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ABSTRACT: Wind-forced near-inertial waves (NIWs) propagate through a sea of mesoscale eddies, which can fundamen-
tally alter their evolution. The nature of this NIW-mesoscale interaction depends on how dispersive the waves are. For weakly
dispersive waves, ray tracing suggests that the NIW frequency should be shifted by (1/2)¢, where ¢ is the mesoscale vorticity,
and that the waves are refracted into anticyclones. Strongly dispersive waves, in contrast, retain the large-scale structure of the
wind forcing and exhibit a small negative frequency shift. Previous in situ observational studies have indeed revealed varying
degrees of NIW-mesoscale interaction. Here, observations of NIWs from drifters are used to map the geography of NIW-
mesoscale interactions globally, and idealized simulations and a simple model are used to identify the underlying physical
processes. Almost everywhere in the ocean, with the notable exception of the northeast Pacific, the NIW frequency is strongly
modulated by the mesoscale vorticity, with the slope of the frequency shift versus vorticity taking values of approximately 0.4.
Concentration of NIW energy into anticyclones is a common feature throughout the ocean. Other aspects of the observations,
however, show signatures of strongly dispersive waves: a negative frequency shift and weaker concentration into anticyclones
in regions with strong eddies, as well as weak modulation of the NIW frequency by mesoscale eddies in the northeast Pacific.
The signatures of both weakly and strongly dispersive NIW behavior can be rationalized by the geography of the wave disper-
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siveness and the fact that wind forcing excites multiple vertical modes with different wave dispersiveness.
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1. Introduction

Near-inertial waves (NIWs) excited by atmospheric storms
substantially influence upper-ocean dynamics through their
role in small-scale mixing (e.g., Alford et al. 2016). They are
characterized by strong vertical shear that can trigger shear in-
stabilities, causing turbulence and mixing. This process deep-
ens the surface mixed layer in the aftermath of a storm, and a
significant fraction of NIW energy is dissipated in the upper
ocean (Alford 2001; Plueddemann and Farrar 2006; Alford
2020). Ultimately, NIW-induced mixing influences the ocean’s
surface heat budget, impacting atmospheric circulation and
precipitation patterns (Jochum et al. 2013).

The evolution of NIWs can be strongly influenced by inter-
actions with mesoscale eddies. If the waves are weakly disper-
sive, they can be described by ray tracing (Kunze 1985; Conn
et al. 2025), and one expects them to be refracted toward anti-
cyclonic vorticity. There is now substantial observational evi-
dence for such { refraction and the resulting concentration of
NIW energy into anticyclones (Elipot et al. 2010; Thomas
et al. 2020; Yu et al. 2022; Conn et al. 2024). This refraction
also increases the speed at which NIWs propagate to depth
(Lee and Niiler 1998; Asselin and Young 2020), which in

Denotes content that is immediately available upon publica-
tion as open access.

P Supplemental information related to this paper is available
at the Journals Online website: https://doi.org/10.1175/JPO-D-25-
0163.s1.

Corresponding author: Scott Conn, sconn@caltech.edu

DOI: 10.1175/JPO-D-25-0163.1

turn impacts where in the upper ocean NIWs generate mix-
ing (e.g., Essink et al. 2022; Alford et al. 2025).

The recent evidence of { refraction from field campaigns in
the North Atlantic (Thomas et al. 2020; Yu et al. 2022; Conn
et al. 2024) stands in contrast to the pioneering Ocean Storms
Experiment in the northeast Pacific (D’Asaro et al. 1995),
where the NIW-mesoscale interaction was found to be weak.
Studying the scale reduction of the NIW field after the passage
of a storm, D’Asaro et al. (1995) could explain the evolution as
driven by the B effect, so-called 3 refraction (Munk and Phillips
1968; Gill 1984), with mesoscale eddies playing no discernible
role (D’Asaro 1995). Young and Ben Jelloul (1997, hereafter
YBJ) argued that the lack of NIW-mesoscale interaction
during Ocean Storms was due to a breakdown of the scale
separation assumption of ray tracing, showing that strongly dis-
persive waves remain largely uniform in the presence of eddies.
Indeed, Thomas et al. (2024) showed that the differences in
NIW behavior between Ocean Storms and the NISKINe experi-
ment in the North Atlantic could be attributed to differences
in how dispersive the waves were in these two regions.

Given these drastic differences in NIW behavior, the goal of
this paper is to characterize the geography of NIW-mesoscale
interaction globally. We use YBJ’s description of the NIW
evolution in the presence of a mesoscale eddy field both as a
guide in the analysis and as our main interpretive framework.
Throughout the paper, we consider the YBJ equation for a
single vertical mode, which requires assuming a barotropic
eddy field. For a vertical mode with structure g(z), the NIW
velocity can be expressed as [u,(x, y, 1), v,(x, y, 1)]g(z). The
YBJ equation is then formulated as an evolution equation for
¢ = (u,, + iv,)e” where fis the inertial frequency and is here
assumed constant (i.e., we neglect the B effect). Under these
assumptions, the YBJ equation can be written as
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FIG. 1. Geography of the wave dispersiveness & of the first four vertical modes, showing a transition from strongly
dispersive low modes to more weakly dispersive high modes. Note the weaker dispersion in major current systems.
Figure adapted from Conn et al. (2025). These maps represent annual averages, with the streamfunction magnitude ¥
coming from altimetry measurements (Taburet et al. 2019) and the deformation radius A being calculated from the cli-
matological density profiles from the ECCO state estimate, version 4, release 4 (ECCO Consortium et al. 2020; Forget

et al. 2015).
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where ¢ is the prescribed streamfunction of mesoscale eddies,
= quj is the associated vorticity, A is the deformation radius
of the vertical mode under consideration, and J(a, b) = d,ad,b
— d,ad,b is the Jacobian operator. The second term in (1) rep-
resents the advection of NIWs by mesoscale eddies, the third
term represents refraction by mesoscale vorticity, and the
fourth term represents dispersion. The relative importance of
dispersion versus refraction is captured by the wave disper-
siveness & = fA%/W, where W is an appropriate scale for the
mesoscale streamfunction.

The wave dispersiveness % governs the extent to which
NIW-mesoscale interactions influence the evolution of the
waves (Fig. 1). When & > 1, dispersion dominates and meso-
scale effects are limited. When ¢ << 1, dispersion is weak and
the mesoscale strongly modulates NIW behavior. Kunze
(1985) used ray tracing to describe how NIWs interact with
mesoscale eddies, proposing that the eddies act to shift the lo-
cal inertial frequency to an effective value f + (/2. This ray-
tracing framework applies in the weak-dispersion limit, ¢ << 1,
when the scale separation assumption is appropriate, even
when the atmospheric forcing is large scale (Conn et al. 2025),
providing a useful prediction for how mesoscale eddies should
modulate the NIW frequency. This frequency shift also sets up
phase gradients in the NIWs. Dispersion, which is weak but
nonzero, acts to flux energy down these phase gradients, re-
sulting in the concentration of NIW energy into anticyclones,
although advective straining can complicate this process
(Rocha et al. 2018; Conn et al. 2025). If dispersion is strong, in
contrast, the waves only take on weak horizontal structure

that is proportional to the streamfunction ¢y and suppressed by
a factor of order £ 2 compared to the leading-order uniform
structure (YBJ; Conn et al. 2025). Similarly, the NIW fre-
quency in this regime is negatively shifted by a factor of order
& 2 compared to the scale of £ and is proportional to the area-
averaged mesoscale kinetic energy rather than ¢ (YBJ; Conn
et al. 2025):

1 2 2
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Ao = ——5—F——.
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Conn et al. (2025) showed that a horizontally uniform wind
forcing primarily projects onto a single mode, meaning the
spectrum of the NIW should be strongly peaked in this
strong-dispersion case.

The global availability of surface drifters and satellite altim-
etry provides an opportunity to assess the importance of
NIW-mesoscale interactions across the World Ocean. In situ
field campaigns offer detailed spatial information over limited
regions but cannot achieve global coverage. Altimetry by itself
is blind to NIWs, as they produce no leading-order pressure
signal, but it can be used to characterize the mesoscale eddy
field. Drifters often exhibit easily discernible inertial circles
(e.g., D’Asaro et al. 1995; Beron-Vera and LaCasce 2016), and
frequency spectra universally exhibit a distinct near-inertial
peak (Yu et al. 2019). The drifter observations’ Lagrangian na-
ture means that they capture the waves’ intrinsic frequencies
and are not affected by Doppler shifts.

Elipot et al. (2010) previously characterized the global spec-
tral properties of NIWs using drifter data. Averaged globally,
they found that the frequency of the NIW peak roughly
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FIG. 2. Availability of drifter data. (a) Number of hourly drifter observations available per year. Blue refers to the
full set of GPS-tracked drifters, while yellow represents only those observations for which the drifter’s drogue is still
attached. (b) Distribution of drifter observations, shown as the number of spectrograms per unit area in a given grid
cell. The pattern reflects the large-scale convergence and divergence in the ocean as well as a Northern Hemisphere

and Atlantic bias.

followed 0.4¢, close to the ¢/2 prediction from Kunze (1985).
They identified wind forcing as the primary driver of NIW
amplitude variations but also found ¢ to modulate the ampli-
tude, consistent with ray tracing and YBJ theory. Elipot et al.
(2010) further linked variations in the width of the NIW peak
to the Laplacian of ¢, based on theoretical arguments by Klein
et al. (2004). Park et al. (2005) also studied the amplitude of
NIWs globally using the drifter dataset, while Park et al. (2009)
used the YBJ model in the absence of a background flow (but
retaining B refraction) to investigate the decay time scales of
NIWs in the drifter data.

The strength of mesoscale eddies, the inertial frequency, the
deformation radius, and the projection of wind forcing onto
vertical modes all vary substantially across the World Ocean.
Because these quantities shape the characteristics of NIW-
mesoscale interactions, one should expect substantial regional
differences as exemplified by the dichotomy between Ocean
Storms and NISKINe (Thomas et al. 2024). These regional dif-
ferences can be obscured in a global mean, so we leverage the
expanded drifter dataset available since Elipot et al. (2010) to
explore this geography.

This analysis shows that mesoscale eddies modulate the
NIW frequency nearly everywhere, with the notable excep-
tion of the northeast Pacific. In highly energetic regions, we
also find evidence for the excitation of strongly dispersive
waves. We interpret these results emphasizing the role of the
wave dispersiveness in modulating NIW-mesoscale interac-
tions. Idealized simulations and a simple model of this interac-
tion reproduce key spectral features observed in the drifter data.
Together, these results show how NIW-mesoscale interactions

have a major organizing influence on the global structure of
near-inertial energy.

2. Drifter observations of NIWs

To characterize NIWs globally, we use observations from the
Global Drifter Program. This dataset provides hourly records
of both position and horizontal velocity for 19396 drifters span-
ning the period 2007-23. We restrict our analysis to drifters
with GPS-tracked positions. Each drifter is initially drogued,
such that its velocity reflects the current at 15-m depth; how-
ever, the drogue can be lost over the course of a drifter’s life-
time. Observations made while the drogue is still attached
account for approximately 49% of the dataset (Fig. 2a). We
discard all measurements following drogue loss. The distribu-
tion of drifters across the ocean is nonuniform and reflects
large-scale patterns of horizontal convergence and diver-
gence as well as preferential deployment, for example in the
North Atlantic (Fig. 2b).

To calculate NIW spectra, we first divide the drifter trajecto-
ries into overlapping 20-day segments and compute the spec-
trogram of u + iv for each segment. These spectrograms are
calculated using a Lanczos window and subsequently binned
based on the mean position of each segment, also determined
using the same window. A defining feature of NIWs is their cir-
cular polarization. In the Northern Hemisphere (where f > 0),
NIWs exhibit clockwise polarization, so we retain only the
clockwise component of the power spectrum; in the Southern
Hemisphere (where f < 0), we retain only the counterclock-
wise component. The 20-day segment results in a spectral
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F1G. 3. Example spectral estimate (black with 95% confidence interval in gray) and the associated least squares fit
of the model spectrum (purple). This example shows peaks corresponding to NIWs as well as the semidiurnal tide.
There is little power associated with the diurnal tide in this example. The fitted model has a low-frequency component
with a slope of —3.13, a NIW peak at 1.00f, with a width of 0.08f,, and a semidiurnal peak at 1/38f; with a width of

0.05f,.

resolution of 3.6 X 107®s™!. Spectral estimates are calculated
as averages over geographical bins (bins with less than 10 such
20-day segments are dismissed). The grid spacing of the bin-
ning is 5° zonally and variable in the meridional direction. The
meridional grid spacing is capped at 5° and decreases toward
the equator to ensure that the variation in f across each grid
cell remains smaller than the spectral resolution, rendering the
impact of f variations on the spectral estimates negligible.

The spectra show evidence of low-frequency balanced mo-
tion, NIWs, diurnal/semidiurnal tides, and high-frequency
internal waves. We perform a spectral fit to isolate the NIW
signal. The model spectrum consists of a low-frequency com-
ponent and Gaussian peaks for the NIWs and tides. We per-
form the fit in linear space, and we do not include a term for
the internal wave continuum as its amplitude is orders of mag-
nitude smaller than the other terms. The spectral model is

A (0~ f o)
S(w) = L S+Aex[ [}
¢ e T
@
o2
+ Apexp —% + Agexp _(‘"202’3)]’ 3)
D s

where A;, A;, Ap, and Ag are the amplitudes of the low-
frequency motion, NIWs, diurnal tides, and semidiurnal tides,
respectively; w; is the transition frequency of the low-frequency
model; s is the spectral slope of the low-frequency model; w; is
the NIW frequency shift; oy is the NIW spectral width; wp, is the
frequency of the diurnal tides; op is the width of the peak at
wp; wg is the frequency of the semidiurnal tides; and oy is
the width of the peak at wg. As we consider either the clock-
wise or counterclockwise components of the power spec-
trum alone, we take the frequencies to be positive. With this

convention, w; > 0 corresponds to a shift of the NIWs to fre-
quencies higher than f (i.e., superinertial frequencies), while
w; < 0 corresponds to a shift to frequencies lower than f
(i.e., subinertial frequencies).

Given a spectral estimate 3, we fit the model spectrum to
this estimate using the least squares method (appendix A).
We fix the tidal frequencies and determine all other parame-
ters through the fit (see Fig. 3 for an example). The NIW
kinetic energy can be obtained from the fit by integrating the
NIW part of the model spectrum across all frequencies:

K = \2mA,0,. “4)

Each spectral estimate S is obtained by averaging over all
available spectrograms in the respective bin. The spectral esti-
mate S follows a y distribution, where the number of degrees
of freedom is equal to twice the number of spectrograms that
are averaged to obtain §. We draw random samples from this
distribution and perform the fitting procedure on each sample
to obtain an empirical distribution for the fitted parameters.

First, we apply the fitting procedure to spectral estimates ob-
tained by averaging all spectra within a given spatial bin. We
exclude regions near the equator, where NIWs merge with
low-frequency tropical wave modes, and around the turning
latitudes of the diurnal tides, where NIWs cannot be distin-
guished from tidal signals. In these regions, the spectral diag-
nostics are dominated by changes in the relative position of
the tidal frequency and f, with any mesoscale signal not being
observable. Equatorward of 30°, the mean frequency shift w; is
generally positive (Fig. 4a). Elipot et al. (2010) attributed this
to the equatorward propagation of NIWs—a plausible expla-
nation that we revisit in the discussion (section 5).

Poleward of 30°, we observe regions with both positive and
negative frequency shifts. Negative shifts occur primarily in
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FIG. 4. Characteristics of the NIW peak: (a) the frequency shift w//f, (b) the spectral width o7, and (c) the NIW
kinetic energy K. All estimates are calculated from averages over all available spectrograms in a given geographical
bin. The 95% confidence intervals are shown in Fig. 1 in the online supplemental material.

energetic regions such as western boundary currents and the
Antarctic Circumpolar Current (ACC). We hypothesize that
these shifts result from the excitation of strongly dispersive NIWs,
which produce a negative frequency shift as described by (2).
We explore this hypothesis in more detail below. It is useful
to note here that the winds excite multiple NIW modes, and
so, while we hypothesize that these negative shifts come from
strongly dispersive waves, we also expect weakly dispersive
waves to be present too. In other regions, the frequency shift
is weakly positive.

One potential concern is that the observed frequency shifts
may be influenced by a vorticity sampling bias inherent to the
drifter data. Drifters preferentially sample regions of conver-
gent flow, which are often associated with cyclonic structures
(Middleton and Garrett 1986; Elipot et al. 2010). If weakly
dispersive NIWs are present, ray tracing predicts a positive

frequency shift in such regions, potentially introducing a net
positive bias. However, we will show below that the spatial
patterns in the frequency shift persist even when this bias is
taken into account.

The width oy of the NIW peak is remarkably uniform across
most of the ocean but is elevated in western boundary currents
and the ACC (Fig. 4b). This suggests an influence of mesoscale
eddies, but strongly dispersive waves should be narrowly
peaked, and the ray-tracing framework for weakly dispersive
waves does not provide predictions for spectral width. In the
following sections, we use the YBJ model to examine the phys-
ical mechanisms responsible for the increased spectral width in
high-energy regions.

The NIW kinetic energy is elevated beneath the midlati-
tude storm tracks in the North Pacific, North Atlantic, and
Southern Ocean, with a notable maximum in NIW kinetic
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energy in the North Pacific (Fig. 4c). This pattern broadly re-
flects the large-scale distribution of wind energy input into the
near-inertial band (Flexas et al. 2019; Alford 2020; von Storch
and Liischow 2023). Models suggest some asymmetry in
wind work magnitude between the North Pacific and North
Atlantic, although the dynamics governing NIW propagation
to depth likely also influence the kinetic energy generated by a
given wind forcing. We explore these dynamical differences
further below.

The patterns of the NIW frequency shift w; and peak width
oy show structure that is spatially aligned with regions of ener-
getic mesoscale turbulence, suggesting that interactions with
mesoscale eddies influence the NIW spectral properties. To
investigate this influence, we characterize the mesoscale eddy
field using satellite altimetry measurements of sea surface
height (SSH). We use the delayed-time (DT) 2018 release of the
Data Unification and Altimeter Combination System (DUACS)
product (Taburet et al. 2019). The mesoscale streamfunction s
is defined as y = gh/f, where g is the gravitational accelera-
tion and 4 is the SSH. We then compute the mesoscale vor-
ticity = V2 and interpolate it onto all drifter trajectories to
obtain concurrent estimates of NIW velocity and mesoscale
vorticity. We note that the DUACS product may have inac-
curacies near the coast, but drifters in coastal regions make
up a very small fraction of the total dataset.

The influence of mesoscale eddies on NIW spectra can be
assessed by evaluating NIW spectral properties as a function
of {. Within each spatial bin, we subdivide the spectrograms
based on the mean vorticity along each trajectory, calculated
using the same Lanczos window as above. For each vorticity
bin, we compute the spectral estimate and extract the spectral
fit parameters defined in (3).

The spectral properties of NIWs, when averaged globally,
show strong evidence of modulation by mesoscale eddies
(Fig. 5). To quantify this modulation, we perform a linear
regression (weighted by the uncertainty on each data point)
of wyand K on ¢:

“”;g):mb]% )
KO =c+ d}é. (6)

We find that the frequency shift (Fig. Sa) varies with { with a slope
of 0.39 (95% CI: 0.36-0.42) and an intercept of 0.000 (95% CL
from —0.001 to 0.001). This slope is in excellent agreement with
the values reported by Elipot et al. (2010), although our esti-
mated intercept is lower. The dependence of the spectral
width on vorticity (Fig. 5b) also resembles the findings of
Elipot et al. (2010); however, large uncertainties in high-
vorticity bins make it difficult to determine whether there is
a robust relationship. Globally averaged, we observe a clear
concentration of NIW kinetic energy into anticyclonic regions
(Fig. 5¢). The slope of the linear fit is 0.0011 m ™25~ 2 (95% CI:
0.0009-0.0012 m ™2 s72), and the intercept is 0.0043 m~? s>
(95% CI: 0.0042-0.0044 m~2 s~2). While a linear fit is not a
good model for K(¢) at high vorticity, the slope provides a useful

VOLUME 56

summary metric for quantifying the preferential concentra-
tion into anticyclones.

Caution is warranted when interpreting global averages of
spectral properties. For example, the spectral width is elevated
in western boundary currents and the ACC, where vorticity
is also strong (Fig. 4b). The upward curvature in the width—
vorticity relationship may therefore reflect a coincidental spa-
tial correlation between broader spectra and larger vorticity,
rather than arising from underlying dynamical processes. Simi-
larly, the enhancement of NIW kinetic energy in regions of
strong vorticity may influence the global average, although
comparisons between strong cyclonic and anticyclonic vorticity
remain robust. More generally, interpreting global averages
requires care, as they conflate diverse dynamical regimes.

Furthermore, we note that wind forcing typically excites a
range of vertical modes (e.g., Gill 1984; Thomas et al. 2024),
each with different degrees of wave dispersiveness (Fig. 1).
The drifters feel the combination of these modes and may ex-
hibit, even in a given region, behavior that is a mix of strongly
dispersive low modes and weakly dispersive higher modes.
The spectra estimated from the drifters may reflect that mix.
The strength of the imprint of strongly versus weakly disper-
sive waves depends on their relative amplitudes, and a given
diagnostic may be more sensitive to strongly or weakly disper-
sive waves, requiring nuance in the interpretation.

With these cautionary notes in mind, we calculate linear fits
for w; and K across the globe. To improve the statistics, we
compute w;({) within each spatial bin and then average these
curves to obtain a uniform 5° X 5° discretization. A linear fit is
then applied to the mean w;({) curve within each 5° X 5° bin.
The resulting intercept a exhibits significant spatial structure
(Fig. 6a). Because of the lack of a strong preference for cy-
clonic versus anticyclonic vorticity at the mesoscale (Chelton
et al. 2011), the intercept a can be interpreted as the mean fre-
quency shift with any bias in drifter locations toward cyclones
removed. Notably, the spatial structure of a (Fig. 6a) closely
resembles that of the mean w; (Fig. 4a), suggesting that these
patterns are not an artifact of sampling bias. Strong negative
intercepts are observed in regions of high-eddy kinetic energy,
such as western boundary currents and the Antarctic Circum-
polar Current. As shown in (2), strongly dispersive NIWs are
expected to exhibit negative frequency shifts proportional to
mesoscale kinetic energy. These negative intercepts may
therefore signal the excitation of strongly dispersive NIWs.
Positive frequency shifts, on the other hand, are likely due
to equatorward propagation of NIWs, although we show be-
low that weakly dispersive waves interacting with mesoscale
eddies are also expected to produce positive shifts.

Negative frequency shifts associated with strongly disper-
sive waves may explain the negative values of the intercept a
observed in western boundary currents in the drifter data. A
fraction of the near-inertial wind work excites strongly disper-
sive low modes (e.g., Thomas et al. 2024), which are associ-
ated with a negative frequency shift proportional to the local
mesoscale kinetic energy. Whether the full NIW signal also
exhibits a negative frequency shift depends on the extent to
which the wind excites these modes and the magnitude of
their individual frequency shifts. The close spatial alignment
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kinetic energy K (blue). Shading indicates 95% confidence intervals.

between regions of high mesoscale kinetic energy and negative
a values leads us to hypothesize that large mesoscale kinetic
energy is driving large negative frequency shifts in strongly dis-
persive waves, which are then expressed in the full signal. To
test this idea, we compare the magnitude of the negative inter-
cepts with the prediction from (2) for strongly dispersive
waves. To estimate this prediction from observations, we re-
quire both the mesoscale kinetic energy and the deformation
radius. Using the streamfunction from altimetry, we calculate
the mesoscale kinetic energy as (1/2)|Vy*. The deformation
radius is obtained by solving the baroclinic eigenvalue equa-
tion (Smith 2007) using climatological data from the Estimat-
ing the Circulation and Climate of the Ocean (ECCO) state
estimate, version 4, release 4 (ECCO Consortium et al. 2020,
Forget et al. 2015). We perform this calculation for the first
two baroclinic modes, which are generally strongly dispersive

(Fig. 1). The measured a from the drifter data reflects a mix-
ture of frequency shifts from all baroclinic modes, as well as
possible contributions from the B effect, so a one-to-one cor-
respondence is not expected. Nonetheless, we can assess whether
the magnitude of the predicted shifts for strongly dispersive
waves is consistent with the observed a. The observed a generally
lies between the values predicted for the first and second baro-
clinic modes (Fig. 7). It is therefore plausible that the negative
values of a result from the presence of strongly dispersive waves.

The slope b, while somewhat noisy, exhibits little spatial
variability (Fig. 6b). With few exceptions, its value remains
close to the global mean. The drifter data thus provide evi-
dence that mesoscale eddies modulate NIW spectra across
most of the ocean. The northeast Pacific stands out as the
only region where the slope b is consistently weaker. This re-
gion was the site of the Ocean Storms Experiment, whose
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FI1G. 6. Geography of the vorticity dependence of NIW spectral properties. (a) Intercept and (b) slope of the linear
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results similarly indicated weak mesoscale modulation—
consistent with our findings. In section 3, we show that, theo-
retically, the slope is expected to asymptote to a constant value
in the weak-dispersion regime, which helps explain the limited
spatial structure in b.

The intercept ¢ (Fig. 6¢) closely mirrors the spatial distribu-
tion of NIW kinetic energy in the ocean (cf. Fig. 4c) and the
associated NIW wind work. The slope d, while somewhat
noisy, is predominantly negative (Fig. 6d), indicating that
the concentration of NIWs into anticyclones is a widespread
feature of the global ocean. That said, there are notable regions
where the slope d weakens. In particular, the Gulf Stream re-
gion exhibits a very modestly negative slope, indicating weak-
ened concentration into anticyclones despite the presence of
strong eddies. In regions with strong eddies, which have rela-
tively weaker wave dispersion (Fig. 1), the tendency of waves
to concentrate in anticyclones may be disrupted by advective
straining (Rocha et al. 2018), or regions of wave concentration
may be shifted from the anticyclones by baroclinicity in the
mean flow (Whitt and Thomas 2013). While this map shows
that anticyclonic concentration is a common aspect of NIW dy-
namics, it also highlights that the effect depends on wave dis-
persiveness in complex ways.

As the slope b is somewhat noisy, and to better understand
the behavior of the spectral width, we average the spectra over
two representative regional domains (shown as black boxes in
Fig. 6a). These two regions differ markedly in the characteris-
tics of their mesoscale eddy fields and are chosen to highlight
characteristics of the two different wave regimes. In the north-
east Pacific box, eddies are weak, while the northwest Atlantic
box encompasses the energetic Gulf Stream rings. In the
northeast Pacific, we observe smaller slopes and a positive fre-
quency shift; in the northwest Atlantic, we find steeper slopes
and a negative frequency shift. The regional averages support

this distinction (Fig. 8a). The spectral width is greater in the
northwest Atlantic than in the northeast Pacific (Fig. 8b). The
weak slope observed in the northeast Pacific appears to be un-
common across the global ocean, with the possible exception
of a few regions in the Southern Ocean, although the statis-
tical uncertainty is higher there. The weak eddy field in the
northeast Pacific corresponds to higher wave dispersiveness
overall, favoring strongly dispersive waves and reducing me-
soscale modulation. In the northwest Atlantic, we see the neg-
ative frequency shift indicative of strongly dispersive waves but
also clear modulation of the frequency shift by mesoscale vor-
ticity, consistent with weakly dispersive wave behavior. Once
again, we observe a complex picture in which the winds excite
multiple vertical modes, each with a different degree of disper-
siveness. The spectral characteristics reflect the aggregate influ-
ence of all these modes.

We have identified several characteristic properties of NIW
spectra on a global scale that appear linked to interactions
with mesoscale eddies. Regions of negative frequency shift
are collocated with energetic western boundary currents and
the ACC. Additionally, the slope of the frequency shift with
vorticity shows remarkably little variation across the ocean,
typically remaining close to the global average of ~0.4. In a
few localized regions, the slope flattens to near zero. Finally,
the spectral width is elevated in energetic regions. To more
quantitatively investigate the physical origins of these patterns,
we examine the spectral properties of NIWs in an idealized
model of NIW-mesoscale interactions.

3. Idealized simulations of NIWs

Simulations of the YBJ equation provide an idealized frame-
work for investigating the impact of mesoscale interactions on
NIW spectral properties across different regimes and for as-
sessing the extent to which NIW-mesoscale interactions shape
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the observed NIW spectra from drifters. Xie and Vanneste
(2015, hereafter XV) proposed a model that couples the YBJ
equation to a quasigeostrophic (QG) flow. We simulate the
XV model across a range of wave dispersiveness values. Using
these simulations, we advect Lagrangian particles through the
NIW field to generate synthetic drifter observations. These
synthetic trajectories can then be used to calculate NIW
spectral properties under controlled conditions.

Following Rocha et al. (2018), the XV model for a given
vertical mode is

I i, N
5"'](11/,43)"'543 Tvd’— Vd,V(b, )
a
L4 a q) = —x,V'q, ®)
2 11, p, i «
q:Vll/-l-qW, CIW:]?ZV|¢’| +§J(¢7¢), 9
0

where g is the potential vorticity (PV), V¥ = V>V is the bihar-
monic operator, vy is the hyperdiffusivity for NIWs, and «,, is
the hyperdiffusivity for the QG flow. The biharmonic
terms are included for numerical stability. This formulation

represents a 2D version of the XV model in which the meso-
scale flow is assumed to be barotropic, and the NIW velocity
has been expanded in vertical baroclinic modes. The term g,,
represents the effects of the back reaction that the waves have
on the mean flow; it can be thought of as a wave-induced po-
tential vorticity. These equations are solved on a doubly peri-
odic domain using the Dedalus pseudospectral solver (Burns
et al. 2020). We also note that these are spindown, unforced
turbulence simulations. The parameters used are provided in
appendix B. We vary & in the simulations by varying the de-
formation radius A, given the same f and streamfunction mag-
nitude V.

We begin by evolving the QG flow for 25 days without
waves (i.e., ¢ = 0). After this spinup period, we introduce a
horizontally uniform NIW field with magnitude U,. The
waves are then allowed to evolve for an additional 60 days.
We repeat the simulations for various values of wave disper-
siveness. The qualitative structure of the wave field varies sig-
nificantly with dispersiveness. For ¢ > 1, the waves exhibit
large-scale structure resembling the streamfunction (Fig. 9a).
For ¢ << 1, in contrast, the waves take on smaller-scale fea-
tures more akin to the vorticity (Fig. 9b).

For each experiment, we advect Lagrangian particles to
mimic the drifters. Particles are seeded in the model domain
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FIG. 9. Idealized XV simulations of NIW-mesoscale interaction. (a) Snapshot of the streamfunction i in the simula-
tions with & = 2 at ¢ = 4 days. (b) Snapshot of the corresponding vorticity. (c) Snapshot of the corresponding NIW
kinetic energy density. Note that the structure resembles the streamfunction in (a). (d) As in (c), but for £ = 1/2. Note
that there is more small-scale structure that resembles the vorticity field. (At this early stage, the vorticity looks the
same for ¢ = 2 and 1/2. The impact of g,, on the QG flow has not yet had a chance to cause the two simulations to

drift apart. As such, we only show the vorticity for & = 2.)

with a spacing of 25 km and advected forward and backward
for 10 days, yielding a total 20-day trajectory per particle.
New particles are reseeded every 10 days. We use the Ocean
Parcels package (Delandmeter and Van Sebille 2019) to perform
the Lagrangian advection. The advection velocity is derived from
{, which represents the Lagrangian-mean streamfunction that
transports tracers (Wagner and Young 2015). Particles sam-
ple the NIW velocity e~ at hourly intervals.

The dependence of the frequency shift and spectral width
on vorticity varies markedly with e. In the strong-dispersion

regime (& >> 1), there is no modulation of either the shift or
the width by vorticity. In contrast, in the weak-dispersion re-
gime (¢ << 1), both quantities show clear modulation with
vorticity (Figs. 10a,b): The frequency shift exhibits a positive
slope with vorticity, while the width is enhanced in cyclonic re-
gions. The intercept a is negative in the strong-dispersion re-
gime and variable but generally positive in the weak-dispersion
regime (Fig. 10c). The slope approaches zero in the strong-
dispersion limit and asymptotes to a value of ~0.4 in the weak-
dispersion limit (Fig. 10d).
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FIG. 10. Spectral characteristics of the NIW peak in the XV simulations. (a) NIW frequency shift w//f as a function
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These XV simulations produce spectra that exhibit many
of the salient features observed in the NIW spectra from
drifters, supporting the idea that these features arise from
NIW-mesoscale interactions. While idealized, however, the
simulations are still complicated, making it difficult to isolate
the physics responsible for the imprint of mesoscale eddies
on NIW spectra. To better illuminate these dynamics, we
turn to a much simpler example: NIWs interacting with a sin-
gle vortex dipole.

4. NIWs in an idealized vortex dipole

The goal of this section is to understand the physics of NIW-
mesoscale interactions and their effect on NIW spectra in the
simplest possible context. Conn et al. (2025) adopted a spectral
approach to solving the YBJ equation, calculating the eigenval-
ues and eigenvectors of the YBJ operator—a useful method

for studying NIW spectra. We begin by nondimensionalizing
the YBJ equation and rewriting it as

- &
=qu=—?

b

I

VZJ) - l‘]({jj’ (’i)) + a)v (10)

i

Q|
~1

where H is the YBJ operator, the tildes indicate nondimen-
sionalized fields, and the operators are understood to take de-
rivatives with respect to the nondimensional variables. We
then consider the spectrum of the operator H by solving for
the eigenvalues and eigenfunctions of H,

Ho, = 6,b,. (11)
where &Sn is an eigenfunction, &, is the associated eigenvalue,
and # is a label for the eigenfunction. Throughout this section,
we consider a simple vortex dipole (Fig. 11a; Asselin et al.
2020; Conn et al. 2025),
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Note that we have redimensionalized the dipole flow with a streamfunction magnitude ¥ that matches the XV simula-
tions and a domain length of 80 km. Furthermore, the dipole lines come from YBJ simulations with the dipole as the
background field. We also calculated these lines from the eigenmodes described above and found that the two meth-

ods agree.

§ = %(sin}? — siny), (12)

consisting of a cyclone and an anticyclone on a doubly peri-
odic domain with side length 2.

In the strong-dispersion limit & > 1, the nearly uniform
mode dominates and results in a strongly peaked spectrum at
a weakly shifted frequency as described by (2). Therefore, we
here focus our attention on the weak-dispersion limit. For the
moment, let us ignore advection and write the eigenvalue
equation as

From this equation, one can see that  acts like a potential in
the Schrodinger equation, and for a given mode with eigen-
value @,, the eigenfunction is oscillatory where &, > Z/2 and
evanescent where @, < /2. In other words, lower-frequency
modes are screened out in regions of higher vorticity. At a given
vorticity Z, one should thus see only modes that have a fre-
quency of Z/2 or greater. While a number of modes contribute
to the NIW frequency spectrum at low vorticities, a large-scale
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wind forcing, here modeled as a uniform forcing, projects most
strongly onto the low modes. As a result, the NIW frequency in-
creases monotonically with , with a slope of the frequency-
vorticity curve close to 1/2. This argument is admittedly
hand-wavy and neglects advection, but the more rigorous
treatment in Conn et al. (2025) supports this intuition.

To give a concrete example—now including advection—we
compute the eigenfunctions and eigenvalues for the dipole
flow. The numerical procedure is described in Conn et al.
(2025). We also compute the projection coefficient of a uni-
form initial condition onto each mode, and we define the
modal amplitude as the mean, taken along contours of cons-
tant vorticity, of the modulus squared of each eigenmode
multiplied by its projection coefficient. The results clearly illus-
trate the screening of modes with &, less than the local Z2
(Fig. 11b). The strong projection onto the lowest eigenmodes
ensures that the mean frequency remains close to the /2 line,
even in the core of the anticyclone (Fig. 11c).

The dipole calculation therefore provides a physical expla-
nation for the observed modulation of the frequency shift by
vorticity. This modulation occurs across much of the ocean
(Fig. 6b), implying the near-universal presence of weakly dis-
persive wave modes that are refracted by mesoscale vorticity.
The dipole calculation also predicts, however, that the spectral
width should be elevated in anticyclones (Figs. 11b,d), whereas
the simulations and, to a lesser extent, the observations show
the opposite. To investigate this discrepancy, we return to the
XV model from section 3, running it with varying levels of
complexity.

First, we disable the influence of NIWs on the mesoscale by
setting g,, = 0 in the XV equations. The QG flow continues to
evolve, but there is no feedback from the waves. Next, we run
a simulation in which we turn off the time evolution of the
QG flow altogether: The initial condition is the same as be-
fore, but the flow is held fixed in time after the spinup. Finally,
we perform a simulation in which we replace the initial condi-
tion with the dipole flow (redimensionalized to have Ro = 0.1).
This is a stationary solution to the QG equations and therefore
does not evolve in time. These three simulations form a hierar-
chy of complexity, ranging from the simplest dipole case to the
full XV model.

Setting ¢,, = 0 has minimal impact on the results compared
to the full XV simulation, leading only to a slight increase in the
spectral width (Figs. 11c,d). The 9,q simulation also leaves the
frequency—vorticity relation largely unchanged, except that
there is a drop in the frequency shift at positive ¢ (Fig. 11c). It
shows similar spectral width as the XV and ¢,, = 0 simula-
tions. The dipole simulation recovers a frequency—vorticity
relation with a slope close to 1/2, but it has a markedly de-
creased spectral width and no increase with ¢ (Fig. 11d). In-
stead, as expected from the modal picture, the spectral width
is greatest at negative {.

It appears that the key complexity required to produce
spectra that qualitatively resemble the drifter observations is
the presence of a sea of eddies of varying amplitude. Even
when the eddies are stationary—just one step up in complex-
ity from the dipole simulations—we observe behavior in both
the frequency shift and the spectral width that resembles the
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observations. In the dipole flow, averaging over vorticity
amounts to averaging within a single eddy, whereas in the tur-
bulent QG flow, the averaging spans multiple eddies with vary-
ing structures. In a sea of eddies, a given cyclone may have
stronger cyclones nearby, meaning it is no longer necessarily at
the top of the {/2 landscape that acts like a potential. Eigenmo-
des with frequencies higher than that of the local cyclone can
be excited and felt within it, thereby increasing the spectral
width. The same does not hold for anticyclones because modes
with energy lower than the local /2 are screened. The result is
an asymmetry in spectral width between cyclones and anticy-
clones as observed in the simulations. The behavior of the
spectral width, therefore, is not governed solely by NIWs in-
teracting with isolated eddies but instead emerges from inter-
actions within a sea of eddies.

5. Discussion

The drifter observations, interpreted in the context of NIW-
mesoscale interactions, reveal a complex picture of NIW be-
havior. Spatial variability in the mesoscale flow is clearly im-
printed onto the NIW spectral properties. Even within a single
region, however, we observe signatures of both weakly and
strongly dispersive waves. This arises from the wind forcing ex-
citing multiple vertical modes, each characterized by a different
degree of wave dispersiveness. The drifters sample a combina-
tion of these modes and their associated behaviors. While it is
beyond the scope of this manuscript to determine which verti-
cal modes are excited in each region and how dispersive they
are, this remains a key factor in the evolution of NIWs. Thomas
et al. (2024) performed such a projection in regions of the
North Atlantic and North Pacific, and Conn et al. (2025) cal-
culated climatological wave dispersiveness for the first four
baroclinic modes (see Fig. 1). Extending Thomas et al.’s cal-
culations to a global scale would provide valuable insight into
how the structure of wind forcing and background stratifica-
tion influence the spectral characteristics of NIWs.

Elipot et al. (2010) attributed the positive shift in NIW fre-
quency equatorward of 30° latitude to be due to the B effect,
which causes equatorward propagation of NIWs and there-
fore produces a positive shift. However, we also saw that a
positive shift could be generated by weakly dispersive waves
(Figs. 10 and 11). The global pattern and the increasingly
positive shifts toward the equator, where f is larger, support the
equatorward propagation mechanism. Garrett (2001) calculated
the meridional distance that NIWs propagate in the time it takes
them to reflect off the seafloor and return to the surface, finding
~400 km except for very close to the equator and pole. The as-
sociated frequency shift, normalized by f, increases markedly to-
ward the equator and is of order 0.1. The observed frequency
shift is somewhat smaller but has the right order of magnitude
and pattern. The distance is not large enough for NIWs gener-
ated under midlatitude storm tracks to contribute substantially
to subtropical NIW energy, but it is plausible that the subtropi-
cal NIW peak consists of a mix of NIWs generated locally and
up to a few degrees poleward (cf. e.g., Raja et al. 2022). The ori-
gin of these frequency shifts should be further investigated using
realistic simulations or in situ field campaigns, which are better
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suited than surface drifters to distinguish the sources of NIW
energy.

a. Caveats and sources of uncertainty

In this study, we have considered time means of all spectral
quantities and have therefore ignored any potential seasonal-
ity in the NIW spectral properties. Seasonal variations in me-
soscale eddies and the deformation radius are generally weak
over much of the ocean (cf. e.g., Chelton et al. 1998), and so
these are unlikely to significantly alter these results. How-
ever, both the wind forcing and stratification exhibit substan-
tial seasonal variability (cf. e.g., Alford and Whitmont 2007,
Sallée et al. 2021). This seasonal variability could impact the
projection of the wind forcing onto the different modes,
changing the overall properties of the NIW spectra. A global-
scale analysis of the seasonality of NIW spectral characteristics—
similar to the approach taken in this paper—would likely be dif-
ficult at present due to the limited number of observations across
much of the ocean. Regional analyses may prove feasible.

Strictly, the decomposition of NIWs into vertical modes is
only valid under the assumption of a barotropic background
flow. This assumption is clearly violated in the ocean, where
mesoscale eddies often exhibit significant vertical structure. In-
terestingly, however, accounting for baroclinicity in the mean
flow does not appear necessary to explain the spectral charac-
teristics observed by the drifters over much of the ocean, at
least qualitatively. There are, however, some regions where
baroclinicity may impact the results. In particular, the lack of
strong concentration into anticyclones in the Gulf Stream
could arise from the strongly baroclinic eddies in the region.
As explained by Whitt and Thomas (2013), the picture of
NIW concentration into anticyclones breaks down in the pres-
ence of strongly baroclinic eddies. In such a scenario, the loca-
tions of minimum NIW frequency can be shifted from locations
of minimum vorticity by strong lateral density gradients, which
can lead to concentration into the periphery of eddies. More
work is needed to understand the spectral properties expected
for NIWs interacting with a strongly baroclinic mean flow.

In the real ocean, vorticity is a multiscale field, which we
characterize using the heavily smoothed altimetry product.
This vorticity field is further averaged along drifter trajecto-
ries. One might worry that substantial submesoscale vorticity
is being missed and could be influencing the NIWs. We argue
that this may be so, but dispersion acts as a natural filter for
vorticity. In spectral space, dispersion scales like k?, where k
is the wavenumber. Thus, while vorticity tends to be stronger
at smaller scales, so is dispersion. There must exist a scale be-
low which dispersion is sufficient to balance refraction. The
fact that we observe such large slopes in the frequency shift as
a function of the mesoscale { suggests that this relevant scale
is by and large resolved by the altimetry. Indeed, shortening
the length of drifter trajectory chunks reduces the slope; for
example, using 6-day chunks lowers the slope to ~0.25 (not
shown). This implies that, on average, NIWs are not respond-
ing to local, small-scale vorticity features. We add the caveat
that in regions with a small deformation radius, it is likely that
scales relevant to the NIW evolution are not fully resolved by
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altimetry, although data from Surface Water and Ocean Topog-
raphy (SWOT) may prove useful in this regard (e.g., Rolland
et al. 2025).

b. Other implications

The observed spectral characteristics of NIWs have implica-
tions for filtering NIWs from raw signals that contain multiple
types of motion. Rama et al. (2022) recently proposed using
an adaptive filter in which the effective frequency f + (/2
serves as a lower bound on a high-pass filter to separate NIWs
from other flows. Our results suggest that this approach may
not always be appropriate. This expression for the lower fre-
quency limit is derived from ray tracing, which is valid only in
the weakly dispersive limit. Our results show clear evidence
of strongly dispersive waves as well, for which there is no com-
parable modulation of the NIW frequency. Applying such an
adaptive filter would introduce a cyclonic—anticyclonic bias
when extracting strongly dispersive NIWs. Moreover, even for
weakly dispersive waves, the (/2 scaling is not universal. The
drifter observations typically exhibit a slope closer to ~0.4,
with nonnegligible NIW variance below the f + (/2 cutoff.
Using this cutoff would result in severe underestimation of
NIW energy in cyclonic regions compared to anticyclonic ones.
Small-scale vorticity, as discussed above, further complicates
this approach. An adaptive approach that first locates and char-
acterizes the NIW peak seems more promising.

Finally, we note that these results have implications for
NIW-induced mixing on a global scale. Numerous observa-
tional studies have shown that the concentration of NIWs
into anticyclones can lead to enhanced NIW-induced mixing
at depth (e.g., Kawaguchi et al. 2016; Martinez-Marrero et al.
2019; Sanford et al. 2021). Our results indicate that this con-
centration is fairly ubiquitous across the ocean. Therefore, in
regions of high NIW energy, the interaction between meso-
scale eddies and NIWs may play a significant role in shaping
patterns of upper-ocean mixing. Future work should aim to
quantify the magnitude of this effect.

6. Conclusions

Using observations of near-inertial waves from the global
array of drifters, we have mapped the geography of NIW-
mesoscale interactions across the World Ocean. Our results
indicate that mesoscale eddies influence the spectral charac-
teristics of NIWs nearly everywhere. We also found that the
YBJ equation, which describes the evolution of NIWs in a
background mesoscale eddy field, explains much of the ob-
served phenomenology of NIW spectra. Additionally, we
observed evidence of both weakly and strongly dispersive
NIWs, suggesting that wind forcing excites vertical modes
for which dispersion has varying importance.

To quantify the modulation of NIWs by mesoscale eddies,
we considered a linear fit to the relationship between the NIW
frequency shift and the vorticity. The slope of this fit is ~0.4 in
the global mean and takes a similar value across much of the
ocean—except in the northeast Pacific and possibly some re-
gions of the Southern Ocean, where the slopes are close to
zero. Typical slopes are close to the 0.5 value predicted by ray
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tracing, although the XV simulations showed that the slope
should asymptote to a somewhat smaller constant value in the
weak-dispersion limit, offering an explanation for the lack of
spatial variability in the slope on a global scale. Additionally,
the dipole flow demonstrated that this slope arises from the
screening of eigenmodes of the YBJ equation in regions in
which the eigenvalue is less than /2.

In contrast to the slope, the intercept exhibited much
greater spatial structure when mapped globally. In highly ener-
getic regions such as the western boundary currents and the
ACC, the intercept was negative, while elsewhere it was
weakly positive. This close spatial collocation led us to con-
sider strongly dispersive waves as a possible explanation for
the negative frequency shifts. Theoretical predictions for the
frequency shift in the strong-dispersion limit were found to be
of similar magnitude as the observed shifts, acknowledging that
a one-to-one correspondence is not expected. The pattern of
positive shifts pointed to the B effect as a likely source, al-
though weakly dispersive waves are also expected to pro-
duce positive shifts.

The NIW spectral width also showed a striking correspon-
dence with the highly energetic western boundary currents
and the ACC, where the width was elevated. This can be un-
derstood by considering the eigenfunctions of the YBJ equa-
tion. In a stronger eddy field, the potential wells are deeper,
allowing more modes to be excited and thereby increasing the
spectral width. The width typically increases with vorticity,
a behavior that is expected for a turbulent field of eddies of
varying size and reproduced by idealized XV and YBJ
simulations.

Finally, we also considered how NIW kinetic energy de-
pends on vorticity. The global mean showed a clear concen-
tration into anticyclones, while the global distribution of
mean NIW kinetic energy reflected the patterns of large-scale
forcing. Examining the slope of NIW kinetic energy versus
vorticity across the globe, we found that anticyclonic con-
centration is typical throughout much of the ocean. How-
ever, a few notable regions—the Gulf Stream region, in
particular—exhibited a weak dependence of kinetic energy on
vorticity, despite being highly energetic. This suggests that
while concentration into anticyclones is widespread, strong ad-
vection or baroclinicity can disrupt this tendency.
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APPENDIX A

Least Squares Fit

Given some spectral estimate S, we wish to find the pa-
rameters in (3) that minimize the residuals between S and
the model. Writing the model as S(w, p), where p repre-
sents the set of model parameters, the residuals are de-
fined as

R(p) = 28, — S(w,p)I.

n

(A1)

where w, are the discrete frequencies resolved by the data.
We use the Levenberg—-Marquardt algorithm to find the set of
parameters p* which minimizes R(p).

APPENDIX B

Simulation Parameters

For most of the simulation parameters, we follow Rocha
et al. (2018). These can be found in Table B1. We also follow
Rocha et al. (2018) in initializing the QG flow by specifying
the Fourier transform of s as

(k) = (B1)

¢
)]
+_
k1 k]

e

where the hat indicates the Fourier transform, |k| is the magni-
tude of the wavevector, k, is an eddy wavenumber, and C is a
normalization constant. The value of C is chosen such that the
domain-average kinetic energy density of the simulation is
U?2/.

The value of ¢ is varied by changing the deformation ra-
dius A. We choose A based on the RMS value of the
streamfunction and f to give the desired value of & accord-
ing to &% = fA%/P.

TABLE B1. Parameters for the XV simulation.

Parameter Value
Domain length (L) 47 X 10° m
Number of modes (N) 1024
Coriolis frequency (f) 1Xx10*s7!
NIW speed (U,,) 01ms !
Eddy speed (U.,) 0.05ms™*
Eddy wavenumber (k) 167 X 10 °m™!
Biharmonic viscosity (v,,) 5% 10°m*s™!
Biharmonic diffusivity (k) 5%x10°m*s!
Time step (Ar) 25s
Simulation run time (7) 5.184 X 10°s
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