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Effects of Tidal Current on Internal waves (II)
Origin of short-period internal waves

Koki MIDORIKAWA™?

When external force act on a stable straitfied water column, a portion of water moves
away from the initial eqilibrium position and starts to oscillate under the control of water
stability. It has been generally understood that the periods of internal waves in a stable
stratum should be within the range between the inertial and V&isdld periods.

However, temperature oscillation with periods shorter than the Vdisdlid period, particularly
during autumn and winter has been observed. The origin of internal wave and periods the
same or less than the VHisdld period were examined in this study.

Internal stability waves were concluded to be produced along a pycnocline in a current
field, and apparrent period of internal stability waves to become shorter than Vaisdld pe-
riods of pycnocline due to the Doppler effect. The origins of internal waves was observa-

tionally determined in one case.

Key Words : internal waves, internal stability waves, stability, stable stratum, stratification,

Viisdld oscillation

* 1 {BFEERIBTITH

¥ 2 Ocean Research Department

25



1 Introduction

Internal waves occur at surfaces between different
density layers within the sea, since the difference
gives rise to gravitational pressure, with consequent
force restoration, assuming vertical fluid displace-
ment. In a two-layer density area, amplitude of in-
ternal waves 1s maximum at the boundary of the
two layers, and decreases linearly with distance
above and blow.

In shallow water, horizontal velocity of flow gen-
erated by internal wave motions was estimated
theoretically and confirmed to some extent visually.
(Midorikawa (19759, 1977a?, 1996% )). Internal
waves were observed previously at the inermost
part of Suruga Bay (Midorikawa (1973a*, 1973b*,
1976 )). Based on water temperature, spectral
density of temperature oscillation was computed
from inertial period to Vaisdld period (Midori- kawa
(1977b™, 1977c¢%)).

Krauss (1961% ) calculated the spectra of current
and temperature fluctuation at five stations and
concluded peaks in the spectra at the periods 1.5 to
30 minutes to possibly be due to oscillation of stable
strata, this time being longer than the V&isdlad
period.

The author, however, occasionally observed tem-
perature fluctuation has sometimes been observed
for periods shorter than the Vaisdld period,
paticularly during autumn and winter. Including
simultaneously temperature fluctuation for periods
2 minutes less than the Viisdld period, with free
internal stability waves and corresponding to
spectral peaks of about 6 minutes and less than
the minimal V&isdld period during autumn and
winter (Midorikawa (1977¢®’, 1977b"’)). Internal
waves, with periods essentially the same and less
than the V&disdld period were examined in the

present study.

2 Internal waves in a stratified ocean area
Internal boundary surfaces are present in
thermocline in oceanic water, where density differ-
ences are due mainly to those in temperature, or at

the holocline 1in coastal water, where density
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differences arise mainly from those in salinity.

The vertical movement of water due to internal
waves in stratified fluid is maximum at the bound-
ary of two different fluids thus (Defant (1961 )).
The amplitude of an internal wave is maximum at
the depth of maximum vertical density gradient,
where Vidisdld period 1s minimum.

A water column of stable stratification may be
considered a complex oscillatory system during the
Viisdld periods, of which energy is absorbed con-
tinually by resonance from an external force. The
water column acts as a flywheel in this period
range, and some of the energy is stored transiently
in the “flywheel” and then transferred to a shorter-
period. The peak of spectral energy density thus
corresponds to characteristic internal oscillation,
whose period depends on the stability of the water
column. We called these internal stability waves
occured in the stable stratified ocean area NAIBU
ANTEISEI-HA in Japanese (Midorikawa 1977¢% )).

Short-period oscillations occur with free stability
internal waves in association with vertical velocity
shear of current field. Vertical shear at the
pycnocline creates internal stability waves. When
tidal waves approach the coast, tidal current becomes
stronger in shallow areas and the upper layer por-
tion advances ahead due to the friction at the bot-
tom. Thus, in a wide area near the coast, strong
vertical velocity shear appears at the boundary of
upper and lower current layers and internally stable

waves are consequently generated (Midorikawa
(1977b7, 19952, 1995b%2, 1995¢™ )).

3 Stability of water stratification and short
period internal waveé

When the external force acts on a stably stratified
water column, a portion of water moves from the
initial equilibrium position and starts to oscillate
under the control of stratification.

When the water 1s displaced from the equilibrium
position and moves freely, oscillation at the Viisdla
frequency occurs as response to the balance between
buoyant and inertial force.

The frequency of internal waves is thus limited to

JAMSTECR, 34 (1996)



appreximately maximum VZ&isdld frequency.

The lower limit of free internal wave frequency is
a function of the latitude, and the upper limit, the
Viisdld frequency N, is a function of depth (z).

Vertical stability may thus be expressed as,

gdp gt
— pdz_ ? (1)

N2=

as established by Vdisdld and Brunt, since N has a
dimension of frequency, and is called Viisdld fre-
quency. Component p is, density of the medium, c
wave speed in the medium, and g, gravitational ac-
celeration.

Brunt-Vaisdld frequency N 1s a measure of the
stability of oceanic stratification and given by,

ldp g

pdz - c_z]

N*=g I— (2)

Vertical stability can be expressed by E and is
the ratio of the restored accéleration of displaced
water to acceleration due to gravity. Frequency in
cycles per second is N,/2 7, and is the maximum
frequency of internal waves in water with stability
E.

If E>0, i.e. positive, water is stable and when
displaced a short distance vertically, return to its
original site, which may be overshot owing to iner-
tia and oscillate about it. The stability of water

may be related to the occurrence of internal waves.

4 Effects of tidal current on internal waves

In the proceding section, the periods of internal
stability waves generally exceed minimum V&isdlad
periods, but in some cases, may be less.

Figure 1, shows temperature oscillations at 20
meters below the surface of coastal water, recorded
on December 8. In Figure 1-(a), can be seen regular
wave-like shapes possibly due to free internal waves
on the left, and the amplitude of the waves decreas-
ing.

About 4 hour after the free waves appeared, re-
markably short-period oscillations with periods of
2 minutes occurred as shown in Figure 2 -(b).

Spectral density showed peaks for 6 minute periods
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and significant peaks for periods shorter than 2
minutes. These spectral peaks were compared with
the vertically distributed V&iséld periods.

These peaks the minimum V4&isédld period appeared
at corresponded to the 6 -minute period authors
meaning value 6 minutes. The peaks for spectral
density may have been due to internal stability
waves with periods determined by the stability of
stratification.

The spectral peaks with 6 minute periods be due
to the free stability waves shown in Figure 1-(a),
but no minimum V4&isdld period corresponding to
the spectral peaks of 2 minutes could be detected.

Spectral peaks with 2 minute periods due to were
short-period oscillations as shown in Figure 1-(b). :
Even for costal areas, there can be V#isdld periods
of 2 minutes in the winter.

How were the oscillations caused ?

What did them generate 7

5 Origin of short-period oscillations

1) Short-period oscillations occur when current
velocity increases with considerable vertical shear
and small Richardson number.

2) Sinusoidal curves of free stability internal
waves shown in Figure 1-(a) appear in shallow
water when tidal current velocity is virtually al-
most cease in stratified coastal areas.

3) Spectral density curves have six-minute or less
than 2-minute peaks, these periods being. The periods
almost the same or longer and shorter than the
minimum V&isdld period, respectively.

4) In the spectrum of energy density, high-frequency
oscillations and stable internal waves appear at the
same time.

The remarkably short-period oscillations may
have been produced in a flowing medium. Strong
tidal current is restricted to the vicinity of the
shore because the observation station were situated
near small headland in Suruga Bay.

Internal waves were generated in the offing and
propagated towards the coast in a direction perpen-
dicular to that of the current. There is. thus no

Doppler effect on the waves and frequency 1is
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Figures 1-(a) and (b) show temperature oscillation at 20 meters below the surface on

December 8,

in slack water (a), and at the site of the flood current (b) respectively.

(a) : Instead of short-period oscillation, regular wave-like shapes possibly due to free
internal waves on the left side of the figure, with decreasing amplitude, were seen. (b)

Saw-teeth in shape, not sinusoidal as in the case of free waves.

maintained. Wave periods observed at the stations
are thus the same as those of the original waves.

Figure 1-(a), shows no short-period oscillations
but regular wave-like shapes possibly indicative of
free internal waves in shallow water. Minimum
Vidisdld period is only 6 minutes. Two and 6 minute
period waves are present 1n the medium.

The frequency of internal stability waves near the
coast, which propagated along the depth contour,
was affected by current velocity, since the waves
move with tidal current.

Internal waves are generated in a flowing medium,
and thus apparent period, “T’, was determined based
on vertical density and current distributions as

T =105~110 seconds™. (3)

The values obtained were fairly consistent with
temperature data as shown in Figure 1-(b), and
with spectral peaks corresponding to 1.5 to 2 minute
periods.

Causes of short-period osciration ?

Internal stability waves were may thus be con-
cluded to be generated along a pycnocline in a current
field, and apparent periods of internal stability

waves to become shorter than the Vaisala period of
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the pycnocline owing to the Doppler effect.
What did the internal waves generate ?
For internal waves near the coast, oscillation
with period shorter than the minimum of Vaisala
period may be observed at the site where is meas-
ured. This oscillation i1s due to the apparent period
of internal stability waves generated by vertical ve-

locity shear upstream the tidal current.

6 Discussion
Measurement of tidal current in surface and
lower layers, indicated short-period oscillation to be
associated with increase in current velocity and ver-
tical shear of current along the pycnocline.

Periods shorter than the minimum Vaisala period
may not be actual but only apparent periods due to
the Doppler effect, since wave generation depends
on velocity shear of tidal current. Short-period os-
cillation are saw-teeth in shape as apparent from
Figure 1-(b) in contrast to free waves which are
sinusoidal i1n shape.

Short-period internal waves may derive from
strong tidal current restricted to the shore, that is,
internal stability waves may be generated along the

pycnocline in a current field.
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