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Abstract

We analyzed the measured acoustic field to explore the characteristics of a horizontal coherence in shallow water. Signal

spatial coherence data were obtained in the continental shelf off the east coast of Korea using a horizontal line array.

The array was deployed on the bottom of 130 m water depth and a sound source was towed at 26 m depth in the

source-receiver ranges of 1-13 km. The source transmitted 200 Hz pure tone. Topography and temperature profiles along

the source track were measured to investigate the relationship between the horizontal coherence and environment variations.

The beam bearing disturbance and array signal gain degradation is examined as parameters of horizontal coherence. The
resulis show that the bearing disturbance is about £8° and seems to be affected by temporal variations of temperature

caused by internal waves. The array signal gains show degradation more than 5 dB by the temporal and spatial variations

of temperature and by the down-sloped topography.
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l. Introduction

Acoustic wave propagation in shallow water environ-
ment is greatly affected by sound speed structure in the
water column and by the boundaries like sea surface and
bottom. These factors are all functions of time, range, and
azimuth, The temporal and azimuthal changes of these
factors can influence many different applications of shallow
water acoustics like source detection and localization.
Recent studies have indicated that shallow water acoustic
propagation and scattering are affected strongly by the
spatial and temporal variabilities of water column, sea
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surface, and the spatial variabilities of the bottom and
subbottom[1-5].

It is very difficult to examine the sound propagations
in shallow water where the ocean enviromments are
variable in time and space. A typical hydrographical
feature shows the cold waters over the continental shelves
and slopes along the east coast of Korea, which make
sharp vertical density gradients. The sharp vertical gra-
dients suggest that the internal waves could exist in this
areaf6]. Acoustic propagation in such environments is
expected to have a strong propagation loss and compli-
cated multi-paths. Consequently, the spatial and temporal
coherence and correlation of acoustic signal can be degraded
[7-10]. The degradation of the horizontal coherence causes
the performance degradation of an array. Furthermore, the
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propagating direction of acoustic signal may be changed
by internal waves when they move in some aspect between
acoustic source and receiver.

In recent years, several studies concerning the line array
have pointed out the importance of the variation of water
column such as internal waves, tidal flows, and bottom
topography[1,2,11,12]. The degradation of array signal
gain in a downsloped bottom was found to be, on average,
.5 dB[1}. And the short-time scale variability and azi-
rauthal dependence of acoustic propagation are mainly
caused by internal waves in some regions. The sound in
such regions will be scattered and horizontally refracted
[13].

In section II, we describe the sea experiment of
measuring horizontal acoustic fields using a linear array
in shallow water of the East Sea. The next section
addresses a theory on the array signal gain to provide a
quantitative description. In IV, we describe the results of
array shape estimation, beam bearing disturbance, acoustic
f eld response, and signal gain degradation.

H. Experiment

To measure horizontal acoustic field an acoustic

experiment was performed using a bottomed horizontal
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Fgure 1. The position of the experiment and the geometry of
the four source towing tracks. Horizontal line array
(HLA} of 25 hydrophones was deployed at the
ocean bottom.

line array and a towed sound source off the east coast of
Korea in the summer of 2001 (Fig. 2). We used 2 90 m
long array that is non-uniformly nested with 25 hydro-
phones. The hydrophone sensitivity at the preamplifier is
—193 dB re 1V//1 u Pa. The array was deployed on the
flat bottom at 130 m. The received signals from the sound
source were autonomously conditioned, multiplexed, and
transmitted by radio frequency telemetry through the
surface buoy. The transmitted signals were received,
de-multiplexed, filtered, amplified, and recorded on the
Research Vessel (R/'V) HAEYANG. A sound source,
which transmits 200 Hz pure tone with the source level
of 160 dB re 1 » Pa @ | m, was towed at a normal depth
of 26 m and a speed of 5~7 knots by R/V SUNJIN. The
source depth variation due to inconsistent towing ship
speed was negligible in this experiment. The bathymetry
along the tracks was measured using depth recorder and
the towing tracks of the acoustic source were monitored
by Differential Global Positioning System (DGPS) on the
R/V SUNJIN. Four towing tracks were accomplished with
45 degrees interval of azimuth angle. Track09 is over the
straight course on the nearly flat bottom. Track03,
Track05, and Track07 were on the downslope (Fig. 1).
To measure environmental variations, a thermistor chain
was deployed near the line array and expendable
bathythermographs (XBT) were dropped along each track.
The temporal variations of temperatures near the line array
were measured at every 10 seconds by the thermistor chain
at the depth of every 10 m between 23 m and 73 m.
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Figure 2. Configuration of the experiment.
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Figure 3. Source-receiver configuration {left} and acoustic fields {right) of each track measured by the 90 m long horizontal line
array on the bottom. Acoustic source was towed up to 13 km.

The received signals at the line array were analyzed to
examine the fluctuating characteristics of acoustic fields.
The received signals were digitized with the sampling
frequency of 1600 Hz for the further processing. Figure
3 shows the position configuration between the source and
the horizontal array and the corresponding received signal
intensities as range versus array elements of each track.
The source angles are clockwise from the northwest to the
endfire. The source was approaching from the broadside
at the case of Track0S and from the endfire at the case
of Track09. Besides the differences among the tracks, the
acoustic fields show large fluctuations with time even
along the same track, implying that there may exist
path-to-path  variations affected by shallow water
environment. If the signals are coherent, the intensity lines
at each range should be clear. However the disturbance
of intensity lines gives the fact that the signals among the
sensor elements are disturbed during their propagation
from the source.

As mentioned in the introduction, the main environ-
mental factors affecting coherence of acoustic fields include
variations of bathymetry and water column. They generate
refraction and deformation of horizontal wave fronts and
result in coherence disturbance, As expected, the broadside
approaching, i.e., along Track05, shows more variability
with range due to the wide span in azimuthal angle and
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high energy loss crossing normal to the bathymetry. The
endfire approaching of Track09, however, shows the least
variability. Since the propagation paths between the source
and each eclement may be assumed almost same, wave
fronts arriving at the array are assumed to be more strait
and coherent than those along other tracks.

lll. Beamforming and Signal Gain Degra-
dation

For more quantitative analysis, we examined the
variations of array signal gain. The array signal gain can
be measured from the measured array signal. .

The complex acoustic field for the n-th hydrophone p,
can be written as

P, = 4,exp(i6,) (1)

A, is the amplitude and @, is the phase of the field.

The voltage response of a plane-wave beamformer
steered to the relative bearing 4, is

0.0, = 3,4, exp(i6,-6,) .

where,



8, =2x(-1)d/A)sinb,, 1=C,/f
W: is the weighting coefficient of the /-th hydrophone,
d is the distance between hydrophones, N is the total
number of hydrophones, Cy is the sound speed, and [ is
the frequency in Hz. The signal power of the beamformer is
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Then, the signal gain (sg) may be written as

ZW’A‘\I/ QAN =N

The array signal gain degradation (4ASGD)[2] is then

5g = IP(8, =8)/(IP, ) =

ASGD =10log(sg/ N*)

The ASGD is a measure for the difference between
theoretical and measured signal gains.

(©)

IV. Results

A. Array Shape Estimation

It is required to estimate the array shape for beamforming
with linear algorithm. We estimated the shape of the
horizontal line array using the travel time between the
acoustic source towed by R/V SUNJIN and each
hydrophone of the array deployed on the bottom. In
measuring the travel time, we used the pulse signal of
m-sequence with a carrier frequency of 400 Hz and the
bandwidth of 100 Hz at every 10 seconds interval. The
source was towed along the circled track of 500 m radius
around the array. The received signals were transmitted by
radio frequency telemetry from the surface buoy and then
recorded on the R’V HAEYANG. Travel time of each
transmission was extracted by demodulation and correlation
of the received sequences. Then, the positions of each
hydrophone were obtained using the travel times and the
DGPS positions of the source. The singular value decom-
position (SVD) was applied in the inversion algorithm,
Figure 4 gives the source tracks around the array and the
process estimating the array shape[14,15].

The mean variation of the estimated element position
was about £0.8 m (Fig. 5)[14]. Comparing the variation
of the element position at 200 Hz with the wavelength of
the signal frequency, we concluded that the array had a

Source
R ; cos(215f'gt) Ouipart track
* towed sound " - . | ¢ | m — (9
2l source track & m : ‘& = C(Z - 2:-) <+—|DGPS
i i ) t
g‘ A b HLA L
3 HLA 1 &
. A
o i ) o _
=l . Gm=d
. ) - sin(2wfgt)
' T Quadrature
X range (m) amplitude demodulation
SVD(Singular Value Decomposition)

> Acoustic source of m-sequence
Center frequency : 400 Hz

Bandwidih :100 Hz
Cyele/digit : 4 digit
Sequence duration : 150 msec
Ping interval 12 sec

XY +@-y Y HZ—=zV =R

l

element positions (X,Y)

Figure 4. Source track (left) obtained by DGPS and process diagram {right) to estimate the element position.
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Figure 5. Estimated shape of the array consisted of 17 elements.

linear shape enough for beamforming without position

correction.

B. Beam Bearing Disturbance

The received array signals were sampled more than four

times of the considered frequency and consisted of a
uniformly weighted spatial FFT. Peak-FFT bins, peak-
beams and signal-plus-noise levels were employed to

estimate the beam signal levels.

Figure 6 presents the beamforming output along the

source track. This beamforming output shows the temporal

variability of the coherence. If there is no temporal

variability in the environment, the beamfoming output

should be consistent. But there are a lot of temporal
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Figure 6. Beamformig results for the 45 m array module for
the frequency of 200 Hz.

disturbance that causes an error in the source bearing
estimation.

To explain the reason of bearing change, we compared
towing track and beam bearing of the beamforming output.
The depth changes of the source were less than +/-3 m
along all tracks so that they might not influence much on
the beamforming output. The towing tracks calculated
using the DGPS show linearly smooth bearing change
without any disturbance (Fig. 7). The beam bearing
detected from the beamforming output, however, show the
abrupt bearing change of 10-20 degrees time to time (Fig.
7). In addition to the abrupt bearing changes, there is a

consistent fluctuation in the main lobe response that is
shown to be larger at the Track03 to the amount of +/-8
degrees than the other tracks.

Figure 8 gives some examples of the main lobe response
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Figure 7. Towing track (left) obtained by DGPS and beam bearing {right) estimated from the array data.
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Figure 9. Time series of temperature variation measured by a thermister chain (TC-97) on Jun 17.

at three ranges in the case of Track03. At the range 8.84
km, the main lobe shows normal response. At the ranges
showing the abrupt bearing change, however, the
disturbance appeared as the beam bifurcation or beam
shifting in the main lobe response.

C Acoustic Fields Resporse to Ervironmerntal Fluctuations
To explain the acoustic fluctuation with the environ-
nental change, we measured temporal variations of
vertical temperature fields with a thermistor chain near the
eceiving array. Figure 9 shows the time series of
remperature from 06:00 to 17:00 on June 17 at 6 depths.
Temperatures at 23 m fluctuate from 7.7°C to 9.6°C

during the period. But the fluctuations gradually decrease
with depth. Especially, the temperature fluctuations in
from 13:30 to 16:00 {designated as box) are considered
as internal wave packets of 6 crests. These packets were
observed in the upper layer at the thermocline zone. In this
area, the generation source of the internal waves may be
the near inertial current on the continental shelf or slope
[6]. The group velocity of the internal waves, which
propagate shoreward, is known as the range from 0.5 m/s
to 0.7 m/s (mean 0.6 m/s). And the generation period of
the internal waves is known as about 18.7 howrs corre-
sponding to nearly inertial period[6]. Thus, we assumed

the bearing disturbance was affected by this internal wave
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Figure 0. Positions of the internal wave {IW) between the
bottomed receiver and the towed source. These
are éstimated with the group speed, the direction,
and the length of the internal wave in this area.

activity as recently reported by many researches.

To investigate how the measured acoustic field was
affected by internal wave, we estimated the spatial positions
of the internal wave packets using the information between
the towing source and the receiving amray. Figure 10
presents the estimated positions of the internal wave
packets along the three tracks. In the case of Track03,
most of the time of the source towing, the acoustic source

5 9 v oun o

Relative Level (dB)

(a) Track03

was crossing the internal wave packets. In the case of
TrackQ7, the packets were passing the receiving array.
Therefore, we could note the measured acoustic fields at
Track03 and Track07 were all affected by internal wave
activity. However, as can be seen in Figure 7, the bearing
disturbances along Track07 were relatively small
compared to those along Track03.

We simulated propagation loss to explain the influence
of bottom topography to the measured acoustic fields. In
this simulation using Range dependent Acoustic Model
(RAM), we did not consider any stochastic variations such
as internal waves. Figure 11 shows the comparison
between the measured and the simulated propagation loss
in the case of Track03 and Track(5. The calculated
propagation loss in case of Track03 well explains the
measured data between 1 to 8 km range (Fig. [1{a)). But,
after 8 km, the propagation loss is lower than the
calculated. This suggests that propagation after 8 km was
affected by not only bottom topography but also other
fluctuating environments. In conclusion, we assumed one
of the fluctuating environments was internal wave.
Because Track05 has steeper bottom slope and strong
thermocline, the propagation was affected by bottom
condition. The result in the case of Track05 shows good
agreement between the measured and modeled propagation
losses (Fig. 11(b)). Therefore, we could note deterministic
environments affected the propagation in the case of
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Figure 11. Comparisons of the simulated and the measured acoustic fields along Track03 and Track05. We used Ram {Range-
dependent acoustic model} to simulate the PL {Propagation Loss).
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Track(05, not fluctuating environments. In many cases,
steeper downslope topography results in the degradation
of horizontal coherence.

D. Array Signal Gain Degradation

After beamforming, array signal gain was determined
for the 45m-long array module with the frequency of 200
Hz. The mean hydrophone level was estimated from 11
hydrophones spaced over the array. The averaging time of
array signal gain was 20 seconds, which is long enough
to examine the environmental effects including internal
waves.

Figure 12 presents the array signal gain degradation
(ASGD) for the three tracks. In the figures, 0 dB of ASGD
corresponds to the designed gain so that the graphs show
the degree of degradation from that. The ASGD fluctuates
with range at all tracks. In the case of Track03 and
Track07, the array signal gains are degraded 0.4 dB up
to 0.5 dB, and abruptly fluctuated to 3 dB. In the case
of Track03, the array signal gain is degraded 0.6 dB up
to 2 dB, and fluctuated over 5 dB. We note that the severe
degradation of Track05 with the condition of no internal

wave activity could be affected by strong thermocline
layer and downslope topography.

The bearing disturbance and the ASGD are considerable
and much larger than the results of previous works. For
example, Carey and Bucker[2] measured the array signal
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Figure 12. Variations of array signal gain with range for each
frack.

gains over the downslope topography in Gulf of Mexico
and concluded that low-frequency signals could propagate
coherently in downslope, bottom-limited regions with
thick sediments. The resuits of this work, however, shows
that even low-frequency signals could propagate incoher-
ently in shallow water of the continental shelf.

V. Summary and Conclusion

An acoustic propagation experiment was performed
using a horizontal amray in shaliow water site on the
continental shelf off the East Cost of Korea. The
experiment has produced a unique data set allowing the
study of temporal and spatial variations of sound field
affected by the internal waves and downslope topography.
The experimental results show the close correlations
between the variations of the received acoustic signals and
the temperature fluctuations including the internal waves
and the downslope topography. The deformation of
horizontal wavefront by intemal wave causes the bearing
disturbance. The bearing disturbance increases when the
acoustic source crossing the inmternal wave packets.
However, the bearing disturbance is smaller when internal
wave passing the receiving array. Also, the steeper
downslope topography makes horizontal coherence
degraded severely. In conclusion, it is found that the
horizontal coherence is affected by internal wave activity
and bottom topography in this area.

The interesting feature in the horizontal coherence is the
difference with the position and approaching aspect of the
internal wave packet. This is the subject of continued
research,
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