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Abstract

Laboratory experiments are carried out where internal waves are excited by oscillating bottom
topography. An absorbing layer is placed at some distance above the topography to prevent wave
reflection from the surface. The topography is two-dimensional, and consists of a number of
straight ridges with vertical walls and rounded tops. They are oriented perpendicularly to the “tidal
flow” (i.e. the direction of the oscillations) and placed periocially. Resonance phenomena occur
when the wave beams emanating from one ridge interact with neighbouring ridges after reflecting
at the bottom. Other experiments use sinusoidally shaped ridges or a combination of sinusoidal
and vertical ridges. The ultimate purpose of the experiments is to investigate the scaling of the
energy flux carried upward by the waves in the regime with strongly supercritical topographic
slope. Complementary numerical simulations using a non-hydrostatic ocean model will be also
used for this purpose.

1 INTRODUCTION

The ocean circulation is driven mechanically by windstressat the surface and vertical mixing in the interior
(Munk and Wunsch, 1998). The vertical mixing is caused by breaking internal waves, and in the deep ocean
internal waves are mainly excited by tidal currents flowing over rough topography. For this reason, tidally
generated internal waves have been studied intensively. The main goal in this research field is to calculate
the energy conversion from the barotropic tides to internalwaves, and the location and strength of the vertical
mixing that the waves give rise to.

By using linear wave theory, it is feasible to compute the tidal energy conversion for realistic topography
over large areas (Nycander, 2005). However, the linear theory is only valid if the bottom slopes = |∇h| is
subcritical, i.e. less thanω/N. (Hereh(x,y) is the bottom topography,ω is the tidal frequency, andN the
buoyancy frequency.) Furthermore, in the detailed global computation by Nycander (2005), a significant
fraction of the energy conversion occurs in places where thebottom slope is supercritical, and the computation
therefore is not valid. Thus, understanding the energy conversion for supercritical slopes is one of the main
unsolved problems.

In the subcritical (i.e. linear) regime, it is well-known that the energy conversionC is proportional toH2,
whereH is the height of the bottom topography. Several numerical and analytic studies show that the linear
scalingC ∼ H2 continues into the supercritical regime for a single two-dimensional ridge (Llewellyn Smith
and Young, 2003; St Laurent et al., 2003; Petrelis et al., 2006). However, topography with multiple seamounts
and ridges is principally different because of “shadowing”. This phenomenon means that there is a region in
the valleys between the ridges from which wave rays cannot reach the water above the ridges without reflecting
at the sides of the ridges, as illustrated in Fig. 1. It has been argued that this leads to saturation of the energy
conversion, so thatC no longer increases with increasingH in the supercritical regime (Nycander, 2006).
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Figure 1: Illustration of shadowing. The straight lines areinternal wave characteristics that connect to the
region above the topography.

A few analytic and semi-analytic studies give some support for this idea (Nycander, 2006; Balmforth and
Peacock, 2009), but the topography used was two-dimensional and very idealized, and the issue is still not
settled.

The supercritical regime is very challenging for numericalsimulations, since much of the energy is concen-
trated into narrow beams. If one wants to go beyond the highlyidealized topographies accessible by analytic
or semi-analytic methods, and particularly if one wants to study three-dimensional topography, laboratory ex-
periments may be necessary. Some laboratory experiments with tidal generation of internal waves have been
performed, but they have generally used a single two-dimensional ridge (Peacock et al., 2008; Echeverri et al.,
2009) or a single three-dimensional seamount (King et al., 2010). Moreover, the energy conversion has rarely
been measured.

2 EXPERIMENTAL CONFIGURATION

The experiments are conducted in the large stratified water flume of the geophysical fluid dynamics laboratory
of CNRM-GAME (Météo-France and CNRS) in Toulouse. The water tank is 30 m long, 3 m wide and 1.6
m deep. For this experiment, an extra, 10 m long interior vertical wall is placed 0.6 m from one of the long
sidewalls and parallel to it. The topography is placed on a false bottom plate in the narrow section between
the interior wall and the outer wall, and the experiment is conducted in this section.

Both ends of the experimental section are open, so that the internal waves are free to propagate into the
rest of the tank. To prevent the waves from being reflected back into the experimental section, inclined vertical
walls have been inserted at the short ends of the tank to deflect the waves into the wide section of the tank. In
this wide section sloping bottoms have been installed to prevent the waves from reaching the region behind
the central part of the experimental section, where they would interfere with the optical measurements.

We also want to avoid downward reflection of the waves from thefree water surface. Wave absorbers
consisting of many horizontal layers of soft plastic nets have therefore been placed 80 cm above the bottom in
the experimental section.

The false bottom on which the topography rests can oscillatesinusoidally in the direction parallel to the
internal wall. The forcing period is between a few seconds and more than 100 seconds, and the amplitude is
between a few millimeters and a few centimeters.

So far, we have used two types of two-dimensional topography. The first one is sinusoidal, which makes it
possible to compare the results with the previous numericalsimulations by Khatiwala (2003) and Zhang and
Swinney (2014) and the semianalytical calculations by Balmforth and Peacock (2009). There are 10 sinusoidal
ridges with a wavelength of 1 m, and height of the topography is 10 cm from top to bottom.

The second type of topography consists of 10 straight ridgesthat mimic vertical walls, which makes it
possible to compare with the analytic solution by Nycander (2006) and the numerical simulations by Zhang
and Swinney (2014). The height of these ridges is 20 cm, and the width is 10 cm. The ridges have vertical
sidewalls and rounded tops with semicircular shape, to limit flow separation and turbulence. This makes the
experiment different from the theoretical and numerical studies by Nycander (2006) and Zhang and Swinney
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(2014), in which the vertical walls were infinitesimally thin. The horizontal distance between the ridges has
been varied from 20 cm to 100 cm. Sinusoidal and vertical ridges are also combined in a some experiments.

A linear density stratification is created with computer controlled pumps connnected to reservoirs with
salt brine and fresh water. The density profile is checked using a carefully calibrated conductivity probe that
enables the calculation of the background buoyancy frequency N = (−g/ρ0× dρ̄/dz)1/2, whereg = 9.81m/s2,
ρ0 = 1000kg/m3 and ρ̄ is the background density profile, which varies typically from 1000 to 1040 kg/m3,
with typical values ofN around 1 rad/s.

Two kinds of diagnostics can be used: synthetic schlieren (to measure density anomaly) and particle image
velocimetry, PIV (to measure velocities). The synthetic schlieren is much easier to set up, and hence more
suitable when trying to cover many different combinations of experimental parameters. We therefore initially
used this method. No PIV results will be shown here.

3 RESULTS

The schlieren technique essentially mesures the vertical displacement∆ζ of optical rays crossing the tank,
which is caused by the perturbation of the vertical gradientof the refractive index due to the vertical dis-
placement of the fluid particles. The optical displacement∆ζ is proportional to the perturbation∂ρ′/∂z of the
stratification.

The ultimate goal is to determine the upward energy flux of theinternal waves above the topography. For
this, we need to know the fluid velocity and vertical displacement associated with the waves. However, the
schlieren data only provide∆N2, though this can in principle be integrated vertically to obtain the vertical
displacement.

Fig. 2 shows the schlieren data from four experiments. According to the analytic solution by Nycander
(2006), the wave radiation is particularly strong at certain forcing frequencies because of resonance. This
occurs when the downward sloping wave ray from one ridge top hits the next ridge top after reflecting at
the bottom of the valley between the ridges. This is the case in Fig. 2a, where the forcing period is 14.20 s,
corresponding to the frequencyω = 0.44 rad/s. As can be seen in the figure, the wave ray emanating from one
ridge top first reflects at the neighboring ridge wall, then onthe bottom, then on the original ridge wall, and
finally touches the neighboring ridge top.

Fig. 2b shows an experiment with the forcing period 11.62 s, corresponding toω= 0.54 rad/s. The rays are
now steeper, and the downward sloping wave ray from one ridgetop comes back to the original ridge top after
being reflected at the bottom and the sidewall of the neighboring ridge. In this case the original and reflected
rays interfere destructively, resulting in suppressed radiation, according to the analytic solution.

Fig. 2c shows an experiment with the even shorter forcing period 8.83 s, corresponding toω = 0.71 rad/s.
The wave ray from one ridge top would now hit the neighboring ridge top after just one reflection at the
bottom, resulting in positive interference. However, the resonance is now so strong that the wave field becomes
turbulent. With the slightly shorter period 8.51 s, corresponding toω= 0.74 rad/s, there is no longer resonance,
and the wave field is again regular, as seen in Fig. 2d.

Fig. 3 summarizes the results for many different forcing periods, including those used in Fig. 2. It shows the
spatial average of|∆N2| in a region above or below the ridge tops. Several resonance peaks are seen, including
those corresponding to the forcing periods in Figs 2a and 2c.Between these are well-defined troughs where
the wave radiation is almost suppressed, one of them corresponding to the forcing period in Fig. 2b.

4 CONCLUSION

We have observed internal waves excited by oscillating, periodic and two-dimensional topography. There is
resonance and strong waves when the wave ray from one ridge top hits a neighboring ridge top after being
reflected at the bottom between the ridges, and in some cases also at both the ridge walls. Further analysis
of the experiments will be carried out to determine the energy flux of the excited waves. This will allow, in
particular, to investigate the scaling of the energy flux carried upward by the waves in the regime with strongly
supercritical topographic slope.

Complementary numerical simulations of selected experimental cases will be also carried out using NHOMS
(Non Hydrostatic Ocean Modelling System, Auclair et al. (2011)). These simulations will allow to estimate
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Figure 2: Snapshots of the schlieren data from four different experiments. The color scale displays the local
perturbation∆N2. The distance between adajent ridge centers is 30 cm, the ridge height is 10 cm, the back-
ground buoyancy frequency isN = 0.82 rad/s, and the forcing amplitude is 5 mm. The forcing period shown
is 14.2 s, 11.62 s, 8.83 s and 8.51 s.

Figure 3: Summary of experiments with different forcing periods (all other parameters are the same as in
Fig. 2). The spatial average of|∆N2| in a region above or below the ridge tops is plotted as a function of the
forcing period.
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the consequences of unwanted effects in the laboratory experiments (such as departure from perfect sinusoidal
forcing, partially reflected waves at the top boundary layeror the finite number of ridges). They will also be
used to investigate the energy flux more deeply.
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