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ABSTRACT

When atmospheric storms sweep across the sea surface they excite near-inertial waves (NIWs)
whose frequency sits close to the local Coriolis frequency. By generating shear-driven mix-
ing in the upper ocean, NIWs mediate the storm ocean coupling and, in turn, in uence
climate. Oceanographers have long known that the fate of wind-generated NIWs hinges on
how they interact with the background circulation especially with mesoscale eddies but
observations show that this interaction ranges from negligible to dominant depending on lo-
cation. Those regional contrasts matter. eddy-modi ed NIWs can dramatically reshape the
pattern and intensity of mixing. My thesis uses a mix of theory, observations, and numerical
modelling to better understand the dynamics that governs NIW-mesoscale interactions.

In trying to understand how NIWSs behave in the presence of mesoscale eddies, the work of
theoreticians culminated in the YBJ (Young and Ben-Jelloul) equation which describes the
evolution of NIWSs, including the physics of advection and refraction of NIWs by mesoscale
eddies. | test whether this equation, subject to observations of the wind stress, strati cation
and mesoscale eddy eld, can capture the observed dynamics of NIWs. Simulations of the
YBJ equation can be compared to observations from a mooring array in the North Atlantic.
The simulation reproduces the amplitude, phase, and across-array structure of the waves,
and it reveals strong concentration of NIWs in anticyclones. In contrast, the traditional slab
model lacking mesoscale interaction physics performs poorly. Potential energy budget
diagnostics further show that, in this region, the net NIW eddy energy exchange is small
compared to other terms in the mesoscale energy budget.

Given the utility of the YBJ equation in understanding observations, | next try to understand
theoretically what governs the impact that mesoscale eddies have on NIWs. This analysis
heavily leverages the connection between the YBJ equation and the Schrodinger equation
of quantum mechanics. The key governing parameter in the YBJ equation is the wave dis-
persiveness which quanti es the ratio of wave dispersion to wave refraction. Analytical cal-
culations of the eigenmodes of the YBJ equation show that strongly dispersive waves are
marginally a ected by the eddies. However, eddies strongly imprint onto weakly dispersive
NIWSs. In the weak dispersion limit, the ray-tracing equations emerge from the YBJ equation,
resolving some controversies regarding the applicability of ray-tracing to NIWs.

Finally, | try to understand how these di erent regimes may be distributed throughout the
ocean. Observations from the Global Drifter Program can be used to calculate NIW spectra.
Separating these spectra by vorticity reveals the impact of NIW-mesoscale interactions. NIW
frequency shifts correlate strongly with vorticity, signalling weakly dispersive dynamics.
Only a patch of the North Paci ¢c shows a muted impact of mesoscale eddies. In high energy
regions, such as western boundary currents and the Antarctic Circumpolar Current, NIWs
exhibit a net negative frequency shift a potential sign of strongly dispersive waves. The
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true NIW signal is composed of many wave modes, each with a di erent dispersiveness, and
each contributing to the observations. Idealised simulations of the YBJ equation are able to
replicate the observed spectra from drifters well. The eigenmode approach is also useful in
understanding the underlying physics that results in the observed spectral characteristics.
The drifters con rm that trapping in anticyclones is common, but not universal.
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Chapter 1

INTRODUCTION

Physics has found no straight lines. Instead, the physical universe consists of only waves
undulating back and forth allowing for corrections and balance.

-R. Buckminster Fuller

Humans have long been aware of an inextricable link between the winds and the waves. Over
2000 years ago, in his famous treatise on meteorolbigyeorologica Aristotle hypothe-

sised thatthe winds are the causes of waviealthough science has progressed enormously
since theMeteorologica his depiction of an ocean driven by the winds remains fundamen-
tally correct. Some of Earth's strongest winds can be found over the ocean, where, unbridled
by the constraints of surface friction, they can reach extraordinary speeds. On land we asso-
ciate such winds with destruction, but over the sea they play a di erent role, engendering an
energetic ocean circulation. Indeed, the winds are the ultimate source of the vast majority of
kinetic energy in the oceah The global wind work has been estimated®atTW (Huang,

2004), with variability across a wide range of spatial and temporal scales. While most of
this power ultimately fuels surface waves/turbulerideTW gives rise to internal waves

and the general circulation (Flexas et al., 2019).

Much as a trained opera singer can shatter glass by matching its natural frequency, vari-
ability in the winds excites vigorous internal motions when it resonates with the ocean's
natural (Coriolis) frequencf . A power spectrum of the winds shows nothing remarkable

at this frequency, yet a spectrum of the ocean velocity shows a pdak@awering above

the background of other waves (Figure 1.1). This peak is the hallmark of near-inertial waves
(NIWSs). Ubiquitous throughout the ocean, NIWSs in uence climate on both regional and
global scales. This thesis aims to understand how NIWSs interact with the rest of the turbu-
lent ocean, motivated by a desire to understand the life-cycle of NIWs from generation to
dissipation and the e ects they have along the way.

NIWs are internal waves with a frequency closd tand represent a signi cant fraction of

the high-frequency variability of the ocean. The strongest NIWs can reachilipric ! .

NIWs are circularly polarised, which arises from a balance between inertial and Coriolis
terms in the momentum equation. NIWSs are also associated with strong vertical shear, more
so than other internal waves (see e.g., Pinkel, 2008). By virtue of being wind-generated,

Aristotle almost certainly had no concept of internal waves, which will be the topic of this thesis. We'll
give him a pass.

2A small but non-negligible portion of the ocean's kinetic energy is derived from the lunisolar tides (Wunsch
and Ferrari, 2004).



Figure 1.1: Figure showing the power spectrum of the ocean current velocity (solid blue) compared
to the power spectrum of the wind velocity (dashed green). The black dotted line shows the location
of the Coriolis frequency . Data is taken from the mooring at Ocean Station Papa in the North
Paci ¢ (50:1YN). The data is provided at hourly resolution from 2007 to 2025, and splitidday
segments to calculate the spectra.

NIWs show up as an intermittent signal in observations. These unique features of NIWs
lead to important impacts on the climate but also make them hard to observe.

Previous work has highlighted a myriad of important roles that NIWs play in the global cli-
mate system. The strong vertical shear of NIWs can generate shear instabilities. As a result,
NIWs deepen the mixed-layer, especially in the wake of atmospheric storms (Plueddemann
and Farrar, 2006; Alford, 2020). Improperly representing NIWs in a model can result in
biases in sea-surface temperature, precipitation and atmospheric winds due to biases in the
mixed-layer depth (Jochum et al., 2013). In the Arctic, NIWs have been implicated in the
mixing of heat from the deeper, warmer Atlantic water into the surface (Fer, 2014). Near
30, the diurnal frequency corresponds with the local Coriolis frequency and strong NIWs
can be generated by the diurnal breeze. These strong NIWs and their interactions with cur-
rents have been shown to in uence the ventilation of deeper waters (Qu et al., 2022) and
phytoplankton dynamics (Lucas et al., 2014). NIWs are also an important feature of the
ocean's response to tropical cyclones. The strong winds associated with tropical cyclones
can excite strong NIWs which can then contribute to enhanced vertical mixing (see e.g.,
Gutiérrez Brizuela et al., 2023; Yuan et al., 2024; Lazaneo et al., 2024).

Unfortunately, NIWs are hard to observe and we are consequently lacking a clear global pic-
ture of their dynamics. NIWs have no leading-order signal in sea-surface height (recall that
the primary balance for NIWs does not involve the pressure gradient term) and so NIWs are
invisible to satellite altimetry. Therefore, it remains unclear where or how much energy is
entering and leaving the NIW band in a global sense. We are left withilocdtiu measure-
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ments and modelling to understand the dynamics of NIWs. Therefore, to fully understand
the impacts of NIWs on the global climate we need to fully leverage available observations
and theory to help us understand the propagation and dynamics of NIWSs.

Wind-generated NIWs do not propagate through a quiescent ocean; instead they are forced
into an already turbulent ocean. This ow consists of large-scale, mesoscale, and submeso-
scale motions as well as tides and other internal waves. In the past few decades it has become
clear that interactions with the mesoscale can strongly govern the evolution of NIWs. Obser-
vational studies reveal that the importance of the mesoscale to NIW dynamics likely varies
spatially in the ocean. Some observational studies show NIWs whose evolution is strongly
constrained by the presence of mesoscale eddies (see e.g., Thomas et al., 2020). These stud-
ies highlight the rich dynamics of NIW-mesoscale interactions. A symptom of this inter-
action is that NIWs may become concentrated into regions of anticyclonic vorticity. This
provides an e cient route for NIWs to propagate out of the mixed-lay@r a phenomenon

that has been termed the inertial chimney (Lee and Niiler, 1998) or drainpipe (Asselin and
Young, 2020). Other observational studies show a more muted role of NIW-mesoscale inter-
actions in the evolution of NIWs (see e.g., DAsaro et al., 1995). While these observational
studies are crucial to understanding the dynamics of NIWSs, their interpretation has been
greatly aided by progress in our theoretical understanding of NIW-mesoscale interactions.

Theoretical progress relies on making approximations to the equations of motion. Early stud-
ies of NIWs were based on simple slab mixed-layer models (Pollard and Millard Jr, 1970).
These models retain the inertial, Coriolis and wind-stress terms in the horizontal momen-
tum equations. All of the physics that results in propagation of NIWSs out of the mixed-layer
is then parametrised in the model as a linear decay. This is a drastic simpli cation of NIW
dynamics, yet the slab mixed-layer model remains a popular tool to simulate NIWs given
the practicality of running such models across the entire globe (Alford, 2001). Kunze (1985)
developed a theory that tried to better resolve the physics of the interaction. By assuming the
waves are propagating through a slowly-varying background ow, ray-tracing can be used
to calculate the path of NIW packets through a balanced background eld. To perform ray-
tracing calculations, Kunze (1985) derived a dispersion relation for NIWs in the presence
of a background eld*:
+ N 2K +
2f gm?
where! is the wave frequency) =.U;V/T is the background velocity, = ),V * )yUis
H1e background vorticity\ 2 is the strati cationk = .k;I;m/T is the wavevector, and =
k2 + 12 is the horizontal wavenumber. The ray-tracing approach has come under criticism

! =f+% K U (1.1)

for its spatial-scale separation assumption. In particular, if NIWs are forced by large-scale

3The vertical group velocity of NIWs scales as the horizontal wavenumber squared. Concentration into
anticyclones reduces the lateral scale of the NIWs and hence increases the vertical group velocity.

4The equation shown here is simpli ed by assuming a barotropic mean ow. The full dispersion relation
can be found in Kunze (1985) - Equation 6.
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atmospheric storms, they would be propagating through a quickly varying medium. Young
and Ben-Jelloul (1997, from hereon YBJ) developed a theory to explain NIW propagation
through a mesoscale eddy eld that relies only on the temporal scale separation between
the fast waves and the slowly evolving mesoscale ow. The YBJ equation is an evolution

equation for the NIW eld®:
0 1
3 2 N 2 i
M g M N2 oy
) 2z)t )2z 2f

whereu = .u; /T is the NIW horizontal velocity) ,M = .u+ iv/€f o is the back-rotated

VM, (1.2)

and complexi ed NIW velocityJ.a; b/ = ),a ) b* )b ) ais the Jacobian operator, and

is the mesoscale streamfunction. In this equation, the NIW-mesoscale interaction shows
up in the advection term as well as in the term involving ( 2 . Xie and Vanneste (2015,
from hereon XV) extended the YBJ theory to include the back-reaction of the NIWs on the
mesoscale eddy eld. The XV model predicts that NIW potential energy should be gener-
ated at the expense of mesoscale kinetic energy in a process known as stimulated generation.
The YBJ/XV models represent the most complete theoretical models of NIW-mesoscale in-
teractions that we have. However, they still require input from observations/high-resolution
numerical models to quantify the relative importance of the various physical processes that
they predict. In Chapter 2 of my thesis | use these models to better understand the processes
that govern NIW evolution in the real ocean and how they may manifest themselves in ob-
servations.

The YBJ equation 1.2 is a complicated 3D partial di erential equation. Given that we are
assuming a barotropic background ow, we can obtain a simpli cation by decomposing the
solution into the vertical baroclinic modes. Writing the NIW velocity for a single baroclinic
mode adu,,.x;y;t/;v,,.X; y; t/]g.z/, with g.z/ being the baroclinic mode structure, we can
de ne a back-rotated velocity as = . u,, + iv,, /€ . The YBJ equation then becomes

) . i if 2 .

)—t+J., /+7 *T(Z =0; (1.3)
where is the deformation radius associated with the baroclinic mode. There is one non-
dimensional number associated with this equation known as the wave dispersiveness. If
is the scale of the streamfunction then the wave dispersivéiesst 2_ . It represents
the ratio of the strength of dispersion to the strength of refraction. Thomas et al. (2024a)
argued that di erences in the wave dispersiveness were partially responsible for the di erent
importance of mesoscale eddies to the evolution of NIWs in di erent regions of the ocean. In
Chapter 3 of my thesis, | apply techniques from quantum mechanics to this form of the YBJ
equation to understand how NIWs behave in these di erent regimes. Using this framework,
| will also show how the ray-tracing framework of Kunze (1985) relates to the YBJ equation.

5We again show the equation for a barotropic mean ow. We also set the planetary vorticity grattient
zero. The full equation can be found in Young and Ben-Jelloul (1997) - Equation 4.7.
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Compared to these theoretical models, NIWs in the real ocean display a great deal of com-
plexity. Di erences in the properties of the atmospheric winds and the structure of the mixed
layer in uence the amount and vertical structure of near-inertial energy forced by the winds.
Di erences in the local strati cation and mesoscale eddy eld will in uence the subsequent
propagation and dissipation of NIWs. The variability of NIW dynamics, and in particular
the variability in the interaction between NIWs and mesoscale eddies, has not been well-
mapped at a global scale. Such a mapping is essential to understand the role of NIWs in
the climate system, as many of their impacts depend sensitively on the details of how the
NIWSs evolve, which in turn depends on the characteristics of the NIW-mesoscale interac-
tion. Using data from the Global Drifter Program, Elipot et al. (2010) found evidence that
NIW spectral properties are modulated by mesoscale eddies globally. When averaging over
all drifter observations, they showed that the frequency of the NIW peak is shifte@l iy

close to the ray-tracing prediction of 2. However, such a global mean cannot provide any
information about how the characteristics of the NIW-mesoscale interactions are distributed
throughout the ocean. In Chapter 4 of my thesis, | diagnose NIW spectral charactéristics
and their dependence on the mesoscale eddy eld with global resolution. | show how these
characteristics are expected from the YBJ model and explain the underlying physics that
gives rise to them.

6The stated motivation focuses on understanding the role of NIWs in the climate system. However, this is
also a pure physics question. If we claim to understand the dynamics of NIWs, then we should be able to explain
what sets the di erence in their spectral properties throughout the ocean.



Chapter 2

INTERPRETING OBSERVED INTERACTIONS BETWEEN NEAR-INERTIAL
WAVES AND MESOSCALE EDDIES

This chapter is reproduced from the published article:

Conn, S., Fitzgerald, J., and Callies, J., 2024: Interpreting Observed Interactions between
Near-Inertial Waves and Mesoscale Eddissirnal of Physical Oceanography4 (2), 485-

502, doi:10.1175/JP0O-D-23-013%1American Meteorological Society. Used with permis-
sion.

As a self-contained work, some notation may di er from conventions used elsewhere in this
thesis.

2.1 Abstract

The evolution of wind-generated near-inertial waves (NIWSs) is known to be in uenced by
the mesoscale eddy eld, yet it remains a challenge to disentangle the e ects of this interac-
tion in observations. Here, the model of Young and Ben Jelloul (YBJ), which describes NIW
evolution in the presence of slowly evolving mesoscale eddies, is compared to observations
from a mooring array in the Northeast Atlantic Ocean. The model captures the evolution of
both the observed NIW amplitude and phase much more accurately than a slab mixed layer
model. The YBJ model allows for the identi cation of speci ¢ physical processes that drive
the observed evolution. It reveals that di erences in the NIW amplitude across the mooring
array are caused by the refractive concentration of NIWs into anticyclones. Advection and
wave dispersion also make important contributions to the observed wave evolution. Stim-
ulated generation, a process by which mesoscale kinetic energy acts as a source of NIW
potential energy, is estimated to B@ YW m™ in the region of the mooring array, which is

two orders of magnitude smaller than the global average input to mesoscale kinetic energy
and likely not an important contribution to the mesoscale kinetic energy budget in this re-
gion. Overall, the results show that the YBJ model is a quantitatively useful tool to interpret
observations of NIWs.

2.2 Introduction

Near-inertial waves (NIWSs), internal waves with a frequency close to the inertial freqfiency

are resonantly excited by atmospheric winds exerting a stress on the ocean's surface. It has
long been recognized that these waves can interact with mesoscale eddies and that this inter-
action may be important in the life cycle of wind-generated NIWs. Observational evidence of
NIW mesoscale interactions is accumulating, but interpreting the observed NIW evolution

in the presence of mesoscale eddies remains challenging. Here, we employ the theoretical
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framework of Young and Ben-Jelloul (1997, from hereon YBJ) to identify and interpret such
interactions in mooring observations in the Northeast Atlantic Ocean.

NIWs are associated with a large vertical shear, which can result in shear instabilities and ver-
tical mixing (for a review, see Alford et al., 2016). These shear instabilities are a key mech-
anism by which atmospheric storms can cause the surface mixed layer to deepen. Jochum
et al. (2013) showed that an improved representation of NIWs in a climate model led to a
deepening of the mixed layer on average, which in turn resulted in signi cant changes in sea
surface temperatures, winds, and precipitation.

The amount of NIW shear in the upper ocean, and as a consequence the amount of mixed
layer deepening, depends on both the energy inputinto the NIW band and how rapidly NIWs
propagate to depth. The vertical propagation originally presented a paradox. The vertical
group velocity of NIWs varies as?, where is the horizontal wavenumber. The atmo-
spheric storms that generate NIWs are typic&KL000 kn) in size and generate NIWs

with a similar scale. Estimates of the vertical group velocity based on this horizontal scale
are much too slow to explain the observed decay of NIWs in the mixed layer and propagation
to depth (D'Asaro et al., 1995). A reduction in the horizontal scale of the waves is required
to obtain a group velocity that matches observations. There are two possible mechanisms by
which this is thought to occur: (i) meridional variationsircause an increase in the merid-
ional wavenumber (-refraction; Gill, 1984), or (ii) interactions with the mesoscale circula-

tion can imprint structure onto the wave eld at the scale of mesoscale eddiefréction;

YBJ; Kunze, 1985). The presence of the former alone is enough to cause propagation of
NIWs out of the mixed layer, with the NIW kinetic energy in the mixed layer decaying as
t*3-2 (Moehlis and Smith, 2001). The latter process causes concentration of NIW energy
into anticyclones and subsequent downward propagation in inertial chimneys (Lee and
Niiler, 1998) or drainpipes (Asselin and Young, 2020).

There is a long history of NIW observations framsitu measurements. The Ocean Storms
Experiment (D'Asaro et al., 1995) was a groundbreaking observational campaign to study
the life cycle of wind-generated NIWs. The experiment tracked the response of the sur-
face ocean to strong wind forcing in a region with weak mesoscale eddies. It was found
that -refraction was the dominant process driving the observed evolution of the meridional
wavenumber of the waves. The process a&fraction was found to have much less of an

e ect than expected (DAsaro, 1995), which YBJ argued was due to strong dispersion in
a weak eddy eld. More recently, Thomas et al. (2020) used ship-based observations of
NIWSs in a strong dipole vortex to estimate the rate of change in time of the NIW horizontal
wavenumbers. Here, the expected change in horizontal wavenumbers-fefraction was
consistent with the data. The observations further showed a NIW beam at depth, indicating
that the scale reduction had allowed the NIWs to propagate vertically out of the mixed layer.
Essink et al. (2022) studied typhoon-forced NIWSs in the Kuroshio Current. They observed
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the trapping of NIWSs in a region of anticyclonic vorticity, followed by downward propa-
gation. They also measured the vertical structure of turbulence and showed how this was
in uenced by NIW dynamics. Yu et al. (2022a) investigated the interaction of NIWs and
mesoscale eddies in observational data of NIWs from the Northeast Atlantic (the same data
as we will use below). They showed that regions of elevated NIW kinetic energy are statis-
tically associated with mesoscale anticyclones and that the submesoscale vorticity exerted
little control on the horizontal concentration of NIWs and the subsequent propagation to
depth. These studies, however, often focus on a single physical process (usually refraction)
and many make assumptions about the NIW dynamics that may not be universally justi ed.
Here, we propose that the YBJ model is a general theoretical framework that, when applied
to observations, allows us to understand the multiple physical processes that govern NIW
evolution.

It has also been proposed that NIWs not only react to the presence of mesoscale eddies but
feed back on the eddies and a ect their evolution. Approximately 80the ocean's kinetic

energy exists as mesoscale motions (Ferrari and Wunsch, 2009). The geostrophic constraint
on mesoscale eddies traps energy at large scales, and it is not entirely clear how the energy
input into mesoscale motion is balanced by dissipation (Mdller et al., 2011). A number
of mechanisms by which mesoscale eddies lose energy are known, including dissipation
in bottom boundary layers (e.g., Arbic and Flierl, 2004), the generation of dissipative lee
waves (e.g., Nikurashin et al., 2013), energy loss near western boundaries (e.g., Zhai et al.,
2010), and the top drag arising from the current dependence of the wind stress (e.g., Dewar
and Flierl, 1987; Renault et al., 2016). The extraction of energy from mesoscale eddies by
NIWSs presents another possibility (Xie and Vanneste, 2015; Rocha et al., 2018). Given the
great importance of mesoscale eddies to the transport of heat and carbon (e.g., Jayne and
Marotzke, 2002; Gnanadesikan et al., 2015), even small changes (see discussion in Asselin
and Young, 2020) to the mesoscale eddy eld caused by NIWs may be signi cant to the
impact of the ocean on climate.

To understand the propagation of NIWs and by extension the role they play in upper-ocean
mixing, we need to understand the dynamics governing their evolution. Slab mixed layer
models (Pollard and Millard Jr, 1970, from hereon PM) are a commonly used tool to model
NIW evolution (e.g., DAsaro, 1985; Alford, 2001, 2020; Guan et al., 2014). PM showed
that a slab model can reproduce key features of the NIW evolution observed by moorings.
With the horizontal NIW velocity denoted by; v/T, the PM model can be written as:

X
)u* fv =*ru+ ; (2.1a)
w''m

y
v+ fu =*rv+ ; (2.1b)

w''m

wherer™! is a decay timescale,, is the density of wateH ,,is the mixed layer depth, and
is the wind stress. This model does not explicitly represent any physical processes a ecting
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the evolution of NIWs other than the wind forcing and Coriolis e ect. All other processes
are subsumed in the linear drag, which can be thought of as a parameterization primarily for
the propagation of NIWs out of the mixed layer. Observations indicate that this process is
slow relative to the inertial frequency (e.g., DAsaro et al., 1995), and so we ragtife .

Other than this restrictiom,is a tunable parameter.

Despite its successes in capturing some aspects of the observed NIW signal, the PM model
cannot explain the propagation of NIWs out of the mixed layer. If the NIW eld is initially
uniform, it will remain so. The model captures neitherefraction nor the interaction with
mesoscale eddies.

A more general framework to understand the evolution of NIWs was devised by YBJ by
assuming a time scale separation between the fast waves and the slowly evolving mesoscale
ow. In the YBJ framework, the horizontal NIW velocity is rst complexi ed (written as
u+ iv). Since NIWs have a frequency closeftpit is convenient to write this complexi ed
velocity asu+ iv = € ) ,M .x;y; z; /. The function) ,M describes the slow evolution of
the envelope that modulates the NIW phase and amplitude. The YBJ equation describes how
)M evolves in the presence of prescribed geostrophic mesoscale eddies f Guiare,
the equation reads

iN 2

)zth +J. ;) zzM/+ I_

SECM + )M =)aF (M (22)

where is the geostrophic streamfunctign? = )f + )5 is the horizontal Laplacian oper-
ator, =( 2 isthe geostrophic vorticity\ 2 is the strati cation,F is a forcing term that
represents the momentum ux due to the surface wind stress, amad hyper-di usivity
included for numerical stability (see Section 2.4). In (2.2) and throughout this paper, we
assume the geostrophic ow to be barotropic (i.e.js independent of depth), although
baroclinicity in the geostrophic eddy eld can also be taken into account. Unlike the PM
model, the YBJ equation does not have a tuneable parameter.

The second termin (2.2) represents advection of NIWs by the mesoscale ow. The third term
represents changes in the NIW eld due to dispersion. The presence of the dispersion term
means that an initially localized wave packet will spread out as time progresses. The fourth
term is responsible for the process efefraction. This term sets into motion the imprinting
of mesoscale structure onto an initially horizontally uniform wave eld. Thiefraction
shifts the phase of the NIWs, which we can see by neglecting all other terms in the YBJ
equation: .

JeuM =% ) M: 23)

Assuming a steady vorticity eld yields solutions of the fopp,M = C.x;y;z/€ 112,
Spatial heterogeneities in the mesoscale vorticity will result in spatial heterogeneities in the
NIW phase. The dispersion term in the full YBJ equation (2.2) then acts on these phase
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gradients and uxes energy into anticyclones and out of cyclones. This can be seen from the
YBJ kinetic energy budget (Appendix A):

)K+J.; KI+( Fe+),G¢ = | +dg; (2.4)

whereK is the NIW kinetic energy densitif, andGy are the horizontal and vertical energy
uxes due to dispersion,’ is the energy input by the forcing, ang is the dissipation due
to the hyperviscosity term. The horizontal energy &y can be expressed in terms of
gradients of the phase of M (Rocha et al., 2018):

_NZ2M &

Fx >

( - (2.5)

The spatial heterogeneities that the mesoscale vorticihduces in the NIW phase thus
cause a transfer of NIW energy in the horizontal. Once thigfraction has imprinted the
horizontal structure of eddies onto an initially uniform NIW eld, advection will also act

on the resulting gradients and stir the NIW eld. Dispersion remains important and helps
waves escape straining regions (Rocha et al., 2018). The scale reduction also accelerates
the propagation of NIWs out of the mixed layer. This is represented in the YBJ energy
budget (2.4) through the vertical u,, which requires horizontal gradients in the NIW

eld to produce energy uxes to depth (Appendix A).

The energy input into the NIW band by the winq:s is known as the NIW wind work. The

di erence between the NIW wind work and the NIW kinetic energy that propagates out of
the surface layer is the energy that is available for NIW mixing in the surface ocean. Both
processes therefore in uence the mixed layer depth. There has been extensive e ort to es-
timate the NIW wind work. It can be calculated directly from concurrent observations of
winds and NIW surface currents, but this is possible in a few locations only. Slab models
have been used to obtain global estimates of the NIW wind work (Alford, 2001) but these are
suspected to be overestimates, primarily because these models poorly represent the various
processes that cause NIWSs to leave the mixed layer. This can include the vertical propaga-
tion discussed above, but the employed models often also do not represent dissipation of
NIWSs by conversion to turbulent kinetic energy, which would reduce the projection of the
wind stress onto the waves (Plueddemann and Farrar, 2006; Alford, 2020). High-resolution
ocean models can also be used to estimate the wind work, but here problems can arise from
limitations in the reanalysis data used to force the models. For example, Flexas et al. (2019)
showed that the NIW wind work was poorly represented in a high-resolution ocean model
due to the wind forcing missing variability on scales less than 6 hours and 15 km. The power
input is larger in high-resolution coupled simulations but still substantially lower than ob-
servational estimates from slab models (von Storch and Lischow, 2023).

The mesoscale can act as a source of wave potential energy in a process known as stimulated
generation. In unforced and inviscid YBJ dynamics, the wave kinetic energy is conserved



11

but NIWs can gain or lose potential energy through interactions with the mesoscale. In the
YBJ framework, the domain-integrated potential energy is not conserved (Appendix B):

) &Peé= g+ p+Dp; (2.6)

whereP is the potential energy densityﬁ is the production of potential energy by refrac-

tion, f,\ is the production of potential energy by advection, &dis the potential energy
dissipation by hyperviscosity. The formation of horizontal structure in an initially uniform
NIW causes an increase in NIW potential energy v@aand ’;. In the rst phase of in-
teraction, R dominates as the waves have the mesoscale structure imprinted on them. At
later times, A becomes the most important term. An extension of YBJ describing the cou-
pled evolution of NIWs and a quasi-geostrophic mesoscale eld was derived by Xie and
Vanneste (2015) (see also Wagner and Young, 2016). This extension shows that the refrac-
tive and advective sources of potential energy to the NIWs appear as sinks in the mesoscale
energy budget. This allows us to interprétand é as energy transfers from the mesoscale,
despite the fact that we impose the mesoscale eld in the simulations described below. The-
oretical and numerical studies (Xie and Vanneste, 2015; Rocha et al., 2018; Asselin and
Young, 2020) have investigated the process of stimulated generation, yet its importance in
the real ocean remains poorly constrained.

Several attempts have been made to reconcile available observations with our theoretical un-
derstanding of NIW mesoscale interactions. Work on the NIW mesoscale interaction prior

to YBJ had been based on ray tracing theory, which additionally assumes that the waves have
much shorter spatial scales than the background mesoscale ow (Kunze, 1985). Ray tracing
predicts the NIW frequency to be shifted %y. This prediction, however, applies only in
regions of the ocean where the WKB limit of ray tracing is appropriate. YBJ argued that this
was not the case for the Ocean Storms Experiment, suggesting that the observations were
taken in a region where the waves are instead in the so-called strong-dispersion limit. In
this limit, refraction of the large-scale wave eld is strongly opposed by dispersion, and the
frequency shift is much smaller than predicted by WKB theory. This provides a compelling
potential explanation of D'Asaro's (1995) observation that the NIW frequency shift was at
least ve times smaller thaé during Ocean Storms.

This interpretation of the Ocean Storms Experiment was pursued further by Balmforth et al.
(1998), who ran spin-down simulations of the YBJ equation. NIWs were initialized in the
mixed layer and evolved in the presence of an idealized, barotropic mesoscale eddy eld.
Qualitative comparisons between the simulations and observations showed that YBJ dy-
namics were not inconsistent with the observed time for NIWs to escape the mixed layer.
Balmforth and Young (1999) showed that including the ect improved the agreement

with observations. Because an idealized eddy eld was used, however, no quantitative con-
clusions could be drawn about the ability of YBJ to capture the observed evolution.
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More recently, Asselin and Young (2020) investigated the fate of NIWs as they propagate
into a baroclinic mesoscale eddy eld using numerical simulations of the extended YBJ
system that also accounts for the e ect of the waves on the mesoscale. They observed the
initially horizontally uniform NIWs undergoing scale reduction byrefraction and then
propagate downwards in anticyclones. The vertical wave propagation terminated at depth
due to the decay of the baroclinic vorticity away from the surface. For strong NIWSs, they
also found that the mesoscale eddy eld was weakened due to stimulated generation. While
this work was motivated by observations, it again employed an idealized setup that made
direct comparisons to observations di cult.

In this study, we aim to bridge the gap between theory and observations by using the YBJ
framework to interpret the observed evolution of NIWs in the Northeast Atlantic Ocean.
We use an array of nine moorings to capture some of the mesoscale variations in the NIW
eld. The YBJ framework allows us to attribute the observed NIW evolution to a set of
well-de ned physical processes. We integrate the three-dimensional YBJ equation using
observational inputs for the wind forcing, mesoscale streamfunction, and strati cation, and
we compare these simulations to simpler slab models. We show that the YBJ model o ers
signi cant improvements in modeling NIW evolution, without the need for any tuning. We
use the YBJ energy budgets to provide a dynamical interpretation of spatial and temporal
variations in the NIW eld and quantify the relative importance of the various physical
processes involved. We also provide an estimate for the importance of stimulated generation
in this region.

2.3 Observations

2.3.1 NIW Data

We extract observations of NIWs from data collected for the Ocean Surface Mixing, Ocean
Submesoscale Interaction Study (OSMOSIS; Buckingham et al., 2016). As part of the study,
measurements were taken from nine moorings anchored over the Porcupine Abyssal Plain
in the northeastern part of the Atlantic Ocean from September 2012 to September 2013. The
moorings were all distributed less than 10 km from a central mooring locaté&:6875'N,

*16 :1879E) (Fig. 2.1a,b). In this study, we focus on observations from the central mooring
and the four outermost moorings. Each mooring took measurements of the horizontal veloc-
ity once every ten minutes using an acoustic current meter (ACM). On the central mooring,
there were 13 ACMs spaced nominally between 50 m and 500 m depth. On the outer moor-
ings there were ve ACMs nominally spaced over the same depth range. The deepest ACM
failed on the outer northeast (ONE) mooring, and so measurements are only available to a
depth of 361 m.

The NIW signal is extracted using a Gaussian lter in frequency space. At this latitude,
the near-inertial frequency@0 h') is close to the frequency of the Midal constituent
(0:50 1), and so we choose a lter width which corresponds to 11% o6 exclude the
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