 3 (Chelton et al., 1998). The second
length scale is defined as the averaged observed mesoscale eddy radius over each 1° X 1° grid, hence with
K, ~ ﬁ—;. In this case, projecting the linear wave solutions onto the first baroclinic modes results in a slower phase
speed at lower latitudes compared to C| ProjBCll;, and produces a highly discontinuous meridional profile of phase
speeds at high latitudes, impeding meaningful analyses. Consequently, we opt for the locally fastest-growing
unstable wave solution, whose phase speed is denoted as CyjaGrowm|,,- This choice echoes with existing ana-

lyses showing that the most unstable linear waves can control the kinematic properties of nonlinear mesoscale
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eddies in spectral space (Berloff & Kamenkovich, 2013a, 2013b). In this study, this approach offers further
insight into the complex dynamics underlying the propagation speeds of mesoscale eddies in physical space.

3. Results
3.1. Global Zonal Eddy Propagation Speeds

The preferred zonal propagation speeds of mesoscale eddies across the globe are shown as white curves in
Figures la and 1b, quantified as the zonally averaged zonal speeds of anticyclonic eddies (AE) and cyclonic
eddies (CE), respectively, per latitudinal-degree interval. It is noteworthy that the zonal average and the median of
eddy propagation speeds within each latitudinal internal are nearly identical when both westward and eastward
eddies are accounted for. Moreover, consistent with the eddy census of Chelton et al. (2011), the westward eddy
propagation is systematically slower than the Radon transform estimation (black dots) nearly everywhere across
the globe.

Equatorward of ~35° latitudes, the long Rossby wave phase speeds (gray dashed curves), even accounting further
for the Doppler-shifting by the background flow, still substantially deviate from the observed zonal propagation
speeds of both AE and CE, which is consistent with previous findings (Chelton et al., 2007, 2011; Klocker &
Abernathey, 2014; Klocker & Marshall, 2014). In contrast, the revised theoretical speed (magenta and purple
curves), which incorporate local eddy length scales, show much better agreements with observations. It is worth
noting that this improvement holds whether the deformation radius is based on the surface mode (over a rough
seafloor) or the classical baroclinic mode (over a flat bottom). Between the two revised theoretical speed esti-
mates, the surface mode deformation radius, L,|,,, yields a closer alignment with observed propagation speeds in
low- to mid-latitudes, whereas the flat bottom-based L, yields a slight underestimation. In summary, incorpo-
rating local eddy length scales systematically reduces the overestimation from the classical long-wave theory, and
any remaining discrepancy might has arisen from uncertainties in the background zonal velocity, deformation
radius estimates, and local eddy scale quantification, which are further discussed later.

Since the pseudo-trajectory method facilitates accurate estimates of eddy propagation speeds for each month, it is
intriguing to further investigate the seasonal variation of eddy propagation speeds, shown in Figure 2. The dif-
ference of preferred eddy zonal propagation speed between boreal winter and summer is very slight for both AE
and CE. Moreover, the revised theoretical phase speed incorporating local eddy length scales still outperforms
other theoretical estimates, regardless of the season considered.

The much improved alignment of the revised theoretical phase speeds with the observed eddy propagation speeds
has two key implications, listed as follows.

First, mesoscale eddy propagation is dispersive; eddy sizes directly influence the propagation speeds. This is clear
in Figures 1c and 1d: faster westward-propagating mesoscale eddies generally have larger radii within each
latitudinal band, particularly equatorward of ~35° latitudes. Eastward-propagating eddies, such as those in the
Antarctic Circumpolar Current (ACC), exhibit similar dispersive behaviors. However, these dispersive features
may depend intrinsically on the eastward background flow itself. Specifically, Liu et al. (2024) utilized a suite of
idealized simulations to show that eddies in the ACC cascade toward larger scales if the background flow is faster.

Figure 1. (a) Heatmap of anticyclonic eddy counts as a function of eddy zonal propagation speed and latitude for years 1993-2021. White curves indicate zonally
averaged zonal propagation eddy speeds (C,,,) per 1-degree latitude. Purple and magenta curves indicate theoretical baroclinic Rossby wave zonal phase speeds
incorporating Ly (C,,) and Ly|gy (Cer,,,,)» respectively, both accounting for the advection of depth-mean background zonal velocity and the local eddy length scale.
Gray dashed curves indicate long baroclinic Rossby wave phase speeds with the Doppler-shift effect from the background zonal flow (Cj,). Black dots indicate zonal
speeds of sea surface height anomalies inferred from Radon transform (Cg,g,,)- Blue solid and dashed-dotted curves indicate the zonal speeds of linear quasi-geostrophic
potential vorticity waves, whose wavelengths are respectively estimated with local deformation scales (C ProjBC1 |Ld) and with actual mesoscale eddy scales (C MaxGrowih| 4R).
(b) Similar to (a) but for cyclonic eddies (CE). (c) The sizes of the red circles indicate the relative median of radii of anticyclonic eddies, quantified by grouping eddy radii
into bins of 1 cm/s X 2° (in latitude) and then normalizing the medians of radii in each 2° latitudinal band. The background gray contours show the eddy counts in each
bin. (d) Similar to (c) but for CE. (e) Heatmap of anticyclonic eddy counts as a function of eddy length scale and latitude for years 1993-2021. White curves show the
fourfold-amplified median of anticyclonic radii (4R) per 1-degree latitude. Gray solid curves represent averaged first baroclinic deformation radii calculated for a flat-
bottomed ocean (2zL;) on all eddy locations, whereas dashed-dotted curves correspond to averaged surface mode radii (ZnLd|5urf). Negative (positive) length scales
correspond to westward-propagating (eastward-propagating) eddies. (f) Similar to (e) but for CE. Panels (a), (b), (c), and (d) use identical axes. Black horizontal lines
delineate the Antarctic Circumpolar Current region. Gray shadings in (e) and (f) indicate blinded scales due to satellite altimeter resolution.
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Figure 2. (a) Green curves indicate observed anticyclonic eddy (AE) zonal propagation speed per 1-degree latitudinal interval
in boreal summer (averaged through June, July, and August). Purple and magenta curves indicate theoretical baroclinic
Rossby wave zonal phase speeds calculated using L, (C,r,) and Lyl (Cer,),,)> respectively, both accounting for the
advection of depth-mean background zonal velocity and the local eddy length scale. Gray dashed curves indicate long baroclinic
Rossby wave phase speeds. (b) Similar to (a) but for cyclonic eddies (CE). (c) Similar to (a) but for the boreal winter season
(averaged through December, January, and February). (d) Similar to (c) but for CE.
Second, eddies across 10°-35° latitudes cannot be accurately framed by the long-wave approximation. This is
further illustrated in Figures le and 1f, which compare the local deformation radii (amplified by a factor of 2x)
defined over either flat or rough bottoms (LaCasce & Groeskamp, 2020), against the observational eddy length
scales, quantified as fourfold-amplified coherent eddy radii (Tulloch et al., 2011). The ratio of the eddy length
scale to the deformation scale drops rapidly toward the equator. The crossovers between the two length scales
occur at approximately 30°N (25°N) and 30°S (20°S) if one takes a rough (flat) seafloor into account.
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To take the full background flow conditions (i.e., mean vertical shears and topographic PV gradients) into ac-
count, we further calculate the zonal propagation speeds of linear PV waves projecting mostly onto the local first
baroclinic neutral modes following Tulloch et al. (2009), each of which integrates a selected wavelength of the
local deformation scale (deformation scale waves hereafter). The zonal propagation of deformation scale waves
conspicuously deviates from the Radon transform estimation (black dots) nearly everywhere globally, consistent
with the findings of Tulloch et al. (2009) in the central Pacific. In parallel, the deformation scale wave speeds
align closely with the revised theoretical phase speeds equatorward of approximately ~20°, where the defor-
mation wavelengths exceed the average observational eddy length scales. Toward higher latitudes, the defor-
mation scale waves exhibit consistently slower westward propagation than observed eddies, particularly across
the enhanced eastward background flow of the Southern Ocean. Other possible linear wave solutions, including
the unstable modes with the locally fastest growth rates and observed eddy scales (blue dashed-dotted curves), are
also examined. The speeds of the fastest growing modes with observed eddy scales can align with the observed
eddy propagation speeds in the Southern Ocean, but greatly underestimate the eddy propagation in lower
latitudes.

Overall, the revised theoretical phase speed proposed in this work offers a more accurate and convenient estimate
of the observational mesoscale eddy propagation speed globally. In contrast, wave solutions extracted from the
linearized QG system incorporating full background flow conditions and finite wavelengths are less accurate in
estimating the observed global eddy propagation.

3.2. Parameter Regimes of Theory-Observation Deviations of Eddy Propagation

To further quantify the efficacy of the revised theory in estimating eddy propagation speeds across mid- to low-
latitudes (within 35° from equator), we show in Figure 3 the relative errors (gray, white, and light green contours)
of theoretical against observed zonal propagation speeds of all westward-propagating eddies globally (note from
Figure 1 that eddy propagation is predominantly westward in low latitudes), superposed on the base-10 logarithms
of eddy counts per unit horizontal area throughout the satellite altimetry era. A parameter regime diagram can then
be constructed by plotting both quantities as functions of the normalized eddy length scale by the deformation
wavelength (L,/ Lg,) and the eddy nonlinearity, the latter of which is quantified as the ratio of eddy rotational to
eddy propagation speeds (Chelton et al., 2011; Klocker et al., 2016). The thus constructed regime diagram
highlights the parameter space across which long-wave and revised theories of eddy propagation are valid.

Figure 3 reveals that most westward-propagating eddies have normalized length scales below ~1.2 and
nonlinearity bounded by ~ 2.5, regardless of the eddy polarity. These eddies, with relatively small length scales,
are abundant but do not conform to the long-wave approximation. Consequently, using the long-wave approx-
imation to estimate eddy propagation speeds results in relative errors readily beyond +25% (indicated by regions
beyond those enclosed by gray solid and dashed contours). Specifically, only 31.5% of AE and 33.0% of CE are
associated with relative errors bounded by +25% if the long-wave approximation is adopted.

In contrast, the revised theoretical framework, which incorporates local eddy length scales, accurately captures
the movement of eddies that satisfy the long-wave approximation and, importantly, those with moderate
nonlinearity and length scales comparable to the deformation scales; the latter batch of eddies mainly fall into the
region termed Regime 3, enclosed by both the white and the light green contours in Figure 3. Geographically,
these eddies are primarily found within 35° latitudes from equator (Figure 4c). This is consistent with the
improved agreement between theoretical and observational eddy propagation speeds across low-to-mid latitudes
shown in Figure 1. Quantitatively, under the revised framework, the fraction of propagation speed records with
relative errors bounded by +25% increases to 75.3% (74.2%) for AE and 69.0% (76.1%) for CE when L; (Ly ) is

adopted.

Further analyses of the relative error differences resulting from adopting Ly versus Ly, in theory motivate us to
delineate two additional regimes. Eddies falling into the Regime 2 highlighted in Figure 3 can be more sensitive to
bottom roughness, since the calculated relative errors of theoretical propagation speeds are consistently smaller
when Ly is adopted. These eddies are predominantly located in the open ocean across 30°-50° latitudes,
particularly in the North and South Pacific and in the North Atlantic (Figure 4b). In parallel, the zonal propagation

LIU ET AL.

9of 18

85UB017 SUOWWOD A1) 8|eo!(dde 8y Aq pausienob aJe sapiie YO ‘88N JO s8N 1o Al 8UIUO AB|IM UO (SUORIPUOD-PUe-SWB}WI00" A3]1MAleid 1 BUIIUO//SNY) SUORIPUOD pUe SLiB | 83 88S *[5202/.0/90] U0 AriqiT8ul|uO A8IIM ‘18 L Ad 8TS22000S202/620T OT/10p/wod’ A3 | Arelqieutjuo'sandnfe//sdny wouj papeojumoq ‘9 ‘5202 ‘T62669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2025JC022518

'111111,\—4\
11,1-.1‘~~
13
A~

25

20 25 30 35 40 45 50
Nonlinearity Nonlinearity

Figure 3. (a) The color shading represents the base-10 logarithm of the number of westward-propagating anticyclonic eddies
per unit horizontal area during the satellite altimetry era, plotted against the eddy nonlinearity and normalized eddy length
scale. Thick white and light green contours mark regions where the relative error (RE) between the observed eddy speeds and
the revised theoretical eddy propagation speeds calculated using C,, and C,p, ., respectively, falls within £25%. Gray
contours, defined similarly, are constructed using the long baroclinic Rossby wave phase speed for theoretical estimation. Three
regions are highlighted with numbers, which represent three eddy regimes. Regime 1 is delineated by RE|, < — 0.25 and
RE|CW > — 0.25; Regime 2 is delineated by RE]| Cotguy < 0.25 and RE|CC.Ld >0.25; Regime 3 is delineated by RE[., < — 0.25
and RE|C£.Ld‘mrr > — 0.25.(b) Similar to (a) but for eddies with the nonlinearity parameter exceeding 10. (c) Similar to (a) but for

cyclonic eddies. (d) Similar to (c) but for eddies with the nonlinearity parameter exceeding 10. Owing to uncertainties in
estimating the depth-mean background velocity, only theoretically estimated eddy propagation speeds with a westward
direction are considered for calculating the relative errors, covering over 85% of observed westward eddy propagation records.

of eddies in the vicinity of the eastern boundaries of major ocean basins around 35° latitudes is more appropriately
framed by L, (Figure 4a).

Eastward-propagating eddies are primarily observed in the Southern Ocean, influenced by the Doppler-shift
effect of the ACC (Klocker & Marshall, 2014). Compared to westward-propagating eddies, eastward-
propagating eddies generally have normalized length scales exceeding unity, largely due to the smaller defor-
mation radii at high latitudes (Figure 1). Consequently, the revised theoretical propagation speed converges to the
long-wave approximation phase speed, minimizing the difference between the long-wave approximation and the
revised theories of eddy propagation speed (Figures 1 and 5). It is noteworthy that both theories can accurately
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Figure 4. Global distributions of eddies falling into Regimes 1, 2, and 3 defined in Figure 3, shown as the base-10 logarithms
of eddy counts per 1° (latitude) x 2° (longitude) grid box. The 35° latitudes are highlighted by gray horizontal lines.
estimate the propagation speeds of eastward-propagating eddies with relatively strong nonlinearity, ranging
between 6 and 15 (Figure 5).
With L, adopted for theorizing eastward propagation of eddies, the fraction of eddy propagation speed records
with relative errors bounded by +25% slightly increases from 38.3% (34.0%) to 40.6% (37.4%) for anticyclonic
(cyclonic) mesoscale eddies if the local eddy wavelengths are further taken into account. However, such relative
errors grow if L is adopted for quantifying the deformation scale. In this case, the fraction of eddy propagation
speed records with relative errors bounded by +25% drops to 26.8% for AE and 24.9% for CE. In general,
incorporating the local eddy scale and L, into the theoretical phase speed is equally favorable to quantifying eddy
propagation poleward of 35° latitudes.
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Figure 5. Similar to Figure 3 but for eastward-propagating eddies. Only theoretically estimated eddy propagation speeds with
an eastward direction are considered for calculating the relative errors, which account for approximately 55% of observed
eastward eddy propagation records.

4. Discussion

This study highlights the efficacy of the baroclinic Rossby wave phase speed, by incorporating the local eddy
length scale, in accurately capturing the zonal propagation speed of most observed mesoscale eddies (Cyps)
during the satellite altimetry era. Such efficacy is particularly evident in low-latitude regions, where our proposed
approach significantly outperforms theoretical estimates of eddy zonal speed based on the long Rossby wave
approximation. However, if the observational zonal propagation speeds of SSH anomalies inferred from the
Radon transform (Cg,g,,) Were treated as the ground truth, as was done by Tulloch et al. (2009), then the pre-
dictive skill of long baroclinic Rossby wave phase speeds is adequate within 20° of latitudes from equator but
increasingly deteriorates toward higher latitudes (Figures 1a and 1b), consistent with previous findings (Chelton
et al., 2007; Chelton & Schlax, 1996; Tulloch et al., 2009). Moreover, Cguq,, in the extratropics cannot be
accurately framed by solutions of the linear QG system, even if a finite wavelength was optimally fitted by
Tulloch et al. (2009). This discrepancy highlights the fundamental difference between the observational zonal
propagation speeds obtained through mesoscale SSH anomaly tracking algorithms and those derived from the
Radon transform of SSH Hovmoller diagrams (Chelton et al., 2011).
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Figure 6. (a) Color shading shows the zonal wavenumber and frequency
spectrum of sea surface height (SSH) anomaly. Black pentagrams represent
the wave dispersion relation calculated from observed zonal propagation
speeds of SSH anomalies, derived from Radon transform. Brown
pentagrams denote the energy-containing scales, estimated at each
frequency via the wavenumber centroid of SSH anomaly spectrum. The
black solid curve indicates the Rossby wave dispersion relation constructed
by assuming horizontal isotropy and by accounting for the Doppler-shift
effect from the depth-mean background velocity of —0.006 m/s. The black
dotted curve is similar to the black solid curve but constructed by excluding the
Doppler-shift effect. The black dashed and black dashed-dotted curves are
similar to the black solid curve but constructed by assuming vanishing
meridional wavenumber and deformation meridional scale, respectively. The
gray solid curve indicates the dispersion relation of long baroclinic Rossby
waves, Doppler-shifted by the depth-mean zonal velocity. The gray dotted
curve is similar to the gray solid curve but constructed by excluding the
Doppler-shift effect. (b) With @ = 1, the background contours indicate total
eddy counting levels of 10,30, and 50 within 24 °© + 0.5°N latitudinally in
spectral space constructed with frequency bins of 0.2 cycles/ (100 days) and
zonal wavenumber bins of 0.02 cycles/(1000 km). Orange violins indicate
the distribution of observed mesoscale eddy frequency, (Zﬁcobs, calculated
in each zonal wavenumber bin of 0.25 cycles/ (1000 km). Green (Magenta)
and blue violins indicate distributions of estimated mesoscale eddy

frequencies, (a%cm (({fﬁcg’%m) based on the proposed theoretical eddy

propagation speed (Equations 6 and 7) in this study and ((ET”JCIW based on the
long-wave approximation, respectively. Pentagrams indicate the mean values

To further see the source of this fundamental difference, we construct in
Figure 6a the zonal wavenumber-frequency spectrum of SSH anomalies
along the latitudinal band of 24°N, between 170°W and 125°E, following
Early et al. (2011) and Lacasce (2017), but with the extended 30-year-long
altimetry record (for coherent eddy counting and statistics, the region spans
24° £ 0.5°N latitudinally). In addition, we superpose multiple dispersion
curves of baroclinic Rossby wave phase speeds, calculated with or without the
Doppler-shift effect from the background westward speed of approximately
6 X 1073 m/s in the selected region. As in previous studies (Early et al., 2011;
Lacasce, 2017), SSH anomaly variance is visibly pronounced along the
dispersion curves of long baroclinic Rossby waves (gray curves), particularly
toward larger wavenumbers, but is weakened around the finite-wavenumber
dispersion relations with lower frequencies. Not surprisingly but importantly,
the dispersion curve calculated with the averaged Cg,y,, (black pentagrams)
in this region is also closely aligned with energy-containing SSH signatures
(brown pentagrams), the latter of which is identified via the wavenumber
centroid of SSH spectrum for each selected frequency. This is consistent with
the previous notion that the Radon transform acts as a low-pass filter (Chelton
et al., 2011; Klocker & Marshall, 2014) and may therefore favor the most
energetic SSH features resulting from an inverse turbulent energy cascade
(Kong & Jansen, 2017). However, the total eddy count distribution in
wavenumber-frequency spectral space indicates that most eddies, particularly
those of smaller spatial scales, tend to propagate at baroclinic Rossby wave
phase speeds with finite wavenumbers, rather than at long-wave phase speeds
(see solid contours of eddy count in Figures 6b and 6c). This observation
holds true regardless of whether a remains at unity or gets doubled. Quan-
titatively, only about 12% of the total eddy population in the selected region
are associated with the energy-containing scale (as identified from the eddy
counts within the same spectral bins of energy-containing wavenumbers).
Overall, the long-wave approximation appears as an upper bound of ocean
eddy propagation speeds, primarily characterizing the most energetic but less
abundant eddies. Consequently, the dispersion curve inferred from the Radon
transform of SSH primarily captures the “long-wave portion” of the eddy
population depicted in the spectral heatmap.

The discrepancy of propagation speeds of less energetic but more abundant
eddies against those of energy-containing eddies toward low latitudes has
implications for parameterizing eddy mixing, whose efficiency was found to
depend crucially on the intrinsic eddy propagation (Ferrari & Nikura-
shin, 2010; Klocker & Abernathey, 2014). On the one hand, our reported
discrepancy is consistent with recent observations based on the global eddy
census (Chelton et al., 2011) that faster-propagating and more energetic
eddies generally possess shorter lifecycles (Liu et al., 2022), which may
lessen the contribution to eddy mixing globally. By contrast, eddies charac-
terized by lower energy and slower propagation may adequately smear the
large-scale tracer gradients in a long run. On the other hand, energy-
containing eddies with propagation speeds aligned closely with the

of corresponding eddy frequency variants. The green and magenta curves show the
theoretical eddy frequencies K,C,;, and K.C, |, o respectively, with shaded areas
indicating the ranges of these theoretical estimates under varying conditions of eddy
anisotropy, consistent with the diagnostics shown in panel (a). (c) Same as panel (b) but
with @ = 2; the background contours now indicate total eddy counting levels of 50, 150,
and 250.
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theoretical long-wave speeds have been argued to be wave- or jet-like toward low latitudes (Kong & Jan-
sen, 2017) and hence less effective in driving irreversible mixing (Klocker & Abernathey, 2014). This finds
evidence in Klocker and Abernathey (2014), who observed that long-wave phase speeds substantially exceeded
the eddy propagation speeds inferred from the actual eddy diffusivity in tropical regions. These hypotheses
regarding eddy-driven mixing are pertinent to our observations and merit further in-depth investigation in future
work.

The remaining discrepancies between the revised theoretical propagation speeds and the observations likely stem
from three sources of uncertainties: (a) the background zonal velocity, (b) the estimates of deformation radii, and
(c) the estimates of local eddy length scales. We hereby discuss these uncertainties successively.

First, the background zonal flow used in this study is based on monthly data with a spatial resolution of 1°,
whereas the observed eddy propagation speeds are derived from daily altimetry data at a 1/4° resolution. Such
mismatches in temporal and spatial resolutions can compromise a source of theory-observation deviation.
Moreover, selecting the seafloor as the no-flow vertical level in exploiting the thermal wind balance is a simple
approximation, which may not be always valid.

Second, the choice of the deformation radius directly influences the discrepancy between theoretical and observed
propagation speeds. That is, the vertical modal structure associated with an eddy affects its zonal propagation
speed. Based on our observations, eddies near the eastern boundaries are more accurately characterized using the
traditional first-mode deformation radius (L;), whereas eddies in the mid-latitude open ocean are more appro-
priately represented by the surface-mode deformation radius (Ldlsurt )

Third, the local eddy length scale in this study is estimated using the eddy radius, which is defined as the radius of
a circle with an identical area to that of the SSH contour associated with the maximized circum-average
geostrophic speed of an eddy. This definition may underestimate the true eddy length scale, particularly in
low-latitude regions. This can be seen in Figure 6b, where a significant mismatch of the dispersion relationship
between the observations (orange pentagrams) and the theories, including those using L, (green pentagrams) and
Ly, (magenta pentagrams) in the dominant spatial scales of mesoscale eddies (approximately 3
to 1.5 cycles/1000 km).

However, when an empirical correction factor of @ = 2 is adopted, the aforementioned spectral mismatch is
mitigated (Figure 6¢), suggesting that the actual eddy wavelength may be approximately eight times the eddy
radius in this region. With this correction, the theoretical dispersion relation using L, shows a significantly
improved match with the observed dispersion relation of most eddies, whose scales are generally smaller than
1.5 cycles/ 1000 km. In contrast, theoretical speeds based on Ly, tend to overestimate the observed propagation

speeds of these smaller-scale eddies.

In general, accurately and efficiently estimating the local eddy scale is essential for predicting their propagation
speeds, especially in the mid- to low-latitudes. To pragmatically address the systematic bias between the nominal
eddy radius and the actual eddy wavelength, we introduce an empirical correction factor a. We find that a se-
lection of @ = 2 brings the L;-based revised theoretical phase speed to a more universal agreement with the
observed average zonal propagation speeds for both AE and CE in low- to mid-latitude regions (see Figure 7,
which reconstructs the comparisons between theoretical and observational eddy propagation speeds but with
different a values). More quantitatively, the ratio between the observational eddy speeds and the L;-based
theoretical speeds with @ = 2 is much closer to unity across 10°-35° latitudes (Figures 7b and 7d).

5. Conclusions

Mesoscale eddies are prevalent throughout the global ocean and exhibit a distinct westward translational ten-
dency, which constitutes a key feature of oceanic geostrophic turbulence (Cushman-Roisin et al., 1990; Kill-
worth, 1986; McWilliams & Flierl, 1979). Previous studies have indicated that the zonal propagation speeds of
these eddies can be predicted using the long baroclinic Rossby wave phase speeds, adjusted with the Doppler-shift
effect from the depth-mean zonal flow (Klocker & Marshall, 2014; LaCasce & Groeskamp, 2020). However, the
accuracy of these predictions diminishes significantly equatorward of approximately ~35° latitudes (Chelton
et al.,, 2007), introducing substantial overestimation biases for mesoscale eddy diffusivity (Klocker &
Abernathey, 2014).

LIU ET AL.

14 of 18

85UB017 SUOWWOD A1) 8|eo!(dde 8y Aq pausienob aJe sapiie YO ‘88N JO s8N 1o Al 8UIUO AB|IM UO (SUORIPUOD-PUe-SWB}WI00" A3]1MAleid 1 BUIIUO//SNY) SUORIPUOD pUe SLiB | 83 88S *[5202/.0/90] U0 AriqiT8ul|uO A8IIM ‘18 L Ad 8TS22000S202/620T OT/10p/wod’ A3 | Arelqieutjuo'sandnfe//sdny wouj papeojumoq ‘9 ‘5202 ‘T62669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2025JC022518

Latitude

o

Cobs

Clw

Ce, Ly

Ce, Lalaurt

Ce, Ly, alpha=2
Ce, Lalsurt alpha = 2

° Cobs/Ciw

° Cops! Ce, Ly

& Cobs/Ce, Lylsurt
Cobs/Ce, Ly, alpha=2
Cobs/Ce, Lalsurt, alpha =2

CRradon

o

Latitude

_20 o

—60

-
-0.15 -0.10 -0.05 0.00 0.05 01000 05 1.0 15 20 25 30 35 40
Eddy propagation speed (m/s) Ratio

Figure 7. (a) Similar to Figure 1a, but including revised theoretical estimates using @ = 2 for anticyclonic eddies. (b) Black
dots indicate the ratio between observed eddy propagation speeds and those predicted by the long-wave theoretical
approximation. Purple and magenta dots (crosses) show the ratios between observed propagation speeds and revised
theoretical estimates constructed using Ly and Ly, respectively, with a = 1 (a = 2). (c) Similar to panel (a) but for
cyclonic eddies (CE). (d) Similar to panel (b) but for CE.

This study remedies this issue by incorporating the local eddy length scale into the baroclinic Rossby wave speed,
which is shown to substantially alleviate the overestimation across the low latitudes and enables a more accurate
quantification of the zonal propagation of mesoscale eddies in the satellite altimetry era. The improvement of this
theoretical estimation is attributed to the observations that many mesoscale eddies have length scales comparable
to the deformation scales and exhibit moderate nonlinearity in the mid-to low-latitudes. These findings further
indicate that mesoscale eddy propagation is ubiquitously dispersive. Meanwhile, the revised theoretical esti-
mation readily converges toward that based on the long-wave approximation if the eddy length scales are
adequately large compared to the local deformation radii, such as those in the Southern Ocean, but remains to be
slightly more accurate than the long-wave-based prediction.

In revising the theoretical estimation of eddy speeds, we find that the eddy radius, defined conventionally by the
circle with an area equal to that enclosed by the SSH contour supporting the maximized circum-average eddy
speed, can be a useful and convenient metric of the local eddy length scale. Importantly, this length scale does not
always resemble the energy-containing scale of geostrophic turbulence, but rather characterizes most coherent
eddies observed via satellite altimetry.

LIU ET AL.

15 of 18

85UB017 SUOWWOD A1) 8|eo!(dde 8y Aq pausienob aJe sapiie YO ‘88N JO s8N 1o Al 8UIUO AB|IM UO (SUORIPUOD-PUe-SWB}WI00" A3]1MAleid 1 BUIIUO//SNY) SUORIPUOD pUe SLiB | 83 88S *[5202/.0/90] U0 AriqiT8ul|uO A8IIM ‘18 L Ad 8TS22000S202/620T OT/10p/wod’ A3 | Arelqieutjuo'sandnfe//sdny wouj papeojumoq ‘9 ‘5202 ‘T62669T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2025JC022518

Acknowledgments

We extend our gratitude to Joseph H.
LaCasce for his constructive comments on
an earlier version of this manuscript, and to
Sjoerd Groeskamp for providing the global
surface mode deformation radius data set.
We also thank Chris W. Hughes for
sharing the data set of global SSH anomaly
zonal propagation speeds derived from the
Radon transform. This work is supported
by the Research Grants Council (RGC) of
Hong Kong under the award General
Research Fund 16305321, and by the
Center for Ocean Research (CORE), a joint
research center between Laoshan
Laboratory and HKUST. Xiaoming Zhai
and Julian Mak acknowledge financial
support from the Royal Society Kan Tong
Po International Fellowship KTP/R1/
231008.

The phase speeds of linear PV waves with deformation length scales generally align with the revised theoretical
Rossby wave phase speeds equatorward of approximately ~20°, but tend to delineate a lower bound for the
westward eddy propagation toward higher latitudes. This seems to echo with previous findings that low-latitude
transient features are dominated by linear waves and that eddies turn increasingly nonlinear away from equator.
However, our analyses of available observations reveal that, even with high nonlinearity, abundant extratropical
coherent eddies propagate at speeds consistent with those of baroclinic Rossby waves.

This study underscores the importance of accurately estimating the background zonal flow, deformation radii, and
local eddy length scales in achieving higher accuracy in theoretical estimates of eddy propagation speeds. First,
more precise measurements of the no-flow level or the bottom flow velocity, particularly in regions with intense
jet flows such as the Southern Ocean, would substantially facilitate the quantification of the Doppler-shift effect
on eddy propagation. Second, mesoscale eddies across different oceanic regions may exhibit distinct vertical
modal structures; this requires the use of regionally dependent deformation radius variants to better capture eddy
propagation dynamics. Third, the actual spatial scale of an eddy may differ from its geometric radius defined by
the maximum circum-average geostrophic speed. With an empirical correction factor of @ = 2, the L;-based
revised theoretical phase speeds exhibit a universal agreement with the observed zonal propagation speeds on a
global scale. This correction thus serves as a practical starting point for accurately predicting the length scales and
thus the zonal propagation of mesoscale eddies in future work.

Lastly, the findings and data set from this work are anticipated to contribute to understanding the long-range
propagating behaviors of mesoscale turbulence, which will in turn benefit studies aiming at predicting non-
local mesoscale eddy effects and parameterizing eddy-driving mixing in predictive ocean climate models.
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