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ABSTRACT: Oceanic internal waves (IWs) play a key role in diapycnal mixing that sustains the global overturning circu-
lation. Their energy follows a quasi-universal Garrett–Munk (GM) spectrum, traditionally attributed to nonlinear wave–
wave interactions under combined wind and tidal forcing. However, growing evidence points to the importance of eddy–
wave interactions, but the specific energy contributions from mesoscale and submesoscale motions to this GM spectrum re-
main unclear. More importantly, the generation of this GM spectrum by eddy–wave interactions has not been observed in
the real ocean. In the present work, an idealized numerical model is used to simulate the formation of a GM-like spectrum
by eddy–wave interaction under wind forcing alone. Energy transfers are diagnosed in both Eulerian and Lagrangian coor-
dinates using a multiscale energy and vorticity analysis. It is found that IW energy supplied by mesoscale eddies is compa-
rable to that from submesoscale motions in Lagrangian coordinate, whereas this mesoscale contribution appears much
weaker in Eulerian coordinate. Vertically, mesoscale eddies transfer energy to IWs in the upper ocean, while this energy
transfer is reversed in the pycnocline. In situ mooring observations from the Southern Ocean further support the role of ed-
dies in facilitating the generation of a GM-like spectrum under wind forcing alone. Together, these findings clarify the energy
pathways through which mesoscale and submesoscale dynamics energize IWs and offer new insight into the dynamical pro-
cesses that help maintain the GM spectrum.

SIGNIFICANCE STATEMENT: A quasi-universal internal wave (IW) spectrum is traditionally thought to be cre-
ated by wave–wave interactions through simultaneous wind and tidal forcing. Using idealized simulations and Southern
Ocean observations, this study provides evidence that wind forcing over an eddying ocean can generate a Garrett–
Munk (GM)-like spectrum. Lagrangian energy transfer analyses reveal comparable mesoscale and submesoscale contri-
butions to IW energy, whereas direct extraction of mesoscale energy is less apparent in Eulerian coordinate. Vertically,
mesoscale eddies energize IWs in the upper ocean, while IWs return energy to mesoscale eddies in the pycnocline, thus
limiting the penetration of wind-induced IWs. These results clarify the dynamical pathways feeding IWs, providing new
insights into the formation of a GM-like spectrum under wind forcing alone.
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1. Introduction

Oceanic internal waves (IWs) have attracted extensive at-
tentions over the years due to their critical roles in turbulent
mixing, the global meridional overturning circulation, and the
climate system (Ferrari and Wunsch 2009; Whalen et al. 2020).
Near-inertial waves (NIWs) are the lowest-frequency IWs and
usually occupy the most IW energy. They not only are primarily
generated by time-varying winds (Fu 1981; Gill 1984) but can
also arise from geostrophic adjustment of balanced motions
and other processes (Nagai et al. 2015). They are widely dis-
tributed throughout the global ocean and usually exhibit

strong vertical shear and are thus recognized as a key driver
of ocean energy cascade and mixing processes (Munk 1981;
Alford et al. 2016).

Observations reveal that IW energy in the open ocean is con-
tinuously distributed in frequency–wavenumber space and exhib-
its a quasi-universal spectral structure. In a log–log coordinate,
the IW energy spectrum exhibits a spectral slope close to 22 in
both high-frequency and high-wavenumber ranges, which is well
described by the Garrett–Munk (GM) IW spectrum (Garrett
and Munk 1972, 1975, 1979). This empirical spectrum not only
matches key observational characteristics but also has been
shown to be close to a stationary solution of the kinetic equation
(Polzin and Lvov 2011). As such, the GM spectrum is regarded
as the most important conceptual development of IWs in the last
100 years (Wunsch and Ferrari 2018).Corresponding author: Zhiwu Chen, zhiwuchen@scsio.ac.cn
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The underlying mechanism for the generation of the GM
spectrum is commonly attributed to nonlinear interactions
among IWs. The classical paradigm is that winds produce
NIWs, barotropic tidal flows over topography create inter-
nal tides, and then nonlinear wave–wave interactions fill
out the IW continuum (e.g., Müller et al. 1986; Arbic et al.
2018). These interactions among IWs transfer energy across
different frequencies and wavenumbers, effectively driving an
energy cascade of NIWs and internal tides and thereby giving
rise to the quasi-universal GM spectrum (McComas and
Bretherton 1977; Lvov et al. 2012; Olbers et al. 2012). Realis-
tic global ocean models with both wind and tidal forcing have
shown that a partial IW continuum exists in these models
(Müller et al. 2015; Rocha et al. 2016). Using an idealized
model, Sugiyama et al. (2009) showed that a GM-like IW
spectrum can be created and maintained only when energy is
supplied from both wind and tidal forcing. In their setup,
however, IWs were not explicitly modeled; the system was
initialized with idealized, low-mode NIWs and/or semidiur-
nal internal tides in a flat-bottomed ocean. In contrast, Chen
et al. (2019) used an idealized model that explicitly includes
tidal forcing over steep topography and showed that tidal forc-
ing alone can generate a GM-like IW spectrum. In their mech-
anism, strong tidal flow over rough topography generates large
amplitude internal tides, which break and generate NIWs by
triadic resonant interaction. Further wave–wave interactions
subsequently generate a GM-like IW spectrum. This finding
might explain why a universal IW spectrum exists in the deep
ocean where the effect of wind forcing is virtually absent. How-
ever, this mechanism still falls within the nonlinear wave–wave
interaction regime.

Mesoscale eddies are the primary carriers of low-frequency
kinetic energy (KE) in the World Ocean. In recent years, an
increasing number of simulation studies points to the crucial
role of eddy–wave interactions in driving forward energy cas-
cade of mesoscale eddies and redistributing IW energy across
different spatiotemporal scales (Barkan et al. 2017, 2021;
Delpech et al. 2024; Shaham and Barkan 2025). Mesoscale
eddies play a multifaceted role in modulating IW dynamics
through processes such as advection, refraction, and modula-
tion by background vorticity (Kunze 1985; Polzin 2010;
Thomas et al. 2024). These processes alter the spatial coher-
ence, wavelength, and effective frequency of NIWs. Beyond
these well-known effects, recent studies have increasingly
highlighted additional mechanisms. For example, mesoscale
eddies can act as catalysts that scatter IW energy across scales
via induced diffusion (Kafiabad et al. 2019; Savva et al. 2021;
Cox et al. 2023; Dong et al. 2023), serve as direct energy
sources that inject energy into IWs (Taylor and Straub 2020;
Barkan et al. 2021), and modulate the spectral energy distri-
bution through nonlinear interactions (Thomas 2023; Skitka
et al. 2024; Shaham and Barkan 2025). As to the formation
of an IW continuum spectrum, Barkan et al. (2017) used an
idealized numerical model and analyzed IW-induced eddy
energy cascade, showing that wind forcing alone can gener-
ate a GM-like IW spectrum. Yang et al. (2023) used a realis-
tic North Atlantic simulation, also by wind forcing alone,
and demonstrated that mesoscale eddies facilitate the rapid

formation of an IW continuum. More recent simulations of
the Iceland Basin and California Current (Barkan et al. 2024;
Delpech et al. 2024) offered detailed diagnostics of eddy–
wave energy transfers, but formation of a GM-like spectrum
was not the focus of these studies. Together, these studies
have implied that eddy–wave interactions could generate a
GM-like IW spectrum, which is complementary to the tradi-
tional paradigm of wave–wave interactions.

However, the previous eddy–wave simulations primarily fo-
cused on how IWs facilitate forward energy cascade of meso-
scale eddies. The specific energy transfers from mesoscale and
submesoscale motions to the GM-like IW continuum still re-
main unclear. In the present study, we study these energy trans-
fers by applying a diagnostic framework [the multiscale energy
and vorticity analysis (MS-EVA) approach; see section 2c] that
has not been utilized by the previous mentioned studies. En-
ergy transfers in Eulerian versus Lagrangian perspectives are
also compared and the underlying physical mechanisms are
identified, providing new insight into the formation of a GM-
like spectrum. More importantly, generation of this GM-like
spectrum by eddy–wave interactions through wind forcing
alone has not been observed in the real ocean and the present
study fills this gap by using mooring observations from the
Southern Ocean. Generally, the wind-forcing-alone effect is
difficult to be observed in a real ocean, partly due to the com-
plicated influence of internal tides. The Southern Ocean,
characterized by strong wind forcing over intense mesoscale
eddies and yet with weak internal tides (e.g., Savage et al.
2017), offers a unique natural place to test whether the inter-
action between mesoscale eddies and wind-forced NIWs can
produce a GM-like spectrum.

The remainder of this paper is organized as follows. Section 2
describes the numerical model and methods used for analysis.
Section 3 presents the formation of a GM-like IW spectrum in
numerical simulations and in situ observations, complemented
by detailed energy transfer and mechanism analyses. Finally,
key conclusions are summarized in section 4.

2. Data and methods

a. Numerical modeling

An idealized wind-driven reentrant channel model repre-
senting the Antarctic Circumpolar Current is constructed based
on the Massachusetts Institute of Technology General Circula-
tion Model (MITgcm; Marshall et al. 1997). The model domain
(Fig. 1a) is rectangular with east–west (x axis) periodic bound-
ary conditions, and a 100-km-wide sponge layer is applied near
each north–south (y axis) boundary to avoid wave reflections.
The model domain is 420 km in the x axis, 800 km in the y axis
(centered at a latitude of 558 with f 5 1.2 3 1024 rad s21 and
on a b plane with b 5 1.3 3 10211 m21 s21), and 2 km in the z
axis. Even though application to the Southern Ocean is consid-
ered, a positive f is used without loss of generality. The model
horizontal resolution is 2 km and the model vertical resolution
is 10 m. We adopt the same viscosity, diffusivity, and vertical
mixing settings as in the LLC4320 configuration, including the
K-profile parameterization (KPP) scheme for vertical mixing.
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LLC4320 is a global ocean simulation at a 1/488 horizontal res-
olution, conducted on the latitude–longitude–cap (LLC) grid
using the MITgcm (Rocha et al. 2016). The designation “4320”
refers to the number of longitudinal grid points at the equator,
corresponding to a horizontal resolution of approximately 2 km.
For bottom drag, our model uses a quadratic bottom drag with a
drag coefficient of 0.0021 s21. No surface relaxation is ap-
plied to the temperature field. The model starts from a quies-
cent state with stratification depending on both depth and
latitude (Figs. 1a,b), as in Tort and Winters (2018). The central
region within y5 6200 km is used for subsequent analyses.

The model run is divided into two stages. In the first stage,
the model is driven by a steady zonal wind for 240 days until ed-
dies have fully developed. The wind stress is 0.2 3 sech2(y/L0)
N m22, where L0 5 100 km. The slantwise isopycnals and the
horizontally sheared winds jointly facilitate the generation of
eddies. After the eddy field is established, the steady wind is
turned off in the second stage to prevent nonlinear coupling.
This setup, though idealized, allows us to better isolate the ef-
fect of a transiting storm on the preexisting eddy field. It also
reflects some oceanic conditions where wind forcing is often
intermittent due to seasonal transitions, wind jet shifts, or

synoptic variability. Thus, this model setup represents an ini-
tial value problem, rather than a forced-dissipative system. In
the second stage, three different cases are performed for
27 days. In the eddy-only case, eddies evolve freely without
external forcing. In the eddy–wave case, an inertial frequency
wind 2 3 sech2(y/L0) 3 exp(2ift) 3 W(t) N m22, where W(t)
is a symmetric Tukey window confining the duration of the
wind, is exerted for 2 days (days 5–7 in Fig. 1c) to simulate a
transiting storm. Wind-generated NIWs coexist with meso-
scale eddies in this case. To further compare the situations
with and without eddies, a third case (wave-only) is per-
formed, which is forced by the same inertial frequency wind
but starts from a quiescent state. The initial temperature
profile is obtained by horizontally averaging the temperature
field at the final moment of the first stage of eddy-only and
eddy–wave cases.

b. Spatial energy transfers: The coarse-graining method

To quantify spatial KE transfer associated with eddy–wave
interactions, we employ a coarse-graining method (Aluie et al.
2018; Storer et al. 2022), implemented via the FlowSieve
package (Storer and Aluie 2023). This method is general,

FIG. 1. Model configurations. (a) Schematic diagram of the model setup. Wind forcing (red arrows) is applied in the
middle region and is meridionally confined. A 100-km-wide sponge layer is applied near both the northern and south-
ern boundaries (gray shading). Six sloping isopycnals are also overlain. (b) The initial density profiles on the northern
(rn) and southern (rs) boundaries in the first stage of the model run. (c) Time series of the forcing wind stress that
contains 2 days of inertial-frequency winds applied in the wave-only and eddy–wave cases.
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mathematically exact, and does not rely on assumptions of ho-
mogeneity or isotropy, making it particularly well suited for
analyzing multiscale dynamics. It can be applied at any geo-
graphic location and at any instant of time, thereby helping
elucidate underlying energy pathways in our simulations.

The essence of the method lies in the application of a spatial
filter to decompose the flow field into large-scale (scales . ‘)
and fine-scale (scales , ‘) components, where ‘ is a user-
defined filter scale. Mathematically, for any given field F(x),
the coarse-grained field F‘(x) is obtained through the convolu-
tion of F with a normalized kernel G‘ : F‘(x)5G‘ * F(x),
where * denotes convolution and G‘ is chosen as a top-hat fil-
ter in this study. The KE evolution equation of the large-scale
flow u‘ is as follows:

­

­t
r0

|u‘|2
2

1 = ? J
transport
‘ 52P‘ 2 r0y |=u‘ |2 1 r‘g ? u‘

1 r0F
forcing
‘ ? u‘: (1)

In this equation, the terms from left to right represent (i) tem-
poral evolution of large-scale KE, (ii) spatial transport, (iii)
nonlinear energy transfer across scale ‘, (iv) dissipation caused
by molecular viscosity, (v) conversion between available poten-
tial energy (APE) and KE, and (vi) energy injection from ex-
ternal forcing. A full derivation of these terms is available in
Aluie et al. (2018).

Our analysis focuses on the nonlinear energy transfer term
P‘, which quantifies the KE transfer between large and small
scales. It is calculated as P‘(x)52r0S‘ : t ‘(u, u), representing
that the large-scale strain tensor S‘ acts against subfilter-scale
stress t ‘(u, u). A positive P‘ indicates energy transfer from
large to small scales across the specified spatial scale (forward
cascade), whereas a negative value indicates upscale energy
transfer (inverse cascade). This term contains all the informa-
tion needed in our subsequent spatial energy transfer analyses.
In our implementation, we use horizontal filter scales ranging
from 10 to 200 km, with an increment of 10 km. The resulting
scale-dependent energy transfers support a systematic investiga-
tion of multiscale dynamics.

c. Temporal energy transfers: MS-EVA

To further explore temporal energy transfers, MS-EVA is
used. MS-EVA is developed to investigate multiscale dynami-
cal interactions in geophysical fluids that are intermittent in
space and time (Liang 2016). It is based on a wavelet-based
functional analysis tool, which is local, orthonormal, and win-
dowed on time scales.

Using the method, the flow is divided into three time-scale
windows, allowing the KE change in each window to be diag-
nosed. For example, KE change within window [2] is deter-
mined by

­

­t
K[2] 5 G[0]"[2]

K 1 G[1]"[2]
K 1 G[0]�[1]"[2]

K 2 b[2] 2 = ?Q[2]
K

2 = ?Q[2]
P 1 F[2]

K , (2)

where superscripts enclosed in square brackets indicate time-
scale windows, subscript K represents KE, and subscript P

represents pressure work. MS-EVA divides the energy fluxes
into four types: (i) energy transfers among different time-scale
motions (term G); (ii) buoyancy conversions (term b), denot-
ing conversions between KE and APE; (iii) energy transports
across spatial locations (term Q); and (iv) external work or
energy dissipations (term F).

In the present study, the inertial period is 14.5 h, and two
time-scale cutoffs are set at 6.7 days and 20.2 h (corresponding
to a frequency of 0.7f). Thus, window [0] refers to mesoscale
eddies, window [2] refers to IWs, and window [1] refers to the
intermediate frequency band (mostly submesoscale motions).
Thus, the term G0"2

K (denoted as TK02 later) represents en-
ergy transfer from window [0] to window [2], i.e., energy
transfer from mesoscale eddies to IWs. The term G1"2

K (de-
noted as TK12 later) represents energy transfer from subme-
soscale motions to IWs. The term G0�1"2

K (denoted as TK012
later) represents energy transfer from the interaction between
mesoscale and submesoscale motions to IWs. These terms fa-
cilitate our exploration of detailed temporal energy transfers
underlying the physical phenomena.

d. Lagrangian transformation and filtering

Lagrangian transformation is used to get flow information
on Lagrangian particles, and Lagrangian filtering is used to
obtain the IW field. Lagrangian filtering uses the more sophis-
ticated definition of an IW as “a high-frequency motion as
measured moving with the flow”; thus, filtered flows would
contain only IWs (Shakespeare et al. 2021). For a given time
slice, the approach seeds initial particles at every model grid
point, performs forward and backward advection, and then
performs the final filtering on the Lagrangian-transformed
data. For the Lagrangian frequency spectrum and MS-EVA
analyses, Lagrangian-transformed velocities are constructed
by advecting particles forward and backward in time using a
window of 13.5 days (half of the 27 days for analyses). For
Lagrangian filtering, particle advections are executed within
a moving window of 6 days as in Yang et al. (2023). Then,
IWs are obtained by high-pass filtering with a cutoff fre-
quency of 0.7f.

3. Results and discussion

a. Flow fields in the simulations

The analysis begins with an examination of the flow field
characteristics. In the second stage of the simulations, the
steady wind forcing is turned off, and at day 5, a 2-day inertial
wind forcing is imposed to simulate the passage of a storm. To
investigate the dynamical adjustment of the flow field during
the second stage, we analyze the evolution of KE and APE
anomalies integrated over the upper 1000 m (Fig. 2). KE is
computed as the volume integral of (1/2)r(u2 1 y2 1 w2), and
APE is computed as the integral of g2r′2/(2r0N2) (Winters
et al. 1995; Kang and Fringer 2010), where r′ is defined as
density perturbation from the horizontal average, g5 9.81 m s22

is the gravitational acceleration, r0 5 1025 kg m23 is a refer-
ence density, and N2 5 −(g/r0)(­r/­z) is the horizontally aver-
aged stratification.
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In the eddy-only case (black lines), both KE and APE anoma-
lies exhibit a gradual decline over time, reflecting the natural dis-
sipation of mesoscale eddies in the absence of external forcing.
The situation of the eddy–wave case (red lines) follows the same
evolution as the eddy-only case during the first 5 days. At day 5,
a transient inertial wind forcing is introduced, resulting in a rapid
increase in both KE and APE. To isolate the storm influence,
we plot the difference between the eddy–wave and eddy-only
cases (cyan lines), representing the net effect of the storm over
an eddying ocean. This allows direct comparison with the wave-
only case (blue lines), which reflects storm forcing over a quies-
cent ocean. For KE, the storm-induced anomaly in the presence
of eddies is overall smaller than the wave-only case, likely re-
flecting enhanced dissipation. The storm-induced APE anomaly
is also overall reduced relative to the wave-only case. These non-
linear modulations highlight the importance of the eddy field
during storm passage and show that storm-driven IWs cannot be
fully understood without considering their interactions with the
background eddy field.

Flow fields represented by the Rossby number at day 27 in
the second stage of simulations are shown in Fig. 3. Time-
averaged vertical stratification profiles are shown on the left-
hand side of each panel, with the mixed layer depth (MLD)
indicated by horizontal dashed lines. The MLD is defined
as the depth where the temperature decreases by 0.28C rela-
tive to the surface temperature. Mean MLD values are 65 m
for the eddy-only case, 81 m for the wave-only case, and 80 m
for the eddy–wave case. In the wave-only case (Fig. 3a),
NIWs are effectively generated by the inertial frequency wind
forcing and banded wave structures develop in the flow field.
In the eddy-only case (Fig. 3b), the flow field is characterized
by abundant mesoscale eddies. Submesoscale eddies, fronts,
and filaments are also present in the flow field. In the eddy–wave
case (Fig. 3c), NIWs and mesoscale eddies are simultaneously

present. They interact with each other, introducing fine-scale
structures into the flow field. These small-scale features ap-
pear as oscillatory wave patterns superimposed on the larger
mesoscale eddies, leading to an overall increase in flow com-
plexity. Compared to the eddy-only case, the eddy–wave case
exhibits enhanced small-scale wave activity, manifesting as
high-frequency velocity fluctuations and increased vorticity
gradients.

The depth and time distributions of near-inertial KE (NIKE)
and superinertial KE (SIKE) for wave-only and eddy–wave
cases are presented in Fig. 4. Here, NIKE is obtained via band-
pass filtering within the frequency range of 0.85f–1.15f, while
SIKE is extracted through high-pass filtering with a cutoff fre-
quency of 1.5f. The applied inertial-frequency wind forcing
leads to an efficient injection of energy into inertial oscillations,
resulting in a pronounced enhancement of NIKE. In the wave-
only case, NIKE is predominantly confined to the upper 200 m
(Figs. 4a,b). Notably, there is minimal energy penetration into
the ocean interior, indicating that in the absence of mesoscale
eddies, NIWs are largely trapped near the surface. In contrast,
the eddy–wave case (Fig. 4c) reveals a markedly different
NIKE distribution. Within several days after the initial wind
forcing, NIKE propagates to deeper depths, facilitated by the
presence of mesoscale eddies. This result underscores the role
of eddies in modulating the vertical energy flux of NIWs, effec-
tively extending the influence of mesoscale eddies into deeper
layers.

Furthermore, SIKE remains weak in the wave-only case
(Figs. 4d,e), indicating that in the absence of eddies, there is
limited generation of high-frequency IWs. In contrast, in the
eddy–wave case, SIKE exhibits a substantial increase (Fig. 4f),
with two distinct energy peaks emerging: one within the mixed
layer and the other in the pycnocline. This suggests that the in-
teraction between mesoscale eddies and NIWs plays a crucial
role in enhancing the generation of high-frequency IWs. In
other words, the simultaneous presence of mesoscale eddies
and NIWs significantly amplifies the generation of high-
frequency IWs, potentially contributing to enhanced turbu-
lent mixing and energy dissipation in the ocean interior.

b. Formation of a GM-like spectrum in the simulations

Simulated frequency and wavenumber spectra are shown in
Fig. 5 to assess the impact of mesoscale eddies on IW energy
redistributions across spatiotemporal scales. For the eddy-only
case, KE mainly resides at the low-frequency end of the spec-
trum, and the IW energy is weak and decreases dramatically
with increasing frequency (red line in Fig. 5a). For the wave-
only case (blue line in Fig. 5a), the spectrum shows several
peaks at the inertial frequency and its higher harmonics, indi-
cating that wind-generated NIWs mainly transfer energy to
their higher harmonic waves (Niwa and Hibiya 1997). With the
simultaneous presence of eddies and NIWs in the eddy–wave
case (black line in Fig. 5a), the spectrum develops a slope close
to 22 of the GM spectrum. To exclude contributions of hori-
zontal Doppler shifting by subinertial fronts and eddies, the
frequency spectrum on Lagrangian particles is computed (dot-
ted line in Fig. 5a). The main distinction between the Eulerian

FIG. 2. Time evolution of volume-integrated (a) KE and (b)
APE anomalies for eddy-only (black), wave-only (blue), and eddy–
wave (red) cases during the second stage of the simulations. The
difference between eddy–wave and eddy-only cases (cyan) is also
plotted as a reference. Energy anomalies are computed as the devi-
ation of instantaneous energy values from their respective initial
values at the beginning of the second stage.
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and Lagrangian spectra lies in the submesoscale frequency band,
since submesoscale motions are entrained by low-frequency
flows in the Eulerian coordinate, while little difference exists in
the IW band, indicating that Doppler shifting plays a minor role
there.

The wavenumber spectra of IW energy after Lagrangian fil-
tering for wave-only and eddy–wave cases at two representa-
tive depths are presented in Figs. 5b and 5c. A key feature is

that the presence of mesoscale eddies leads to a significant
enhancement of IW energy in the intermediate wavenumber
range. This suggests that mesoscale eddies actively redistrib-
ute energy across different spatial scales, modifying the spec-
tral characteristics of IWs. Notably, in the eddy–wave case,
the spectral slope becomes substantially closer to the 22 GM
spectral slope, which characterizes the observed energy distri-
bution of the IW continuum in the open ocean. The formation

FIG. 3. Snapshots of Rossby number (vertical relative vorticity normalized by the local Coriolis frequency) of (a)
the wave-only case, (b) the eddy-only case, and (c) the eddy–wave case at day 27 in the second stage of simulations.
Five density contours with an interval of 0.15 kg m23 are overlain. Vertical stratification profile, averaged in time and
horizontally, is shown on the left-hand side of each panel, with the MLD indicated by a horizontal dashed line.
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of this GM-like spectrum implies that mesoscale eddies play a
fundamental role in shaping the IW spectrum, promoting the
emergence of a more realistic IW spectral structure.

The frequency–wavenumber spectra are presented in Fig. 6.
These spectra reveal that, in the wave-only case, IW energy is
primarily concentrated at the inertial frequency and its higher
harmonics. In the eddy–wave case, the presence of mesoscale
eddies facilitates a more efficient energy redistribution, allowing
IW energy to spread across a broad range of spatiotemporal
scales. This indicates that mesoscale eddies facilitate spectral
broadening, enabling the formation of an IW continuum rather
than an energy spectrum dominated by a few distinct peaks.
Using realistic numerical simulations in the North Atlantic,
Yang et al. (2023) also showed that mesoscale eddies induce a
rapid formation of an IW continuum. Thus, both idealized
and realistic simulations demonstrate the robustness of the
eddy–wave interaction mechanism in shaping structures of
the IW continuum.

Considering that mesoscale eddies and submesoscale motions
are ubiquitous in the upper ocean, it is clear that high-frequency
winds blowing over the upper ocean can easily generate a
GM-like spectrum due to the interaction between mesoscale
eddies and wind-generated NIWs. Overall, wind forcing over
an eddying ocean can generate a GM-like spectrum, and this
is complementary to the situation that tidal forcing alone can
generate a GM-like spectrum, as is studied by Chen et al.
(2019). Interestingly, these are contrary to the study of Sugiyama
et al. (2009), where it was concluded that either wind or tidal
forcing alone is not sufficient to generate a GM-like spec-
trum. It should be noted that Sugiyama et al. (2009) utilized

an idealized model that assumed the lowest-mode near-inertial
and/or semidiurnal IWs without topography, so that the IW
generation forced by winds and/or tides was not explicitly
taken into account. However, several studies mentioned in the
introduction (e.g., Barkan et al. 2017; Chen et al. 2019; Yang
et al. 2023) and also the present study model the IW genera-
tion processes explicitly, either by tide–topography interaction
or wind forcing over an eddying ocean, so that multiscale
wave–wave or eddy–wave interactions contribute to the gener-
ation of a GM-like spectrum.

c. Energy injection by mesoscale and
submesoscale processes

Spatiotemporal energy transfers are analyzed to elucidate
the role of mesoscale and submesoscale processes in modulat-
ing IWs. Spatial energy transfers across a specific length scale
are computed by specifying length scales ranging from 10 to
200 km in 10-km increments using the coarse-graining method
(Fig. 7). A positive value denotes forward (i.e., from large
scale to small scale) energy transfer across the specific length
scale, while a negative value denotes the reverse transfer.
For the eddy-only case, the energy transfer is always negative
across the range of length scales studied, which is consistent
with the backward energy cascade of geostrophic turbulence
(e.g., Charney 1971; Müller et al. 2005). With the presence of
IWs in the eddy–wave case, forward energy cascade is signifi-
cantly enhanced (black solid line). The total energy transfer
switches from negative to positive at 30 km, indicating a sign
change near the Rossby deformation radius of 36 km in the
model.

FIG. 4. Distributions of IW energy in wave-only and eddy–wave cases during the second stage of simulations. (a) Vertical distribution of
horizontally averaged and time-mean NIKE. (b) Depth–time distribution of NIKE in the wave-only case. (c) As in (b), but for the eddy–
wave case. (d)–(f) As in (a)–(c), but for SIKE.

Z HANG E T A L . 1269JUNE 2026

Brought to you by XIAMEN UNIVERSITY | Unauthenticated | Downloaded 05/02/26 03:35 AM UTC



To further diagnose whether the energy source contributing
to enhanced forward energy cascade stems from eddies or
wind-induced large-scale NIWs, Lagrangian filtering is applied
to isolate the IW field, and the corresponding spatial energy
transfer is shown in Fig. 7 (black dotted line). The transfer as-
sociated with the wave field alone is nearly zero, with only a
slight increase at the smallest scales examined. This indicates
that wave–wave interactions make only a minor contribution
to the observed forward flux. Therefore, the enhanced for-
ward energy cascade in the eddy–wave case is mainly driven
by energy transfer between mesoscale eddies and IWs, rather
than by the wave field itself. Combined with the eddy-only
case (the red line), these results confirm that eddy–wave inter-
actions are the primary driver of the enhanced forward energy
transfer.

However, it is important to note that the diagnosed energy
transfer is not necessarily attributable solely to cross-scale en-
ergy transfers. As emphasized by Kafiabad et al. (2019), Savva
et al. (2021), and Cox et al. (2023), the spreading of IW energy
in wavenumber space can also result from wave scattering pro-
cesses, which do not involve direct energy transfer. Therefore,
while our results indicate enhanced forward energy transfer in

the eddy–wave case, this analysis alone cannot fully distinguish
between actual energy transfer and spectral energy redistribu-
tion due to scattering. Nonetheless, the consistency of our find-
ings across two independent diagnostic frameworks (i.e., the
coarse-graining method and the MS-EVA approach) adds con-
fidence to the robustness of our analysis. Both methods, despite
their inherent limitations, reveal obvious signatures of en-
hanced forward energy transfer. This suggests that even if scat-
tering contributes to the observed spectral patterns, genuine
cross-scale energy transfer between eddies and IWs plays a sig-
nificant role.

Figure 8 shows the distribution of energy transfer over
depth and length scale. In the eddy-only case, energy transfer
is predominantly inverse and its magnitude is decreasing with
depth. The eddy–wave case exhibits two local minima, indi-
cating stronger inverse energy transfers. The first minimum,
located within the mixed layer, aligns with previous findings
that submesoscale processes can drive inverse energy cascades
(Schubert et al. 2020; Srinivasan et al. 2023; Barkan et al.
2024). This suggests that the observed inverse transfer likely
reflects the energetic role of submesoscale processes in feed-
ing mesoscale flows or in the merging of smaller eddies into

FIG. 5. KE distributions in the frequency and wavenumber domain. (a) Domain-averaged frequency spectra of the
three cases. The average result of 20-layer spectra (collected every 100 m in depth) is approximated as the domain av-
erage. Lagrangian spectrum of the eddy–wave case and the GM spectrum are also plotted for comparison. (b) Wave-
number spectrum of IW energy after Lagrangian filtering at a depth of 35 m. (c) As in (b), but at a depth of 355 m.
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larger ones, both of which are active in the upper ocean. The
difference between the two cases (Fig. 8c) shows that the in-
clusion of IWs enhances the forward energy cascade in the
upper ocean (0–200 m) but promotes an enhanced inverse
cascade at deeper depths (200–500 m) for large and interme-
diate length scales.

One possible contributor to the second minimum near 250-m
depth is wave energy reabsorption by mesoscale eddies. To
demonstrate this, we analyze temporal energy transfers using
the MS-EVA method (Fig. 9). The results show that energy
transfer between mesoscale eddies and submesoscale mo-
tions (TK01) is predominantly inverse and its magnitude de-
creases with depth, suggesting it cannot explain the local

enhancement near 250-m depth. In contrast, energy transfer
between mesoscale eddies and IWs (TK02) peaks in inverse
transfer around 250-m depth, indicating that IW reabsorp-
tion may explain the second local minimum. We note, how-
ever, that Fig. 8 reflects spatial transfers. Temporal upscale
transfer does not necessarily imply a wavenumber-space cas-
cade. Nevertheless, the significant TK02 near the pycnocline
offers a possible explanation for the enhanced spatial inverse
transfer, though the link between spatial and temporal trans-
fers should be interpreted cautiously.

To further analyze detailed temporal energy transfer, Fig. 10a
shows the vertical distributions of the transfer terms for the
eddy–wave case in both Eulerian and Lagrangian coordinates.
The transfers are negligible in the eddy-only and wave-only
cases (not shown), so the analysis focuses on the eddy–wave
case where both components coexist. The patterns in Fig. 10a
show clear depth dependence. To better resolve associated
energy distribution, frequency spectra at two representative
depths are shown in Fig. 10b. Despite a reversal of the energy
transfer direction with depth (Fig. 10a), the energy spectra re-
tain broadly similar characteristics. The most noticeable spec-
tral discrepancy occurs in the submesoscale range between
Eulerian and Lagrangian coordinates, whereas TK02 shows
substantial variation and TK12 shows comparatively minor
changes between these two coordinates. These results high-
light that energy spectrum and transfers describe different as-
pects of the flow. Energy spectrum reflects the distribution of
energy intensity, whereas the underlying flow structures can
differ (Yu et al. 2021; Shakespeare et al. 2021). Processes such
as advection, vertical transport, buoyancy conversion, and dis-
sipation also influence energy intensity, while energy transfer

FIG. 6. Frequency–wavenumber spectrum of IW KE after Lagrangian filtering at a depth of 35 m for (a) the wave-only
case and (c) the eddy–wave case. (b),(d) As in (a) and (c), respectively, but at a depth of 355 m.

FIG. 7. Time-mean and horizontally integrated energy transfer
across length scales at a depth of 5 m for the eddy-only case, the
eddy–wave case, and the IW field of the eddy–wave case after La-
grangian filtering.
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is strongly influenced by phase relationships of the flow com-
ponents and nonlinear triadic interactions, which are more
sensitive to coordinate choice. Recent Eulerian–Lagrangian
comparisons also show that similar energy spectra may orig-
inate from distinct flow structures and dynamics (Caspar-
Cohen et al. 2022; Zhang et al. 2024; Caspar-Cohen et al.
2025).

Next, we quantitatively analyze energy transfers in Fig. 10a.
TK012 remains near zero in both coordinates, indicating that
interaction between mesoscale and submesoscale motions does
not contribute significantly to IW energy. In the Eulerian coor-
dinate, the forward energy transfer from mesoscale eddies in
the upper layer and the reverse transfer to mesoscale eddies in
the lower layer nearly cancel each other out, with a vertically
integrated value of 0.03 GW. Nevertheless, the absolute magni-
tudes of these transfers are still much larger than those associ-
ated with submesoscale motions, indicating the importance of
mesoscale eddies. In contrast, in the Lagrangian coordinate,
the net contributions from mesoscale and submesoscale eddies
are comparable (0.44 vs 0.50 GW), with mesoscale energy
transfer enhanced in the upper 200 m and reduced negative
transfer below. From a more rigorous IW definition perspec-
tive, the Eulerian framework underestimates TK02 and slightly
overestimates TK12, likely due to its overestimation of subme-
soscale motions.

The depth–time distribution of TK02 (Figs. 10c,e) shows
bidirectional energy transfer, with predominantly positive
values within the mixed layer, consistent with previous stud-
ies (Balwada et al. 2022; Qiu et al. 2022; Liu et al. 2023). In
contrast, negative values in the pycnocline indicate reabsorp-
tion of IW energy by mesoscale eddies. The Lagrangian re-
sult shows similar patterns, confirming the robustness of this
structure. TK12 (Figs. 10d,f) exhibits analogous behavior,
with energy transfer from submesoscale motions to IWs in
the mixed layer and reverse transfer below. Such wave en-
ergy reabsorption has also been reported in earlier works
(Kunze et al. 1995; Nagai et al. 2015; Shakespeare and Hogg
2017, 2018; Taylor and Straub 2020). However, the physical
context examined here is different. For example, Nagai et al.
(2015) focused on spontaneously generated NIWs, which
produced only weak net energy transfers. In contrast, NIWs
in our simulations are generated by external forcing, which
leads to more substantial energy transfers. Kunze et al.
(1995) identified reabsorption of wave energy in critical
layers, while Shakespeare and Hogg (2017, 2018) highlighted
counterinteractions between downward-propagating/upward-
propagating IWs and geostrophic vertical shear. Both mecha-
nisms appear in our simulations and we will further explore
how they operate under externally forced conditions in
section 3d.

FIG. 8. Time-mean and horizontally integrated energy transfer over depth and length scale for (a) the eddy-only case,
(b) the eddy–wave case, and (c) their difference (eddy–wave minus eddy-only).
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d. Mechanism underlying the energy transfers

To understand these dynamics, this section explores poten-
tial mechanisms driving the observed energy transfers. We
first analyze basic dynamical properties of the flow field. The
relative vorticity (z), strain rate (St), vertical shear (Sh), and
Okubo–Weiss (OW) parameter (Okubo 1970; Weiss 1991) are
calculated as
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OW 5 St2g 2 z2g, (6)

where Stg and zg denote the geostrophic strain rate and relative
vorticity, respectively. Figure 11 presents vertical profiles of
these variables. The mean relative vorticity (Fig. 11a) is pre-
dominantly negative, implying anticyclonic dominance. The
strain field (Fig. 11b) is mainly eddy-induced in the upper
ocean but wave-induced at greater depths, indicating a shift in
the dominant dynamic. Strong vertical shear and OW values
(Figs. 11c,d) appear within the mixed layer and near the 200-m
depth in the pycnocline.

For the observed energy transfers, we consider three key
mechanisms. 1) Wave capture mechanism (Bühler andMcIntyre
2005; Jing et al. 2018): initially, isotropic IW vectors produce lit-
tle net energy transfer with the geostrophic flow; when wave
capture plays a role, geostrophic strain modifies IW propagation,
aligning wavevector direction toward that predicted from wave

capture theory and thereby enabling stronger energy transfer
from mesoscale eddies to IWs. 2) Critical-layer effect (Kunze
et al. 1995; Chen et al. 2023; Thomas et al. 2024): as IWs prop-
agate downward, they may encounter the critical layer, caus-
ing them to stall. Trapped NIW energy can cascade inversely
to the background flow, cascade forward to higher-frequency
IWs, or enhance shear and turbulent mixing. 3) Counterinter-
actions between downward-propagating/upward-propagating
IWs and geostrophic vertical shear (Shakespeare and Hogg
2017, 2018): downward-propagating IWs gain energy through
interaction with geostrophic vertical shear, but after reflec-
tion, upward-propagating IWs encounter opposite shear and
return energy to the background flow. This process further
strengthens the bidirectional energy transfer. We further dis-
cuss each mechanism below.

We also calculate TK02 with the increase of the strain rate
(Fig. 12a). Energy transfer increases with strain rate, indicat-
ing that geostrophic strain enhances forward energy transfer.
Following Jing et al. (2018), we compute two diagnostic an-
gles: the azimuth of the horizontal IW vector u and the theo-
retical alignment angle ua predicted by wave capture. The
azimuth u is calculated as

tan2u 5 2Re(Fuy )/(Fuu 2 Fyy ), (7)

where Fuu and Fyy are the autospectra of the horizontal ve-
locities and Fuy is their cross-spectrum. The theoretical angle
ua is written as

ua 5 arctan[2(Ux 1 l)/Vx], (8)

where Ux and Vx are the horizontal velocity gradients of meso-
scale eddies and l is the half square root of the OW parame-
ter. Under isotropy, u 2 ua is uniformly distributed with a
mean of 458, whereas active wave capture results in smaller
values. As shown in Figs. 12b and 12c, u 2 ua slightly de-
creases during the storm, while before and after the storm, the
waves are nearly isotropic. This shows a weak tendency consis-
tent with the wave capture mechanism. This small reduction of
u 2 ua is similar to the result of Jing et al. (2018). However, in
contrast to Jing et al. (2018) who found that strain-dominated
(positive OW) regions favor energy transfer, we observe posi-
tive OW signals both in the mixed layer and near 200-m depth,
yet the latter corresponds to reverse transfer. This difference
likely arises from strong storm-induced IWs. Below 200-m
depth, IW strain exceeds geostrophic strain (Fig. 11b), imply-
ing that there is insufficient geostrophic strain to reorient the
wavevector.

The inverse energy transfer near 250-m depth can be attrib-
uted to critical layer reabsorption. Dominant negative vorticity
(Fig. 11a) indicates prevailing anticyclonic eddies, whose re-
duced effective Coriolis frequency facilitates downscale energy
cascade and potential wave energy absorption near the eddy
bases. To assess whether this reabsorption is linked to NIW
stalling within the critical layer, we apply a modified MS-EVA
windowing scheme: window [0] for subinertial motions (,0.7f),
window [1] for NIWs (0.7f–1.3f ), and window [2] for superi-
nertial IWs (.1.3f). The inverse transfer previously diagnosed

FIG. 9. Time-mean and horizontally integrated temporal energy
transfer of the eddy–wave case in Eulerian coordinates. Windows
[0], [1], and [2] represent mesoscale eddies, submesoscale motions,
and IWs, respectively. TK01, TK02, and TK12 denote energy trans-
fers between window pairs, with positive values indicating energy
transfer from the left-numbered window to the right-numbered
window. TK012 represents the transfer from mesoscale–submeso-
scale interactions (windows [0] and [1]) to IWs (window [2]).
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between mesoscale eddies and IWs in the pycnocline primarily
arises from the energy transfer between subinertial motions and
NIWs (Fig. 13). It is consistent with the critical-layer dynamics,
where NIW energy partly returns to the background flow. A
clear enhancement of the NIW vertical wavenumber around
250-m depth also supports the presence of a critical layer (not
shown). The inferred critical layer agrees with previous studies,
e.g., Zhang et al. (2018) reported NIW dissipation near the criti-
cal layer at ;200-m depth, Xu et al. (2022) observed NIWs
trapped at depths of 200–315 m, and Li et al. (2022) identified
critical layers occurring between 350 and 650 m. Enhanced shear
in this layer mainly arises from near-inertial shear, consistent
with Chen et al. (2023).

Interactions between downward-propagating/upward-
propagating IWs and geostrophic vertical shear are also

found to play a role in the energy transfer. By examining the
variation of TK02 with geostrophic vertical shear, we find
that TK02 intensifies with increasing shear (Fig. 14a). To fur-
ther explore their connection, downward-propagating and
upward-propagating IWs are separated using a Fourier
transform in the vertical direction. It is shown that both for-
ward and inverse transfers grow with increasing IW speed
(Figs. 14b,c). However, strong downward-propagating IWs fa-
vor forward transfer, whereas strong upward-propagating
IWs favor inverse transfer. This agrees with Shakespeare and
Hogg (2017, 2018), who showed that downward-propagating
IWs gain energy from the background shear, while reflected
upward-propagating IWs return energy to the background
flow due to the opposite shear interaction. A key distinction is
that they examined spontaneously generated IWs that travel

FIG. 10. (a) Time-mean and horizontally integrated temporal energy transfer, with vertically integrated values of
the respective profiles indicated in the legend (GW), and (b) KE spectra at 35 and 355 m in Eulerian (solid lines) and
Lagrangian (dotted lines) coordinates. Distributions of (c) TK02 and (d) TK12 in Eulerian coordinates are shown.
(e),(f) As in (c) and (d), respectively, but in Lagrangian coordinates.
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nearly with the mean flow and thus experience little horizon-
tal straining effects. In contrast, the storm-generated IWs
here propagate differently from the background flow, interact
more strongly with the horizontal strain, and consequently en-
hance energy transfer.

e. Formation of a GM-like spectrum in the
Southern Ocean

The Southern Ocean is an eddying ocean forced by strong
winds yet with weak internal tides (Savage et al. 2017) and

thus is an ideal place for testing the formation of a GM-like
spectrum noted in the simulations. The mooring dataset con-
tains velocity records from 906 current meters in the Southern
Ocean spanning years 1975–2010, which is assembled by the
Buoy Group at the Oregon State University. Moorings in
coastal waters with depths shallower than 500 m or within
50 km off the shoreline (yellow dots in Fig. 15) are excluded,
and only the red dots in Fig. 15 are used for analysis. Then,
each current-meter record is demeaned and detrended, and
7-day low-pass filtering is applied to obtain mesoscale velocities

FIG. 12. Relationships between geostrophic strain and energy transfer of the eddy–wave case in the Lagrangian co-
ordinate. (a) Mean TK02 vs geostrophic strain squared (St2g). (b) Histogram of the angle difference (u 2 ua) between
the IW horizontal wavevector and the theoretical angle. (c) Temporal evolution of the volume-averaged u 2 ua.

FIG. 11. Vertical profiles of flow diagnostics of the eddy–wave case in the Lagrangian coordinate. Horizontally and temporally averaged
(a) relative vorticity, (b) strain squared, (c) vertical shear squared, and (d) OW parameter.
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while bandpass filtering is used to obtain NIW velocities
(0.85f–1.15f ). If there are missing values, the time series are split,
and velocity records shorter than 21 days or with sampling inter-
vals greater than 1 h are removed.

Even though the Southern Ocean has overall weak internal
tides, to further minimize the influence of internal tides, a
threshold is set that if the maximum diurnal or semidiurnal
current speed in a time series exceeds 6 cm s21, the time series
is removed. The resulting time series are divided into segments

of 10 days in length, with those less than 10 days discarded. This
results in a total of 6337 segments. These 10-day segments are
used for power spectral analysis. Note that the Southern Ocean
has an inertial period of about 0.6 days.

Depths of the data segments are shown in Fig. 16a, which range
from 120 to 5230 m. Most of the data segments have a maximum
NIW speed of less than 10 cm s21 (Fig. 16b) and a maximumme-
soscale eddy speed of less than 30 cm s21 (Fig. 16c). We define
the situation of “strong NIWs” with maximum NIW speed
greater than 9 cm s21, which contains 217 data segments.
Then, two situations are analyzed to show the effect of meso-
scale eddies in diffusing NIW energy. One situation is “weak
eddies and strong NIWs” with a maximum mesoscale eddy
speed less than 6 cm s21, which contains 51 data segments.
The other situation is “strong eddies and strong NIWs” with a
maximum mesoscale eddy speed greater than 30 cm s21,
which contains 49 data segments.

The averaged spectra of these two situations are shown in
Figs. 17a and 17b. In the situation of weak eddies, the spec-
trum shows significant peaks at f and its higher harmonics (up
to 3f, Fig. 17a), which resembles the features noted in the
wave-only case of simulation (blue line in Fig. 5a). The differ-
ence is that the wave-only case of simulation has no eddies at
all, while in a real eddying ocean, mesoscale eddies are always
present, albeit relatively weak. The eddy energy at the low-
frequency end of the spectrum is comparable to that of the
NIW energy. However, for the strong eddies and strong
NIWs situation in Fig. 17b, the eddy energy is more than one
order of magnitude stronger than the NIW energy and the
higher harmonics of f disappear, indicating that mesoscale ed-
dies are capable of redistributing NIW energy across the

FIG. 14. Variations of the absolute energy transfer of the eddy–wave case in the Lagrangian coordinate. (a) Variations
of abs(TK02) with geostrophic vertical shear squared (Sh2g). (b) Variations of abs(TK02) with downward-propagating
IW speed (velocity magnitude). (c) As in (b), but for upward-propagating IWs.

FIG. 13. Time-mean and horizontally integrated energy transfer
of the eddy–wave case in the Lagrangian coordinate, with vertically
integrated values of each profile indicated in the legend (GW). The
red dotted curve is also the one from Fig. 10a. The green dotted
curve shows the energy transfer from subinertial motions to NIWs
using a new windowing scheme: windows [0], [1], and [2] corre-
spond to subinertial motions, NIWs, and high-frequency IWs,
respectively.
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spectrum. The resulting averaged spectrum closely resembles
the GM spectrum, as has been noted in the eddy–wave case
of simulation (solid black line in Fig. 5a). Considering the ide-
alized setups in the simulations, it is quite remarkable that the
effects of mesoscale eddies in facilitating the formation of a
GM-like spectrum noted in the simulations can be observed
in the Southern Ocean.

4. Conclusions

An idealized reentrant channel model is utilized to study
the formation of a GM-like spectrum by high-frequency winds

blowing over an eddying ocean. High-frequency winds gener-
ate NIWs, which subsequently interact with mesoscale eddies
and submesoscale motions to produce a GM-like spectrum.
During the formation of this spectrum, in the Eulerian coordi-
nate, the net energy transfer from mesoscale eddies is small
due to near cancellation between the forward transfer in the
upper layer and the reverse transfer in the lower layer; how-
ever, the absolute magnitudes of these transfers are still much
larger than those associated with submesoscale motions. In
contrast, in the Lagrangian coordinate, the contributions from
mesoscale and submesoscale eddies are of comparable magni-
tude, implying the equal importance of direct extraction and
stimulated cascades in generating a GM-like spectrum. This
implies that, from a more rigorous IW definition perspective
(Lagrangian coordinate), the direct extraction likely plays a
more important role in energy transfer than previously recog-
nized in Eulerian coordinates.

In the upper mixed layer, mesoscale eddies transfer energy
to IWs, whereas in the pycnocline, a portion of IW energy is
transferred back to mesoscale eddies. This reverse transfer re-
duces the amount of wind-induced NIW energy that penetrates
into the deeper ocean. Wind-induced NIWs are generally be-
lieved to dissipate most of their energy within the surface layer
through shear instability and mixing, allowing only a small frac-
tion to radiate downward into the ocean interior (e.g., Furuichi
et al. 2008; Zhai et al. 2009). The reabsorption of NIW energy
by mesoscale eddies in the pycnocline may further limit the
downward propagation of this energy, especially during the
passage of a storm.

Our results also highlight the important role of wave capture,
critical layer, and counterinteraction between downward-
propagating/upward-propagating IWs and geostrophic vertical
shear in mediating energy transfer. The azimuthal distribution
of IW vectors exhibits a tendency consistent with predictions
of the wave capture mechanism, leading to enhanced energy
transfer from mesoscale eddies to IWs. NIW energy reabsorp-
tion by the background flow in the critical layer can explain re-
verse transfer in the pycnocline. Counterinteractions between
downward-propagating/upward-propagating IWs and vertical
shear also contribute to the bidirectional energy transfer.
Downward-propagating IWs gain energy from the background
shear, while reflected upward-propagating IWs return energy
back to the background flow due to the opposite shear
interaction.

FIG. 15. Mooring locations in the Southern Ocean, with the near-coast or shallow-water ones
(yellow dots) excluded for analysis, and only the red ones are used in this study.

FIG. 16. Statistics of mooring observations from the Southern
Ocean. Logarithms of the sample (10-day data segment) number
for (a) different depths and maximum (b) NIW and (c) eddy
speeds (velocity magnitude) in the data segments. The blue portion
of each stacked bar indicates the subset of data with NIW speed
, 9 cm s21, whereas the orange portion indicates the subset with
NIW speed$ 9 cm s21.
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The simulated effect of eddies in facilitating the formation of
a GM-like spectrum is also observed from current-meter records
in the eddying Southern Ocean with weak internal tides. Consid-
ering the idealized numerical setups, it is remarkable that this ef-
fect can be observed in a complicated real ocean. Overall, both
simulations and observations show that a GM-like spectrum can
be generated by wind forcing over an eddying ocean. This is
complementary to our previous study that tidal forcing with to-
pography can generate a GM-like IW spectrum (Chen et al.
2019). Considering that mesoscale eddies and wind forcing are
ubiquitous in the upper ocean while tidal forcing mainly occurs
in the deep ocean, these results together might explain why a
GM-like IW spectrum is usually observed in the ocean.
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