INTERNAL WAVES

Internal waves are one of the main features of the Black Sea water dynamics (Blatov et

al., 1984), which influence the thermohaline structure and the vertical mixing (Efremov, 1998).

The stable vertical stratification and the existence of steep vertical density gradient zones
are necessary conditions for internal waves generation and horizontal spreading. The maximal
frequency, phase speed and energy of internal waves are proportional to the Brunt-Viisald
(buoyancy) frequency N, calculated as N = -(g/p(dp/dz))*>, where g — gravitational acceleration,
p - water density, z - vertical coordinate. In summer-autumn this parameter has two maxima (Fig.
1): one in the seasonal pycnocline (at 10-30-m depth range) - 0.02-0.08 ¢, and the second in the
main (permanent) pycnocline (at 30-150-m depth range) - 0.01-0.03 ¢’'. Below 200 m N is <10~
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Fig. 1 - Typical summer vertical profile of the square of Brunt-Viisild frequency (N?, ¢) in the

Black Sea. The short-period internal waveguide is shown by arrows.



In the Black Sea the internal waves are caused by interactions of more large-scale water
motions (meandering currents, mesoscale eddies, upwellings ets.) with bottom relief,
thermohaline fronts and current speed shear. So internal waves are the important section in the
process of cascade dissipation of total mechanical energy in sea. Studies revealed that they are
generated in groups, mostly near the thermohaline fronts where the pycnocline shifts up or down,
and in continental shelf/slope zone under the influence of offshore/onshore, upward/downward
current oscillations (Blatov and Ivanov, 1992). In winter internal waves are induced also by

strong storm currents and atmospheric pressure forcing.

Internal waves are recorded in the Black Sea by measuring a temporal fluctuations of
temperature, salinity, current velocity at fixed points (moored buoys, stationary platforms, see
Blatov et al., 1984) and spatial fluctuations of temperature by shipboard towed termister chains
or gradient-distributed temperature sensors (Ivanov and Lisitchenok, 2002). Studies of their main
parameters, such as frequency (period), wave number (wave length), amplitude (energy) and
phase speed were done by spectral analysis of these records (Blatov at al., 1984), and
theoretically by calculations of dispersion curves for given profiles of the Brunt-Viisila

frequency N(z) (Belyakov et al., 1989, Dotsenko, 1990).

The results of observations and modelling shows that internal waves in the Black Sea
have a wide ranges of periods, length and amplitudes. The most low-frequency quasi-inertial
internal wave with period near 17h have the largest lengths (~ 150 km) and amplitudes (up to 10-
15 m). The short-period internal waves have the spectrum of energy (fig. 2), which fall with rise
of frequency - @ (or wave number - k) as ©” k?), corresponding to the wide-known model
spectrum (Garrett, Munk, 1975). The mean energy (amplitude) of this internal waves continuity
in the Black Sea shelf zones is higher (by factor of 2-3) than in its central areas (Efremov, 1998,
Ivanov and Lisitchenok, 2002).
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Fig. 2 — Wave number spectra of short-period internal wave observed by shipboard towed
gradient-distributed temperature sensor in the Black Sea shelf/slope zone near southern coast of

the Crimea. After (Ivanov and Lisitchenok, 2002).

Besides this there are intermittent groups of internal waves in the Black Sea internal
waveguide which amplitudes up to 10 times as much as above mentioned wave background
(Ivanov and Lisitchenok, 2002). They are manifested as local spectral maxima on fig. 2. Detailed

descriptions of these phenomena one can find in (Blatov et al., 1984).

The several such groups of short-period internal waves, generated at stage of the coastal
upwelling development are shown on fig. 3, as intermittent consecutive bursts of fast vertical
displacements of seasonal pycnocline in July, 1993 near southern coast of the Crimea at a Yalta
in area of shelf-break zone above 100 m bottom depth. After slowness of a wind, at stage of
relaxation of upwelling there were fluctuations with the prevailing period close by the local

inertial period (~17h). The short-period internal waves are almost negligible at this stage (fig. 3).
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Fig. 3 - Vertical displacement of seasonal pycnocline in July, 1993 in shelf-break zone near

southern coast of the Crimea at a Yalta. After Stashchuk and Vlasenko (1998)

So the periods of high-frequency internal waves in the seasonal pycnocline near the shore
is usually varies from 5 to 30 min up to 1-2 hours. Their amplitude varies between 0.2 to 2-3 m,

phase speed between 0.2 to 0.6 m s™ and length from several hundreds meters to 3-10 km.

In the open sea the spectrum of internal waves is more variable. Those which are
spreading within the seasonal pycnocline have a predominant periodicity of 5-40 min. More low
frequency internal waves proceed at 50-150 m depths. They have length is 10-150 km
amplitudes between 1 to 10 m, depending upon depth (maximal amplitudes usually locates at the
base of main pycnocline at 150-200 m depths). Their periodicity varies between 3 to 17 hours

and phase speed is 0.5-2 ms™.

The fig. 3 demonstrates an important role of internal waves in vertical mixing. By a
shallow position of main pycnocline in winter in the the Black Sea central areas, the internal
waves in the main pycnocline waveguide with amplitude over 10 m push up to the surface layer
of cold heavy water. It extends the depth of winter convection and accelerates the loss of heat by
surface water, stimulating the formation of cold intermediate water layer (Yakubenko and

Esaulov, 1992).
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Fig. 4 - Time oscillations of isopycnal surfaces, recorded at the Black Sea central area in

February 1991. After (Yakubenko and Esaulov, 1992).

Very steep internal waves with a large amplitude might sometimes overturn their crest.
This is evidenced by the appearance of lenses of oxygen containing waters in the H,S-zone under
the main pycnocline and lenses of H,S-containing waters in the oxic zone. Theoretical
calculations show that the internal waves, when passing via the main pycnocline wave guide
channel, definitely influence the depth position and extension of the redox zone of O,-H,S

coexistence as well as position of the H,S boundary (Fomin, 1992),
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