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INTRODUCTION

Using measurement data on the characteristics of
current velocities on the Hawaii shelf (the Mamala
Bay) obtained with the help of an acoustic Doppler
profiler, extremely large releases of current velocities
were revealed. An integral analysis of the variability of
current fields relies on the profile data of current
velocities, temperature, and acoustic�scattering layers.
Based on the results of these investigations, we pro�
posed a hypothesis stating that the specific manifesta�
tions of the small�scale variability of currents in pro�
filer data are related to fine vortices emerging in the
outflow and rise of freshened waters from a subsurface
sink near the shelf edge [1]. To confirm this hypothesis
on the emergence mechanism of the releases of cur�
rent velocities, we conducted a mathematical simula�
tion of the response that the Doppler meter has to the
passage of the fine vortex, which revealed a good
agreement between model calculations and experi�
mental data.

GENERAL CHARACTERISTICS 
OF MEASUREMENT METHODS

AND RESULTING EXPERIMENTAL DATA

During a series of years in the basin of the Mamala
Bay on the island of Oahu (Hawaii Islands), complex
studies of anthropogenic influences on the ecosystem
alongshore the basins caused by a subsurface sink have
been performed to measure the characteristics of cur�
rent velocities and temperatures using anchored ther�
mal garlands and the bottom acoustic Doppler profil�
ers (ADPs) of currents [2–7]. The allocation of sta�
tions where the vertical profiles of temperature (stations
At, Bt, Ct) and three components of the vector of current
velocities (stations Av, Bv, and Cv) were measured is
shown in Fig. 1. The current velocities were measured at
depths from 4 to 76 m with a step of 2 m in depth and
1 min in time. The measurements of water temperature
were performed at different levels: from 3–18 to 45–76 m
with a step between 30 s and 2–5 min.

An analysis of hydrophysical measurement data
indicated that the Hawaii shelf (in the Mamala Bay)
and other shelves are characterized by observed short�
period internal waves conditioned by variations in the
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current fields and thermocline depths [2, 3, 6, 8, 9].
The time scales of these oscillations are usually several
tens of minutes, although strong variations of environ�
mental parameters in high�intensity solitons occur for
a few minutes [8, 9]. At the same time, on the shelf of
the Mamala Bay one can find even sharper variations
reflected on bottom ADP records, when strong pulse
bursts of horizontal currents are fixed with a sudden
alternation of their direction up to the opposite over
only a single minute. In this case there are usually vari�
ations in both the horizontal and vertical components
of current velocities [1, 10].

INTEGRAL ANALYSIS OF THE RESULTS 
OF MEASUREMENTS OF CURRENT 

VELOCITIES, SCATTERING COEFFICIENTS, 
AND TEMPERATURE

An analysis of the characteristics of current veloci�
ties measured by the ADP in the Mamala Bay revealed
large releases in their velocities with the probability of
their manifestation being significantly higher than the
values for the Gaussian process [1, 10]. Extreme
releases of current velocities were observed at all sta�
tions during the measurement period from 2002 to
2004 both in original currents and in their high�fre�
quency components (above 10 cycles/h).

An analysis of the measurement data indicated that
the amplitude of releases of horizontal velocities
reaches ±30 cm/s at an rms error of measurements of

around 4 cm/s and their length is no more than 2 min
[1, 10]. Both unipolar (positive or negative impulses)
and bipolar releases (when the polarity of an impulse is
changed through a step of 1 min) are observed. The
bipolar impulse releases of current velocities are
observed significantly more rarely than unipolar ones,
although they are of greatest interest.

The observed bursts of current velocities could be
related to the effect of proper motions of active scat�
terers, which is not ruled out in measurements with an
acoustic profiler, or taken as measurement errors, but
there are some peculiarities allowing one to doubt this
overly simple explanation. First of all, in analyzing the
impulses, care was taken to ensure that the field radi�
ated by the ADP is free of fish shoals, which through
their own motions might lead to bursts of velocity cal�
culated on the basis of ADP data. Clusters of active
scatterers are normally well manifested in the rate of
scattering of the acoustic�profiler signals [11, 12]. It
also seems improbable that erroneous bursts can
emerge concurrently at many levels (see, for example,
Fig. 2–4).

To reduce the errors, we smoothed the measure�
ment data by depth using a low�frequency third�order
Butterworth filter with a cutoff frequency of
100 cycles/km (smoothing each 10 m). Strong releases
are observed both in original values of currents U, V, W
and in their high�frequency components. One can
judge the frequency of impulse bursts of current veloc�
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Fig. 1. Schematic of the allocation of stations for measuring temperatures and current velocities in Mamala Bay (Hawaii).
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ities in given basins according the results of an analysis
of current fields for a period of 19 days in 2004 at the
station Bv (27370 samples with a step of 1 min at each
level). At this station, at depths of 12 to 70 m, there
were 920 impulses satisfying the condition that their
amplitude exceeds the rms error of measurements no
less than 3.5 times. In percentile values, the number of
such releases at a single level is 0.11%, which signifi�
cantly exceeds the figures of the Gaussian process
(0.046%). The highest irregularities have the form of
bipolar impulses. Examples of such impulses can be
found in Figs. 2–4.

When explaining the reasons for strong releases of
current velocities, we checked first whether they are
caused by the passage of internal�wave solitons, which
are accompanied with a shift in the isotherm depths.
The current releases conditioned by solitons can be
determined from the results of a combined analysis of
current velocities, temperature, and acoustic�scatter�
ing layers [11–13]. To this end we conducted a thor�
ough analysis of these characteristics for two types of
sudden variability of the water medium: in solitons and
bipolar impulse bursts of currents. In a thorough anal�
ysis of current fields, minutely profiles of their veloci�
ties, as well as temperature and rate of signal scattered
by acoustic�scattering layers (ASLs), were used. The
minutely profiles of currents were measured with the
help of bottom ADPs installed near the shelf edge and
the temperature oscillations were measured on gar�
lands fixed (Fig. 1).

In the soliton registered at the station Bv in 2004
(see Fig. 5), the thermocline at the 13560th minute of
observations (the measurements started at 10:59 on
August 20, 2004) zoomed upward 18 m in only 3 min,
which was also reflected in the field of acoustic�scat�
tering layers, and the current velocity increased two�
fold (up to 15 cm/s) with a sharp turn toward the
northeastern direction. The extremums of vertical
velocities reaching +4 and –5 cm/s were observed on
both sides of the maximum of the horizontal velocity,
which is as it should be in solitons [13].

The sharpest releases of current velocities regis�
tered with the help of ADPs had the form of bipolar
impulses when the amplification of currents was
accompanied with their turn to the opposite direction
in almost the whole layer of measurements. Examples
of typical bipolar impulse bursts of current velocities
registered at all observation points Av, Bv, and Cv are
shown in Figs. 2–4. Let us consider in more detail the
impulse bipolar burst of currents registered at the sta�
tion Bv in 2004 at the 20106–20107th minute of mea�
surements (see Fig. 3). Here, like in other cases of such
bursts observed in all ADPs, weak chaotic high�fre�
quency currents were suddenly replaced by currents
that were sharply amplified and directed similarly in
almost the whole water column. Here, the direction of
currents suffers a stepwise change in the opposite
direction as early as in the next minute. The 2004 mea�
surement data contained 25 such impulse bursts.
Interestingly, unlike solitons, the burst times of hori�
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Fig. 2. Example of observed bipolar impulse bursts of high�
frequency components of current velocities at station Av in
2003; the position of maximum of horizontal velocity
(36 cm/s) is marked by an asterisk and the positions of
extremums of vertical velocity (6 and –4 cm/s) are marked
by triangles with vertices up and down, respectively; the
velocity of the average current is 18 cm/s and the azimuth
is 253°. The axis of the ordinate denotes the observation
time in minutes at the given station.
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Fig. 3. Example of observed bipolar impulse bursts of high�
frequency components of current velocities at station Bv in
2004; the position of velocity maximum (42 cm/s) at the
20106th min is marked by an asterisk and the positions of
maximum (+6 cm/s) minimum (–5 cm/s) are marked by
triangles with vertices up and down, respectively; the
velocity of the average current is 14 cm/s and the azimuth
is 120°. The axis of the ordinate denotes the observation
time in minutes at the given station.
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zontal velocities coincide with the times of extremums
of the vertical velocity of currents (see Fig. 3).

A garland was installed to conduct temperature
measurements at 8 levels in the range between 19 and
72 m (see Fig. 1) a small distance from the point of
current�profile measurements (61 km east�southeast�
ward with azimuth 111°). Figure 6 shows the plot of
isotherm oscillations for the time period under consid�
eration. It can be seen from this plot that, at the
20112th minute, a weak 1� to 3�m rise of isotherms
occurred, which can be connected to the fact that an
inhomogeneity passed over the garland, causing a
sharp burst of current velocity in ADP (this occurred
6 min earlier). Under the action of the average current
(velocity 0.14 m/s, azimuth 120°) existing in this area,
the inhomogeneity transported by this current should
have passed over the garland 7 min after the ADP pas�
sage. This almost coincides with the measured time
shift of 6 min between the manifestation of inhomoge�
neity at the given points and corresponds to the trans�
port rate of around 0.2 m/s. Based on the 1�m rise of
isotherms in a minute between the levels of 59 and
63 m, where the thermistors were closest (and, conse�
quently, the vertical shift could be estimated most
accurately), we found that the vertical velocity of the
current is around 1 cm/s, which is considerably
smaller than the value measured by the ADP (+9 and
–5 cm/s).

MODELING THE ADP RESPONSE
ON VORTEX STRUCTURE PASSAGE

To explain the observed releases, we proposed a
hypothesis stating that the specific manifestations of
the small�scale variability of currents in ADP data
obtained on the shelf in the area of subsurface sink
influence are most likely related to fine vortices (vortex
columns) emerging in the outflow and rise of fresh�
ened waters from the diffuser [1, 10]. To confirm this
hypothesis, it is necessary to find how the passage of
such a fine vortex through ADP rays will be reflected in
ADP indications.

An acoustic Doppler current profiler (ADCP; in this
paper, the abbreviation ADP is used) is a 3� or 4�beam
impulse hydrolocator [14]. Its rays are located sym�
metrically relative to the vertical axis and are deviated
from it at similar angles. An echo signal taken by each
ray is analyzed in adjacent time windows to yield a
Doppler frequency shift Δf, which is proportional to
the projection of the rate of scatterers relative to an
antenna on the ray axis Vr:

Δf = 2f0Vr/Cs,

where f0 is the carrier frequency and Cs is the sound
speed.

Knowing the delay of certain window tw, one can
localize the position of the corresponding element of
distance (ED) relative to the antenna: r = Cstw/2.
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Fig. 4. Example of observed bipolar impulse bursts of high�
frequency components of current velocities at station Cv in
2004; the position of velocity maximum (40 cm/s) at the
5654th min is marked by an asterisk and the positions of
maximum (+5 cm/s) minimum (–4 cm/s) are marked by
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Fig. 5. Manifestation of a typical soliton in the Mamala
Bay in the field of currents, temperature, and acoustic�
scattering layers. The vectors of current velocities are dem�
onstrated (arrows; north is up). The position of velocity
maximum (15 cm/s) is marked by an asterisk and the posi�
tions of extremums of vertical velocity (+4 and –5 cm/s)
are marked by a circle and a triangle, respectively. The iso�
therms (white lines) are constructed on the basis of data
from a moored garland near ADP.
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The algorithm of ADP data processing is based on
the assumption that the current velocity is constant for
all EDs located at a certain depth. With the help of
ADP, the velocities are measured correctly only if the
scale of current inhomogeneities is considerably larger
than the distance between the ADP rays [14]. Minute
shifts of velocity in the ADP indications cannot be
caused by sufficiently large spatial scales and therefore
testify only about inhomogeneity of the current field
between ADP rays. Because of this, strictly speaking,
with the help of ADP, one cannot obtain the correct
pattern of currents in a fine inhomogeneity like the
vortex column (a vortex whose height is considerably
higher than its diameter).

To confirm the hypothesis that the impulse bursts
of currents are conditioned by the passage of fine vor�
tices through ADP rays, we conducted a mathematical
simulation of its response on the nearby passage of a
vertical vortex with a spatial scale that is considerably
smaller than the distance between it rays (and EDs).
By ADP response we mean the time realizations of
three values that, in the case of a homogeneous field of
current velocity, would be its projections VX, VY, VZ on
the axis of the Cartesian coordinate system related to
the instrument. It is reasonable to direct the vertical
axis Z of this “instrument” coordinate system along
the symmetry axis of its antenna system. Then, for a
three�ray version of the instrument, which was applied
in our case, these projections can be calculated with
the help of the following matrix transformation

(1)

Here, Vi, i = 1, 2, 3, are the projections of current
velocity on ADP�ray axes and Θ is the angle of devia�
tion of ray axes from the vertical (Θ = 25°).

To model the time dependence of output variables
of the instrument, it is necessary to calculate the
changes of these projections for different vortex posi�
tions relative to ADP. As a model, we take the so�called
“Rankin vortex,” which is a cylindrical vortex with a
vertical axis and solid�body rotation into the internal
domain with a radius of R0, where the velocity grows
linearly with the growing distance from the center up
to the maximum value Vmax, and then it declines back
proportional to the distance in line with the law V =
V(R0)R0/R. Thus, we do not consider vertical velocities
(see above) and take the current to be the vortex cur�
rent in the internal domain and potential current in
the external domain. Let us set the values R0 = 5 m and
Vmax = 0.5 m/s corresponding to the estimates of vor�
tex parameters described in [1].
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Strictly speaking, a simulation of the vortex passage
should involve the velocity of the homogeneous
motion transporting it. However, as was noted above,
the experimental realizations of velocity were sub�
jected to high�frequency filtering before analysis.
Therefore, the rate of transport was not considered
and only deviations from it were taken into account.
To simulate the ADP response on the vortex passage,
we developed a scheme for calculating the projections
of liquid velocity on the instrument rays Vi depending
on the distance between the vortex and the instrument
center and EDs.

Because the current field is of cylindrical symmetry
relative to the vortex axis, when simulating the ADP
response to the vortex passage it turned out to be con�
venient to consider the instrument transport relative to
the vortex rather than the instrument. The position of
the instrument center (the point with the outgoing
projections of its rays on the horizontal plane) is spec�
ified relative to the vortex axis by coordinates X and Y.
The length of ray projections is denoted by D. This
value depends on the height over the bottom Z0 of the
layer where the velocity is measured:

D = tan(Θ)Z0.

r0 is the distance from the vortex center to the
instrument center and ri (i = 1, 2, 3) are the distances
from the vortex center to corresponding EDs. Then,
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the projections of current velocity on rays can be
expressed as

 (2)

In this formula, we have i = 1, 2, 3, and

(3)

(4)

(5)

(6)

(7)

For calculations with the help of formulas (1)–(7),
we developed a MATLAB program. For validation
purposes, we computed the instrument response on
the “big” vortex passing exactly through its center
along the OX�axis. In other words, it was assumed that
D � R0. It is apparent that the condition of local
homogeneity of current velocity is satisfied in the vor�
tex for almost the whole field of the current. This con�
dition is violated only at the boundary R = R0. In this
case, a spurious release of the vertical velocity compo�
nent occurs, which vanishes away from the boundary
with high accuracy. Similar releases are also observed
in experimental data. The behavior of the component
VY is consistent with the model field, and VX also dem�
onstrates spurious releases at the boundary of the
“solid�body” part of the vortex.

Using this program, we simulated the instrument
response to the vortex passing over it.

The ADP response on the vortex passage depends
on many parameters, including, first and foremost, the
direction of the vortex rotation, the velocity and direc�
tion of its movement, the position of the vortex trajec�
tory relative to the ADP, the orientation of vortex rays,
the measurement resolution, and even the specific
moments when the vortex passes over ADP while mea�
surements were conducted (if the frequency of mea�
surements is insufficient, a fine vortex cannot be
reflected in measurements with sufficient details).

We performed calculations of current velocities for
a wide range of vortex parameters and obtain the fol�
lowing results. The passage of fine vortices through
ADP rays leads to the emergence of sharp releases in
current velocities measured by the instrument. The
amplitude of releases and their form (unipolar or bipo�
lar) depend on the vortex allocation relative to the
ADP and the direction of its movement.

Figures 7a and 7b show a comparison of model cal�
culations (Fig. 7b) with data from field measurements
(Fig. 7a) for current velocities conducted at station Bv
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in 2004 at the 20095–20115th min. Among the many
variants considered, the pattern observed at this point
is most resembled by the case when the anticyclonic
vortex with the abovementioned parameters moves
east�southeastward and its center is 20 m away from
(south�southwestward of) the ADP center (see the
schematic in Fig. 7c). In other cases of model vortex
passage relative to the instrument, the ADP response
could be substantially changed, taking the form of a
single burst and a less significant turn of the vector in
the double impulse. In most cases this turn occurred in
1–2 min.

An analysis of Figs. 7a and 7b shows a good resem�
blance of model calculations with field measurement
data. The close resemblance between the extremums
of vertical velocities, not only in depth (33–40 m in
Fig. 7a and 38 m in Fig. 7b) but also in magnitude (+6,
–5 cm/s in Fig. 7a and ±6 cm/s in Fig. 7b), is particu�
larly remarkable.

The vortex model used has no vertical motions at
all; therefore, the presence of vertical velocities in the
ADP response (see Fig. 7b) is an artifact related to the
peculiarities of the response of this instrument. The
coincidence of burst times of vertical and horizontal
velocities in measurement data and calculation results
is explained by the fact that the registered vertical
velocities in this case are inconsistent with true
motions and emerge due to the projection of horizon�
tal currents in the vortex on inclined rays of ADP.

The temporal coincidence of bursts of vertical and
horizontal velocities, which is characteristic for almost
all registered impulses, is, as was already noted above,
a characteristic differing them from internal waves,
where the vertical and horizontal velocities are in the
quadrature.

Let us consider in more detail the relationship
between revealed bursts of current velocities and the
rate of back acoustic scattering, but now from the
point of view of admixture capture by vortices (as was
observed, for example, in [15]), rather than in terms of
the rare impact of active motions of scatterers on ADP
indications.

Figures 8a–8c show the scattering rate from mea�
surement data for station Bv in 2004 separately for
three cases. An analysis of Figs. 8a–8c shows that the
admixture concentration on the first ray was signifi�
cantly weaker than on the second and third rays. This
is consistent with the supposed vortex motion, the
main part of which occurs first through the third ray
and then through the second ray (see Fig. 7c). The
scattering burst was best expressed on the third ray,
where it coincided with the northwest maximum of
velocity (the front end of vortex?). On the second ray
it was less compact, and it manifests itself weakly on
the first ray.

In general, the set of facts under consideration here
can be explained well within the frameworks of the
vortex hypothesis formulated in [1] and confirmed by
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Fig. 8. Rate of scattered signal at different rays of station Bv in 2004 at the 20095–20110th minutes of observations: (a) ray 1
(northeastern); (b) ray 2 (southeastern); and (c) ray 3 (southwestern).

the results of a simulation of the ADP response to the
passage of fine vortices.

We cannot also rule out the possibilities for other
interpretations of resulting data; however, in our opin�
ion, it is doubtful that the ocean has small�scale cur�
rent inhomogeneities with amplitudes as large as in the
impulse bursts described above. Even such a sharp
phenomenon as solitons has much greater spatial
scales and other relations between horizontal and ver�
tical currents.

CONCLUSIONS

Based on the results of a thorough analysis, we
investigated the characteristics of extremely large
releases of current velocities registered by an acoustic
Doppler profiler in the Mamala Bay and the possible
reasons for their emergence. We proposed a hypothesis
stating that the specific manifestations of the small�
scale variability of currents are conditioned by fine
vortices that can emerge on the shelf under the action
of Doppler convection. Numerical simulations to the
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response of the Doppler profiler of currents on the
passage of fine vortex structures confirm the validity of
this hypothesis.

In conclusion, we note that the emergence of vor�
tex structures in the Mamala Bay is quite possible, if
not inevitable: due to the subsurface sink of fresh
waters of Honolulu, a strong convection over the shelf
appears, the field of which can include small vortices
like small dust vortices in the near�surface air observed
in the warmest days over heated segments of the
ground.

Some similarity to this vortex formation can be
seen also in the results of laboratory experiments on
convection in a rotating water volume, when a drop
(sunk in water) of a heavier liquid generates a vortex
concentrating the whole admixture in itself [15]. This
concentration of admixture in vortices can also
explain the increased rate of scattering within the
many of impulse bursts that we observed.

It is important to note that, if the hypothesis on
vortices in the convective layer is confirmed during the
further field and laboratory experiments planned by
the authors, some corrections should be made in our
understanding of the pure diffusion transport of
admixtures in the zone of influence of deep sinks, tak�
ing into account the admixture capture and transport
of more or less long�living vortices. Let us also note that
these phenomena can also emerge in other areas of the
bottom unload of fresh ground waters entering the shelf
from water�carrying layers from the coast, such as, for
example, with the Crimean and Caucasian coasts, as well
as in areas where gas torches emerge [16].

Measurements of current velocities in the basin of
the Gelendzhik Bay with the help of bottom ADP near
the deepwater sink of fresh waters also indicated that
there are strong releases of currents like the ones con�
sidered above. The results of high�frequency compo�
nents of velocity in Gelendzhik Bay will be published
as a new paper.
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