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Abstract The transformation of internal waves on continental shelves is important to mass transfer,
nutrient replenishment, and heat transfer. Yet, the transfer of energy from larger to smaller scale or
between nonlinear internal waves (NLIW) themselves remains poorly understood. We present 1 month of
through water column observations of temperature and currents on the southeast continental shelf of the
Bay of Biscay, a region where internal wave dynamics have never been described. Over the shallower part
of the shelf, a relatively strong baroclinic dynamic exists, with the mode‐1 internal tide and NLIW
generating currents more than three times the barotropic tide. The nature of these features varied greatly
over the subtidal timescales, which we correlate to wind‐driven currents and the associated modulation of
background stratification. In addition to the well‐documented processes of internal tide steepening and
NLIW polarity reversal, we present novel observations of colocated elevation and depression (termed
opposite polarity) NLIW. While this colocation has been previously studied theoretically, it has not been
described with in situ observations to date. In agreement with theory, we observed these waves when the
wind‐driven dynamics resulted in double pycnocline stratification. We found that the collocated waves of
depression and elevation propagate independently on the upper and lower pycnocline, respectively. We use
direct estimates of wave speed to infer the potential for interaction between waves of opposite polarity and
discuss the potential relevance for other regions worldwide where double pycnocline background conditions
are observed.

Plain Language Summary Internal waves vertically displace surfaces of constant density
(isopycnals). They can propagate long distances and reach continental shelves. High‐frequency internal waves
(with periods of few minutes) are usually termed nonlinear internal waves (NLIW). Coastal internal waves are a
crucial driver of mixing between different ocean layers and cross‐shelf transport all over the world. NLIW can
displace isopycnals downward (depression waves) or upward (elevation waves). Internal waves propagate in a
changing background environment, which affects their characteristics and, therefore, changes the mixing and
transport they drive. In this study, we used temperature and velocity measurements to characterize the coastal
internal waves between a period of 15 min and 12.42 hr (the semidiurnal tidal period) on the Bay of Biscay shelf.
First, measurements indicate that internal waves at this location dominate the hydrodynamic forcing compared
with the barotropic tide. We observe different internal waves depending on the background conditions. NLIW
can displace isopycnals downward (depression waves) or upward (elevation waves). We have observed the
coexistence of depression and elevation waves for the first time.

1. Introduction
The transformation of the internal tide and nonlinear internal wave (NLIW) on the continental shelf is an
important process in the transfer of ocean energy from large to small scales. Furthermore, internal tides and NLIW
can dominate horizontal and vertical transport thereby impacting the sediment, nutrient, and pollutant distribution
over the shelf (Cheriton, McPhee‐Shaw, Shaw, et al., 2014; Molinas et al., 2020; Scotti & Pineda, 2004, 2007;
Walter et al., 2012; Walter, Squibb, et al., 2014; Zhang et al., 2015; Zulberti et al., 2020). Identifying the types of
internal waves observed over the continental shelf is the first step in understanding their impact on the continental
shelf. The continental shelf is a shallow region in which a vast range of time and spatial scales dynamics are
superimposed, for example, eddies, tidal currents and wind‐induced currents (Csanady, 1981), leading to highly
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variable background conditions (stratification, current, and water depth). These background conditions control
the generation (Helfrich & Melville, 2006; Jackson et al., 2012) and evolution (Bai et al., 2021; Lamb, 2014;
Shroyer et al., 2011) of internal waves on the continental shelf.

While NLIW may originate long distances from the shelf, in many cases they form or evolve locally
(Jackson et al., 2012). A major generation mechanism on the inner shelf is the degeneration of long‐period
internal waves (e.g., semidiurnal tide or bores) through shoaling (Dauhajre et al., 2021; Walter et al., 2012).
This evolution is highly sensitive to the bathymetric slope, the stratification, the subtidal currents, and the
Coriolis force (Gerkema, 1996). Waves evolve slowly as they propagate long distances, and so, the offshore
conditions are also important. Previous studies demonstrate the effect of background stratification and
barotropic forcing on bore evolution (Dauhajre et al., 2021; Masunaga et al., 2019) as well as the near‐
inertial shear (Shroyer et al., 2011). Therefore, secondary flows such as offshore upwelling that alter the
position of the pycnocline at the coast may influence tidal bore steepening at the coast (Walter, Woodson,
et al., 2014).

Wave polarity is an important characteristic of NLIW. For mode‐1 NLIW (i.e., the most common NLIW where
all isotherms move in the same direction) wave polarity is defined by the depression/elevation of isotherms and
the specific velocity pattern, that is, vorticity sign (Shroyer et al., 2009). Depression waves (downward isotherm
excursion) are regularly observed in the open ocean where they can travel miles with no change of form
(Ostrovsky & Stepanyants, 1989) and can reach continental shelves where they undergo various trans-
formations (Grimshaw et al., 2004; Shroyer et al., 2009). Elevation waves (upward isotherm excursion and
positive vorticity) are more commonly described on shallow or sloping continental shelves (Cheriton, McPhee‐
Shaw, Storlazzi, et al., 2014; Jones et al., 2020; Masunaga et al., 2019; McSweeney et al., 2020; Walter
et al., 2012). Like the internal tide, NLIW can degenerate (break down) as they propagate. Common degen-
eration processes are polarity reversals as NLIW pass a critical point over the continental shelf (Shroyer
et al., 2009) or generation of packets of waves of different polarities due to dissipation or interaction (Grim-
shaw et al., 2004).

Unlike the conventional description of (KdV) solitons, it has been numerically demonstrated that large NLIW
interact, leading to energy transfer between the waves (Lamb, 2023), but these processes have not been well
documented in situ. This is particularly true for NLIW of opposite polarity, the coexistence of depression and
elevation waves, which has barely been described in situ in the oceanographic literature. These waves may be
expected under double‐pycnocline conditions, (Grimshaw et al., 2004; Lamb, 2023) which can result when
upwelling drives cool water upslope forming a second near‐bottom pycnocline (Cheriton, McPhee‐Shaw, Stor-
lazzi, et al., 2014). Given the prevalence of upwelling conditions and the significant energy transfer in theoretical
results (Lamb, 2023), interactions of waves of opposite polarity may be an important undocumented process on
the continental shelf.

In this paper, we describe the internal wavefield over the continental shelf of the Bay of Biscay (BoB) during July
2017, using in situ observations of the semidiurnal internal tide and mode‐1 NLIW. The BoB is a hotspot for
internal tide and NLIW generation (Baines, 1982; New & Pingree, 1992), but, so far, there are no in situ ob-
servations of internal waves on the shelf. Coastal NLIW of depression on the southeast (SE) continental shelf of
the BoB have previously only been observed on a few satellite images (Jackson & Apel, 2002). In this contri-
bution, (using 1 month of through water column observations of temperature and currents), we demonstrate how
significant NLIW and internal tides are for the circulation of the SE BoB shelf. We highlight the key role of
coastal wind‐driven upwelling on the cross‐shelf evolution of the NLIW. We compare the observations of NLIW
polarity reversal with the observation of NLIW of opposite polarity, demonstrating for the first time the coex-
istence of mode‐1 NLIW of opposite polarity in the ocean.

The paper is organized as follows. Section 2 presents the methodology. Section 3 is devoted to the description of
the subtidal dynamics, the stratification, and the time evolution of the internal tide to give context for the NLIW
described in Section 4. Two distinct internal spring tide regimes are highlighted, demonstrating the importance of
the subtidal dynamics. Section 4 describes the evolution and details the dynamics of the NLIW packets. Four
different types of NLIW packets are characterized, demonstrating the superposition of waves of opposite polarity.
Summary and conclusions are provided in Section 5.
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2. Methodology
2.1. Study Site

The BoB is located on the eastern side of the North Atlantic Ocean. The bay extends approximately 500 km
meridionally from the Iberian Peninsula to the Celtic Sea (Figure 1a). The continental shelf width narrows toward
the south along the French coast, from more than 200 km around 48°N to 30 km in the SE corner and along the
Spanish coast (Figure 1a). The SE BoB is characterized by two shelf breaks that separate the shallow Aquitaine
shelf, the deeper Landes plateau, and the abyssal plain. The first shelf break sits between 160 and 1,400 m, and the
second shelf break ranges between 1,400 and 3,500 m (Figure 1a). In addition, numerous canyons cut through the
shelf breaks, such as the “Gouf du Cap Breton,” south of the study area (Figure 1a). These features are likely to
increase the complexity of the dynamics.

The most energetic barotropic tides of the BoB are semidiurnal. The M2 maximum barotropic current is
approximately 0.5 m/s at 45°N and decreases southward (Le Cann, 1990). FromMay to October, the temperature
shows a marked seasonal cycle. The seasonal thermocline is stronger in the southern region, located around 30 m
below the surface, deepens with time, and disappears in winter.

On the Aquitaine shelf, the barotropic current is less than 0.1 m/s at the study site, and the cross‐shore component
is dominant (Figures 1c and 1d). Barotropic, subtidal currents (seasonally averaged) are weak and generally
poleward (Charria et al., 2013; Le Boyer et al., 2013). In summertime, the stratification is mainly modified by the
wind‐driven dynamics, alternating between local upwelling driven by northerly winds (Koutsikopoulos &
LeCann, 1996; Puillat et al., 2004; Valencia et al., 2004) and the propagation of a downwelling circulation
generated along the Spanish coast due to westerly winds. This subtidal poleward current is confined to shallow
water (few internal Rossby radii, i.e., 5–10 km from the coast) and not observed deeper than 150 m depth
(Batifoulier et al., 2012; Kersalé et al., 2016; Le Boyer et al., 2013).

As shown by Baines (1982), the BoB and Celtic shelf breaks are hot spots for internal wave generation. The
internal tide and NLIW dynamics have been intensively studied for more than 40 years (Baines, 1982; New &
Pingree, 1992; Pingree et al., 1986; Vlasenko & Stashchuk, 2015). Modeling studies have shown that internal
waves are generated all along the continental slope within the BoB (Pairaud, 2005; Pichon et al., 2013). The first

Figure 1. (a) Bay of Biscay (BoB) bathymetry around 44°N. The red points correspond to the outer‐shelf mooring location 2L and inner‐shelf mooring location 2C. The
green line indicates the moving vessel profiler transect. A smaller portion of the transect is produced in Figure 7. The inset map is an extended view of the BoB.
(b) Time‐averaged temperature profile at the outer‐shelf (solid line) and inner‐shelf (dotted line). Red/black points show the time‐averaged sensor depths in 2L/2C. (c, d)
Barotropic tidal ellipse for M2 and S2 components at (c) the outer shelf and (d) inner shelf.
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observations of an internal tide beam were made on the northern part of the BoB (New, 1988; Pingree &
New, 1989). Later, the theoretical work of Gerkema (2001) showed that the scattering of an internal tide beam is
able to generate the NLIW observed offshore from the shelf break. Other generation sites for NLIW have been
highlighted in the BoB such as the western end of the North Iberian slope (Azevedo et al., 2006). Despite the
intense internal wave activity, no studies have focused on NLIW on the continental shelf.

2.2. Data Set

The ETOILE campaign (Lazure & Puillat, 2017) has been designed to study internal wave dynamics on the
Aquitaine shelf. The study area was chosen for its straight coastline and simple bathymetry, which it was hoped
would support simple cross‐shelf internal wave propagation (Jackson et al., 2012). The observations presented
here are from two moorings and a towed moving vessel profiler (MVP; Table 1). The moorings recorded tem-
perature, pressure, and currents and were deployed from 9/07/2017 to 2/08/2017. The outer‐shelf mooring (2L)
was positioned close to the 150 m isobath and the inner‐shelf mooring close to the 60 m isobath (Figure 1a). The
2L and 2C moorings had, respectively, 9 and 6 thermistors distributed between 70 cm above the bottom and 20 m
below the surface, with a sampling period of 1 min (Table 1). Two bottom‐mounted ADCP (RDI Sentinel
300 kHz) were deployed with a sampling period of 2 s (Table 1). The ADCP and thermistor string were collocated
at the inner‐shelf site but separated by 1.4 km at the outer‐shelf (Table 1). Vertical profiles of conductivity,
temperature, and depth (CTD) were performed during 25–29/07 2017, using an unpumped AML Oceanographic
Micro CTD Sensor mounted on an MVP. The CTD sampled at 25 Hz, and the response times of the conductivity
and temperature sensors were 25 and 100 ms, respectively. On 25–26/07, the MVP profiled along a 52‐km long
transect down to 300‐m depth for the first two days at a boat speed of four knots. On 27–28/07, the MVP profiled
down to a maximum of 100 m along a 15‐km long transect at a boat speed of 6 knots. The MVP turned around
12 m above the bed for safety. In total, 8 transects were performed. The wind data come from the numerical model
of METEO FRANCE AROME (0.025° horizontal resolution). The data set used in this study is taken at 44.0°
latitude and − 1.55° longitude, at 10 m above the surface.

2.3. Data Analysis

2.3.1. ADCP

The ADCP measurements were time‐averaged over a 1‐min window. We only kept the velocity measurements
when all 4 beams passed quality checks. The first cell of each ADCP was at 4.5 mab (meters above the bottom).
Because of sidelobe interference, we removed ADCP measurements within a distance from the surface corre-
sponding to 1/10th of the total instrument depth, for both sites (7 m for 2C and 15 m for 2L). Due to the limited
range of the ADCP, many values (at 1‐s sampling) were missing at the 2L mooring from 15 to 50 m below the
surface. u and v are the cross‐shore (eastward when positive) and alongshore (northward when positive) velocity
components, respectively.

Table 1
Moorings, Transect, and Instruments From the 2017 ETOILE Campaign

Name

1‐month moorings (07–08 2017)

H (m)Instruments δz (m) Bottom height (m) δt (s) Latitude Longitude

2L Mastodon—6 sensors 10; 20 0.7 60 43°59.9°N 2°02.537°W 153

2L ADCP—300 kHz 2 4.5 2 44°00.1°N 2°01.5°W 153

2C ADCP—300 kHz 1 4.5 2 44°00°N 1°31°W 62

2C Mastodon—6 sensors 10 0.7 60 44°00°N 1°31°W 62

4 days (25–29/07 2017) MVP transects

Mounted sensors δt (s) Cross‐shore distance traveled (km) Maximal immersion (m)

CTD 0.04 [41–52] [100–300]

Note. For the moorings: H is the total depth from pressure measured mean over time, δz is the vertical spacing between the
sensors, and δt is the time sampling. The uncertainty on the temperature sensors is 0.15°C.
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To prepare the signals for filtering, we filled missing velocity values using a nearest neighbour interpolation. We
flagged any such points and removed them from the final filtered records. We used the Demerliac tidal filter
(Demerliac, 1974) to produce a subtidal temperature and velocity record. A description of the Demerliac tidal
filter can be found in Simon (2007). This filter eliminates the tide, including its diurnal components, and re-
sembles a low‐pass filter with a 30‐hr cutoff period. Tidally filtered velocity using the Demerliac filter (which
uses hourly values) are referred to as background velocities in Section 3. A third order Butterworth band‐pass
filter was used to study tidal and high‐frequency dynamics. We used a band‐pass filtered baroclinic current
between 4 and 15 hr in Section 3.2.2 to study the internal tide velocities.

The baroclinic current was computed as the total current minus the barotropic one. We computed the barotropic
current by depth‐averaging the velocity measurements from H/10 m below the surface down to 4.5 m above the
bottom. For the barotropic current, we applied a band‐pass filter between 4 and 15 hr after depth‐averaging. In
Section 4, we show 5‐hr Butterworth low‐pass filtered velocities to discuss the combined effect of tidal and
subtidal currents on NLIW; we refer to this current as the fast‐changing background current. To avoid any
confusion, we explicitly cite the type of current we are studying in the text and in the figure captions.

2.3.2. Vertical Profile Transects

We converted the time series of the MVP profile to distance using the MVP speed and boat velocity. The MVP
profiles were asymmetrical between the downward and upward casts. The downward cast was almost vertical due
to the device free‐falling at ∼6 m/s. The upward cast was slower, reaching a maximum vertical speed of 2.5 m/s.
We interpolated the scattered MVP measurements onto a regular grid using the MATLAB interpolation package
gridfit by D’Errico (2025).

2.3.3. From Temperature to Density Profile

We obtained a linear equation of state (Equation 1) from 3 days’ MVP measurements between 2L and 2C (see
green line Figure 1b).

ρ = − 0.31 T + 1031.19 (1)

The use of a linear equation of state was a good first approximation since the correlation coefficient of the linear
regression r2 = 0.99 (see Figure A1). MVP measurements were carried out at the end of the campaign, and to
check that this approximation was justified throughout the campaign, we used data from the global ocean eddy‐
resolving (1/12° horizontal resolution, 50 vertical levels, and daily output) reanalysis GLORYS model, between
2C and 2L over the entire campaign period, as we did not carry out continuous salinity measurements. The
GLORYS data set revealed constant salinity ∼35.8 ± 0.2 for the whole month observation period from 20 m
below the surface (see Figure A2). Therefore, for the whole month, we fit the density ρ to the mooring measured
temperature T using Equation 1. We linearly interpolated the moored temperature observations (∼10 m apart)
frommoving pressure coordinates to a fixed vertical grid with 1‐m resolution. We set a constant temperature from
the highest sensor up to the surface using the measurement at the highest sensor (40 mab for 2C and 150 mab for
2L). Temperatures above the highest sensor are denoted “near‐surface.”

2.3.4. Background Stratification

We used the 24‐hr low‐pass filtered temperature field and use Equation 1 to compute the background density field
at both moorings. We then computed the squared Brunt‐Väisälä frequency N2 with Equation 2.

N2 = −
g
ρ0

dρ
dz

(2)

with ρ0 the depth‐averaged density evolving in time. Here the z‐axis is positive upward. We imposed a constant
temperature from the surface‐most temperature sensor up to the surface to compute internal wave parameters.
This corresponds to a completely mixed surface boundary layer with N2 = 0 from the surface‐most temperature
sensor up to the surface.
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2.4. Internal Tide Characterization

2.4.1. Phase Speed

We computed the modal structure ϕ(z) from the background stratification N2 by solving the Sturm‐Liouville
problem

d2ϕ
dz2

+ k2
N2 − ω2

ω2 − f 2
ϕ = 0 (3)

with boundary conditions ϕ(surface) = ϕ(bottom) = 0 and the normalization condition max(ϕ(z)) = 1. k is the
internal tide wave number. The solution assumes a flat bottom, and that the internal tide is a plane wave with a
semidiurnal frequency ω. We computed the internal tide phase speed cM2 = ω/k.

2.4.2. Internal Tide Amplitude

We computed the internal tide amplitude using a modal amplitude fitting method (Rayson et al., 2019).
We recovered the amplitude of the three first modes An by least squares fitting the tidal buoyancy field
(bT) to its modal components (see Equation 4). The internal tide amplitude is taken as the mode‐1
amplitude A1:

bT(z, t) =∑
3

n=1
An(t) N2

(z)ϕ(z) (4)

The tidal buoyancy field is computed from the tidally filtered density field ρT as bT = − g ρT/ρ0. We computed
ρT from the temperature field band‐pass filtered around the semidiurnal frequency (4–15 hr), and we then added
back the time‐averaged temperature at each height (Figure 1b) to recover a stratified field. N2 is a double
tangent function fitted on the time mean stratification profile. Here ϕ(z) was computed using the hydrostatic
Taylor‐Goldstein equation without the Coriolis term, which is a simplified version of Equation 3. Because the
Coriolis parameter increases the propagation speed (eigenvalue) and does not affect the eigen vector, it can be
neglected in the modal amplitude fitting. The modal amplitude fitting is often used on the raw density field, that
is, the fast‐evolving buoyancy field to compute the NLIW wave amplitude (Rayson et al., 2019). In Rayson
et al. (2019) the internal tide amplitude is computed from a short‐time harmonic analysis (STHF). Here, we
verified the internal tide amplitude time evolution computed from both methods showed the same phase and
similar amplitudes.

2.5. NLIW

2.5.1. Identification

We identified the NLIW from high‐amplitude and high‐frequency isotherms excursions. We computed the
position and excursion of an isotherm by linear interpolation of the raw temperature field. We did this for
all integer temperatures in the recording range (i.e., isotherms every 1°C). For NLIW identification, we
applied an amplitude threshold to the 2‐hr high‐pass filtered excursions, denoted HF excursions (Sec-
tion 2.5.1). We defined the polarity of the waves using the amplitude sign and confirmed the polarity of
each wave with its vorticity using velocity measurements (Shroyer et al., 2009). NLIW of elevation/
depression were propagating onshore so that the horizontal current under the waves crest was positive/
negative for an x‐axis positive toward the East. Therefore, we will refer to the vertical velocity pattern to
describe the vorticity. An elevation wave has positive amplitude and negative vorticity, that is, a positive
significant vertical velocity followed by a negative velocity in time. A depression wave corresponds to
positive vorticity.

For an NLIW to be identified, we required the HF isotherm excursion to exceed a threshold value (Amin) for more
than 2 min. We defined a value for Amin based on the nonlinearity scaled by Amin

Hs
, where HS is the vertical scale of

the stratification (Helfrich &Melville, 2006). We define the vertical scale of the stratification as the height where
the internal wave can propagate that is, where N2 > ω2. It gives N2 > 1.4 e− 4 rad2s− 2. In our case, the
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stratification extended to 65 m below the surface in 2L (Figure 2c) and over the whole water column (62 m) in 2C
(Figure 3e). To ease the computation, we set a constant value for both sites, HS = 65 m. We chose an arbitrary
nonlinearity ratio of 10% so that Amin = 0.1 Hs. We note the methodology does not allow one to identify NLIW
smaller than 6.5 m. We chose this threshold as we were less interested in the dynamics of smaller waves and our
sensor spacing did not permit detection of isotherm excursion below this.

Figure 2. Background conditions observed at outer‐shelf mooring 2L. (a) 24‐hr low‐pass filtered winds (quiver colors). (b) Temperature contours. Red dots indicate the
position of the temperature sensors (Table 1). (c) Background stratification N2. (d) Internal tide phase speed cM2 and the nonlinearity KdV coefficient α estimated from
the background stratification.
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At the outer shelf, we identified an NLIW event when at least three isotherms’
HF excursion reached Amin (i.e., impacting at least a water layer with a 3°C
temperature range). At the inner shelf, we identified waves of elevation when
the 16°C isotherm HF excursion reached Amin. We identified waves of
depression when the 19°C isotherm HF excursion reached Amin.

2.5.2. Characteristics

We measured the NLIW amplitude (at 2C and 2L) A as the maximum HF
excursion reached by one of the three isotherms around 16°C ± 1°C for el-
evations and around 19°C ± 1°C for depressions. The NLIW timescale T was
defined as the time difference between two minimum excursion of the HF
isotherm used to compute A. The wavelength λ was computed and corrected
for any Doppler shift effect due to barotropic current as λ = T·(cnl + u),
where cnl is the propagation speed and u the cross‐shore depth‐averaged
current. The NLIW steepness, s, was measured as s = A/λ .

We used different methods to compute cnl at the outer shelf and the inner
shelf. At the inner shelf, the moorings were collocated; therefore, we
measured cnl and the direction of each NLIW from the phase‐lagged back-
scatter method developed by Scotti et al. (2005). We measured enhanced
ADCP backscatter close to the surface for depression waves and close to the
bottom for elevation waves. Therefore, we used different ADCP bins to apply
the method. We used ADCP bins between 5 and 22 mab for the elevation
waves and between 40 and 49 mab for the depression waves. Only events with
well‐correlated backscatter signatures between the four beams were consid-
ered (more than 60% over the time window interval considered). We quan-
tified the error induced by the arbitrary choice of window length by using four
different time windows (windows between 11 and 9 min). We only retained
the propagation speed when the spread in estimates was small, that is, less
than 0.1 m/s and less than 45° for the angle, for a minimum of 3 values. The
final cnl and the angle presented below are the mean values. The maximum
uncertainties we obtained were 0.06 m/s for the propagation speed and 32° for
the angle. Not all NLIW had a defined backscatter signature and not all es-
timates had tolerable uncertainty; therefore, not all waves have an estimate for
cnl. For the outer shelf, we used the time lag between the maximum isotherm
excursion and the zero‐crossing of the vertical velocity as the moored tem-
perature measurements and the ADCP velocity measurement were aligned in
the direction of wave propagation (east/west Table 1, derived by MVP
measurement) and separated by 1.4 km (P0 in Table 2). At the outer shelf,
only the waves tracked by the MVP were characterized. The propagation
speeds measured with both methods were corrected for any Doppler shift
effect due to barotropic current.

2.5.3. KdV Environmental Parameters

We analyzed the effect of background stratification and shear using the
simple Korteweg‐De Vries equation with and without background shear with
velocity profile U:

∂η
∂t
+ c0

∂η
∂x

+ αη
∂η
∂x

+ β
∂3η
∂x3

= 0 (5)

Here, α and β are the quadratic nonlinear and dispersive coefficients, respectively. We computed alpha without
and with (subscript s) shear

Figure 3. Background conditions observed at the inner‐shelf mooring 2C.
(a) 24‐hr low‐pass filtered winds in quiver colors. (b) Contours of
background cross‐shore currents U, black lines correspond to 0 and 10 cm/s
currents; negative values are westward, and positive values are eastward.
(c) Contours of background alongshore currents V, black lines correspond to
0, 10 cm/s currents; negative values are southward, and positive values are
northward. (d) Temperature contours. Red dots indicate the position of the
temperature sensors (Table 1). (e) Background stratification N2. (f) Internal
tide phase speed cM2 and the nonlinearity coefficient, α estimated from the
background stratification. (g) Sea surface elevation.
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α =
3
2

c0
∫ 0
− Hϕʹdz

∫ 0
− Hϕʹ2dz

( s− 1) (6)

αs =
3
2

∫ 0
− H(c0 − U) ϕʹ3dz

∫ 0
− H(c0 − U)ϕʹ2dz

( s− 1) (7)

where

ϕʹ =
dϕ
dz

The modal structure function ϕ and the linear propagation speed c0 are determined from the Taylor‐Goldstein
equation with shear (Equation 8) and without shear (Equation 9), using the usual hypothesis of high‐frequency
ω, long wave‐limit, and under the Boussinesq and rigid lid approximation (Grimshaw et al., 2004; Rayson
et al., 2019; Shroyer et al., 2011). The NLIW propagate approximately in the cross‐shore direction (see Section.4
below); therefore, we only considered the cross‐shore background component U(z) in the following equation with
shear:

d
dz
[(c0 – U)2

dϕ
dz
] + N2(z) ϕ = 0 (8)

c0
d2ϕ
dz2

+ N2(z) ϕ = 0 (9)

Boundary conditions for both problems are ϕ(z = surface) = ϕ(z = bottom) = 0. Moreover Grisouard and
Staquet (2010) show a negligible effect of the Coriolis parameter for waves of approximately half an hour or less
period. We verified this condition for all the NLIW studied here. When considering the shear effect, we inter-
polated the background velocity to the surface and the seabed using the nearest neighbor. To solve Equation 8, we
used the shooting method described in detail in Rayson et al. (2019). Note that the numerical computation does
not converge when |U| > c for all depths or for sharp changes of U with z. Here, we only compute the α
parameter.

3. Observations of Tidal and Subtidal Processes
Here, we focus on the subtidal and internal tide conditions at the inner‐ and outer‐shelf locations to provide
context to the variability in the NLIW. We use α to characterize the likely impact of the background stratification
conditions on the NLIW field.

3.1. Outer Shelf

At the outer shelf, the surface pycnocline strengthened over time as the near‐surface temperature increased
(Figures 2b and 2c). The stratifications varied very little under moderate northerly winds from 13/07–17/07 and

Table 2
Propagation Speed Within the Wave Packet at Different Locations Across the Shelf

Position n° H (m) Distance from the shore (km) Time (HH:MM) cnl (m/s) Method Wave polarity

P0 (Figures 7d and 7e) 150 49 07:00 0.96 Lag between velocity and temperature Depression

P1 (Figure 7a) 75 12 20:11 0.78 Lag from P0 to P1 Depression

P2 (Figures 7f and 7g) 62 9 22:15 0.61 ± 0.05 Lag backscatter method see Section 2.5.2 Mixed polarity

P3 (Figure 7b) 53 7 23:21 0.5 Lag from P2 to P3 Elevation

P4 (Figure 7c) 49 5.5 00:28 0.4 Lag from P3 to P4 Elevation

Note. At the MVP positions, the propagation speed corresponds to the time lag appearance of the wave packet between the MVP and mooring measurements, and the
barotropic current was removed. At the mooring site, the propagation speed was computed from backscatter measurements as described in Section 2.5.2.

Journal of Geophysical Research: Oceans 10.1029/2024JC021021
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strengthened from 18/07 under initially weaker winds (Figures 2a and 2c). The wind‐driven circulation did not
seem to impact the background stratification appreciably. At the outer shelf, the α was negative for the entire
observation period, indicating waves of depression would likely be the predominant response (red curve in
Figure 2d).

The internal tide was predominantly mode‐1 with a clear spring‐neap variation in amplitude (Figure 2b) and was
phase‐locked with the barotropic tide (not shown). The vertical mode‐1 amplitude never exceeded 0.1 H, with a
maximum of 15 m during spring tides and minimum of 5 m during neap tides (not shown). The mode‐1 internal
tide phase speed increased by 10% between the first and second spring tide (blue curve Figure 2d) in response to
changing background conditions. These first and second spring tide periods are herein referred to as periods T1
and T2, respectively.

3.2. Inner Shelf

3.2.1. Subtidal Dynamics

The stratification and the internal tide were more responsive to subtidal wind‐driven dynamics at the inner‐shelf
site, as compared to the outer shelf. Northerly winds (14/07 to 16/07 Figure 3a) corresponded with an alongshore,
southward depth‐averaged current (Figure 3c), an offshore current close to the surface and onshore in the interior
(Figure 3b), and a decrease of the near‐bed temperature and an outcrop of the near surface isotherms (Figure 3d).
This is characteristic of an upwelling event during strong near‐bed stratification conditions (e.g., Lentz &
Chapman, 2004). After 16/07, a near‐bed layer of cold water developed (Figure 3d). A few days after the strong
westerly winds (27/07 Figure 3a) the near‐bed cold water disappeared (Figure 3d) as the northward barotropic
current increased (Figure 4c), similar to weak remotely generated downwelling events previously studied on the
Aquitaine shelf (Batifoulier et al., 2012; Kersalé et al., 2016).

At the beginning of the record (period T1), there was a double pycnocline, coincident with a vertically sheared
cross‐shore background current (Figure 3e). We estimated that the near‐bed pycnocline was 30% stronger on
average than the near‐surface pycnocline in this period, but note that the vertical resolution of our temperature
sensors (see Figure 1d) did not permit a precise description of the pycnocline position and width. The estimated
nonlinearity coefficient, α, changed from negative (waves of depression) to strongly positive (waves of elevation)
during this period as the near‐bottom cold‐water influx strengthened the bottom pycnocline (Figure 3f). During
T1, cM2 increased from 0.4 to 0.6 m/s, solely due to the strengthening of the bottom pycnocline (Figure 3f). We
would expect the observed background shear to also modify the internal tide propagation, and we return to this in

Figure 4. Observations at the inner‐shelf 2C mooring of the cross‐shore baroclinic current band‐pass filtered between 4 and
15 hr (colors) and isotherms (black lines) for the two periods of interest defined in Section 3.2.1 (See black rectangles in
Figure 3.). (a) The dominant near‐bed pycnocline period T1 with the 19°C, 16°C, and 13°C raw isotherms (black lines).
(b) The dominant near‐surface pycnocline period T2 with the 19°C, 14°C, and 13°C isotherms (black lines).

Journal of Geophysical Research: Oceans 10.1029/2024JC021021
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the next section. At the beginning of T1 (on 9/07), there was already a double pycnocline. Upwelling amplified the
double pycnocline by reducing the surface pycnocline and reinforcing the bottom pycnocline.

During the second spring tide period (period T2), the bottom pycnocline was located further from the seabed and
the surface pycnocline strengthened and became dominant (Figure 3e). The indicative NLIW parameters were
relatively constant for this period with α close to 0 and cM2 ∼ 0.6 m/s (Figure 3f).

3.2.2. Internal Tide and Semidiurnal Tidal Bores

At the inner‐shelf site, the internal tide was again dominated by a mode‐1 wave (not shown) with maximum
amplitude ∼20 m. The maximum A/H ratio was 3 times higher than at the outer shelf, leading to a steepened
internal tide. The spring‐neap variation in amplitude was less distinct than on the outer shelf (Figure 3d), but there
was a marked subtidal influence.

During period T1 (near‐bed pycnocline and shear in the subtidal cross‐shelf velocity), we observed cold semi-
diurnal bores with steep fronts associated with packets of NLIW of elevation (Figure 4a). The back face of the
bore was characterized by a slower return to warmer water as the near‐bed baroclinic current turned onshore
(Figure 4a). These bore dynamics were similar to those observed at other sites around the world (Cheriton,
McPhee‐Shaw, Storlazzi, et al., 2014; Jones et al., 2020; Masunaga et al., 2019; McSweeney et al., 2020), which
have been described as canonical bores. Canonical bores form on gentle slopes and result in a strong temperature
front (Walter et al., 2012). We will focus on the NLIW variability in Section 4. During T1, both the near‐surface
and near‐bed internal tide currents were stronger (up to three times) than the barotropic current (Figure 4a and
ellipses in Figure 1d).

During period T2, when there was a dominant surface pycnocline, we predominantly observed a steepened in-
ternal tide with NLIW at the upper pycnocline (19°C isotherm in Figure 4b). The near‐bed internal tide oscil-
lations were smaller in amplitude and more symmetrical than those observed during T1, with near‐bed currents of
similar magnitude to the barotropic tide (Figure 4b). The near‐surface internal tide currents were stronger,
regularly reaching 0.15 m/s (3 times the measured barotropic current).

4. NLIW Observations
In this section, we describe the NLIW at both the inner‐ and outer‐shelf sites. In Section 4.1, we provide
summary statistics of the identified NLIW and investigate the influence of the background stratification and
shear on the NLIW field. We show that changes in the background conditions (Section 3.2) greatly alter the
NLIW response. In Sections 4.2 and 4.3, we examine individual wave packets passing the inshore site,
focusing only on packets containing waves of elevation (i.e., We do not elaborate on packets of depression
that propagate inshore.). Section 4.2 is devoted to the well‐studied case of depression waves changing polarity
(termed mixed polarity) in shallower water when the near‐surface pycnocline is dominant. The packets of
coexisting elevation and depression waves (termed opposite polarity) observed under the near‐bed dominant
pycnocline are presented in Section 4.3. The analysis suggests very different evolution mechanisms between
the first T1 (near‐bed dominant pycnocline and subtidal current shear at the inner shelf) and second T2 (near‐
surface dominant pycnocline period at the inner shelf) spring tides. The results have implications for the
longevity of the wave packets and the nature of interaction between waves of depression and elevation within
the wave packets.

4.1. Summary Statistics

At the outer shelf, 56 NLIW of depression were identified for the whole period. Most of the NLIW coincided with
larger internal tide amplitude, and the majority occurred during the second spring tide period (Figure 5b) and just
before low internal tide. No elevation waves were observed as anticipated by the negative α (Figure 5a). The
background shear did not impact α substantially at this site (circles Figure 5a). Previous observations in the central
part of the BoB reported waves around 50–60 m that propagated at speeds of approximately 1 m/s (New &
Pingree, 1992).

At the inner shelf, 46 elevation and 48 depression waves were observed (94 total). The vast majority of depression
waves occurred during the ebb just before the low internal tide. The NLIW had distinct features depending on
their polarity. Typically, the elevation waves were steeper (median s∼ 10− 2) and slower (median cnl ∼ 0.27 m/s)
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than wider (median s ∼ 10− 3) and faster depression waves (median cnl ∼ 0.42 m/s) (Figures 6c and 6d). Both
polarities of NLIW had a wide distribution of amplitude, with a maximum value of 25 m (Figure 6a). Note that we
could only estimate the propagation speed cnl and geometrical parameters for 27 elevation waves (out of 46) and
18 depression waves (out of 48) (see Section 2.5.2).

Figure 5. (a, b) Measurements at the 2L outer‐shelf mooring. (c, d) Measurements at the 2C inner mooring. (a, c) KdV nonlinear coefficient evolution due to subtidal
changes with no shear (red line) and with shear αs (black dots). (b, d) Mode‐1 internal tide amplitude (black line). Time of maximum displacement of NLIW of elevation
(dark blue upward triangles) and depression (light orange triangles).

Figure 6. Histograms of the NLIW characteristics on the inner shelf normalized by the number of available measurements for a given polarity. Blue values are for
elevation waves, and orange for depression waves. (a) A(m) is the wave amplitude; (b) T(min) is the timescale; (c) cnl is the propagation speed, and (d) s is the wave
steepness. NLIW characteristics are defined in Section 2.5.2. We computed the geometrical parameters of 48 depression and 46 elevation waves. We computed
propagation speed and steepness for 18 depression and 27 elevation waves (Section 2.5.2).
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Depression waves were present at the inner‐shelf site during both spring and neap tide and even when the local
value of α was positive (Figures 5c and 5d). The presence of elevation waves was strongly influenced by subtidal
conditions. Elevation waves were much more prevalent during T1 than T2 (Figure 5d). During spring tide T1
(near‐bed dominant pycnocline and subtidal current shear at the inner shelf), the background shear heavily
influenced the value of α, increasing it by a factor of 4 compared to the shear‐free formulation (circles in
Figure 5c). Under these conditions, we observed packets of elevation waves during most tidal cycles. We note that
the salinity change near the surface would be expected to impact the value of α.

4.2. Nature of Inner‐Shelf NLIW of Elevation During the Near‐Surface Dominant Pycnocline Period (T2)

On two occasions (26/07 and 28/07, Figure 5b), the NLIW of depression observed at the offshore mooring had
transitioned to NLIW of mixed polarity by the time they passed the inshore mooring. We focus on the group that
passed the inshore mooring on the 28th (Figures 7f and 7g), as the MVP captured this wave on three occasions:
once between the moorings and twice inshore of the inner‐shelf mooring (Figures 7a–7c).

At the offshore mooring, the waves of depression were symmetrical, displaced the thermocline by ∼20 m,
and were rank‐ordered (Figures 7d and 7e). No other waves were observed around this time at the offshore
mooring (Figure 5b). Thirty‐seven kilometers inshore, these waves were observed 13 hr later and had slowed
down (propagation speed from ∼1 to 0.78 m/s between P0 and P1 Table 2); the waves were no longer rank‐

Figure 7. Onshore propagation of a packet of NLIW from offshore (top) to onshore (bottom) using moored and moving vessel profiler (MVP) observations between
28/07 and 29/07 (a–c) Fraction of the MVP transect (location shown in Figure 1) measurements of the temperature field showing the propagation of a packet of NLIW.
Black lines correspond to the isotherms at 1°C intervals. The bold dark line shows the seabed. P0, P1, P2, and P4 correspond to the positions in Table (2). (d, e) Outer‐
shelf 2L moorings measurements: (d) vertical velocityw in 2L and (e) baroclinic cross‐shore current u. (f, g) Inner‐shelf 2Cmoorings measurements: (f) vertical velocity
w and (g) baroclinic cross‐shore current u.
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ordered, and the first two waves had a steeper back face than the front face (Figure 7a). By the time the
waves reached the inner‐shelf mooring, where α ∼ 0, they at 06:15, were of mixed polarity (Figures 7f and
7g). No other waves were observed around this time at the onshore mooring (Figure 5d). The depression
waves in the packet were asymmetrical with a broad front face, a weak downward velocity, and a steep rear
face coinciding with a sharp upward motion (Figure 7g). These waves of depression had similar charac-
teristics to the waves undergoing polarity reversal on the New Jersey coast (Shroyer et al., 2009). Between
the high‐amplitude depression waves, we observed small amplitude elevation waves (between 22:15 and
23:15) with enhanced near‐bed onshore horizontal velocity (see after P2 Figure 7g). Both depression and
elevation waves perturbed the isotherms throughout the entire water column (Figures 7f and 7g). Once the
wave packet passed the inner‐shelf mooring, it evolved into three waves of elevation of ∼20 m amplitude
(Figures 7b and 7c).

The combination of moored data and MVP profiles clearly indicates that the mixed polarity packets we observed
at the inner‐shelf site during T2 were transitioning from waves of depression to elevation.

4.3. Nature of Inner‐Shelf NLIW of Elevation During the Near‐Bed Dominant Pycnocline Period (T1)

During period T1, under double pycnocline conditions and a fast‐changing background current (here a fast‐
changing background current refers to 5‐hr low‐pass currents, see Section 2.3.1), the nature of NLIW was
much more varied. We identified four distinct types of NLIW packets on semidiurnal bores. We used the internal
Iribarren number, for example, the ratio of the bottom slope with the square root of the offshore internal tide slope
to classify the bores observed at the study site. The internal Iribarren number was estimated to be around 0.15
using the bottom slope between 2L and 2C, the maximum amplitude of the internal tide and the associated
propagation speed at 2L, which are given in the previous section. A small internal Iribarren number is associated
with canonical bores (Walter et al., 2012).

4.3.1. Packets of Elevation Waves on a Semidiurnal Bore

During spring tide conditions coincident with a double pycnocline, for example, on 14/07 (denoted O0 in
Figure 4), depression and elevation NLIW were both observed, but at distinctly different phases of the internal
tide (Figure 8a). Packets of high‐amplitude elevation waves arrived at the front face of bores every 12 hr
(Figure 8a), with propagation speeds (median ∼0.28 m/s) (blue triangles Figure 8c) approximately half the value
of the internal tide phase speed cM2 (∼0.5 m/s) (Figure 2d). Depression waves preceded the bores and occurred at
low internal tide (when the 19°C reached its maximum depth). They propagated twice as fast as the elevation
waves (similar speed to cM2) (orange triangles Figure 8c).

On 14/07, we observed two successive packets of elevation NLIW (03:00 and 18:00 Figure 8). The two successive
packets of elevation waves had appreciably different characteristics. Past studies have revealed that the local
velocity and stratification preceding the packets lead to NLIW variability (Davis et al., 2020; Masunaga
et al., 2016; McSweeney et al., 2020). The bottom temperature decreased for the 6 hr following the elevation wave
packet (Figure 8e). Similar observations of cold water propagating upslope with coincident boluses were
described by Davis et al. (2020).

Wave packets of simple elevation waves (Figure 9) were identified by the near‐bottom isotherms rising upward;
almost no modification of the near‐surface isotherms was observed. At the same time, we observed enhanced
positive horizontal velocity near the bed (Figure 9a) and enhanced vertical velocities, which reached more than
10 cm/s (Figure 9b). The horizontal velocity under the wave crests was around 0.25 m/s (Figure 9a), which was 5
times the cross‐shore barotropic current magnitude. The two leading waves were small (less than 6 m) and
followed by a high (A = 24 m) and steep (∼0.2) wave, associated with a transient drop of 0.5°C of the bottom
temperature (Figure 9c) at 16:40. Within the wave, a core with well‐mixed water (temperature differences did not
exceed 0.5°C within the core in Figure 9) was up to 15 m high. Consequently, the 15°C, 16°C, and 17°C isotherms
were strained and increased the stratification around the 20–30 mab region as expected in a bolus (Ghassemi
et al., 2022). The combination of bolus‐like waves and elevation waves was regularly observed. No signs of
depression waves were observed in the wave train.
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4.3.2. Packets of NLIW of Opposite Polarity on a Semidiurnal Bore

During the first tidal cycles coincident with the near‐bed dominant pycnocline (denoted O1 in Figure 4), we
observed two packets of elevation waves (defined here as a grouping over 2 hr or less) that had depression waves
propagating within them (Figure 10). Within both packets, small elevation waves (less than 12 m) propagated on
the lower pycnocline, and one large depression wave (∼17 m) propagated on the upper pycnocline (15:00 and
03:00 in Figure 10a). Within the second packet, elevation and depression waves were traveling at a similar speed
(0.38 m/s) and similar direction. Unfortunately, our method did not allow us to estimate the propagation speed of
the first wave of depression.

The bottom temperature was oscillating at the semidiurnal frequency and decreased by 0.8°C between the two
tidal cycles (Figure 10e). The bottom temperature also sharply decreased at the timescale of the NLIW
(Figure 10e), similar to the elevation wave packets on the semidiurnal bore (Section 4.3.1). For both packets, the
first wave was likely to be a bolus, associated with a sharp, but transient drop in temperature (Figure 10e). Bolus‐
like waves were coincident with a 0.8°C temperature drop near the bed (Figure 11c).

Figure 8. (a) Cross‐shore total velocity. (b) Direction of arrival of the NLIW (Blue triangles correspond to the elevation
waves, and orange triangles correspond to the depression waves). The dotted line corresponds to the time when an NLIWwas
observed (orange lines correspond to depressions, and blue lines to elevations). (c) NLIW propagation speed (Blue triangles
correspond to the elevation, and orange triangles correspond to the depression.). (d) Fast‐changing background current (5 hr
low‐pass filtered) cross‐shore velocity. Note that here cross‐shore velocity includes the tidal and subtidal baroclinic currents
whereas the velocity in Figure 4 was band‐pass filtered, and the depth‐averaged current was removed. (e) Bottom
temperature 70 cm above the seabed (black line).
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On both tidal bores (Figure 10), the NLIW were a combination of depression waves and elevation waves
(shown for first packet in Figure 11). When we observed depression/elevation waves, the horizontal velocity
under the waves was enhanced negatively/positively near the seabed (Figure 11a). At the same time, the
vertical velocity increased. For elevation waves, we measured a positive vertical velocity followed by a
negative vertical velocity (16:30 Figure 11b). For a depression wave, we first measured a negative vertical
velocity followed by a positive vertical velocity up to 10 cm/s (15:35 Figure 11b). Only the first elevation
wave was a bolus by our definition of a strong decrease in bottom temperature in the core (14:47 Figure 11c).
The following elevation waves were not classified as boluses as the decrease in temperature within the wave
core was smaller than the bottom temperature after its passage (14.3°C under the third elevation wave 15:25
and 14.5°C at 15:40 (Figure 11)). At the end of the train, the bottom temperature increased from 14°C to
14.6°C for less than 10 min, between the last two elevation waves, and decreased down to 14°C after the last
elevation wave. The transient increase of bottom temperature was because of the downward displacement of
the isopycnals (Figure 11c). As in the previous section, the elevation wave packet was a combination of
bolus‐like waves and simple elevations waves (Section 4.3.1). In this case, a depression wave surrounded by
elevation waves was observed.

The horizontal velocity within the depression wave was difficult to interpret. When the depression wave was
measured, around 15:35, the horizontal velocity was close to 0 (Figure 11a). Within the depression wave core, we
would expect a positive value of the horizontal velocity. We may not observe the correct velocity field associated
with the depression wave because the depression wave did not propagate in exactly the same direction as the
elevation waves. Another possible reason why we did not observe positive horizontal velocity near the surface is
the impact of ADCP beam spreading, which could have averaged over different parts of the wave core, reducing
the velocity to zero. Near the surface, 45 m above the ADCP, the beams are separated by 33 m. The vertical
velocity changes signs in around 5 min, and the wave should propagate around 0.5 m/s (We use an average value
because we could not measure the propagation speed in this specific situation.), which gives a wavelength of
150 m. Only three points in time are measured within this depression wave, which may be too scarce for the
ADCP to correctly measure the horizontal velocity.

Figure 9. Leading NLIW from the wave train on 14/07. Black lines show isotherms every 0.5°C. (a) Horizontal residual
velocity between the total velocity and the fast‐changing background velocity, in the mean direction of the wave propagation
uw (color). (b) Vertical velocity w (color). (c) Bottom temperature 70 cm above the sea floor.
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4.3.3. Packet of NLIW of Opposite Polarity Superposed

As the bottom stratification increased, we observed elevation waves up to 23 mwithin a train of NLIW depression
waves around 18 m in height (Figure 12). The opposite polarity packet was observed only on the first tidal cycle
on 15/07 and did not repeat on the following one (Figure 12, denoted O2 in Figure 4). The fast‐changing
background current had mode‐1 vertical structure prior to the first bore and had a higher order vertical struc-
ture with an increased number of velocity inversion points prior to the second bore from 9:00 to 16:00
(Figure 12d).

The tidal bore on the 15/07 started with a series of high‐amplitude boluses (Figure 13 left) and ended with NLIW
of depression among ordinary elevation waves (Figure 13 right). The leading boluses were rank‐ordered in
amplitude (Figure 13 left) and led the cold water bore arrival (Figure 12e). At the beginning of the packet, the
bottom temperature decreased within the boluses and increased between the boluses. The NLIW at the end of the
packet were coincident with a constant bottom temperature 0.6°C lower than the bolus cores (Figure 13f). During
the bolus' propagation, no signs of depression waves were observed, the temperature at 40 mab was constant, and

Figure 10. (a) Cross‐shore total velocity. (b) Direction of arrival of the NLIW (Blue triangles correspond to the elevation
waves, and orange triangles correspond to the depression waves). The dotted lines correspond to the times when an NLIW
was observed (orange lines correspond to depressions, and blue lines to elevations). (c) NLIW propagation speed (Blue
triangles correspond to the elevation, and orange triangles correspond to the depression). (d) Fast‐changing background
current (5‐hr‐low‐pass filtered) cross‐shore velocity. Note that here the cross‐shore velocity includes the tidal and subtidal
baroclinic currents whereas the velocity in Figure 4 was band‐pass filtered and the depth‐averaged current was removed.
(e) Bottom temperature 70 cm above the seabed (black line).
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the near‐surface temperature 40 mab was constant (Figure 13 left). At 06:12 and 05:57, the near‐surface tem-
perature increased as depression waves passed at the end of the packet (Figure 13 right).

At the end of the packet, NLIW of depression were observed just before and after an elevation wave (05:55‐06:20
Figure 13 right). The biggest vertical displacement depression wave was observed at 06:15 when the 19°C
isotherm was displaced to 40 mab. At the same time, we measured a negative horizontal speed between 0.1 and
0.3 m/s, close to the seabed, and between 4 mab and 20 mab from 6:10 to 6:20 (Figure 13d). At 06:15, the vertical
velocity reached a maximum of 5 cm/s at 40 mab within the depression wave (Figure 13e). The waves at the end
of the packet had very different propagation speeds (Figure 12c). The elevation wave at 06:05 propagated at
0.35 m/s (Figure 12b); the following depression wave at 06:15 propagated at cnl ∼ 0.55 m/ s, and therefore would
soon overtake the elevation wave observed at 06:05. The elevation wave was not symmetrical; its back face was
steeper (∼6:10 a.m. Figure 13 right). This contrasts with the elevation waves we observed without the depression
wave superposed, which were either symmetrical or had a steep front face (Figures 9, 11, and 13 left). The
steepening of the back face of the elevation wave at 06:10 a.m. suggested that the two waves were superposed so
that their vertical velocity signature overlaps.

5. Discussion
The opposite polarity NLIW observed during T1 were of different types compared to the mixed polarity waves
observed T2 (see Section 4.2). During T1, the opposite polarity NLIW propagated in separated pycnoclines, and
the depression/elevation waves did not modify the near‐bed/near‐surface isotherm positions (Figure 11b). The
buoyancy perturbation was observed at different heights under depression and elevation waves. To describe
opposite polarity NLIW, two distinct vertical structure functions are needed and therefore cannot be found with
the idealized Equation 3. The opposite polarity NLIW were symmetrical, and the alternating vertical current
associated with the NLIW of each polarity was clearly separated and not observed throughout the entire water
column (Figure 11b). In contrast, the mixed polarity waves impacted the entire water column (Figure 7f), and
were unsymmetrical, and the vertical current of the depression and elevation waves overlapped as they underwent
a change in polarity, as shown by Shroyer et al. (2009). In the case of mixed polarity waves, elevation waves are

Figure 11. Focus on the NLIW train on 11/07 between 15:15 and 16:15. Black lines show isotherms every 0.5°C (black lines).
(a) Horizontal residual velocity between the total cross‐shore velocity and the fast‐changing background cross‐shore velocity
in the mean direction of the wave propagation uw (color). (b) Vertical velocityw (color). (c) Bottom temperature 70 cm above
the sea floor.
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formed from the depression waves whereas the opposite polarity NLIW are independent. Opposite polarity waves
in double pycnoclines have been observed off the Californian coast but have not been highlighted (Cheriton,
McPhee‐Shaw, Storlazzi, et al., 2014; McSweeney et al., 2020).

The coexistence of mode‐1 NLIW of opposite polarity is theoretically possible under some stratification profiles
such as double pycnoclines with specific characteristics (Grimshaw et al., 2004; Lamb, 2023). Lamb (2023) found
that elevation and depression waves are solutions of the horizontally uniform version of the Dubreil‐Jacotin‐Long
(DJL) equation (i.e., conjugate flow condition) for given double pycnocline stratifications. The position and
relative intensity of the three layers defining the double‐pycnocline stratification describe a parameter space that
specifies the coexistence of depression and elevation DJL waves with conjugate flow. Note that DJL solutions are
nonlinear, solitary, steady, and nonviscous waves; therefore, the solutions are of permanent form and can be of
higher amplitude than the KdV solitons. Furthermore, only mode‐1 waves can be a solution of the DJL equation
(Lamb, 2023). DJL waves are not a perfect description of the observed waves, and therefore, it is challenging to
verify conjugate flow. However, we can compare the characteristics of the stratification in the parameter space of
Lamb (2023) and therefore relate our observations to theory (see Figure 5—(Lamb, 2023)). During T1, given our

Figure 12. (a) Cross‐shore total velocity. (b) Direction of arrival of the NLIW (Blue triangles correspond to the elevation
waves, and orange triangles correspond to the depression waves). The dotted line corresponds to the time when an NLIWwas
observed (orange lines correspond to depressions, and blue lines to elevations). (c) NLIW propagation speed (Blue triangles
correspond to the elevation, and orange triangles correspond to the depression). (d) Fast‐changing background current (5‐hr‐
low‐pass filtered) cross‐shore velocity. Note that here cross‐shore velocity includes the tidal and subtidal baroclinic currents
whereas the velocity in Figure 4 was band‐pass filtered and the depth‐averaged current was removed. (e) Bottom temperature
70 cm above the seabed (black line).
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observed bottom layer thickness (6.2 mab, corresponds to h3 = 0.1 in Lamb's paper), the upper layer thickness
(46 mab corresponds to h1 = 0.26 in Lamb's paper) (black stars in Figure 14c), and the ratio of the density
difference over the water column, that is, Δρ1 = 0.32 (black stars in Figure 14a), Lamb (2023) predicts the
coexistence of DJL NLIW of opposite polarity for an assumed pycnocline thickness of 2.3 m (see Lamb (2023)
Figure 5a). During T2, the surface pycnocline was stronger and the bottom pycnocline was uplifted compared
to T1 (Figures 14c and 14d). During T2, given the observation of the bottom layer thickness (17 m corresponds to
h3 = 0.27 under Lamb's convention, we approximated to 0.3.), the upper thickness (47.7 mab corresponds to
h1 = 0.27 in Lamb's paper) (black stars in Figure 14d), and the ratio of the density difference over the water
column, that is, Δρ1 = 0.58 (black stars in Figure 14b), Lamb (2023) predicts the absence of DJL NLIW of
opposite polarity (see Lamb (2023) Figure 5c). During T2, when we observed polarity reversal, the two pyc-
noclines were closer to each other compared to T1, which considerably reduced h2, allowing the coexistence of
DJL NLIW of opposite polarity. Our observations are consistent with the theoretical model of Lamb (2023),
providing the first in situ validation. However, we note that there is uncertainty in the near‐surface and near‐
bottom pycnocline position and strength due to the low vertical resolution of the moored thermistors as well
as the lack of coincident salinity observations.

The formation mechanism of the observed opposite polarity waves remains unclear. Opposite polarity waves can
either originate from a different internal tide phase, or they can form on the same bore as the result of internal tide
breaking as numerically shown by Dauhajre et al. (2021). Packets of waves of opposite polarity can also form
from depression waves propagating on spatially varying stratification (Grimshaw et al., 2004) or from previous
wave interaction (Lamb, 2023). The clear observations of elevations waves, only during spring tides, and ob-
servations of depression waves during neap tide suggest a distinct formation of the opposite polarity waves in our
specific case.

6. Summary and Conclusions
On the Landes inner‐shelf site, at 62 m depth, the baroclinic current associated with the internal tide dominated
the cross‐shelf forcing at the onshore site. The internal tide current was up to three times larger, and the NLIW‐
induced current was up to five times larger than the barotropic tide current. Regular mode‐1 NLIW of elevation
and depression were observed. Depression waves were observed under spring and neap tides. Elevation waves
were steeper and slower than depression waves. Elevation waves propagated around 0.3 m/s with isotherm
displacement up to 24 m. The propagation speeds of the elevation waves were slower than the internal tide
phase speed. Depression waves propagated around 0.5 m/s with displacement up to 24 m. At the offshore site,
at 153 m depth, the observed NLIW were depression waves of around 20 m amplitude and propagated at
0.96 m/s.

Figure 13. Two examples of NLIW on the 15/07 (left) between 04:20 and 04:50 (right) and between 05:50 and 06:50. Black lines show isotherms every 0.5°C. (a, d)
Horizontal residual velocity between the total velocity and the fast‐changing background velocity in the mean direction of the wave propagation uw (color). (b, e)
Vertical velocity w. (c, f) Bottom temperature 70 cm above the sea floor.
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The inner‐shelf NLIW were impacted by variable wind‐driven local background dynamics. The observed
background stratification was characterized by a double pycnocline that varied in strength and position with
the wind forcing. During the second background condition, when the bottom pycnocline was located further
from the seabed and the surface pycnocline strengthened and became dominant, offshore NLIW of
depression propagated in the near‐surface pycnocline and passed through a mixed polarity wave phase as
they reversed polarity. Polarity reversal and observation of mixed polarity waves was around the inner‐shelf
mooring location as they propagated into shallower and more linearly stratified water. During the first
background period, there were two pycnoclines at the inner‐shelf site with the strongest pycnocline close to
the seabed. During most of the first period, we observed canonical bores accompanied by packets of
elevation waves that were modulated by the tidal and subtidal currents. The position and intensity of each
pycnocline permitted the coexistence of depression and elevation DJL internal solitary waves with conjugate
flows (Lamb, 2023). We observed that configuration during three tidal cycles and give a first description of
field observation of coexisting waves of opposite polarity. The opposite polarity waves propagated inde-
pendently along the upper and lower pycnoclines. We showed evidence of superposition between the two
waves of opposite polarity.

The coexistence of NLIW of opposite polarity raises the question of interaction and energy transfer
(Grimshaw et al., 2004; Lamb, 2023). Grimshaw et al. (2004) numerically demonstrated that the evolution of
two depression solitary waves in spatially varying realistic background conditions can lead to interaction
between the first solitary wave tail made of elevation waves and the following wave, resulting in weak
amplitude modification. Lamb's (2023) numerical study investigated the interaction of DJL solitary waves
propagating at different speeds and in the same direction with various combinations of polarity, kinetic
energy, and available potential energy. The energy transfer, which resulted in changes in amplitude, prop-
agation speed modification, and the generation of wave packets, was a function of the initial characteristics
of the interacting waves (Lamb, 2023). Comparison of Lamb's (2023) results with our time series

Figure 14. Density (a, b) and associated stratification (c, d) vertical profile. Time‐averaged over T1 (a, c) Time‐averaged over
T2 (b, c). The red points correspond to the sensor heights. The black stars show the characteristics of the three layers that
appear in the double‐pycnocline stratification profile (surface layer 1 is associated with ρ1 and h1, the middle layer 2 is
associated with ρ2 and h2, and the bottom layer 3 is associated with ρ3 and h3).
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observations in an ocean with likely spatially inhomogeneous background conditions is difficult. Cross‐shelf
observations of interacting waves would enhance our understanding of the impact of inhomogeneous fast‐
changing background conditions, bottom friction, and nonparallel propagation of the waves. A comparison
of the interaction between idealized, nonviscous DJL waves with field observations could help to refine the
energy transfer between the waves and hence better understand the fate of the waves and the associated
diapycnal mixing. We note that the background and tidal currents may also modify the conditions under
which waves of both polarities exist and require further investigation.

Double pycnocline stratification conditions have been observed along the BoB and on different continental
shelves (Cheriton, McPhee‐Shaw, Storlazzi, et al., 2014; Zulberti et al., 2022). Not every combination of pyc-
nocline relative strength and position can support waves of opposite polarity (Lamb, 2023). We note that double
pycnocline stratification, with similar pycnocline strength, can also result in the generation of mode‐2 NLIW
through resonant interaction (Rayson et al., 2019) or support mode‐1 NLIW of depression (Zulberti et al., 2022).
This is more likely in deeper shelf water due to the required increased vertical separation between the pycnoclines,
but further research is required to understand the conditions that lead to mode‐2 or mode‐1 NLIW (Lamb, 2023).
In shallower shelf waters, the double pycnocline can support opposite polarity waves as demonstrated here, and
this dynamic is not geographically unique. Locations where the bottom pycnocline is strengthened by processes
such as wind‐driven upwelling, as observed by Cheriton, McPhee‐Shaw, Storlazzi, et al. (2014), are likely to
experience regular opposite polarity wave events. On the BoB, the modification of stratification and the double
pycnocline condition we observed in response to the wind stress is likely to be a regular occurrence during
summer on this shelf as previous studies have revealed alternating upwelling and downwelling during the
summertime on the SE BoB shelf (Batifoulier et al., 2012; Kersalé et al., 2016; Le Boyer et al., 2013; Rubio
et al., 2013; Valencia et al., 2004).

In conclusion, our study revealed the existence of opposite polarity waves and suggested potential interaction
between the waves. Our observations can be used to motivate numerical modeling efforts to delineate the pro-
duction and interaction of opposite polarity waves. Deeper understanding of the interactions of opposite polarity
waves will enable more accurate predictions of energy transfer and mixing on the continental shelf.

Appendix A
Over the whole month we computed the density field from temperture measurements using the linear relationship
obtained from the MVP measurements (Figure A1). Salinity change in time was confined in the near surface
during the period of interest (Figure A2).

Figure A1. Density as a function of the temperature measured from 3 days of conductivity, temperature, and depth
measurements (correspond to 8 transects across the shelf) mounted on the moving vessel profiler (MVP). The red line
corresponds to the linear regression with given coefficients. The MVP trajectory is shown in Figure 1.
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Data Availability Statement
Data sets for this research are available in these in‐text data citation references: Lazure & Puillat (2017). Such data
sets description must be findable and accessible (e.g., via https://doi.org/10.17600/17010800). Data sets is
accessible via https://doi.org/10.5281/zenodo.8362896. The gridfit software used for this research is available in
these in‐text data citation references: D’Errico (2025). Such software must be findable and accessible (e.g., via
https://www.mathworks.com/matlabcentral/fileexchange/8998‐surface‐fitting‐using‐gridfit).
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