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Abstract—This paper presents the main results of processing the data obtained in the study of hydrophysical
processes during multidisciplinary monitoring of the anthropogenic impact on the coastal basin of Mamala Bay
(Oahu Island, Hawaii). The results of the hydrophysical measurements carried out in August—September of
2002-2004 using stationary moorings and dropped and towed ship sensors were analyzed as the initial data. On
the basis of these measurements, spatiotemporal, statistical, and spectral characteristics of different hydrophys-
ical parameters of the marine environment in the basin of Mamala Bay were calculated, including three-dimen-
sional components of the velocity vectors, the spectra of different components of velocities, the spectra of tem-
perature fluctuations, and the characteristics of internal waves. The variability of the temperature fields and the
correlation of the tidal phenomena with the temperature measurements and fluctuations caused by internal
waves were analyzed. The materials and methods of the oceanographic studies and the results of the analysis
of the meteorological and hydrological conditions are presented. The results obtained are used for a multidis-

ciplinary analysis of the satellite and sea truth data.
DOI: 10.1134/S0001437007060033

INTRODUCTION

The anthropogenic pollution of the World Ocean has
a strong negative influence on the ecological systems of
the ocean [9, 10]. Deep wastewater discharge is one of
the most widespread sources of the anthropogenic
influence on coastal basins. The influence of deep
wastewater discharge leads to eutrophication of seawa-
ters and toxic and microbiological pollution of the
coastal zones of the ocean. A very high concentration of
pollutants of anthropogenic origin in the surface layer
of the ocean leads to a misbalance in the ecosystems
and to a decrease in the bioproductivity of basins. In
this relation, multidisciplinary studies of the marine
environment using remote and contact measurements
become extremely important.

The discharge of sewage into the sea is carried out
using deep pipelines at a large distance from the coast
and at significant depths to decrease the negative
impacts on the coastal zones. The diffusers of sewage
discharge devices are usually located below the density
interface because it prevents the upwelling of sewage
waters from rising to the surface. However, the density
stratification of seawater is characterized by strong sea-
sonal fluctuations. When the stratification significantly
weakens, situations can appear that allow the sewage

water rise up to the surface, thus, negatively influencing
the ecosystems of coastal basins [3, 6]. Thus, much
attention should be focused on the studies of the hydro-
physical processes in the basins subjected to such
anthropogenic impacts. The research of these processes
is also necessary for the verification of the data
obtained during the monitoring using satellite instru-
ments [2].

The main objective of the experiments carried out in
the study region of Mamala Bay in 2002-2004 was the
development of the estimate and warning system for the
possible pollution of the recreation zone of Oahu Island
(Hawaii) [12, 16]. In 2002-2004, multidisciplinary
oceanographic studies of the currents fields, turbulent
mixing, internal waves, fluctuations of the ocean level,
temperature, and salinity of the water, as well as wind
waves, chemical-biological parameters, and hydrome-
teorological conditions combined with satellite obser-
vations were carried out to study the particularities of
the spreading and transformation of the deep wastewa-
ter discharge. All the measurements were carried out
according to unified methods over the same grid of
autonomous moorings from vessels and coastal refer-
ence stations combined with remote measurements
from several satellites [2, 5, 8, 12, 17].
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Fig. 1. Scheme of location of (a) moorings with ADCP, TS, Aanderaa String and measurements from ships in (b) 2002, (c) 2003,

and (d) 2004.

PARTICULAR FEATURES
OF THE OBSERVATIONAL METHODS

In August—September 2002-2004, during the moni-
toring of the coastal region of Oahu Island (Hawaii), the
hydrophysical characteristics were measured using sta-
tionary moorings as well as from a few small vessels.
Both shipborne and mooring means of measurements
were located in the study region to ensure the possibil-
ity of the measurements near the source of the anthro-
pogenic impact (wastewater discharge device) and at a
distance from it (2—10 km from the discharge device) at
different points of the Mamala Bay basin. The temper-
ature and vectors of the current velocity were measured
using stationary mooring systems (Aanderaa, TS ther-
mistor, ADCP profilers); drifters; and measurements
from ships with CTD probes, XBTs, Compact-EM, and
dropped microstructure profilers of the MSS and TOMI
type [12, 13, 16].

Schemes of the location of moorings with ADCP,
TS, and Aanderaa String in 2002-2004 and measure-
ments from ships are shown in Fig. 1.

It follows from Fig. 1 that the stationary moorings
were located approximately at the same points in all the
years of the measurements. The places of the location
of sensors can be conventionally divided into four
zones: zone A near the diffuser, zone B ~3.5 km east of
the diffuser, zone C ~7 km southeast of the diffuser, and
zone D 1 km south of the diffuser. The difference
between the schemes of the location of the sensors in
different years was that, in 2004, an additional station
of temperature measurements was located at point Dy

Acoustic current meters ADCP (see Fig. 1a) were
located at the bottom and recorded three velocity com-
ponents (Ve, Vn, Vu) in the depth range from the bottom
to 3.5 m with a 2 m interval and a sampling time of
1 min. The longest time series of the measurements was
three weeks [16].
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Long-term measurements of the water temperature
were carried out with thermal strings (Aanderaa, TS) at
moorings with sampling intervals of 5 min (Aanderaa
in 2002 and 2003), 2 min (TS in 2003), and 30 s (TS in
2004) [16]. The thermal strings were located near the
places of the ADCP location (see Fig. 1a).

During the field experiments, the measurements of
the vertical profiles of the temperature, salinity, and
density of the water were carried out from ships with
CTD profilers and expendable XBT profilers (Figs. 1b—
1d). In different years, 4-5 vessels were used to carry
out these experiments.

Measurements with MSS (2002-2004) and TOMI
(2004) microstructure profilers were also carried out
from ships to obtain vertical and spatial distributions of
the temperature, salinity, density, turbidity, Brunt—
Viisild frequency, and other characteristics [17, 20].

Taking into account the strong influence of tidal
phenomena on different processes in the ocean basin
near the Hawaii Islands during the multidisciplinary
experiments, the ocean level measurements were car-
ried out at a coastal station with a sampling interval
equal to 6 min (Fig. 1).

The measurements of the wind velocity and direc-
tion were carried out using anemometers both at the
Airport (2002-2004), SITTP (2003), and Kawala
(2003) stationary coastal stations and from ships at dif-
ferent points of the basin.

An analysis of the initial data showed that the calcu-
lations were carried out with minimal sampling inter-
vals for each process to study the high frequency fluc-
tuations of the internal waves and currents (0.5-5 min).
The minimal possible sampling interval for the cross-
statistical analysis of all the hydrophysical processes
was equal to 6 min (2004) and 30 min (2002 and 2003).
Taking into account the sampling time and the duration
of the measurements, it became possible to study the
variability of the oceanographic processes on scales
from a few minutes to one and a half months.

HYDROMETEOROLOGICAL CONDITIONS
DURING THE EXPERIMENTS IN MAMALA BAY
IN 2002-2004

An analysis of the results of previous studies [11]
showed that currents with the directions, velocities, and
intensities being complex functions of the conditions
(atmospheric circulation, tides, local meteorological
conditions, bottom topography, and coasts, as well as
seasonal variations of oceanic currents) dominate in the
region. Large scale currents flowing around the island
form circular flows at the lee side of the island with
respect to currents. The currents over the slope of the
islands are usually directed parallel to the coast gener-
ally in the western direction but can change direction to
the opposite due to tides [8, 11].

During the experiments, breezes (from the island
and to the island at different times of the day) and trade
winds dominated. Some results of processing the char-
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acteristics of the wind regime obtained in 2004 are
shown in Figs. 2a and 2b as an example. In 2002-2004,
the dominating wind directions recorded at the Airport
land station were located in the sector 0—80° with mean
velocities of ~6 m/s and maximal velocities up to
11.5 m/s (see Fig. 2). The wind velocities recorded on
the ships are within 6-8 m/s on average and tend to
increase with the distance from the diffuser in the off-
shore direction. The maximal wind velocities reached
~11 m/s. The northeastern direction was the dominating
wind direction (see Fig. 2).

The results of the cross analysis of the wind and
oceanographic parameters demonstrated that the wind
conditions during the sea truth experiments strongly
influenced the particular features of the vertical distri-
bution and variability of the oceanographic parameters
in the upper 10-m layer.

During the field experiments, the character of the
ocean level fluctuations caused by the tidal currents was
approximately the same over the entire period of the
observations. The maximal tide level with the dominat-
ing semidiurnal period (M, wave) was approximately
0.8 m (in 2002 and 2004) and 0.9 m (in 2003). Diurnal
tidal fluctuations and multiday tidal variations were
also observed (see Fig. 2c¢).

It is known that, in the region of the Hawaii Islands,
several types of surface waves are observed [11]. First,
these are wind waves generated by trade winds with
heights of 1.2-3.6 m and periods of 5-8 s, which prop-
agate to the island from the northeast almost during the
entire year but reach their maximum in the summer.
Second, these are storm waves opposite to the trade
winds with heights of 3.0-4.5 m and periods of 8—10 s.
These waves are generated by local atmospheric fronts
and appear at any time of the year but prevail in the late
winter or early spring. A southern swell is also recorded
with heights of 0.3-1.2 m and periods of 14-22 s,
which is generated by remote storms in the winter
period of the Southern Hemisphere (summer and early
autumn in the Hawaiian region). Finally, a northern
swell is observed with heights of 2.4—4.2 m and periods
of 10-15 s, which appears due to the remote storms in
the north of the Pacific Ocean in the winter and early
spring. However, the experiments were not carried out
in that period.

An estimate of the frequency S(®w) and frequency-
directional spectra in the frequency interval 0.157 <@ <
3.644 s7! (in the range of gravity waves) was made as a
result of the analysis of the characteristics of the surface
waves in the basin of Mamala Bay obtained during the
experiments on wave buoys. It appeared that the one-
dimensional spectra S(w) are stable in time [2, 12]. Usu-
ally they have three quite clearly observed spectral max-
ima at frequencies of ®,,,; = 0.41 s7!, @0 = 0.69 57!,
and ®,,,; = 1.57 s71. This indicates the presence of sev-
eral wave systems (wind waves and swell) in the study
basin.

The fields of hydrooptical characteristics were also
studied using AC-9 equipment. The results of these
studies are described in [2, 5].
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Fig. 2. Examples of the results of the wind data processing obtained (a) at the Airport land station in 2004 and (b) in the sea from
ships on August 16, 2004. (c) Variations in the ocean level in August—-September 2004.

THE RESULTS OF THE RESEARCH

were obtained (Ve, Vn, and Vu) together with the abso-
OF THE CURRENT FIELDS

lute values of the velocities and direction of the currents

at 37 levels in the depth range of 3.5-76.5 m.
Long-term measurements of the current parameters

] ) ¢ ) Preliminary data analysis obtained using these cur-
in Mamala Bay were carried out using acoustic Doppler  rent meters revealed strong fluctuations (with periods
profilers ADCP [16]. As a result of the preliminary data

of a few minutes). Therefore, the initial data were
processing, three components of the current velocities smoothed and averaged to decrease the errors.
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The fluctuations with 3- to 10-min periods found in
the records of currents can be considered the most high-
frequency components in the wide wave spectrum,
which could be measured quite reliably using the
equipment of the experiments. An analysis of the vari-
ability of the current field characteristics on time scales
from 3 min to 1.5 days, i.e., in the frequency range from
the Brunt—Viiséld N frequency to the local inertial fre-
quency (of the order of 33 h), was carried out on the
basis of the data of these experiments. It was important
to determine the origin, to estimate the stability of the
currents and the particular features of the generation of
the fluctuations recorded, and to find the causes of the
components in the spectra of the currents.

Three-dimensional and two-dimensional progres-
sive vector diagrams at different levels were plotted to
study the dominating transport direction in the study
region of Mamala Bay [13]. The trajectories of the dis-
placement of the water medium under the forcing of
currents were determined as a result of plotting of these
diagrams. Three-dimensional progressive vector dia-
grams of the currents at a depth of ~60 m plotted on the
basis of the measurements in different time periods are
shown in Fig. 3 as examples. The positive values in the
progressive vector diagrams correspond to the north-
ern, eastern, and upward directions, while the negative
values correspond to the southern, western, and down-
ward motions. An analysis of the diagrams showed that,
in the region of the diffuser, the dominating direction of
the transport was 220° (to the southwest) in all the peri-
ods and at different levels of the measurements. Strong
variation in the field of the currents was observed in the
region of the station located 3 km east of the diffuser.
Quasi-wave fluctuations of the current field from the
southwestern to southeastern directions were observed
there.

The variability of the direction of the current veloc-
ity vector is strictly estimated on the basis of the prob-
ability analysis. In 2002—-2004, histograms of the direc-
tions, absolute values of the current velocity vectors,
and the horizontal components of the current vector at
different levels were plotted on the basis of the mea-
surements of parameters of the currents. Histograms of
the recurrence of the directions of the current velocity
vectors in August—September 2002 and 2004 at levels
of 20 and 60 m are shown in Figs. 4a, 4b, 4e, and 4f as
examples.

According to the data of the continuous measure-
ments of the current characteristics at a station
deployed near the diffuser (Fig. 1a), the distribution of
the direction of the currents at the upper level had a sin-
gle-mode structure (Fig. 4b) with a dominating direc-
tion of 220°-240° (in 2002) and a bimodal structure
(Fig. 4a) with dominating directions of 90°-150° and
240°-320° (in 2004). In the middle layer (depths of 30—
40 m) the vector of current velocity had similar direc-
tions, but the probability of the southeastern direction
100°—120° was greater. In the bottom layer, the currents
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feature a bimodal structure with directions of 80-120°
and 240-280° with a dominating direction to the south-
west, which corresponds to the main North Equatorial
Current.

The measurements at the station located 3 km east
of the diffuser (see Fig. 1a), showed that the southeast-
erly, southwesterly, and westerly currents dominated in
the region (Figs. 4e, 4f).

The total transport at the station located 7 km south-
east of the diffuser (at the beam of Diamond Head
Mountain, see Fig. 1) was directed along the north-
west—southeast line because the station was at a dis-
tance from the main alongshore current. Currents with
directions about 120-130°, i.e. opposite to the main
North Equatorial Current, were characterized by the
greatest probability. In the middle layer (level 29.5 m)
close to the level of the seasonal thermocline (levels 70
and 75 m), the direction was approximately 310°.

In the upper layers, relatively weak quasi-constant
currents were observed with fluctuations caused by the
local wind conditions.

At levels starting from 30 m, currents were observed
with a relatively short-period variability at time scales
from a few minutes to 12 h. Local wind conditions did
not influence the variability of the currents at levels
below 10 m. Reverse currents influenced by tides were
also observed here. Sometimes, a rotation of the veloc-
ity vector was observed (during a few hours), which can
be related to the tidal motions and variations in the syn-
optic situation as well as to tidal internal waves at the
near-bottom levels (in 2003, the interface layer at the
stations considered was located at the bottom). In
2002-2004, no inertial currents in a pure form were
observed in the coastal study zone (with a clockwise
rotation of the velocity vector) with time scales charac-
teristic of the local latitude (i.e. close to 33 h).

An analysis of the histograms of the absolute values
of current velocity showed that at the station located
most closely to the diffuser and at stations located at a
distance in the eastern and southeastern directions, mean
values of the absolute value of current velocity in the
entire water column studied were equal to 15-20 cm/s,
while the maximal velocities reached 48.4-82.5 cm/s. A
histogram of the absolute value of current velocity is
shown in Fig. 4d, and statistical characteristics of the
absolute values of current velocity for the period
from September 1 to 6 in 2002-2004 are given in
Table 1. These values are characteristic of the basin
studied.

The variability of the horizontal components of the
current velocity vector at all the levels was caused by
tidal motions with a period characteristic of the semid-
iurnal tidal wave M,, i.e. 12.4 h. When an incident tidal
wave approaches the slope of Oahu Island, the velocity
vector rotates with respect to the general direction (Fig. 5).
Similar features of the currents were also characteristic
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of station By, (see Fig. 1a) located ~3.5 km east of the
diffuser.

The statistical characteristics of the currents as vec-
tor processes were estimated using the vector-algebraic
method [1]. The characteristics of the tensor (invariant
1, as an indicator of rotation of the currents and the vari-
ability ellipse) are shown in Fig. 6 as an example. These
characteristics were obtained from the results of the
measurements of currents at station Ay (near the dif-
fuser, see Fig. 1a) from September 10 to 21, 2003 (sam-

pling interval of the measurements was 1 h; level of
measurements was 31.5 m).

In 2002-2004, the tensor characteristics of the cur-
rents at the same levels (in the upper quasi-homoge-
neous layer, thermocline, and near-bottom layers) were
approximately the same at all stations. Components
with time scales of approximately 12 h close to the
period of the M, tidal wave dominated in the spectrum
of the currents (linear invariant) (Fig. 6a) at all the sta-
tions in the frequency range considered here. The total
No. 6
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contribution of the other components to the kinetic
energy was less than 15%. The features of anisotropy of
the currents were estimated from the ellipses of disper-
sion, which showed that the large axis of the ellipse
coincided with the direction of the mean flow at the
given point. The ratio of the axes of the ellipses at tidal
frequency varied from 0.11 to 0.13. This indicates that
the water transport in the direction of the main flow
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dominated, which was sometimes declined by the influ-
ence of tidal motions.

An analysis of the spectra of velocity components
showed that the wave and turbulent components exist in
the relatively high frequency range with time scales
from 1.5 h to 0.5 days [13]. Tidal motions of semidiur-
nal and diurnal periods dominate in the velocity spectra
at all the levels (see Fig. 7).
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Table 1. Statistical characteristics of the absolute values of the current velocities obtained from the data of the measurements

BONDUR et al.

using ADCP sensors from September 1 to 6, 2002-2004

Mean velocity, cm/s Variance, cm/s? Min velocity, cm/s Max velocity, cm/s
Level, m 2002 2003 2002 2003 2002 2003 2002 2003
Near the diffus

~20 342 14.6 119.8 73.8 0.9 0 77.6 65.5

~30 25.3 15.49 133.3 88.79 0.3 0.1 67.8 64.2

~50 13.3 15.2 63.8 90.4 0 0 50.8 75.1

~60 13.4 15.3 68.0 95.4 0.1 0.1 48.4 65.2

~70 - 15.2 - 103.1 - 0 - 71.9
~3.5 km east of the diffuser

2003 2004 2003 2004 2003 2004 2003 2004

~20 14.9 20.1 97.3 114.0 0.1 0.2 68.5 59.9

~30 14.5 19.5 92.1 107.8 0 0 62.1 60.8

~50 14.3 17.4 86.2 101.6 0.1 0.1 62 67.9

~60 14.4 18.9 83.3 126.8 0 0.4 62.4 79.8

~70 14.3 19.9 79.0 135.6 0.1 0.1 61.7 82.5

The data obtained using drifters, which were
launched during the experiments from vessels to differ-
ent depths, were also used to study the features of the
currents [12, 15, 17]. During the analysis, the trajecto-
ries of the drifters were compared with the directions of
the dominating transports obtained on the basis of
ADCEP sensors at the same depths and time moments
(Fig. 8). Mean values of the current velocities based on
the data of drifters and ADCP sensors were also com-
pared (Table 2). The information about the phases of
tidal currents was used for a more correct analysis of
the characteristics of the fields of currents.

Mean velocities of the motion of drifters at the lev-
els of measurements (30 and 50 m) were quite close
and, on the average, they were equal to 15 cm/s in 2003
and 12 cm/s in 2004. The directions of drifter motions
changed in a wide range from 90° to 270°. The direc-
tions of the motion of drifters were related to the phase
variations of the tidal currents.

A cross-analysis of the directions and velocities of
the currents measured by the ADCP sensors and drifters
showed that the current velocities measured by these
instruments correlate, while the directions of currents
are characterized by certain differences.

Specific peculiarities of the dependence of the depth
distribution of currents on the influencing factors with
account for the location of the stations of measurements
were revealed on the basis of a joint analysis of the fea-
tures of the tidal regime (total duration of phases of
flood and ebb, velocities of increasing and decreasing
of sea level) as well as the distribution of the current
velocities and directions at different levels including
the periods of the variations in the water mass transport
in 2004 (Table 3).

In 2004, during the ebb phase an increase in the
velocity of currents with depth in the upper layer was
recorded during the longer duration of the phase under
the conditions of a strong influence of the propagation
related to the ebb currents and water transport in the
southeasterly direction or in the offshore direction.
During a smaller duration of the phase, a decrease in the
velocity of the currents with depth was observed, which
is likely to be related to a smaller influence of the ebb
currents.

In the near-bottom water layer (below 70 m), only
an increase in the velocity of currents with depth is
observed under the same conditions at station B, (see
Fig. 1a), which is related to a significant influence of
the ebb currents, while at station C, (see Fig. 1a), a
decrease in the velocities with depth is usually
observed (it is likely, that the influence of the ebb cur-
rents here was poorer manifested).

During the flood phase, in the upper water layer,
under the conditions of a relatively long phase and a
significant rate of the ocean level rise associated with
the water mass transport in the general southeastern
direction, a decrease in the current velocities with depth
was observed at station B,, while at station C,, their
increase was found, evidently due to the greater mani-
festation of the tide.

In the lower layer of the water column, under the
conditions of a quite long phase and a high rate of the
ocean level rise, a strong difference in the distribution
of the current velocities with depth was caused by the
variation in the direction of the water mass transport
(from southeastern to southwestern). This caused a
change in the current velocities at station B, (see
Fig. 1a) from an increase in the current velocities to
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Fig. 6. Tensor characteristics of the currents obtained on the basis of the measurements from September 10 to September 21, 2003
at station Ay: (a) linear invariant of currents; (b) rotation indicator; (c) ellipse of variability. Sampling interval is 1 h, level ~30 m.

their decrease. On the contrary, at station C, (see mined by different features in their dynamical regime.
Fig. 1a) a decrease in the velocity changed to its At sufficiently large depths, this can be related to the
increase. This can be caused by the fact that the pro- general circulation around the islands including the
cesses in the upper and lower water layers are deter- manifestation of the North Equatorial Current.

Table 2. Mean values of the velocities of drifters and absolute values of current velocities measured by ADCP sensors during
fixed time intervals. The directions of the motion of drifters and dominating directions of water mass transports on the basis
of ADCP sensors

Level, m Velocity, cm/s Direction, degrees
bate ADCP Drifter ADCP Drifter ADCP Drifter
September 04, 2003 30.5 30 16.42 21.70 257 270
50.5 50 15.81 19.92 258 280
September 06, 2003 30.5 30 15.69 9.75 80/85 122/214
50.5 50 12.58 13.55 130/85/100 270/107/190
September 11, 2003 30.5 30 17.33 14.19 214 180
50.5 50 21.52 17.29 227 180
September 13, 2003 30.5 30 15.34 14.28 180 85
50.5 50 15.67 10.17 166/247 90/220
September 14, 2003 50.5 50 10.19 12.85 180 120
August 24, 2004 30.5 30 10.09 9.67 122 111
50.5 50 11.56 8.18 158 113
August 25, 2004 30.5 30 10.39 11.06 92 107
50.5 50 14.03 10.67 136 112
August 26, 2004 30.5 30 10.11 10.01 133 108
50.5 50 10.93 7.62 209 115/230
August 29, 2004 30.5 30 12.30 16.39 129 107
50.5 50 8.83 12.81 167 105
August 30, 2004 30.5 30 10.10 12.12 187 108
50.5 50 10.03 10.14 139/231 99/346
September 03, 2004 30.5 30 15.44 15.98 110/213 90/305
50.5 50 12.23 13.17 140/194 90/305
September 04, 2004 30.5 30 10.51 13.19 135 100
50.5 50 12.08 13.18 153 103

OCEANOLOGY Vol. 47 No. 6 2007
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RESULTS OF THE TEMPERATURE STUDIES tember 2002 and 2004. The charts of the vertical tem-

An analysis of the results of the temperature mea- perature distribution in 2003 and 2004 are shown in

surements in the study region showed that the thermal Fig. 9 as an example. Vertical temperature and salinity
regime in the bay in August_September 2003 was proﬁles at different pOil’ltS of the basin in 2002-2004
strongly different from that observed in August-Sep- are shown in Fig. 10.
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In the temperature section in Fig. 9a in the depth—
time coordinates at station By and in the vertical profiles
on the basis of CTD measurements (Figs. 10c, 10d) it is
seen that, in September 2003, the well-mixed quasi-
homogeneous layer with almost the same temperature
values reached a depth of ~70 m. The differences in the
water temperature in the surface and deep layers (50-60 m)
did not exceed 0.5°C. During the major period of time, the
thermocline layer was located at depths 80—100 m, while in
2002 and 2004, the thermocline was at 30—60 m. Dur-
ing the major period of time, mean values of the water
temperature in the surface layers were equal to
~26.5°C, and at the end of September they increased to
27°C. In 2003, the variance of the temperature fluctua-
tions at lower levels of 40-68 m exceeded the fluctua-
tions in the upper layers of the water column. Periodical

variations in the water temperature caused by tidal cur-
rents occurred in the study period at depths of 20—60 m
on the basis of measurements at different stations.

In 2002 and 2004, in the basin of Mamala Bay
(Oahu Island, Hawaii), a seasonal thermocline was
observed, whose location varied in the range 30-60 m
(see Figs. 9b, 10a, 10b, 10e, and 10g). During the field
experiments in 2004, the temperature of the water col-
umn at depths of 28-70 m near the diffuser varied
approximately from 22 to 28°C. The greatest tempera-
ture changes from 24 to 28°C occurred at a level close
to the interface (~50 m) and at a level of ~70 m (see
Fig. 9b). Statistical characteristics of the water temper-
ature at different levels in 2004 are given in Table 4.
Strong variations in the water temperature occurred
during the entire period of the multidisciplinary exper-
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Table 3. Velocities and directions of the currents and phases of tide during the experiment in 2004
Levels, m
Date, Ti Rate of th .. ; -
(La"lfi Pllgéee leva;,le C(Langee Characteristics station By, (ADSP) station Cy, (ADCP)

76.5 70.5 34.5 28.5 76.5 70.5 34.5 28.5
August 23, 4.7 cm/h | Velocity, cm/s 13.3 11.0 13.7 13.1 16.2 23.3 25.1 22.1
2004; 10:36— Direction, deg 141.2 126.4 106.2 119.6 132.9 124.9 117.0 118.3
19:12; ebb
August 25, 9.2cm/h | Velocity, cm/s 13.7 11.7 15.2 15.6 14.6 18.1 232 227
2004; 05:42— Direction, deg 189.5 146.7 109.4 103.2 1534 131.9 118.5 124.0
13:00; flood
August 29, 5.4 cm/h | Velocity, cm/s 12.6 9.8 11.0 14.1 16.0 16.5 15.8 16.6
2004; 03:24— Direction, deg 185.0 193.0 176.4 126.8 155.9 156.5 159.6 143.0
09:36; ebb
August 30, 10.2 cm/h | Velocity, cm/s 17.9 114 10.9 15.2 17.7 18.6 18.0 24.2
2004; 17:00— Direction, deg 170.1 179.9 178.6 106.0 162.5 137.4 145.1 129.2
23:18; ebb
September03,| 5.4 cm/h | Velocity, cm/s 13.8 13.0 13.9 19.1 24.4 221 23.6 23.8
2004; 07:30- Direction, deg 180.7 148.8 143.7 114.4 139.3 116.6 117.3 120.9
14:12; ebb
September05,| 7 cm/h Velocity, cm/s 14.1 20.4 9.8 11.0 16.0 9.7 19.2 15.6
2004; 02:12— Direction, deg 235.6 | 215.6 | 203.1 140.8 | 201.2 180.2 | 201.4 148.3
09:42; flood

Table 4. Statistical characteristics of the water temperature at stations A7 and D7 in 2004. Sampling interval is 1 min

Number of

Level, m Mean, °C Median, °C Min, °C Max, °C D, (°C)2 G, °C
measurements
Station Ay (August 14-27, 2004)
33 18741 27.45 27.57 25.34 27.88 0.11 0.34
51 18741 26.12 26.30 23.57 27.79 1.04 1.02
72 18741 23.97 23.92 21.96 27.24 0.55 0.74
Station Dy (August 23— September 7, 2004)
28 21498 27.66 27.4 24.38 28.01 0.08 0.29
49 21498 26.46 26.56 23.26 27.82 0.745 0.86
72 21498 24.41 24.41 22.24 26.68 0.59 0.77

iment in 2004 and reached a value of AT =3°C at a
depth of 28 m and AT = 14°C at a depth of 170 m. As
this phenomenon was observed, a fine stepwise struc-
ture with layers up to a few centimeters thick caused by
mixing and internal waves were observed in the ther-
mocline. A calculation of the Brunt—Viisild N fre-
quency showed that the minimal period of the fluctua-
tions associated with internal waves in the core of the
thermocline is of the order of one minute.

During the experiments in 2002 and 2004, the ther-
mocline at a depth of 30-60 m formed a lock-layer for
the sinks. The sewage discharge waters with a density
smaller than that of the surrounding oceanic waters
ascended to the upper layers under the buoyancy forces,
reached the interface layer (lock-layer) and spread in
this layer. As a result of these motions, the cloud of the
discharge waters could take the so-called mushroom-

OCEANOLOGY  Vol. 47
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shaped form, which is confirmed by the results of
hydrooptical [2, 5] and microstructure [15, 17, 20] mea-
surements. In 2003, this layer was not observed in the
experiments because the thermocline was located at
depths 70-100 m, i.e. below the diffuser.

The graphs of the temperature variability at different
levels caused by tide in 2004 are shown in Fig. 11. It
follows from this figure that strong periodical tempera-
ture time variations occurred during the study period.
The main period of the variations is 12 h, which is
related to the semidiurnal tide. The calculated spectra
of the temperature fluctuations confirmed the strong
influence of tidal currents on the variations in the tem-
perature regime in Mamala Bay.

The temperature spectra calculated from the data of
the measurements in 2004 are shown in Fig. 12. An
analysis of these spectra showed that, at station A (see
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Fig. 1a), at levels ~50 and ~70 m, the maximum of
spectral energy was observed at the frequency of
semidiurnal fluctuations (see Fig. 12). In the spectra
obtained from the data of the measurements at other
stations, the semidiurnal maximum was also mani-
fested at other levels.

An analysis of all the temperature spectra plotted on
the basis of the data during the study period showed that
the main maxima of spectral energy are observed at fre-
quencies corresponding to the periods of semidiurnal
and diurnal tides and the periods of inertial oscillations
(several days). Secondary maxima were also distin-
guished in the range of higher frequencies correspond-
ing to periods of 4-8 h. These maxima are caused by
shorter-period internal waves, which are generated dur-
ing breaking of long tidal waves at the shelf break.

RESULTS OF THE STUDY OF THE
CHARACTERISTICS OF INTERNAL WAVES

A long barotropic tidal wave propagates from the
open part of the basin to the continental slope [18].
Tidal currents caused by this wave propagate over the
continental slope, which is an obstacle for their propa-

gation, and obtain vertical components. Vertical com-
ponents of the currents, which periodically vary, cause
vertical oscillations of isopycnal surfaces. Owing to
this mechanism, internal waves of tidal period are gen-
erated. As the waves propagate, they decay due to wave
breaking, generation of waves of shorter periods, and
turbulent viscosity [3, 4, 19].

Thus, large-scale internal waves are generated in the
shelf zone under the influence of the barotropic tide,
which later decay and transfer their energy to smaller
size waves.

Let us consider an estimate of the internal wave fluc-
tuations with respect to the depths of isotherms (DI) in
different years. Analysis of the graphs of the 25-27°C
isotherm depths in Mamala Bay (see Fig. 13) shows
that the amplitude of the internal waves with time
scales of semidiurnal tides reaches 40-50 m.

We note that there were not enough stations located
in the form of a triangle at close distance between them
to get a correct estimate of the direction of the internal
wave propagation. It is possible to distinguish only the
characteristics of the dominating tidal internal waves
with time scales approximately equal to 24 h, 12 h, and

OCEANOLOGY  Vol. 47
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(f) Location of points of the measurements.

6 h, and short-period internal waves with time scales

from 4 to 3 min.

In the study region we observed a statistical ensem-
ble of internal waves with random phases and ampli-
tudes. In the high-frequency spectral range with time
scales smaller than 3 h, no significant periodical fluctu-
ations were observed in the range studied, while the
spectral slope was . This is typical of the spectra of
internal waves in the ocean [14].

Our calculations showed that the behavior of the
internal wave spectra (depths of the isotherms) is gen-
erally similar to the features of the spectra of current
velocities on the scales of semidiurnal internal waves.
However, the peaks at the diurnal and semidiurnal har-
monics of the currents are manifested more clearly than
in the spectra of isotherm depths because the variability

No. 6 2007
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of the currents at these frequencies was determined not
only by the absolute value but also by the rotation of the
vector. The lower normal mode dominates, in the case,
when the thermocline is sufficiently sharply manifested
(as was the case in 2002 and 2004). This can be judged
from the coherence of the fluctuations at different lev-
els. A cross-spectral analysis between three stations, at
which temperature sensors were installed, allowed us to
distinguish a high correlation only at the frequency cor-
responding to semidiurnal tides. The cross correlation
of the isotherm depths at different stations is quite high
(greater than 0.6), and the phase difference is close to
zero. Mean heights of internal waves of the first mode
(semidiurnal and tidal) were estimated from the spec-
tra, which appeared to equal 8 m, while the maximal
heights associated with this mode reach 30 m.
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Let us consider the three-dimensional frequency
spectra of internal waves based on the data of fluctua-
tions of the isotherm depths in 2002-2004 (Fig. 14).
A scheme of the station location is shown in Fig. 1.

It is seen from Fig. 14 that semidiurnal and diurnal
fluctuations dominate in the spectra of internal waves in
the frequency range considered. It is noteworthy that
the contribution of the low-frequency components of
internal waves decreases with increasing energy of
semidiurnal internal waves. When semidiurnal internal

waves become weaker, a formation of relatively high-
frequency (with periods smaller than 12 h) internal
waves and harmonics of internal waves with even
higher frequencies is observed. Thus, an energy trans-
fer from one frequency range to other ranges occurs.
No significant periodical fluctuations are observed in
the higher frequency spectral range with time scales
smaller than 3 h. Small maxima are observed in the fre-
quency range 5 x 103-5 x 102 57!, i.e. with periods of
a few minutes.
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CONCLUSION

It was found on the basis of an analysis of the results
of processing the data obtained during the experimental
studies of the hydrophysical processes in 2002—2004 in
the coastal basin of Mamala Bay (Oahu Island, Hawaii)
that:

(1) During the experiments, the dominating winds
were of a breeze character (from the island and to the
island at different times of the day) and trade winds.
The dominating wind directions recorded at the land sta-
tions were in the range of 0°-80° with mean velocities
of ~6 m/s and maximal velocities of 11.5 m/s. The wind
velocities measured on ships were equal to 68 m/s on
the average with a tendency to increase with the off-
shore distance from the diffuser. The maximal wind
velocities reached ~11 m/s. The northeastern direction
of the wind was dominating.

(2) A study of the characteristics of the current fields
in the region of the deep wastewater discharge in
Mamala Bay during the multidisciplinary field experi-
ments showed that the dominating direction of the
water transport was 220° (to the southwest) with an
inclination of the general flow to the depth break. A
strong variation of the current field was observed in the
region of the station located 3 km to the east of the dif-
fuser. Quasi-wave fluctuations of the direction of the
current field from the southwestern to southeastern
were observed against the background of the general
alongshore transport.

(3) The observed variability of the horizontal com-
ponents of the current velocity vector at all the depths
OCEANOLOGY  Vol. 47

No. 6 2007

was caused by tidal motions with a period characteristic
of the semidiurnal tidal wave M,. The mean absolute
values of the current velocity in the entire water column
were equal to 15-20 cm/s, while the maximal velocities
reached 48.4-82.5 cm/s.

(4) The temperature regime during the field experi-
ments was different in different years. In September
2003, a well-mixed quasi-homogeneous layer with
close temperature values reached a depth of ~70 m. The
differences in the water temperature in the surface and
deep (50-60 m) layers did not exceed 0.5°C. During the
major part of the time in 2003, the mean water temper-
atures in the surface layers were equal to ~26.5°C and,
at the end of September, they reached ~27°C. In 2003,
the thermocline layer was generally located at depths of
80—-100 m, while, in 2002—-2004, the thermocline raised
to 30—60 m. During the entire period of the measure-
ments, periodic variations in the water temperature
caused by tidal currents were observed.

(5) The existence of intense internal waves of a tidal
character with diurnal and semidiurnal periods was
found during the analysis of the depths of the iso-
therms. During the experiments, internal waves of
semidiurnal period had a maximal height up to 50 m,
while the mean height was of the order of 8-9 m.

(6) The results obtained allow us to analyze the gen-
eral outline of the hydrophysical processes in the
coastal study region to estimate the degree and the char-
acter of the anthropogenic impact on the basin. These
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results are also used in the analysis and interpretation of
the results of aerospace monitoring.
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