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ABSTRACT

The interaction between internal waves (IW) and small-scale turbulence is investigated in a laboratory tank
with thermocline-type stratification. Turbulence has been produced by an oscillating grid. Temperature and
velocity measurements have been provided. The turbulent energy distribution and the dependence of the IW
damping rate on the wavenumber have been measured. The damping rates for IW, calculated based on a semiem-
pirical model for turbulence, demonstrate a quantitative agreement with experimental data.

1. Introduction

The interaction between internal gravity waves (IW)
and small-scale turbulence is one of the most important
factors governing the dynamics of the upper ocean.
There are different possible mechanisms of energy
transfer from IW to turbulence. One of them is the
breaking of IW with the formation of turbulent spots
(e.g., see Woods 1968; Monin and Ozmidov 1985).
Various estimates televant to this kind of processes
have been broadly discussed in the literature (e.g., see
Monin and Ozmidov 1985). Weinstock (1987) has
carried out computations for the case of atmospheric
IW and demonstrated the effective generation of tur-
bulence by the local velocity shear in IW. Such pro-
cesses are associated with sufficiently strong IW having
the local Richardson number small enough to provide

their instability and breaking, which does not seem to

be prevalent in the ocean.

This stimulated investigations of possible mecha-
nisms of energy exchange between IW and turbulence
without breaking. There exists some indirect evidence
of the energy transfer from IW to turbulence in the
ocean that is not caused by the IW breaking (e.g., see
Gargett 1984). A considerable amplification of the tur-
bulent energy by IW was demonstrated in a laboratory
experiment by Matusov et al. (1989).
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Another aspect of such phenomena is the damping
of the IW due to the energy consumption by turbulence.
LeBlond (1966) considered theoretically the IW damp-
ing due to the turbulent viscosity in a stratified fluid
layer with a constant Brunt—Viisild (buoyancy) fre-
quency. Ostrovsky and Soustova (1979), Ivanov et al.
(1983), and recently Ostrovsky and Zaborskikh
(1996) developed a model of IW damping in the tur-
bulent upper ocean with a thermocline and small-scale
turbulence enhancement in the IW field based on the
semiempirical theory of turbulence. It was shown there
that, together with turbulent viscosity, the turbulent dif-
fusion in the thermocline plays an important role and
that the losses can be very significant even for long TW,
up to the inertial range.

Experimental observations of the IW damping by
turbulence were performed several times in laboratory
experiments (see Phillips 1980; Kantha 1980; Baren-
blatt 1978). However, these results should have been
regarded rather as qualitative demonstrations of the ef-
fect. No quantitative measurements or comparisons
with theoretical models have been made. Moreover,
most of the studies referred to the two-layer fluid or
linear density profiles, which restricts the application
of the results to the real ocean conditions where the
seasonal thermocline may play a decisive role.

Here, we present the results of laboratory experi-
ments on IW attenuation on small-scale turbulence,
performed under conditions imitating those in the upper
ocean: thermocline-type stratification and inhomoge-
neous vertical distribution of turbulence that is typi-
cally produced by wind stress and/or surface wave
breaking. The experimental data are compared with
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theoretical estimates based on the semiempirical theory
of turbulence and show a quantitative agreement.

2. Experiment

Experiments on the IW attenuation in the turbulent
region have been conducted in a thermostratified tank
(see Arabadzhi et al. 1984) with dimensions 5.5 m
X 1.6 m X 1.2 m (Fig. 1). Thermal stratification was
provided by two pairs of heat exchangers (warm and
cold). The temperature profile was similar to that ob-
served in tropical seas, with pronounced thermocline
and temperatures 20°-22°C in a 30-cm thick upper
layer and 4°-8°C below the thermocline [T(z) profile
is sketched in Fig. 1]. The maximum buoyancy fre-
quency was about 0.35-0.4 rad s~'. Pronounced sea-
sonal thermocline in the sea is usually located at depths
of 20—40 m, which results in a spatial scaling factor of
about 100 (or 10 for timescales and for velocities). The
characteristic buoyancy period ranges from 2 to 5 min
in oceanic conditions, which corresponds to those in
the tank about 16-20 s, actually observed. Internal
waves were generated by a wavemaker in the form of
a semicircular cylinder with a diameter of 10 cm, os-
cillating with amplitude up to several centimeters about
the central position which coincided with the location
of maximum buoyancy frequency. This facility allowed
us to cover the wavelength range from 10-20 cm up
to 2 m by driving the wavemaker with periods of 20—
50 s, for which the first IW mode was dominant. The
measurements were performed in a channel 1.5 m long,
50 cm wide, and 1 m deep separated from the remain-
ing volume of the tank by two parallel vertical Plexiglas
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plates placed at 70 cm from the wavemaker, as shown
in Fig. 1. Such a configuration was chosen to enable
the maintaining of turbulence in a relatively small re-
gion and thus avoid fast entrainment and mixing, which
could change greatly the temperature profile and,
hence, the efficiency of the wavemaker and dispersion
characteristics for the IW. We checked the temperature
profile before, during, and after each set of measure-
ments, and found that the buoyancy period changes by
less than 10%, which is in the limits of the accuracy of
the experiment.

The turbulence was produced by an oscillating grid,
which is a widely studied source of turbulence (e.g.,
see review by Britter 1983). The grid (perforated alu-
minum plate with dimensions 20 cm X 45 cm and mesh
size about 3 cm) was placed at 6 cm below the water
surface in the middle of the channel and driven with
frequencies of 4—-6 Hz and magnitudes of about 3-5
mm. Such regimes allowed us to experiment for four
to six hours with no significant changes in thermocline.

The measurement facilities included

° a movable temperature probe, comprised of a
thermistor with a low time constant, was used to obtain
temperature profiles in the beginning and in the end of
each experiment

® two copper temperature sensors (referred below
as wire sensors ) were constructed as 50-cm long probes
with a time constant about 2 s. These sensors are sen-
sitive to temperature variations caused mainly by IW
of the first mode and practically insensitive to small-
scale turbulent temperature fluctuations

¢ a hot-wire anemometer measured turbulent veloc-
ity fluctuations.

T(2)

FiG. 1. Experimental setup: (1) IW absorber, (2) and (6) wire temperature sensors, (3) scanning tool with
a thermistor and a hot-wire anemometer, (4) oscillating perforated grid, (5) vertical Plexiglas walls, and

(7) wavemaker for ITW.
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The data were collected and processed using a Com-
paq 4/33 computer.

Figure 2 illustrates vertical distributions of buoyancy
frequency N and characteristic profile of turbulent en-
ergy b calculated from the measurement data.' The pro-
files of the vertical component of velocity in the IW
have been computed for the measured N(z) profile and
wavenumbers k = 0.1 and 0.6 of the first IW mode and
also plotted in Fig. 2. Figure 3 represents the dispersion
law for the first mode of IW in w(k) and A(T') planes
(\ and T are the wavelength and period of IW, respec-
tively). The detailed measurements of turbulence have
been made in the region from —30 to 30 cm in a hor-
izontal direction with respect to a grid center and in the
depth range from 1 to 30 cm with 5-cm spatial intervals
both in horizontal and vertical directions. The velocity
fluctuations were recorded, filtered with a high-fre-
quency filter with a time constant of 20 s, and then
processed to compute rms velocity fluctuations. These
data are plotted in Fig. 4 in a topographic way, with
curves representing the isolines of turbulent energy.
The turbulence reaches its maximum at the grid and
decays away from it both in vertical and horizontal di-
rections.

Internal waves were measured by two wire sensors:
the first placed at 70 cm from the wavemaker and 50
cm in front of the grid and the second at 50 cm behind
the grid.

The effect of turbulence on continuously excited IW
is illustrated Fig. 5. The plot represents two records of
IW made by wire sensors. Upper and lower curves cor-
respond to the first (50 cm upstream from the grid) and
the second (50 cm downstream) sensors. The moments
of switching the grid drive on and off are shown by
dotted vertical lines. The gap in the records was needed
for the IW decay after the first experiment. Switching
on of the grid slightly affects the IW amplitude in front
of the grid, but the wave passed through the region of
turbulence decays much stronger.

These records were processed with an FFT algorithm
using a 128-point running window. Power spectra of
IW exhibited pronounced peaks at the wavemaker os-
cillation frequency, thus allowing us to measure only
the amplitudes of the most intensive harmonic.

However, for the continuous regime this result must
be considered only as a qualitative one. Actually, in the
continuous regime the results are influenced consider-
ably by reflection of IW from the terminal end of the
tank. This amplitude can reach up to 20% of that of an
initially excited wave. The phase of a reflected wave
with respect to the excited one is not controlled, which

"In this experiment we were able to measure only one turbulent
velocity component, ', and the kinetic energy of turbulent motions
was defined as b = (3/2)(u'?); that is, turbulence is regarded as iso-
tropic, which is justified by its relatively small scale and by compar-
ison with the theory given below.
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FiG. 2. Vertical distributions of turbulent energy b(z), Brunt—Vii-
sdld frequency N(z), and the computed vertical velocity component
w in the first IW mode; the latter is computed for k = 0.1 and
k = 0.6.

can lead to the 20% error in IW amplitude and hence
up to 80% error in values of A,;/A,. Special measures
to provide the absorption of IW at the terminal end
reduced considerably (almost by half) the amplitude of
the reflected wave, but this reduction was still insuffi-
cient to provide reliable enough measurements.
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FiG. 3. Dispersion curves for the first IW mode
in the tank: w(k) and AN(T).

To eliminate the errors caused by reflected waves,
we used short wave trains instead of a continuous gen-
eration of IW. The results of the measurements are
shown in Fig. 6. The upper plot represents the displace-
ment of thermocline due to IW recorded by the first
(A) and second (B) sensors, and the lower plot dis-
plays the temporal behavior of TW amplitudes. The
wave trains were 10—15 periods long in our experi-
ments. Here, FFT processing was performed inside of
a running short 64-point flat-top window. Such a nar-
row window (only two minutes long) was chosen in
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order to decrease the transient time of amplitude av-
eraging, although it led to slightly larger errors in am-
plitude.

Here, we again observe a considerable IW damping
after traveling through the turbulent region. All results
discussed below are obtained in experiments with the
grid placed 6 cm below the surface and driven with a
frequency of 5 Hz and peak-to-peak amplitude of about
5 mm. Such a configuration of the setup provided not
only a turbulence level sufficient to effect the IW with
no fast mixing but also greatly reduced the steady cur-
rents near the thermocline, which was verified by using
dye tracers. The IW period ranged from 23 to 45 s,
which corresponds to wavelengths of from 35 to 170
cm (wavenumber from 0.035 to 0.18 rad cm™'). The
data of 13 experiments are represented in Fig. 7 by
squares. Vertical bars represent errors in IW amplitude
measurements and horizontal bars, errors in wavenum-
ber estimation due to uncertainty in IW period mea-
surements (1.5 s). The A,/A, ratio equal to unity cor-
responds to the absence the turbulence. In spite of the
considerable scatter of experimental data, the trend of
increasing IW decay in the turbulent region with the
wavenumber growth is pronounced. The solid curve
represents the theoretical estimate for the IW decay,
which will be discussed below.

3. Theoretical estimates

A theoretical model for IW propagation in the tur-
bulent stratified liquid is based on the well-known set
of two-dimensional semiempirical equations including
the dynamic equations of stratified fluid and the equa-
tion for turbulent energy (e.g., see Rodi 1987; Miro-
polsky 1981):

20

RMS velocity, cm/s (F,>0.05Hz)

FiG. 4. Isolines of turbulent energy in the X—Z plane in the middle of the tank
(velocity pulsations have been filtered with HF filter with 20-s cutoff period).
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FiG. 5. Internal wave attenuation by turbulence: experiment with continuous generation of IW.
The grid was located at 17 cm below the surface and driven with frequency 6 Hz and peak-to-
peak amplitude 3 mm. The plot represents the records of temperature made at 50 cm before (A)
and 50 cm after the grid (B). The moments of the grid switching on and off are shown.
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Here U is the mean velocity vector, p is pressure, p
is density, all of which are averaged over the turbulent
fluctuations; b is the density of the kinetic energy of
turbulence, /; are the turbulence scales, and ¢* is an
empirical constant (Monin and Yaglom 1971). Ac-
cording to simple closure hypothesis,

K;=lb, K=Kk, Ky=Kky. (35)

For the ocean the following empirical values of these
constants are typical: k, = 0.1 and «, = 0.7.

In the absence of IW this system may be used to
define a stationary distribution of flow velocity and tur-
bulent energy over depth (Rodi 1987). Here, we con-
sider these profiles as given and, even if not strictly
stationary, then at least changing slowly enough with
temporal scales much larger than the ones of the IW.
The detailed theoretical analysis of the IW damping by

small-scale turbulence has been presented by Ostrov-
sky and Zaborskikh (1996), where the damping rates
have been calculated for IW of different modes in a
more complicated situation of shear flow with turbu-
lence. Here, we use their analytical results to estimate
the damping rates and coefficients in our experiment.
As mentioned, here the turbulence is supposed to be
isotropic; that is, the turbulence scales are taken to be
the same in all three directions and constant,? and the
mean flow is absent. The solution of the system of
equations (3.1)-(3.5) was sought by the perturbation
method, with oscillating components caused by the
small-amplitude internal wave:

(u',w', p', b') = [u(z), w(z), p(z), b(2)].

X expli(kx — wt)]. (3.6)

It is supposed that the IW damping is small at the wave-
length scale.

Referring to the paper by Ostrovsky and Zaborskikh
(1994), we give only final formulae for calculations of
IW damping rate:

2 The question of the characteristic length scale of turbulence is
complicated enough (see Barenblatt 1978 or experimental data by
Drayton 1994). In our case it was natural to take / of the order of the
perforation scale (! = 3 cm): most of relevant works suggest it; more-
over, we have indirectly verified it by measuring the turbulence dis-
tribution in a nonstratified fluid and calculating the corresponding
value of which was proved to be of about 2 ¢cm. For a free small-
scale turbulence this value can be supposed constant, at least within
the limits of the experimental data dispersion.
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FIG. 6. Experiment with IW trains. The lower plot represents the envelopes of IW.
Notations are the same as in Fig. 5.
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where w,(z) —vertical velocity amplitude of IW and
wo(k) is given by the dispersion law found from the
solution of the nondissipative boundary problem for the

equation
d2W0 N2
F+k2(w—%— 1)w0=0 (3.8)
with boundary conditions
we=0, z=-H,Q. (3.9)

The computations have been performed under con-

ditions of the experiment; namely, the N(z) profile and
spatial distribution b(x, z) shown in Figs. 2 and 4 have
been used. Moreover, Egs. (3.6)—(3.8) do not take into
account the variation of profiles N(z) and b(z) along
the tank, which may cause the underestimate of the
decay coefficient of IW. Indeed, the first profile de-
pends weakly on the horizontal coordinate, but the tur-
bulence is produced by the grid that is narrow in the x
direction, resulting in a pronounced localization of tur-
bulent energy around the grid (see Fig. 4). To consider
the x dependence of vertical profiles of b(z) we ap-
proximated this spatial distribution by six various 10-
cm thick vertical layers with different profiles b(z).
The resulting damping rate (the decrement) has been
calculated as an average of the decrements w,(k)
within each layer.

The results of the calculations are presented in Fig.
8. Here, the functions w, (k) are given for (1) b = b(x,
z) as shown in Fig. 4, and (2) b = 0.0025 cm?s 2
= const. For the latter case it is evident that at large &,
w, « k2, [as may be easily estimated directly from (9)
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FiG. 7. IW damping (A /A, ratio) as a function of the wavenumber.
The solid curve represents theoretical calculations; squares corre-
spond to experimental data. Vertical and horizontal bars mark the
possible experimental errors.

for the case N = const and b = const]. In the first case
such an asymptotic is not so obvious: with the change
of k the mode structure is also changed. The damping
rate of short IW is smaller in this case because the wave
energy is concentrated mainly in the narrow vicinity of
the sharp thermocline, where the turbulence level is
smaller than above (see Fig. 2). Hence, it should be
noted that the account of homogeneous turbulence level
above the thermocline (which is often used in theo-
retical papers) can result in considerable overestima-
tion of decay rates of short ITW.

The damping rate can be evaluated from the char-
acteristic length L of the turbulent layer and the total
decrease of the IW amplitude after passing the layer

A (L
A()— p Ug ’

where A, and A, are the IW amplitudes before and after
passing through the turbulent region, respectively, v,
= dwy/dk is the wave group velocity; hence L/v, is a
characteristic time when the IW loses its energy at the
distance L. The values of A;/A, corresponding to the
decay rate w, given by curve (1) in Fig. 8 are calculated
according to (3.10) and plotted in Fig. 7 together with
experimental data. A good quantitative agreement can
be observed, thus confirming, at least in the limits of
the experimental errors, the validity of the semiempir-
- ical model with a constant turbulent scale adopted here.

(3.10)

4. Conclusions

In this paper the results of an experimental study of
IW damping by a small-scale turbulence are presented
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together with estimates based on the semiempirical the-
ory. Although the problem of the interaction between
IW and turbulence has been extensively discussed be-
fore, this study is probably the first one with quantita-
tive measurements of IW damping for conditions mod-
eling those occurring in reality: thermocline-type strat-
ification and spatial distribution of turbulent energy
caused by the wind stress and/or surface wave break-
ing. It was shown that IW may decay significantly, even
passing through a relatively narrow (about a wave-
length long) turbulent region with a moderate value of
turbulent energy, and the dependence of the damping
rate on the wavenumber has been measured. It seems
remarkable that a rough theoretical model developed
on the basis of a semiempirical theory of turbulence
has shown good quantitative agreement with experi-
mental data, even though the turbulent Reynolds num-
bers were moderate (typically within the interval 500
to 2000), and the turbulence could not be considered
as fully developed. It seems that such a loose restriction
is characteristic of ‘‘free’’ turbulence, rather than that
of boundary-layer flows.

At the same time, the further development of both
measurement setup and the theoretical model may give
much more information. In particular, accounting for
shear flow and the influence of turbulent mixing on the
stratification parameters will permit expanding the
range to real situations that can be modeled in the tank
and reducing the experimental uncertainties. However,
taking into account that any experimental measure-
ments involving simultaneously internal waves and tur-
bulence in a stratified fluid are very complicated, we

1E-1

(2) b = const

(1) b= b(x,2)

].E-S_l T T 'llllll L 1] L L
2 3 456789 2 3 45
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FiG. 8. IW decay rate computed for b = b(x, z) (as measured in
experiment) (1) and uniform turbulence distribution (2). The straight
line represents the law w « k2.
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believe that the results presented above may be of some
significance in understanding the processes in the upper
ocean.
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