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[1] The spatial decay of energy density of tidal internal waves (TIW) was studied using field
data taken in the Indian Ocean near the Mascarene Ridge and in the Canary Basin of the
eastern Atlantic near the Heyres-Irving-Cruiser chain of seamounts. Several moorings were
deployed at distances between 90 and 1745 km east of these topographic features, with
instruments located in the depth range 500—2500 m. The energy densities of TIW averaged
over the spring-neap cycle were calculated using semidiurnal tidal components of current
and temperature time series as well as local vertical gradients of temperature and density. It
was found that the horizontal component of TIW, E, is less depth-dependent compared to
the vertical component, E, although both components showed a general decrease of
magnitude with the distance from topography. The decrease of total energy density Etw =
Ey + E¢ with distance from the topography is more rapid than that assumed in the work of
Morozov[1995], and followed an inverse power law. At a distance of about x =~ 10X\ from the
topography (where X is the wavelength of the first mode), Etyw in the main thermocline
becomes equal to the energy density of the forcing barotropic tide, whereas for x/X\ <2, Etw
exceeds the energy of the entire range of internal waves of the Garrett-Munk spectrum. A
nonhydrostatic, nonlinear, two-dimensional numerical model shows a reasonable agreement
with the observations for x/x\ < 2-3, but in the far field it predicts a faster spatial decay of
Erw than observed, possibly because of topographic generation of TIW along the
measurement swath. The turbulent diffusivity estimates based on the McComas and Muller
[1981] model exceeded 10~* m?/s within the main pycnocline at x = 100 km and suggest
mixing enhancements due to TIW up to distances of 1000 km from the topography.  INDEX
TERMS: 4544 Oceanography: Physical: Internal and inertial waves; 4255 Oceanography: General: Numerical
modeling; 9340 Information Related to Geographic Region: Indian Ocean; 9325 Information Related to
Geographic Region: Atlantic Ocean; KEYWORDS: internal tides, mixing, diffusivities, submarine ridges,
seamounts
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1. Introduction

[2] Tidal mixing is an important process that influences
mass and heat balances in the ocean [Sjoberg and Stige-
brant, 1992; Morozov, 1995, Munk and Wunsch, 1998].
Tidal internal waves (TIW) generated over steep topograph-
ic features degenerate in time and space to small-scale
motions consisting of turbulence and high-frequency short
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nonlinear waves. Baroclinic energy density increases sig-
nificantly near the sources of TIW. At the Malin shelf break
(located at the northwestern coast of British Islands), for
example, the tidal energy density reaches 6.0 J/m> [Inall et
al., 2000]. Thorpe [1999] suggested that a considerable part
of the internal wave energy dissipates near the source.
Internal tides, however, travel far from the source region
(e.g., slopes) while losing energy during the propagation.
For example, according to the acoustic measurements of
Dushaw et al. [1995], TIW generated near the Hawaiian
Ridge propagate over 2000 km from the source. Holloway
and Merrifield [1999] used a numerical model to calculate
the decay of TIW energy generated over seamounts and
submarine ridges, with application to the Hawaiian Ridge.
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They found the barotropic flow to go around isolated
topographic features, rather than over it, thus producing
only a weak internal tide. On the other hand, barotropic
tides flow over long submarine ridges, generating energetic
baroclinic tidal waves of which the energy content is
determined by the barotropic tidal velocity and the ridge
geometry. Most intense internal tides are generated when
their characteristics are parallel to the topographic slope at
the depth of maximum stratification [New, 1988]. An
archipelago of seamounts, separated by deep troughs, when
oriented normally to the propagation of barotropic tide,
also may trigger TIW with energy densities comparable to
those of long ridges [Merrifield et al., 2001]. Also, the
spatial redistribution of energy in these two cases can be
quite different. The work reported herein is focused on the
distribution of TIW energy away from an energetic source,
with emphasis on the Mascarene Ridge in the Indian
Ocean. The vertical isopycnal displacements for this case
have been addressed by Morozov and Viasenko [1996], but
the associated energetics has not been analyzed. We calcu-
lated, for the first time to our knowledge, the energy
density ecast of the Mascarene Ridge using field data and
a numerical model. The results are compared with similar
observations taken east of the Heyres-Irving-Cruiser chain
of seamounts in the Canary Basin (eastern Atlantic).
Morozov [1995] roughly estimated a 5% decrease of TIW
amplitude over one wavelength, corresponding to a 10%
decrease of TIW energy. This assessment requires a de-
tailed examination, which is undertaken in the present
study.

[3] The field measurements and the limitations of the data
collected are discussed in section 2. In section 3, we
describe basic properties of tidal fields and background
hydrology of regions in point. Data processing procedures,
the energy density Etw of TIW, and its spatial variations are
discussed in section 4.1. The role of TIW is assessed in
section 4.2 by comparing Etvw with the background Garrett-
Munk (GM) internal wave field and the energy of the
barotropic tide. A comparison of TIW measurements with
numerical calculations is given in section 5. In section 6,
following Wijesekera et al. [1993] and Polzin et al. [1995],
McComas and Muller’s [1981] model is applied to estimate
the spatial distribution of vertical diffusivities associated
with the TIW field. A summary of the results is presented in
section 7.

2. Observational Program

[4] Located in an area of energetic barotropic tides, the
Mascarene Ridge is characterized by mountains with flat
summits straddled by channels. Some of the summits are
only 50 m below the sea surface whereas the channels can
be more than 1000 m deep. To calculate the TIW energy at
various distances from the ridge, the mooring measurements
taken east of the Mascarene Ridge [Morozov and Viasenko,
1996] were utilized. A cluster of six moorings was centered
at 13.5°S, 62°E (Figure la, circles). The distances to the
moorings from the ridge, in the direction normal to the
calculated wave fronts generated at the ridge, were 90, 140,
185, 230, 245, and 285 km. The data were collected from
six instruments at each station, at depths of 500, 700, 1000,
1200, 1800, and 2500 m. The current and temperature time
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records were obtained using the POTOK instrument
[Kontar and Sokov, 1994] (see Appendix A for details).
The mooring measurements were complemented by CTD
profiling near the central buoy.

[5] The mooring measurements were taken over 16 days,
equivalent to 30 semidiurnal periods and covering a com-
plete spring-neap cycle. Thus the averaging of squared tidal
amplitudes over this period is expected to give confident
estimates of the amplitudes and energy of TIW. The relative
shortness of the observational period, however, is a draw-
back. The data so obtained can be considered a snapshot of
the distribution of TIW energy density at various depths and
distances from the ridge. Analyses of rms TIW amplitude
and energy (see the discussion following Figure 6 in section
4.1) showed that sufficiently reliable estimates can be
obtained if averaging periods over 350 hours are used. This
corresponds to the duration of measurements near the
Mascarene Ridge (section 4). The study also included two
long-term moorings (5 months in 1995-1996) deployed at
distances 1100 and 1745 km east of the Mascarene Ridge
(Figure la, squares), with instruments at the depths of 500
and 1200 m [Morozov et al., 1999]. Surface (near zone) and
subsurface (far zone) floats were used for the deployment of
moorings.

[6] The measurements in the Atlantic, east of the Heyres-
Irving-Cruiser seamounts were taken in October—November
1989. These seamounts have flat summits about 300 m
below the sea surface and steep flanks down to 4000 m
depth; the depth of the seafloor gradually increases to 5200 m
thereafter. A cluster of five moorings with instruments at
700, 900, 1000, and 1200 m was located southeast of the
seamount chain at distances 145-225 km from the 400-m
isobaths located along the slopes of seamounts (Figure 1b).
A CTD survey also was conducted during this 30-day
mooring operation.

[7] Technical details of the POTOK instrument and a
critical discussion on surface and subsurface floats are given
in Appendix A. The measurements in both regions were
carried out under calm and moderate winds; therefore
mooring measurements with surface floats were not
contaminated by high winds and rough seas.

3. Background Characteristics of TIW

[8] The mean stratification in the depth range 500—
1700 m east of the Mascarene Ridge is swayed by sub-
Antarctic and Arabian-Red Sea waters, while 1700—-4000
m depths are dominated by Indian Ocean Central Water.
The hydrographic regime of the Canary Basin east of the
seamount chain depends on the interaction between
Intermediate Atlantic Water mass (the depth range 200—
1500 m) and Mediterranean Water, with a core at 1000—
1200 m.

[9] The characteristics of TIW in this region can be
studied via normal wave modes in an idealized configura-
tion, having a flat bottom and zero forcing beyond the
slopes of the topographic feature. The wavelength of TIW
can be estimated (numerically) from the dispersion relation
based on the equation for vertical velocity (w) of internal
waves; this in turn, can be compared with wavelengths
obtained from mooring data. To this end, the equation for
the amplitude of the vertical velocity W(z) at the semidiurnal
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(a) Mooring arrays near the Mascarene Ridge in the Indian Ocean and (b) the chain of the

Heyres-Irving-Cruiser seamounts in the Canary Basin of the eastern Atlantic.

frequency wy = 27/T7 in the water column with the depth-
dependent buoyancy frequency N(z),

PW | N*(z) dW (NeP—3) |

2 & KW =0, (1)

where T7= 12.4 hours is the M2 tidal period, fis the Coriolis
parameter, and g is the gravity, was used to calculate the
normal modes of the internal tide with = 0 at the bottom
and at the sea surface. The W(z) and U(z) = —(dW/dz)/x
profiles for the first mode are shown in Figure 2, along with
the averaged profiles of N(z) for the Mascarene and Canary
Basin regions. The wavelengths X7 = 27/kr of the first
mode are given in Table 1 as the function of ocean depth H;
here equation (1) was numerically integrated by assuming
that N(z) is constant below 3500 m in the Indian Ocean and
5000 m in the Atlantic Ocean, respectively. Note that X\
increases only slightly with H.

[10] The direction of the tidal wave propagation can be
deduced from the spatiotemporal spectra at the semidiurnal

frequency. At semidiurnal frequency fr = w;/2, the spectra
were calculated using the following formula of Barber
[1963]:

n—1 n
Ske ey fr) =2 [Py fr) cos 2x (kexy + ki) — Qy( fr)

=1 j=it]
- sin 2 (koxy + k) ], @

where k. and k, are the components of horizontal wave
numbers &* = k2 + kyZ; i and j are the mooring indices, n is
the total number of moorings; P; and Q;; are the real and
imaginary parts of the cross spectrum between moorings
with numbers i and j; x; = X; — X; and y; = ¥; — ¥, are the
projections of the distances between the moorings on the
horizontal axes x and y. This method accounts for statistical
phase difference between pairs of records. The cross spectra
were calculated for each pair of records (for possible
combinations) using Fourier transformation of cross-corre-
lation functions with Hamming window and 20 degrees of
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Figure 2. Polynomial fitted buoyancy frequency profiles
(denoted by N) and normalized eigen functions of the first
vertical (W) and horizontal (U) TIW modes for the
Mascarene region (M) and Canary Basin (C). The mean
ratio between vertical £ and horizontal £;; components of
the TIW energy density near the Mascarene Ridge is shown
by squares.

freedom. We used the temperature mooring records, which
register vertical motion induced by internal waves in
stratified layers. The resolution of spectral estimates depends
on the number of moorings, their separation, and the length
of records. The distances between the moorings must be
shorter than half the TIW wavelength, and the array ought to
be large enough to resolve the horizontal scale of TIW. The
interpretation of phase differences is uncertain, if the
distance between moorings is too large.

[11] The spectra were calculated with fine resolution over
k, Ak=0.5 x 10~° cpm in both directions, ensuring smooth
cross-sectional spectral contours shown in Figure 3 for
temperature fluctuations at semidiurnal frequency. The
spectra were cut off at k. and k, exceeding +0.125 x
107* cpm because the wavelengths lower than 80 km
cannot be resolved due to relatively large distances between
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the moorings. The position of the spectral maximum at &, =
6.5 x 107" and k, = —2.5 x 10~¢ cpm (Figure 3a) signifies
a wavelength of \ = 144 km, which is in agreement with the
wavelength of the first mode presented in Table 1. Internal
tide propagates from the Mascarene Ridge in the southeast-
ern direction with an azimuth of 110°. For the Heyres-
Irving-Cruiser seamounts, the sépectral maximum is at k, =
7 x 107° and k, = =3 x 107" cpm, corresponding to the
first mode with X\ = 131 km, propagating in the southeastern
direction with an azimuth of 113° (Figure 3b). The wave-
length estimates from the spectral analysis and the calcula-
tion of eigen functions agreed within £10%. Accordingly,
we assigned X\ = 145 km for the Indian Ocean and X\ = 125
km for the Atlantic Ocean for normalization purposes. The
above estimates are valid for a planar wave front, which is
only a rough approximation for the closest moorings be-
cause of significant irregularities along the topography. In
both regions, the distances from the ridges to the moorings
are measured from the 400 m isobath.

4. Observations of Energy Densities of Internal
and Barotropic Tidal Waves
4.1. Data Processing

[12] The energy densities of internal (Etvw) and barotropic
(Egr) tides averaged over a wave period were calculated as
[Torgrimson and Hickey, 1979; Holloway and Merrifield,
1999]:

+ N?(z)sk(z)) (internal tide)

3)

Erw(z) = 0259 (1 (2) + )

and
Egr = 0.25p,[H(Uj + V3) +gn*]/H (barotropic tide), (4)

where the amplitudes of the semidiurnal internal tidal
components are u;t, vit (zonal and meridional currents), and
Gt (vertical displacements); Up, Vg, and m are the
amplitudes of currents and surface elevation of the M2
barotropic tide, respectively; p is the depth-dependent water
density with a mean p, in the ocean of depth H.

Table 1. Wavelengths X\ of the First Internal Mode of the
Semidiurnal Tide Calculated for Various Bottom Depths H Near
the Mascarene Ridge and Heyres-Irving-Cruiser Seamount

H,m A, km
Indian Ocean, East of the Mascarene Ridge
3500 140.4
3600 141.1
3700 141.7
3800 142.4
3900 143.0
4000 143.6
Atlantic Ocean, East of the Chain of Seamounts Heyres-Irving-Cruiser
5000 120.1
5100 120.4
5200 120.7
5300 121.1
5400 121.3
5500 121.6
5000 120.1
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Figure 3. Contour plots of spatiotemporal temperature spectra at the semidiurnal frequency for the
moorings located southeast of (a) Mascarene Ridge, z = 1200 m, and (b) seamounts Heyres-Irving-
Cruiser, z = 1000 m. The contours are marked as a percentage of the principal maximum located at focal
point, which identifies the direction of semidiurnal internal tide propagation. The wave number obtained
corresponds to the first mode of internal tide generated at the topography. The spectra are shown only for
positive k, because there are no statistically significant spectral amplitudes at &, < 0.

[13] The barotropic energy for the Mascarene region is
mapped in Figure 4. These calculations were made by S.
Erofeeva using the OSU tidal data inversion software
(OTIS) [Egbert and Erofeeva, 2002], which is based on
an inverse model [Egbert, 1997] with TOPEX/POSEIDON
satellite data assimilation. The barotropic tide away from the
ridge has a velocity of 1-2 cm/s. In the proximity of the
ridge, the velocity exceeds 40 cm/s. Figure 4 underscores
the role of bottom topography in the spatial distribution of
energy of barotropic tide at various distances from the ridge
(compare with Figure la). Because the energy flux of

-8

barotropic tide is approximately constant in the course of
tidal propagation, the energy density increases in shallow
regions (e.g., over a ridge).

[14] The density of the horizontal-component of TIW
kinetic energy was determined by the sum of squared velocity
amplitudes in equation (2), Ex(z) = 0.25p(u2.(z) + 3 (z2)),
while the energy density of vertical displacements £
was evaluated as E. = 0.25pN%c%.(z). In order to esti-
mate the energy density of TIW, we subtracted the
energy of barotropic currents Egtc = 0.25 p,(Uz + V3)
from Eyn(z) = 0.25p(uz,,(z) + 3, (2)), where Epp is

=104

'
12

'
=

Longitude, N

76 78

Latitude, E

Figure 4. Energy density of the M2 barotropic tide near the Mascarene Ridge. The contours reflect the
bottom relief, showing significant enhancement of the barotropic tidal energy density at the ridge.
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Figure 5. Energy density of tidal internal waves Etyw and
total energy (internal plus barotropic tide) density Ey at the
M2 frequency at x = 285 km from (left) the Mascarene
Ridge and (right) the ratio Etw/Ey.

the total measured horizontal energy density calculated
based on the semidiurnal tidal components ur, and vry,
obtained from mooring current series. To demodulate semi-
diurnal tidal components from the current and temperature
time series, an elliptic band-pass filtering was used (see
section A3 in Appendix A for details). The residual E;; =
Eym — Eptc represents the horizontal component of the
baroclinic tidal energy density and the sum Ez; + Ec = Erw is
the total energy density of TIW. A comparison between the
energy density of TIW, Ery, and total energy density at the
semidiurnal frequency £y = Eyy, + E¢ is given in Figure 5 for
the mooring located at 285 km from the Mascarene Ridge.
The ratio Etw/E, shows that the contribution of TIW to the
total energy at w = (271/12.4) per hour varies from 0.97 in the
depth range 500—1000 m to 0.85 at 2500 m. The energy of
TIW decreases from a maximum in the main pycnocline
(Erw = 3.1 J/m® at z =500 m in this particular case) toward
the sea surface and the ocean floor.

[15] The variability of TIW amplitude, induced due to the
spring-neap cycle, posed a problem for selecting a suitable
averaging period for obtaining reasonable estimates for
Etw. Averaging over at least one such cycle was mandatory,
although longer records increase statistical reliability of
estimates. To determine the shortest averaging period that
guarantees stable estimates of Erw, varying averaging time
intervals T containing high and low TIW amplitudes were
used and the results are shown in Figure 6; averaging over
periods with T > 300 hours appears to be the best.

[16] The highest TIW amplitudes, which occur mostly
during the spring tide, are expected to provide stable
estimates for “extreme” energy densities, even when one
or two spring periods are considered. These extreme TIW
events provide valuable information on largest propagation
distances (and associated diapycnal mixing) of excess tidal
energy generated near topography. Assuming internal wave
displacements and current components as random variables
y, we calculated cumulative distribution functions F(y) to
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identify extreme TIW amplitudes in every demodulated
record using a threshold level of probability. This could be,
for example, F(yg) = Fp = 0.67, for the normal distribution,
corresponding to yo = () + rms(y), where (y) and rms(y)
are the mean and root mean square values. For the Weibull
distribution [Weibull, 1951], which is commonly used to
describe the probability of life lengths, Fy = 0.632 quantifies
the scale parameter by, of the distribution, known in technical
applications as a characteristic life length. Lozovatsky and
Erofeev [1993] showed that the Weibull distribution could be
successfully used as a statistical model for fine structure
inhomogeneities of squared buoyancy frequency in oceanic
pycnocline. As evident from Figure 7, TIW amplitudes of
temperature and current records obtained near the Mascarene
Ridge can be well approximated by the Weibull distribution.
Therefore we imposed the following condition to identify
extreme amplitudes from filtered records of 350 hours: y > y,
(F, > Fo = 0.632) where F) is the empirical Weibull
cumulative function. The random variable y represents
squared amplitudes of either A2, A2, or A% and Vo corre-
sponds to Fp =0.632. The estimates of extreme TIW energies
were averaged over the total length of mooring records.

4.2. Data Analysis

[17] Between 90 and 1745 km from the Mascarene Ridge,
the averaged TIW amplitudes in the main thermocline de-
creased from 40 to 3 m. The highest energy densities of
vertical displacements E. were observed at z = 500 m
(Figure 8a). Near the ridge (x/X\ = 0.62, where X = 145 km),
in the depth range, where the first mode of the vertical
velocity has a maximum shown in Figure 2, E. = 2.7 Jm?
at z = 1000 m. At a distance of x/X\ = 7.6 from the ridge, £
reduced by a factor of 16 (0.16 J/m> at z = 1200 m).

[18] The eigen functions for the first mode of horizontal
velocities of internal tides depict minimum values in the
depth range 1000—1200 m, which may explain why the
smallest densities of horizontal kinetic energy £z deduced
from the current measurements in Figure 8b are localized at
the depths ~1200 m. Within the main thermocline (between
500 and 2500 m), the horizontal and vertical energy
densities decrease by a factor of approximately 10 over a
distance of 7 wavelengths (x/\ = 0.6—7.6).

[19] As evident from Figure 8, at all distances from the
topography, £y, is less depth-dependent than E.. On the

Energy density Epy, (Jm®)

0 200 400 600 800
The lenght of the record T, hours

Figure 6. An example of the dependence of TIW energy
density on the averaging length 7. Atlantic Ocean, mooring
1, z=900 m.
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other hand, in the near field of the ridge, x/X = 0.6-2, the
ratio E¢/E}; strongly depends on the depth, without notice-
able spatial variability. The mean values of £¢/E}; in the near
zone are given in Figure 2 at z = 500, 1000, 1200, 1800, and
2500 m, where data are available at least from five moor-
ings. Since rms of E./Ej; at various depths are almost the
same, (close to 50% of the mean), the gradual decrease in
the mean ratio E¢/Ey; from 2.8 at z = 500 m down to 0.07 at
z = 2500 m is statistically significant. If we exclude the
mooring closest to the ridge where the wave amplitudes
reach 36—44 m, the mean vertical displacements (q7) at the
rest of the five moorings (0.6 < x/X\ < 2) have almost
constant values (¢7) =21-23 m in the depth range of 500—
1800 m, which is not fully consistent with eigen functions
W(z) of linear waves given in Figure 2. At 2500 m, the mean
amplitudes of vertical displacements (<7) reduce to 13.7 m
at all moorings. The significant drop of E/Ey with depth
can be attributed to continuous decrease of W(z) and the
mean buoyancy frequency N(z) below 1000 m, which
reduce E¢. On the other hand, the almost constant horizontal
component U(z) suggests a low variation of Ey;.

[20] The total energy Etw evolution shown in Figure 8c
indicates that internal tide is losing about half of its energy
propagating over each wavelength of the first mode. The
energy density of the M2 and S2 constituents of the barotropic
tide shown in Figure 9 is also decreasing in the near zone,
following the increase of the bottom depth. Beyond 250 km
from the ridge, however, the energy density of the barotropic
tide is small and remains almost constant, while the decrease
in baroclinic energy continues. At x/x = 12 (x = 1745 km),
E1w is 10 times smaller than that at x/x = 2 (x = 250 km).

[21] Internal tide is generated due to the interaction of
barotropic tide with topography. The ratio of energy densi-
ties between the baroclinic and barotropic tides is given in
Figure 10. The data can be approximated by an exponential
function shown in the figure, suggesting that closer to the
ridge (x/X\ = 0.6) the energy of the semidiurnal internal tide
is one order of magnitude larger than the forcing barotropic

tide. The ratio Erw/EpT falls below 1 at x/\ > 10, indicating
that the vertical displacements induced by tidal internal
wave are insignificantly small therein.

[22] To compare the energy of the internal tide with that
of the background internal wave field in the region, the ratio
Erw/Egm, Where Egy is given by the Garrett-Munk model
[Munk, 1981]

Egm = pb*NyNE, (5)

was calculated (see Figure 11). Here the parameters for the
GMmodelareb=13km, E=6.3 x 107>, Ny=5.3 x 1077/s,
and N(z) is the local buoyancy frequency. Note that Egy
signifies oceanic internal wave climatology in the frequency
range between N and f, excluding TIW. Note that individual
samples belonging to different depths of a given mooring
collapse better, as compared to their dimensional counter-
parts shown in Figure 8c. The estimates of Etw/Egy can be
best approximated within 0.6 <x/X\ < 12 by a power law

Erw/Eom = 2.2 x (x/N) "2, (6)
which is represented in Figure 11 by line (a) with a
coefficient of determination 72 = 0.91.

[23] The insert in Figure 11 shows Mascarene region data
plotted with those taken from Atlantic moorings. The best
fit at this panel for the combined data set, indicates a power
law similar to equation (6). Note that the Atlantic data are
available only for z = 700, 900, and 1000 m in a narrow
range 1 <x/\ < 2. Therefore we have only used Mascarene
measurements at 700 and 1000 m depths (x/\ < 2) for
comparison.

[24] According to equation (6), Eyw/Egm = 1 at x/\ =~
1.9, which means that within ~2X from the topography the
energy of TIW exceeds the canonical GM level (equation
(5)). At the distance x/\ = 7.5 (about 1000 km from the
Mascarene Ridge), TIW still contribute additional 20% to
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Figure 8. Vertical £ and horizontal £;; components of the
total energy density Etw = E¢ + Ej; of semidiurnal TIW east
of the Mascarene Ridge. The distance from the ridge is
normalized by the wavelength of the first mode X\ = 145 km.
The measurement depth is shown next to each curve.
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Figure 9. Barotropic energy density for M2 and S2 tidal
constituents at various distances from the Mascarene Ridge.
Fast decay of the barotropic tidal energy is confined to the
first 200—250 km from the ridge.

the background energy of internal waves and only at x/\ =
12 this contribution drops below 10% of Egn.

[25] If we exclude the mooring closest to the ridge, the
rest of the data (x/X\ > 0.9) is best fitted to an exponential
function with high statistical confidence (* = 0.9). The
approximation

Erw/Egy = 2.1e7%3N 0.9 < x/\ < 12 (7)
is shown in Figure 11 by line (b). Both equations (6) and (7)
fit available data well for x/x > 0.9, but the rates of TIW
spatial decay are different. We do not have sufficient data to
propose a conclusive decay law nor to ascertain how far
from the ridge a power law is obeyed. Numerical modeling
discussion in section 5 sheds some light in this regard.

[26] The energy density of the extreme amplitudes of
semidiurnal TIW (section 4.1) is expected to be less
sensitive to the spring-neap cycle and to mesoscale oce-
anic variability. A combined plot of normalized extreme
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Figure 10. Ratio between energy densities of semidiurnal
baroclinic internal tide £ty and the barotropic tide Egt. The
dependence of Erw/Epr on x/X\ is approximated by an
exponential function with the coefficient of determination
0.7.
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(a) Power and (b) exponential approximations for the ratio between the energy density of

internal tide (Mascarene Ridge) Erw (equation (3)) and the GM model energy Egn (equation (5))
calculated for the region. The large dots are the mean estimates at various x/\. Vertical bars show the
standard errors of the mean. The data from Indian and Atlantic Oceans are shown in the inset for a limited

range of x/\.

TIW energies Egrw/Egwm for the two data sets is given in
Figure 12. The data collapse well to a power law

Egrw/Ecm = 3()6/)\)_1'17 (6)

indicating almost the same rate of decay as equation (6) for
the mean tidal amplitudes, but with ~35% higher mean
level. The extreme TIW energies exceed the GM level for a
longer distance, up to x/\ =~ 2.6. Knowledge of the
intermittency of high tidal amplitude events will help obtain
more accurate estimates of the averaged TIW energy. Since
the extreme tidal amplitudes were defined as those that
exceed 0.632 quantile of the Weibull probability distribu-
tion, extreme events are likely to occur for about 35% of the
time, carrying 30—40% more energy than that deduced from
the mean wave amplitude.

0.6 <x/X\< 12,

5. Comparing the Observational and Modeling
Results

[27] The rate of decay of TIW energy density was
investigated using an extended version of the numerical
model developed by Viasenko [1992]. This model has
already been used to study breaking internal waves over
slope topography [Viasenko and Hutter, 2002] and internal
tides in the Strait of Gibraltar [Morozov et al., 2002].

[28] It is a nonlinear, fully nonhydrostatic, Boussinesq
model for incompressible, continuously stratified, rotating
ocean of variable depth. The model is essentially two
dimensional (x—z), but allows a x- and z-dependent velocity
component in the y direction v(x, z) introduced by rotation

effects. The model retains all nonlinear terms and the
closure is based on horizontal A(x) and vertical R(x)
turbulent viscosities. Under these assumptions, the govern-
ing equations are as follows:

Q +J(W) — fo, =% 1 40, + RO + (RYL.),,
Po

vi+J (v, V) + /Y. = Ave + (Rv2),,

N2(z
b+ (0, %) + ‘)T()“’ = Gy + (Kp) A+ (Kpy )., (8)

10" o
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Figure 12. Spatial (eastward) decay of normalized energy
density of the extreme tidal internal waves approximated by
a power law.
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Figure 13. A comparison between model calculations of the TIW energy density normalized by the GM
energy Egy at z= 1200 m (solid dots) and the observations east of Mascarene Ridge at z= 1000—1800 m.
The geometry of the bottom relief used for calculations is in the insert.

where W is the stream function (WY, =u; ¥, = —w); Q =¥,
+ W, is the vorticity; u, v, and w are the current compo-
nents; N is the buoyancy frequency; p is the perturbation of
density due to wave motion; py is the depth-dependent mean
density; f'is the Coriolis parameter; K(x) and G(x) are the
vertical and horizontal mass diffusivities; J is the Jacobean;
and g is the gravitational acceleration. The diffusivities are x
dependent but not time dependent. The “rigid lid”” approx-
imation was used to model the surface boundary condition
of TIW. The zero-flux boundary conditions were used at the
bottom. The vorticity at the bottom was calculated as {2 =
AY, using the value of ¥ in the previous time step. On
lateral boundaries far from the ridge, the wave perturbations
of vorticity, stream function, and density are considered
zero. The calculations are terminated when the wave per-
turbations reach the lateral boundaries. The model was
forced by the oscillating stream function ¥ = ¥y sin wt,
Yo being the amplitude at the bottom; this amplitude
linearly decreases to zero at the sea surface. This forcing,
which is specified by the boundary conditions for the stream
function, produces a depth-independent barotropic flow
with semidiurnal frequency w. In the case of Morozov and
Vlasenko [1996], a simpler version of this model was used
with no background rotation and vertical diffusion to predict
ray trajectories of internal waves in the vicinity of the
Mascarene Ridge.

[29] In the calculations, the domain with curvilinear
bottom topography was transformed to a rectangular do-

main by replacing the vertical coordinate z by a new
variable z;:

z

/N(s)ds
_ 0
T '

/x N(s)ds

0

Thus the grid size Az depends on the stratification, referred
to as sigma coordinates, allowing us to keep the number of
vertical levels the same everywhere in the domain
irrespective of the depth of the water column, while the
layer thickness varies widely from grid point to grid point.
The total number of layers was selected to be 34 in order to
achieve an average vertical resolution of 150 m in the deep
ocean having H,,,, = 5100 m. Far from the topography, Az
is the largest (500 m) at abyssal depths and smallest (20 m)
in the seasonal thermocline. Closer to the topography the
vertical grid size is much smaller. The sigma coordinates
employed in the continuously stratified ocean considered
here complement the two-layer model of Gerkema and
Zimmerman [1995] and related studies of Lamb [1994] and
Hibiya et al. [1998].

[30] An implicit finite difference numerical scheme and
the method of variable directions with a second-order
approximation were applied. A domain contains ridge
topography with its crest at a depth of 500 m (Figure 13).
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The depth of the ocean floor east of the ridge at x > 230 km
was set to 5100 m.

[31] The coefficients of the horizontal eddy viscosity and
diffusivity were selected to be 4 = G =250 m*/s at x = 0 km
gradually decreasing in sinusoidal fashion to 200 m*/s over
a distance of 100 km and constant thereafter. The vertical
exchange coefficients were set at R = K = 10> m?/s across
the entire water column over the ridge slope, and R = K =
10~* m?/s where the bottom becomes flat. Active dynamics
above the slopes of the ridge justifies greater values of the
exchange coefficients therein. The amplitude of stream
function of the barotropic tide was assigned 400 m?/s at
the bottom and zero at the sea surface. The calculations
were run with a time step of 7.2 s and a horizontal resolution
of Ax =900 m.

[32] The model is quite sensitive to the horizontal diffu-
sion coefficients 4 and G, but it is less sensitive to vertical
exchange coefficients. Vlasenko and Hutter [2002] and
Morozov et al. [2002] suggested that the horizontal eddy
viscosity and diffusivity in this model should be assigned
the lowest possible level required for numerical stability.
The set of exchange coefficients and spatial and time steps
chosen for the present calculations prevented numerical
instabilities that could be caused by strong nonlinearity of
equation (8).

[33] The barotropic velocity components were subtracted
from the model results, thus obtaining TIW-induced flow.
The density oscillations were transformed into vertical
isopycnal displacements using the density gradient. Both
vertical displacements and horizontal velocities were band-
pass filtered with the same algorithm as that used for field
data processing. The model predicted Etyw at z = 1200 m,
normalized by Egy, are shown in Figure 13 (solid dots)
along with the field data from the depth range 1000-—
1800 m. The model calculations accord reasonably with
the observations for x/x < 2-3, and suggest a least squared
power fit indicated by the dashed line having a coefficient
of determination * = 0.83.

[34] The modeling results, however, deviated from the
observations at some distance from the topography, show-
ing a more rapid decrease in the energy density. It is
possible that too much dissipation is imparted on the flow
through subgrid modeling. Other drawbacks of the model
are the assumption of a linear ridge as the TIW energy
source (ignoring along-ridge variations) and representation
of the ridge slope by a set of rectangular steps (the flanks of
the ridge have more irregularities than can be resolved by
the model). More detailed bottom relief may lead to an
increase in the energy of TIW. It is also possible that the
flow in the channels between the banks can generate intense
TIW, as a result of which coherent wave front may not form
within a few wavelengths from the ridge; this affects
measurements made at the moorings.

[35] In spite of above caveats, the reasonable agreement
between observations and numerical calculations within
(2—3)X\ from the topography gives credence to the esti-
mates of spatial energy decay made in section 4.

6. Mixing

[36] The contribution of internal tide to the internal wave
field augments energy available for vertical mixing and
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dissipation in the main pycnocline. The tidal energy path-
ways to dissipation include wave-wave interactions, cas-
cading of energy to smaller scales, scattering by bottom
roughness elements, and reflection from sloping bound-
aries. According to Miiller and Xu [1992], wave scattering
is more effective than wave reflection in distributing energy
from low tidal modes to higher wave numbers. This is
because the relatively short time T, necessary for a mode to
travel back and forth between the ocean floor and sea
surface, during which only about 10% of the baroclinic
tidal energy can be transferred to higher modes. This
conversion process becomes more inefficient as the mode
number becomes higher, since T, for them is much smaller,
suggesting that the degeneration of TIW energy to turbu-
lence occurs by higher modes through wave-wave inter-
actions [St. Laurent and Garrett, 2002]. An exception is the
possibility of reduced T, for low modes in regions of
exceptionally strong tidal forcing [see Hirst, 1991]. This
implies that in the Mascarene region, where the tidal energy
flux is one of the largest in the World Ocean [Morozov,
1995; Kantha and Tierney, 1997], low modes of baroclinic
tide can play a substantial role in producing elevated
diapycnal mixing.

[37] Theoretical [McComas and Muller, 1981; Henyey et
al., 1986] as well as semiempirical [Gregg, 1989] models
on the dissipation of internal wave energy have been tested
by Wijesekera et al. [1993] and Polzin et al. [1995] against
direct measurements of the kinetic energy dissipation rate €
in the ocean. The measurement have been taken in regions
known to comply with the GM spectrum as well as in
regions such as Yermak Plateau in the eastern Arctic Ocean
[CEAREX, Wijesekera et al., 1993] and Canary Basin in the
eastern Atlantic [NATRE, Polzin et al., 1995], where the
GM spectrum is not well obeyed. The theoretically deduced
dissipation was in general agreement with that based on
direct measurements of small-scale shear, although no one
model could be identified as most suitable [Muller et al.,
1986]. Polzin et al. [1995] identified Henyey et al.’s [1986]
model as the best performing in GM regions whereas
Wijesekera et al. [1993] preferred McComas and Muller’s
[1981] model for non-GM regions. Polzin et al. [1995],
however, found that NATRE data influenced by internal tide
also show a closer agreement with that shown by McComas
and Muller [1981]. Therefore we chose McComas and
Muller’s [1981] model to obtain estimates of €, and hence
to deduce turbulent diffusivities associated with degenerat-
ing TIW.

[38] McComas and Muller [1981] suggested parametric
subharmonic instability (PSI) and induced diffusion (ID) as
major nonlinear mechanisms of transferring energy among
internal waves due to weak resonant interactions. A dy-
namic balance with stationary downscale energy flux
through an inertial subrange, from energy containing to
dissipation scales, was considered in their model. At low
frequencies (f < w < 4f’), the flux is governed by PSI,
which can transfer energy with frequency wz to larger
vertical wave numbers with frequency wz/2 during a
characteristic timescale

TpSI = (32\/1—6/277() B;zfilNzé‘a;A
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Figure 14. Vertical diffusivities at various distances from the Mascarene Ridge based on the dissipation
estimates made using McComas and Muller’s [1981] model.

At high frequencies (4f < w < N), the flux is dominated by
ID, which scatters the waves with a timescale

D = B;folNZE&l/{ (9b)

Here Egy = Egwm/p is the canonical GM energy density,
where Egy is given by equation (5) and B« = jxwb 'N/N,
with the vertical mode number jx = 3 [Munk, 1981].

[39] The effectiveness of PSI in dissipating energy of
semidiurnal internal tides at low latitudes was pointed out
by Olbers and Pomphrey [1981] and Hirst [1991], who
studied the wave-wave interactions between TIW and the
internal-wave continuum [St. Laurent and Garrett, 2002].
At the mean latitude for the Mascarene Ridge (14°S), the
PSI-based dissipation timescale for the semidiurnal internal
tide is about 280 days for mode 1, 60 days for mode 2, and
15 days for mode 3, respectively [Olbers, 1983]. If we
replace Egy in equation (10a) by the energy density Etw =
Erw/p inferred from the observations, Tpg; would range
between 24 days at z = 500 m and 80 days at z = 2500 m.
Because equations (9a) and (9b) have been derived for non-
TIW, direct comparison between these estimates and those
of Olbers [1983] is questionable, but the magnitude of
numbers points to semidiurnal mode 2 as the most plausible
candidate for dissipating TIW energy (by PSI) in our region
of interest. The ID mechanism can work in all latitudes,
causing a vertically symmetric wave field with the same
energy flux going up and down at the same frequency/wave
number. For this mechanism to dissipate tidal energy of low
modes, it is necessary to assume that during the course of
TIW propagation the energy generated near the topography
is randomly redistributed over a spectrum, including at
higher wave numbers.

[40] According to Muller et al. [1986], ID accounts for
about 40% of the total energy flux. Gregg [1989] and
Wijesekera et al. [1993], however, have assumed equal
partition between the PSI, QOpg;, and ID, QOip, energy fluxes
in their calculations of ey using

(10)

etw = Opsi + Op-

[41] We have also used equation (10) for estimating the
dissipation of kinetic energy and the mass diffusivity,

Ky = yerw/N?, (11)
for the Mascarene region, replacmg EGM by ETW when
Opsi = Erw/tps: and Oip = Erw/Tip are calculated. The
mixing efficiency <y is assumed to have the usual value 0.2.
The essential assumption here is that the energy of TIW is
transferred via the inertial subrange to the dissipation scales
by the mechanism suggested by McComas and Muller
[1981] for the GM internal wave field. The quasi-stationary
nature of internal tides at various distances from the
topography provides some justification for this assumption.
[42] Figure 14 shows the spatial decay of Ky, from (1—
2) x 10" m%s at x = 90 km to 2.5 x 10°® m?%s at x =
1745 m, the latter being closer to the molecular value; the
trend can be approximated by an inverse power law. Based
on the GM energy density £gy (which would have been the
background field in the absence of the ridge) and ETW, it
can be easily shown that the ridge elevates the vertical
diffusivity by a factor of 3—5 at x = 200—300 km from the
topography. The Ky values obtained are an order of mag-
nitude higher than the typical value 10> m*/s [Ledwell et
al., 1993] observed in the main pycnocline. Between x =
300 and 100 km [or (1 1. 5)>\] the diffusivity rises to the
canonical value of 10~* m?%/s prescribed by Munk [1966] in
his “Abyssal Recipes.” The above estimates are in agree-
ment with the recent proposal of Munk and Wunsch [1998]
that there can be a significant enhancement in vertical
mixing in regions conducive for the TIW generation.

7. Summary

[43] An investigation on the spatial decay of energy
density of TIW was conducted using field data and a
numerical model. Measurements were taken in the Indian
Ocean east of the Mascarene Ridge and in the Canary Basin
of subtropical Atlantic southeast of the Heyres-Irving-
Cruiser chain of seamounts. The data allowed us to establish
an approximate power law for the TIW energy decay from
the source (Figure 11). The contribution of individual
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processes to this decrease of energy density was not studied,
though it is an important aspect.

[44] Tt was found that TIW lose approximately half of
their energy at every wavelength X\ of the first mode over
a distance between x/X\ = 0.6 and 12 from the ridge. The
role of TIW in the energetics of oceanic internal wave
field becomes insignificant (less than 10% of the total
GM internal wave energy) beyond about 1500—1700 km
from the ridge, which is equivalent to (10—12)X\. Numer-
ical calculations carried out by Holloway and Merrifield
[1999] on the propagation of TIW away from the Hawai-
ian Ridge showed that the TIW energy density becomes
less than that of the barotropic tide at a distance of
400 km from the source, which is approximately 3.
Our observations east of the Mascarene Ridge revealed a
longer distance of TIW propagation (x = 10X). The
dependence of the normalized energy density of TIW on
distance from the topography can be agproximated by a
power law Epw/Egm = 2.2 X (x/»)" "%, which is much
faster spatial decay than that suggested by Morozov
[1995].

[45] Numerical modeling shows that for x/x < 2—3 the
decay of TIW energy density follows the observations,
beyond which the calculated decay rate is faster. The model
predicts Etpw/Ept = 1 at x = 5.5\, which is not far from that
obtained by Holloway and Merrifield [1999]. The rapid
energy decay predicted by the model can be attributed to
many reasons, including the possibility that the bed rough-
ness can serve as an additional source of internal tide
generation, which is not accounted in the model. Geometric
spreading is another important mechanism of energy loss.
For a noncircular topography like a long ridge, however,
the radial spreading is expected to be insignificant at
distances much less than the characteristic length scale of
the topography (which is about 1000 km in our case). This
is the reason why radial spreading was neglected in our
analysis.

[46] The near-field dissipation of TIW energy is a likely
candidate for the observed energy loss at shorter distances
from the topography. Rough estimates of vertical mixing
could be made using tidal energy dissipation calculations
based on the McComas and Muller’s [1981] model, which
is applicable to non-GM internal wave fields. This method-
ology follows Polzin et al. [1995] who studied the efficacy
of various internal wave dissipation models for the Canary
Basin (which is one of our regions of interest). Some of
these models predicted a good correspondence with direct
measurements of €.

[47] Mass diffusivity associated with internal tide induced
diapycnal mixing was estimated to be Ky ~ (1-2) x 10~*
m?/s in the main pycnocline at a distance of x = 100 km
from the ridge. The diffusivity decreases to (0.5—-1.1) X
1077 at x > 1000 km, approximately following x~'. Topo-
graphically generated TIW, therefore, may lead to a signif-
icant enhancement of vertical diffusivity; for x < 300 km,
the diffusivity is 3—5 times the typical background value of
107> m?/s of the main pycnocline.

[48] As was pointed out by a reviewer, McComas and
Muller [1981] theory on weak wave-wave interactions
based on PSI and ID mechanisms is applicable only for a
random field of internal waves in the absence of vertical
boundaries. Therefore its utility for ridge-generated TIW is
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limited and the application of ID timescale equations (9a)
and (9b) to TIW (dominated by low modes) should be done
with circumspection. Following Olbers and Pomphrey
[1981], Hirst [1996], and St. Laurent and Garrett [2002],
we assumed that PSI is an effective mechanism of dissi-
pating energy of the semidiurnal internal tides at low
latitudes (12—14°S for the Mascarene region) and that a
vertically symmetric wave field, required for ID, can be
formed some distance away from topography, permitting
the use of McComas and Muller [1981] theory for esti-
mating the dissipation. However, if we disregard the ID
process and assign all energy dissipation to the PSI
mechanism (via equation (9a)), the vertical diffusivity
(Figure 14) does not increase substantially (only by 9%).
Furthermore, even if topographic scattering (especially for
low modes) is more important than wave-wave interactions
in dissipating the TIW energy, the diffusivities are not
expected to change significantly, given the low efficiency
(<10%) of the former although its characteristic time
process is about an order of magnitude smaller than PSI
[Miiller and Xu, 1992; St. Laurent and Garrett, 2002]. The
problem requires more detailed observations and theoretical
analysis.

Appendix A: Mooring Measurements,
Instrumentation, and Data Processing
Al. Porok Instrument

[49] The temperature and horizontal current components
were taken by the autonomous mooring instrument
Potok. Potok is a new generation of Russian instruments
with technical characteristics far more superior than the
older versions of Russian moored instruments BPV and
CIITT used in the 1970s during the Polygon-70 and
POLYMODE field experiments [Saunders, 1976; Fomin et
al., 1989]. The POTOK current meter is essentially based
on the Aanderaa rotor-vane current meter. However, instead
of a rotor, it has an impeller and instead of a single long
vane it has a shorter, bivane structure. A hanger also offsets
it from the mooring line, rather than hanging directly in line.
This improvement of hanging at the center of hydrodynamic
pressure allows positioning of the current meter in the
vertical direction (CIITT instruments used in POLYMODE
did not have this capability). An impeller with a horizontal
axis and a vane and an internal compass are used to measure
two horizontal components of the current vector. The
impeller rotation measurements carried out with 9-bit
resolution are integrated over a sampling interval that may
vary from 56 s to 1 hour. The lower threshold of the
instrument is 1 cm/s, the accuracy of current measurements
is 2 cm/s, and the resolution is 1 cm/s. The vane and
compass have an accuracy of 5° and the temperature is
measured by a quartz resonator with a time constant of 30 s,
an accuracy of 0.03°C, and a resolution of 0.001°C. The
data are recorded on a magnetic tape or internal memory.
The titanium pressure case allows reliable measurements
down to 6000 m.

[s50] A modern version of POTOK has been recently used
in the international field experiments Nestor Neutrino
[Resvanis, 1992] and Deep Basin [Harkema and Weatherly,
1996]. A report on the latter, including technical informa-
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tion on POTOK, can be found on the Web page of the
Florida State University, http://www.ocean.fsu.edu.

A2. Mooring Stations

[51] Both surface [Fomin et al., 1989] and subsurface
[Demidova et al., 1997; Kontar and Sokov, 1994] moorings
were used in the experimental program. Each has advantages
and drawbacks, depending on processes under investigation.
Current measurements from the surface floats are contami-
nated by horizontal movements of the mooring, thus over-
estimating current amplitudes [SCOR Report, 1975].
Horizontal and vertical motions of surface mooring lead to
erroneously high levels of energy spectra at high spectral
frequencies, but tidal frequencies are almost free of this
contamination [Gould et al., 1974]. Temperature records
are significantly less contaminated at surface floats compared
to current measurements. Subsurface floats produce more
contaminated temperature records compared to surface
moorings. Wunsch and Dahlen [1974] showed that spectra
of temperature measurements from subsurface moorings are
highly correlated with those of the pressure signal due to
periodic vertical oscillations of the instrument in stratified
layers. The massive (2.3 t) cylindrical surface buoys with
heavy anchored lines used for instrument deployments in the
present study enable the restriction of such vertical oscilla-
tions to insignificant amplitudes. Goldin and Maximenko
[1996] developed a mathematical model of surface buoy
motion influenced by the wind stress on the float and a
permanent current within the water column. Calculations
based on their model show that instrument displacement in
the main thermocline is within a few meters and in the upper
thermocline is less than 1 m. Thus only a small amount of
fictitious variance is seeped into spectra at the tidal frequency.

A3. Demodulation of Internal Tide Components

[52] Band-pass filtering was used to demodulate semidi-
urnal tidal components from the time series of u(%), v(f), and
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Figure Al. Frequency response function of the four-pole
band-pass elliptic filter tuned to f. = 1/12.4 hours.
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Figure A2. Demodulation of semidiurnal oscillations
(thick line) from a simulated record (thin line) using four-
pole, 40 dB band-pass elliptic filter.

7(¢) taken with sampling frequency 1/3600 s~ . It was found
that four-pole 40 dB elliptic band-pass filter [Parks and
Burrus, 1987], tuned to a central frequency of 1/12.4 per
hour with the high-low frequency cutoffs at 1/11 and 1/14
per hour, can effectively deduce the semidiurnal component.
The frequency response function of this filter is given
in Figure Al. An example of the demodulation of the
semidiurnal component from a test record consisting of a
12.4-hour period sinusoidal oscillation of unit amplitude
with superimposed random Gaussian noise is shown in
Figure A2. Sharp jumps of amplitude at ¢+ = 110 and
215 hours mimic the temperature or current meter imprints
of a passing frontal zone or a mesoscale eddy. Note that
the elliptic filter produces very low amplitude distortion
and short-term phase shift near possible frontal zones
associated with traveling eddies, meanders, or other meso-
scale features. Once the signals were band-pass filtered, the
vertical displacements of internal tides were calculated by
dividing temperature fluctuations by the mean temperature
gradient. The temperature gradients and buoyancy frequen-
cies were obtained from temperature and density profiles.
Temperature inversions were carefully excluded from the
analysis.

Notation
Erw(z) = 0.25 (uf(z)

total energy (kinetic and
potential) density of internal
tide, J/m? and mz/sz;

amplitudes of semidiurnal
internal tidal components
(zonal and meridional cur-
rents) and vertical displace-
ments, m/s;

ocean of depth H (m) and
gravity (m/s”);

total energy density of bar-
otropic tide, J/m? ;

urt, viT, and g7

Hand g

Egr = 0.25 p,[H(U3
+ V3) + gn’VH

Up, V3, and 1 amplitudes of currents (m/s)
and surface elevation (m) of
the M2 barotropic tide;

pand N  depth-dependent water den-

sity (kg/m3) and buoyancy
frequency (rad/s);
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Egre = 0.25 p(Uz + V3) energy of barotropic cur-
rents, J/m’;
total measured horizontal

Epm(z) = 0.25p (4, (2) )
energy density, J/m’;

+ Vin(2)

Uty and vy,

semidiurnal tidal compo-
nents obtained from moor-
ing current series (m/s);
horizontal kinetic energy
density of internal tide,
J/m3;

potential energy density of
internal tide, J/m>;

Ey = Eum — EptC
= 0.25p (upp(2) + vir(2))

E. = 0.25pN*<2,(z)

Ey = Eym + E.  total energy density at
the semidiurnal frequency,

J/m?;
Egrw  “extreme” energy density

of internal tide calculated
based on the TIW ampli-
tudes, which exceeds a
threshold level of probabil-
ity of 0.63, J/m>;

total energy density in the
GM internal wave field
model, J/m> and m?*/s%;
parameters of the GM model.

Egy = pb*NoNE
and EGM = EGM/p

b=13km, E=63 x 107>,
No=53x 107 ¢!
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