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I. INTRODUCTION

Surveillance and tactical antisubmarine warfare (ASW) acoustic

systems currently rely on predominantly waterborne propagation paths.

However, for a wide variety of source-receiver geometries, acoustic

frequencies, sound speed profiles, and water depths, sound propagation

in the ocean can be heavily influenced by the ocean bottom. At this

time, some currently operating and projected systems make use of bottom

interacting energy or have sensors purposely located near the ocean

bottom. With few exceptions, the major role of acoustic bottom

interaction has been to place limitations on the frequencies and

distances over which such systems will operate reliably.

The question naturally arises as to whether the bottom penetrating

energy can be directly exploited for ASW applications. This question is

particularly relevant for applications in areas where bottom interaction

is an important factor influencing acoustic propagation. Some examples

are shallow water propagation, deep-to-shallow water transitions, and

propagation to slope mounted sensors. The answer may very well be in

the affirmative at very low frequencies (VLF) where the propagation via

bottom penetrating (seismic) paths becomes favorable.

This report summarizes work carried out by Applied Research

Laboratories, The University of Texas at Austin (ARL:UT), to investigate

the efficiency of very low frequency (VLF) propagation along subbottom

paths in the continental slope environment. The goal of this work was

not to carry out extensive data analysis and interpretation, but rather

to compare sediment penetrating propagation al low frequencies to the

primarily waterborne (including sediment reflected) propagation at the

higher frequencies. Such a comparison is necessary to evaluate

potential advantages of VLF propagation in the context of ASW

r i . .. [ - -- i| IIII . . ... .... .. . .. . .. . . .. . .. . . . .. .. .. . ...1



applications. Other topics which have bearing on this evaluation, such

as the advantages of using geophones rather than hydrophones as VLF

sensors and potential signal-to-noise advantages, were not within the

scope of this work.

The remainder of this report is organized as follows. Section II

discusses relevant aspects of the experimental geometry and data,

including analog-to-digital (A/D) conversion, data quality, and

calibration. Section III describes the analysis and interpretation of

sample data and the evaluation of the efficiency of VLF seismic

propagation. Section IV summarizes the investigation.
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[I
I. EXPERIMENTAL GEOMETRY AND DATA

* A. Exercise Description

Figure 1 shows the exercise area off the coasts of Nova Scotia and

Newfoundland. The locations of the hydrophones used to collect data are

shown along with the source track. The track is roughly along the

bathymetry gradient.

s The hydrophone locations and bathymetry along the source track are

show in more detail in Fig. 2. The range is relative to the beginning of

the source track which extends out to 66.3 km. Hydrophones 4, 5, 6, and 7

are on the ocean bottom, while hydrophones 1, 2, and 3 are buoyed. Signals
collected using these hydrophones comprised the data set available for

analysis by ARL:UT.

tThree traverses were made of the source track in Fig. 1, each using a

different acoustic source. The first, from north to scuth, used standard

1.8 lb (0.82 kg) TNT Mk 61 SUS charges fired at a depth of 18 m. The

second run, from south to north, used a 31 Hz cw signal as the acoustic

source. The third run used small 1.1 oz charges fired alternately at 18 m

and 91 m. An unscheduled seismic reflection study using air gun sources

was also conducted during the exercise along a generally east-west line

between zero range and hydrophone 7 in Fig. 2. Additional information

available included navigation, hydrophone sensitivity, changes in amplifier

gain during the exercise, and measured sound velocity profiles at three

locations near the source track (start, hydrophone 6, and end). For the

studies reported here, only the shot data were used since they provide

timing information needed to identify arrivals traveling along different

propagation paths. Such information is absent in cw data.

3
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Figure 3 is a schematic of the geoacoustic structure along the source

track. The area is a highly complex geological environment.1  The first

1.6-1.7 km of sediment consists of unconsolidated to semiconsolidated

terrigeneous sediments containing significant glacial erratics. The layers

below consist of highly consolidated carbonate (reef), shale, and salt.

The basement includes both oceanic and continental crust. The layer thick-

nesses are not constant but vary according to their position along the

exercise track. The sound speed estimates were determined from published

average values2 for the area.

B. Data Reduction and Quality Assessment

Data from the two shot runs and the cw tow were first subjected to an

analog data quality assessment. Each channel was analyzed to verify the

presence of data, timing information, and calibration tones. Sections of

data with missing time code were identified. The data tapes were found to

contain useful data from part of the large shot run, all of the small shot

run, and all of the cw tow. The data from the large shots were determined

to be severely clipped. The analog shot data were digitized with a 2500 Hz

sampling rate which then allowed data to be analyzed up to 1250 Hz.

Calibration tones on the tapes and hydrophone sensitivity data were

combined to produce the system transfer function. Six calibration tones

from 20 to 500 Hz were recorded on the original tapes. Figure 4 shows the

transfer function for the combined recording and reproduction system of

tape drives and amplifiers obtained from the calibration tones. This

transfer function is generally independent of frequency over a wide band

and was extrapolated both up and down in frequency. Figure 4 also shows

the reported hydrophone sensitivity. Experience shows that these curves

may be accurately extrapolated to higher frequencies but not to lower. The

final curve in Fig. 4 is the composite transfer function for the

hydrophone/record-playback system. For use in our data analysis, this

transfer function was used from 10 to 400 Hz and was extrapolated from 400

to 1250 Hz, assuming it to be independent of frequency.

6
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The location of hydrophone 7 at the top of the slope in Fig. 2 is best

suited to study coupling to subbottom paths from sources in deep water.

This location provides the maximum opportunity for energy from deep water

sources to encounter the slope and to propagate through the subbottom to

the receiver. To assess the quality of data collected on this hydrophone,

a sample large shot and small shot were analyzed.

Anomalous features, including almost constant level and harmonically

related peaks, in the signal spectra of both large and small shots

suggested that shot data collected by hydrophone 7 were not usable. On the

basis of laboratory tests of a recora-playback system, the source of the

anomalies was identified as overdeviation effects occurring when the

frequency modulation system used to record the original data on magnetic

tape was driven outside the acceptable frequency range. Hence, data from

hydrophone 7 were found to be unacceptable for further analysis.

Under the assumption that signal levels would be lower in deeper

water, small shot data from hydrophone 4 at a 1300 m depth were examined

next for data quality. The signal spectra were qualitatively different

from those seen in data from hydrophone 7. The spectra decreases with

frequency as is typical of shot data. The time series are also

qualitatively different. Multiple arrivals were identified and compared to

the case with data from hydrophone 7 where only one arrival could be

identified. Data from hydrophone 4 were used in the analysis described

below.

In summary, shot data were digitized and system calibration

determined. Both large and small shot data from hydrophone 7, located at

the top of the slope, were overdeviated and not acceptable for our

analysis. Small shot data from hydrophone 4, the deepest location, were

found to be acceptable for further analysis.

9
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III. DATA ANALYSIS AND INTERPRETATION

The objective of this analysis was to evaluate the efficiency of low

frequency, bottom penetrating propagation in a continental slope geometry.

The procedure followed to achieve this objective had several components.

Modeled propagation in the water column was compared with observed shot

arrival structure to select a shot having clearly identifiable, non-

waterborne arrivals and to identify a candidate subbottom propagating

arrival. This shot was analyzed in detail. The received time series was

displayed in 50 Hz passbands with center frequencies from 35 to 1000 Hz.

The observed lack of high frequency content in the candidate subbottom

arrival was consistent with absorption within the subbottom, strengthening

its identification as a bottom penetrating arrival. Propagation loss as a

function of frequency at a fixed range for this arrival and for the first

arrivals were quantitatively compared to determine the efficiency of

propagation along the subbottom path. This comparison showed that

propagation at 35 Hz along the subbottom penetrating path is as efficient

as propagation from 35 to 1000 Hz along the first arrival path.

A. Shot Selection

To select shots for detailed analysis, a combination of propagation

modeling and observation of shot structure was used. The goal of the

propagation modeling was to determine the arrival structure of energy

propagating within the water column without penetrating the ocean bottom.

With this information, shot arrival structures were examined and several

candidate shots were found to have arrivals clearly not anticipated from

the modeling of waterborne propagation. One of these shots was chosen for

detailed analysis.

11

iammam mm



The propagation modeling used the ARL:UT ray model, MEDUSA,3 to

determine elgenrays for the range varying water depth and sound velocity

environment of the experimental area. MEDUSA provided waterborne

elgenrays, including those reflected from the sediment surface,

intensities, ranges at which bottom reflection occurred, bottom reflection

angles, arrival times, and ray angles at the source.

The water-sediment interface reflection coefficient was examined to

provide an estimate of the reflection loss for bottom reflected rays.
Parameters estimated from published data for the area 2 and empirical

relations among sedimentary parameters4 indicate that rays reflected at

grazing angles greater than 100 suffer a reflection loss of about 15 dB.

Those reflected below 100 are almost perfectly reflected.

The propagation modeling showed that for the longer downslope ranges

near the end of the source track, the direct waterborne arrival ceases to

exist and all eigenrays reflect at least once from the slope before

reaching hydrophone 4. The first arrival has a bottom grazing angle of

about 80 while the two-, three-, and four-bounce arrivals have grazing

angles between 150 and 400. Spreading loss was about the same for all four

arrivals. Travel times for the two-, three-, and four-bounce arrivals

relative to the one bounce-arrival were typically 0.5, 1.5, and 2.6 sec,

respectively.

Combining the propagation modeling results with the bottom reflection

loss suggests that, relative to the one-bounce arrival, the three- and

four-bounce waterborne arrivals will suffer an additional 30-45 dB

reflection loss, and hence will not have significant amplitudes. The

expected waterborne signal duration is then about 0.5-1.5 sec at most, if

the three-bounce arrival is included. Thus, any energetic arrival

occurring after about 1 sec from the onset is a candidate for a sediment
penetrating arrival.

Figure 5 shows a rectified and averaged envelope of the shot chosen

for analysis. It was produced by an 18 m deep small shot received on

12
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hydrophone 4. Navigation logs give the source range as 26.4 km downslope

from hydrophone 4. Energy arriving in distinct bundles can clearly be

distinguished. On the basis of the above discussion, the two late arrivals

occurring between 2 and 2.5 sec after the onset of the signal (between 2.75

and 3.25 sec in Fig. 5) are clearly candidates for sediment penetrating

arrivals. Several other arrivals are also candidates but our attention

will be focused on the very large arrival occurring at about 3.0 sec in

Fig. 5.

B. Detailed Shot Analysis

Figure 6 shows the received time series corresponding to the signal

envelope in Fig. 5. The display origin is about 10 msec before the onset

of the first arrival. The time series clearly shows the different

frequency content of the waterborne first arrival (W) and the candidate

subbottom penetrating arrival (S) at about 2.3 sec. The lack of high

frequency content in S strengthens its identification as a sediment

penetrating arrival.

Figure 7 shows the frequency spectra of W and S along with the noise

spectrum taken in the time interval between this shot and the preceding

shot. Both arrivals have signal excess of at least 20 dB at low

frequencies. Arrival W maintains this signal excess out to 1250 Hz, while

arrival S decays to about 3 dB at higher frequencies. The shapes of the

two spectra are also different. Arrival W has a rather gentle decrease in

power with increasing frequency. It also has a region below 100 Hz where

signal strength falls off rapidly with decreasing frequency. The nature of

this decrease in low frequency content is not yet understood and will be

commented on again when propagation loss is examined. The arrival S has a

totally different spectrum. The signal energy peaks at low frequencies and

decreases at higher frequencies much more rapidly than that of arrival W.

The source spectrum in 50 Hz bands for a 1.1 oz shot detonated at an

18 m depth is shown in Fig. 8. This spectrum was computed by Fourier

transforming the time series, which was generated according to published

theoretical work5 giving the dependence of the pressure waveform on shot

14
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4

weight and detonation depth. There is a change of about 9 dB in source

strength over the 10-1250 Hz range used in this study. The bubble pulse

frequency is about 24 Hz.

Figure 9 displays the time series in ten 50 Hz frequency bands from 35

to 1000 Hz. These time series have been calibrated using the system

transfer function and normalized to remove the dependence on the 1.1 oz

shot source level. The disappearance of arrival S above 200 Hz is

consistent with absorption along a bottom penetrating path, further

strengthening the identification of S as a sediment penetrating arrival.

Several other arrivals also appear to be bottom penetrating, but our

attention will be focused on S, which is particularly strong. Arrival W

has the high frequency content expected in a waterborne arrival. This

approach, of identifying sediment reflected and subbottom penetrating

arrivals on the basis of its lack of high frequency content, follows the

procedure of Christensen et al. 6

To evaluate the efficiency of propagation along the bottom penetrating

path of arrival S, propagation loss will be compared to that of arrival W,

the reference waterborne path. Figure 10 compares propagation loss for

arrivals W and S. Two features are noteworthy. First is the different
frequency dependence of propagation loss for the two arrivals. The

relatively constant propagation loss for arrival W from about 100 Hz to

800 Hz suggests a primarily waterborne propagation path for which there is

little absorption. The generally increasing loss with frequency seen for

arrival S suggests the frequency dependent absorption occurring in

sediments.4 The second feature is that the propagation loss for the bottom

penetrating path below 70 Hz is equal to or better than that of the

waterborne path at any frequency. Low frequency subbottom propagation is,

in this example, as efficient as, or slightly more efficient than, high

frequency waterborne propagation.

The high loss below 100 Hz for arrival W is not understood at this

time. The most likely explanation is a destructive interference between

the different ray paths making up W. The location of the source near the

18
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surface would contribute to this effect, but estimates of this effect using

travel time from our preliminary modeling account for only about half of

the 10 dB increase in propagation loss at 35 Hz. More detailed modeling of
propagation, including the effects of the bottom reflection phase shift,

source spectrum, and possible interference from bottom penetrating

eigenrays with travel times near that of W, may be needed to resolve this

question.

In summary, a frequency band analysis procedure was applied to sample

SUS data from a continental slope environment. A candidate sediment

penetrating path was first identified on the basis of travel time

considerations. Its identification was then strengthened by observing the

time series from a number of 50 Hz bands from 35 to 1000 Hz. Comparison of

propagation loss for this path and a waterborne path showed that

propagation from an 18 m source along the subbottom path at 35 Hz compares

favorably to primarily waterborne propagation over the entire frequency

range studied, 35 to 1000 Hz.

21
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IV. SUMMARY

SUS data were used to evaluate the efficiency of low frequency, bottom

penetrating propagation from a near-surface source in deep water to a

bottomed hydrophone in shallower water on the continental slope. A

comparison of modeled and measured propagation times was used to select for

analysis a shot having a candidate subbottom arrival. An analysis of time

series of this shot in a number of 50 Hz frequency bands verified the

identification of the bottom penetrating arrival. Propagation loss for the

subbottom arrival and a reference waterborne arrival were compared as a

function of frequency at a fixed range. For the shot analyzed, ray

modeling showed that the direct arrival was absent and that the reference

arrival suffered one bottom bounce. Energy contained in the sediment

penetrating arrival at 35 Hz was found to be comparable to that contained

in the reference waterborne arrival at higher frequencies, i.e., the low

frequency sediment-penetrating path was at least as efficient as the

waterborne path over a wide frequency range. Further work is needed to

identify the particular sediment penetrating path seen in the data.

23
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