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Abstract High-frequency internal wave motions of periods
down to 20 min have been observed in a yearlong record from
the deep Western Mediterranean, mainly in vertical currents.
The observations were made using the ANTARES neutrino
telescope infrastructure. One line of the telescope is instrumented with environmental monitoring devices, and in particular with an Acoustic Doppler Current Profiler that was used
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to measure currents around 2,200 m. Such high-frequency
internal waves are commonly observed much closer to the
sea surface where the vertical density stratification is more
stable than in the deep sea. In this paper, they are supported by
the relatively large stratification following newly formed
dense water. During the severe winters of 2005 and 2006,
deep dense-water formation occurred in the Ligurian subbasin. Its collapse and spread over the sea floor across the basin
remained detectable for at least 3 years as deduced from the
present yearlong current record, which is from 2008. The
observed high-frequency internal waves match the occasional
density stratification observed in ∼1-m-thin layers using previous shipborne conductivity–temperature–depth measurements. Such layers and waves are relatively unusual in the
deep Mediterranean, where commonly several hundreds-ofmeters-thick near-homogeneous layers dominate. Such thick
near-homogeneous layers provide about a half-decade narrow
internal wave band around the inertial frequency (f). In contrast, the presently observed vertical currents occasionally
show a “small-scale” internal wave band that is on average
1.5 decades wide, associated with thin-layer stratification. In
spite of its relatively large width, this band still shows variance
peaking near f rather than near the large-scale buoyancy
frequency N (= 2.3–4.5f) and this variance is found to increase
with increasing N.
Keywords High-frequency internal waves . Deep Western
Mediterranean . Vertical current spectra with inertial peak .
Positive power law in stratification

1 Introduction
Although internal gravity waves are omnipresent in seas and
oceans, and they are thought to dominate vertical turbulent
mixing when they break above underwater topography, they
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are not expected to largely influence waters in the deep Mediterranean Sea. This is because in general the vertical density
stratification is very low there, with homogeneous layers of
hundreds of meters thick (e.g., van Haren and Millot 2004;
Schroeder et al. 2008). When the density stratification, i.e., the
main force generating high-frequency internal waves, becomes negligible, a narrow internal wave frequency (σ) band
is expected with small variance.
Recent developments and investigations suggest that, in
contrast to the above image, the deep Mediterranean can
support considerable internal wave motions. First, nearhomogeneous deep Mediterranean waters have demonstrated
the presence of propagating internal waves and vertical motions having O(0.01 m s−1) amplitudes, near the local inertial
frequency (f) (van Haren and Millot 2004, 2005). Normally, f
is understood as the lowest internal wave frequency, under
strongly stratified conditions. However, internal waves in
near-homogeneous waters are restored by the Coriolis force,
and f is no longer the lower frequency bound of the inertiogravity wave band (LeBlond and Mysak 1978; Gerkema et al.
2008 for an overview). Second, as these near-inertial motions
are the only internal waves that can pass from nearhomogeneous to well-stratified layers, they can cause vertical
turbulent exchange between these layers similar to slantwisetilted convection tubes (Straneo et al. 2002; Sheremet 2004).
They thus make the deep Mediterranean a rather actively
varying region of water-mass properties (Testor and Gascard
2006; van Haren and Millot 2009). Third, the severe winters
of 2005 and 2006 caused relatively deep dense-water formation in the northern Provençal and Ligurian subbasins of the
Western Mediterranean (e.g., Schroeder et al. 2008; 2009).
This resulted in newly formed water filling the basin from
below, thereby pushing the less dense older nearhomogeneous layer upwards and creating density stratification layers in the deep (van Haren and Millot 2009, see also
some of their data reproduced in Fig. 1a here; Schroeder et al.
2009). Thus potentially, an internal wave band could be
expected up to a large-scale (specified below) buoyancy frequency N≈7f (around 2,200 m N≈4f), while stratification
computed across smaller-scale “thin” layers has been observed occasionally as large as N=15–20f (inferred from
data in Schroeder et al. 2009; data from van Haren and
Millot 2009 reprocessed for Fig. 1b here).
In this paper, we present a yearlong time series of moored
Acoustic Doppler Current Profiler (ADCP) observations between about 2,200 and 2,250 m, focusing on the direct observations of vertical currents for studying internal waves. The observations will demonstrate a variable internal wave band, which is
different from that observed near the surface. They were made at
the ANTARES neutrino telescope site in the Ligurian subbasin,
40 km south of Toulon, France (Ageron et al. 2011).
In a previous study (van Haren et al. 2011), combined
optical (photomultiplier tube) and acoustic (ADCP) data from
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ANTARES were used to study the effects of vertical motions
related to meso- and large-scale processes of mainly seasonal
and 20 ±10 day ‘typical time-scale of occurrence’ during
2006. These processes and time-scales were related to the
meandering Northern Current, which flows counterclockwise
along the boundary slopes of the Ligurian and Provençal
subbasins and which is driven by buoyancy forces affected
by rotation (Crépon et al. 1982, 1989; Albérola et al. 1995;
Millot 1999). It is present throughout the year, but the strongest in the winter season when the density contrast is the
largest between the near-coastal and basin-interior waters.
This is because the latter is affected by dense-water formation.
Here, we will focus on higher-frequency motions having
periodicities between 1 day, 17.6 h (local inertial period) and
down to 20 min (maximum small-scale buoyancy period).
Some consequences for turbulent mixing will be discussed.

2 Materials and methods
In 2007, the ANTARES Collaboration deployed and operated
a so-called instrumentation line (Ageron et al. 2011) at the site
42° 48′ N, 06° 10′ E, 2,475-m water depth (Fig. 2). The ANTA
RES detector is one of a few deep-sea cabled networks. An
electro-optical cable provides power and the connection for
data transmission to and from a shore station (Aguilar et al.
2007). Such networks provide moored observations that are
much less memory- and power-supply limited as in standard
oceanographic stand-alone instrumentation. Cabled network
observations can be made over very long periods of time,
10 years in the case of ANTARES.
The instrument line includes a downward-looking 300 kHz
Teledyne-RDI ADCP at 2,190 m from which we analyze data
covering the first full calendar year of operation (2008) here.
The analysis focuses on internal waves as observed in vertical
current (w) spectra (“Appendix”). The ADCP sampled data
ensembles of 100 acoustic pings in 50 vertical bins of 2.5 m
width roughly once per 10 min initially. In the winter of 2008,
the sampling rate was increased to once per one minute,
nominally. Data-transmission-to-shore interruptions (Fig. 3a)
caused the effective sampling rates to be occasionally somewhat slower than set. For the present analysis we selected
periods with thus few interrupts that affected the w-spectra
well less than the confidence limits.
As the ADCP operates four beams, it offers an extra “error”
velocity (e) that is composed of the difference between two w
values estimated from the independent beam pairs (RDI
1992). Due to this definition, an error estimate is obtained
for w in all coordinate frames using the distribution of e. These
error estimates include horizontal-current inhomogeneities
over the beam spread. An elaborate error analysis of w-data
by the ADCP in this configuration is given by van Haren et al.
(2011). This error analysis also includes tilt of the
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Fig. 1 CTD-parameter profiles as a function of depth from central West
Mediterranean (40° N, 6° E), measured during three campaigns
“Gyroscop” outside ANTARES. a Density anomaly (−1,000 kg m−3),
referenced to 2,000 m. b Buoyancy frequency in units of inertial frequency computed over Δz=1 m intervals (thin lines), over Δz=25 m (dashed
lines), and over Δz=100 m (thick lines), positive definite values only. The

blockades at about N=7.5f in the Δz=1 m data and N=1.3f in the Δz=
25 m data are due to resolution of the instrumentation. Here, these values
are equivalent to the accuracies in N for given vertical scale (van Haren
and Millot 2006). The April 2005 profile stopped at 2,500 m because of
cable shortage

instrumentation line, which was small over a yearlong period
(<3°). It is not different for this data set.

components (Fig. 3). The horizontal-current components
(Fig. 3b, c) are dominated by variations that have an approximate 20-day timescale, which is associated with the Northern
Current as in 2005/2006 observations (van Haren et al. 2011).
The vertical currents (Fig. 3d) vary predominantly at shorter
timescales of (much) less than a day, as will be shown in more
detail below. The medium-scale vertical current shear,
S=(Δu/Δz, Δv/Δz) computed over a vertical range of Δz=
25 m, is typically weak (|S|=3–4×10−4 s−1 ≈2–3f) but can
attain values exceeding 10×10−4 s−1 ≈7f (Fig. 3e).

3 Results
3.1 Yearlong time series
A yearlong time series of current data clearly shows a large
difference between the horizontal and vertical current
Fig. 2 ANTARES site (dot),
which is located in the NorthWestern Mediterranean Sea off
Toulon, France. Isobaths are
drawn every 500 m between
[−500, −2,500]m

510

Ocean Dynamics (2014) 64:507–517

Fig. 3 Yearlong ANTARES–
ADCP times series observed at
2,200 m (except for shear in e) in
2008, plotted every 10th data
point. The horizontal bars with
Fig. numbers indicate periods
shown in more detail in Figs. 4–9.
a Time lapse between
observations, demonstrating the
varying sampling rates and a large
data gap in summer. b East–West
current component. c North–
South current component. d
Vertical current component, after
removal of overall mean. Note the
different vertical scale compared
to b, c. e Shear magnitude
computed over 25 m, between
2,195 and 2,220 m, in units of
local inertial frequency. f
Percentage of all four beams
providing good data. Lower
values are associated with a
decrease in reflecting particles. A
standard threshold of 25 % is
given by the dashed line

The relatively short range used for computing the shear
is related to the occasionally low numbers of acoustic
scatterers, which limits the amount of good data especially in the second half of the year (Fig. 3f). This percentage
of good (all-four-beams) data not only varies with time,
but it varies also with distance from the ADCP, and when
it hits a hard target like another instrument in the line
(Fig. 4a). Below, only data will be considered when the
all-four-beams percentage of good data exceeds the standard threshold, which is generally found for z>−2,250 m.
The shear magnitude |S|(t) (Fig. 3e) is of the same order
as estimates of N(z) computed over Δz=25 m using CTD
data (Fig. 1b, thick lines).
3.2 Winter/spring detail
The relatively weak mean shear may also be directly inferred
from the rather small vertical phase changes between variations in depth-time series of the first 150 days (Fig. 4). These
series show the same discrepancy between horizontal and
vertical currents as noted from Fig. 3, with dominant lowfrequency variations in the former (Fig. 4b) and dominant
high-frequency variations in the latter (Fig. 4c). In the mean
spectra (Fig. 5) of this period when average sampling was
780 s, this discrepancy is clearly visible. The KE-spectrum
(blue) steadily decreases from its, in this period here, 17-day
periodicity peak, at a rate of about σ−2 for 0.05<σ<7 cpd

(cycles per day, 1 cpd=2π/86,400 s−1) with the exception of a
near-inertial peak. For σ<f, the w-spectrum (red) is almost flat,
and for σ>f, the steady drop is at an approximate rate of σ−1.
Thus, high-frequency motions (σ∼N100, see “Appendix” for
definition of this large-scale buoyancy frequency) are more
energetic relatively to low-frequency motions in the vertical
than in the horizontal currents. Their variance ratio averages
about 0.5 near N (Fig. 5b), as expected.
Using the flat, white noise spectrum of the error velocity
(green) for reference, the w-spectrum is observed to exceed e’s
constant variance level for σ<28 cpd=NmADCP (Fig. 5a; see
“Appendix” for this maximum small-scale buoyancy frequency). Obviously, this frequency cutoff depends on the level of
instrument noise and on the internal wave variance (exceeding
the white noise level). Here, Nm follows from ADCP’s wspectrum, not from CTD data. The significant extent of the wspectrum above the e-spectrum and the difference between
slopes in w- and KE-spectra demonstrate that vertical currents
are well measured by the ADCP and not artificially dependent
on horizontal currents, for most of the internal wave range.
The nearly constant slope of σ−1 for ∼1.1f<σ<22 cpd is
interrupted around σ≈4.4 cpd=N100ADCP. This definition of
N100 (labelled as “N” in Fig. 5; cf “Appendix”) is commensurate with the general notion that the w-spectrum rolls off for
σ>N (Cairns and Williams 1976; Pinkel 1981), except that the
spectral peak commonly found at 0.5N in open-ocean and
near-surface data is not observed here. As for Nm above,
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Fig. 4 First 5 months of ANTARES–ADCP depth-time series observed
in 2008, plotted every 10th data point. White gaps indicate time lapses
>0.5 day. a Percentage of good data when all four beams are working
properly, over full range of observations. The range of good data >25 % is
approximately between 2,192.5 and 2,252.5 m, except during brief periods like around the beginning of the year (day 0) when it rises to about

2,230 m. Horizontal lines indicate bad data due to acoustic obstructions of
other instruments in the line. b Horizontal current magnitude for 60 m
range of generally good data, note the different vertical scale compared to
the upper panel. c Vertical current component over 60 m range. d Vertical
average of c over the 25 m range of permanently good data, between
2,195 and 2,220 m. e Shear magnitude as in Fig. 3e

N100 follows from ADCP’s w-spectrum here, not from CTD
data.
The rather-broad near-inertial peak extends to subinertial
frequencies in such a way that the subinertial slope approaches
σ+1 for 0.5 cpd<σ<∼1.1f. The lower bound (0.5 cpd) of this
frequency band is approximately equivalent to the lower
bound of the inertio-gravity wave band for very weak stratification N100CTD =0.5f (see LeBlond and Mysak 1978; Gerkema
et al. 2008 for the definition of the “non-traditional” inertiogravity wave limits). This weak stratification value is observed
using CTD data in near-homogeneous layers in the deep
Mediterranean (van Haren and Millot 2006; van Haren and
Gostiaux 2011). This explains the extension of the inertiogravity internal wave band to this frequency, at which apparently waves do not often occur. The more-often-occurring
internal wave frequencies fill the w-spectral peak. This broad
near-inertial w-peak fits more or less between the dashed lightblue inertio-gravity wave frequency bounds for a mean
N100CTD =f (Fig. 5), which thus indicates the typical stratification. The extent of the w-spectrum into even lower frequencies
σ<0.5 cpd having variance above the σ+1-slope may be

partially related to inertio-gravity wave motions under purely
homogeneous conditions. Such motions have a maximum
range 0<σ<2Ω, Ω the Earth rotational frequency. However,
this part of the w-spectrum is more likely related to mesoscale
meanders or eddies (we cannot distinguish between the two
from single mooring data) of roughly 20±10 day ‘typical timescale of occurrence’ that are associated with newly formed
dense deep water enforcing the boundary current (Crépon et al.
1982; 1989), as discussed in van Haren et al. (2011). These
“eddy”-periodicities, in the example here peaking at 0.06 cpd,
are best visible in (horizontal) kinetic energy (blue in Fig. 5).
Their rather broad (insignificant peak) frequency-rangedistribution for vertical currents, compared with the horizontal
current peak, suggests that vertical and horizontal currents
are differently distributed in meanders and eddies. Previous
observations suggest that w-peak along the rim of eddies,
whereas horizontal currents are found enhanced over a larger
spatial area (van Haren et al. 2006; van Haren et al. 2011).
The KE-spectrum (blue) shows more variance at
subinertial σ < f than both the w-spectrum (Fig. 5b; as
discussed) and the shear spectrum (black). The latter
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spectra (Fig. 7) do not show well-discernible inertial peaks but
rather broad bands. Compared to the 150-day average spectra
of Fig. 5, this 6-day period shows about half a decade lower
near-inertial “peak” in the w-spectrum, along with reductions
in KE(f)- and S(f)-spectral peaks and in both N100ADCP and
NmADCP. The thus-determined N100ADCP ≈2.3f, nearing f, but
NmADCP ≈11f, still one decade from f. The latter suggests
occasionally occurring high-frequency coherent motions of
about 2-h period (σ≈8f), which we localize having large
amplitude around day 60.15 in Fig. 6c, d (especially in the
latter). This is not associated with a local increase in shear, but
rather a local minimum (Fig. 6e). In the vertically averaged
record, further 2-h-period motions of small amplitude are
observed between days 61 and 62 mainly (Fig. 6d). Groups
of about 2 waves of about 9-h period (σ≈2f) are observed
around days 62 and 65. In contrast with the 150-day period,
the ratio of vertical over horizontal current variance is largest
around Nm, where an average of about 0.7 is observed
(Fig. 7b).
Fig. 5 Power spectra of ADCP data for the period in Fig. 4 in cycles per
day. a In red, the vertical current spectrum at 2,210 m is given; in green,
the corresponding error velocity. In blue, the corresponding kinetic energy is given, and in black, the 25-m shear spectrum (units 10−4 s−2/cpd).
The horizontal black lines indicate levels of maximum Φw(f) and noise
(top error velocity, green spectrum). Several frequencies are indicated in
the internal wave band by vertical black lines. The vertical green line
indicates fh, the local frequency for horizontal Coriolis parameter. Two
special frequencies are the following: the frequency where the spectrum
Φw deviates from the σ−1-slope is labelled “N”, the frequency where Φw
reaches noise level is labelled “Nm”. For reference, one semidiurnal tidal
frequency (M2) is given, two spectral slopes and two inertio-gravity wave
bands, for N=1f (light-blue lines) and for N=2.5f (purple). The vertical
black bar indicates the 95 % confidence limits. b Ratio of vertical (red
spectrum in a) over horizontal (blue spectrum in a) current variance

resembles more the w-spectrum. Subtle differences are
observed in the near-inertial peak frequency, being just
subinertial for the kinetic energy (0.9f, or the lower
bound of the inertia-gravity band for N100 ≈2.5f) and
approximately 0.95f for the shear spectrum. In contrast,
the w-spectrum peaks (non-significantly) at about 1.1f,
close to the horizontal Coriolis parameter fh (green line).
These peak-frequency differences can be understood in
terms of quasi-gyroscopic inertio-gravity waves in nearhomogeneous waters.

3.3 Six-day detail of low variance
In further detail during a relatively quiescent, low-shear period
of six days in spring, inertial-period motions are seen in both
horizontal (Fig. 6b) and vertical currents (Fig. 6c, d). In these
10-min-sampled ensemble data, the period of dominant nearinertial motions is not very fixed, so that the poorly resolved

3.4 Two-week detail of high variance, sampled at a rate
of 1 min
A nearly continuously high-sampled (∼60 s) period of a
fortnight in winter shows similar features, but with less
reflecting particles (Fig. 8a) and higher amplitudes in all
current components (Fig. 8b–d) and shear (Fig. 8e). Besides
showing more variance, the noise-exceeding part of the wspectrum is shifted to higher frequencies: N100ADCP =6.2 cpd≈
4.5f, NmADCP =78 cpd (Fig. 9). As in the half-yearlong mean
spectrum of Fig. 5, this two-week-period w-spectrum has
approximate slopes σ+1 for 0.5 cpd<σ<1.2f (peak); σ−1 for
1.2f<σ<6 cpd and 12 cpd<σ<78 cpd, with a break in between; and σ−3 for 6 cpd<σ<12 cpd. Also, the ratio of vertical
over horizontal current variance peaks around large-scale N,
not small-scale Nm as in the previous subsection. Around N, it
now averages about 0.9. Note the roll-off into a white noise
spectrum around the theoretical value (dashed horizontal line)
related with the ADCP’s slanted beam angle of 20° for σ>Nm.
As for coherent small-scale w-motions (say, high-frequency
internal waves), a small group is visible in Fig. 8d around day
364.3: it has about a 1-h periodicity and |w|=5×10−3 m s−1
amplitudes. Evidence of significantly observed high-frequency
coherent internal wave motions is provided in Fig. 10, in which
|w|=2×10−3 m s−1 amplitude motions have periods down to
1,110 s commensurate NmADCP =78=86,400/1,110 cpd. These
high-frequency motions have a vertical extent which is less
than the range of 60 m in Fig. 8c, but still reach typically 20 m.
They occur in groups of 3–4 waves, typically intermittent for
internal waves. No clear relationship with low-frequency shear
is observed, of which the magnitude varies between about 2
and 4f for the three cases (cf. Fig. 8e).
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Fig. 6 As Fig. 4, but for 6 days when time-mean 25-m shear was low,
<|S|>=1.7f. Here, white gaps indicate time lapses >1.5 h. The local
inertial period (Tf =2π/f≈17.6 h) is indicated, as well as 0.5Tf, 0.25Tf,
0.125Tf (corresponding to frequencies 2f, 4f, 8f, respectively). In f, a
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1.0Tf-zoom is given of c around the large 2-h period internal wave, with
respect to the time mean (color-scale slightly changed with respect to the
one of c)

4 Discussion

Fig. 7 As Fig. 5 with the same reference slopes and inertio-gravity wave
bands, but for different N, Nm for the period of Fig. 6

The present observations demonstrate the existence of highfrequency internal waves in the deep Mediterranean Sea. The
observed internal wave frequency range of the direct vertical
current observations using the moored ANTARES–ADCP
matches well with the “Gyroscop” CTD-observed range of
buoyancy frequencies representing stratification. As the CTD
observations were made during different periods, they demonstrate a common universality in deep Mediterranean highfrequency internal waves. The range of buoyancy frequencies
also matches the variation with time of ADCP-observed largescale vertical current shear. The low-frequency, subinertial
shear, and stratification variations have an impact on the
internal wave propagation, with a well-observed N scaling of
the vertical current spectrum and an unusual σ−1 slope for N
<σ<Nm as a result. It is noted that the present single mooring
observations do not, and are not expected to, provide a direct
correlation between these high- (super-large-scale-buoyancy-)
frequency internal waves and low-frequency shear. This is
because the low-frequency shear is coupled with large-scale
N, not necessarily with small-scale Nm. Small-scale waves
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Fig. 8 As Fig. 4, but for 15 days near the end of the year, when sampling rate was highest (∼60 s), artificial time lapses small and far between, and 25-m
mean shear relatively high <|S|>=2.9f with incidental values up to |S|≈10f

Fig. 9 As Fig. 5 with the same reference slopes and inertio-gravity wave
bands, but for different N, Nm for the period of Fig. 8. b The horizontal
dashed line indicates the theoretical (manufacturer’s) noise level variance
ratio

may become destroyed via Kelvin–Helmholtz shear-induced
turbulence; loss of large-scale shear may enhance highfrequency internal waves. Furthermore, the precise sources
and propagation paths of the internal waves cannot be
established from the one-dimensional short-range observations. Future research should be based on three-dimensional
(mooring array) observations.
The w-spectral peak near (1.1–1.2)f is at unusually low
frequency compared to open upper ocean w-humps near the
buoyancy frequency N>10f (Cairns and Williams 1976;
Munk 1980; Pinkel 1981). Apparently, the nearhomogeneous layers above and below thin strongly stratified
layers continue to dominate internal wave motions resulting in
a w-spectral peak at about 0.5N, N=N100 ≈2.2f, despite the
locally enhanced stratification in the thin layers. The extension
of significant coherent w-motions to higher frequencies (observed up to 78 cpd) is associated with growth in variance and,
presumably but not necessarily, increasing shear and stratification. In fact, taking previous spectra in near-homogeneous
waters into account (van Haren and Millot 2005), one finds a
positive power law in N for the w-spectrum Φw(σ) ∝ N4σ−1 ∝
Nm1.5σ−1 for near-f-peak<σ<N (<Nm). This is counterintuitive from the general ocean perspective of density stratification as the restoring force in an equilibrium internal wave
field. The above power law is quite different from the negative
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Fig. 10 Three 2-h periods of vertical currents, with respect to their local
time mean, from Fig. 8c (a–c) and Fig. 8d (aa–cc: here, vertical average is
over full range of 60 m in a–c); the shortest period TNm =1,110 s. Bars to

the right indicate approximate amplitude scales of vertically coherent
motions and of noise

power law in N for open ocean, near-surface spectra in the
range f<<σ<<N (Munk 1980), but rather close to shallow sea,
quasi two-layer spectral observations (van Haren 2008). From
the present data, it is estimated that the transition between the
two regimes is found for (at least) N∼6 cpd, the largest largescale buoyancy frequency for the present observations.
The present KE-spectra compare to within a factor of 2
with those from other deep Western-Mediterranean observations (van Haren and Millot 2004). As was indicated by van
Haren and Millot (2004), their KE-spectra between 100 and
2,700 m followed a reasonable N-scaling for levels where N≥
2.5f, with the exception of data from levels where N∼0. They
verified (but did not publish) that the (N≥2.5f)-spectra collapse to the canonical “GM” (Garrett and Munk 1972) internal
wave variance to within a factor of 2, provided the GMvertical-scale b was used from the range of weakest stratification instead of from around 1,000 m. For levels where N∼0,
the GM-model principally would not work, but van Haren and
Millot (2004) suggested a collapse to within a factor of 2 after
using an artificial scaling factor of N=3f.
Our observations thus confirm that the deep Mediterranean is
a more active internal wave and internal wave-induced turbulent
sea rather than being quiescent, as has been recently demonstrated for the central Western Mediterranean mainly using CTD
observations (van Haren and Millot 2009) and for the Eastern
Mediterranean using high-resolution temperature sensors (van
Haren and Gostiaux 2011). In all cases, mixing seems to be
governed by inertial wave motions as expected, because they are
the only waves that can freely propagate in both stratified and
near-homogeneous waters. They are associated with previously

observed mesoscale eddy variability which can be vigorous in
the deep Mediterranean when enforced by dense-water formation (Gascard 1973; Taupier-Letage and Millot 1986; Testor and
Gascard 2006). The varying dynamics in the Mediterranean
suggest that the above observations are expected to exist in
various other sites outside the Ligurian Sea.
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Appendix
Short review of internal wave signatures in shipborne CTD
data and moored vertical current observations
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Shipborne conductivity-temperature-depth CTD-profile
observations are a practical means to establish the possible
existence of internal waves without observing their propagation directly. CTD data are used to compute the density
stratification of natural stability, which provides the upper
limit of the internal wave frequency band. The buoyancy
frequency N=N100, computed over a typical but arbitrary large
(vertical) scale of Δz=100 m using a first-order difference
scheme, is a measure for the overall, smoothed “background”
stratification. In more detail, single profile stratification is in
thin strongly stratified layers with larger, more-homogeneous
layers in-between. Such layering is created by, e.g., turbulent
mixing and straining of the larger-scale (low-frequency) internal waves. Thus, when the vertical density stratification is
computed over smaller vertical scales, say Δz=1 m, a wider
variety of buoyancy frequencies, although at larger accuracy,
is observed from a minimum smaller than N100 and up to a
maximum N1 =Nm (Fig. 1b). Thereby, the error of computation increases of course, which is verified to be about 0.8f for
100 m range (van Haren and Millot 2006) and thus about 8f
for 1 m range.
The small-scale buoyancy frequencies >N100 could support
small-scale internal waves that propagate along thin interfaces. The large-scale N are thought to support internal wave
groups with frequencies σ<N100 in a more three-dimensional
fashion. These wave groups can reflect at layers where N100(z)
becomes smaller than their frequencies (Munk 1980). The
enhanced energy due to reflection is thought to create a hump
in potential energy (or vertical current) spectra, as modelled
using Airy functions by Munk (1980) and which is commonly
found to peak at σ=0.5N (Cairns and Williams 1976). In the
upper 200 m of the Mediterranean N100 =10–100f and the
internal wave frequency band is one to two decades wide.
Low-frequency internal waves near f are best studied by
exploring kinetic energy spectra, Φ KE , from moored
horizontal-current observations. High-frequency internal
waves near N are best studied by exploring potential energy
spectra ΦPE =N2Φη from density-layer displacement spectra
Φη, e.g., inferred from temperature observations (Munk
1980). Alternatively for the latter, one can use vertical current
observations, given the relationship w=dη/dt (e.g., Fofonoff
1969), so that w-spectra Φw =(σ2/N2)ΦPE. Classically, for
open-ocean near-surface internal waves in the frequency range
f<<σ<<N, the spectrum Φw(σ, z) ~ N(z)−1 is a constant with
frequency and decreases its variance when (large-scale) N
increases (Munk 1980). This relationship obviously fails in
homogeneous waters. Direct vertical current observations are
rather rare, because in general the oceanic aspect ratio of
vertical over horizontal currents is low, being O(0.001–
0.01). It is noted that this aspect ratio becomes larger for
internal waves, being O(0.01–0.1) for low-frequency internal
waves in moderate-strong stratification. It approaches 1 for
internal waves near the buoyancy frequency in general and for

Ocean Dynamics (2014) 64:507–517

near-inertial waves in near-homogeneous waters (van Haren
and Millot 2005), just like in turbulent motions.
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