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ABSTRACT: Internal waves propagate on the ocean’s stratification, carrying energy and redistributing momentum through the ocean.
When internal waves break, they contribute to diapycnal mixing in the ocean interior, but this breaking behaviour depends upon the scale
of the waves. Low-mode internal waves have larger horizontal and vertical scales, and thus break less readily than higher-mode waves.
The scattering of internal waves by topography is an important mechanism in transferring internal wave energy to smaller scales that are
more conducive to wave breaking and mixing processes. In this study, we propose and investigate a mechanism in which storm-generated
low-mode internal waves scatter at topography. We hypothesise that horizontally propagating internal wave modes generated by strong
winds (i.e., due to a storm) can rapidly dephase; these dephased waves can then be scattered from topography, resulting in higher-mode
upward-propagating waves within hours of the passage of a storm. We investigate this phenomenon in an idealised numerical model
of a storm passing over a prominent ridge. Bottom-scattered near-inertial internal waves propagate away from the ridge rapidly in the
wake of the storm. We perform several perturbation experiments varying the properties of the ocean, the winds and the topography. The
bottom-scattered waves exhibit spatial downscaling, and have an energy flux equivalent to 10% the magnitude of the energy flux from
surface-generated near-inertial waves in our domain. Although small in a globally averaged sense, we argue that the topographic scatter of
storm-generated near-inertial waves could account for the unexplained near-inertial wave signals found in ocean observations and numerical
studies.

SIGNIFICANCE STATEMENT: The ocean is strati-
fied: denser waters are in the deep ocean and lighter waters
closer to the surface. How and where waters of different
densities mix is important as this contributes to global
ocean circulation and how the ocean transports heat from
the tropics to the poles. This ocean mixing is influenced
greatly by the winds and tides that churn up the ocean near
boundaries and generate internal waves, the breaking of
which is thought to be the major source of turbulent mix-
ing in the ocean interior. These waves propagate in the
interior of the ocean rather than just at the surface, and are
made possible by the ocean’s stratification. These waves
are very difficult to observe and so our understanding of
their generation, propagation and breaking is an active field
of research. Here, we demonstrate that internal waves gen-
erated by strong storms, like typhoons or cyclones, can
rapidly scatter from nearby topography at the sea floor.
Previous studies looked at waves generated by larger-scale
winds rather than individual storms and suggested that the
waves take weeks to reach the seafloor. Here, we show
that storm-generated waves scatter at the seafloor within
hours. Our study could help explain some of the bottom-
intensified wave activity that has been observed within
hours of the passage of a storm. We find that the waves
propagating upwards from topography have smaller spa-
tial scales, and up to 10% the energy flux compared to the
surface-generated waves that they scatter from. We argue

Corresponding author: A. J. Barnes, ashley.barnes@anu.edu.au

that this rapid wave-scattering mechanism is worthy of fur-
ther study to better understand how they might fit into the
ocean mixing picture.

1. Introduction

Internal waves, which manifest as mixed horizontal and
vertical oscillations in a rotating stratified fluid, perme-
ate the world’s oceans. Internal waves are important to
the fields of physical oceanography and climate science
more broadly due to their significant contribution to ocean
mixing and momentum transfer (Bell 1975; Alford et al.
2016; Sarkar and Scotti 2017; Thomas and Zhai 2022;
Musgrave et al. 2022). Global estimates of the energy con-
tained by the internal wave field are supported by sparse in-
situ observations and satellite altimetry (Zhao et al. 2016;
Whalen et al. 2018). However, capturing the spatial vari-
ability of internal waves, and in turn their contribution to
local episodic mixing, remains an ongoing challenge in
oceanography, particularly in the deep ocean where ob-
servations are especially sparse. A further complication
is that some types of internal wave can contribute to the
local mixing at the generation site, while others can carry
their energy great distances to enhance mixing in remote
locations (Waterhouse et al. 2014).

Ocean models can provide insights where observations
are lacking, and accurately capturing internal wave induced
mixing in numerical models is a large area of study. Some
approaches to this problem, such as Laurent and Garrett
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(2002) and Lavergne et al. (2020), construct spatially vary-
ing maps of the wave field by parameterising different
wave generation mechanisms. This method has shown
promise in matching observations where they are available
(Lavergne et al. 2020), but an unavoidable source of error
in such approaches comes from processes that are omitted.
By estimating the importance of this missing physics, we
can increase our understanding of how well wave-induced
mixing is represented in numerical models.

The bulk of internal waves begin their life-cycle at the
boundary of the ocean – either at the surface, generated via
winds (Thomas and Zhai 2022), or near the bottom as a
result of flow over topography (Musgrave et al. 2022).
In the first case, inertial oscillations at the surface are
readily excited by the wind, which in turn generate near-
inertial waves that can propagate downwards, beyond the
mixed layer (D’Asaro 1985). These wind-driven, surface-
generated near-inertial waves (NIWs) are responsible for
between 0.3-1.1 TW of energy flux at the surface (Jiang
et al. 2005; Rimac et al. 2013). The exact mechanism by
which the near-inertial energy escapes the mixed layer de-
pends significantly on the length scale of the wind forcing.
Forcing by small, intense storm systems (Gill 1984) gener-
ates low-modes which propagate thousands of kilometers
horizontally away from their generation site (Alford 2003).
For larger scale winds, the near-inertial oscillations instead
need to be downscaled by 𝛽-refraction or mesoscale inter-
actions (Thomas and Zhai 2022) in order to escape the
mixed layer. These waves propagate at very low vertical
group speeds and thus shallow angles, with observational
studies suggesting that vertical propagation takes weeks to
bring such waves to the seafloor after generation (Kunze
and Sanford 1984; Ma et al. 2022). Here, they may scat-
ter, dissipate or reflect depending on the local topography
(Igeta et al. 2009).

In the second case, topography generates internal waves
directly. When deep ocean flows interact with topography,
this can lead to vertical motions, and thereby the radiation
of internal waves due to the restoring effect of the stratifica-
tion. Examples of such interactions include the barotropic
tides generating internal tides (Bell 1975), as well as lee
waves excited by geostrophic currents (Nikurashin and Fer-
rari 2010), which are thought to have globally-integrated
energy fluxes of 0.9-1.5 TW and 0.05-0.85 TW respec-
tively (Nikurashin and Ferrari 2011; Egbert and Ray 2000;
Waterhouse et al. 2014; Bennetts et al. 2024).

There is an indirect connection between wind-generated
and topographically-generated internal waves. Wind forc-
ing energises both long-lived and transient geostrophic cur-
rents (Wunsch 1998), which in turn shed energy at the
ocean bottom via topographic lee waves (Nikurashin and
Ferrari 2010). Nikurashin and Ferrari (2011) estimated
that 20% of energy input to geostrophic flows through
synoptic scale wind forcing was converted to lee wave
generation. Resonant interactions of the lee waves and

geostrophic flows (Nikurashin and Ferrari 2010) drive near-
inertial energy and enhanced mixing near topographic fea-
tures (Hu et al. 2020; Brearley et al. 2013; Liang and Thurn-
herr 2012). Given that the wind-driven geostrophic cur-
rents responsible for lee wave generation vary on timescales
of months and years, this mechanism represents a persis-
tent, steady source of internal wave generation.

In contrast, recent observations have found rapid gen-
eration of near-inertial waves at the seafloor within hours
of a storm passing overhead. van Haren (2020) found ev-
idence for enhanced mixing in the depths of the Mariana
Trench, with a mooring detecting patterns in the stratifica-
tion similar to that of breaking internal waves within hours
of a category 4 typhoon. The rapid timescale and close
proximity of the mixing to the storm suggest that neither
of the two cases discussed above — that is, the interaction
of lee waves with geostrophic flows nor the downwards
propagation of near-inertial waves with low vertical group
speeds excited by large scale winds — are able to account
for the observations. As such, a new mechanism is needed.

In this work, we investigate the rapid scattering of near-
inertial internal waves at the seafloor in the wake of a storm
system. We hypothesise that the sharp horizontal gradients
of storm systems allow for the generation of full-depth ver-
tical modes, unlike other near-inertial waves generated by
larger scale wind patterns as discussed in Kunze and San-
ford (1984) and Ma et al. (2022). Other full-depth internal
wave modes, like the baroclinic tide, are known to scatter at
topography, which can redistribute their energy to smaller
horizontal scales (Peter Müller and Naihuai Xu 1992; Lau-
rent and Garrett 2002; Bühler and Holmes-Cerfon 2011;
Kelly et al. 2013). Like these other full-depth internal
waves, we demonstrate that the near-inertial waves gen-
erated by a storm can also scatter from local topography,
with upwards propagating internal waves appearing almost
immediately. This short timescale of the bottom response
is of particular interest, as it makes this mechanism a con-
tender for explaining the aforementioned enhanced bottom
mixing coinciding with the typhoon.

The mechanism for this rapid topographic scattering is
the dephasing of vertical modes. Gill (1984) studied the
ocean response to a short-lived wind event, like the passage
of a storm, that instantaneously accelerates the mixed layer
and imprints onto multiple internal wave vertical modes.
The dephasing of these vertical modes results in the rapid
communication of the surface layer perturbation down-
wards below the thermocline. Given the full depth nature
of the vertical modes generated by storm systems, we ex-
tend Gill’s work to consider a rapid response at the sea
floor.

In the presence of topography, we anticipate that the deep
oscillatory motions driven by dephasing vertical modes
will generate internal waves in a similar fashion to internal
tides (Bell 1975). Like internal tides, this generation pro-
cess can equally be thought of as the scattering of a large
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scale wave (barotropic tide, or surface-generated NIW) to
a smaller scale wave (baroclinic tide, or topographically
scattered NIW).

As discussed above, the scattering of near-inertial waves
generated by large-scale winds is associated with a signif-
icant time lag due to them not exciting full-depth modes,
and the low propagation angle of the waves as they escape
the mixed layer. In contrast, the smaller horizontal scales
of storm-generated near-inertial waves, which are the focus
of this study, readily excite full-depth modes, and in turn
we expect a rapid bottom response as these modes dephase.
In the presence of sufficiently narrow and prominent topo-
graphic features, we further expect the waves to scatter to
higher modes, facilitating energy downscaling which may
ultimately lead to additional bottom mixing.

Given that storms convert large amounts of wind en-
ergy into surface layer oscillations and downward prop-
agating near-inertial waves (Sanford et al. 2011; Whalen
et al. 2018), the coincidence of a storm directly above
topographic features would provide the most pronounced
generation. The hypothesised topographic scatter of storm-
generated near-inertial waves have, to our knowledge, not
been studied before and thus it is unknown whether they
constitute a significant contribution to the ocean internal
wave field and deep ocean mixing. To investigate this phe-
nomenon, we run a numerical ocean model with idealised
wind forcing and bathymetry. Under various topographic
and wind forcing scenarios, we calculate the energy flux
associated with these waves, and compare the magnitude of
energy flux to that of surface-generated near inertial waves
excited directly by the wind.

The next section reviews the theory of Gill (1984), and
demonstrates the excitation of a bottom flow from the de-
phasing mechanism. In section 3, we describe the model
setup, as well as the method we used for separating the
waves of interest from the rest of the flow. Section 4
includes a qualitative demonstration of these bottom scat-
tered waves, followed by a quantitative analysis of the wave
energy for various perturbation experiments. Finally, we
conclude in section 5 by arguing that this mechanism could
be responsible for some of the unexplained observations of
excess bottom mixing and vertical shear.

2. Theory

Gill (1984) modelled the ocean’s immediate response
to the passage of a storm as an initial velocity 𝑢0 in the
mixed layer, with zero velocity deeper in the water col-
umn. This initial condition can be thought of as an infinite
set of orthonormal vertical modes each with a different ver-
tical wavenumber 𝑚𝑛, which destructively interfere below
the mixed layer. As these modes necessarily propagate at
different speeds, they rapidly de-phase from one another,
resulting in finite flows over the entire ocean depth.

To demonstrate this mechanism, consider an idealised
hydrostatic 2D model of the ocean with a mixed layer of
depth ℎ𝑚, total depth 𝐻, and constant stratification 𝑁 , just
after the passage of a storm with characteristic horizontal
length scale 𝐿 and associated wavenumber 𝑘 = 2𝜋/𝐿. The
initial surface response to the storm when 𝑡 = 0 is given
by an initial mixed-layer velocity with a maximum of 𝑢0,
while the interior is at rest; that is,

𝑢(𝑥, 𝑧, 𝑡 = 0) = 𝑢0 cos(𝑘𝑥)H (𝑧+ ℎ𝑚), (1)

where 𝑧 = 0 corresponds to the ocean’s surface and H is
the Heaviside function, equal to 0 when 𝑧 < −ℎ𝑚. Here,
we follow the typical method of decomposition of the lin-
earised Boussinesq equations into a set of vertical modes
with boundary conditions d𝑢/d𝑧 = 0 at 𝑧 = 0 and 𝑧 = −𝐻
(Olbers et al. 2012). For an arbitrary stratification profile
𝑁 (𝑧), the eigenvalue problem cannot typically be solved
analytically, but for the case of constant stratification 𝑁 the
eigenfunctions take the form 𝜙𝑛 (𝑧) =

√︁
2/𝐻 cos(𝑛𝜋𝑧/𝐻).

The eigenvalues 𝑚𝑛 correspond to the vertical wavenum-
bers 𝑚𝑛 = 𝑛𝜋/𝐻 of the solution and are related to the hor-
izontal wavenumber 𝑘 (set by the spatial structure of the
wind forcing) and frequency 𝜔𝑛 via the dispersion relation
for internal waves

𝜔2
𝑛 = 𝑓 2 +𝑁2 𝑘2

𝑚2
𝑛

. (2)

The baroclinic velocity can be expanded in vertical
modes as:

𝑢(𝑥, 𝑧, 𝑡) =
∞∑︁
𝑛=1

𝑎𝑛𝜙𝑛 (𝑧) cos(𝑘𝑥−𝜔𝑛𝑡), (3)

where the amplitudes 𝑎𝑛 are obtained by projecting the
initial velocity (1) onto the 𝑛th mode:

𝑎𝑛 =

∫ 0

−𝐻
𝜙𝑛 (𝑧) 𝑢0H(𝑧+ ℎ𝑚) d𝑧. (4)

The barotropic part of the solution is the vertical mean
of the initial condition. Note that this example represents
the surface forcing not as a single isolated storm, but as an
infinite wind band that repeats spatially at the characteristic
length scale 𝐿. For the purposes of this idealised model, the
horizontal structure is unimportant, so we simply consider
the location 𝑥 = 0 to investigate the interior response.

Each of the vertical modes propagates at a different fre-
quency and phase speed according to the dispersion re-
lation for internal waves (2) meaning that lower modes
propagate faster in the horizontal. Initially, the linear com-
bination of modes with amplitudes prescribed by (4) sum
to give 𝑢0 in the mixed layer and zero at depth. But as time
progresses, the different propagation speeds mean that the
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vertical modes de-phase from one another, and flow devel-
ops at depth.

Fig. 1: a) Evolution of the initial surface layer velocity
𝑢(𝑥, 𝑧, 𝑡 = 0) for a reference case of 𝑁 = 20| 𝑓 | and a hori-
zontal scale of 𝐿 = 2𝜋/𝑘 = 100 km. b) The bottom veloc-
ity response corresponding to the reference conditions, as
well as for storms with decreased (20 km) and increased
(1000 km) horizontal scale 𝐿. Velocities have been non-
dimensionalized against 𝑢0, which in this case is 0.1 m s−1

over a 200 m thick mixed layer ℎ𝑚.

The manner in which the dephasing happens depends
on the differences in frequency 𝜔𝑛 and in turn on strat-
ification 𝑁 and length scale 𝐿. Figure 1 shows the ver-
tical structure of the solution at 𝑥 = 0 for ℎ𝑚 = 200 m,
𝐻 = 4000 m, | 𝑓 | = 10−4 s−1 and 𝑁 = 20| 𝑓 | over 5 inertial
periods. In this case, flow develops throughout the water
column, including at the bottom, within 10% of an inertial
period. Figure 1b shows that varying 𝐿 affects both the
amplitude and frequencies of resultant bottom flow, with
the solution tending towards purely inertial oscillations as
𝐿 increases. As propagating waves can be generated at
topography with super-inertial oscillations, of particular
interest are the stronger super-inertial motions that can be
seen in the cases with smaller horizontal length scale.

The thickness of the surface layer ℎ𝑚 plays a role in re-
distributing the energy between vertical modes, but does
not affect their fundamental dephasing behaviour. This
simple model demonstrates that a wind-induced surface
perturbation in velocity — of the correct scale — can
almost instantaneously generate super-inertial oscillatory
flow at the sea floor. Existing theory for internal tides
can now be applied in evaluating the likely impact of the

wind-induced oscillatory flow on secondary wave genera-
tion — or scatter — at the seafloor. The conversion rate
𝐶 of energy from an oscillatory flow of amplitude 𝑈0 to
buoyancy frequency 𝑁 , topography height ℎ, and horizon-
tal wavenumber 𝑘 , based on linear wave theory, is given by
(Jayne and St. Laurent 2001):

𝐶 =
1
4
𝜌0𝑈

2
0ℎ

2𝑁𝑘, (5)

where 𝜌0 is the reference density. Although this mecha-
nism differs from internal tides in that the oscillatory flow
excited by winds is not of constant amplitude or frequency,
(5) holds for our study to leading order if 𝑈0 refers instead
to the characteristic amplitude of the wind-induced veloc-
ity. Our numerical results are evaluated against this scaling
relation in section 5.

3. Numerical model and analysis methodology

To study topographic near-inertial wave generation
mechanism, we design an idealised numerical experiment
as shown in Fig. 2. The Modular Ocean Model 6 (MOM6;
Adcroft et al. (2019)) is run in an isopycnal configuration
with 21 layers at 2 km horizontal resolution, total depth of
4000 m and horizontal extent of 4000 km by 4000 km. The
zonal and meridional boundaries are re-entrant, but the do-
main is large enough that internal waves do not return to
the region of study around the ridge during the simulations.

The top isopycnal layer mimics a mixed layer and has
a thickness of 50 m in the default case; the second layer
below mimics a thermocline and initially has a thickness of
150 m; the remaining 19 layers below have an initial thick-
ness of 200 m. A Coriolis parameter of 𝑓 = −10−4 s−1 cor-
responding to the Southern mid-latitudes is selected. The
top layer has a density of 1018 kg/m3, followed by a large
jump in density with an equivalent buoyancy frequency
𝑁 = 200| 𝑓 | to simulate a thermocline. The remaining 19
layers have a linearly increasing density to give a constant
buoyancy frequency of 40| 𝑓 |, an approximation of a typi-
cal buoyancy frequency observed beneath the thermocline
(Reagan, James R. et al. 2021).

A challenge in studying wind-generated topographic
near-inertial waves is that, even in a highly idealised do-
main, the waves exist in the presence of other flows in
the inertial band. These include non-propagating iner-
tial oscillations as well as near-inertial waves generated
directly from the wind forcing that have not undergone
any interactions with topography. To simplify the separa-
tion of wind-induced topographic near-inertial waves from
these other near-inertial and inertial flows, the experiment
was designed with a high degree of symmetry. The wind
pulse is zonally symmetric, so that any zonally propagating
waves are a result of interactions with the topography, and
so this zonal component contains the waves of interest.
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For our control experiment, a zonally symmetric 1000 m
tall Gaussian ridge with full width at half maximum
(FWHM) 𝑊 = 10 km, running north to south through the
domain, is placed in the domain centre. These parame-
ters for the cross-ridge and vertical scales are chosen to be
consistent with a typical seamount (Wessel et al. 2010).

The model is initialised from rest and forced by a
zonally-uniform 10-hour pulse of zonal wind stress given
by

𝜏(𝑦, 𝑡) =


𝜏0 𝑒

−𝑦2/2𝜎2 sin2 (2𝜋𝑡/𝑇𝜏) 0 ≤ 𝑡 ≤ 𝑇𝜏/2,
−𝜏0 𝑒

−𝑦2/2𝜎2 sin2 (2𝜋𝑡/𝑇𝜏) 𝑇𝜏/2 < 𝑡 ≤ 𝑇𝜏 ,

0 𝑇𝜏 < 𝑡,

(6)
where 𝜏0 is the peak wind stress, 𝐿𝜏 = 2

√︁
2log (2)𝜎 is the

FWHM of the wind stress, and 𝑇𝜏 the forcing duration,
with default values of 𝑇𝜏 = 10 hours and 𝐿𝜏 = 80 km, con-
sistent with observed tropical cyclone size distributions
(Zhang and Chan 2023). The default wind stress value
𝜏0 = 10 Nm−2 corresponds to the strength of a category 4
tropical cyclone with surface wind speed of 63 ms−1. The
wind pulse is focused at the meridional-centre of the do-
main, and the eastward and westward oscillation serves
to force the surface layer without inducing a significant
time-mean flow, providing a robust idealised model of the
process of interest (i.e., high-frequency wind forcing by
storms). A small westward time-mean flow, less than
10−6 ms−1, is still present, but this is too small to meet
the | 𝑓 | < 𝑘𝑈0 condition required to support topographic
lee waves.

In choosing to filter the waves by symmetry, a drawback
is that our wind event lacks zonal gradients, restricting the
divergence of the wind field to the meridional gradient.
This formulation means that, while near-inertial waves are
expected to be generated due to this sharp, unidirectional
gradient, the magnitude of these waves may be significantly
reduced compared to those generated by the winds of a
true cyclone, which has both strong zonal and meridional
gradients. However, as the scattered wave energy scales
linearly with the incident waves to first order (see (5)), the
comparison between the incident and scattered wave-fields
remains as an important metric, even if the energy fluxes
themselves are under-represented.

Employing the experiment’s zonal and meridional sym-
metries to separate incident and scattered waves, we calcu-
late the wave energy fluxes propagating outwards through a
square centred on 𝑥0, 𝑦0 with side lengths 𝐷. The surface-
generated NIW energy flux, 𝐸𝑆 , corresponds to the energy
flux propagating meridionally through the northern and
southern sides, whereas the energy flux of the NIWs re-
sulting from interactions with topography, 𝐸𝑇 , correspond
to the wave energy fluxes through the eastern and western
boundaries of the square. Energy fluxes are the product
of the velocities 𝑢 or 𝑣 normal to the grid-cell face, and

pressure 𝑃. The symmetry of the domain ensures that
the energy of the topographically-generated near-inertial
waves that are the focus of this study is captured within
𝐸𝑇 .

To isolate the velocities 𝑢 and pressures 𝑃 required to
calculate 𝐸𝑇 , we subtract reference values from 2000 km
west of the ridge, such that 𝑢′ = 𝑢 − 𝑢far and likewise for
𝑃. Multiplying the perturbation velocity and pressure, and
summing over the opposing sides of the square yields the
zonal 𝐸𝑖,𝑇 and meridional 𝐸𝑖,𝑆 energy fluxes at the 𝑖th
layer:

𝐸𝑖,𝑇 (𝑦, 𝑡) =
[
𝑃′
𝑖𝑢

′
𝑖

]
𝑥=𝐷

2
−

[
𝑃′
𝑖𝑢

′
𝑖

]
𝑥=− 𝐷

2
, (7)

𝐸𝑖,𝑆 (𝑥, 𝑡) = [𝑃𝑖𝑣𝑖]𝑦=𝐷
2
− [𝑃𝑖𝑣𝑖]𝑦=− 𝐷

2
. (8)

These energy fluxes are then integrated in space and time to
determine the total energy leaving the square meridionally
and zonally. The quantities of interest are the vertical en-
ergy flux from the storm directly into the surface-generated
NIWs, and the vertical energy flux emanating upwards
from the topography. Rather than directly calculating these
surface and topographic vertical energy fluxes, which is
challenging in an isopycnal model with layers intersecting
with the topography, we instead assume that these energy
fluxes are equivalent to the corresponding horizontal en-
ergy fluxes. This assumption means that the calculated
energy fluxes will be underestimated by any dissipation
or breaking that occurs during the horizontal propagation,
but in this idealised model with no background flow and
otherwise smooth topography, dissipative mechanisms are
minimal. To allow time for the signal to propagate to the
edges of the square, the analysis period extends 90 hours
beyond the end of the storm but is still normalised by the
10 hour storm duration.

With this assumption, we then define our average vertical
energy flux quantities 𝐸𝑇 and 𝐸𝑆:

𝐸𝑇 =
1

𝑇𝜏𝐷𝑊

𝑁∑︁
𝑖=1

ℎ𝑖

∫ 𝐷
2

− 𝐷
2

∫ 𝑇

0
𝐸𝑖,𝑇 d𝑡d𝑦, (9)

𝐸𝑆 =
1

𝑇𝜏𝐷𝐿𝜏

𝑁∑︁
𝑖=1

ℎ𝑖

∫ 𝐷
2

− 𝐷
2

∫ 𝑇

0
𝐸𝑖,𝑆 d𝑡d𝑥, (10)

where ℎ𝑖 is the 𝑖th layer thickness, 𝑇 is the total simulation
duration, and𝑇𝜏 the duration of the storm. The experiment
is run for 90 hours after the end of the storm, giving a total
duration of 𝑇 = 𝑇𝜏 +90 hrs, equivalent to 100 hours in the
default case. Rather than divide by depth 𝐻 to get the
average energy flux through the sides of the square, fac-
tor 1/𝑊 in (9) converts the depth-integrated (summed over
each isopycnal layer) horizontal energy flux to an equiva-
lent vertical flux over the topography, providing a quantity
in units of power per unit area of the topography (usually
expressed in W/m2). Likewise, the factor 1/𝐿𝜏 converts
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Fig. 2: A schematic of the model configuration, including the isopycnal displacements associated with both the surface
and bottom generated near-inertial wave responses. Note that the vertical scales of the waves have been exaggerated,
and that two layers are shown separately and in different colours for illustrative purposes, having been filtered using the
zonal symmetry of the surface near-inertial wave response. The zonal and meridional centre lines as referred to in the
text are denoted by 𝑥0 and 𝑦0 respectively.

the energy flux in meridional waves into a downward flux
per unit area of the storm. These quantities are referred
to as the surface and topographic energy fluxes throughout
the study.

The choice of side length 𝐷 for our square of energy
flux integration needed to be close enough to the ridge
that waves could travel a distance 𝐷/2 well before any
waves would reflect back from the sides of the domain.
Conversely, 𝐷 must be larger than all of the ridge widths
tested. Through testing several values of 𝐷, we found that
500 km was large enough to avoid any large amplitude,
non-linear effects near the ridge, yet remaining within rea-
sonable computational constraints concerning the required
domain size.

4. Results

We first provide a qualitative demonstration of the pro-
posed rapid scatter of near-inertial waves at topography.
Fig. 3 shows the meridional velocities and isopycnal height
anomalies associated with the meridionally propagating
near-inertial waves generated directly at the surface. Inter-
nal waves are immediately visible through the full water
column, similar to the analytic theory shown in Fig. 1. As
time progresses, we see that the mode 1 waves (charac-
terised by the single zero crossing) dominant in panel (a)

give way to third and fourth vertical modes in panels (c)
and (d). This behaviour is consistent with the modal de-
phasing theory in that the faster, lower modes appear first,
which propagate more rapidly from the centre of the storm.
By inspecting the phase shifts of individual vertical modes
and the beam-like structures, it is clear that the frequency
is near-inertial. Importantly to the generation of waves
from topography, Fig. 3 shows significant motions at the
seafloor immediately after the storm event.

These oscillatory motions are more clearly visible in
Fig. 4a, which shows bottom velocities directly beneath the
wind forcing similar to the 2D analytic theory in Fig. 1b.
Here, the model shows an immediate bottom response with
a clear super-inertial signal in the bottom flow, which en-
ables the generation of propagating internal waves in the
presence of appropriate topography. A Hovmöller diagram
in Fig. 4b shows a signal in the resulting zonal velocity
propagating away from the ridge, including several su-
perimposed vertical modes characterised by their different
group speeds, fanning out from the topography.

To visualise the bottom scattered waves, the velocity
and interfacial height anomalies along two zonal transects
are plotted in Fig. 5. Here, as in (7), the anomalies are
calculated with respect to their far-field values to remove
the effects of non-topographically-generated waves. In all
panels, clear beams can be seen propagating upwards and
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Fig. 3: Meridional transect showing meridional velocity and exaggerated isopycnal displacements associated with wind-
generated NIWs. Isopycnal displacements are not to scale; they are exaggerated for visualization purposes.

Fig. 4: Panel a) Bottom zonal velocity 1000 km West of ridge, b) Hovmöller diagram of zonal velocity anomalies 5
layers from the bottom in the vicinity of the ridge with the approximate group speeds for vertical modes 1, 2, 3, 4, 6,
and 9. Both panels show velocities 200 km north of the storm centre, as in the bottom row of Fig. 5.

outwards from the top of the ridge. The two rows, cor-

responding to locations 150 and 200 km northwards from

the centre of the wind forcing, show meridional variations

to the waves structure and phase. This is due to the time

taken for the dephasing signal to propagate outwards from

the storm, as well as the meridional structure of the storm
itself.

To assess the role of these bottom scattered waves in
redistributing energy to higher vertical modes and smaller
scales, we take the power spectra of the velocities associ-
ated with the meridional and zonal waves in Fig. 6. The
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Fig. 5: Zonal transect showing zonal velocity (color) and exaggerated isopycnal displacements (lines) associated with
wind-generated topographic NIWs from our reference numerical simulation at four different time snapshots and two
locations north of the storm.

prominent vertical modes of the surface-generated, merid-
ional waves visible in Fig. 6a are consistent with the disper-
sion relation (2), and show a dominant first vertical mode,
with energy also spread through modes 2-5. The spectrum
of the scattered waves, shown in Fig. 6b, shows bands of
power close to harmonics of | 𝑓 |, with local maxima where
these bands intersect vertical modes. Compared to the in-
cident meridionally propagating waves, the scattered, zon-
ally propagating waves have a very weak mode 1, and the
circled regions in panel b show significant energy present
in modes 6-10. Thus energy is distributed further towards
higher modes in the scattered zonal waves than the inci-
dent meridionally propagating waves. This difference in
the modal energy distribution shows that the bottom scatter
of NIWs generated at the surface by storms can play a role
in downscaling the energy to higher vertical modes, and in
turn smaller horizontal scales.

Figure 6a shows that the incident meridional waves have
most energy close to | 𝑓 |, but with significant energy in
the first harmonic. This enhanced first harmonic can be
explained by the wind time scale of the storm – at 10 hours,
the dominant frequency is close to 2| 𝑓 |, a choice to ensure
that most of the wind energy spectrum is super-inertial,
in order to generate the most wave activity. In contrast to
Fig. 6a, in Fig. 6b, we see that the first harmonic is more
energetic than the near-inertial band, suggesting that this
dephasing mechanism for bottom scatter is more efficient
for 2| 𝑓 |.

This observation is consistent with the strength of the
superinertial component of the bottom oscillations com-
pared to the purely inertial in both Fig. 4a and Fig. 1.
Here, higher harmonics of | 𝑓 | are identifiable as the addi-

Fig. 6: Depth averaged power spectra with the first 10 an-
alytic vertical near-inertial modes overlaid in dashed grey
of: a) the meridional velocity associated with the incident
surface-generated near inertial waves b) the zonal velocity
associated with the topographically scattered waves. Both
spectra are taken over the first 10 inertial periods of the
experiment, and at the same spatial positions as the cor-
responding waves shown in figures 3 and 5. The ovals
in panel b highlights additional energy in modes 6-10 not
present in panel a.

tional, consistently spaced zero crossings between inertial
periods. These higher harmonics in Fig. 4a are modulated
by by a near-inertial signal of comparable amplitude, much
like the two smaller wind forcing scale cases in Fig. 1. The
excitation of waves at 2| 𝑓 | is likely due to higher harmonics
dephasing more readily than lower: since the spatial scales
imposed by the topography remain constant between the
| 𝑓 | and 2| 𝑓 | waves, their group speeds remain the same, re-
sulting in the faster dephasing of the 2| 𝑓 | harmonic due to



9

it having more cycles per unit of distance. This explains the
prominence of the 2| 𝑓 | harmonic in this case of a transient
storm system generating a rapid bottom response.

The waves shown in Figs. 5 and 4 have characteris-
tics consistent with the proposed mechanism, and Fig. 6
demonstrates their potential for the downscaling of wave
energy. Thus, these results serve as a qualitative demon-
stration of wind-induced topographically generated near-
inertial waves. Having qualitatively demonstrated the rapid
scatter of storm-generated NIWs at topography, we now
quantify the wave energy, in order to assess in what cir-
cumstances, if any, these waves might pose a significant
source of bottom intensified wave activity.

a. Wave Energy Flux

Having established the mechanism for the rapid topo-
graphic scattering of storm generated near-inertial waves
in our configuration, we now proceed to calculate the corre-
sponding energy fluxes of the incident and scattered waves.
From (7), the time averaged energy flux in our reference
configuration (Figs. 3, 5, and 4 above) associated with
the wind-generated topographic NIWs is 0.13 mWm−2,
compared to 1.9 mWm−2 for the wind-generated surface
NIWs. As discussed in section 3, these energy flux values
are an underestimate of what might be expected in the real
ocean due to the simplified, zonally symmetric wind forc-
ing that enables our clean wave separation. Thus, a more
important metric is in comparing the relative sizes of the
incident and scattered wave energy fluxes. With the control
set of parameters – namely with a ridge 1000m high and
10km wide, and 63 ms−1 winds lasting for 10 hours – the
zonally propagating, scattered waves have a time-averaged
energy flux 7% the size of that of meridionally propagating
surface-generated NIWs.

b. Perturbation experiments

We run experiments varying both the properties of the
storm and ridge to assess which parameters the energy
flux is most sensitive to and determine the conditions un-
der which the topographically-generated waves are most
significant.

When altering the duration of the wind forcing pulse
(Fig. 7a) there is a peak in both topographic and surface
energy fluxes when the forcing duration is less than the in-
ertial period, i.e., 2𝜋/| 𝑓 | ≈ 17.5 hours. This result is con-
sistent with expectations for surface-driven near-inertial
waves, as internal wave generation is only supported by
super-inertial forcing frequencies. Forcing durations right
at the inertial frequency would overlap significantly with
the sub-inertial band, whereas a more rapid surface forc-
ing would contain less energy at the highly resonant inertial
period. The offset peaks in Fig. 7a) are likely due to the
exciting of the 2| 𝑓 | harmonic in the scattered waves, shown
in Fig. 6b. This is due to the significant 2| 𝑓 | component

of the bottom velocity (see Fig. 4a) which in turn is caused
by the faster dephasing of the higher harmonic waves than
the near-inertial.

The strength of the wind forcing pulse was altered in
Fig. 7b, ranging from winds expected during a mild storm
up to a category 5 tropical cyclone. Here, both the topo-
graphic and surface wave energy fluxes increase quadrat-
ically (with correlation coefficient 0.95). This quadratic
relationship matches the wind work applied at the surface,
which scales quadratically with the surface wind speed.

The second series of tests conducted relate to the shape
of the topography (Fig. 7c,d). As expected from equa-
tion (5), the energy flux scales quadratically (with correla-
tion coefficient 0.95) with ridge height up to 750 m, or just
shy of a quarter of the water column depth. The energy flux
then appears to saturate, likely due to the larger topography
blocking the cross-ridge flow, and thereby damping wave
generation (Winters and Armi 2014).

Finally, Fig. 7d shows the sensitivity of topographic
energy flux when varying the ridge width. Here, the scaled
energy flux, as in (7), is shown alongside the product of
the energy flux and width. This plot is designed to show
the way that the total wave energy changes, as well as
energy flux, which scales inversely to ridge width. Here,
we see that the energy flux per unit area (Fig. 7d, left axis)
is greatest for the narrowest ridge, but that the total wave
energy per metre meridionally (Fig. 7d, right axis) peaks
for a 30 km wide ridge. This effect is due to the maximum
topographic slope becoming shallower than the angle of the
wave beam, suppressing the downward propagating part of
the wave-field visible in Fig. 5 (result not shown). In (5), 𝑘
refers to the dominant wavenumber of the ridge, which in
our case is 𝑘 ∼ 1/𝑊 . This is consistent with the our results
in Fig. 7, whereby the energy flux per unit area is greater
for steeper and narrower topography.

5. Discussion and conclusions

We demonstrate a novel mechanism for the generation of
wind-driven near-inertial waves at topography within hours
of the passage of a storm. These waves are generated by
the rapid dephasing of horizontally propagating full-depth
wave modes induced by a transient wind event, and interac-
tion of the resulting bottom flow with topography to radiate
waves. This generation mechanism is showcased using an
isopycnal model forced by a wind pulse that mimics a
storm. The idealised model setup is carefully constructed
to enable a clean separation of the scattered waves from
surface-generated near-inertial waves and to eliminate any
significant time-mean flow that could generate lee waves.

The perturbation experiments shown in Fig. 7 reveal
that the variation of wave energy fluxes in our experi-
ment is consistent with the existing internal wave theory.
With our control experiment, namely a 1000 m-high, 10 km
wide ridge in a 4000 m deep ocean, with an 80 km wide
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Fig. 7: The energy flux of the wind-driven topographic near-inertial (zonal) waves when varying a) forcing duration; b)
surface forcing wind speed; c) ridge height; d) ridge width. The default values are shown with an ×. The energy flux for
the wind-driven surface-generated near-inertial (meridional) waves is shown in panels a) and b) only, as it is unaffected
by varying the shape of the topography.

(FWHM) category 4 tropical cyclone overhead, the topo-
graphically scattered near-inertial waves have energy fluxes
of 0.13 mW/m2, that is, 7% the energy flux in surface-
generated NIWs in the same experiment. Given that our
simplified storm under-represents surface NIW generation,
we focus on the comparison between the surface-generated
and topographically scattered waves, and consider these
energy flux estimates as a lower bound.

With the most narrow topography that we test, the max-
imum energy flux attained is 0.39 mW/m2, or 18% of the
surface-generated NIWs. However, as such a prominent
ridge or seamount would be uncommon, we consider as a
more typical range, the energy flux ratios from the strength
and duration perturbation experiments (Fig. 7a,b). From
these two experiments, the ratios of the topographically
generated to the directly surface-generated NIW energy
fluxes range from 5% at the longest duration and strongest

storm, to 10% at the shortest and weakest storms. This
range is consistent with the 6% of surface NIW energy
estimated to reach the seafloor in the work by Jouanno
et al. (2016), except that with our proposed mechanism
this energy is communicated rapidly (within 100 hours of
the storm) to the bottom.

Given that the mechanism described in this study relies
on specific and short-lived circumstances, namely a storm
event near prominent topography, it is not expected to be
a major contributor to the internal wave field in a globally
averaged sense. Instead, the mechanism could be impor-
tant for explaining intermittent locally enhanced internal
wave generation at the seafloor and deep-ocean mixing.
Recent studies have identified evidence for unexplained
enhancement of internal wave activity at the seafloor. van
Haren (2020) finds anomalously large bottom near-inertial
oscillations, mixing and deep overturning at 3000 m depth
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1000 km away from a category 4 tropical cyclone. This
bottom signal’s first detection and intensification happened
simultaneously with the approach of the cyclone, pointing
to a rapid (on the order of hours or a few days) communica-
tion of the storm’s energy to the deep ocean. Similarly, in
another observational study, Morozov and Velarde (2008)
show a rapid bottom response coinciding with the arrival
of two cyclones, in addition to the downward propagating
wave-packet which takes two weeks to reach the seafloor
(see Figs. 11 and 12 by Morozov and Velarde (2008)). A
modelling study of storm-induced flows shows enhanced
near-inertial energies at the seafloor within 5 days of the
passage of a storm, several days ahead of the downward
propagating wave packets (see Fig. 9 by Jouanno et al.
(2016)). Jouanno et al. (2016) note that while this bottom
NIW generation is linked to the storm, the associated ener-
gies are two orders of magnitude smaller than the surface-
generated NIWs and were thus not investigated further.
However, our perturbation experiments suggest this ratio
of surface to bottom generated NIW energy flux could be
an order of magnitude larger than was found by Jouanno
et al. (2016), warranting further investigation. We argue
that the mechanism proposed in the study could at least
partly account for these findings in the existing literature,
but further study is needed to clarify the extent to which
this may be the case.

Here, we studied the generation of wind-driven topo-
graphic near-inertial waves in a highly idealised domain
to cleanly separate them from other flow features. An
important next step is to identify the waves in more real-
istic simulations. However, delineating topographic near-
inertial waves from other flow factors is difficult due to
their generation by the dephasing of the vertical modes
of the surface response, which itself includes NIWs of
similar frequencies and spatial scales. Our experiments
were carefully designed to separate the wind-driven to-
pographic near-inertial waves from other flow features as
cleanly as possible. Consequently, this caused the under-
estimation of the near-inertial wave energy imparted by
the storm and limited the scope of our study to simple dy-
namics, topographic features, and surface forcing profiles.
To investigate topographic near-inertial waves in a more
realistic numerical simulation or with observations, these
intricacies of disentangling them from other flow features
will need to be handled carefully. One option could be
to exploit the difference in vertical propagation between
the topographic and wind-generated near-inertial waves.
If a filter were used to separate the upwards and down-
wards propagating signals, perhaps following the spectral
approach employed by Olbers and Eden (2017) or Water-
house et al. (2022), one could identify areas of increased
vertical energy flux beneath storm systems. However, one
would still need to remove the background internal wave
fields, among other oscillatory signals that could obscure

the waves of interest. To obtain a stronger signal, a statisti-
cal approach could be employed, e.g., averaging over many
storm events in several locations above regions of varying
topographic prominence. At each location, measurements
of the bottom mixing could be taken both in the absence
and presence of an overhead storm. Future studies could
employ this approach on high-resolution model output or
observations.

As shown in Fig. 6, the scatter of storm-generated NIWs
at topography can redistribute energy towards higher ver-
tical modes, and smaller horizontal scales. The higher ver-
tical modes visible in Fig. 6b suggests that these scattered
waves may be especially important for abyssal mixing due
to their role in energy downscaling. However, our study
was designed to maximise both wave generation and propa-
gation so that the scattered wave-field was easier to isolate
and study and therefore mechanisms for wave breaking
and dissipation were intentionally either removed or sup-
pressed. Hence we made no attempt to estimate abyssal
mixing generated by this mechanism.

In addition to the spatial downscaling, the scattered
waves tend to higher frequencies, particularly the promi-
nent first harmonic of | 𝑓 |. The reason for this is that the
power spectrum of the bottom velocity from the dephasing
of the incident waves in Fig. 4 contains a 20% stronger
2| 𝑓 | peak than | 𝑓 | (figure not shown), likely because the
higher harmonics dephase more quickly and so are more
prominent in the post-storm bottom velocity. As higher
frequency internal waves exhibit less vertical shear, they
are less prone to breaking, so this could somewhat offset
any increase to mixing attributed to the spatial downscal-
ing. Higher harmonics in the downscaling of near-inertial
waves by eddies was observed in Danioux et al. (2011).
In this study, authors found that the 2| 𝑓 | harmonic domi-
nated | 𝑓 | at depth, stating that the mechanism explaining
this shift in frequency in depth remains unresolved. If the
role of eddies in downscaling these near-inertial waves also
involves the dephasing of vertical modes, then the results
of our study could help to explain these findings.

The results of our idealised study suggest that the scatter
of storm-generated NIWs at topography may contribute to
energy downscaling and in turn deep ocean mixing, but the
exact extent and location of enhanced bottom mixing due
to our proposed mechanism remains an open question. It
remains possible that in more realistic conditions the waves
would immediately break, become trapped, or otherwise
dissipate close to the generation site, which was inten-
tionally avoided in our study to better measure the energy
fluxes. Further study is therefore needed to understand
how these waves would behave in the real ocean. If wind-
forced topographic near-inertial waves are responsible for
energy downscaling and intensified near-bottom mixing,
then one could assess their impact indirectly by measuring
the wavenumber spectra and bottom mixing rates at other
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intersection points of topographic features and storm sys-
tems. This could be done either with existing moorings,
or by analysing model outputs of high resolution ocean
models with more realistic forcing and bathymetry. The
advantage of using high-resolution ocean models is that the
effects of tides could easily be removed, so enhanced inter-
nal wave generation or breaking at the bottom in the pres-
ence of storms could more easily be teased out. It would
also be worthwhile to apply these analysis techniques to the
data of the previously mentioned studies (van Haren 2020;
Morozov and Velarde 2008; Jouanno et al. 2016) which
found evidence for bottom NIW activity immediately after
a storm, to investigate whether this mechanism is indeed
consistent with these observations.

In conclusion, we have studied a novel internal-wave
generation mechanism whereby the rapid dephasing of a
wind-driven internal waves modes results in bottom flow
over topographic features. The energy flux associated
with these wind-driven topographic near-inertial waves
reached 0.2 mWm−2, a value 10% the size of surface-
generated NIWs in the same domain. By separating the
topographic near-inertial waves from other dynamical fea-
tures in our idealised experiments, we found that wave en-
ergy scales in a way consistent with existing internal wave
theory. Further study of topographic near-inertial waves
in ocean observations and realistic models would help us
clarify how these waves might fit into the broader internal
wave spectrum, and our picture of abyssal mixing.
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