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Abstract

This paper presents an overview of the experiment INTIMATE96, carried out in June
1996 on the continental shelf off the coast of Portugal and discusses the effects of inter-
nal tides on the acoustic propagation. A towed broadband acoustic source and a 4-hydro-
phone vertical array were used. Acoustic data were collected for 5 days, including legs
where the source ship was moving and legs with the ship on station. Intensive environ-
mental surveys (XBT, CDT, bottom and hull-mounted ADCP, thermistor chain, bathym-
etry, geoacoustic characteristics of the sediments) were also conducted. The central
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results of acoustic data processing is that several effects of the environment, including
bottom influence, source range and depth and internal tides effects, can be clearly seen
on the signals and they can be processed separately. The acoustical effect of tides enables
to perform inversion with simple and fast methods. The results of INTIMATE96 confirm

the efficiency of broadband analysis on a single hydrophone to infer the geophysical
environment.

1. Introduction

Internal tides are internal waves at tidal frequencies induced by the interaction between
the astronomic tide and the topography (e.g. [1]). In density-stratified seas, the barotropic
forcing, combined with the topography gradients, generates internal waves, that travel
away from the generation point. In particular, continental shelf-breaks create two main
internal tides waveforms, propagating in both the deep and the shallow ocean. Internal
tides and internal waves are interesting for two main purposes. First, internal tides have
recently renewed their importance for oceanographers as a mean of understanding how
the ocean dissipates the lunar energy [2]. The internal tide appears to be a key link in the
cascade of energy from the large to the small scale. Second, because of their influence on
acoustic propagation, internal tides have also aroused the interest of acousticians for
many years (e.g. [3,4]). The recent development of ocean acoustic tomography [5] has
reinforced the interest for acoustical imaging of internal tides. On the one hand, the
inversion of tomographic signals allows for the observation and characterization of baro-
tropic and baroclinic internal tides modes [6]. On the other hand, the analysis of propa-
gated signal gives an idea of the acoustical impact of internal tides and internal waves
(e.g. [7,8]), especially in shallow water.

In the past, many experimental and theoretical studies were carried out to understand and
model the mechanisms of internal tides generation and propagation (e.g. [9,10,11]). A
strong interest has been devoted to the continental slope along the coasts of the North-
East Atlantic (Celtic, Armorican and Iberian shelves), known to be at the origin of strong
internal tides and internal waves [12, 13, 14]. A previous tomography experiment, called
GASTOM90, was conducted by the French Hydrographic and Oceanographic Office
(SHOM) in the bay of Biscay. This experiment had already shown the strong influence of
internal tide on long-range acoustic propagation [15,16]. On this basis, enforced by the
emerging interest towards shallow water tomography, a joint project was build between
SHOM, the Hydrographic Institute of Portugal (IH), the University of Algarve (UAL)
and the New Jersey Institute of Technology (NJIT). The so-called INTIMATE project
(INternal Tide Investigation by Means of Acoustic Tomography Experiment) is a series
of experiments specifically designed to tomographically image internal tides at a basin
scale.

The first exploratory experiment was carried out in June 1996 on the continental shelf off
the coast of Portugal [17]. This experiment, which was the first underwater acoustic
experiment in Portugal, aimed to collect a shallow water data set to check the feasibility
of internal tide imaging in a coastal environment. A towed broadband acoustic source
and a 4-hydrophone vertical array were used. Acoustic data were collected for 5 days,
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including legs where the source ship was moving and legs with the ship on station. Inten-
sive environmental surveys (XBT, CDT, bottom and hull- mounted ADCP, thermistor
chain, bathymetry, geoacoustic characteristics of the sediments) were also conducted.
This paper presents an overview of the experiment and discusses the effects of internal
tides on the acoustic propagation.

The paper is organized as follows. Section 2 gives an overview of the experiment and
describes the main features of acoustic propagation in the observed environment. Section
3 presents the influence of the tide on the acoustic propagation by isolating the effect of
each mode. Section 4 presents the acoustic data inversion and discusses the tomographic
imaging of two internal tidal cycles. Conclusions and perspectives are drawn at the end
of the paper.

2. The INTIMATE 96 experiment

2.1. GENERAL DESCRIPTION AND STRATEGY

The INTIMATE96 experiment was carried out in the period of 10-19 June in the Nazaré
site, on the continental shelf, 50 nautical miles north of Lisbon (figure 1). This area is in
the vicinity of the shelf break, favorable to the generation of internal tides. To complete
the knowledge of the area, additional bathymetric surveys were carried out and a seismic
survey combined with cores and samplings were also conducted [18], reavealing a
smooth and sandy bottom.

The experiment consisted in acoustic transmissions between a broadband source (towed
by the French oceanographic vessel BO D’Entrecasteaux) and a 4-hydrophone array (fig-
ure 2). Hydrophones were located at 35, 70, 105 and 115 meters. Near the array were
also moored a thermistor chain and a Doppler current profiler. The signals received on
the hydrophones were transmitted and processed aboard the Portuguese hydrographic
vessel NRP Andromeda for real time analysis. Three acoustic phases were carried out
(figure 3):

- Station «NORTH»x»: This phase consisted in a 25-hour acoustic station 5.6 km north
from the hydrophone array. The purpose of the station was to collect data in a range inde-
pendent environment. Acoustic signals propagate on a flat bottom along an isophase line
of the internal tide. During the station, CTD and XBT profiles were made every 2 hours
respectively by NRP Andromeda near the array and by BO D’Entrecasteaux at the sta-
tion point.

- «TRACKING»: This phase consisted in a 10-hour acoustic leg with a moving source.
The purpose of this phase was to collect data in various environmental configurations
(source depth, propagation range and bathymetric variations). CTD profiles were made
by NRP Andromeda near the array and XBT launches were performed by BO D’Entre-
casteaux along the acoustic tracks (bathymetric profiles were also done with a 50m spa-
tial resolution).

- Station «WEST»: 25-hour acoustic station 6.8 kilometers west of the hydrophone array.
The purpose of this station was to collect data along range-dependent sections and with
a direction of acoustic propagation across the isophase lines of the internal tide. During
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the station, CTD and XBT profiles were done every 2 hours respectively by NRP
Andromeda near the array and BO D’Entrecasteaux at the station point.

2.2. ACOUSTIC DATA

The emitted signal was a 300-800 Hz LFM chirp. The chirp lasted for 2 seconds and was
emitted every 8 seconds. Each received sequence was cross-correlated with the emitted
signal. Finally, all sequences were lined up on the leading edge. The sampling rate is 1
ms. The images of acoustic recordings during the three phases on hydrophone 1 (35
meters) and hydrophone 3 (115 meters) are presented in figure 4. The amplitudes are
normalized respect to the maximum value of the first spike on each image (the dB scales
is up to zero). The subplots shows that the signals have a stable part composed of sepa-
rated arrivals. This stable part looks like a textbook multipath pattern. Notice that during
the stations, the arrival times of the rays varies with an M2 cycle (two cycles per day).
Also, during the tracking phase, the structure changes significantly as the source moves
to and from the array. Finally, the energy of the first spike has large fluctuations. This is
the unstable part of the signal.

2.3. DATA INTERPRETATION

2.3.1. Background environment

The sound speed profiles collected during the experiment exhibit a smooth downward
refracting gradient, with no significant mixed layer (figure 5, top). A series of tempera-
ture profiles obtained by the thermistor chain near the vertical array is given in figure 5,
bottom. It shows that the thermocline oscillates between 30 and 70 meters with a typical
M2 cycle (two cycles in 25 hours). High frequency oscillations can also be observed.

2.3.2. Influence of the sound speed profile

Acoustic simulations have been carried out using a ray tracing model to describe the
geometry of rays and the KRAKEN normal mode program [19] to study the impulse
response of the medium. The bottom is flat and sandy with a compressional speed of
1700 m/s and attenuation coefficient of 0.9 ABThe propagation of broadband signals

in the INTIMATE96 shallow water environment can be characterized by two regimes
(figure 6): a stable regime and an unstable regime.

This unstable partis composed of direct rays refracted in the thermocline or with only a
few surface or bottom reflections. This leads to the existence of a first spike. The ampli-
tude of this spike is expected to be sensitive to the depth and gradient of the thermocline
since it results from the combination of several rays refracted in the thermocline. Any
fluctuation of this thermocline is expected to modify the interference scheme and so the
amplitude of the spike.

The second part of the signal is very stable and is composed of surface and bottom
reflected rays (or equivalently modes interacting with both the boundaries). These paths
sweep the complete water column. The arrival times of such rays are expected to be sen-
sitive to two features. First, the external tides, which modify the water depth, affect the
paths lengths and, consequently, the travel times. Second, the internal tide modifies the
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mean value of the sound speed over the water column since the thermocline goes up and
down. Hence, the travel times, which depend on this mean value, should also be affected.
This sensitivity will be discussed later on.

3. Acoustical effects of tides

The fluctuation of the sound speed profiles can be represented by two families of normal
modes. The first one, the family of Empirical Orthogonal Functions (EOF), is computed
from the covariance matrix of the profile. Thus, it captures the ocean variability. The
second set, the dynamical modes, is computed from the mean density profile and is
closely related to the physical process of internal tides. In the INTIMATE96 experiment,

it is remarkable that the two sets are almost equivalent [20]. This suggests that the ocean
variability observed in the sound speed profile is mainly governed by internal tide
effects. Two EOFs, which affects the sound speed profile, are given in figure 7. They are
sufficient to represent about 85 % of fluctuations in the thermocline. In the following,
these two first modes will be used to interpret the acoustic fluctuations in the data.

3.1. BFFECT OF THE SURFACE TIDE

The barotropic mode represents the sea-surface elevation due to the external tides. The
main effect of this mode is that the water depth is periodically increasing and decreasing
by a few meters. As a consequence, the path-length of rays reflected at the surface and
the bottom shortens and lengthens with the same period. In addition, the more the rays
have swept the water column, the more they are sensitive to the water depth. Then, the
rays most affected by the barotropic tide are rays with high grazing angles. This explains
the fluctuations of late arrivals on the real data as already shown in figure 4. This is also
emphasized in figer8 , which shows an excellent correlation between the predicted tide
and the time of arrival of the last rays during station <NORTH». The fluctuation of the
differential travel times for last rays is up to 15 ms.

On the other hand, figure 9, top, shows that the travel time of the first rays is not affected
by the sea-surface elevation.. For variations up to 10 meters, the travel time remains con-
stant. Indeed, these rays are refracted in the thermocline. Consequently, they are not sen-
sitive to the fact that the surface goes up and down. They are only sensitive to the internal
tide as will be discussed in the following. It is important to notice that, as the travel time

of direct rays is not modified, inverting the absolute travel times of last rays is equivalent
to inverting differential travel times (the difference between the travel time of a ray and
the travel time of the leading edge).

It is also shown in figure 9, top that the travel times of bottom-surface reflected rays
increases with the sea-surface elevation in a linear way. This was expectable since the
length of the paths depends on the surface of the sea. As will be explained later, this
effect can be filtered.



Y. STEPHAN ET AL.

3.2. BFFECT OF THE INTERNAL TIDE

3.2.1. First baroclinic mode

The first baroclinic mode represents the oscillation of the thermocline. It has two main
influences, put forward in figure 9, middle.

The first influence is that the amplitude and width of the first spike are modified when the
first mode varies (see the fluctuations vs alpha in the interval 100-200 ms). The explana-
tion lies in the fact that the first mode fluctuation affects the position of the thermocline.
As the first arrivals are rays refracted in the thermocline, the energy of the first packet can
oscillate.

The second influence is that the mean sound speed value over the water column is modi-
fied. The mean value increases when the thermocline deepens. Consequently, the times
of arrival of rays sweeping the water column are also modified. The effect is seen on late
arrivals (see for instance the rays around 600 ms). The influence on late arrivals is only of
a few milliseconds, to be compared to the fluctuations of the same rays with the external
tide effect. Note also that the later the ray, the greater the influence. To observe the influ-
ence of internal tides, it is preferable to track the time of arrival of the last ray.

3.2.2. Second baroclinic mode

The effect of the second baroclinic mode, well represented by the second EOF, is shown
in figure 9, bottom). Two conclusions can be drawn.

First, as for the first mode, the amplitude and width of the first spike are modified when
the second mode varies (see the fluctuations vs alpha in the interval 100-200 ms). This is
due to the fact that beta represents the shear of the thermocline. Then, it modifies the gra-
dient of thermocline and can affect the energy of the first packet, composed by refracted
rays.

Second, the travel time of the late arrivals are unchanged (see for instance the rays
around 600 ms and compare with figure 9, middle). This can be explained by the fact that
the shear effect does not modify the mean value of the sound speed over the water col-
umn.

3.3. SYIMMARY

We have seen that the oceanographic fluctuations in the sound speed profile have three
main origins: the barotropic tide, which results in fluctuations in the water depth; the first
baroclinic mode, which results in fluctuations of the depth of the thermocline; and the
second baroclinic mode, which results in fluctuation of the gradient of the thermocline.
The influence on the propagated signal is of two types: the barotropic tide as well as the
first mode can modify the time of arrival of late rays. The first and second modes modify
the energy of the first spike. These different features are clear on the real data and are
also well modelled by ray tracing and normal modes codes.
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4. Inversion

The purpose of inversion is to retrieve the main caracteristics of the internal tides. These
characteristics are the amplitude, the wavelength and the direction of propagation. The
first two features can be represented by the coefficient of the first two EOFs. The last one
can be estimated by combining the results of the two stations.

4.1. SATEMENT OF THE INVERSE PROBLEM

The evolution of the sound speed profile can be written as the expansion with the first
two EOF’s:

C1(z, )= c,(2) +a(t) ¥, (2) + B(t) ¥,(2), (1)

where C(Z) is the mean sound speed profite(t), B(t) ald, (2), ¥,(2)

are respectively the coefficient and the shape of the first two EOFs.

The inverse problem lies in the estimation of the two-modes coefficient from the time of
arrivals of the bottom-surface reflected rays and from the amplitude of the first spike. In
practice, using only the differential time of arrival of the last ray is sufficient. Indeed, the
last ray is the most sensitive rays and contains all the invertible information necessary to
retreive the first mode. Inversion attemps with several rays showed that no improvment

was obtained on0 (t)  estimate. If we denote respectively by A(tytéizthe amplitude

of the first spike and the differential travel time, the inverse problem can be written in its
general form as:

) = Gae, p) | @
A(t)

where G is a non linear operator that will be expressed in two steps.
Indeed, it has been shown in section 3.2.2 that the differential travel times does not
depend on the second EOF. Thus, it can be written that:

T(t) = Gy(a(t)). €

Onced(t) is estimated, the relationship between the amplitude and the second EOF
can be expressed as:

A(t) = Gu(B(1), )

It is then possible to define a hierarchical inverse method: in a first step, the first coeffi-
cient can be retrieved from the temporal fluctuations of bouncing rays, in a second step,
the second coefficient can be obtained by minimizing the mismatch between the mea-
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sured and the predicted amplitude of the first spike in a matched-field processing fashion.
One difficulty in this approach is to normalize the synthetic data to ensure that the corre-
lation with normalized real data makes sense. This will be explained later on.

4.2. APPLICATION TO ACOUSTIC DATA

4.2.1. Filtering out the barotropic tide

The arrival time of the bottom-reflected rays are sensitive to both the external tide and the
internal tide. To exhibit the internal tide signature, it is then necessary to filter the differ-
ential travel times out of the effect of the sea surface height. The amplitude of the tide
during the INTIMATE96 experiment is about 3 meters. By considering a constant bathy-
metric gradient, a simple model of the travel time perturbation due to the water depth can
be expressed. The complete development of the model is given in [20] and yields :

2hN s S
AT, =C—f [Isina;” + N; Lo, Ccosa] (5)

whereay, is the angle of the bathymetréxr; is the travel time perturbation of ray i, h is

S .
the mean water depth andrepresents the water sound speed at the botmm, is the

grazing angle at the sourch; is the number of bottom reflections. To validate this

model, comparisons between the exact travel times computed from standard ray tracing
and corrected travel times computed from Eq. (5) have been carried out. The absolute
error is less that 0.3 milliseconds, which is consistent with the time resolution on the data
(one millisecond). Then, a temporal filter can be applied to the travel time of bouncing
rays to filter out the external tide effect.

4.2.2. Inversion of the internal tide signal

a. Inversion of the first mode
The travel time perturbation of the i-th ray is given by:

- L ©
iCO(Z)

The sound speed profile projected on the first mode can be expressed as:
c(z 1) = cy(2) +a(t) ¥, (2) . (7)

It can be written that:
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¥.(2)

Co(z)

ot =—a Dr[ dar . (8)

The integral term of the previous equation can be numerically computed, sih as  can
be simply obtained by:
est 6t

O = —— 9)

W) )
JCO(Z)

b. Inversion of the second mode

After the inversion of the first mode, the second step of the inversion procedure is to find
B by a usual matched field approach. Settmgo its estimated value, the impulse
response of the medium is for a set of M possible value of the second coefficiEimne

first spike is extracted on each impulse response. Then, of synthetic data set

est |:|
[A? ,1 =1, M Jis available. The same extraction is done for each real sequence.
0
The final estimate is obtained by a simple correlation:
ObST est
B = argmin =) (=1, M). (10)
Ta IHA |

where the normalization of each sequence consists in dividing the sequence by its total
energy.

4.3. RRELIMINARY RESULTS

The preliminary results of the acoustic inversion on the deepest hydrophone are pre-
sented in Figure 10 and Figure 11. Comparisons are drawn with the temporal series of
sound speed profiles obtained from the thermistor chain. The global fluctuations of the
sound speed field are very well retrieved from the acoustic inversion. In particular, the
two minima in the thermocline position are well estimated, which corresponds to the M2
frequency. The magnitude of the vertical displacement of the thermocline is also well
estimated and can attain +/- 20 meters around a mean value of 40 meters. On the north
station only a small phase delay between hydrology and acoustic can be observed. On the
west station this delay is more significant and is estimated to be 0.06 days (1.45 hours).
This is reasonable since the direction of the tide is almost perpendicular to the slope.
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4.4, DSCUSSION

More work is needed on the inversion in order to be able to conclude on the possibility of
retrieving the main characteristics of the tide. This work is in progress. However, the pre-
liminary results shown here illustrate the effectiveness of acoustics to invert for the direc-
tion, wavelength and amplitude of the tidal wave. It is important to note that the method
does not require heavy nor complicated processing tools, which makes it computation-
ally very fast. It must also be noted that only differential travel times and normalized
amplitudes are used. No absolute timing, no precise positionning and no calibrated
source are needed. However, the fluctuation in time of the last arrival are only of a few
milliseconds and it is therefore necessary to have a signal sampling less than 1 millisec-
ond.

5. Conclusion

This paper has presented an overview of the INTIMATE96 experiment, which aimed to
tomographically image internal tides in a shallow water area on the Portuguese shelf.
The experiments mainly consisted in acoustic stations north and west from a light 4-
hydrophones vertical array. The central result of acoustic data processing is that several
effects of the environment, including bottom influence, source range and depth and of
course internal tide effects, can be clearly seen on the signals and they can be processed
separately. The effect of tides makes inversion possible with simple and fast methods.
INTIMATE96 confirms the efficiency of broadband analysis using simple devices (single
hydrophones or light vertical arrays) to infer the geophysical environment. Several stud-
ies, in particular in bottom geoacoutic-parameters assessment [21] and source tracking
[22, 23, 24], have lead to the same conclusion. In the future, some complementary analy-
sis of INTIMATE96 data inversion will be done and precise comparisons with the
hydrology will be drawn.

The second experiment of the INTIMATE series was carried out in the Bay of Biscay in
July 98 [25, 26]. Data are being processed but the first result show that in several other
types of environment, as sand dunes and rocky areas, broadband signals exhibits the
same kind of pattern with in particular stability in the late arrivals. If confirmed, these
results would be significant in showing that the analysis of shallow water propagation
could extend to most of coastal areas and low frequency active broadband processing
could emerge as a robust tool for shallow-water environmental assessment.
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Figure 1: Experimental site of the INTIMATE96 experiment.
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Figure 3: .Description of the phases of acoustic measurements.
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Figure 4: Acoustic data collected on the shallow (left) and deep (right) hydrophone during the
station «KNORTH» (top), during «TRACKING» (middle) and during station « WEST» (bottom).
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