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A B S T R A C T

Turbulent mixing on continental shelves plays roles in the structure and dynamics of marine ecosystems, nutrient
cycling, primary production and dispersion of pollutants. Describing and understanding internal wave dynamics
enables improved mapping of mixing over continental shelves, especially in complex environments where many
processes may interact, such as in upwelling systems. This paper describes internal wave propagation and dissi-
pation in the Moroccan upwelling system using a comprehensive set of hydrographic observations made during
two in situ surveys. The acoustic backscatter of the echosounder is shown to be a rapid and convenient survey
tool for detecting internal solitary waves (ISWs) on large spatial scales, through the high-frequency oscillation of
the zooplankton layer during nighttime conditions. Along ISW trains, enhanced diapycnal mixing episodes are
observed with increased dissipation coefficients in the thermocline (O(10-7 W kg-1)), associated with overturning
up to 6 m. Mixing due to internal wave soliton packets shows large spatial and temporal variability, but con-
tributes to the overall mixing processes and is responsible for large intermittent variations in the thermocline po-
sition. The joint use of a multifrequency echosounder and a current profiler ADCP allows mixing to be quantified
(via the Richardson number) on large spatial scales. Validation and use of this method in other coastal regions
could be useful to determine regional mixing parameterization in numerical models.

1. Introduction

1.1. Internal waves and diapycnal mixing in the coastal ocean

Estimation of turbulent mixing on the continental shelf is important
for understanding the structure and dynamics of marine ecosystems,
nutrient cycling, primary production and dispersion of pollutants (Nash
et al., 2004; Pineda et al., 2020; Rippeth et al., 2005; Schafstall et al.,
2010). Diapycnal mixing in the ocean is mostly driven by intermittent
patches of small-scale turbulence (Müller and Briscoe, 2000). Internal
waves (IWs) act as an intermediate process that transfers energy from
large-scale forcing (wind and tide) to fine-scale mixing at vertical scales
of a few meters.

A number of observational studies have shown that IWs are ubiqui-
tous in the stratified ocean (Chang et al., 2021; Garrett and Munk,

1975, 1979; Helfrich and Melville, 2006; Holloway, 1987), and cover a
wide spectrum, from the inertial frequency to the Brünt-Väïsälä fre-
quency, with a vertical displacements of 1–100 m. Internal tides are
generated through the interaction of the barotropic tide with the topog-
raphy over the continental slope and shelf (Baines, 1973; Garrett and
Kunze, 2007; Llewellyn Smith and Young, 2002; St. Laurent and
Garrett, 2002; Wunsch, 1975). They are highly sensitive to the ambient
stratification, which controls their amplitude. Gerkema (1996) showed
that internal tides generated at the shelf break tend to evolve nonlin-
early and give rise to shorter-scale internal solitary waves (ISWs) as
they propagate nearshore. They are associated with intense vertical
shear potentially leading to super-critical Richardson numbers (a mea-
sure of the relative importance of the stabilizing effect of stratification
and destabilizing effect of vertical shear). Hence, they can trigger shear
instability and intense diapycnal mixing.
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The signature of internal waves consists in a vertical displacement
of the thermocline and pycnocline and these waves are commonly ob-
served using mooring temperature time series. However, the intermit-
tency of this process can make it difficult to detect them using occa-
sional one-off measurements. Several studies have shown that methods
based on acoustic data, commonly used in fisheries studies, make it pos-
sible to track ISWs (Apel, 2003; Moum et al., 2003; Sandstrom et al.,
1989). Sandstrom et al. (1989) showed that a significant increase in
acoustic backscatter is observed in the layers, generated by the passage
of ISWs.

Over the past four decades, a number of studies have focused on
quantifying the mixing induced by IWs (Jones et al., 2020; Lamb, 2014;
MacKinnon et al., 2017; Moum et al., 2003; Palmer et al., 2015;
Sandstrom and Oakey, 1995; Vic et al., 2019). However, the complex
interactions of internal waves with topography mean that understand-
ing the energy dissipation processes and quantifying IW mixing rates on
the continental shelf is not an easy task and remains an active area of
research (Grados et al., 2016; Hamann et al., 2018; Nash et al., 2012;
Zulberti et al., 2020). As pointed out by Schafstall et al. (2010), a gen-
eral parameterization of mixing for such areas is still lacking. Under-
standing and mapping mixing processes induced by ISWs over conti-
nental shelves is of prime importance for the parameterization of their
effects in regional numerical models.

Here we present a study combining hydrological and hydrodynami-
cal datasets, including those collected with an Acoustic Doppler Current
Profiler (ADCP), multifrequency echosounder (EK60) and conductiv-
ity/temperature/depth probe (CTD), to detect ISWs and assess the in-
creased diapycnal mixing they trigger on the NW African shelf.

1.2. The Moroccan continental shelf

Modeling studies of IW activity and dissipation emphasized that the
Moroccan shelf is a global hotspot for IWs (de Lavergne et al., 2019;
Garrett and Kunze, 2007). The Moroccan continental margin is charac-
terized by: 1/the presence of a slope break between the continental
shelf and the abyssal plane with a bathymetry rising from 2000 m to
180 m over a length of 12.8 km; 2/a well-marked thermocline; 3/a

semi-diurnal tide (micro-tidal regime), with an average tidal range of
90 cm; 4/a Coriolis parameter f = 6.83 x 10-6 s-1; and 5/a maximum
buoyancy frequency N around 5 cycle.h-1 close to the value observed in
the north of the system near Gibraltar (Vlasenko et al., 1996). These
conditions are favorable to the generation of internal tides and their
evolution into solitons (Gerkema, 1996; Yuan et al., 2020). A persistent
annual upwelling subject to seasonal fluctuations is observed over the
Moroccan shelf. Upwelling of cold water can be clearly seen in the sea
surface temperature map in Fig. 1a (MODIS-Aqua; monthly composite).
This upwelling is stronger in summer, associated with the trade-wind
migration (Cropper et al., 2014). Like all upwelling regions, the Moroc-
can upwelling system is subject to intense mesoscale and submesoscale
activity. Capet et al. (2017) suggested that the intense mixing driven by
ISWs might play a key role in the upwelling dynamics. Observational
evidence of ISWs on the NW African shelf was reported by Capet et al.
(2017), Schafstall et al. (2010) and Arístegui et al. (2009). They found
average turbulent dissipation rates of 4.9 x 10-8 W.kg-1 on the Mauritan-
ian continental slope (Schafstall et al., 2010) and values occasionally
reaching O(10-7 W kg-1) on the Senegal shelf (Capet et al., 2017). How-
ever, the origin of mixing is difficult to identify over the Moroccan
shelf, as many processes may contribute and interact: upwelling fronts,
submesoscale filaments, large-scale canary current, tide and ISWs.

The present work describes a comprehensive set of hydrological and
hydrodynamical observations collected on the Moroccan shelf. To our
knowledge, the impact of ISWs has not been documented in this area.
The methods and instruments used to detect ISWs are described in sec-
tion 2. Section 3 then presents actual ISW activity and its effects on mix-
ing. Finally, we discuss the validity of these observations in section 4.

2. Materials and methods

2.1. Sampling strategy

Two surveys were carried out onboard the research vessel N/O An-
tea. Continuous SIMRAD EK60 echosounder and Acoustic Doppler Cur-
rent Profiler (ADCP WHS 600 kHz) observations were recorded, with
the ADCP and EK60 synchronized so that they would not generate arte-

Fig. 1. a) Sea surface temperature map of the NW African upwelling system (MODIS-Aqua; monthly composite). The black rectangle indicates the sampling area.
Maps of the surveys over the Moroccan shelf: b) from 28 June to July 5, 2013, EPURE 1; and c) from 7 to 17 November 2013, EPURE 3. Ship tracks with ADCP and
echosounder are plotted as black thick lines, with red circles indicating CTD stations. The thin black lines are the 50, 100 and 200 m isobaths. During the EPURE 3
survey, a yoyo station was carried out at the position shown by the green diamond.
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facts on each other. 115 CTD (Conductivity-Temperature-Depth) sta-
tions were performed during the two cruises. The first survey took place
in summer (EPURE 1: 28 June to July 5, 2013, Fig. 1b), and the second
in autumn (EPURE 3: 7 to November 17, 2013, Fig. 1c). Data from both
surveys were analyzed and used together as a single dataset, because
ISWs are observed at both campaigns.

2.2. CTD

Pressure, temperature and conductivity were measured using a
Seabird SBE 911-plus CTD with an acquisition frequency of 24 Hz.
Thirty-one and eighty-four stations were carried out during the first and
second surveys, respectively (Fig. 1b and c). Salinity and density were
computed using the TEOS-10 algorithms (McDougall and Barker,
2011). Only the downcast profiles were used in the analysis to avoid
data contamination by the wake of the packet and CTD frame (Alford
and Pinkel, 2000). Data were smoothed using a median filter with a
window size of three points, and were binned by 1 m depth interval.
During the last survey, yoyo CTD profiles were performed (Fig. 1c),
with 31 profiles done in approximately 4 h.

The vertical resolution of 1 m used in this study allowed us to assess
the fine-scale structures and associated turbulent mixing. To estimate
the intensity of turbulent mixing, the kinetic energy dissipation rate (ε)
was computed using the Thorpe scale LT (Thorpe, 1977) as:

ε = a2 N3 LT2 (1)

where a is an empirical constant coefficient, N is the Brunt-Väisälä fre-
quency, defined as N = √(-g/ρ x δρ/δz), g is the gravity acceleration
(m2 s-1) and ρ is the density (kg m-3). Thorpe scales are a measure of the
vertical scale of density overturns, which correspond to local hydrosta-
tic instabilities of the vertical density profile. For any given vertical
density profile, the Thorpe displacements LT are equivalent to the dis-
tance between a density-based unstable water parcel and its corre-
sponding statically stable one, which is given by the difference in depth
of each fluid parcel between the unsorted and sorted profiles (Thorpe,
1977). The constant a (eq. (1)) is the ratio that statistically links the
Ozmidov and Thorpe scales (Dillon, 1982; Moum, 1996; Wesson and
Gregg, 1994). A value of 0.8 is typically used to estimate ε (Alford et al.,
2015; Dillon, 1982; van Haren, 2020). The Ozmidov scale can be inter-
preted as the maximum vertical scale that a particle reaches when all its
kinetic energy is converted into potential energy (Ozmidov, 1965). Fi-
nally, it should be noted that estimates of vertical diffusivity, Kv, are
computed assuming constant mixing efficiency γ = 0.2, so that Kv = γ
ε N-2.

2.3. Echosounder (EK60)

Four SIMRAD EK60 echosounders were connected to four split-
beam transducers installed facing downwards on the hull of the ship.
The echosounders were managed together using ER60 software, which
simultaneously operated the four frequencies 38, 70, 120 and 200 kHz
and measured backscatter throughout the water column for each fre-
quency. Each echosounder was calibrated with a 38.1 mm tungsten car-
bide standard sphere following the calibration procedure of Foote
(1987). Acquisition was set with a 3 s ping interval and a pulse length of
512 μs. The ER60 software recorded data continuously throughout the
surveys.

Physical processes, such as IWs, can be observed via spatial and tem-
poral variations in zooplankton layers, whose acoustic responses vary,
according to their observed frequency and which are visible with low
acquisition thresholds (no more than -80 dB based on the assumption of
a backscatter around -70/-75 dB for the zooplankton layers) (Bertrand
et al., 2010; Pineda et al., 2020). Furthermore, Sandstrom et al. (1989)
indicated that acoustic backscatter levels in turbulent patches approach

-50 dB at 200 kHz, providing a rapid and convenient survey tool for es-
timating mixing levels induced by IWs. The 70, 120 and 200 kHz fre-
quencies were used to characterize the spatial and temporal variability
of the zooplankton layers, enabling us to establish the link with the
thermocline that would validate the echosounder as a tool for IW detec-
tion. For data processing, the Matecho software was used (Perrot et al.,
2018). An echo integration was applied (Fig. 2) consisting of averaging
acoustic energy values on the vertical (depth) and horizontal (time or
distance) scales, with a minimum backscatter threshold of -80 dB
(night)/-90 dB (day) and a maximum threshold of 0 dB. This parame-
terization difference between day and night, with a reduction of
backscatter threshold during the day to -90 dB instead of -80 dB at
night, was made to adjust for spatial variations in zooplankton. During
the day, zooplankton migrate deep into the ocean to escape from their
predators, leading to a dilution of acoustic backscatter signal intensity.
Echo integration was carried out from a depth of 6 m (to suppress noise
due to bubbles at the surface), to the maximum depth (maximum acqui-
sition depth or bottom depth). The measured volume backscattering
strength (Sv) was averaged vertically every 0.5 m in order to detect
sound-scattering layers. A semi-automatic method was then used to de-
termine the upper and lower limits of the zooplankton layer, following
Bertrand et al. (2010). A layer was manually defined in the water col-
umn on the basis of the average echogram of the three frequencies 70,
120 and 200 kHz, from which the depths were computed that had 10%
and 95% of the cumulative sum of area backscattering coefficients
(MacLennan et al., 2002) (thick black lines in Fig. 2), depicting the
main zooplankton layer. These thresholds are empirical and correspond
to the strong backscatter intensity gradient in the zooplankton layer.
Considering the noise level of these surveys, this computer-assisted ex-
pert method was proven to be more accurate and reliable than auto-
matic treatment from the surface to the bottom.

2.4. ADCP

A ship-mounted 600 kHz Workhorse Sentinel RDI ADCP was used to
measure velocity. The device operated continuously during both sur-

Fig. 2. Acoustic detection of the “main” zooplankton layer during the second
survey. Example of an echo integration performed on the averaged echogram of
the 3 frequencies 70, 120 and 200 kHz. Echo integration results, showing the
variability of a sound-scattering layer (Sv), are displayed in color. The thick
black upper and lower lines correspond to the depths where 10% and 95% of
the cumulative sum of acoustic echoes between two manually defined vertical
points are present, respectively. The thin black line corresponds to the bottom
depth. Acoustic densities were averaged vertically every 0.5 m. The x axis rep-
resents Elementary Sample Units (ESU), here we performed resampling on a
linear horizontal scale with an ESU = 18 m.
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veys (Fig. 1b and c). The ADCP was set to ping every second, averaging
over 1 min giving a 1.7 cm s-1 accuracy. The magnitude of the currents
and direction were measured with a vertical resolution of 1 m and a
maximum range of 50 m depth. To facilitate current variability repre-
sentation, the horizontal velocities u and v were averaged over 10 min
for eastward and northward components, respectively.

Based on the ADCP velocity measurements, high resolution esti-
mates of vertical shear were derived, which can be large in ISWs, lead-
ing to intense diapycnal mixing. ISWs propagating shoreward can be as-
sociated with shear-induced Kelvin-Helmholtz instability (Held et al.,
2019; Jones et al., 2020; Moum et al., 2003). Kelvin-Helmholtz instabil-
ities which generate mixing are characterized by a super-critical
Richardson number, ie., less than ¼ (Howard, 1961; Miles, 1961;
Smyth and Moum, 2012). The Richardson number is defined as
Ri = N2/(Uz2), where Uz is the vertical shear of horizontal velocity.

3. Results

3.1. Evidence of internal waves

Fig. 3 shows an example of ISW detection from the echosounder
during the CTD yoyo station done on November 12, 2013 on the outer
shelf. The propagation of an ISW train is shown by an oscillation of the
high-backscatter layer (around -60 dB) from 17:50 to 20:00 UTC (Fig.
3). Maximum crest-to-trough amplitude reaches 40 m over the outer
shelf for 15 min. The fourth CTD station (18:18 UTC in Fig. 3) shows a
prominent solitary wave with amplitude a = 27 m, located at depth
h = 25 m in the undisturbed state ahead. This wave is therefore highly
nonlinear (a/h = 1), and is identified in this study as a High-
Frequency Oscillations (HFO), which is characterized by a period
about 15 min and an amplitude greater than 20 m. Twelve HFO events
are observed on the shelf using the echosounder signal during both
missions (eighteen campaign days). Ten of these HFO events occurred
in phase with the internal tide (at high or low tide).

Fig. 4a and b shows 3 of the 31 temperature and salinity profiles
from the yoyo station on the outer shelf. The rapid evolution of the

Fig. 3. Volume backscattering strength (Sv) from the 200 kHz echosounder during the CTD yoyo station (survey 2; Nov 12, 2013). A sequence of internal solitary
waves can be seen between 25 and 60 m depth from 17:50 to 20:00. The red squares indicate the time of the CTD casts and purple squares correspond to the three
profiles displayed in Fig. 4a–b. The white vertical bands correspond to the suppressed noisy pings caused by propeller bubbles during the station.

Fig. 4. Time series of vertical CTD profiles: a) temperature, b) salinity and c) selected density anomaly profiles showing mixed patches during survey 2. The first
two panels correspond to the yoyo station, where an internal solitary wave packet is observed by the echosounder.
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thermocline depth is evident over the 3 h recording period. The top of
the thermocline fluctuates from a depth of 40 m at 17:50 to 20 m at
20:40 (Fig. 4a). These profiles are indicated by purple squares in Fig. 3.
The variability of the thermocline depth (Fig. 4a), is closely related to
the dispersion of the zooplankton layer (purple square in Fig. 3). Salin-
ity is relatively homogeneous (Fig. 4b), ranging between 36.55 and
36.7 kg m-3, and has a minor effect on horizontal and vertical density
gradients. Fig. 4c shows three selected density anomaly profiles on the
shelf during the survey 2 (Fig. 1c). On the 3 profiles, we identify a pyc-
nocline between 20 and 30 m depth, separating the surface lighter wa-
ter (<26.1 kg m3) from the subsurface denser water (>26.45 kg m3).
Well-mixed patches are evident at different depths under the pycno-
cline on the three profiles. They correspond to the area where the den-
sity anomaly is vertically constant, as shown between 70 and 90 m
depth in November 8 at 14:17 (black line in Fig. 4c). The thickness of
the patches ranges between 1 and 20 m and are found on a majority of
profiles of both legs.

Layers of strong acoustic reflectivity gradients associated with the
zooplankton layer were detected using the 200 kHz echosounder data
(Fig. 5a) and the semi-automatic method described above. On the shelf,
among the three frequencies used for this work, 200 kHz showed the
highest detection of the zooplankton layer. The echogram is shown in
Fig. 5, along with the corresponding interpolated temperature and ver-
tical velocity shear sections. The solid and dashed lines correspond to
the mean and the lower/upper limits of the strong acoustic reflectivity
gradients, respectively. Fig. 5a shows a vertical displacement of the

main zooplankton layer (in green), with an amplitude of up to 40 m.
The position of the reflective layer is superimposed on a temperature
section in Fig. 5b, showing a clear correspondence with the thermo-
cline. The latter closely follows the 18.5 °C isotherm, which separates
warmer surface water (18.6–20 °C) from colder subsurface water
(18.4–17 °C). Furthermore, the thermocline is highly variable, with a
depth ranging from 55 m at 18:00 to 25 m at 20:00. Fig. 5c shows that
the upper limit of the acoustic reflectivity gradients (dashed line be-
tween 20 and 30 m depth) also coincides with the shear reversal depth,
between the subsurface layer of positive shear and the deeper layer of
negative shear. The thermocline and shear reversal depth clearly coin-
cide between 55 and 25 m depth.

3.2. Evidence of increased diapycnal mixing

The maximum Brunt-Väisälä frequency (0.6-1 x 10-3 s-1) coincides
with the position of the reflective layer, showing a clear correspon-
dence with the stratification (Fig. 6b). The pycnocline position is simi-
lar to the thermocline (Fig. 5b) and shear reversal (Fig. 5c) positions. As
expected, the Richardson number (Ri) is low in the surface mixed-layer
(Fig. 6c). This mixed layer is characterized by a positive shear stress
(Fig. 5c). Furthermore, subcritical Ri (<0.25) patches are found right
below the pycnocline (Fig. 6c). However, the patches observed during
the ISW train, from 17:50 to 20:00 are smaller and more scattered than
the patch observed from 20:00 to 21:45. This can be explained by the
depth of the pycnocline, which is on average located around 40–45 m

Fig. 5. A sequence of internal solitary waves. a) Volume backscattering strength from the 200 kHz echosounder during the CTD yoyo station (survey 2; 2013/11/
12). b) Time series of temperature temporally interpolated from CTD profiles. c) Time series of vertical shear estimated from ADCP data over the first 50 m (ADCP
range). Large acoustic reflectivity gradients in the zooplankton layer are superimposed on all plots as black or white lines. The solid and dashed lines correspond to
the mean and the lower/upper values of the strong acoustic reflectivity gradients, respectively.
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Fig. 6. A sequence of internal solitary waves. a) Volume backscattering strength from the 200 kHz echosounder during a CTD yoyo station (survey 2; Nov 12, 2013).
b) Time series of Brunt-Väisälä frequency temporally interpolated from CTD profiles. c) Time series of Richardson number estimated from CTD and ADCP data, in
the first 50 m (ADCP range). Detection of strong acoustic reflectivity gradients in the zooplankton layer are superimposed on all plots as black or red lines. The solid
and dashed lines correspond to the mean and the upper/lower limits of the strong acoustic reflectivity gradients, respectively.

depth during the ISW train. Observation of the Richardson number
patches below it are limited due to the range of the ADCP (50 m depth).

Fig. 7a depicts the ISW train recorded by the echosounder at
200 kHz; eight profiles were selected (colored squares) to show the
impact of the soliton train on mixing. Fig. 7b shows the variation of
the thermocline depth, with well-mixed patches in the water column.
These patches are associated with overturning shown by Thorpe dis-
placements (Fig. 7c and 7a with colored circles), and an increase of
dissipation (ε, Fig. 7d) and turbulent diffusivity (Kv, Fig. 7e). In Fig. 7,
ε and Kv were normalized by their average over depth and all CTD
casts (<-> is the average), and displayed in logarithmic scale (log10
(ε/<ε>)).

Intense mixing is common in the surface layer, because of wind and
waves effects. In order to assess the impact of ISWs, we attempt to fol-
low the evolution of overturning, dissipation and diffusion below the
surface mixed layer (SML). The SML depth was calculated following de
Boyer Montégut et al. (2004) using a vertical density threshold of
0.03 kg m-3 from a reference value at 5 m depth, to identify the base of
the mixed layer (black dashed line in Fig. 7a). The SML was found at
35 m depth on 17:50 UTC and steadily decreased to reach 20 m depth.
The SML is closely related to the upper limits of the strong acoustic re-
flectivity gradients (Fig. 6c). The Thorpe displacements associated with
high values of dissipation and diffusivity are mainly located in the SML
(Fig. 7a, and 7c-e). However, the Thorpe displacements reach up to 6 m
below the SML at 17:57 UTC. Also, secondary maxima of dissipation
and diffusivity are observed near the thermocline (e.g. ε values reach-
ing O(10-7) W kg-1, two order of magnitude less than in the SML), where

the amplitude of the internal wave train is the highest (profiles from
17:50 to 18:18 UTC in Fig. 7a). Overall, Kv values are frequently in the
range of O(10-11) m2 s-1. These values, recorded close to the ISW train,
are two orders of magnitude larger than the integrated values in the wa-
ter column: O(10-9) W kg-1 and O(10-13) m2 s-1 for <ε> and < Kv>, re-
spectively.

3.3. Relationship between acoustic backscatter and hydrological parameters

In the ocean, high-frequency sound is scattered by many different
processes. Here, two phenomena might cause the observed impedance
contrasts in the water column: zooplankton content and temperature
contrasts. IWs propagate along density gradients, where stratification is
high. It is thought that IWs may play a role in the aggregation or trans-
portation of zooplankton (Bertrand et al., 2010; Lennert-Cody and
Franks, 1999). In the water column, marine organisms are often as-
sumed to be the primary source of acoustic backcatter (Warren et al.,
2003), and we suggest that it could be a proxy of the thermocline depth
and the maximum of the stratification of the water column, where ISWs
propagate.

A least squares regression method was used to estimate the relation-
ship between the depths of the acoustic reflectivity gradient limits (Fig.
5a) and the thermocline (Fig. 5b), for both the July and November 2013
surveys. Coefficients of determination (r2) of different dataset were
highly variable, ranging between 0 and 0.81. Correlations were made
separately for day and night conditions, due to the different acoustic
backscatter thresholds used for these two conditions (see 2.3
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Fig. 7. A sequence of internal solitary waves. a) Volume backscattering strength (dB re m-1) from the 200 kHz echosounder during a CTD yoyo station (survey 2;
Nov 12, 2013). Contour black line represents the surface mixed layer depth. The colored squares correspond to the Thorpe scale profiles of the panel c). b) Potential
temperature profiles (°C), c) Thorpe displacement profiles (m), d) energy dissipation profiles (log10(ε/<ε>)), and e) turbulent diffusivity profiles
(log10(Kv/<Kv>)). The circles in each plot correspond to overturns in the profiles.

Echosounder). We observed that during sunrise/daytime conditions,
the coefficients of determination were close to 0, while for sunset/
nighttime conditions, the coefficients of determination were 0.66 and
0.81 for the entire dataset and the yoyo station, respectively.

The correlation between acoustic backscatter (Sv) recorded by the
echosounder at 200 kHz and the Brunt-Väisälä frequency (N2) was ana-
lyzed within the main zooplankton layer, which is characterized by
strong acoustic reflectivity gradients (Figs. 5a and 6a). Considering the
noise level of acoustic backscatter measurements, Sv were binned into
classes of 5 dB before computing statistics of N2 and Sv over these bins.
The outliers of each bin, above and below 1.5 times the upper and lower

quartiles, were removed. A least squares regression method was then
used to estimate the relationship between Sv (dB re m-1) and N2 (s-1),
from the bin-averaged values (Fig. 8a). A highly significant correlations
(p-value < 0.01) is found, between these two variables. Furthermore,
the correlation is high, with a coefficient of determination (r2) of 0.81.
The empirical linear equation derived from this correlation was used to
derive N2 from acoustic data in the previously detected zooplankton
layer. This allowed us to estimate the Richardson number, using the
ADCP-derived vertical shear of velocity. Vertical sections of Richardson
number are shown in Fig. 8b–c. For panel b, the Ri was estimated using
the CTD-inferred Brunt-Väisälä frequency, while for panel c, we used

Fig. 8. a) Linear correlation between the acoustic signal from the echosounder (Sv) and the Brünt-Väisälä frequency (N2) from CTD profiles. Black crosses corre-
spond to the mean value of each bin, while horizontal and vertical black lines indicate the standard deviation for Sv and N2, respectively. The correlation was calcu-
lated within the layer of strong acoustic reflectivity gradients (Fig. 5a). b) Richardson number derived from the CTD and ADCP data. The red squares indicate the
time of the CTD casts used for the computation. c) Richardson number derived from the echosounder and ADCP data. The red dashed lines correspond to the lower
and upper limits of the strong acoustic reflectivity gradients.
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the echosounder-derived stratification. Low Richardson numbers (Fig.
8c) coincide with the well-mixed patch (Ri < 0.25).

4. Discussion

4.1. The relevance of acoustics for detecting ISWs and quantifying induced
mixing

The propagation of internal solitary waves on the continental shelf
is difficult to observe due to their intermittence and because many
processes may interact. Previous studies have shown the efficiency of
the echosounder for internal wave tracking and description, including
their size, wavelength and propagation speed (Apel, 2003; Bourgault et
al., 2016; Li et al., 2018; Moum et al., 2003; Sandstrom et al., 1989;
Serebryany, 2018). Here, the echosounder was also used to provide de-
tailed location and timing data while measuring physical parameters of
the water column. Echograms showed several nonlinear high-frequency
oscillations (HFO) of the zooplankton layer, characterized by a period
of about 15 min and an amplitude larger than 20 m. The non-linearity
of these oscillations, which occurred in phase with the tide, suggests
that HFOs are signatures of ISWs propagation across the shelf, resulting
from the disintegration of the internal tide caused by non-hydrostatic
processes (Helfrich and Melville, 2006). These new observations in a
poorly studied region suggest that ISWs might be ubiquitous across the
shelf, with the recording of 12 HFOs in 18 campaign days. These obser-
vations are in agreement with the results of previous studies (Chang et
al., 2021; Jackson et al., 2012). In this study, we demonstrated that the
main layer of zooplankton is a proxy of the thermocline where these
waves propagate. Sandstrom et al. (1989) showed that a significant in-
crease in acoustic backscatter and temperature gradient variance are
observed during the passage of ISWs over the continental shelf off Nova
Scotia. Our results on the Moroccan continental shelf support their con-
clusions and extend them to a new geographical zone. We showed that
the distribution of the main zooplankton layer in the water column, i.e.,
a layer marked by strong acoustic reflectivity gradients, was well corre-
lated with the depth of the thermocline, with a coefficient of determina-
tion reaching 0.81 (Fig. 5). However, on the Moroccan shelf, the corre-
lation between the thermocline and acoustic backscattering was only
verified during sunset/nighttime conditions (r2 between 0.66 and
0.81), while during the sunrise/daytime conditions, no correlation was
found. However, solitons most commonly form from the decay of the
internal tide and can therefore be generated at any time (day or night).
We investigated possible explanations for the day-night difference in
terms of the biological characteristics of zooplankton and our sampling
parameters. During the day, zooplankton migrate deep into the ocean
to escape from their predators. They are therefore spread over a greater
depth, leading to a dilution in intensity of the acoustic signal received
by the echosounder. The acoustic signal echo integration performed at -
90 dB, which facilitated the detection of strong acoustic reflectivity gra-
dients in the zooplankton layer, was rather close to the noise level of the
echosounder (-100 dB). Both the biological behavior of these organisms
and the technical limitations of the acoustic instrument could con-
tribute to the difficulty of detecting ISWs in daytime conditions. In ad-
dition, other geographically specific factors can hamper general param-
etrization for the detection of IWs, such as the intensity of upwelling or
the type of zooplankton species concerned, which can have a strong
seasonality (Romero et al., 2020; Romero and Fischer, 2017), and not
react to the same acoustic frequency. Furthermore, the latter could ex-
plain the differences in acoustic backscatter response for the detection
of the zooplankton layer, estimated at -50 dB on the continental shelf
off Nova Scotia (Sandstrom et al., 1989), but at around -65 dB for the
Moroccan shelf. The difficulty of detecting ISWs during daytime with
acoustic instruments seems to be universal since most of the examples
in the literature were obtained in nighttime conditions (Apel, 2003;
Capet et al., 2017; Moum et al., 2003; Sandstrom et al., 1989).

The inability to determine a general parametrization of mixing in
coastal zones (Schafstall et al., 2010) highlights the shortcomings of the
quantification of these processes. In this study, we hypothesized that
acoustic backscattering might be a proxy for density stratification. Dur-
ing nighttime conditions, the strong volume backscattering gradients
(Sv) delineate the N2 maximum, as described by Sandstrom et al.
(1989). For the first time, we showed the strong correlation between
these two variables, with a high coefficient of determination (0.81; Fig.
8a). Associated with ADCP data, the volume acoustic backscatter al-
lowed us to derive the Richardson number in the water column (Fig.
8c), and this is in agreement with the Ri derived from the CTD data
(Fig. 8b). This method provides greater spatial coverage and represents
a significant saving of cost and time compared with CTD profile acquisi-
tion, which is necessary to derive N2. However, the correlation between
these two variables was only verified in the area characterized by
strong acoustic gradients (i.e., where the ISW train is observed), which
represents the main layer of zooplankton in the water column (Fig. 5a).
Among the three frequencies used for this work, it can be seen that the
layers where the 200 kHz showed the highest detection were the best
correlated with ISWs. This frequency corresponds to species with an in-
creasing frequency response (most likely crustaceans) (Lavery et al.,
2007). This study shows that the acoustic backscatter levels provide a
rapid and convenient tool to detect ISWs and to characterize
Kelvin–Helmholtz instabilities, which can lead to mixing.

4.2. Enhanced coastal mixing

A recent study (Capet et al., 2017), suggests that ISWs over the shelf
may affect the distribution of the southern Senegal upwelling center.
The understanding and quantification of the processes induced by ISWs
appears to be essential for the study of physical and biological interac-
tions in complex environments such as the Moroccan upwelling. To im-
prove our examination of the turbulence associated with ISW processes,
we estimated the energy dissipation (ε) and turbulent mixing rate (Kv)
using the method of Osborn (1980). Internal wave interactions with
near-critical slopes, such as the one off the Moroccan shelf and the nar-
row steep channel, favor the onset of soliton generation. Here, the inter-
nal waves are prone to evolve into solitons of high frequency, which are
clearly observed from the scatter signal by the echosounder (Fig. 3).
These soliton observations suggest that M2 internal waves break into
solitons due to the interaction with the slope break (14.2% steepness),
as shown in several studies (Da Silva and Magalhaes, 2016; Gerkema,
1996; Jones and Ivey, 2017). As the ISWs propagate into the shelf, some
energy spreads into waves with shorter periods and generally smaller
vertical scales, causing turbulence and mixing (Garrett, 2003). Our
study shows that mixing is predominant in the surface layer due to the
mechanical effects of wind and surface waves. However, secondary
maxima of dissipation and diffusivity, associated with enhanced Thorpe
displacements are observed near the thermocline, under the surface
mixed layer, indicating an increase in diapycnal mixing. ε values in the
thermocline were reaching O(10-7 W kg-1), where the amplitude of the
ISWs trains were the highest (profiles from 17:50 to 18:18 UTC in Fig.
7a). Comparable values have been observed in other regions of the
world such as the Senegal upwelling (Capet et al., 2017), continental
shelf off Nova Scotia (Sandstrom et al., 1989), and Celtic Sea (Palmer et
al., 2015). Combining observed velocity and stratification measure-
ments shows turbulence (Ri < 0.25) in the water column under the sur-
face mixed layer that favors the diapycnal mixing process. These obser-
vations suggest that on the Moroccan shelf, ubiquitous ISWs actively
contribute to mixing of the water column and help to redistribute ocean
properties. Even if the coupling of an Acoustic Doppler Current Profiler
(ADCP) and a multifrequency echosounder makes it possible to effi-
ciently assess the mixing process on large scales, more sophisticated
methods would be needed to quantify precisely the intensity of local-
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ized mixing episodes induced by ISWs and their relationship with the
shelf environment.

5. Conclusion

The observations of all available echograms indicate ubiquitous
nonlinear internal wave activity over the Moroccan shelf, which is in
agreement with observations carried out on the other parts of the NW
African shelf (Senegal, Mauritania). We observed large-amplitude non-
linear ISWs of 40 m over a full water depth of 120 m on the Moroccan
shelf. This study confirms that echosounders, mostly used for fishing ac-
tivities and marine ecosystem studies, are convenient tools for detecting
the activity and propagation of ISWs. The novelty of this work is the
demonstration that, on the NW African shelf, the acoustic volume
backscattering at 200 kHz is a proxy of the density stratification during
the night (with a coefficient of determination r2 = 0.81). Furthermore,
our observations suggest that ISW dissipation over the shelf plays an
important role in diapycnal mixing. Mixing due to internal wave soliton
packets exhibits large spatial and temporal variability, but contributes
to the overall mixing processes and is responsible for important inter-
mittent variations in the thermocline position. Such variations are also
associated with variations in the relocation of nutrients in the water col-
umn, which drives productivity. Finally, the use of an echosounder cou-
pled to the ADCP in this study made estimates of the Richardson num-
ber – an indicator of mixing – possible on large spatial scales. Validation
and application of this method in other coastal regions could be useful
for refining and extending regional mixing parameterization in numeri-
cal models.
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