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Natural-color image of Mawar captured by the MODIS instrument on NASA's Aqua satellite
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ABSTRACT. The Philippine Sea in the western Pacific is a region with high meso-
scale eddy kinetic energy that is buffeted by intense typhoons. Such typhoons generate
strong near-inertial waves (NIWs), making this region ideal for studying interactions
between typhoon-driven NIWs and mesoscale eddies. To study such interactions, a
field campaign was conducted in the Philippine Sea that targeted an anticyclonic eddy
after the passage of Super Typhoon Mawar. The study was part of the US Office of
Naval Research Departmental Research Initiative ARCTERX (Island Arc Turbulent
Eddy Regional Exchange). During the campaign, ship and float-based velocity mea-
surements revealed layers of intense vertical shear oscillating at slightly sub-inertial
frequencies in the anticyclone. The shear layers were stronger toward the eddy center
and coincided with patches of elevated turbulence. An idealized numerical simulation
initialized with a symmetric eddy modeled after observations and forced by reanaly-
sis winds was used to study the formation of NIWs by Typhoon Mawar and their inter-
actions with the eddy. The model captured the structure and vertical propagation of the
observed shear layers and demonstrated how the dynamics of the NIWs in the anti-
cyclone are consistent with NIW trapping following the theory of {-refraction. The
simulated shear layers were not as intense as those that were observed and could not
explain the patches of enhanced turbulence. Processes not included in the model, more
specifically the internal tides that are particularly strong in the Philippine Sea, likely
contribute to the discrepancy. Energy exchange between the NIWs and the anticyclone
diagnosed using the model output was weak, suggesting that typhoon-driven NIWs
play a secondary role in the energetics of eddies in the Philippine Sea, or that the ideal-

ized nature of the model limited wave-mean flow energy exchange.

INTRODUCTION

Near-inertial waves (NIWs) are internal
waves with frequencies close to the iner-
tial frequency f = 2Q sin ©, where Q is
Earth’s angular velocity and @ is latitude.
They are widely acknowledged to dom-
inate internal wave Kkinetic energy and
shear spectra in the ocean (Alford and
Whitmont, 2007; Silverthorne and Toole,
2009). Due to their strong vertical shear,
NIWs can facilitate shear instabilities and
vertical mixing (see Alford et al., 2016). It
is thought that energy transported to the
deep by downward-propagating NIWs
contributes substantially to supplying
the energy required for maintaining the
abyssal stratification and the meridio-
nal overturning circulation (Wunsch and
Ferrari, 2004).

In the mid and high latitudes, NIWs
are primarily driven by the passage of
atmospheric fronts, while at the low lat-
itudes tropical cyclones can contrib-
ute significantly to their generation
(e.g., Sanford et al,, 2011; Johnston et al.,
2021; Brizuela et al., 2023b). Atmospheric
fronts in the mid-latitudes are associ-
ated with storms hundreds of kilometers

in length, in contrast to the smaller-scale
structures of tropical cyclones. The differ-
ent scale winds imply that NIWs gener-
ated by tropical cyclones propagate more
rapidly than NIWs driven by mid-latitude
storms, because NIWs with smaller lateral
scales have faster group velocities (Gill,
1984). Having said this, other factors
besides the spatial footprint of the winds
affect the lateral scales of NIWs. In partic-
ular, the interaction of NIWs with meso-
scales eddies can significantly modify the
structures of NIWs and enhance their
propagation through a process known as
(-refraction (Asselin and Young, 2020).
The enhancement of NIW propa-
gation by eddies has been well docu-
mented for NIWs in the mid-latitudes
(see Thomas et al., 2024, in this issue for a
discussion) but this is less true for NIWs
driven by tropical cyclones. There are a
few notable exceptions to this in the liter-
ature. Johnston et al. (2021) observed the
enhancement of NIW propagation out of
a cyclonic filament associated with the
cold wake that was formed by a tropical
cyclone that produced the NIWs them-
selves. In contrast, Essink et al. (2022)

saw evidence of elevated propagation
of tropical-cyclone-driven NIWs in a
pre-existing mesoscale eddy field asso-
ciated with the Kuroshio. In this article,
we report another observational exam-
ple from the Philippine Sea of NIWs that
were excited by a typhoon and radiated
into an anticyclone.

The observations were made as part
of the ARCTERX (Island Arc Turbulent
Eddy Regional Exchange) Departmental
Research Initiative (DRI) funded by the
US Office of Naval Research (ONR). The
overarching goals of the ARCTERX DRI
are to characterize the strength and prop-
erties of the turbulent cascade of kinetic
energy in the Philippine Sea and to under-
stand the processes that control energy
transfers across scales and their seasonal
variability. The Philippine Sea is an ideal
location for studying energy cascades
because it has a strong mesoscale eddy
field with a pronounced seasonal cycle
in eddy kinetic energy that appears to
be influenced by mechanisms that trans-
fer energy between mesoscale eddies and
smaller-scale process (Qiu et al., 2014).
One such mechanism is NIW-eddy inter-
actions (Polzin, 2010; Xie and Vanneste,
2015; Jing et al., 2018; Rocha et al., 2018;
Cusack et al., 2020; Barkan et al., 2024).
Under certain conditions, NIWs can
extract energy from mesoscale eddies,
and it has been speculated that they could
play a significant role in the kinetic energy
budget of the global circulation (Xie and
Vanneste, 2015). In fact, in the Philippine
Sea, the time of year when eddy kinetic
energy decreases coincides with the
typhoon season, suggesting that NIW-
eddy interactions might play a role in
the seasonal demise of mesoscale eddies.
In this article, we study NIW-eddy inter-
actions in the Philippine Sea using obser-
vations from the ARCTERX field cam-
paign conducted in late spring 2023 along
with an idealized numerical simulation.
Our focus is on characterizing the struc-
ture and evolution of NIWs observed
within an anticyclonic system and assess-
ing their impact on mesoscale kinetic
energy during this late-spring period.
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FIELD EXPERIMENT AND

THE TARGET EDDY

In May-June 2023, a collaborative field
campaign, spanning multiple institu-
tions and supported by ONR, was con-
ducted aboard R/V Thomas G. Thompson
to investigate the processes that drive
energy transfers across scales in the
dynamic environment of the Philippine
Sea. Observations were collected from
an array of instruments, including both
autonomous and non-autonomous (ship-
board) profiling instruments, as well as
surface drifters. The expedition focused
on sampling an anticyclonic eddy with
a radius of approximately 150 km that
was hit by Super Typhoon Mawar. The
typhoon originated from an area of low
pressure around 5°N and 149°E that
developed into a tropical depression

on May 20 (Wada, 2023). It intensified
significantly, reaching category 5 and
accelerating in the region near the tar-
get eddy (see the full typhoon track in
online supplementary Figure S1). On
May 26, Super Typhoon Mawar headed in
a west-northwest direction, skirting about
300 km to the south of the targeted eddy.
At this point, it reached its peak transla-
tional speed of 8.7 m s™! before shifting
northward after May 28 (Figure 1a). This
characterizes it as a fast-moving typhoon,
with an ocean response dominated by
NIWs due to the relationship between
its speed and the local group velocity of
the first baroclinic mode (Geisler, 1970;
Nilsson, 1995; Brizuela et al., 2023b)

The passage of a typhoon near the
ARCTERX target eddy presented a prime
opportunity to examine the interaction
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between a mesoscale eddy and storm-
induced inertial oscillations, leading to
the generation of near-inertial waves
(NIWs). This event also allowed us to
observe a downward-propagating NIW
within an anticyclonic mesoscale eddy.

Eddy Sampling

Here, we provide an initial overview of
these observations to contextualize the
observed phenomena and establish the
initial condition for an idealized model
simulation (see later section on Idealized
Simulation of Observed Anticyclone
Forced by Reanalysis Winds).

Initial sampling focused on charac-
terizing the large-scale temperature,
salinity, and velocity structures of the
eddy. Continuous sampling of the upper
~250 m of the water column between its
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FIGURE 1. Overview of sea surface height (SSH) anomaly evolution during the passage of a fast-moving typhoon. (a) Contour
map of the SSH anomaly for June 2, 2023, with solid (dashed) contours representing positive (negative) SSH anomaly val-
ues, and a bold red contour highlighting the location of the analyzed eddy. Colored dots indicate the typhoon track (Gahtan
et al., 2024), with color representing its translation speed. The dates for selected points along the typhoon track are also
shown. (b) EM-APEX float trajectory deployed at the center of the analyzed eddy on May 29, 2023. Portions of the trajectory
are color-coded to correspond with the SSH time evolution depicted in panels (c, Period ), (d, Period ), and (e, Period Ill).
Gray dots represent the trajectory segments after June 22. (c—e) Time series of SSH contours highlighting the evolution of
the surface eddy structure during the indicated periods. The blue-black-red dots in the central portion of the eddy indicate
the initial, final, and intermediate locations of the EM-APEX float for each period.
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southern and northern boundaries using
an RBR Concerto CTD revealed shallow-
ing isopycnals toward the eddy’s periph-
ery. Subsequent west-to-east sampling
utilized a Rockland Scientific VMP250IR
equipped with a JFE Advantech Co.
(JAC) CTD, two FP07 micro-temperature
sensors, and two velocity shear probes
recording at 512 Hz. The rate of turbulent
kinetic energy dissipation, ¢, was calcu-
lated from observed velocity shear vari-

2 . .
ance as £ = 7.5v(2%)", where v is the vis-

u
cosity of seawatzzr. Shear profiles were
split into 1,024-point windows, and inte-
grated variance was computed by spec-
tral integration over the inertial subrange
after removing coherent instrument
vibrations (Goodman et al., 2006; Lueck,
2016). After conducting continuous pro-
filing across the anticyclonic eddy from
south to north and from west to east,
we collected a CTD and Niskin bottle
transect across the eddy while deploy-
ing drifters, profiling floats, and glid-
ers. For this study, we will focus on data
from the EM-APEX float (Figure 2e;
Sanford et al., 2007), a vertically profiling
float that measures profiles of CTD and
horizontal water velocity from motional
induction (Sanford, 1971; Szuts, 2012).
In addition to the first VMP section
mentioned, we conducted several addi-
tional profiling sections while transiting
through the anticyclonic eddy. This study
focuses on the analysis of just one section
(Figure 2a,c).

A total of seven CTD stations were
conducted along the east-west axis of
the eddy using the ship’s rosette, which
was equipped with a Sea-Bird Scientific
SBE911 CTD. This CTD section was
used to calculate the initial conditions
for the idealized model and the strat-
ification used in an analysis of verti-
cal modes, which are discussed in the
next two sections, respectively. At each
station, multiple casts (1,000 m depth)
were performed to collect water sam-
ples (not discussed) and one deep profile
(4,600 m) was performed to character-
ize the temperature and salinity struc-
ture throughout the water column. Two

stations were made outside the eddy—
one to the east and the other to the west
of the anticyclonic eddy—to character-
ize the surrounding water properties.
Throughout the campaign, we used two
vessel-mounted acoustic Doppler cur-
rent profilers (VM-ADCP Teledyne RDI
Ocean Surveyor 75 kHz and Workhorse
300 kHz) that provided velocity measure-
ments through the upper 900 m.

Evolution of the Mesoscale Eddy
The identification and evolution of the
anticyclonic eddy in both space and time
were examined using satellite sea surface
height (SSH) data, from which we derived
estimates for the geostrophic velocity
(4g, v,). Eddy detection was performed
by a combination of SSH, geostrophic rel-
ative vorticity ({, = d,v, — d,u,), and the
Okubo-Weiss parameter

W:Sﬁ+53_ ;: (]-)

where s, = d,u,~ d,v, and s, = 9V, + d,u,
represent the normal and shear compo-
nents of strain, respectively.

The center of the anticyclonic eddy
was identified by the maximum values
of SSH and anticyclonic geostrophic rel-
ative vorticity, approximately 0.2 m and
O(-107)s™!, respectively. The extent
of the eddy was defined by the location
where the Okubo-Weiss parameter was

10 572 which encom-

equal to —1 x 10~
passes regions where vorticity dominates
over strain, and in locations where the
vorticity was negative. Numerous eddies
of both cyclonic and anticyclonic polarity,
also characterized by W < =1 x 1070572,
are observed surrounding the anticy-
clonic eddy (Figure 1). The vorticity and
strain of these surrounding eddies impede
the westward propagation of the anti-
cyclonic eddy through the § effect, result-
ing in more complex dynamics than
those described by a simple 8 drift. This
spatial complexity is further ampli-
fied by the influence of the fast-moving
typhoon. From consecutive SSH fields,
we assessed the horizontal displacement
of the target eddy and tracked the rel-
ative position of the floats trajectory,

which was launched at the eddy’s cen-
ter (Figure 1b—e). Initially, after the
launch of the EM-APEX float, the eddy
propagated northwestward (Figure 1c),
then shifted eastward (Figure 1d), and
then moved southwestward (Figure 1e).
Similar to the target eddy, neighboring
features followed this displacement pat-
tern. In contrast, the float’s trajectory did
not exhibit the same pattern but rather
escaped from the eddys center weeks
after its launch. In contrast, the float’s tra-
jectory did not exhibit the same pattern,
but rather escaped from the eddy’s center
weeks after its launch.

Observational Evidence of NIW
Trapping in the Anticyclone

Here, we focus on the observational evi-
dence of trapped NIWs within the tar-
geted eddy and examine their potential
role in generating turbulence. In travers-
ing the eddy through its center and pro-
filing the velocity field with a VM-ADCP
(Figure 2a-d), we observed the signa-
tures of a baroclinic anticyclone and
strong vertical shear layers in the upper
300 m of the water column. The vertical
shear was strongest in the center of the
eddy, suggestive of a trapped NIW inter-
acting with the mesoscale eddy. The depth
range of higher vertical shear coincides
with a layer of enhanced turbulent dissi-
pation along the 1,023.2 kg m™ isopyc-
nal (Figure 2c), which suggests the NIWs
might drive turbulence (see Thomas and
Zhai, 2022). Velocity profiling from the
ship did not cover a complete wave cycle.
However, an EM-APEX float deployed
near the center of the anticyclonic eddy
(Figure 1c—e) provided data over multiple
inertial periods, revealing a clear signal
of a downward-propagating NIW packet
with upward-propagating phase. This
packet appears to be confined between
100 m and 300 m, coinciding with the
maximum vertical shear measured by
the ADCP (Figure 2d,e). The frequency
of the NIWs is slightly sub-inertial, con-
sistent with NIW trapping in an anti-
cyclone. For example, at z= —100 m, only
~9.5 wave cycles are spanned between
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10 and 20 inertial periods in the shear
time series (Figure 2e), indicating a wave
period that exceeds an inertial period.
The EM-APEX float was deployed
on May 30, five days after the strongest
wind pulse over the anticyclonic eddy
triggered by Typhoon Mawar, repre-
sented here using a wind stress product
from ECMWF reanalysis (Figure 2ef;

Hersbach et al, 2020). Subsequently,
a downward-propagating NIW packet
was identified through the observa-
tion of vertical shear layers exhibiting an
upward phase velocity within the depth
range of 100-300 m. The NIW tempo-
ral shear enhancement in this depth
range is consistent with the hypothe-
sis of NIW trapping by the anticyclonic

eddy, and potential NIW breaking gener-
ating turbulence (Figure 2c). On June 14
(~17 inertial periods after May 20, 2023),
a second wind-driven NIW packet was
observed within the upper 100 m, charac-
terized by vertical shear in the wave sig-
nal, as recorded in the time series data col-
lected by the EM-APEX float (Figure 2e).
This subsequent NIW packet is likely
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FIGURE 2. (a) Mean SSH contours on June 6, 2023, during the acoustic Doppler current profiler (ADCP) section
crossing the eddy center (green track). The blue dot marks the EM-APEX float location on the same day, while the yel-
low line shows the VMP section from June 7. (b) The zonal velocity measured by the ADCP. (c) Turbulent energy dissi-
pation (&) with isopycnal contours. (d) Vertical shear calculated from panel (b)’s velocity data. (e€) A time series in iner-
tial periods of vertical shear of the zonal velocity component from the EM-APEX float, starting on May 20, 2023, with
black contours representing isopycnals and an inverted triangle marking the ADCP section date. (f) The zonal (red)

and meridional (blue) wind stress components, with shaded areas representing standard deviations. Arrows indicate
the two typhoons passing near the eddy.
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associated with the passage of a consecu-
tive typhoon (Typhoon Guchol) through
the region around June 12 (Figure 2f),
which altered the wind field over the
eddy location (see Figure S2). The gener-
ation of this second wave packet is briefly
discussed in others sections of this arti-
cle. However, due to the advection of the
EM-APEX float to the outer periphery of
the anticyclonic eddy (see Figure 1), the
final stages of the second NIW packet
were not fully sampled.

Wind-Driven Inertial Motions:
Slab Mixed-Layer Model

We used a slab mixed layer to quan-
tify the role of the local winds over the
anticyclonic eddy in generating inertial
motions without considering effects of
the background flow. The model solves
the following equations:

dUu Ty

U _yriu= X
dt f+7‘ Po (2)
av I,
W Ufrrve 2, 3
g TV 3)

where U and V are the zonal and merid-
ional components of the volume trans-
port of the wind-driven flow in the
boundary layer, r is a Rayleigh damp-
ing coeflicient with a typical value of
r = 0.1f (Plueddemann and Farrar,
2006), p, = 1,000 kg m™ is a reference
density, and 7, and 7, are the zonal and
meridional components of the wind
stress (Figure 2f).

The slab mixed-layer model predicts
that the strongest transport is associated
with the passage of Typhoon Mawar and
has contributions from both Ekman flow
and inertial oscillations (Figure 3). The
rate of kinetic energy input to inertial
motions (i.e., the wind work)

Ur, +Vr,
I, = ————, (4)

Zmid
where z,,,,;, the climatological mixed-layer
depth for the late spring in the Philippine
Sea from the de Boyer Montégut clima-
tology (de Boyer Montégut et al., 2004),
is also maximal at this time (Figure 3).
In addition, the wind stress driven by the
passage of Typhoon Guchol on June 12
(~16 inertial periods, see Figure 2f) gen-
erates a second inertial wave packet but
with weaker wind work (~16 inertial
periods, Figure 3). Despite the large dif-
ference in intensity of the wind stress
driven by the two consecutive typhoons,
the clockwise-rotary, time-varying winds
of Typhoon Guchol are effective at gen-
erating strong inertial oscillations. The
findings from the slab mixed-layer model
utilized in this study further support the
hypothesis that the NIWs in the targeted
mesoscale eddy were driven by the pas-
sage of typhoons. Specifically, the reanal-
ysis winds integrated into this simpli-
fied model corroborate that the observed
NIWs are linked to atmospheric events,
such as these typhoons. Additionally, the
negative relative vorticity of the meso-
scale eddy prompts the question of

whether the wave signal observed in our
dataset is linked to a trapped NIW driven
by the winds. To address this question,
we conducted an idealized numerical
experiment configured with a single anti-
cyclone modeled after the observed eddy
and forced by the reanalysis winds used
in the slab-mixed-layer.

IDEALIZED SIMULATION OF

AN OBSERVED ANTICYCLONE
FORCED BY REANALYSIS
WINDS

Model Setup

The simulation used in this study is per-
formed with the CROCO (Coastal and
Regional Ocean Community) model
Jullien
et al., 2019). This model solves the prim-
itive equations in terrain-following coor-

(https://www.croco-ocean.org;

dinates in the vertical and Cartesian
coordinates in the horizontal, with a
time-splitting method between the fast
barotropic mode and the slow baro-
clinic modes. The simulation is initial-
ized with an idealized flow consisting of
a three-dimensional axisymmetric, sta-
tionary, and geostrophically balanced
mesoscale eddy, mimicking the charac-
teristics of the anticyclonic eddy on an
f-plane (® = 19.5°N; Figure 4a).

The eddys vertical and horizon-
tal structures are based on density pro-
files from the shipboard CTD transect
across the anticyclonic eddy. We cal-
culate a reference density profile as the
lateral average of density from profiles
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FIGURE 3. Results from a slab mixed-layer model. Time series in terms of inertial periods, starting from May 20, 2023, showing wind
work (black), zonal transport (red), and meridional transport (blue) in the mixed layer, computed using a slab mixed-layer model.
Shaded areas represent the standard deviations. Wind work represents the energy input from surface wind stress driving horizontal

currents within the mixed layer.
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outside the eddy (p,y). From this we
infer a lateral density anomaly (p’), and
then fit a Gaussian function (Equation 6)
to p' to represent an eddy similar to the
anticyclonic eddy. At the mixed-layer
depth, the lateral variation of p’ is not
well described by a Gaussian function.
Instead, we fitted the data to a quadratic
function specific to this depth. Assuming
that the lower density anomaly delineates
the lateral extent of the eddy, we esti-
mated the eddy’s radius (R) by taking half
the distance between the zero crossings
of the quadratic function that accurately
describes the lateral variation of p" at the
base of the mixed layer. Utilizing the
derived radius and the depth-dependent
density amplitude (A(z))

A(2) = ppin(2), )

we model the density field using a
Gaussian

2x?
P2 =A@ - exp (- 22) 19,0 (©)
for all depths.

This process ensures that the mini-
mum lateral density anomaly, p;,,,, in the
center of the baroclinic anticyclone deter-
mines the amplitude of the Gaussian at
each depth. The result is an axisymmet-
ric eddy with a lateral density gradient
and stratification representative of the
observed eddy.

The sea level anomaly () is then esti-
mated assuming that there are no lateral
variations of dynamic pressure @

o) =gn + 5 [pdz, (@)

at the bottom of the numerical domain
(gis the acceleration due to gravity).

We then mapped p and # to the model
grid (500 x 500) with a horizontal spac-
ing of 3 km and a vertical spacing rang-
ing from 1.2 m to 590 m (40 vertical lay-
ers) that is enhanced near the surface.
The initial velocity field was calculated
using the geostrophic balance. The result-
ing velocity and density fields are repre-
sentative of the observed mesoscale eddy

and yield realistic stratification and vor-
ticity fields (Figure 4a).

We
boundary conditions in the horizontal

implemented double-periodic

and used the K-Profile Parameterization
(KPP) scheme (Large et al., 1994) for
vertical mixing. For surface forcing,
we applied a spatially homogeneous
wind stress field derived from ECMWEF
reanalysis winds, averaged over the anti-
cyclonic eddy region (Figure 2f). During
a 25-day spin-up period, the wind stress
was set to zero. The resolution of the
reanalysis winds tends to underestimate
wind strength, which affects the repre-
sentation of convective systems around
intense events like typhoons. The lack of
spatial variability in winds, in particular
the lack of wind-stress curl, implies that
the wind forcing is ineffective at gener-
ating available potential energy on the
scales of the anticyclone. Other forc-
ings, including surface heat flux, fresh-
water flux, and solar radiation, were
set to zero to isolate the role of wind
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FIGURE 4. (a) The Rossby number (color) and the density field (contours) of the idealized, axisymmetric, geostrophically balanced ver-
sion of the observed eddy used for the initial condition. The panel shows a cross section to emphasize the distribution of these quan-
tities within the center of the eddy. (b) A snapshot of the divergence (J) at the base of the mixed layer, scaled by planetary vorticity ( f).
The black horizontal line indicates the area (east-west) of the eddy shown in panel (c). (c) A Hovmdller diagram of the divergence scaled
by planetary vorticity along the east-west axis of the eddy (see panel b). The black vertical line represents the time when the snapshot

in panel (b) was taken.
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forcing in generating NIWs and their
interaction with the mesoscale eddy.
These assumptions allow us to exclude
the sea surface temperature-wind feed-
backs induced by atmospheric layer mix-
ing and focus solely on the dynamics of
wind-driven NIWs.

Development of Small Lateral
Scales in the NIW Field

The winds generate both sub-inertial
currents (i.e., Ekman flow) and iner-
tial motions. The former result in a sub-
inertial translation of the eddy (see sup-
plementary Movie S1). Additionally, the
convergence and divergence of inertial
motions at the base of the mixed layer,
constrained by the eddy’s extension
(Figure 4b,c), initiate the propagation of
NIWs. The resulting wave packets lack
azimuthal symmetry and typically prop-
agate in the azimuthal (clockwise) direc-
tion. Successive wave packets interact,
narrowing divergent filaments embed-
ded within the eddy’s interior (see sup-
plementary Movie S2).

The wind event induced a precessional
motion, altering all components of the
vorticity vector and resulting in a tilted
eddy (e.g., Stern, 1965). For example,
the vertical component of the vorticity
developed a complex pattern character-
ized by intense horizontal gradients and
rolled-up vorticity strips (see Movie S1).
Additionally, divergence develops along
the extension of the eddy at the base of the
mixed layer, triggering the propagation of
NIWs. The evolution of the divergence
results in a complex spiraling pattern
(Figure 4b,c; see Movie S2). Divergence
at the base of mixed layer associated with
inertial motions is referred to as “inertial
pumping” (Gill, 1984). This phenome-
non results in vertical velocities that shift
isopycnals within the thermocline, cre-
ating pressure anomalies that, when cor-
related with the vertical velocity, gen-
erate a vertical energy flux that enables
downward propagation and radiation of
near-inertial energy into the ocean inte-
rior (Thomas and Zhai, 2022).

To efficiently transmit energy into

the ocean interior, inertial motions

must develop smaller lateral scales
and flow divergence; hence, their lat-
eral wavelengths must shrink. This phe-
nomenon can be caused by a process
(-refraction (Asselin and
2020).

(§p = 0, — 9,u;) modifies the effective

known as
Young, Background vorticity
inertial frequency (for = f+ %b) at which
inertial motions oscillate (Kunze, 1985).
Consequently, lateral variations in , can
lead to a dephasing in inertial oscilla-
tions and generate smaller lateral scales
in the wave field, wave refraction, and
downward propagation.

We evaluate the reduction of the
NIW wavelength, quantified using the
evolution of NIW phase (e.g., Thomas
et al,, 2020). We decompose the flow
(u, v, w) = (up, vy, W) + (1, v, w,,) and
density p = p, + p,, into background (-;)
and wave (-,) components by applying
a fourth-order Butterworth filter with a
cutoft of 4.5 inertial periods (2n/f). Then
we computed the wave phase ¢,, by taking
a mixed layer depth-average () of the
wave component of velocity and calcu-
lating its direction (¢,, = arctan(v,,*/1,,%))
following Thomas et al. (2020). After the
strongest winds of Typhoon Mawar, the
mixed-layer wave velocity has a simi-
lar phase and amplitude across the eddy
(Figure 5a,b). Subsequently, the veloc-
ity, and consequently the wave phase,
begins to evolve at different rates across
the eddy (Figure 5b). Fitting a line to
the time series of the wave phase at the
center of the eddy (where the vorticity
is lowest), yields a rate of 0.95f, while at
the rim of the eddy it is 0.99f. The sub-
inertial frequency of 0.95f in the center
of the simulated anticyclone is similar
to what was inferred from the observed
shear measured by the EM-APEX float
(e.g., Figure 2e). While in the absence
of a background current inertial oscilla-
tions oscillate at £, in a current with ver-
tical vorticity the inertial frequency is
shifted following f,, which is consistent
with this behavior. The dephasing of the
wave at the two locations becomes clear
after a few inertial periods and results in

an increase in wavenumber K, (decrease
in wavelength \), quantified as

Ag,,
Ky =~ ®)
\ = 21/K,, )

where A¢,, is the difference in phase
between the two locations in the eddy
and AS is the distance in between the
two locations. Initially, A is larger than
1,000 km. Then, after three inertial peri-
ods, it has dropped to ~100 km, a scale
that is less than the diameter of the eddy
(Figure 5c¢).

Trapping of the NIW in

the Anticyclone

In the previous section, we showed how
the idealized model simulates the reduc-
tion in NIW lateral scale induced by the
vorticity field, which is necessary for
downward propagation. Here we show
how the model can capture the observed
wave phase and group velocity, thus
building confidence that it can be used
to elucidate the physics of the observed
NIW trapping in the eddy.

Our simulation, even with its high
degree of idealism, successfully repro-
duced the observed NIW vertical phase
speed, as illustrated in Figure 6a. The
model qualitatively captured the tempo-
ral evolution and vertical structure of the
vertical shear measured by the EM-APEX
float at the beginning of the record, while
the float remained near the eddy cen-
ter (approximately until June 23, corre-
sponding to about 23 inertial periods
in the simulation). Both observations
and the simulation revealed the down-
ward propagation of two NIW packets
with similar shear layers with upward-
propagating wave phase. The EM-APEX
observations did not capture the sur-
face signature of the first packet because
the float was deployed after this phase.
However, the subsequent subsurface
shear enhancement is visible in the obser-
vations and simulations. The subsurface
enhancement associated with the first
NIW packet occurs after June 6 (approx-
imately 11 inertial periods) at a depth of
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100 m, while the second packet begins
at the surface on June 14 (approximately
17 inertial periods) (Figures 2 and 6).
Discrepancies between the observed and
simulated shear seen in Figure 6a could
be attributed to the different frames of
reference (i.e., a fixed Eularian frame
at the eddy center for the simulation
and a quasi-Lagrangian frame for the
float). Furthermore, the advection of the
EM-APEX float out of the eddy follow-
ing a turn in its trajectory (Figure 2c)
could also contribute to the differences.
However, during the period when the
float remained within the eddy’s cen-
ter, when its observed velocities dis-
played a distinct and intense signal of a
trapped NIW, the simulation demon-
strated strong agreement. These findings
suggest that the NIWs are locally gener-
ated by winds and subsequently trapped
by the mesoscale eddy, thereby channel-
ing inertial energy toward the interior
ocean. As the NIW propagates toward
the core of the eddy and approaches the

depth where its frequency equals f.;, it
can become trapped in a critical layer due
to an increase in the effective Coriolis fre-
quency with depth (Kunze et al., 1995),
as observed in the simulation between
50 and 300 m (e.g., Figure 6d). This
entrapment could potentially cause the
waves to break, generating turbulence.
Shear instabilities are a likely source
of turbulence that might explain the
field
(Figure 2c). In theory, shear instabil-

observed  patchy dissipation

ity occurs when the Richardson number,
Ri, the ratio of the buoyancy frequency
to shear, squared, drops below a quarter
(Miles, 1961). While our simulations show
that the NIWs drive an increase in verti-
cal shear within the eddy interior, their
strength is insufficient to lower Ri below a
quarter (Figure S3). More specifically, Ri
is larger than 10 in the core of the eddy,
where anticyclonic vorticity and verti-
cal shear are maximized within the intra-
thermocline region (~130 m; Figure 6).

Thus, the NIWSs in the simulations cannot

directly explain the layers of enhanced
turbulence that were observed. This could
be because the model lacks sufficient ver-
tical resolution to fully capture the physics
of NIW trapping in critical layers. In addi-
tion, the model is not forced by tides. The
western Pacific is a region of intense inter-
nal tides (Rainville et al., 2013), and wave-
wave interactions between NIWs and the
tides and between the internal tides them-
selves might explain the observed layers
of enhanced dissipation. However, this
physics is missing in the model because
our aim is to isolate the effect of wind-
driven NIWs so we have excluded the
internal tides.

Eddy-Wave Energy Exchange
Disentangling energy exchanges associ-
ated with wave-eddy interactions is chal-
lenging. Here, we provide a first glimpse
of such interactions by analyzing the
kinetic energy of the balanced flow

(10)
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FIGURE 5. (a) The temporal variation of the simulated inertial motion component integrated over the mixed layer (,,°) at the cen-
ter (blue) and rim (red) of the eddy. The gray hatched area highlights the onset of phase differences between the inertial motion
across the eddy due to (-refraction. (b) Quantification of the phase differences using the angle of the inertial motion velocities
(¢,, = arctan(v,“/i,,%)), which decreases over time at slightly different rates. Fitting a line to this angle (solid lines) yields frequen-
cies of 0.95fand 0.99f at the center and rim of the eddy, respectively. (c) The evolution of the wavenumber and wavelength eval-
uated using the difference in wave phase between the two target locations during this period.

OCEﬂHOjVﬂ/U/I)/ | Early Online Release



and NIWs

2 2
u, + v,
—_— 11

> (11)

and the kinetic energy conversion (KEC)

KE, =

between these two pools of energy. KEC is
given by the sum of horizontal (HSP) and
vertical (VSP) shear production terms

HSP = — iy 0% gy O
ox oy
(12)
T
wrw ax wYw ay >
ouy oy
VSP= uv,,wwﬂ Vi Wy ﬂ, (13)
0z 0z

where the overbar represents a roll-
ing time-average with a window of
4.5 inertial periods, the same used in the
flow decomposition. The sum of these

components shows the energy conver-
sion toward wave kinetic energy when
KEC > 0, and toward balanced kinetic
energy, KEC < 0.
Based on the
tion detailed in the above section on

flow decomposi-

Development of Small Lateral Scales in
the NIW field, the kinetic energy of the
simulated eddy (KE,) is influenced by the
passage of simulated atmospheric sys-
tems. However, this disturbance is con-
fined to the mixed layer and thus rep-
resents a sub-inertial, Ekman response.
The temporal variation of KE, in the inte-
rior ocean is minimally affected. This
finding indicates that the energy bud-
get of the axisymmetric balanced eddy
imposed in the idealized simulation
is only weakly impacted by local wind

disturbances through an Ekman response
(Figure S4). Figure 7 illustrates the tem-
poral and depth dependence of the NIW-
eddy interaction by showing the KEC
laterally integrated across the numer-
ical domain. It is dominated by verti-
cal shear production, which is at least an
order of magnitude larger than horizontal
shear production (Figure S5). The posi-
tive sign of the laterally integrated KEC at
depth indicates that the eddy loses kinetic
energy to the wave beneath the mixed
layer (Figure 7a).

Integrating the KEC with depth over
the upper 300 m where it is strongest
(and multiplying by the reference den-
sity p, to put it in units of W m™2) reveals
that the KEC is most intense at the edges
of the anticyclone where its vertical shear
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FIGURE 6. All panels depict vertical shear in different formats: Hovmaller diagrams, horizontal or vertical sections. (a) A Hovmoller
diagram of the measured vertical shear (color) from the EM-APEX float (see Figure 2e), overlaid with contours of simulated vertical
shear, illustrating phase propagation similarity between the observed and simulated shear layers. (b) The simulated vertical shear at
the eddy center (color) as a Hovmadller diagram, with contours of Richardson number (Ri = 35 and Ri = 55). The magenta line marks
the depth and time of the snapshots in panels (c) and (d). (c) A horizontal section at z=-131 m of the simulated vertical shear at =15
inertial periods, with black contours showing Ri, and the green contour indicating where f,,,= 0.95f. The magenta line denotes the
location of the vertical section in panel (d). (d) The vertical shear along a cross section through the eddy center, as indicated by the
magenta line in panel (c), with contours of Ri and the green line marking f, = 0.95f.
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is largest, consistent with the dominance
of VSP over HSP in wave-driven energy
exchange (Figure 7b). The maximum
value of the depth-integrated KEC is less
than 0.5 mW m™2 To put this value in per-
spective, the release of available potential
energy that fuels mesoscale eddies inte-
grated over the global ocean is of order
1 TW (Wunsch and Ferrari, 2004) that,
when divided by the area of the ocean,
corresponds to 3 mW m™2 This suggests
that the extraction of mesoscale eddy
kinetic energy by typhoon-induced NIWs
is relatively weak and is likely of second-
ary importance to the kinetic energy bud-
get of eddies in the Philippine Sea. While
NIW-eddy energy exchanges are gener-
ally weak, some caveats are warranted.
Specifically, the eddy used in our simu-
lation is circular and strain-free, which
may reduce its effectiveness in facilitating
wave-mean flow energy exchange.

ASSESSING THE INFLUENCE
OF VORTICITY ON THE NIWS
IN THE ANTICYCLONE

It is clear from both the observations and
the numerical simulation that the vortic-
ity of the observed mesoscale eddy modi-
fies the properties of the NIWs driven by
Typhoon Mawar. However, this was not
necessarily a given because not all meso-
scale eddies strongly affect the structure

and propagation of NIWs. Other factors
besides vorticity, namely stratification
and the vertical structure of the waves,
influence the degree to which eddies
modify NIWs. For example, Thomas et al.
(2024, in this issue) showed that eddies in
the eastern North Pacific are less likely
to influence the behavior of NIWs than
vortices in the North Atlantic because of
the higher stratification and larger ver-
tical scales of the NIWs in the eastern
North Pacific. The degree to which NIWs
are affected by a mesoscale eddy can be
assessed by decomposing the NIW veloc-
ity field into vertical modes, and calculat-
ing the dispersivity, a non-dimensional
parameter defined as

(cn)?

f I//eddy

where ¢, is the horizontal phase speed of

(14)

the n" vertical mode, and Vedqy MeAsUres
the strength of the geostrophic stream
function of the eddy in question (for
a derivation of this result, see Thomas
et al., 2024, in this issue). Specifically,
vertical modes with dispersivities that
are less than one (greater than one) are
strongly (weakly) affected by the vortic-
ity of an eddy. Vertical modes were cal-
culated using a stratification profile based
on a deep CTD cast taken near the anti-
cyclonic eddy during the ARCTERX

field campaign (Figure 8a,b). We subse-
quently applied the modal decomposi-
tion method to a velocity profile from our
idealized simulation (Figure 8c) to esti-
mate the wave phase speed (Figure 8d)
and dispersivity (Figure 8e) for each ver-
tical mode shortly after the wind pulse
from Typhoon Mawar, as NIWs began
to propagate. The resulting phase speeds
of the modes (c,, Figure 8d) and a scal-
ing for the geostrophic stream function
Veady = (&/f WMmax (Where 1,,,, is a scaling
for the SSH anomaly in the anticyclonic
eddy) were used to estimate the disper-
sivity. Modes with mode number greater
than three have dispersivities below one,
indicating that these modes should be sig-
nificantly affected by the vorticity of the
anticyclonic eddy (Figure 8e). Typhoon
Mawar injected a considerable amount
of energy into these higher modes, as
assessed by decomposing an NIW veloc-
ity profile from the idealized simulation
evaluated shortly after the passage of the
typhoon into vertical modes (Figure 8c).
Namely, the decomposition reveals that
modes with a mode number even as high
as 10 contain a significant fraction of
energy (e.g., Figure 8d). The implication
is that modes that are affected by the vor-
ticity of the anticyclone we observed in
the Philippine Sea explain a large amount
of the variance in the NIW field; thus, it
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FIGURE 7. (a) Lateral integration of kinetic energy conversion (HSP + VSP), where blue shading indicates the conversion of near-inertial kinetic energy
to balanced kinetic energy, and red shading shows the reverse process. (b) Depth-integrated kinetic energy conversion over the upper 300 m, with
the same color scheme as panel (a). Contours represent the squared vertical shear (du,/dz)* + (9v,/02)?, with yellow contours highlighting areas of

maximum shear.
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is not surprising that the NIWs that we
measured were clearly modified by the
eddy. This is in contrast to NIWs in the
eastern North Pacific that are dominated
by low modes that do not “feel” the vor-
ticity. Instead, the NIWs observed here
in the Philippine Sea are more similar
to the high-mode NIWSs observed in the
North Atlantic that are strongly shaped
by (-refraction (e.g., Thomas et al., 2024,
in this issue).

DISCUSSION AND

FINAL REMARKS

The ARCTERKX field campaign occurred
in late spring 2023 in the Philippine
Sea, a period characterized by maxi-
mum mesoscale kinetic energy and min-
imal submesoscale activity due to the
shallow mixed layers (Qiu et al., 2014).
Typhoon Mawar, the first typhoon of
2023, reached Category 5 intensity as it
approached the ARCTERX target meso-
scale anticyclone (Figure 1). It traveled as

a fast-moving system, with a translational
speed exceeding the local group velocity
(Uyphoon!€q > 1), indicating an oscillatory
ocean response (Geisler, 1970; Nilsson,
1995; Brizuela et al., 2023b).

An array of instruments was deployed
within this eddy a few days after the
typhoon’s passage. An EM-APEX float
placed at the eddys center revealed
strong vertical shear oscillating at a
slightly
upward phase propagation (Figure 2e).
A transect of vertical shear across the

sub-inertial frequency with

anticyclone suggested that the shear was
most intense in the center of the eddy
(Figure 2d). These observations are con-
sistent with a downward-propagating
NIW trapped in the anticyclone follow-
ing dynamics in line with the theory of
(-refraction (Asselin and Young, 2020).
Using  hydrography  from  the
ARCTERX field campaign, we con-
structed an idealized, axially symmetric,
geostrophically balanced version of the

observed eddy (Figure 4a) in order to
form the initial condition for a numeri-
cal simulation used to study the NIWs
generated by Typhoon Mawar and their
interactions with the anticyclone. We
forced the idealized model with reanal-
ysis winds (Figure 2f) to capture a spa-
tially smoothed version of the typhoons’
winds. However, the winds used in the
simulation were spatially uniform, unlike
the observations. The lack of wind-stress
curl prevents the winds forcing the model
from directly modifying the available
potential energy on the scales of the anti-
cyclone. Having said this, the main objec-
tive of the simulation was to study the
dynamics of the NIWs generated by the
passage of the typhoon, not the direct
modification of the balanced eddy by the
winds. The length scale of atmospheric
systems in the region are typically much
larger and faster than the ARCTERX
eddy (e.g., Wada, 2023), suggesting that
spatially uniform winds should be able to
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capture the key physics of the observed
NIWs. Indeed, our idealized simulation
was able to qualitatively reproduce the
generation, downward propagation, and
amplification of NIWs trapped in the
anticyclonic eddy seen the observations
(Figure 6a,b).

The ARCTERX
unravel the annual variation in mesoscale

initiative aims to

eddy kinetic energy in the Philippine
Sea, which peaks in late spring and has
a minimum at the beginning of the year
when submesoscale instabilities tend to
strengthen in the subtropics (Qiu et al,
2014). While the increasing mesoscale
eddy kinetic energy has been associ-
ated with an inverse energy cascade due
to submesoscale baroclinic instabilities
in the mixed layer, the mesoscale eddy
kinetic energy decay is not well under-
stood. In addition to this seasonal vari-
ation in the oceanic flow, this region is
regularly affected by typhoons, which
are most frequently observed during late
summer and fall (D’Asaro et al., 2011)
when the kinetic energy of mesoscale
eddies decays. Storms such as tropical
cyclones and typhoons trigger NIW's that
interact with mesoscale eddies and affect
ocean mixing (e.g., D’Asaro, 1985; Essink
etal., 2022). However, the net effect NIWs
have on the energetics of mesoscale
eddies is not yet well known. The the-
ory of Xie and Vanneste (2015) predicts
that NIWs extract energy from the bal-
anced flow and suggests that this mech-
anism could significantly remove kinetic
energy from mesoscale motions, helping
to close the global kinetic energy bud-
get of the circulation. Given the impor-
tance of understanding mesoscale energy
decay, we present a simplified version of
the problem that isolates the impact of
strong, episodic atmospheric systems,
such as typhoons, on a quasi-realistic
mesoscale eddy. Although we used an
idealized eddy, we preserved the key fea-
tures of a typical eddy in the Philippine
Sea during typhoon season.

Our
axisymmetric, geostrophically balanced

numerical simulation of an

eddy suggests, however, that the exchange
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of kinetic energy between such an ideal-
ized mesoscale eddy and NIWs is weak
(see Figures S5 and 7). This implies that
other mechanisms are likely responsi-
ble for the observed seasonal decline in
mesoscale eddy kinetic energy during the
latter half of the year in the Philippine Sea.
NIW-eddy energy exchanges appear weak,
potentially due to the circular, strain-free
structure of the simulated eddy, which
may limit wave-mean flow interactions.
Additionally, the seasonal drop in meso-
scale EKE during typhoon season may
result from reduced inverse cascade con-
tributions from submesoscale instabili-
ties, allowing other dissipative processes,
like internal tide-eddy interactions, to
dominate. A central finding of this study is
our ability to capture and explain the pri-
mary dynamics of NIWs using a straight-
forward, idealized simulation driven by
spatially uniform winds. The success-
ful reproduction of the NIWs' vertical
structure, phase relationships, and ver-
tical propagation within the anticyclone
(Figure 6) provides evidence of this.

It is clear from the observations and
our idealized simulation that typhoon-
induced NIWs enhance the vertical shear
in the thermocline. Microstructure mea-
surements show that turbulent dissipa-
tion can be elevated in these regions of
enhanced shear (Figure 2c). While the
NIW shear in the idealized simulations
is not strong enough to significantly
enhance mixing, it does follow a pat-
tern of amplification with depth, consis-
tent with the observations that are sug-
gestive of NIW trapping in a critical layer
(Figure 6a,b). That said, the processes
absent in this idealized simulation, such
as internal tides and their interaction with
NIWs, may contribute to enhanced mix-
ing in the thermocline. Mixing associated
with tropical-cyclone-driven NIWs has
been posited to play an important role in
fluxing heat into the thermocline, where
it can be transported to higher latitudes
by the circulation and affect climate, as
described by Brizuela et al. (2023a), who
saw compelling evidence of this pro-
cess in the Philippine Sea after passage

of typhoons. As we highlight in this arti-
cle, the interaction of typhoon-induced
NIWs with anticyclones enhances the
downward-propagation of NIWs into the
thermocline (Figure 5) and can generate
conditions favorable for wave breaking
and mixing. This suggests that mesoscale
eddies in the western Pacific could play
an important role in heating the thermo-
cline by funneling NIW energy out of the
mixed layer and into the thermocline.

SUPPLEMENTARY MATERIALS
Figures S1-S5 and Movies S1-S2 are available online
at https://doi.org/10.5670/oceanog.2024.308.
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