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ABSTRACT: Oceanic mixing, mostly driven by the breaking of internal waves at small scales in the ocean interior, is of major
importance for ocean circulation and the ocean response to future climate scenarios. Understanding how internal waves transfer
their energy to smaller scales from their generation to their dissipation is therefore an important step for improving the represen-
tation of ocean mixing in climate models. In this study, the processes leading to cross-scale energy fluxes in the internal wave field
are quantified using an original decomposition approach in a realistic numerical simulation of the California Current. We quan-
tify the relative contribution of eddy–internal wave interactions and wave–wave interactions to these fluxes and show that eddy–
internal wave interactions are more efficient than wave–wave interactions in the formation of the internal wave continuum spec-
trum. Carrying out twin numerical simulations, where we successively activate or deactivate one of the main internal wave forc-
ing, we also show that eddy–near-inertial internal wave interactions are more efficient in the cross-scale energy transfer than
eddy–tidal internal wave interactions. This results in the dissipation being dominated by the near-inertial internal waves over
tidal internal waves. A companion study focuses on the role of stimulated cascade on the energy and enstrophy fluxes.
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1. Introduction

Oceanic internal waves (IWs) contain a large amount of en-
ergy in the ocean and their dissipation at small spatiotemporal
scales is an important source of diapycnal turbulent mixing,
which controls the large-scale overturning circulation and reg-
ulates the vertical transport of water masses and climate rel-
evant variables such as heat, carbon, and biological tracers.
Understanding the life cycle of IWs, from generation to dis-
sipation, is therefore important for improving the represen-
tation of diapycnal mixing in climate models (Ferrari and
Wunsch 2009; MacKinnon et al. 2017).

IWs in the ocean are mostly generated at the surface by at-
mospheric storms, which induce an inertial frequency response
and at abrupt topography by the barotropic tides, whose fre-
quencies are set by the astronomical forces (mostly diurnal
and semidiurnal) (Garrett and Kunze 2007; Alford et al. 2016).
Therefore, the IW energy is injected in narrow frequency and
wavenumber bands. However, the observed IW spectrum in
the ocean is continuously distributed across frequencies and
wavenumbers, such that it is generally referred to as the

continuum and has been modeled empirically in Garrett and
Munk (1972, 1975). Understanding the mechanisms that lead
to the IW continuum is key for explaining how IWs transfer
their energy to smaller scales, where it is ultimately dissipated
and yields enhanced turbulent diapycnal mixing.

The common paradigm considers that the IW continuum re-
sults from the nonlinear interactions among IW (McComas and
Bretherton 1977; Müller et al. 1986). However, recent theoreti-
cal and idealized studies have emphasized the role of slow geo-
strophic eddies in the achievement of the continuum spectrum.

Specifically, Kafiabad et al. (2019) showed that under the
WKB approximation, a weak and steady geostrophic current
(defined by U/c ,, 1, where U is current velocity magnitude
and c is the intrinsic IW group velocity magnitude) can lead
to the diffusion of IW action across wavenumbers, but along
surfaces of constant frequency. If the geostrophic current is al-
lowed to slowly vary then diffusion can in principle occur across
frequencies as well (Dong et al. 2020), although it is expected to
be much slower than across wavenumbers under the weak cur-
rent assumption (Cox et al. 2023). Still under the WKB approx-
imation, Dong et al. (2023) further demonstrated that if the
weak-current assumption is relaxed, refraction can lead to
substantial spreading of IW action across frequencies. Finally,
using idealized numerical simulations, Barkan et al. (2017)
demonstrated that the presence of near-inertial IWs enhances
the forward energy transfer from sub- to superinertial fre-
quencies and the energization of the continuum.

Both the contributions of eddy–IW interactions to the energy
transfers, as well as the validity of the underlying eddy–IW in-
teraction mechanism proposed by the various theoretical stud-
ies, are, however, largely unexplored in more realistic models.
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Recently, Barkan et al. (2021) and Yang et al. (2023) have
investigated these questions in a realistic numerical simulation
of the North Atlantic subpolar gyre region, located in the
path of the storm-track and whose IW dynamics is dominated
by near-inertial IWs. By comparing simulations with and with-
out IWs, Barkan et al. (2021) have shown the role of IWs in
the reduction of the inverse cascade (in frequency) and the
enhancement of the forward cascade. By comparing simula-
tions with and without eddies, Yang et al. (2023) have shown
that eddies can spread near-inertial IW energy across fre-
quencies and wavenumbers on short time scales. An additional
study by Skitka et al. (2023) has revealed that vertical spectral
kinetic energy fluxes near Hawaii are driven by eddy–IW inter-
actions. Conversely, Solano et al. (2023) has highlighted the
importance of nonlinear wave–wave interactions in the en-
ergy fluxes from sub- to supertidal frequencies near tidal IW
generation sites. The relative importance of the underlying
mechanisms of these energy fluxes and interactions are,
however, not yet fully understood.

The present study will focus on decomposing the contribu-
tion of different mechanisms to these energy fluxes across
wavenumbers and a companion study further investigates the
role of stimulated energy and enstrophy cascades (Barkan et al.
2023, manuscript submitted to J. Phys. Oceanogr.). In particular,
we aim to answer the following questions: What mechanisms
contribute to the energy cascade across wavenumbers? How do
eddy–IW interaction processes compare to other processes and
in particular to wave–wave interactions? What are the relative
contribution of internal tides and near-inertial waves in these in-
teractions? We focus on energy transfer across horizontal wave-
numbers as a first step toward a more complete but complex

decomposition of energy fluxes across vertical wavenumbers. We
address these questions by computing the cross-scale energy flux
in a realistic simulation of the California Current, which features
both near-inertial and tidal IWs. By using a combined decompo-
sition approach (eddy–wave decomposition and scale decomposi-
tion), we are able to determine the contribution of eight different
interaction types, each comprising a triad of eddy and waves com-
ponents, to the total cross-scale energy flux. We can therefore
compare the relative contributions of wave–wave interactions
and eddy–wave interactions. By successively activating or deacti-
vating one of the main internal wave forcing, we also disentangle
the role of tidal and near-inertial IWs in these interactions.

The remainder of this paper is organized as follows: section 2 de-
scribes the setup of the different numerical simulations used in this
study as well as the spectral energy flux decomposition method.
Section 3a describes the total energy fluxes and analyzes the contri-
bution of different processes to the energy fluxes in wavenumber
space. Section 3b analyzes the relative contributions of tidal and
near-inertial IW to these fluxes and their impact on the energy dis-
sipation. Section 4 discusses the main implications of this study.

2. Method

a. Model and setup

The numerical setup used in this study is essentially the
same as the one used in Delpech et al. (2023). The simulations
are performed with the Coastal and Regional Ocean Community
(CROCO) model (https://www.croco-ocean.org/) (Shchepetkin
and McWilliams 2005, 2009). The CROCO model solves the
primitive equations: Navier–Stokes equations in Cartesian coor-
dinates with terrain-following coordinates in the vertical, using

FIG. 1. Simulation region and simulation outputs: (a) bathymetry, (b) normalized surface vorticity (4-day average), and (c) snapshot of
the semidiurnal bandpass vertical velocity at 1000 m. The dash-outlined square box represents the area in which the cross-scale energy
fluxes are computed. Outputs shown here are from the eddy–wave simulation.
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the Boussinesq and hydrostatic approximations with a time split-
ting method between the fast barotropic mode and the slow baro-
clinic modes. The simulation grid covers the ocean near the U.S.
West Coast and encompasses the Mendocino Ridge (Fig. 1) with
a horizontal grid spacing of 2 km and 100 vertical levels with
stretching parameters of hc 5 350 m, us 5 6, and ub 5 4.5. The
initial condition is obtained from a 1-yr spinup. The river runoff
is included offline as surface precipitations with a Gaussian distri-
bution over the grid cells that fall within the range from the coast
to 150 km offshore. The runoff data are obtained from a monthly
climatological product (Dai et al. 2009). The model is forced at
the surface (atmospheric forcing) and at the open boundaries
(northern, western, and southern boundaries).

1) ATMOSPHERIC FORCING

The ocean is forced hourly at the air–sea interface through
atmospheric fluxes obtained from a simulation of the WRF
(Weather Research and Forecasting) Model (Skamarock and
Klemp 2008) spanning the U.S. West Coast at a resolution of
6 km. This simulation is nested down from an 18-km-resolution
simulation that spans the whole North American west coast
and that reproduces the synoptic features conditioning the
smaller-scale dynamics in the smaller nest. The configuration
of these simulations is the same as in Renault et al. (2016, 2021).
Ten-meter winds, long- and shortwave radiation, air tempera-
ture, relative humidity, and liquid precipitation are prescribed
and the fluxes are computed using a bulk formula (Fairall et al.
2003). To account for a better comparison of the different simu-
lations (see next section), the current feedback, which can mod-
ify the energetics of IWs (Delpech et al. 2023) is not taken into
account here. Note that an hourly temporal resolution of the
wind forcing is necessary to accurately represent the generation
of near-inertial IWs (Rimac et al. 2013; Renault et al. 2021).

2) BOUNDARY FORCING

The simulation is nested from a 4-km simulation of the U.S.
West Coast (Siyanbola et al. 2023) that contains remotely and
locally generated IWs (including tidal forcing). The remote IWs
in the 4-km simulations are nested from an 8-km HYCOM
(Bleck et al. 2002) simulation (Buijsman et al. 2020). Tides were
first added to global ocean circulation models in HYCOM
(Arbic et al. 2010, 2012) and evidence that such models develop
an IW continuum were shown in, e.g., Müller et al. (2015) and
Nelson et al. (2020). The open boundary conditions (BC)

between the 4- and 2-km simulations are: Flather BC (Flather
1976) for the barotropic scheme and Specified BC (Marchesiello
et al. 2001; Mason et al. 2010) for the baroclinic scheme. In addi-
tion, sponge layers of 50-km width and 800 m2 s21 viscosity are
implemented. These BC have been found to minimize reflec-
tions of IWs at the open boundaries, and the methodology has
been validated by Siyanbola et al. (2022).

3) INITIAL STATE

The initial state comes from the 4-km-grid-scale parent simula-
tion (Siyanbola et al. 2023), averaged over 4 days (1–4 October),
to remove IWs and avoid spurious noise from the adjustment at
the initialization. This initial state is then reinterpolated on the
2-km grid.

This setup is therefore meant to realistically represent all
the features of the ocean circulation. The circulation develops
in the simulation as expected, with the California Current flow-
ing southward and generating a large population of mesoscale
eddies through shelf and slope instabilities (Fig. 1b). Similarly,
IWs are present in the model; for example, Fig. 1c shows the
M2 tidal IWs generated at the Mendocino Ridge and Southern
California Bight.

b. Simulation set

This analysis is based on a set of four numerical simulations,
which differ in the applied boundary conditions and atmo-
spheric fields (Table 1): the simulation “eddy–wave” has hourly
wind and boundary forcing and therefore has near-inertial and
tidal IWs in addition to the low-frequency eddy dynamics.

The simulation “wave-only” has only IWs, including both
near-inertial and tidal. The low-frequency eddy dynamics is re-
moved by applying a high-pass filter at the boundary with a cutoff
period of 30 h, which separates the eddy and wave regimes. The
wind is also high-passed with a cutoff of 30 h. This high-frequency
wind can force near-inertial waves while preventing the develop-
ment of low-frequency geostrophic currents. The other atmospheric
fields (temperature, relative humidity, downward short- and long-
wave radiations, and precipitation rate) are made uniform to their
spatiotemporal average value to prevent the formation of lateral
buoyancy gradients that would lead to the development of eddies
through baroclinic instability).

The simulation “no-tide” has no tidal forcing. A low-pass
filter is applied to the boundary fields with a cutoff period of
15 h. This removes the semidiurnal barotropic and baroclinic

TABLE 1. Simulation table}T is temperature; S is salinity; z is sea surface height; u, y , and w are the ocean velocity vector
components; the b subscript indicates the values at the boundaries; Qa is atmospheric relative humidity; Pa is precipitation rate; Rsw

is downward shortwave radiation; Rlw is downward longwave radiation; ua and ya are the wind vector components; the overbar
indicates a time and space average; LP(?; t) is a low-pass filter with a cutoff period of t; HP(?; t) is a high-pass filter with a cutoff
period of t; and BP(?; t1, t2) is a bandpass filter with cutoff periods of t1 and t2. All filters used are sixth-order Butterworth filters.

Boundary Atmosphere Initial

Eddy–wave B 5 (Tb, Sb, zb, ub, yb, wb) A 5 (Ta, Qa, Pa, R
sw, Rlw, ua, ya) I 5 (T, S, z, u, y , w)

Wave-only HP(B; 30 h) [Ta , Qa , Pa , R
sw , Rlw , HP(ua; 30 h), HP(ya; 30 h)] (T , S;0;0;0;0)

No-tide LP(B; 15 h) A I
No-NIW B 2 BP(B; 14 h, 22 h) LP(A; 30 h) I
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boundary currents, therefore preventing the formation of semi-
diurnal internal tides. Note that free diurnal internal tides can-
not propagate because the domain is located above the critical
latitude of the diurnal tidal frequencies (latitudes at which
vO1

5 f and vK1
5 f , with f being the Coriolis parameter): 26.78

and 308 for O1 and K1, respectively (Robertson et al. 2017). IWs
can indeed only propagate in regions where their frequency is
larger than f, that is equatorward of their critical latitude. There-
fore, this simulation has near-inertial IWs, but no tidal IWs.

The simulation “no-NIW” has tidal IWs but no near-inertial
IWs. The high-frequency part of the wind stress is removed us-
ing a low-pass filter with a cutoff period of 30 h, and the incom-
ing near-inertial IWs at the boundary are removed by removing
a bandpass filter centered at the inertial frequency from the
boundary fields.

In addition, note that all simulations are initialized from the
same state condition, with the exception of the wave-only sim-
ulation, whose initial temperature and salinity have been set
to a uniform value corresponding to the spatial average of the
initial state used in the other numerical simulations (to re-
move the presence of lateral buoyancy gradients that would
generate eddies by baroclinic instability), and in which the ve-
locity fields have been set to zero.

All simulations are run for 3 months starting on 1 October
2011. The first month is considered as a spinup month and is
discarded from the rest of the analyses. The sensitivity of the
results to the seasonal variability has been investigated but no
significant difference with the results presented here has been
found. The sensitivity of the results to the location of the diag-
nostic region (Fig. 1) has also been investigated, with no sig-
nificant differences found.

c. Energy flux decomposition method

We compute the cross-scale energy fluxes using a coarse-
graining approach, with a formalism similar to the one derived
by Eyink and Aluie (2009). This approach has the advantage of
being Galilean invariant and is suitable for realistic simulations
with open boundaries (Aluie et al. 2018).

Following the formalism of Eyink and Aluie (2009), we first
decompose the variables using a uniform filter of scale ‘ (in
space or time), noted by an overbar:

u 5 u 1 (u 2 u), (1)

where u is the velocity at scales greater than ‘ and u2 u is the
velocity at scales less than ‘.

We define the large-scale kinetic energy K and small-scale
kinetic energy k as

K 5
1
2
u2 and (2)

k 5
1
2
(u2 2 u2) 5 1

2
t(u, u): (3)

where t(u, u)5 t(ui, ui) and t(ui, uj)5 uiuj 2 ui uj 5 tij, with
repeated indices implying summation operation.

The equations for large-scale kinetic energy K and small-
scale kinetic energy k then become

­tK 1­j[(K 1 p)uj 1 ui tij 2 y­jK] 52P and

(4)

­tk 1­j{kuj 1 t(p, uj) 1 t[ui, t(ui, uj)] 2 y­jk} 5 P: (5)

where P 52tij­jui is the cross-scale energy flux. If positive, it
is a sink term for the large scales K and a source term for the
small scales k, meaning that the large scales lose energy to the
small scales, characteristic of a forward energy cascade.

We define Ph and Py as the contributions of the horizontal
and vertical shear terms to the energy flux:

P 5 2 tuu­xu 2 tuy­yu 2 tyu­xy 2 tyy­yy︸����������������������︷︷����������������������︸
Ph

2 tuw­zu 2 tyw­zy︸��������︷︷��������︸
Py

2 twu­xw 2 twy­yw 2 tww­zw︸���������������︷︷���������������︸
≃0 hydrostatic approximation

:

(6)

It is possible to determine which processes contribute to the to-
tal cross-scale energy flux by further decomposing the velocity
in “eddy” and “wave” contributions. Let us assume a decompo-
sition of the velocity between eddy component (noted “E” or
“e” for large scales and small scales, respectively) and wave
component (noted “W” or “w” for large scales and small scales,
respectively). Possible methods for such decomposition are fur-
ther described in the next section. The cross-scale energy flux is

P 52(teeij 1 tewij 1 tweij 1 twwij )(­juE
i 1­ju

W
i ), (7)

where tewij 5 (uwi uwj 2 uei u
w
j ). This leads to a decomposition of

P in eight terms:

PeeE 52teeij ­ju
E
i ; PeeW 52teeij ­ju

W
i ;

PewE 52tewij ­ju
E
i ; PweE 52tweij ­ju

E
i ;

PewW 52tewij ­ju
W
i ; PweW 5 2tweij ­ju

W
i ;

PwwE 52twwij ­ju
E
i ; PwwW 52twwij ­ju

W
i :

We can interpret the different terms as follows:

• The PeeW is the eddy turbulence. If less than 0, there is an
inverse geostrophic energy cascade (large-scale eddies ac-
cumulate energy from small-scale eddies).

• The PwwW is wave–wave interactions. If greatern than 0,
large-scale waves cascade to smaller-scale waves by wave
triad interactions.

• The PewW and PweW are wave scattering by eddies. If greater
than 0, large-scale waves lose energy to smaller-scale waves
by interaction with the eddies. Because of the reciprocity of
these terms, we interpret the sum PewW 1 PweW.

• The PewE and PweE are eddy scattering by waves. If greater
than 0, large-scale eddies lose energy to smaller-scale ed-
dies by interaction with waves. Because of the reciprocity
of these terms, we interpret the sum PewE 1 PweE.

• The PeeW is wave breaking. If greater than 0, large-scale
waves lose energy to smaller-scale eddies.
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• If PwwE is greater than 0, small-scale waves extract energy
out of the large-scale eddy (also referred to as stimulated ex-
traction; Rocha et al. 2018). If less than 0, then waves rectify
into the large-scale flow.

d. Eddy–wave decomposition method

The flux decomposition method described above relies on a
separation between the eddy field and the internal wave field.
In the rest of the paper, these two fields are separated by time

filtering. The eddy field is defined as all motions with time
scales longer or equal to 72 h (eddy . 72 h). The internal
wave field is defined as all motions with time scales shorter or
equal to 24 h (wave, 24 h). The time filtering is performed us-
ing sixth-order Butterworth filters, which are known to be sharp
filters in spectral space with very limited leakage (Srinivasan
et al. 2023).

These separation scales have been chosen such that 24 h cor-
responds to the upper bound time scale for diurnal IWs. Also,
72 h corresponds approximately to the lower bound of the time
scales associated with mesoscale eddies. Note that, given the hori-
zontal grid of 2 km, submesoscale ageostrophic eddies are not
fully resolved in the simulation. Therefore, their associated for-
ward cascade, generally confined in the mixed layer (McWilliams
2008, 2016; Srinivasan et al. 2023), is also not represented. This
gives confidence that high-frequency motions are dominated by
waves, not ageostrophic eddies.

Other separation time scales have been considered, such as
eddy . 24 h and wave , 24 h or eddy . 48 h and wave , 24 h
(not shown). The results presented in this paper are not qualita-
tively sensitive to the separation time scale in the range between
24 and 72 h, presumably because little energy is present in this
submesoscale time range given the 2-km grid scale of this sim-
ulation. For a full sensitivity analysis of these energy fluxes to
the eddy–wave decomposition method, see also Barkan et al.
(2023, manuscript submitted to J. Phys. Oceanogr.).

Finally, note that the eddy–wave filtering method is done
here in a Eulerian framework. Eulerian filtering can be con-
taminated by Doppler shift in the frequency space that can be
caused by advection of the waves by strong eddy flow or ad-
vection of eddies by strong waves (in particular, near inertial).
The California Current region is not a region of particularly
strong eddy flow (as opposed to western boundary currents for
example), nor a region of strong near-inertial waves (as opposed
to storm track regions for example). As a consequence, we do
expect the Doppler shift to be of minor importance. Indeed, it
has been explicitly shown that, in regions without a particularly
strong mean flow, the Doppler shift of the near-inertial waves is
marginal (Yang et al. 2023). However, future studies should
consider investigating this point more carefully by comparing
with Lagrangian decomposition (e.g., Shakespeare et al. 2021).

e. Dissipation calculation

The mixing induced by the IWs is represented in the model
by numerical dissipation. While the horizontal diffusion is im-
plicit in the advection scheme used in the model (Shchepetkin
and McWilliams 2005), the vertical diffusion is explicitly param-
eterized by the K-profile parameterization (KPP) (Large et al.
1994). Away from the surface and bottom boundary layers
which have a specific implementation of KPP, the interior dissi-
pation is meant to account for shear instability and therefore ad-
justs instantaneously the viscosity and diffusivity based on the
Richardson number. The total interior dissipation of energy is

D 5 yn
­u

­z

( )
­u

­z
: (8)

where yn is the parameterized viscosity and u is the velocity
vector.

FIG. 2. Energy flux terms as a function of horizontal wavenum-
bers and depth for the eddy–wave simulation: (a) P 5 Ph 1 Py,
(b) Ph, and (c) Py. Fluxes are averaged over the outlined domain
(Fig. 1a) and the duration of the simulation.
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Note that the implicit horizontal dissipation, associated with
the third-order upstream biased advection scheme used, is not
included in the definition of the total dissipation [Eq. (8)] be-
cause it is much weaker and occurs at smaller horizontal scales
than the explicit vertical dissipation.

3. Results

a. Process decomposition of the energy flux: The
dominance of eddy–internal wave interactions

Looking first at the total undecomposed energy flux P

[Eq. (6)], we can see that most of the energy transfers occur in
the upper 200 m (Fig. 2). This is consistent with Barkan et al.
(2021), who shows that energy transfers across frequencies
also take place predominantly in the upper 200 m because
shear and velocities are larger there. The positive energy flux
(forward cascade) is predominant in the upper 60 m. Deeper,
both positive (forward) and negative (inverse) fluxes coexist
at different horizontal scales (Fig. 2a). Most of the inverse
flux can be attributed to the horizontal shear (Fig. 2b), while

most of the forward flux is attributed to the vertical shear
(Fig. 2c).

The total vertically integrated (0–200 m) fluxes show a domi-
nant forward energy flux at all scales smaller than 100 km, where
energy is transferred to smaller scales (Fig. 3a). By decomposing
this energy flux in the different contributions (see method de-
scribed in section 2c), we can see that this total energy flux is a
balance between two main processes:PeeW 1 PweW, correspond-
ing to wave scattering by eddies that contributes to the forward
flux with a peak of 2.5 3 1027 m3 s23 at 60-km scale and PeeE

corresponding to eddy–eddy interactions that contributes to the
inverse flux with a peak flux of 22.2 3 1027 m3 s23 at 120-km
scale. This term can be interpreted as the inverse geostrophic cas-
cade, it is dominated by the horizontal shear contribution, with
the vertical shear contribution being a lot smaller (Figs. 3b,c),
consistent with Srinivasan et al. (2023). This decomposition shows
that PwwW, corresponding to wave–wave interactions contribute
only marginally to the forward energy flux, but with a peak of
0.5 3 1027 m3 s23 at 30 km, this process is less important by a
factor of 3–5 than eddy–IWs interactions (Fig. 3a). This is the first
time that the relative contribution of wave–wave interactions and

FIG. 3. Process decomposition of the cross-scale energy fluxes for the eddy–wave simulation,
integrated in the upper 200 m: (a) total P, (b) horizontal contribution Ph, and (c) vertical contri-
bution Py. See Eq. (6) for the definitions. Note that the cyan curve (PweE 1 PewE) and the ma-
genta curve (PeeW) are both close to zero.
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eddy–IW interactions in the forward horizontal wavenumber cas-
cade are quantified. The results show a dominance of eddy–IW
interactions to the forward flux, challenging the classical para-
digm of the continuum spectrum being achieved mostly through
wave–wave interactions (McComas and Bretherton 1977; Müller
et al. 1986). Note that another contribution to the inverse energy
flux comes fromPwwE, which can be interpreted as tidal rectifica-
tion, but will not be discussed further here because of its marginal
contribution.

To further illustrate the role of eddy–IW interactions in the
enhancement of forward energy flux and smaller scales in the
continuum, we show the comparison of wavenumber spectra
for high frequency (higher than one cycle per day) for the
eddy–wave and wave-only simulations in Fig. 4. At these fre-
quencies, the two simulations are forced with the same bound-
ary and atmospheric fluxes. If there were no interactions
between eddies and IWs, we would expect the same spectral
distribution of energy across wavenumbers as for the wave-
only simulations. However, the eddy–wave simulation shows
reduced energy at larger scales and enhanced energy at smaller
scales. The eddy–wave forward flux is indeed dominated by
eddy–IW interactions (Fig. 3), while the wave-only forward
flux is dominated by wave–wave interactions (appendix A).
Note that the total forward flux in the wave-only simulation is
smaller by a factor of 2 than in the eddy–wave simulation. This
confirms the critical role of eddy–IWs interactions in the trans-
fer of IWs energy to smaller scales.

Focusing on the IW scattering by eddies (PewW 1 PweW;
blue curve Fig. 3) and further decomposing the horizontal and
vertical shear contributions, we can notice that they contrib-
ute to the forward energy cascade in different scale ranges
(Figs. 3b,c). The horizontal shear component contributes in
the scale range 10–100 km, with a peak value around 50 km
(Fig. 3b). The vertical shear component contributes in the scale
range 50–200 km, with a peak value . 100 km (Fig. 3c). This
suggests two different underlying processes in horizontal versus
vertical shear contributions. The asymmetry in the scale range
between these two contributions will be further discussed in the
next section.

It is also interesting to note that the energy transfers associ-
ated with the two main processes (IW scattering by eddies
and eddy–eddy interactions) take place in the main vein of
the current, where the vorticity signal is stronger (Fig. 5). The

FIG. 4. IWs horizontal wavenumber energy spectrum for the
eddy–wave and wave-only simulations. The cutoff frequency is
v . 1/24 h.

FIG. 5. Snapshots of (a) normalized relative vorticity at 10-m
depth, (b) PeeE (eddy turbulence) at 10-m depth across 20-km
scale, and (c) PweW 1 PewW (wave scattering by eddies) at 10-m
depth across 20-km scale for the eddy–wave simulation.

D E L P E CH E T A L . 747MARCH 2024

Unauthenticated | Downloaded 03/08/24 03:39 PM UTC



FIG. 6. Process decomposition of the cross-scale energy fluxes for the eddy–wave (thick
curves) in comparison with the (left) no-tide simulation (thin curves) and (right) no-NIW simula-
tion (thin curves). The shading highlights the differences; color coding is the same as for Fig. 3.
Shown are (a),(b) total P; (c),(d) horizontal contribution Ph; and (e),(f) vertical contribution Py.
See Eq. (6) for the definitions.
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locality of these energy transfers in physical space will also be
discussed in section 4.

b. Disentangling the role of near-inertial and tidal
internal waves

In this section, we compare the relative contributions of
tidal and near-inertial IWs to the IW scattering, the dominant
process in the forward energy flux. To this end, we compare
the cross-scale energy fluxes across three simulations that in-
clude or exclude one type of IWs: eddy–wave (include all type
of IWs), no-tide (exclude tidal IWs), and no-NIWs (exclude
near-inertial IWs).

When removing tidal IWs, the total forward energy flux
(orange curves; Fig. 6a) is slightly reduced (0.7 3 1027 m3 s23

vs 1.1 3 1027 m3 s23) at the peak value ;20 km. This reduc-
tion of the forward energy flux is mainly due to a reduction of
the wave scattering by eddies PewW 1 PewW associated with
the horizontal shear (blue curves, Fig. 6c). Note that the wave
scattering associated with the vertical shear is barely impacted
(red curves, Fig. 6e) because tidal IWs are dominated by the
first baroclinic mode, which has little vertical shear as opposed
to higher modes (e.g., Wunsch 1975; Buijsman et al. 2020).

When removing NIWs, the total forward energy flux changes
drastically, from being mainly positive in the 10–100-km-scale
range, to being mainly negative (orange curves, Fig. 6b). This
change is partly due to a reduction of the wave scattering by ed-
dies associated with horizontal shear (blue curves, Fig. 6d) but
primarily due to a reduction of the wave scattering associated
with vertical shear (blue curves, Fig. 6f). This is consistent with
studies showing that the near-inertial IWs have a strong signa-
ture in vertical shear (e.g., Alford et al. 2016).

These results suggest that the scattering of IWs by eddies is
dominated by near-inertial IW scattering rather than tidal IW
scattering. The interactions between eddies and near-inertial
IWs are therefore more important in the total cross-scale for-
ward energy fluxes in the California Current. Note that the
linear sum of the IWs scattering term of the no-tide and no-
NIW simulations is similar to the IWs scattering term in the
eddy–wave simulation (appendix B). This supports the inter-
pretation of PewW 1 PweW as a quasi-linear scattering term.
In addition, the difference in the eddy turbulence term PeeE

between the eddy–wave and either no-tide or no-NIW simula-
tions (green curves, Figs. 6a,b) are reminiscent of the stimu-
lated imbalance or stimulated cascade (Barkan et al. 2017). It
seems from these results that near-inertial IWs contribute
more to the stimulated cascade than tidal IWs. A more in-
depth analysis of the stimulated cascade is done in the com-
panion paper Barkan et al. (2023, manuscript submitted to J.
Phys. Oceanogr.), where eddy–wave and eddy-only simula-
tions are carried out.

These interactions also impact the energy spectra and the
formation of the continuum. While a continuum is observed

FIG. 7. (a) IWs frequency and (b) wavenumber spectra of the
kinetic energy in the eddy–wave, no-tide, and no-NIW simulations
integrated in the upper 200 m. The cutoff frequency is v . 1/24 h
for the wavenumber spectrum.

FIG. 8. Time- and space-averaged dissipation profiles for the
eddy–wave, no-tide, no-NIW, and wave-only simulations.
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at high frequencies in the eddy–wave and no-tide simulations,
the frequency spectrum of the no-NIW simulation has local
maxima at the tidal harmonics}M4, M6, etc.}and do not show
a continuum across frequencies (Fig. 7a). This is consistent
with eddy–near-inertial IW interactions being more efficient for
cross-scale energy fluxes, leading to spectral spreading and the
filling up of the gaps between tidal harmonics.

Surprisingly, wavenumber spectra do not feature this dis-
crepancy between no-tide and no-NIW simulations (Fig. 7b).
Overall, the no-NIW simulation is lacking energy at large
scales relative to the two others because near-inertial energy is
primarily injected at large scales in the ocean (Flexas et al.
2019; Delpech et al. 2023). Both no-NIW and no-tide simulations
are lacking energy relative to eddy–wave in the 10–100-km-scale
range because they are both lacking forward energy flux at these
scales relative to the eddy–wave simulation. However, despite
strong reduction of forward energy flux in the absence of near-
inertial IWs relative to the reduction in the absence of tidal IWs
in the 10–100-km-scale range, no significant difference is found
between no-NIW and no-tide wavenumber spectra in this scale
range. This suggests that the strong forward fluxes in the no-tide
are compensated by increased dissipation at small scales. This
possibility is further investigated in the next section.

c. Impact on energy dissipation

We have seen in the two previous sections that forward energy
fluxes in the California Current are enhanced through the scat-
tering of IWs by eddies and in particular through the interactions
of eddies and NIWs. As a consequence, the eddy–wave and no-
tide simulations, which have both eddies and NIWs, have a
larger forward energy flux than wave-only and no-NIW simula-
tions, which are missing either eddies or near-inertial IWs.

The enhancement of the forward energy flux also has an im-
print on the energy dissipation [Eq. (8)]. Indeed, from Fig. 8 we
can see that the averaged vertical dissipation profile is larger
below 80 m for the eddy–wave and no-tide simulations (5 3

1028 W m23 at 200 m) than for the no-NIW (2 3 1028 W m23

at 200 m) or wave-only simulations (13 1028 W m23 at 200 m).
The integrated dissipation at 200 m (in the square box shown on
Fig. 1) are 2 3 1024 W m21 for the eddy–wave simulation,
1.7 3 1024 W m21 for the no-tide simulation and 4.9 3

1025 W m21 for the no-NIW (not shown). The dissipation is re-
duced by 15% in the no-tide simulation relative to the eddy–
wave simulation and by 75% in the no-NIW simulation relative
to the eddy–wave simulation. This suggests that enhanced for-
ward energy fluxes are balanced by enhanced energy dissipa-
tion, which generally occurs at small horizontal and vertical
scales. This can explain why, despite different forward energy
fluxes, the energy levels in the no-NIW and no-tide simulations
are similar. These results also show that a correct representation
of near-inertial and tidal IWs is crucial not only to represent the
correct forward energy fluxes but also for a correct representa-
tion of the energy dissipation.

4. Summary and discussion

In this study, we use a flow decomposition approach into eddy
and IW components to characterize and analyze the contribution

of different processes to the spatial cross-scale energy transfers in
the ocean: eddy turbulence (eddy–eddy interactions), wave turbu-
lence (wave–wave interactions), wave scattering by eddies, eddy
scattering by waves, direct extraction, and wave breaking. We
find that the dominant balance in the cross-scale energy fluxes is
between the inverse eddy turbulence flux (energy transfer to
larger scales) and the forward wave scattering by eddies flux (en-
ergy transfer to smaller scales) and that wave–wave interactions
play a relatively minor role in the cross-scale energy fluxes.

This study therefore confirms in a more realistic framework
than Barkan et al. (2017) that eddy–wave interactions play a
critical role in the cross-scale forward energy fluxes. However,
while Barkan et al. (2017) focused on the energy fluxes from
sub to superinertial frequencies, we investigate here the en-
ergy fluxes in horizontal wavenumber space, which are, at
high frequencies, mainly resulting from IW scattering by ed-
dies (Fig. 3). The observed IW scattering by eddies and the
spectral spreading across frequencies (Fig. 7) can potentially be
explained by the “spectral diffusion” theories of Kafiabad et al.
(2019), Dong et al. (2020), and Cox et al. (2023), or the refrac-
tion theory of Dong et al. (2023), although the weak-current as-
sumption of the earlier studies and the WKB assumption of the
latter are probably not satisfied in our solutions.

Overall, this study shows that eddy–IW interactions en-
hance forward energy cascade in horizontal wavenumber
space and are crucial in obtaining an IW continuum spectrum
in the ocean. Although IWs alone can also eventually achieve
a continuum through wave–wave interactions on time scales
of years (Sugiyama et al. 2009), this study shows that eddy–
IW interactions are more efficient than wave–wave interac-
tions, leading to the conclusion that Garrett–Munk spectrum
is not solely achieved through wave–wave interactions, as
commonly assumed (McComas and Bretherton 1977; Müller
et al. 1986). This conclusion also confirms the results of Yang
et al. (2023), who demonstrates the role of eddies in the rapid
diffusion of storm-induced near-inertial IW response in the
upper ocean and of Skitka et al. (2023), who evidences the im-
portance of eddy–IW interactions in vertical wavenumber en-
ergy fluxes for the formation of the IW continuum.

It is important to note that most of these energy transfers
occur in physical space in the upper 200 m of the ocean, where
the vorticity is large (Figs. 2 and 5). These energy transfer are
therefore intensified and where the eddies are intensified.
Knowing that locality in physical space implies nonlocality in
spectral space, i.e., interactions between nonadjacent wavenum-
bers (Eyink 2005), this suggests that eddy–IW interactions are
nonlocal in spectral space, breaking therefore one of the as-
sumptions underlying the interpretation of spectra and spectral
fluxes and making it hard to rationalize spectral shapes. This
spectral nonlocality would therefore deserve further considera-
tions in future studies on spectral energy fluxes.

By performing additional simulation sets successively ex-
cluding either near-inertial or tidal IWs, we are able to show
that near-inertial IWs are more efficient at interacting with
eddies than tidal IWs and have a larger contribution to the
cross-scale energy fluxes. This confirms the results of Barkan
et al. (2021), who found that temporal forward energy fluxes
are significantly increased by near-inertial IWs but only
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marginally increased by tidal IWs, and of Kelly and Lermu-
siaux (2016), who found little net energy exchange between
tidal IWs and mesoscale eddies in the Gulf Stream. A possible
explanation to rationalize why eddy–near-inertial IW interac-
tions are more efficient than eddy–tidal IWs interactions is
that eddies and near-inertial IWs have time scales lying close
to each other, which may facilitate their interactions.

This study relies on a regional numerical simulation of the
California Current. Although the results are believed to be generic,
the relative energy of eddy motions and tidal and near-inertial
waves is generally region dependent, e.g., western boundary cur-
rents such as the Gulf Stream or the Kuroshio might have different
behavior due to the strong geostrophic motions. A follow-up study
(Barkan et al. 2023, manuscript submitted to J. Phys. Oceanogr.)
carries out similar diagnostics in the North Atlantic region and the
results give confidence in the rather generic processes evidenced in
this paper. However, an assessment of the sensitivity of these en-
ergy fluxes in other regions would still be valuable.

In addition, the dynamics resolved in the simulations are limited
by the grid scale of the simulation. Here, for a 2-km grid scale, me-
soscale eddies are fully resolved while submesoscale motions and
the IW continuum are only partially resolved. Smaller-gridscale
simulations should be carried out to investigate how the eddy–IWs
interactions and energy fluxes change in a mesoscale-resolving ver-
sus submesoscale- and IW continuum-resolving regime. These as-
pects are further discussed in the upcoming paper by Barkan
et al. (2023, manuscript submitted to J. Phys. Oceanogr.). Prelimi-
nary results suggest that eddy–wave interactions dominate the
forward energy flux even at smaller scales (in a 500-m-grid simu-
lation). However, the separation between eddies and waves in
the presence of submesoscale eddies in higher-resolution simula-
tions becomes more difficult due to the overlap in frequencies

and could require more elaborate techniques than temporal filter-
ing (e.g., Torres et al. 2022; Wang et al. 2023).

Last, this study focuses on the energy fluxes across horizon-
tal scales. A more complete analysis would assess the energy
fluxes across vertical scales as well. Indeed, it is the energiza-
tion of small vertical scales that will ultimately lead to diapyc-
nal mixing and increase the energy dissipation. The definition
of energy fluxes across vertical scales is, however, more chal-
lenging and must account for the structure of the baroclinic
modes that depend on the local stratification. Further analyti-
cal developments are required to follow this path and are left
for subsequent studies.
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APPENDIX A

Wave-Only Energy Fluxes

In the “wave-only” simulation (Table 1), where no eddies
are presents, the energy flux is positive over all wavenum-
bers and results from wave–wave interactions (Fig. A1).
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APPENDIX B

Quasi-Linear Theory Validity

The linear sum of the “no-tide” and “no-NIW” wave scat-
tering flux term (PewW 1 PweW) is very similar to the “eddy–
wave” wave scattering flux term (Fig. B1). This supports the
quasi-linear theories, such as internal wave scattering.

FIG. A1. As in Fig. 3, but for the wave-only simulation.

FIG. B1. Cross-scale energy fluxes associated with wave scattering
(PewW 1 PweW) for the eddy–wave (thick curve) in comparison with
the linear sum of the no-tide and no-NIW simulations (thin curve).
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