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Observed Structure of an Internal Tide Beam Over the
Mid-Atlantic Ridge
Clément Vic!  and Bruno Ferron!

'University of Brest, CNRS, Ifremer, IRD, Laboratoire d’Océanographie Physique et Spatiale (LOPS), IUEM, Plouzané,
France

Abstract Internal tides are key players in ocean dynamics above mid-ocean ridges. The generation and
propagation of internal tides over the Mid-Atlantic Ridge (MAR) have been studied through theoretical and
numerical models, as well as through moored, that is, one-dimensional, observations. Yet, observations
remain sparse and often restricted to the vertical direction. Here we report on the first two-dimensional in
situ observation of an internal tide beam sampled by a shipboard acoustic Doppler current profiler through a
vertical section over the MAR. The beam is generated by the interaction of the barotropic tidal current with
a supercritical abyssal hill that sits in the rift valley of the MAR. A vertical mode decomposition is carried
out to characterize the spatio-temporal variability of the beam. Although the modal content of the velocity
field is dominated by modes 1 to 3, higher modes display localized and not persistent bursts of energy. The
use of an analytical theory for linear internal waves allows us to rationalize the observed velocity field and
interpret it as the superposition of modal waves generated on the hill and propagating in the same direction.
The observed beam is qualitatively reconstructed as the superposition of waves of modes 2 to 6. The velocity
field was sampled seven times across the same section and displayed qualitatively different patterns, unveiling
the complexity of the dynamics above the MAR. A ray tracing of modal waves shows that the refraction by
mesoscale currents could explain the observed variability of the tidal beam.

Plain Language Summary In the stratified ocean, the interaction of tidal currents with the
seafloor topography generates waves that propagate along and across density layers. Those waves, called
internal tides, play important roles in the equilibrium of the ocean. Yet, their fine-scale observations are
sparse and uncertainties remain on their lifecycle. Using a shipboard current profiler through a section over
the Mid-Atlantic Ridge, we sampled a clear signal of an internal tide beam, a structure whose existence has
been unveiled by theories and models but never observed on the Mid-Atlantic Ridge. We use a simple linear
theory to characterize the beam and rationalize the observed velocity field, which can be interpreted as the
superposition of many waves with distinct spatial structures.

1. Introduction

The interaction of an oscillating flow with topographic structures in a stratified medium generates internal waves.
In the stratified ocean, tidal currents interact with the seafloor topography to generate internal waves at tidal
frequencies, or internal tides. Internal tides can propagate thousands of kilometers away from their generation
sites and they populate the oceans almost ubiquitously (Alford, 2003). Consequently, they have a signature on
a vast majority of in situ measurements, at the surface and in the deepest layers (e.g., Johnson et al., 2022; Yu
etal., 2019). Internal tides (and internal waves in general) have been investigated for two reasons that were hinted
in a seminal review paper (Garrett & Munk, 1979). First, they need to be accurately described to be removed from
raw observations in order to isolate the slowly varying state of the ocean. Second, they play a crucial role in the
irreversible mixing of water masses. The first point has recently received a regained interest in the context of new
satellite missions that unveil the ocean surface topography at unprecedented resolution (Le Guillou et al., 2021;
Morrow et al., 2019). The second point has since been confirmed (St. Laurent & Garrett, 2002) and the commu-
nity now has a clearer view on the lifecycle of internal tides (e.g., reviewed in Whalen et al., 2020; Musgrave
et al., 2022), on their global characteristics and interactions within the internal wave continuum (Le Boyer &
Alford, 2021; Pollmann, 2020), on the geography of their induced mixing (de Lavergne et al., 2019, 2020) and
how this mixing impacts the circulation (e.g., reviewed in de Lavergne et al. (2022)).
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Theories for the generation of internal tides in the deep ocean, or barotropic-to-baroclinic energy conversion,
are linear and resort to a strong assumption: the slope of internal wave rays must be larger than the slope of the
seafloor topography (Garrett & Kunze, 2007). The seafloor slope is then termed subcritical and linear theories
describe the generated internal tide field as the superposition of waves with distinct vertical structures, or vertical
modes, whose shapes are determined by the profile of the buoyancy frequency N2. Each mode is associated with a
horizontal wavelength, also depending on N2, the Coriolis frequency fand the tidal frequency w. Energy distribu-
tion throughout the modes depends on the variance of the seafloor topography in each corresponding wavelength
(Falahat, Nycander, Roquet, & Zarroug, 2014; St Laurent & Nash, 2004; Vic et al., 2019). If the seafloor topog-
raphy approaches criticality or becomes supercritical (i.e., its slope is equal to or larger than the slope of internal
wave rays), linear theories are not strictly valid and the structure of internal tides is qualitatively different, with
energy focusing in beams (Balmforth et al., 2002; Legg & Huijts, 2006). Nonetheless, internal tide beams can
also be interpreted as the superposition of many vertical modes (Gerkema, 2001).

The seafloor topography of the Mid-Atlantic Ridge (MAR) is mostly subcritical for semidiurnal tides, and
linear theories predict quantitatively well the barotropic-to-baroclinic energy conversion compared to moored
observations of energy fluxes (St Laurent & Nash, 2004; Vic, Naveira Garabato, et al., 2018), and results from
primitive-equation (hence non linear) regional and global models (Buijsman et al., 2020; Lahaye et al., 2020;
Zilberman et al., 2009). However, those models use seafloor topographies that do not, or partially, resolve the
~10-km scales typical of abyssal hills, which populate slow-spreading mid-ocean ridges (Goff, 2010; Goff &
Arbic, 2010) and often feature supercritical slopes (Melet et al., 2013). Taking into account those hills can lead to
an increase in the portion of supercritical slopes to 15%, locally (Melet et al., 2013). Hence, we can theoretically
expect internal tides to be generated in the form of beams on the MAR. To our knowledge, despite some evidence
for the generation of internal tide beams over the MAR from one modelling study (Zilberman et al., 2009, see
their Figure 7), no in situ observation of such beams has been reported. Note that, in general, in situ observations
of internal tide beams remain sparse as they need closely spaced measurements (e.g., Cole et al., 2009; Lien &
Gregg, 2001; Pichon et al., 2013).

Here, we report on an observed internal tide beam generated by an abyssal hill in the rift valley of the MAR. The
beam is sampled by a Shipboard Acoustic Doppler Current Profiler (SADCP) that measures the horizontal veloc-
ity field through a section that crosses the main axis of an abyssal hill. We use a linear theory for internal wave
propagation that allows us to reconstruct the observed pattern of the beam. The paper is organized as follows.
Section 2 presents the context of the data collection and the datasets used in the study. Section 3 introduces the
methods and Section 4 presents the results. These are discussed in Section 5 and summarized in Section 6.

2. Context and Data
2.1. The MoMARSAT 2022 Cruise

Data were collected by R/V Pourquoi Pas ? during the MOMARSAT cruise on 6-27 June 2022 (Sarradin &
Matabos, 2022). The MOMARSAT cruise series provides annual maintenance for the European Multidisciplinary
Seafloor and water column Observatory (EMSO) Azores observatory on the Lucky Strike hydrothermal field
(Cannat & Sarradin, 2010; Matabos et al., 2022). This seafloor observatory has been operated since 2010 and
aims to acquire long time series on hydrothermal and geophysical processes and ecosystems of an active hydro-
thermal field on the MAR (Figures 1a and 1b).

Most of the ship time was dedicated to servicing the seafloor observatory but during the crew's off-duty time
slots (6-8 hr long) we sailed on the section shown in Figure 1b to measure the fine-scale variability of horizontal
currents with the SADCP. High-resolution regional models have recently unveiled complex structures of currents
in the rift valley of the MAR, featuring density currents, submesoscale processes and internal waves, altogether
impacting the dispersal of geochemical material emitted at vent sites (Lahaye et al., 2019; Tagliabue et al., 2022;
Vic, Gula, et al., 2018). Yet the rich modelled phenomenology remains to be confirmed by observations from
process-oriented cruises, which remain sparse (e.g., Thurnherr et al., 2002; Tippenhauer et al., 2015; Walter
et al., 2010). To choose the section with the highest interest, we examined the multibeam bathymetry around
Lucky Strike to identify a section that would cross a potential site of strong internal tide generation and could be
sailed back and forth in 68 hr. The abyssal hill whose main axis is shown by the white dashed line in Figure 1b
appeared to be a strong candidate for energetic internal tide generation as its slope reaches 15% and it qualified
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Figure 1. (a) Location of the Lucky Strike hydrothermal vent in the North Atlantic as shown by the yellow star. Bathymetry
from a coarsened version of original ETOPO2v2 (W. H. F. Smith & Sandwell, 1997) is shown in gray, with a shade interval
of 1,000 m. (b) Multi-beam bathymetry in the rift valley of the Mid-Atlantic Ridge sector around Lucky Strike (yellow star).
White areas represent unsampled regions. The red line represents the nominal ship track along which Shipboard Acoustic
Doppler Current Profiler (SADCP) data are presented in this study. The dashed white line shows the axis of the abyssal hill
from which the internal tide beam emerges. (c and d) Time series of zonal and meridional barotropic tide velocities (typyo
and vpy, respectively) at the Lucky Strike site as derived from the Oregon State University Tidal Prediction Software using
TPXO9-atlas. Colored lines show times of SADCP data collection along the seven repeat sections. (e) Time series of the
surface geostrophic current derived from absolute dynamic topography measured by satellite altimetry (made available by
Copernicus, see text for details). Colored numbers in (c—e) are section crossing numbers.

as supercritical. We repeated the section crossing seven times at different phases of the tidal cycle and spanning
spring and neap tides, as shown in time series of the barotropic tidal currents (Figures 1c and 1d). The surface
geostrophic currents, derived from satellite altimetry, also varied between the samplings (Figure 1e).

2.2. SADCP Data

The SADCP was a 38-kHz OceanSurveyor narrowband ADCP manufactured by Teledyne RDI. Raw data from
the RDI VmDas software were processed using the Cascade Exploitation software v7.2 (Le Bot et al., 2011,
www.umr-lops.fr/Technologies/Logiciels/ ADCP-de-coque). The SADCP was pinging at 0.25 Hz and data were
bin-averaged in 120-s ensembles. The vertical resolution is 24 m and data were available nominally from 54
to 1,518 m depth (bin centers). The ship sailed at 3-4 m s~ so the apparent horizontal resolution of the meas-
urements through a section is 500 m, roughly. Data were cleaned using a series of tests and filters featuring

VIC AND FERRON

3of 15

85US017 SUOWIWOD dAIIERID 3|qeol|dde au Aq peunob afe Sapile YO 8SN JO 3N Joj AfeiqiTaUIIUO /8|1 UO (SUOIPUOD-pUE-SUIBILI0D" A3 1M AR 1[ul [UO//Stny) SUORIPUOD pue sWie | 8y} 88S *[£202/20/0T] Lo ARiqITauIuO A8 |IM ‘d 19 suberig nued Y3 W41 Aq 60S6T00CZZ02/620T 0T/10p/wod A im Akeaq it juo'sandnfe//sdny Wwo. pepeojumod ‘L ‘€202 ‘16266912


http://www.umr-lops.fr/Technologies/Logiciels/ADCP-de-coque

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2022JC019509

mode 1 mode 5

mode 10

mode 15

—500 1

" —1000 -

—1500

[d]

e
10-6 10-5

N2 [(rad s~1)?

<]
&
00 o0 o0

27 /kyp, [km)

10—4

102

10!

horizontal wavelength

vertical wavelength

1 [f]

41 Nyquist wavelength |---------=-+=--{

}-----{Nyquist wavelength |------—-—

- —500

z [m]

- —1000

- —1500

1

5

10

rrr——rr
102

rr—r—rr
103

T
10

mode n 27 /my [m]

Figure 2. (a) Gray lines show N? from 22 Conductivity-Temperature-Depth profiles and the black line is the average from
all individual N?. (b—e) Vertical modes 1, 5, 10, and 15 from individual N2. (f) Horizontal wavelength of modes 1-19 for the
M, tide computed from all individual N? profiles. (g) Vertical wavelength of modes 1-19 for the M, tide computed with a
depth interval of 125 m. In (f) and (g), the black dashed line shows the Nyquist wavelength, that is, the minimum wavelength
resolved in the observations.

conservative default values (Lherminier et al., 2007) and velocities were further corrected for pitch errors so as to
remove biases in the vertical velocities. The expected error using this SADCP configuration was 0.037 m s=1. A
cross-comparison of SADCP and lowered-ADCP velocity profiles at CTD stations (Section 2.3) showed a good
consistency between those independent measurements.

2.3. Hydrographic Data

We use temperature and salinity profiles from a Conductivity-Temperature-Depth (CTD) probe mounted on a
rosette to compute N2 from the TEOS-10 toolbox (McDougall & Barker, 2011). Overall, 22 casts were performed
in the vicinity of Lucky Strike, approximately 10 km east of the easternmost point of the section. N? from those
profiles is shown in Figure 2a.

2.4. Barotropic Tidal Currents

We compute the barotropic tidal currents in the eight major components (M,, S,, K,, N,, K, O, P,, Q)) at
the Lucky Strike site for the time of the cruise using the Oregon State University Tidal Prediction Software
(https://www.tpxo.net/otps) with TPX09-atlas (Egbert & Erofeeva, 2002). Currents are shown in Figures 1c
and 1d.

2.5. Geostrophic Surface Currents

We use the geostrophic surface currents derived from absolute dynamic topography measured by satellite altim-
etry and made available by the Copernicus Marine Environment Monitoring Service (near-real time L4 product)
on a 0.25° grid at a daily frequency. Currents were then linearly interpolated in the middle of the section for the
cruise time (Figure 1e). They were also used to perform the ray tracing presented in Section 3.3.

VIC AND FERRON

4of 15

85US017 SUOWIWOD dAIIERID 3|qeol|dde au Aq peunob afe Sapile YO 8SN JO 3N Joj AfeiqiTaUIIUO /8|1 UO (SUOIPUOD-pUE-SUIBILI0D" A3 1M AR 1[ul [UO//Stny) SUORIPUOD pue sWie | 8y} 88S *[£202/20/0T] Lo ARiqITauIuO A8 |IM ‘d 19 suberig nued Y3 W41 Aq 60S6T00CZZ02/620T 0T/10p/wod A im Akeaq it juo'sandnfe//sdny Wwo. pepeojumod ‘L ‘€202 ‘16266912


https://www.tpxo.net/otps

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2022JC019509

3. Methods
3.1. Vertical Modes

We use the linear theory for internal gravity waves. Internal gravity waves are the solutions of the linearized primi-
tive equations. Assuming a separation of variables in the form [u(x, y, z, 1), v(x, y, z,1) = [U(x, y,1), V(x, y, )] F(z)
for horizontal velocity and w(x, y, z, f) = W(x, y, £)G(z) for vertical velocity leads to resolving a Sturm-Liouville
problem (we use the same notations as in Chapter 4 in Wunsch ( 2015)):

d’G(z)
dz?

+ N (2)y*G(2) =0, (D

where y? is the separation constant, and with boundary conditions at the surface G(z = 0) = 0 and at the bottom
G(z = —h) = 0. Vertical structures are related through F(z) = ’:—2 % The problem is solved numerically for the 22
profiles of N? (Figure 2). The lowest modes are weakly dependent on the details of each individual N*(z) with zero
crossings located at very comparable depths throughout the profiles (Figures 2b and 2c). In contrast, the highest
modes are more sensitive to the total depth (there are less data at depth so more uncertainty in N?) and small-scale

wiggles in N*(z), and zero crossings span larger depth ranges (Figures 2d and 2e).

The modal amplitude of the velocity fields u, v is obtained by projecting the observed fields onto the different
modes computed from the averaged N? for each vertical profile (Lahaye et al., 2020). This is preferred over
resolving a least-square problem, which sometimes leads to unrealistic modal amplitudes into the high modes.

3.2. Observable Wavelengths

The resolution of Equation 1 gives y? for each mode, which is the inverse squared eigenspeed c, of vertical mode
n, that is, the phase speed of a mode-n internal gravity wave. The horizontal wavenumber of mode n is then
given by k, = (w2 - f 2) 2 /cn. The horizontal wavelength 2x/k, for each mode and each N? profile is shown in
Figure 2f. Mode-1 horizontal wavelength is 90-100 km, in agreement with Ray and Zaron (2016) in this region.
The horizontal wavelength decreases with mode number as 1/n. To reduce the horizontal “grid-scale” noise in the
SADCP velocity fields when doing the modal decomposition, we added a horizontal smoothing to the fields with
a half-width of two points. Hence, the original apparent resolution is coarsened by a factor of five, from %500 m
to 2.5 km. The Nyquist wavelength, that is, the smallest wavelength that can sampled, is thus 5 km. It is shown
in Figure 2f and intersects the range of estimated mode-19 wavelengths. Mode 19 hence becomes the highest
observable mode regarding the horizontal resolution criterion.

We estimated the vertical wavelength of mode n, m_, through the relation

n’

1/2
ﬁ=(u> _ o)

m, N2 — @?

As it intrinsically depends on the local stratification, we estimated m, at different depths between 125 and 1,725
m with a depth interval of 125 m (Figure 2g). Mode 19 features the shortest wavelength in the pycnocline below
500 m : m 4 ~ 150 m. This is much larger than the Nyquist wavelength, which is 48 m, given the bin width of the
SADCP data (24 m, see Section 2.2). Resolving the horizontal wavelength is thus more limiting than resolving the
vertical wavelength for observing the highest modes. In the following, we will consider mode 19 as the highest
observable mode allowed by the SADCP sampling.

3.3. Ray Tracing

In order to investigate the role of the mesoscale turbulence in the refraction of the tidal beam, we opted for a ray
tracing approach, using the algorithm presented in Section 3b in Rainville and Pinkel (2006). The model prop-
agates modal internal waves horizontally from a given generation point, taking into account spatially variable
gravity wave speed, planetary vorticity and barotropic mesoscale currents. The gravity wave speed is computed
prior to performing the propagation, solving the Sturm-Liouville problem for the stratification derived from
the World Ocean Atlas 2018 temperature and salinity (Locarnini et al., 2018; Zweng et al., 2018). Following
Rainville and Pinkel (2006), we estimated the barotropic mesoscale currents to have the same direction but half
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of the magnitude of the geostrophic currents calculated from sea surface height (Section 2). Also, the mesoscale
field is frozen throughout the propagation, which is a weak assumption given the short time scales (<3 days) and
distances (<50 km) considered.

3.4. Finescale Parameterization of Turbulent Kinetic Energy Dissipation

Dissipation rates of turbulent kinetic energy along the sections were estimated from a finescale parameterization
based on the internal wavefield content measured with the SADCP. We used the Gregg et al. (2003) parameteriza-
tion, which needs a knowledge of the shear-to-strain ratio R ) of the internal wavefield. In the absence of concur-
rent CTD data during SADCP sections to compute an instantaneous R , we used an averaged vertical profile of R |
computed from the 22 CTD profiles (see Section 2.3) combined with the simultaneous lowered-ADCP profiles
obtained from two 300-kHz ADCPs mounted on the rosette frame. Following Gregg (1989), the variance of the
vertical shear of the horizontal velocities was obtained from finite differences, here calculated over a length scale
of 96 m (two consecutive bins) after having vertically smoothed the velocity with a three-point Hanning filter.
This variance estimate is scaled by the corresponding variance of the Garrett and Munk (1975) spectrum.

4. Results

We first show and interpret phenomenologically the raw observations of the horizontal velocity field for one
transect (Section 4.1) before interpreting it more quantitatively in light of the theory for linear wave propagation
(Section 4.2).

4.1. Observation of the Internal Tide Beam

Figure 3 gives an overview of the sampled velocity field. The ship performed the section in roughly 6 hr (Figure 3a),
which thus spans half a semidiurnal cycle, with barotropic tidal currents in opposite direction between the begin-
ning and the end of the transect (Figure 3b). Figures 3¢ and 3d show the raw baroclinic currents u,,, v,. sampled
by the SADCP. Both fields show a clear oblique pattern of enhanced velocity (up to 25 cm s~!) emerging from the
top of an abyssal hill situated 30-35 km to the edge of the section, which corresponds to the ship's u-turn (i.e., the
origin of the horizontal axis corresponds to the westernmost point of the section). The hill corresponds to the one
identified in Figure 1b, which is roughly perpendicular to the ship track. Given that the barotropic tidal ellipse is
not much polarized (Figure 3b), we expect the generated waves to propagate in the direction of the largest topo-
graphic gradient (Pollmann & Nycander, 2023). This direction is perpendicular to the hill main axis, that is, close
to the ship direction. Equivalent of Figure 3 for the six other crossings of the same section are shown in Figures
S1-S6 in Supporting Information S1 and are discussed in Section 5.1.

Clues for identifying the oblique pattern as a tidal wave beam are manifold. First, the theoretical beam trajectory,
constructed from the depth-dependent beam slope (Equation 2), visually matches the pattern of constant phase for
u,, and v, . Second, the hill slope, from which the beam emerges, is clearly steeper than the beam slope. As iden-
tified prior to the sampling, this supercritical slope is thus a strong candidate for generating beam-like patterns
of internal tides. Third, the velocity field u,,. is antisymmetric with respect to the section edge (Figure 3c), while
vV, is symmetric (Figure 3d). This is in agreement with sampling a periodic signal over half a period (6-hr to
complete the section), with a phase shift of a quarter of a period between u,, and v, —this is expected from linear
wave theory, as discussed in Section 4.2. Note that here we made the implicit assumption that the internal tides
were coherent (phase-locked to the astronomical forcing), which is likely to be valid close to the generation site
and in the relatively quiescent mesoscale environment of the MAR (e.g., Figure 1 in Thoppil et al., 2011).

We now investigate the modal content of the velocity field. Overall, the baroclinic velocity field is dominated
by the three lowest modes, which together account for about half of the variability in each profile (Figure 3e).
However, the modal content varies importantly on small horizontal scales throughout the section with localized
bursts of energy into modes 5—15. Those bursts do not seem to extend horizontally over the characteristic hori-
zontal wavelengths of the high-mode internal waves (5-20 km, Figure 2f). This makes those structures difficult
to interpret in terms of coherent internal waves.

The time variability of the modal content, assessed between the ship's outbound and inbound, also appears to
be important with no clear symmetry with respect to the section westernmost edge. This small-scale variability
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Figure 3. (a) The ship track is shown in colors with one empty circle every hour. Black lines show multibeam bathymetry
contours 1,000 and 2,000 m. (b) Barotropic tidal currents from TPXO along the ship track. (c) Zonal and (d) meridional
baroclinic currents measured by the ADCP. The black line shows the multibeam bathymetry and dashed lines show analytical
tidal beam trajectories. The colored line and empty circles at the bottom of each panel are shown to assess the ship position
and barotopic tidal currents along the section, referring to (a and b), respectively. (e) Contribution of modes 1-15 in the
energy content for every profile along the transect.

of the modal content in space and time has been represented in the rift valley of the MAR in a high-resolution
regional model (Lahaye et al., 2020) but had never been documented with in situ data. It could be interpreted
as enhanced energy transfer between modes through topographic scattering (Lahaye et al., 2020). Note that this
small-scale variability in the high modes could also be explained by localized variations in N? that change the
high-mode shapes between neighboring profiles (Figures 2d and 2e). Finally, sources of internal tides are ubiqui-
tous over the MAR and the rapidly changing modal content of the velocity field could be due to waves travelling
through the sampled section.

4.2. Analytical Reconstruction of the Beam

In this section, we show that the observed internal wave beam can be rationalized as the superposition of modal
internal tides. To do so, we lean on several assumptions. The strongest assumption is that the observed velocity
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field is mainly made up of internal tides. In other words, we assume that the low-frequency velocity field composed
of large-scale and mesoscale currents can be neglected. We also assume that the stratification is constant in space
and time throughout the sampled section, so that the waves' modal structure is constant. The limitations of our
results tied to these assumptions are discussed in Section 5.1.

We work in the plane defined by the zonal (x) and vertical (z) directions. In general, a horizontal velocity field
can be expressed as [u(x, z,1), v(x, z, )] = Y, [ua(x, z, 1), Ua(x, z,1)]. In the specific case of linear internal waves,
analytical expressions u?, v? for u,, v, can be written as:

up(x, z,t) = Uy Fn(z)eXP i(wt — knx — ) 3)
Un(x, z,t) =V, F,(2)exp i(wt — knXx — by — %) (@)

where U, V,, are the modal amplitudes for u,, v,, and ¢, is the phase at the origin. Other variables have been defined
previously. Note that the polarisation relation involves a phase shift between the zonal and meridional velocity
fields such that u, lags behind v, by a quarter of a period (e.g., chapter 5 in Gerkema and Zimmerman (2008)).

We then proceed as follows. First, for every mode n € [1, 19], we normalize the observed velocity field u9, v% by
their respective maximum through the section. Then, using the exact ship position and time, that is, variables x
and ¢ in Equations 3 and 4, and setting U, =V, = 1, we seek the phase ¢, that maximizes the correlation between
(g, v3) and (uj, vy). In practice, we compute the correlation between observed and analytical fields for ¢, € [0,
2x] with a phase step of 7/32. Second, if the best correlation is greater than 0.35, we consider that the observed
signal can actually be interpreted as an internal wave of mode n and keep it for building the total field. The
threshold of 0.35 is of course rather arbitrary but is motivated by (a) some literature in sciences that strongly
resort to statistics that qualify a correlation >0.35 (or 0.30) as “moderate” (e.g., Ratner, 2009; Taylor, 1990); and
(b) a posteriori good agreement between the observed and analytical fields. Third, the total field is reconstructed
by summing the modes that have been retained weighted by their observed amplitudes, that is, U,, V, computed
from observations.

The analytical field that best fits the observed field for mode 5 is shown as an example in Figure 4. Qualita-
tively, the observed mode-5 velocity field (u‘;, s, Figures 4a and 4c) resembles a mode-5 internal tide. Indeed,
a horizontal wavelength slightly smaller than 20 km clearly emerges from the abyssal hill, which is consistent
with the theoretical mode-5 wavelength of a semidiurnal internal tide (Figure 2f). Note that the Doppler shift
induced by the ship movement would increase the apparent wavelength in the outbound (going in the direction
of the wave) and decrease it in the inbound. This is obvious in the analytical fields (Figures 4b and 4d) but not
so clear in the observed fields (Figures 4a and 4c). Despite some small-scale differences—observed signals are
sometimes unexpectedly damped, which show up as white bands in some profiles—the general patterns of the
analytical fields match remarkably well the observed fields. This is confirmed by the two-dimensional histograms
of observed versus analytical fields (Figures 4e and 4f) and the correlation coefficients between fields (r = 0.66
and r = 0.71 for the zonal and meridional velocities, respectively).

The observed energy in each mode averaged over the section, U? + V;2, is shown in Figure 5. As already outlined
in Section 4.1 and hinted in Figure 3e, the first three modes dominate. There is a gradual decrease of energy
throughout the modes as they increase from 4 to 19. The best correlation r, between observed and analytical fields
for mode n is also shown in Figure 5. Interestingly, there is no clear link between U? + V,? and r,. For example,
mode 1 is the most energetic mode but the best fit between the analytical wave and the observed field is not good
(r, = 0.26). This means that the mode-1 velocity field is poorly explained by a semidiurnal internal wave struc-
ture. Instead, it could be associated with a surface-intensified balanced structure, such as a front or a mesoscale
eddy, whose vertical structure is generally well represented by the barotropic and first baroclinic modes (e.g.,
K. S. Smith & Vallis, 2001). Recent deepglider measurements in the North Atlantic highlighted that mesoscale
eddies are dominated by the first baroclinic mode (Steinberg & Eriksen, 2022). Modes 26 feature r, > 0.35 and
can reasonably well be interpreted as linear internal waves. Together they account for almost half (47.0%) of the
energy into modes 1-19. On the contrary, modes 7-19 all feature r, < 0.26 and cannot be interpreted as linear
internal waves. Reasons could be manifold. For example, they are by nature more unstable as they feature larger
vertical shear, hence are less persistent and more difficult to observe. Also, as already discussed, their structure
depends more on small-scale variations in N? than the structure of low modes. In consequence, the velocity field
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Figure 4. (a) Observed and (b) analytical mode-5 zonal velocity for the phase that maximizes the correlation between
observed and analytical fields. (c and d) are the same for the meridional velocity. Velocity fields have been normalized and
span the interval [—1; 1] from blue to red. (e and f) are the two-dimensional histograms of observed versus analytical fields
for zonal and meridional velocity, respectively. The correlation between fields is given at the bottom right.
a mode-n wave could be cast into a mode n + 1 across neighboring profiles if
changes significantly, breaking the apparent steadiness of the field.
08 N? changes significantly, breaking the apparent stead f the field
0.071 [
° 0.7 Finally, the reconstructed analytical field (u“, v*) is compared to the observed
0.06 1 field (u°, v°) that consists of the modes that have been retained (modes 2-6,
M r0.6 . . .
— ° Figure 6). The overall velocity structure bears the strong footprint of the
, 005 B 0.5 beam from the raw section (Figure 3). The observed phase shift for u versus
~ o . . .
E 0.041 © Lo = apparent phase steadiness for v between the outbound and the inbound is
S corr threshoidl nicely reproduced in the analytical field. Visually, the vertical structure of
o 003 o 0.3 the analytical field best fits to observations close to the abyssal hill and the
o . . . . . .
0.02 1 o o 0.2 fit degrades with the distance from the hill. This could be interpreted as a
: o r0. L
°o ° o decoherence of the waves as they propagate away from the generation site, or
o . . . .
0.011 H H H ﬂ |—| H H |_| |‘| o 0.1 as an effect of topographic scattering along their path, which transfers energy
0.00 |;| |_| |_| [1 0.0 to higher modes, hence changing the local amplitude of each mode and the
13 5 7 9 11 13 1 17 19 summed structure. The two-dimensional histograms of observed versus

mode n

Figure 5. Bars represent energy in each mode averaged through the section
and circles represent the correlation between observed and analytical velocity
fields for each mode. Circles are red above the correlation threshold (equal to
0.35, black dashed line) and blue below the threshold.

analytical fields reveal close agreements between both fields (Figures 6e
and 6f). In addition, the correlation coefficients (r = 0.61 for u° vs. u® and
r = 0.53 for v vs. v¥) give confidence in the fact that the observed beam
can actually be interpreted as the superposition of internal wave modes
(Gerkema, 2001).
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Figure 6. (a) Observed and (b) best estimate analytical zonal velocity. Only modes featuring an observed versus analytical
correlation greater than 0.35 have been included—see text. (c and d) are the same for meridional velocity. Velocity fields have
been normalized and span the interval [—1; 1] from blue to red. (e and f) are the two-dimensional histograms of observed versus
analytical fields for zonal and meridional velocity, respectively. The correlation between fields is given at the bottom right.
S. Discussion
5.1. On the Beam Variability
We sampled the same section seven times, across different phases of the tidal cycle, during spring and neap
tides, and throughout a changing surface-intensified geostrophic velocity field (Figures 1c—1e). We repeated the
same quantitative analysis as described in Section 4.2 to all sections. Main results are summarized in Table 1.
Among the seven crossings, the first two show qualitatively similar velocity fields (Figure 3 and Figure S1 in
Supporting Information S1). This is to be expected as the crossings occurred on the same phase of the barotropic
Table 1
Section Number, Modes Featuring r, > 0.35, Fraction of Energy in the Modes That Feature r, > 0.35, and Correlation
Between Reconstructed Fields u° and u®, and v° and v°, Respectively
U? +V2) (%
Section# Modes feat. r, > 0.35 rn>20»35( » V) corr. u’, u® corr. v°, v*
1 2,3,4,5,6 47.0% 0.61 0.53
2 2,3,4,5.6 43.7% 0.56 0.60
3 3 16.5% 0.54 0.67
4 1,3,5 54.9% 0.71 0.73
5 2 6.1% 0.47 0.71
6 23 24.1% 0.58 0.31
7 235 27.7% 0.61 0.48
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tide and at 24 hr interval, so the mesoscale field had not changed much (Figures 1c—1e). Results from the analysis
are very comparable for those sections (Table 1).

The third crossing also occurred on a very similar phase of the barotropic tide but 3 days later. The velocity field
shows similarities in terms of phase but the modal structure is different, with a strong dominance of modes 1 and
3 (Figure S2 in Supporting Information S1). However, mode 1 does not match a wave structure, so the reconstruc-
tion shows a poor agreement (Table 1). We could be reaching the limits of the method here. Indeed, it could be
that the mode-1 velocity field is composed of balanced mesoscales and wave signals in comparable proportions,
but the method does not permit to disentangle their respective contributions.

The fourth crossing occurred on the opposite phase of the barotropic tide and so is the phase of the baroclinic veloc-
ity signal as compared to the first three crossings (Figure S3 in Supporting Information S1). The mode-1 velocity
field overwhelms the energy content (Figure S3e in Supporting Information S1) and matches a wave pattern, so the
overall fraction of energy represented by internal wave modes is high (modes 1, 3 and 5 represent 54.9%, Table 1),
despite the small contributions of modes 3 and 5. Consequently, the summed contribution of the three modes is also
dominated by mode 1 and the beam structure is not as clear as for the first three crossings (not shown).

The velocity fields of the last three crossings, performed between eight and 11 days after the fourth crossing,
are qualitatively more difficult to interpret in terms of beams (Figures S4-S6 in Supporting Information S1). In
particular, the theoretical slope of the beam is much steeper than the slope visually inferred from the observed
velocity field. In agreement with this poor visual match, the analysis showed that (a) only a few modes featured
r, > 0.35, and (b) that the sum of those modes represented a small fraction of the energy of the total signal
(between 6.1% and 27.7%, Table 1).

To sum up, the first four crossings were performed throughout a tight time window and visually display a marked
beam structure. This is quantitatively backed up by the modal analysis and reconstruction (except for the third
crossing). On the opposite, the last three crossings, also performed throughout a tight time window but 8 days
later, do not show a marked beam structure. The qualitative difference between the two groups of crossings
could be simply rooted in the spring-neap tidal cycle. The first four crossings were performed close to spring
tides whereas the last three were performed closer to neap tides (Figures 1c and 1d). Consequently, the generated
beams would be weaker for the second bunch—there is a factor of 4-5 increase in barotropic-to-baroclinic energy
conversion during spring tide as compared to neap tide over the MAR (Vic et al., 2021)—and would dissipate
more quickly. Another potential cause of the difference could come from different refraction of the beam by
the mesoscale circulation (e.g., Rainville & Pinkel, 2006; Zaron & Egbert, 2014), which changed significantly
between the beginning and the end of the cruise (Figure 1le).

To further investigate this refraction effect, we used a ray tracing approach that takes into account the geograph-
ically variable stratification, planetary vorticity and background mesoscale currents (method is presented in
Section 3.3). We performed a ray tracing of synthetic mode-1 to mode-10 internal tides generated in the middle
of the abyssal hill main axis with an initial direction of propagation perpendicular to the ridge axis. We performed
two simulations using the geostrophic velocity fields derived from satellite altimetry at the beginning (11 June
2022) and at the end (23 June 2022) of the cruise. Results are presented in Figure 7. They show that toward the
beginning of the cruise, the waves were more refracted than toward the end. This is due to a stronger mesoscale
field (typical velocities of ~#20 cm s~! vs. #10 cm s7!) and a larger angle between the mesoscale velocity field
and the original direction of the beam. During the first crossings, the mesoscale field refracted the rays southwest-
ward, giving the rays a dominating westward direction (azimuth often between 265° and 275°, Figure 7a), which
is the direction we sailed in. During the last crossings, the rays were less refracted and featured an azimuth greater
than 275° (Figure 7b). Hence, the beam was likely to be more accurately sampled at the beginning of the cruise
when the waves were more refracted but aligned with the ship's direction. Note that changing the initial location
of the synthetic waves does not impact qualitatively the trajectories.

5.2. Turbulent Kinetic Energy Dissipation

Internal tides dissipate their energy through many mechanisms (Whalen et al., 2020). In the deep ocean, away
from continental slopes, the two dominant mechanisms are presumably wave-wave interactions and topographic
scattering, both leading to a direct energy cascade and wave breaking (de Lavergne et al., 2019, 2020; Lahaye
et al., 2020; Onuki & Hibiya, 2018; Wang et al., 2021). Those mechanisms are challenging to quantify and
disentangle using in situ measurements, and, to rationalize observed energy dissipation patterns, efforts have
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Figure 7. Ray tracing of modal internal tides generated in the middle of the abyssal hill whose principal axis is shown by the
dashed black line, and using the background geostrophic velocity fields of (a) 11 June 2022 and (b) 23 June 2022 represented
by the black arrows. The initial direction of propagation is taken to be perpendicular to the abyssal hill. Trajectories are
shown by the colored lines whose label in (a) corresponds to mode number 1 to 10. Colors represent the azimuth of each

ray, clockwise from north (270° is west). Initial position is shown by the large circle and daily positions are shown by the
small circles. The thin gray lines represent the multibeam bathymetry with an interval of 1,000 m. The red line represents the
nominal ship track.

focused on linking the modal content of internal tide fields (as opposed to considering beams) to local energy
dissipation (e.g., Falahat, Nycander, Roquet, Thurnherr, & Hibiya, 2014; Vic, Naveira Garabato et al., 2018;
St Laurent & Nash, 2004; St. Laurent & Garrett, 2002; Vic et al., 2019).

We computed kinetic energy dissipation & through the section using a finescale parameterization (Figure 8,
method in Section 3.4). The overall range of & matches the typical range of dissipation inferred nearby from
microstructure measurements of velocity shear (Figure 5 in Ferron et al., 2023). Enhanced dissipation patterns (&
reaching 10~® W kg~!) seem to parallel the theoretical beam trajectories. As the beam is intrinsically composed
of several waves, this observation points out to wave-wave interactions as the most plausible mechanism leading
to energy dissipation within the beam. In the other crossings that feature a weaker beam, patterns of ¢ are noisier
and more difficult to interpret (not shown). Note that enhanced energy dissipation within tidal beams has been
previously highlighted (Cole et al., 2009; Lien & Gregg, 2001). In the specific case of a very energetic beam in a
coastal region, dissipation was attributed to shear mixing (Lien & Gregg, 2001).

1078

10-10

& [Wkg™!]

—2000
5 T T T T 1071

-30 —20 -10 0 10 20 30
Distance [km)]

Figure 8. Turbulent kinetic energy dissipation ¢ inferred from a finescale parameterization (Section 3.4) computed from the
velocity field presented in Figures 3c and 3d. Black lines framed in white show analytical tidal beam trajectories.
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6. Summary

In summary, we sampled horizontal currents with an SADCP through a 40-km section in the rift valley of the
MAR, back and forth, seven times. Four crossings revealed the very clear signal of an internal tide beam that was
generated by the interaction of the semidiurnal barotropic tide with a supercritical abyssal hill. Using a linear
theory for internal wave structure and propagation, we rationalized the observed field and interpreted the beam
as the superposition of waves of modes 2—6. The beam was much weaker in the other crossings, and the strong
variability of the velocity field across the seven sections remains unexplained. We speculate that the variability
of the barotropic tidal forcing (spring-neap cycle) and the refraction of the waves by the changing mesoscale
circulation are playing a role, both in the intensity of the generated beam and in the quality of the sampling. A
finescale parameterization of turbulent kinetic energy dissipation revealed enhanced patches of energy dissipa-
tion within the beam, highlighting the potential importance of the beam structure for sustaining mixing within
the water column.

Finally, standard SADCPs have been routinely used to investigate the large-scale and mesoscale circulation
(Section 3 in Rossby, 2016), and our study hints a potential widening of their scope through the capacity of
fine-scale sampling internal waves. Nonetheless, our observations also highlighted the complexity of physical
processes occurring over the MAR. We believe they deserve a sustained network of moored apparatus to be
deeply studied—see recommendations in Matabos et al. (2022, box 2) and Yang et al. (2021) for an innovative
observational setup dedicated to investigate deep-sea turbulence.

Data Availability Statement

SADCP data are freely available online (Sarradin & Matabos, 2022). LADCP and CTD data are freely available
online (Ferron et al., 2022). TPX09-atlas barotropic tide currents were made available by Dr. Svetlana Erofeeva
who was contacted through https://www.tpxo.net/tpxo-products-and-registration. Geostrophic surface currents
from absolute dynamic topography were downloaded from the Copernicus Marine Environment Monitoring
Service (near-real time L4 product, Copernicus Marine Service, 2022).
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