Abstract

As part of the Santa Barbara Channel Experiment, the acoustic signal from
popping light bulbs was recorded on five vertical line arrays of thirty hy-
drophones each. In order to use the data, the precise locations of the array
elements (hydrophones) are needed. A linearized inversion is used with reg-
ularization to determine the positions of the bottom hydrophone on each
array and each of the sources. The inversion is based on the relative travel
times from each source, but because problems in the data recorder resulted
in randomly lost data, this method can only be used for the five bottom
hydrophones. With the positions determined, the data is used to determine
the sound speed and density of the sediment surface. The reflection coeffi-
cients are calculated from the recorded pressures of the direct and bottom
reflected paths. The vertical extent of the arrays provides range of graz-
ing angles near the critical angle for each source-array pair. A model-based
inversion of the reflection coefficients over this range of angles is used to

calculate the density and sound speed values for the sediment layer.
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1 Introduction

During April of 1998 ten organizations took part in the Santa Barbara Chan-
nel Experiment (SBCX)!. As part of this experiment thirty geoacoustic light
bulb events were recorded on five FFP (full field processing) vertical line ar-
rays. A light bulb event was created by dropping a regular household light
bulb on a down-rigger, and popping it once it reached the desired depth.
Although 45 m of line was deployed, the actual depth varied with the angle
of the line. The five FFP arrays were deployed in a pentagon shape in about
200 m of water. Each array contained thirty hydrophones about 5.8 m apart
and recorded data at a frequency of 4000 Hz. Every hydrophone contained
a temperature sensor and two tilt sensors. The tilt sensors were designed
to be used to calculate the shape of the array. With this and data from
four compasses spaced evenly along the array the actual position of each
hydrophone could be determined, relative to the position of the bottom hy-
drophone. However, no data was recorded from the compasses during the
light bulb events.

In order to use acoustic data recorded on the arrays, the exact position
of each hydrophone must be known. The position of the bottom hydrophone
on each array was found using an iterative linearized inversion. This inver-
sion uses the relative travel times from each source and initial estimates of
the positions to locate the hydrophones and sources simultaneously. Once
the hydrophone positions are known, the acoustic pressures of direct and

reflected arrivals can be combined with the travel distances to find the re-

'The July 7,1998 Data Report [2] provides a description of the experiment set-up and
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flection coefficient at the water-sediment boundary. The variation of reflec-
tion coefficient with grazing angle is related to the sound speed and density
of the sediment. The first part of this report describes the process used to
located the five bottom hydrophones. The second outlines the method used

to determine the sound speed and density of the sediment layer.

2 Array Element Localization

2.1 The Inversion Code

The nonlinear problem of locating both hydrophones and acoustic sources
was solved using an array element localization (AEL) code developed by
Stan Dosso at the University of Victoria [5]. The program solves a linear
approximation to the nonlinear problem, beginning with an initial model
of prior estimates. It updates this model and repeats the calculation until
certain conditions are satisfied. Since the exact times of the bulb implosions
are not known, the AEL code uses the relative arrival times at each of the
five arrays. The problem becomes non-unique when the source positions are
unknown, so regularization is applied to include a priori information in the
inversion. This requires a model of expected positions, with an uncertainty
for each estimate.

The solution is found by minimizing a combination of the y? data misfit

and the a priori expectation:
¢ =|G(Im —d)]” + p |H(m —m)[*. (1)

|G(Im — d)|? is the data misfit, where d is the known data, m is the cal-

culated model, J is the Jacobian matrix of partial derivatives of the arrival



times with respect to the model parameters, and G is the weighting matrix
given by G = diag[l/01,...,1/on], if o is the error on the N arrival times.

The known data, d, is based on the results of the previous iteration:
d=t- T(m()) + Jm(), (2)

where t is the vector of measured travel times, mg is the model produced
by the previous iteration, and T(my) is the vector of calculated travel times
for the mg model. In the a priori term (u |[H(m — tn)|?), i is the a priori
estimate model and H is the regularization matrix, which weighs the prior
estimates according to their uncertainties (H = diag[1/&1,...,1/&p], where
¢ is the uncertainty for the model parameter). The relative importance of
each term is balanced by y, which is chosen such that x? reaches its expected
value of N, the number of data points. Minimizing ¢ with respect to m gives

the solution:
m=[J"GTGJ + yH"H]'[J"GTGd + yH "Hm)]. (3)

This calculation is iterated until the x? misfit to the measured data reaches
it’s expected value of N, and the model change between iterations is less

than 0.01 m.

2.2 Application of the Inversion

Thirteen of the light bulbs deployed for the SBCX formed a circle around
the arrays (201 to 213 in Figure 1) and were used to locate the bottom

hydrophone on each array. These were the bulbs deployed between 17:40
and 19:32 GMT, as listed in the light bulb log from the ship (page 2). The
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Figure 1: Initial estimates of the light bulb (4) and array (x) positions.

Bulbs 201 & 202 were replaced by 301 for the inversion.

relative arrival times required by the inversion code were determined by
picking the first break of the direct arrivals. This pick was the first sample
of the signal that was two standard deviations away from the mean noise
immediately before the shot arrival. It was converted to a time by dividing
the sample number by the 4000 Hz sampling rate. The resulting arrival time
was not absolute, but relative to the start of the file. The AEL program
used relative arrival times from each source, which required that the start
time of the file was the same for all hydrophones, and that no data was lost

between the start of the file and the direct arrival.



The estimated positions of the sources were taken from the hand written
light bulb log and converted into UTM coordinates. Although the boat was
consistently heading west during each deployment, the behavior of the wire
under water was unknown. Therefore the depths were set to the length of
wire deployed, 45 m. The initial position estimates for the hydrophones were
the positions posted on the SBCX web page [4], calculated by Peter Daly
and Rob Greene. The source positions were given an uncertainty of 20 m in
X and Y, and 10 m in depth. The hydrophone positions were weighted by
50m in X and Y, and 5m in depth.

The sound speed profile was calculated for the time of the shots by using
a salinity profile, S, from a CTD cast two days after the bulb recordings and
the temperatures, T, recorded at the hydrophones. Because the hydrophone
positions were unknown, the temperatures recorded during all the shots
were averaged for each hydrophone. The depth, z, estimates from the tip-
tilt tones were also averaged, and the sound speed was calculated for each

array using (from [3]):

¢ = 1449.2 + 4.6T — 0.055T2 + 0.000297 + (1.34 — 0.0107") (S — 35) + 0.0162.

(4)
This profile was then resampled to one meter intervals and averaged over
the five arrays to create the profile displayed in Figure 2. Because many
approximations were made in calculating the sound speed, the inversion

code allowed for a constant offset of the profile, with a 1 m/s uncertainty.
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Figure 2: Average sound speed profile.

2.3 Results

When the inversion used all thirteen sources, it would only converge when
large errors of 10 ms were allowed on the arrival times. The inversion code
begins by calculating the arrival times expected for the geometry of the
starting model, and then determines the time differences between the hy-
drophones. When these relative times were compared to the measured time
differences, a problem with some of the sources became very obvious. Each
arrival time was checked visually (see Figure 3), and recalculated using al-
ternative methods. This verified that the arrival times were picked correctly.
Because the problems occurred with the first four sources, the possibility of
a changing sound speed profile was considered, but could not account for the

problem. Another option was that the hydrophones moved during the the
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Figure 3: Direct path arrivals from bulb 212, shifted in time to align the

first break.

experiment, but their proximity to the anchors prevented movement of the
magnitudes suggested by the data. If the position estimates for the prob-
lematic sources were completely wrong, the inversion code would still find
their actual locations. It was clear that this was not the problem, as there
was no way to make the arrival times fit the geometry of the five arrays.
The only other logical option was that there were problems when the data
was recorded.

Communication with the scientists involved in the experiment confirmed
that the data recorder randomly dropped data samples during the experi-
ment. However, the start times of the files indicate that large amounts of
data are not missing. Although one program designed to find data drops

did not find anything missing, it is possible that data drops of a few mil-



Table 1: Locations of suspected data drops.

Source | Array
203 1
203 5
204 1
205 3

206 1

3
3
1

212
213
301

liseconds would not be picked up by the program. Since the data drops can
not be detected, the source-receiver pairs which were suspected of missing
data (Table 1) were ignored in the localization inversion. Because it was not
clear where the problems occurred with the first two sources, they were re-
moved from the inversion completely. To compensate for the missing points
on that side of the array, an additional source was used (301 in Figure 1),
although it was deployed almost an hour later than the last of the thirteen
other sources.

The array localization was finally performed without the bad data points.
With the uncertainty of the arrival times set to 0.0005 seconds (two samples),
the inversion ran smoothly and the results were not significantly affected by
variations in the sound speed profile or the initial estimates of the horizontal
positions. However, variations in the depth estimates did affect the inver-
sion. The calculated depths were close to the estimated depths, even when

the estimates were altered by ten or twenty meters. The accuracy of the



depth determination is probably limited by the geometry of the experiment.
Fortunately, the depth estimates do not affect the horizontal positions. An
alternate hydrophone depth will shift all the hydrophones up or down, but
an alternate source depth will not greatly affect the hydrophone depth re-
sults. The hydrophone depths are restricted by the bathymetry of the area.
The source depths may be more accurately determined by using an entire
array for localization.

The hydrophone locations were found to be offset horizontally from the
initial estimates about -9.0m in X and 5.6 m in Y (see Table 2). The magni-
tude of the constant offset depends on the weighting of the initial estimates,
and was mostly likely due to the assumption that the light bulbs were di-
rectly under the GPS antenna on the boat. If the initial estimates of the
source positions were all shifted by a constant amount, an offset of the cal-
culated hydrophone positions would result, due to the weighting of the prior
estimates. Since the boat was always oriented in the same direction, the
offset of the bulb positions due to the behavior of the 45 m of wire would be

constant, and could easily account for the a magnitude of the offset found

Table 2: Hydrophone location results. Positions have an estimated uncer-
tainty of 1.5m in X and Y and 0.6 m in depth.

Array | UTM X [m] | UTM Y [m] | Depth [m]

1 285049.7 3776966.0 197.5

2 285110.0 3776832.4 199.0
3 284915.9 3776944.5 199.8
4 285020.2 3776729.3 204.2
5 284902.3 3776805.0 204.5




in the results.

In order to compare the relative positions of the results to the initial
estimates, the centroid of the five hydrophones was determined for the ex-
pected positions and for the calculated positions. The calculated positions
were then shifted to make the two centroids overlap. The differences be-
tween the shifted results and the expected results are shown in Table 3 for

each hydrophone.

Table 3: Difference of positions from initial estimates, after compensating

for an offset of -9.0m in X and 5.6 m in Y.

Array | AX [m] | AY [m] | A Depth [m]
1 0.08 -1.35 -0.19
2 -0.92 0.13 0.47
3 0.98 -0.70 -0.45
4 -0.30 1.90 -0.34
5 0.16 0.00 0.38

3 Determination of Sediment Properties
3.1 The Inversion Code

The reflection coefficient of a boundary depends on the properties of the
two materials at the boundary, and varies with incident angle. At a water-
sediment boundary, the reflection at normal incidence is related to the den-
sity, and the size of the critical angle depends on the sound speed. For a
low density sediment layer (sand), the sediment surface can be treated as a

liquid, with no shear velocity. The equation for the reflection coefficient at
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this fluid-fluid interface is given by Clay [3] as:

R_ U Py COS B2 — v5p5 COS 01

(5)

" Uy Pw cOs Oy + vsps cos By

where v; and v,, are the compressional velocities for the sediment and water,
ps and p,, are the densities of the sediment and water, 6, is the incident angle,
and 6 is the transmission angle (f2 = arcsin((v, /vs)sin6;)). However,
in an experimental setting the reflection coefficients are measured and the
sediment properties are unknown. In order to find the sediment properties,
the reflection coefficients are calculated from the recorded pressures for a
range of incident angles, and a model based inversion is used to find the
sound speed and density of the sediment.

The inversion looks for the sediment properties which produce reflection
coefficients which most closely fit the measured data. The misfit between
the sediment model (sound speed and density) and measured data is given
by:

X’ = 1G([Imy — d)|P%, (6)
where G is the weighting matrix (diag[l/o1,...,1/on], if 0, is the uncer-
tainty of the nth data point), J is the Jacobian matrix of partial derivatives

of the data with respect to the model parameters, and my is the current

model. d’ represents the known data, given by:
d':d—F[mo]—i-Jmo, (7)

where d is a vector of the measured data points (reflection coefficients), mg
is the result of the previous iteration, and F[myg) is the reflection coefficients

calculated for mg (Equation 5). Minimizing the y? misfit (Equation 6) with
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respect to the model gives:
m; = [J7(G"G)IT'IT(GTG)d, (8)

which is iterated by setting mg = mj in the expression for d’ until the
change in 2 is less than 0.5 for two consecutive iterations. The inversion
is repeated until it has converged 50 times, and the best result (smallest

misfit) is chosen.

3.2 Calculation of the Reflection Coefficients

The reflection coefficient is defined as the ratio of the pressure reflected from
a surface to the pressure incident on that surface. For the reflection coeffi-
cient of the water-sediment boundary, the incident pressure was measured
from the direct path signal, and the reflected pressure from the bottom re-
flected path. Since pressure decreases linearly with distance (P(r) = P,/r),
both signals must be normalized by their travel distances. This gives the

reflection coefficient as
P - 1y

where P is the pressure measured at a distance r. The d subscript indicates
the direct path values, and ¢ indicates the values for the reflected path.
The positions of the sources and the five bottom hydrophones were found
with the inversion described in Section 2. However, the other twenty-nine
receivers on each array could not be found in this manner, due to the prob-
lems with the data recorder. At each hydrophone on the array there was
a tip-tilt sensor, which provide data that described the shape of the array.

However, since no compass data was available during the recording, the tip-
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tilt sensors could not give the actual positions of the hydrophones. To find
the positions, the AEL inversion was run on the bottom 10 hydrophones on
all the arrays. Although data drops prevented the inversion from converging
accurately, the results did indicate the direction of the array. Using this ap-
proximate direction witht he tip-tilt data, the hydrophone coordinates were
calculated.

The travel distances of for each path were found using a simple ray
tracing program. The bathymetry between the source and receiver was
extracted from the database provided on the SBCX web cite [4], but the
low resolution gave no detail more than a smooth slope. The sound speed
was treated as a constant because the effects of variations in the profile were
insignificant at the short ranges involved in this experiment. The ray tracing
program found all the rays emitted by the source that would be intercepted
by the receiver. The distances were then calculated using the coordinates
of the endpoints of these rays, because the constant sound speed meant
straight line propagation. The grazing angles of the bottom reflection were
also calculated, taking into account the slope of the ground.

There are many methods for measuring the pressure of an acoustic sig-
nal. In this case, the data was first upsampled to smooth out the peaks,
and then the difference between the amplitudes of the first maximum and
minimum was calculated. The pressure of the direct signal was corrected for
path length and averaged over an array. The reflection coefficient was then
calculated using this average incident pressure with the range and pressure
of the bottom reflected path from each hydrophone. To verify the validity

of the results, the reflection coefficients were also calculated from pressures
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Figure 4: Variation of bottom reflected path received along array.

measured using a second method. The square of the pressure (energy) was
summed over the entire arrival, and the reflection coefficient was calculated
as before. There was no significant change in the results between the two
different methods.

The reflection coefficients were calculated for as many hydrophones as
possible on each array (usually the top 18), because the signal from the
bottom reflected path could not always be separated from other paths. The
change in hydrophone position up the array caused an increase in grazing
angle and a shift in the reflection position on the ocean floor away from
the array, as illustrated in Figure 4. The sound speed and density of the

sediment were assumed constant over the range of reflection positions for a
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Figure 5: Calculated reflection coefficients for sources 208 (A) and 212 (+)

received at array 2, with the inversion results overlaid.

single source-array pair.

3.3 Results

The inversion program was run on the reflection coefficients and grazing
angles for each source-array combination. The range of grazing angles was
always near the critical angle, as shown in Figure 5. This allowed good
determination of the sound speed, but the lack of data at larger angles
increased the uncertainty on the density results. To extend the data to
larger grazing angles, other ray paths were considered, but the unknown

behavior of the signal at the water surface only added to the problem.
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The sediment sound speed and density were calculated for all the sources
on all the arrays using a water density of 1034.0 kg/m® and sound speed of
1488.0 m/s. For some combinations the data did not cover a large enough
range of grazing angles to determine the density. As shown in Figure 6, the
sound speed was significantly lower (and more consistent) in the area off of
which sources 211, 212, and 213 reflected. The average sound speed and
density of the sediment around the five VLA’s are shown in Table 4.

Although no ground truth data is currently available to compare to these
results, Bachman [1] provides a relation between the sediment density and

the velocity ratio (sediment sound speed to water sound speed):
R =1.513 —8.24 x 10 *p + 3.2249 x 10~ p*. (10)

With the average density result of 1803.1 kg/m? and the water sound speed
of 1488.0m/s used for the inversion, Equation 10 gives a sediment sound
speed of 1600.7 m/s which is within one standard deviation of each of the

average results in Table 4.

Table 4: Average sound speed and density results.

Sediment Property | Sources Average | St. Dev.
Velocity [m/s] 203-208,210 1627.3 35.5
Velocity [m/s] 211-213 1587.7 | 20.1
Density [kg/m3] | 203-208,210-213 | 1803.1 | 249.8

16
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Figure 6: Sediment sound speed results around the arrays.

4 Conclusion

One part of the Santa Barbara Channel Experiment involved deploying light
bulbs around five VLA’s and popping them at a depth of approximately
45m. Using a linearized inversion code with the relative arrival times from
eleven of these bulbs, the bottom hydrophone on each of the five arrays
was localized. Regularization of the inversion allowed the location of each
light bulb source to be determined simultaneously. Errors in the recording
equipment resulted in randomly dropped data throughout the experiment,
which, because the inversion required relative times, caused too many prob-

lems for the entire arrays to be localized. However, the locations determined
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for the bottom hydrophones (Table 2) were close to those calculated with
other methods later in the experiment, except for a constant offset. This
offset is most likely the result of the source coordinates being offset in the
opposite direction.

Using these positions, and the pressures of the direct and bottom re-
flected signals, the reflection coeflicients were calculated for as many hy-
drophones as possible. The vertical extent of each array created a range in
grazing angles for each source-array pair, over which the reflection coeffi-
cients for the range of angles were inverted to find the sediment properties
in the area between the source and array. The results of the inversion were
the sediment sound speed and density in the area surrounding the five ar-
rays, as shown in Figure 6. The average results are displayed in Table 4.
Because the range of angles was near the critical angle, the velocity was
better determined than the density, and was found to vary significantly in

that it is slower near the sources 211-213.
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