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1. INTRODUCTION

An analysis of the radar and optical space imagery
of the ocean surface near the Hawaiian Islands shows
that, without special spectral processing [1–3, 13],
short-period internal waves (SPIWs) cannot be
revealed in this area because they occur near the edge
of continental shelves [1, 4, 12, 13, 17, 18]. This may
be related not only with the relatively large thickness
of the upper mixing layer, but also with some specific
features of the generation, propagation, and form of
SPIWs near the islands. Having sufficiently detailed
measurement data on the fluctuations of currents, tem-
perature, and sound-scattering layers near the shelf
edge in the Mamala Bay (the Island of Oahu, Hawaii),
we tried to characterize the main features of the field
of short-period internal waves (waves with periods of
less than an hour).

2. A BRIEF DESCRIPTION OF BACKGROUND 
CONDITIONS AND ANALYZED DATA

To investigate the characteristics of internal waves
on the shelf near the Island of Oahu in the water space
of the Mamala Bay, we used the hydrophysical mea-
surement data obtained in a 2004 international project
[1, 2, 6, 13, 14, 19]. The hydrophysical parameters
were measured with the help of a number of stationary
stations equipped with thermal strings and acoustic
Doppler profilers (ADPs), as well as shipboard CTD

and XBT sensors and microstructure sensors (MSSs).
Figure 1 shows the position of stationary stations that
were fixed on the shelf edge and measured the vertical
profiles of temperature (stations AT, BT, CT, and DT)
and the three components of the current-field vector
(stations AV, BV, and CV) for 2–3 weeks. The ther-
mistor chains and ADPs were arranged alongside
them.

The temperature and current measurements were
conducted at three sites in Malama Bay (see Fig. 1):

(i) at stations AT and DT, located near a diffuser of
the escape discharge system;

(ii) at stations BT and BV, 3.5 km east of the dif-
fuser;

(iii) at stations CT and CV, ~7 km south-east of the
diffuser.

At stationary stations, the currents were measured
in the depth range from 4 to 76 km with a vertical step
of 2 m and a time step of 1 min.

The measurements of water temperature in 2004 were
conducted at different levels from 17–33 to 70–172 m
with a vertical step of 5–10 m and a time step of 40 s
[6, 13, 14, 19]. The data collected in view of the reso-
lution and duration of measurements make it possible
to investigate the variability of hydrophysical charac-
teristics in the Mamala Bay in scales between several
minutes and 20 days.
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An analysis of the hydrophysical measurements in
the Mamala Bay shows that the records of currents,
temperature, and sound-scattering layers reveal (on
the background of powerful multi-hour (mainly, 12-
and 6-hour) oscillations) episodic wavetrains and sol-
itary short-period internal waves with more or less
significant amplitudes [4–6]. Unlike the waves
observed in other areas [1, 12, 23], these are not quasi-
sinusoidal waves, and they appear as solitary waves
and wavetrains with a small number of oscillations. In
addition, these internal waves are highly inferior to
low-frequency waves in amplitude, as can be easily
seen in Fig. 2. This figure shows the oscillations of
isotherms in the range between 23.5 and 

 

28°ë

 

 under
the action of internal waves, registered at the station
AT on September 3, 2004.

It can be seen from Fig. 2 that the isotherm oscilla-
tions are of a complex character: apart from the dom-
inating semidiurnal waves, there are 6-hour waves of
almost the same power and the soliton-like oscilla-
tions appear as both depression and elevation solitons.
It should be noted that the solitons are observed not
only in the low-frequency wave troughs (as normally
occurs [12]), but also near their crests. For example, it
can be seen from Fig. 2 that, at the 6–9-h period, the
4-hour wave crest is characterized by a passing
wavetrain of several depression solitons, while there is
wavetrain of elevation solitons at the back slope of the
next wave at 13–15 h.

This unusual character of solitons in the area and
the relatively weak manifestation of their wavetrains
are connected with fact that the pycnocline axis is
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Fig. 1.

 

 (a) Geographic and bathymetric map of the water area of the Island of Oahu; (b) the distribution of stationary stations for
measuring temperature and current velocity in Mamala Bay.
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located near the middle of the water column. In these
conditions, the generation of solitons is hampered; at
significant oscillations of the pycnocline depth, soli-
tons of either polarity may be generated (depression
solitons are dominant for a high pycnocline, and ele-
vation solitons are dominant for a low pycnocline).
Figure 3 illustrates the strong oscillations of the pyc-
nocline depth in the area of the Oahu Island.

In view of the complex character of SPIWs in the
area under consideration, our main focus was on the
average characteristics of the field of these waves by
analyzing the isotherm and current oscillation spectra.

3. AN ANALYSIS OF HYDROPHYSICAL 
MEASUREMENT DATA IN MAMALA BAY

To study the parameters of short-period internal
waves in Mamala Bay, we use contact measurement
data to calculate and analyze the spectral characteris-
tics of fluctuations of current velocities and isotherms,
orbit parameters of horizontal currents, variations in
the amplitude of SPIWs and their coherence with
internal tides, and phase velocities and the divergence
of orbital currents of SPIWs. Let us consider the main
results of these studies.

Figure 4 shows the spectra of vertical velocities of
the thermocline shifts estimated by oscillations of the
occurrence depths of the central isotherm of the ther-
mocline (

 

27°ë

 

) at stations BT and CT in 2004. The
spectra were calculated for the frequency range 0.02–
60 c/h and are represented in the semi-logarithmic
scale. The fluctuations of vertical velocities in the fre-
quency area above 20 c/h were smoothed using a
fourth-order Butterworth filter. It can be seen from
Fig. 4 that the spectra include a wider peak at frequen-
cies 3–5 c/h, along with the narrow semidiurnal and
5–6-h peaks.

At the same time, no short-period internal waves
can be found at the frequency spectra of currents
shown in Fig. 5. This can be explained by the general
tendency for the role of horizontal motions to decrease
with the frequency growth in a random field of inter-
nal waves [15].

 

3.1. Analysis of Current Characteristics 

 

An analysis of the current-field characteristics
measured with the help of the ADP reveals an
increased level of noise interference. To reduce the
measurement errors, we averaged the initial data by
depth and time. The results of investigations show that
smoothing by depth is especially efficient. The most
optimal method of smoothing by depth is the fourth-
order Butterworth filter with a cut frequency of
100 c/km when the signal–noise ratio exceeds 1 at fre-
quencies below 4 c/h. At higher frequencies, the noise
prevails, which limits the frequency band in studying
SPIWs by ADP data.

When processing ADP data, we also take into
account the signal attenuation and ray divergence as
the distance from the instrument grows. Near the
boundaries of the measurement-covered layer, the
emerging terminal effects of the smoothing filter by
depth are observed. In view of this, we restrict our-
selves to an analysis of the current-velocity data for
the 10–70-m layer.

Particular emphasis has been placed on the mea-
surement errors for the vertical velocity 

 

W

 

, which
appear due to errors in determining the slope of ADP
rays. Because of this, the results of measurements of

 

W

 

 may be distorted through the “leakage” of the hori-
zontal components of the current, even if the resolu-
tion of ray-slope measurements is 

 

1°

 

. Such “pollu-
tion” is particularly essential at low frequencies,
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 Oscillations of isotherms under the action of internal waves registered at station AT on September 3, 2004.
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where the vertical velocities are lower than the hori-
zontal layers.

Figure 5 presents the spectra of horizontal currents
and average orbit parameters of SPIWs calculated by
the method of spectral invariants of currents [9].

It should be noted that, in the plots shown in Fig. 5,
the direction of orbit axes is given in the mathematical

system of degree indications (from the counterclock-
wise eastern direction).

It can be seen from Fig. 5 that the spectra of hori-
zontal currents fall in frequency uniformly and with-
out peaks, but their average orbits in the frequency
range 2–4 c/h are relatively stable and narrow. The
orbits have a southwestern direction; i.e., they are
directed across the isobaths that deviate from the par-
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Fig. 5.

 

 (a, c) Orbit parameters of horizontal currents calculated by measurement data at a depth of 70 m at stations B and C; ratio
of minor and major orbit axes (ax), their stability rate (st); (b, d) direction of the major axis (dir), and spectra of meridian currents
in the frequency–depth coordinate system at stations C (b) and B (d).
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 Oscillations of the depth of isotherm 27
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C (the cen-
tral isotherm of the pycnocline) and its smoothed value by
measurements at station BT.
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allel by 

 

37°

 

 near the station B and by 52

 

°

 

 near the sta-
tion C.

As known from [7, 8], in the case of unidirectional
internal waves, their orbital currents are alternating.
The measured parameters of orbits of horizontal cur-
rents (namely, the nonzero ratio of orbit axes and the
deviance of their stability from unity) point to the
rather complex spatial and temporal structure of the
field of SPIWs in this area. Nevertheless, the fact that
the observed average orbits near the frequency 3 c/h
are slightly elongated and stable, as well as the corre-
sponding SPIWs expressed on the spectra of vertical
oscillations of the thermocline (see Fig. 2), allow us to
separate 20-min waves out of the general background
of rather chaotic oscillations. Hereafter, we will con-
sider these waves in particular.

At both points, the variability of 20-min-wave
parameters (intensity, rate of directivity, and wave
direction) was very significant with the clearly
expressed dominance of the semidiurnal period. To
study the intensity oscillations of 20-min waves, we
used sliding values of rms amplitudes in the frequency
band of around 3 c/h, which were calculated in 2-hour
intervals overlapped by 1 hour. To estimate the rela-
tion of this intensity with the low-frequency oscilla-
tions of the thermocline, we calculated the corre-
sponding coherence on the example of oscillations of
the depth of the 

 

27°

 

 isotherm (central isotherm of the
thermocline) at the point B4 (see Fig. 6b).

It can be seen from Fig. 6 that the maximum level
of coherence was at the semidiurnal period. The dif-
ference between the thermocline oscillations and the
intensity of 20-min waves was 

 

141°

 

; i.e., the most
intensive SPIWs were near the trough of the internal
tide (IT) rather than at the crest. If similar waves were
also near the IT crests, the main peak of coherence
would be at the 6-hour period because the rms (i.e.,
always positive) amplitude of SPIWs was used.

The semidiurnal and quarter-diurnal peaks on the
amplitude variation spectra of 20-min waves (see
Fig. 6a), as well as the bursts of coherence of this vari-
ability with low-frequency motions at semidiurnal and
quarter-diurnal periods (see Fig. 6b), point to the rela-
tion of these waves with ITs. The absence of coher-
ence between the isotherm oscillations and intensity
of 20-min along-shore currents, as well as the notice-
able relation with the intensity of currents across the
isobaths (see Fig. 6b), is consistent with the earlier
established directivity of waves (see Fig. 5). All these
characteristics point to the relation of SPIWs with ITs
generated locally near the shelf edge rather than with
the waves coming from afar and propagating along the
isobaths, although it is these waves that dominate in
the field of ITs in Mamala Bay [11, 17, 20, 21].

The coherence of currents of different directions
with the thermocline oscillations also takes maximum
values if the direction is across the isobaths (Fig. 6c).

It should be noted that the coherence peak at a fre-
quency of 3.5 c/h and for a direction of 

 

240°

 

 corre-
sponds to an almost vanishing difference of phases 

 

13°

 

(Fig. 6d), as should be expected for the low-mode
waves traveling to the shore where the oscillations of
the pycnocline depth and orbital currents in the lower
layer are co-phased.

Using the processing method developed, which
makes it possible to estimate the phase velocity of nar-
row-directed waves by ADP data [20], we calculated
the parameters of 20-min waves directed across the
isobaths. This method uses a continuity equation and
data on the horizontal 

 

U

 

 and 

 

V

 

 and vertical 

 

W

 

 compo-
nents of currents at three levels in the layer where the
waves are well expressed both in horizontal velocity
and the vertical gradient of vertical velocity 

 

dW

 

/

 

dz

 

.
The essence of the method is in the following. If a

wave travels along the 

 

0

 

y

 

-axis, the continuity equation
has the form
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y

 

 + 
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z

 

 = 0, (1)

 

where 
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 and 
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z

 

 are the partial derivatives with respect
to the 

 

0

 

y

 

 and 
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z

 

 axes, respectively.
For a sinusoidal wave, we have
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 = sin(

 

Ft

 

 – 
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), (2)

 

where 

 

F

 

 is the circular frequency and 

 

K

 

 is the wave
number in the meridian direction:
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where 

 

V

 

t

 

 is the partial derivative with respect to time.
Because the phase velocity of the wave 

 

C

 

 = 

 

F

 

/

 

K

 

, we
have

 

V

 

y = –Vt/C, (4)

which, in view of the continuity equation, yields

C = Vt/Wz. (5)

The phase velocities of SPIWs were analyzed for
the waves observed in the layer between 58 and 70 m.
We consider the cases when the across-isobath V com-
ponents of currents exceed the along-shore velocity U
(the condition of narrow directivity) by more than 10
times, while the gradient Wz and V had large enough
values to disregard the possible measurement errors.
The influence of wave transfer by the average current
was eliminated by extracting the depth-averaged cur-
rent so that the wave velocity was estimated relative to
the water.

The results of calculations of the phase velocity Cp
for station B4 are presented in Fig. 7 as one-dimen-
sional (Fig. 7a) and three-dimensional (Figs. 7b and 7c)
histograms. Here, the direction to the shore corre-
sponds to positive velocities and the direction from
the shore corresponds to negative velocities. An anal-
ysis of the data presented in Fig. 7 shows that waves
that propagate to the shore are clearly dominant. In
this case, waves with phase velocities Cp ~ 0.2 m/s,
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where the vertical velocities W were small (lower than
0.1 cm/s), were the most repeated; the positive and
negative divergences occurred with similar frequen-
cies. The slight divergence |divV| < 0.0003 s–1 was dis-
regarded because it does not go beyond the limits of
estimation error.

The faster (Cp ~ 0.5 m/s) and more intensive (W ~
0.5 m/s) internal waves traveling to the ocean with the
velocity of the lowest mode (the peak in the lower-
right quadrant in Fig. 7b and the “relief” ridge in Fig. 7c)
were somewhat rare.

Similar histograms were also constructed for sta-
tion C4, where the duration of velocity measurements

was shorter and the number of estimates for phase
velocities obtained was smaller. Like at the point B4,
weak and slow (Cp = 0.2 m/s) internal waves traveling to
the shore were more frequent. The faster (Cp = 0.5 m/s)
and more intense internal waves traveled to the ocean.

The faster and more intense (but rarely occurring)
wave components of the field of SPIWs seem to be
related to episodic soliton-like wavetrains, which are
not clearly expressed but can be found in the area
under consideration.

Now, let us consider the vertical structure of
SPIWs by using dynamical (calculated on the basis of
buoyancy frequency observed in the area) and empir-
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ical eigenfunctions of vertical velocities in 20-min
internal waves (Fig. 8).

The profiles of dynamical and empirical modes are
similar to one another; however, the difference
between them grows as the mode number increases.
This indicates that the amplitude of empirical modes
decreases rather weakly with the mode number, which
reduces the quality of wave-field approximation with
the help of modes. We could conclude that the number
of field-forming modes was significantly higher, but
the following fact prevents us from doing so. The
SPIWs propagate in the pycnocline, whose depth in
the area under consideration is highly variable (by 30–
50 m) under the influence of powerful ITs and other
low-frequency processes (see Fig. 2 and [4, 5]). In this
case, the nodes and antinodes of eigenfunctions fol-

low the “rocking” waveguide, which leads to “smear-
ing” of the average pattern and to apparent multimode
oscillations even if the vertical structure of oscilla-
tions is simple.

The tidal currents that are dominant in the area dis-
tort both the profiles of modes of internal waves and
dispersion relations. However, for average character-
istics of internal waves, the influence of variable cur-
rents can be disregarded, because they merely
“smear” the modes and lead to no cardinal changes in
the average dispersion characteristics.

In addition, there are not only vertically standing
modes near the source of internal waves, and this is
observed in our case. Indeed, the spectra of vertical
velocities calculated separately for the waves with ris-
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ing and dropping energy (Fig. 9) reveal that the rising
waves in the frequency band 1–10 c/h are dominant.
The asymmetry is particularly noticeable at a fre-
quency of 3 c/h for a vertical wavelength of 50 m. At
the station C4, the asymmetry is somewhat weaker
than at B4. In this case, the asymmetry is expressed
not only at 3 c/h, but also at 5 c/h for a wavelength of
25 m.

This asymmetry points to the bottom generation of
the corresponding waves forming a quasi-mode struc-
ture only after the reflection in surface layers.

4. DISCUSSION OF RESULTS

On the basis of a comprehensive spectral analysis
and using new methods of data processing, we man-
aged to reveal the main properties of SPIWs in the
water area of Mamala Bay, which is characterized by
great complexity without a clear dominance of spec-
tral components. Fifteen-to-twenty-minute internal
waves are not definitely expressed as a wide peak on
the spectrum of isotherm-depth oscillations, unlike
the spectra of currents smoothly falling with fre-
quency. These 15–20-min oscillations appear in such
characteristics of current spectra as stability and
directivity of ellipses of orbital motions. For the cor-
responding oscillation frequencies, there is an
observed rise in both the stability and directivity of
ellipses of orbital motions. This makes it possible to
separate 15–20-min internal waves out of the general
background of oscillations with a continuous spec-
trum. Characteristics of these waves such as the direc-
tivity across isobaths, the large phase velocity for
most energetic components, and the clear relation
between wave intensity and ITs are consistent with the
commonly accepted view on the local generation of
SPIWs when ITs break down into soliton wavetrains
near the shelf boundary [23]. At the same time, the
unique feature of slow components (complex modal
structure and asymmetry of vertical spectrum) indi-
cates that they are generated quite normally. In the
area under consideration, the intensive waves (possi-
bly soliton-like wavetrains) traveled predominantly
into the ocean, whereas the weaker and slower compo-
nents of 20-min waves propagate mainly to the shore.

The way these small but frequently occurring
waves actuate is not entirely known. Supposedly, they
are also generated by tidal currents (both barotropic
and baroclinic), which obtain significant vertical
velocities near the very steep edge of the shelf.
Indeed, the tidal current jets streamlining the steep
bottom “hit” the pycnocline at a large angle, which
should make it oscillate at a resonance frequency. In
this case, the resonance frequency is the frequency of
oblique wave FÒ determined by the bottom slope (i.e.,

also by the slope of tidal current jets streamlining the
bottom) and buoyancy frequency N near the shelf edge:

Fc = NsinA, (6)

where Ä is the angle of bottom slope (close to 30°).
Taking N = 9 c/h (a vertically averaged value near the
shelf edge), we obtain

Fc = 9sin30° = 4.5 c/h, (7)

which is close to the frequency of SPIWs dominating in
the area.

This hypothesis of the origination of 15–20-min
oscillations in the area under consideration explains
their other properties too; namely, the asymmetry of
the vertical spectrum and clear presence of higher
modes, appearing in their small velocities and com-
plex vertical structure. In other words, the oscillations
generated by oblique jets of tidal currents should also
have an oblique component described by many
modes.

CONCLUSIONS

Based on the results of an analysis of the character-
istics of SPIWs in the water space of the Mamala Bay,
we can make the following conclusions. In the com-
plex field of these internal waves, there are relatively
narrow-directed 15–20-min oscillations of two types:
(1) frequently occurring weak and slow waves travel-
ing to the shore and (2) faster and more intense waves
traveling to the ocean.

Apparently, the slow, weak, and very short (with a
length of 100–200 m) waves are actuated as a result of
a specific interaction between the pycnocline and
strong tidal currents over the steep slope. They propa-
gate to the shore at a rate of 2–4-mode waves and a
slight dominance of upgoing energy. The faster and
stronger waves, traveling to the ocean at the rate of the
lowest mode, are likely to be related with the break-
down of locally generated ITs, occurring normally
near the shelf edge. The relative weakness of emerg-
ing wavetrains of soliton-like waves is explained by
the shore adjacency and the fact that the density strat-
ification of waters in the Mamala Bay is unfavorable
for their generation. The pycnocline, which is sub-
jected to strong oscillations in the bay, is located in the
middle of the water layer; as a result, the solitons are
actuated only at its high or low position.

The superposition of short waves of different ori-
gins (including open-ocean waves [10, 16] traveling to
the shelf), along with the weakly expressed episodic
solitons, gives a special character to the field SPIWs
in the shelf of the Island of Oahu (this may be charac-
teristic of other island shelves with steep slopes).
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