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EXECUTIVE SUMMARY (U)

(C) The BEARING STAKE exercise was an acoustic measurements program that
was conducted at five selected sites in the Northwest Indian Ocean during the period of
January through May 1977. The major objective of BEARING STAKE was to collect
acoustic data to determine the variability in the acoustic environment and to provide inputs
to systems performance evaluation models.yThe program was sponsored by the Naval Elec-
tronic Systems Command (PME-QA,)_/)

(CgThis report contains an overall assessmeni of the propagation loss data collected
during BEARING STAKE at the following sites in the Morthwest Indian O-ean: Site 1A/1B
(Gulf of Oman), Sites 2 and 3 (central Arabian Sea), Site 4 (western Somali Basin), and
Site 5 (southern Arabian Sea).

—~t€> The BEARING STAKE exercise vas successful in terms of collecting, analyzing,
and interpreting acoustic data. The lesson learned from this exercise is that an acoustic
measurement program, such as BEARING STAKE, should be conducted in ocean areas
where the deployment of surveillance systems is being considered. Although theoretical
models have been developed to predict the propagation Jlosses for surveillance systems in
specified locations, these predictions are only as good as the environmental acoustic inputs

to the models. -

PROPAGATION LOSS ASSESSMENT RESULTS (U)

1. (C) Propagation losses were unexpectedly low for the basins of the Northwest
Indian Ocean such as the Indus Fan, Gulf of Oman, and Somali Basin. These low propaga-
tion losses correlated well with measurements of low bottom loss in BEARING STAKE.
With the exception of high-loss ridge areas, such as the Carlsberg Ridge and Owen Ridge,
propagation loss will not be the limiting factor in system performance. Performance will
depend more on other acoustic variables such as the noise background and signal coherence.

2. (C) For bottom-limited areas such as the Gulf of Oman and the Indus Fan, the
receiver depth with minimum propagation loss is at the ocean floor. However, a 2-3-dB
improvement in signal-to-noise ratio may result if th. receiver is suspended somewhat off
the ocean floor;e.g., 30 m off the floor at 25 Hz.

3. (C) The placement of surveillance receivers on the high-loss ridges bounding a
low-loss, bottom-limited basin is not an optimal choice. For example, the choice of sites for
the Indus Fan should not be limited to the periphery of the fan but should include midbasin
locations which are removed from shipping lanes to minimize shipping noise.

4. (C) Experimental data and results of normal mode theory indicate that the
number of multipaths is much larger in bottom-limited areas than in convergence zone areas.
This result suggests that array beamforming will pose more of a problem in the Indian Ocean
than in the deep Pacific and Atlantic.

5. (C) Site 4, in the Somali Basin, differed from the other BEARING STAKE
sites in that there was a slight depth excess. Strong convergence zones were observed at
290 Hz but not at 25 Hz. The receivers measuring the lowest propagation losses were lo-
cated on the Chain Ridge. At 140 and 290 Hz the receiver with the lowest loss was 400 m
above the floor of the basin, whereas at 25 Hz the receiver was 1050 m above the floor. The
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acoustic results indicate a very complicated dependence on trequency, receiver depth, depth
excer ., and season of the year. Critical decisions as to a surveillance site configuration in the
Somali Basin should be held in abeyance until theoretical studies on the dependence of the
mentioned variables are completed and verified by additional experimental measurements.

6. (C) The azimuthal dependence of propagation loss at a given BEARING
STAKE site was larger than the difference between the events of lowest propagation loss at
the various sites.

7. (C) The only significant dependence on source depth in the experimental data
was the high propagation loss associated with an 18-m source depth at 20 Hz. The effect
has been modeled accurately by both normal mode and ray theory and is a result of cancella-
tion effects near the ocean surface (commonly known as the surface decoupling effect).

8. (C) The events with the highest propagation losses were generally associated
with bathymetric features with high bottom loss. The highest propagation losses measured
in BEARING STAKE occurred for the events which ran west of the Owen Ridge.

9. (€) On the basis of the propagation loss results for the three sites associated
with the Indus Fan, the area was divided into two bottom loss regimes — a low-loss regime
to the south and a somewhat higher-loss regime to the north.

10. (C) Comparisons of the BEARING STAKE experimental data and results with
three propagation loss models (ASTRAL. RAY WAVE,and FACT) indicate that with some
minor modifications the ASTRAL model is well suited for the prediction of mean propaga-
tion loss in a bottom-limited environment such as BEARING STAKE.

11. (C) Comparisons of the event of lowest propagation loss at each site with the
familiar Eleuthera Reference Propagation Loss Curve show that for 25 Hz the measured loss
at all available ranges for all five sites was less than the reference by as much as 13 dB. For
140 Hz, for all sites except Site 2. the losses were less than the reference by as much as 6 dB.
Site 2 values varied from 1 dB smaller at short ranges to 2 dB larger at ranges beyond
300 km. For 220 Hz, the losses were greater than the reference by as much as 3 dB for
Sites 1B and 3 and 9 dB for Site 2 At Site 4 the losses were less than the reference by as
much as 4 dB, and at Site 5 the losses were comparable at short ranges and exceeded the
reference by 3 dB at ranges beyond 550 km.

12. (U) The major portion of the propagation loss data collected during BEARING
STAKE was found to be reliable, consistent, and valid. There were a few identifiable data
sets at each site which were in error and/or questionable. These data sets were not used to .-
influence the conclusions of this assessment report.

13. (C) It can be concluded. from the propagation loss assessment of BEARING
STAKE, that propagation loss in the Northwest Indian Ocean will not adversely affect the
performance of surveillance array systems operating in the area. How well a system will per-
form in the area will depend on other acoustic parameters such as signal coherence, noise
background, and signal processing technigues. -
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} PREFACE (U)
‘I 'f (C) The BEARING STAKE exercise was conducted by the Naval Ocean Systems
wk Center (NOSC) under the sponsorship of the Naval Electronic Systems Command (PME-

; 124) at five sites in the Northwest Indian Ocean between January and May 1977.
. Dr. Robert R. Gardner (NOSC) was the Technical Director of the overall BEARING STAKE

aw operation. This report is an acoustic propagation loss assessment for the Northwest Indian
Ocean bascd upon propagation loss data collected in support of BEARING STAKE acoustic
2 measurements.
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1.0 (U) INTRODUCTION
:- (U) The BEARING STAKE exercise was a major acoustic survey program conducted
K3 in the Northwest Indian Ocean from January through May 1977. The program was spon-
sored by the Naval Electronic Systems Command (PME-124). The survey was designed to
" collect acoustic data to defermine the variability in the acoustic environment, provide inputs
B to performance models, and provide acoustic data for assessing surveillance systems options
in selected areas of the Indian Ocean.
"{' (C) The survey utilized near-surface, midwater, and bottom-mounted receivers/
av arrays to collect the necessary data to perform assessments of the following environmental
acoustic properties in the Indian Ocean:
®  Propagation loss versus frequency and depth
A1
®  Noise (omnidirectional, directional, ambient)
o e  Bottom interaction
w¥ o  Wavefront coherence
- ®  Environment
an (C) This report presents the propagation loss assessment of the BEARING STAKE

exercise based upon the data collected at five selected sites in the Northwest Indian Ocean
as shown in figure 1. Assessments of the other acoustic properties are being made by the
o principal investigators involved and will be reported accordingly in other reports. These
assessments will provide to surveillance system designers heretofore unavailable acoustic
data required to assess the performance of passive surveillance systems in the Indian Ocean.

.. (U) This report is an assessment of the propagation loss at each site and an overall
propagation loss assessment of the operating areas as a whole.
. (U) The operational aspects of the BEARING STAKE exercise, measurement pro-

’ cedures, and equipment descriptions will be mentioned only briefly in this report. Detailed
N exercise planning documents, systems descriptions, and preliminary results of data process-
£ . ing and analyses are contained in references 1-5.
i f (U) The data for this report came from the various activities that participated in
P " BEARING STAKE. The Applied Research Laboratories, Austin, Texas (ARL), provided
g LA
- 1. “Acoustic Survey Program: Planning Document (U),” §-2105-76, Naval Undersea Center, 15 June 1976.
(SECRET)
-R
2. “Techmcal Specifications for Project BEARING STAKE Acoustic Survey (U),” TS 196-76, Western
. Electric Company, 18 November 1976. (SECRET)
. 3. “Supplements to Technical Specifications for BEARING STAKE (U),” 008-4061-76, Naval Undersea
Center, 17 December 1976. (SECRET)
ae 4. “BEARING STAKE Data Analysis Plan (U),” 008-1055-77, Naval Ocean Systems Center, May 1977.
- (SECRET)
5. “BEARING STAKE Exercise: Prelimmnary Results (U),” by the Principal Scientific Investigators, Naval
e Ocean Systems Center TR 169, 31 October 1978, (CONFIDENTIAL)
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propagation loss and bottom loss data (ref 6 and 7) as measured with the acoustic data cap-
sule (ACODAC) and the bottom-moored system (BMS). Western Electric Company (WECo)
provided propagation loss data (ref 8) as measured by the bottom-mounted array (BMA).
The Naval Ocean Research and Development Activity (NORDA) provided measured sound
speed profiles. Propagation loss data from the Ocean Acoustic Measurement System (OAMS)
towed array and the Long Acoustic Towed Array (LATA) were provided by in-house NOSC
personnel. All their contributions aided greatly in the preparation of this report.

(U) The bathymetry along the track/direction of the propagation loss runs for all
five BEARING STAKE sites is contained in appendix A. The bathymetry is included in this
report because of the principal role it plays in assessing propagation loss.

(U) Other equally important factors, such as sound speed profiles, bottom loss, and
ambient noise data, that are used in the assessment of propagation loss are (or will be) re-
ported in other BEARING STAKE reports. Only the results of the propagation loss measure-
ments are presented here. However, data will be presented in detaii whenever needed to
clarify and/or substantiate conclusions reached.

(C) This report discusses, first, the data reduction methodology used to determine
the variability, consistency, errors, and validity of the BEARING STAKE propagation loss
data at all five sites. Propagation loss assessments are then presented for each site. The
assessments are, in general, based upon receiver depth, frequency, range, bathymetry, and
source depth and the effect of these on propagation loss. An overall propagation loss
assessment based upon the results from the five sites is then presented as well as recom-
mendations for future measurements that should be made in the Indian Ocean to substan-
tiate the conclusions reached in this report.

6. “BEARING STAKE - Vertical ACODAC Acoustic Measurements Data Report (U),” ARL-TR-78-8,
Applied Research Laboratones, The University of Texas at Austin, 15 Febiuary 1978,
(CONFIDENTIAL)

7. *Analysis of Acoustic Bottom Interaction in BEARING STAKE (U).” by S. K. Mitchell, K. C. Focke,
J. J. Lemmon, and M. M. McSwain, ARL-TR-78-52, November 1978. (CONFIDENTIAL)

8. “Project BEARING STAKE Transmission Loss, Omnidirectional Ambient Noise from Bottomed Arrays
(U),” by J. T. Osborne, Western Electric Company. Greensborough, North Carolina, 5 May 1978.
(CONFIDENTIAL)
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2.0 (U) ANALYSIS METHODOLOGY
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(U) During BEARING STAKE, propagation loss measurements were conducted at
each of the five sites to obtain the data required to provide for the propagation loss assess-
ment contained in this report. The data from a total of 47 propagation loss runs were
analyzed for this report. Primary receivers used in collecting the data were the bottom-
mounted array (BMA) and the acoustic data capsule (ACODACQC).

X (U) The data were made available to NOSC in the form of digital magnetic tapes

. ’§ and plotted paper charts. The BMA data came from WECo and the ACODAC data from
- ARL/UT. As might be expected from an exercise of the magnitude of BEARING STAKE,

the total volume of data collected could easily become overwhelming and unmanageable.

(C) Forexample, figure 2 presents the basic propagation loss data for a bottomed

wos vyt

3

e hydrophone at Site 1B (event 1BP1) at a frequency of 25 Hz. The dots represent the ARL
produced observations from the ACODAC and the crosses represent the WECo BMA data.
.- The example is representative of hundreds of such plots that would be produced if the data

were plotted point by point.

(U) Therefore, a decision was made to compress the data into a more manageable
format. There were two main reasons for doing data compression. The first was to reduce
the experimental data to integral ranges which facilitated the comparison of data sets with
each other as well as with propagation models. The second was to reduce the scatter in the
data. The original experimental data contained the phasing effects of multipaths, whereas
propagation models rely on incoherent addition of multipaths. Compression reduces the
data to a state more compatible with that of the models.

2.1 (U) DATA COMPRESSION

(C) As detailed in the test nlans (ref 1), the acoustic projectors used n BEARING
STAKE were cycled to give a 2-minute off period every 10 minutes. Thus, there are 10-
minute sets of propagation data with 2-minute gaps between sequential data sets for a given

.- run. The WECo method of data reduction was to manually read the data recorded on
. graphic recorders at 2-minute intervals and store the information on magnetic tape. The
z ) ARL method was to digitally process the data with an output at ]-minute intervals. How-
: ever, in order to avoid the necessity for precise coordination of the ARL digital processor
with the source cycle, the initial and final outputs for a 10-minute interval data set were
rejected. Hence, for each 10-minute data set. WECo typically had five observations and
ARL had eight. For a typical propagation loss run, the total number of data points
amounted to 1300.

(U) In order to analyze the experimental data, it was necessary to use smoothing
techniques, as meaningful comparisons of raw data such as shown in figure 2 are almost

impossible. The principal smoothing method of the raw data to compress the vast volumes
- .o of data in simple representations was to average the raw CW and SUS data in 50-km range
,‘ bins (or 30° bearing bins).
ﬂ; 0 (C) In the case of radial events, the raw data were averaged in 50-km range bins
e s centered at integral multiples of 50 km. Thus, the 50-km bin covers the interval from 25
L to 75 km, the 100-km bin covers the interval from 75 to 125 km, etc. The squared pressure
_ qr ™ corresponding to each propagation loss observation in the bin was summed, divided by the
- .
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number of observations, and then converted to dB to obtain an average propagation loss for
the bin. This choice of mean squared pressure is based on fundamental physical principles
’ of conservation of energy and is commensurate with theoretical propagation loss models
s such as ASTRAL or RAY WAVE, which incoherently add the squared pressures of multi-
path contributions. Many examples of this type of data smoothing are presented through-
5 out this report. For example, figure 3 shows the smoothed results of the data shown in
+ figure 2.
P (C) In the case of circular runs made at constant range (arc events), the raw data
were averaged in 30° bearing bins centered at integral multiples of 30° in azimuth. This bin
‘e size was chosen so that th~ number of observations (about 70) per bin was comparable to
that for the 50-km range bins.
(C) Arother method of data smoothing was to obtain averages of the CW data in
- 2-km range bins. The main purpose of this method was to facilitate a comparison of the
data with propagaticn models. The mean of the squared pressure level for each 10-ninute
data set was determined and the+, by using linear interpolation, the mean at even integral
range increments of 2 km was determined and converted to propagation loss. The resuits of
this compression technique on the data (shown in figure 2) are plotted in figure 4. The
crosses of figure 4 are the WECo data, whereas the circles are the ARL data from the
ACODAC. This run covered a range interval of about 298 km and a time interval of about
23 hours and 15 minutes. In this example, the 10-minute data sets are about 2.1 km apart.
Thus, the range increments of 2 ki are compatible with the data sampling rate. This method
not only smoothed but reduced the data to integral ranges, which facilitated comparison of
data sets with each other and with theoretical propagation models.
(C) The data smoothing just described proved very useful for assessing propagation
losses at convergence zones for Site 4. However, for the remaining sites. which were bottom
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Figure 4. (C) Example of data compression results to reduce scat‘er of ;
propagation loss data. (U) )

limited, present inccherent models of propagation loss do not predict the fine structure
which is preserved in the 2-km bin treatment of experimental data. As will be seen in the
section on Data Variability in this report, a NOSC normal mode model run indicated that
the problem is primarily statistical in nature. The bin size 1s dictated by the accuracy de-
sired in the average propagation loss and the variance of the raw data.

(U)y All the CW data of BEARING STAKE for this report on propagation loss
were reduced in the above manner. The type of compression illustrated in figure 3 is used
throughout this report. It preserves the basic trends with range and allows ready compari-
son between many data sets. For example, figure 3 indicates that the average propagation
loss for WECo hydrophone 8 is consistently lower than that of the bottomed ACODAC.
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The average propagation loss is about 1 dB less for the WECo hydrophone. This type of
comparison is obscured by the scatter of data points in figures 2 and 4.

(U) In the remaining sections of this report, plots similar to that of figure 3 will be
presented. The range is always an integral multiple of 50 km. Some of the plotted points
may be slightly offset from these exact ranges. (The plot program offsets the range slightly
so that different symbols can be identified more easily.)

(U) The data from the SUS runs were also compressed to produce plots similar to
that of figure 3. However, since the SUS data were relatively sparse in range, the first stage
compression was omitted and the means of the pressure squared of the raw data points were
determined only over range increnients of 50 km.

2.2 (U) DATA CONSISTENCY

(U) Since this report on propagation loss assessment takes into account the data
from WECo and ARL/UT of propagation loss measurements from CW and SUS sources, an
analysis was conducted to det.rmine the consistency of the collected data. The analysis
consisted of three separate studies:

1. WECo data only
2.  Comparison of SUS and CW events

3. Comparison of SUS data at different source depths

2.2.1 (U) WECo Data

(C) Independent sets of WECo data for Sites 1 and 3 were first examined to deter-
mine which data sets were taken under comparable conditions. It was found that the
comparable-condition data were too sparse to determine whether there were significant
differences in the accuracy at various frequencies of the CW and SUS events, or in the
accuracy at different sites. However, when all available data of this type were combined,
some interesting results emerged. The combined data consist of a total of 18 independent
evaluations. Of these, mine evaluations (50%) diftered by no more than 0.3 dB,12 evalua-
tions (67%) differed by nor more than 0.5 dB; 16 evaluations (75%¢) differed by no more
than 0.8 dB; and 18 evaluations (100%) differed by no more than 1 dB. Thesc results
demonstrate that the manner in which WECo data are processed is remarkably consistent.
They also demonstrate that the process of calculating averages of the pressure squared over
50 km or 30° bins is very robust. Despite the huge variation in the raw data, propagation
loss differences of less than 1 dB can be meaningful.

(C) Many factors contribute to the differences in propagation loss for various re-
ceivers measured under comparable conditions. One factor is a statisiical error. A later
section in this report on propagation loss variance shows that the typical standard error
of the means for a 50-km range bin is about 0.6 dB for both CW and ship SUS events.
However, this number does not represent the statistical error of an evajuation because the
18 evaluations were based on from 7 to 24 bins. This reduces the statistical component of
a typical evaluation to something on the order of 0.2 dB. Other contributing factors are
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errors in hydrophone response and system calibration. Any inconsistency in the mannerin
which the various receiver channels were processed also contributes. A final source of dif-
ference is that the measurements are not strictly “comparable” in that they are not made
under identical conditions — some of the difference is “real” in terms of a somewhat differ-
ent geometry.

(C) This analysis provides a good assessment of the receiver system error. The data
suggest that an absolute difference (in propagation loss between two receivers as obtained
by averaging over range or bearing bins) which exceeds 1 dB is significant. This difference
represents a “‘real” difference above and beyond that attributed to receiver system errors.
On the other hand, an absolute difference which is smaller than 0.3 dB is most likely due
to statistical or receiver system error. An absolute difference which lies between 0.3 and
1.0 dB is more likely to be “real” but could reasonably be attributed to receiver system
errof.

2.2.2 (U) SUS and CW Comparison

(U) There are two different types of comparisons which involve the SUS data. The
first type compares SUS data with CW data, whereas the second type compares SUS data at
different source depths. Table 1 (A and B) shows the propagation loss differences that re-
sulted from these two types of comparisons.

Table 1A. (C) Propagation loss differences (dB) between 91-m SUS depth
events and the corresponding CW event over the same track. (U)

Frequency (Hz)
BMA Revr
Site Number Low 140 300

1A
1B

o]
*

0.2 dB -0.8 dB 3.0dB
03 32 42

1.2 -80 -15.5 -
2.5 -42 - .
10 1.5 0.3 '
2.7 3.2 -

2.7 25 48

2.8 1.3 - -
1.8 -20 1.0

E- T N S 2 S
BV W = NN W

“

Median 14 1.1 2L

*Values are averaged over available bottomed receivers.
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Table 1B. (C) Propagation loss differences (dB) between 91-m and 243-m
depth sources for SUS events. (U)

Frequency (Hz)
Event 20 50 140 290
1AS1 28 -0.4 1.6 .
1BSt 1.9 0.3 3.0 4.6
281 26 -1.6 0.1 26
282 6.8 1.4 1.0 3.0
3s1 2.7 -0.4 24 3.6
382 23 -0.2 23 20
4S1 36 -1.1 0.4 1.0
581 29 -1.2 2.3 23
Median 27 -04 1.9 28

(C) At each site, there were a CW event and a SUS event which ran over the same
bathymetry (withir navigation errors). Table 1A shows the propagation loss difference be-
tween the SUS event and that of the CW event based on the average loss over the available
bins. The first column indicates the sites and the second column indicates the BMA receiver
which was used to obtain the data. The “C” in the second column means that an average
was taken over all available bottomed receivers. The median value shown is the value taken
over the various sites and considers only the low value at Sites 2 and 4 where multiple re-
ceivers were present. The main value of table 1 A is as a consistency check in the data for
the various sites. For example, the results at Site 2 for 140 and 300 Hz are completely out
of line with the results for the other sites. (As discussed later in the Site 2 assessment sec-
tion of this report, investigations show that the 140- and 290-Hz data from event 2P1 at
Site 2 are probably in error.) However, the low-frequency data for Site 2 falls in line with
the data for the other sites.

(C) All the low-frequency data are quire consistent. The maximum difference
from the median value is only 1.4 dB. For the low-frequency data, the source depths are
comparable. However, the SUS data were analyzed at 20 Hz and the CW data at 25 Hz at
all sites except Site 5, where the frequency was 22 Hz. It s believed that the median value
of 1.4 dB at the low frequency represents a difference in source levels rather than a differ-
ence in propagation loss. The difference between the true and assumed source levels appears
to be 1.5 dB larger for the CW source than for the 91-m SUS charges.

(C) Consider next the data at 140 and 300 Hz. If we discount the Site 2 data, the
values at Site 5 for 140 and 300 Hz appear to be out of line. Again, this may have been
caused by a relative difference in source level. There is also an effect of different source
depths in that the CW source depth was 18 m whereas the SUS depths were 91 m.

(U) Considering all the factors involved, such as different types of processing and
the source levels of the SUS and CW sources, the agreement of the CW and SUS results
seems reasonable,
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2.2.3 (U) Comparison of SUS Data

(C) This discussion d ~scribes the results of a comparison of the data from different
source depths for SUS events. Table 1B shows the propagation loss differences between the
91-and 243-m SUS depths for all the ship SUS events. The median of the differences at
each frequency listed is also given.

(C) First, note that the largest difference at any frequency frem its corresponding
median value is 4.1 dB for event 2S2 at 20 Hz. The next largest difference is only 1.8 dB.
It is apparent that the 20-Hz data for event 2S2 are in error.

(C) A detailed analysis was made to determine whether the 91- or 243-m source
depth data, or both, were in error. The analysis was accomplished in the following inanner.

Step 1. (C) The propagation loss differences between 20 and 50 Hz at 91 and
243 m were compared for two events at Site 3 (events 3S1 and 3S2). The values obtained
from both events were 3.7 dB at 91 m and 6.5 dB at 243 m.

Step 2. (C) Corresponding propagation loss differences for event 2S2 were 40 dB
at 91 m and 9.2 dB at 243 m. Thus, the losses for the 91-m SUS depth in event 282 appear
to be correct (4.0 dB vice 3.7 dB in step 1).

Step 3. (C) If we accept the median value of 2.7 d B shown in table 1B for 20 Hz
and the 6.8-dB value for event 252, we can conclude that the 243-m SJS depth data are in
error by 4.1 dB.

Step 4. (C) Furthermore, the value for event 282 at 50 Hz in table 1B appears to
be out of line with the values for the other events. The median value at 50 Hz in table 1B
indicates that the losses for the 243-m SUS data may be larger by 1.8 dB. With these loss
adjustments determined by the differences between 20 and 50 Hz, the estimate of the true
difference for the 243-m SUS data for event 252 becomes 9.2 (step 2) — 4.1 (step 3) + 1.8,
which equals 6.9 dB. This estimate is in excellent agreement with the 6.5-dB value obtained
instep 1.

Step 5. (C) The difference between the Site 3 values found in step | was 6.5~ 3.7
= 2.8 dB. If the adjusted value (6.9) found in step 4 for the 243-m SUS is used, the differ-
ence value forstep 2is 6.9 —-4.0=2.9 dB.

(C) Thus, the above analysis shows that the 20-Hz data for event 2S2 are indeed in
error and require corrective measures before being assessed.

(C) Table 1B shows that the numerically smallest entries are for event 251 at 50
and 140 Hz. This suggests that the relative SUS values at these frequencies may be off by
about 2 dB. The entries for Site 4 are at or near the numerically smallest values after dis-
counting event 2S1. This is not surprising, since Site 4 had convergence zone propagation
conditions.

(C) Consider, now, the numerical values of the median values of table 1B. Note
that the negative values at 50 Hz are consistently out of line with the data at the other
frequencies. We certainly cannot attribute this to some delicate quirk of propagation
properties which occurs at all the sites. On the contrary, table 1B provides strong evidence
that at least some (if not all) of the SUS source levels are in error. In a comparison of
theory ard experimental results at Site 1 (section 3.6.1) the analysis suggests how the SUS
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source levels should be adjusted. The comparisons indicated that the 91- and 243-m source
levels were 1.4 and 4.3 dB too low, respectively, at 20 Hz and 2.3 and 1.6 dB too high at

50 Hz. With these adjustments for source levels, the medians of table 1B become -0.2 and
~1.1 dB at 20 and 50 Hz, respectively. The differences between the adjusted medians at

20 and 50 Hz now Jie within statistical and experimental errors. At the present time, there

is no theoretical basis for judging the differences at 140 and 300 Hz and detern "-°  whether
the median values represent true differences in propagation loss or source level 13 as was
the apparent case for 20 and 50 Hz.

2.3 (U) DATA VARIABILITY

(C) One of the surprising properties of most BEARING STAKE data was their vari-
ability. With the exception of some convergence zone data at the higher frequencies at
Site 4, the variability between successive observations dominated (or at least obscured)
trends in the data. The plots of raw CW data, appearing in the WECo data report (ref 8),
;how a jumbled and ragged band about 15 dB wide. It became apparent that in order to
compare such data sets it was necessary to reduce the scatter in the raw data by computing
averages and compressing the data as described previous'y in this report.

2.3.1 (U) Variability of CW Data

(U) Although the first examination of the raw CW data indicated excessive variabil-
ity, subsequent analysis (see appendix B) has shown the measured results to be typical of
propagation involving a large number of multipaths. The discussion herein is concerned
with the statistical distribution of data points in a range (or bearing) bin after data compres-
sion. The aspect of this distribution which has been evaluated is the second moment about
the mean, otherwise known as the vanance. The variance was calculated by squaring the dB
differences between the propagation loss of the observations and the average propagation
loss for the bin, summing these squares, and then dividing by the number of observations.
The square root of the variance (called the standard deviation) was then calculated. Note
that this process involves working with the dB values of the observations. This is in con-
trast to the process of calculating the average propagation loss which averaged the pressure
squared, in which the pressure was expressed in linear rather than dB units. This hybrid
approach of determining the means from linear units but expressing the distribution in dB
units follows standard practice for treating this type of data.

(U) A standard deviation was calculated as described above, corresponding to each
mean for all the range and bearing bins. The standard deviations for all the BEARING
STAKE CW events were examined. These standard deviations were quite variable from
sample to sample. They had to be treated statistically by pooling large numbers of samples.
There arpeared to be no consistent trend with range except in the 25-75-km range bin.

The standard deviation seemed somewhat larger in this bin than in other range bins. The
data for this range bin were deleted and the remaining data were investigated further.

(U) There appeared, in most cases, to be little dependence on the events at a par-
ticular site. Thus, the data for all events at each site were pooled. Median values of these
pooled standard deviations were determined for each of the five sites and each of the three
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frequencies. Medians were chosen here as an estimate of the mean rather than arithmetic
averages because one “sour” data point in a data set can result in an inordinately large stand-
ard deviation. Such sour data points would have relatively minor effect on the median as
compared to the arithmetic average.

(C) Investigation of these median values showed that there was no significant de-
pendence on frequency or site for data from Sites 1A, 1B, 2, and 3. Pooling of the fre-
quency data produced standard deviations of 5.3, 5.4, 5.1, and 5.3 dB for Sites 1A, 1B, 2,
and 3, respectively. Pooling the site data produced standard deviations of 5.3, 5.1, and
5.4 dB for frequencies of 25, 140, and 290 Hz, respectively. A standard deviation of 5.3 dB
appears to be a good characteristic value for all three frequencies and for Sites 1A, 1B, 2,
and 3. This value was based on a total of 374 determinations of standard deviation over
various frequencies and range and bearing bins,

(C) The median values obtained for Site 4 were 5.2, 5.8, and 6.7 dB for frequencies
of 25, 140, and 290 Hz, respectively. The numbers of determinations of standard deviation
on which these medians were based were, respectively, 120, 87, and 87. The value of 5.2 dB
for 25 Hz agrees well with the 5.3-dB characteristic value for Sites 1A, 1B, 2, and 3. How-
ever, the values for 140 and 290 Hz were significantly higher. This is readily explained in
terms of the convergence zone structure at Site 4. There was little evidence of zones at
25 Hz whereas the convergence zones at 290 Hz were very prominent. The presence of con-
vergence zones significantly increased the standard deviation in a 50-km bin. (Indeed, it is
not apparent that a d.vision into 50-km bins is a satisfactory means of treating convergence
zone data.)

{C) The median values obtained for Site 5 were 4.65, 4.56, and 4.50 dB for frequen-
cies of 25, 140, and 290 Hz, respectively. The numbers of determinations of standard devia-
tion on which these medians were based were respectively 96, 62, and 62. There appeared
to be no significant dependence on frequency. However, the values at Site 5 were signifi-
cantly smaller than the characteristic value for other sites by about 0.7 dB. The reason for
this difference 1s not known at this writing.

(C) Standard deviations were also computed for ACODAC data. The median values
obtained for Site 1B were 5.0, 5.0, and 7.5 dB for frequencies of 25, 140, and 290 Hz, re-
specitvely. The number of determinations in which these medians were based is 40. The
median vajues obtained for Site 4 were 4.8, 5.0, and 5.8 for frequencies of 25, 140, and
290 Hz, respectively. The numbers of determinations on which these medians were based
were 96, 92, and 92, respectively.

(C) Comparison of the above ACODAC results with the WECo results indicates
some systematic differences. The median value of 7.5 dB for 290 Hz at Site 1B is com-
pletely out of line with all other measurements. This gives further cause to suspect these
data. (The mean propagation losses of this data set also appear out of line.) Once this
piece of data is rejected, the remaining ACODAC data are consistently lower than their
WECo counterparts. This may be due to the fact that the ACODAC data were obtained
by using an integration process which averages out some of the variability.

(C) Earlier it was mentioned that the standard deviation scemed somewhat larger in
the 25-75-km bin than in other range bins. This observation was tested by pooling all the
data for this bin for Sites 1A, 1B, 2, and 3. The median standard deviation, based on 87
values, was 5.6 dB and is indeed higher than the 5.3-dB characteristic value for other bins.
This higher value can be attributed to the larger trend with range in the data associated with
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this bin. To show this, consider fi,st the contribution that a linear trend with range can make.
If the total trend across a bin is A dB, then the trend contributes an amount A2/12 to the
variance. If 5.3 dB is a measure of standard deviation with no trend, then the standard devi-
ation with A trend is

V532 + A2

Now the difference between the propagation loss at 75 km and at 25 km for the standard
Eleuthera reference is 9 dB. This trend superimposed on a standard deviation of 5.3 dB
yields a standard deviation of 5.9 dB. This is in reasonable agreement with the measured
value of 5.6 dB. Indeed, the measured value one place above the median is 5.8 dB, which is
in good agreement with the theoretical estimate.

(C) The question now arises as to whether the effect of a trend can be detected in
the measured data for other range bins. For example, the difference between the propaga-
tion loss at 125 ki and at 75 km for the Eleuthera reference is 4.5 dB. This trend super-
imposed on a standard deviation of 5.3 dB yields a standard deviation of 5.5 dB as an esti-
mate for the 100-km bin. The data for this bin for Sites 1A, 1B, 2, and 3 were pooled. The
median standard deviation based on 87 values was 5.3 dB, the same as the characteristic
median for all bins (excluding the 50-km bin). The contribution due to the trend is appar-
ently too small to detect in the data. The difference between the propagation loss at 175 km
and at 125 km for the Eleuthera reference is 2.5 dB. This yields a standard deviation of
5.35 dB as an estimate for the 150-km bin. Thus, the estimated increase in standard devia-
tion due to a trend is nil at the 150-km and larger range bins.

(C) Theoretical results on standard deviations are available from two different ap-
proaches. In the first approach, Dyer (ref 9) investigated the statistics of propagation loss
based on the randomness of individual propagation paths and obtained a predicted standard
deviation of 5.6 dB. In the second approach, the normal mode propagation model] for Site
1B, as discussed in appendix B, was utilized. This normal mode model calculated the theo-
retical propagation loss for range increments of 100 m at 25 Hz. Each range bin, 50 km wide,
contained 499 data points. The propagation loss corresponding to the average pressure
squared was computed for the usual bins. The standard deviation of the data in each bin
was calculated. Values obtained for the 50-km through 250-km bins were, respectively,
5.44,557,6.22,5.41,and 6.33 dB. The average of these five values is 5.79 dB, which is
slightly larger than Dyer’s value of 5.6 dB. Since the mode determined values contain a
range trend across each bin, they were expected to be somewhat larger than Dyer’s value.
These limited mode calculations indicated that the standard deviation can vary as much as
0.92 dB between adjacent bins even under idealized conditions. It is evident that more in-
vestigation needs to be done with the mode theory approach in order to determine a
“typical” standard deviation and to establish an expected distribution about this typical
value. Such an investigation should “de-trend” the range dependence to produce estimates
unbiased by it.

9. “Statistics of Sound Propagation in the Ocean,” by Ira Dyer, J. Acoustic Soc. Amer., vol. 48, no. 1
(part 2), p. 337-345, July 1970
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(C) Both Dyer’s value of 5.6 dB and the averaged mode estimate of 5.8 dB are larger
than the characteristic experimental value of 5.3 dB. This may have been due to the manner
in which the WECo data were read from strip chart recorders. However, their procedures re-
main to be critically assessed.

(C) Before closing the discussion of variability of the CW data, a few more results
of the normal mode computation for Site 1B are pertinent. At a frequency of 25 Hz, a 10-dB
fade (rapid increase in loss due to phasing) in the propagation loss data occurred on the aver-
age every 1.4 km for the 25-75-km range bin. This beat distance increased with range and
was, for example, 2.0 km for the 225-275-km range bin. Now the nominal range interval
between successive WECo experimental observations was 494 m for Site 1B. Thus, the ex-
perimental data were undersampled with only three or four measurements over the beat
distance. Normal mode calculations were also made at 50 Hz. At this frequency, a 10-dB
beat in the propagation loss data occurred on the average every 0.8 km for the 25-75-km
range bin and every 1.3 km for the 225-275-km range bin. The distance between succes-
sive beats decreased with increasing frequency. At frequencies of 140 and 290 Hz, it is
likely that the experimental data were sampled less often than once over the beat distance.

(C) ltis apparent why the raw CW data appear as a jumbled and ragged band de-
void of any structure except for a general increase in loss with increasing range. The normal
mode calculation exhibits a similar lack of structure. Indeed, the modal result is even more
jumbled and ragged than the experimental data. The experimental data represent a nearly
random statistical sampling which is sparse compared to the theoretical beat distance. In
summary, the variability of the experimental data is not excessive, as it appears at first ex-
posure. The experimental variability is only slightly smaller than that predicted by normal
mode theory, which takes into account the coherent addition of large numbers of propaga-
tion paths.

2.3.2 (U) Variability of SUS Data

(C) The variance of propagation loss for the SUS events made by the source ship
(S events) was investigated for shot depths of 91 and 243 m. The same data analysis was
used as descrived for the CW events with standard deviations calculated in 50-km range bins.
For these shot depths the typical number of shots in a bin was 13. The analysis could not
be applied to the 18-m shots because the number of shots varied from 0 to 4 per bin and
was not adequate for this purpose.

(C) It was obvious from the data tlat the standard deviations for the shots were
much smaller than for the CW data;i.e.. in the range of 1-3 dB as compared to 5.3 dB for
the CW data. This result is not unexpected, because the CW data were processed in a 1-Hz
band whereas the shots were processed in 7% bands of the center frequency. For the shots
the phasing effects of the multipaths are smoothed by the processing hancwidth.

(C) In contrast to the CW standard deviations the shot results were frequency de-
pendent, in that they increased with increasing frequency. This dependence probably re-
sults from the variable bandwidth for each frequency. Some nonlinear process must be
involved here, because it is not obvious why the variance should depend oa frequency for
proportional bandwidths.

(C) The variance was also slightly higher for the 243-m as compared to the 91-m
shots. This may be attributed to the fact that the 243-m source is generally not bottom
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limited whereas the 91-m source is generally bottom limited. The presence of convergence
zones tends to increase the variance in 50-km bins as already discussed.

(C) Sites 1A, 1B, 2, and 3 could not be assessed individually because the number of
samples at any one site would be too small. Since the CW data indicated that these sites
could be pooled, the shot data were pooled as well. As with the CW data the 25~75-km bin
was excluded and these data were treated separately.

(C) Asin the case of the CW data, median values for the standard deviations of
various sets of range bins were determined. The pooled data for Sites 1A, 1B, 2, and 3
yielded standard deviations of 0.9, 1.5, 2.4, and 2.4 dB at respective frequencies of 20, 50,
140, and 300 Hz for the 91-m shots. Corresponding values for the 243-m shots were 1.2,
1.6, 2.2, and 2.5 dB. Note that all values are monotonic, increasing with frequency, and that
three of the four values are larger for the 243-m shots. These medians are based on between
25 and 60 determinations of standard deviation.

(C) Median values obtained for Site 4 were 1.3, 2.1, and 2.2 for respective frequen-
cies of 20, 50, and 140 Hz for the 91-m shots Corresponding values for the 243-m shots
were 2.5, 2.5, and 3.0. Medians were based on 20 to 25 determinations. These data display
the same type of dependence on frequerncy and source depth as the data for the other sites.
Note also that in five out of six cases the Site 4 data are larger than their counterparts at
other sites. This is in agreement with the CW results. which were larger at Site 4 and can be
attributed to stronger convergence zones at Site 4.

(C) Median values at 50 Hz based on 20 determinations at Site 5 were 1.1 and 1.3 dB
for respective shot depths of 91 and 243 m. (The sample sizes were too small at other fre-
quencies.) These values are significantly lower than their counterparts (1.5 and 1.6 dB) at
Sites 1A, 1B, 2, and 3. This is in agreement with the CW results discussed previously. The
fact that lower values were obtained from both CW and SUS events strongly suggests that
the effect is somehow related to the Site 5 environment and is not due to some processing
quirk at Site 5.

(C) The standard deviations in the 25-75-km range bin were pooled for Sites 1A,
1B, 2, and 3. The only frequency for which there were an adequate number of bins (in this
case 18) was 50 Hz. The median values were 2.9 and 2.6 dB for respective shot depths of
91 and 243 m. These values are significantly higher than their counterparts in other range
bins, 1.5 and 1.6 dB. Again, this larger value may be attributed to the trend across this
range bin. If the effect of the tr.nd were estimated by the Eleuthera reference value of 9 dB,
as was done for the CW results, values of 3.0 and 3.1 dB for respective shot depths of 91 and
243 m would resuit. The value for 91 m is in excellent agreement with the measured value
of 2.9 dB. Agreement is not good at 243 m. However, the measured value of 2.6 dB may
be slightly low, because it is 0.3 dB smaller than the measured value for 91 m and for most
of the other data sets the standard deviations are larger for 243 m than for 91 m.

(C) The smaller variances for the shot data allow reliable average values in the 50-km
bins to be obtained with a smaller number of observations. For example, consider the
typical CW standard deviation of 5.3 dB with 70 observations. This combination results in
a standard error of the mean of 0.63 dB. The corresponding value of a typical shot standard
deviation of 2.0 dB with 13 observations is 0.55 dB. Thus. the reliability of averages based
on 13 shots is comparable to that of averages based on 70 CW observations, provided, of
course, that the 13 shots are reasonably well distributed in the 50-km bin.

(U) To conclude the discussion of data vanability, a few examples of the statistical
distribution of range bin data about the mean are in order. These distributions, as well as
the correspondir.g accumulative distributions, have been plotted for a very limited sampling
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of the 50-km range bins. With the exception of Site 4 data, which contains prominent
convergence zones, these distributions appear to have characteristic shapes. No attempt was
made to fit statistical distribution functions to the data. Considering the large spread in
measured values of the standard deviation, a determination of the distribution function is
beyond the scope of the present work. However, it should be noted that these distribution
functions are a necessary adjunct to the ASTRAL propagation model for the system per-
formance evaluation of bottom-limited regimes. The ASTRAL model provides only a mean
value for the propagation loss and some knowledge of the expected distribution about the
mean is necessary.

(C) Figure 5 presents a histogram for the 150-km range bin for event 1BP1 at 25 Hz
for the bottomed receiver, ACODAC 13 (see fig 2). This histogram was prepared by a com-
puter program which counted the number of observations in 0.5-dB bins and normalized by
the number of observations. For example, in figure 5. 10.83% of the observations fall within
+(0.25 dB of the mean, while 14.17% have propagation losses which are between 0.25 and
9.75 dB greater than the mean. This 150-km range bin was the bin with the largest standard
deviation (5.4 dB) of five available bins. This standard deviation is somewhat larger than the
median value of 5.0 dB for Site 1B ACODAC data at 25 Hz. The histogram may be re-
garded as an estimator of the true statistical distribution function of the data.

(C) Figure 6 is the counterpart of figure 5 for the 200-km range bin. This was the
bin with the smallest standard deviation (3.4 dB).

(C) Figure 7 presents the cumulative distributions for all five 50-km range bins of
figure 3. For example, consider the cumulative distribution for the 150-km range bin. Fig-
ure 7 shows that about 6% of the data have losses which are smaller than the mean by 5 dB,
about 42% of the data were less than or equal to the mean, and 93% of the data were less
than 10 dB greater tha: the mean. The standard deviations are also given for each range bin.
The curve marked “all” is a composite of the distributions for each range tin. It was ob-
tained by summing the bin distribution functions and normalizing to the total number of
observations.

(U) Figure 8 represents the theoretical cumulative distnbutions obtained by normal
mode model results for Site 1B with range increments of 100 m. Comparing the experi-
mental (fig 7) and theoretical distributions, we see that the left-hand tails of the curves are
very similar. However, the right-hand tail of the theoretical distribution generally extends
to higher losses than that of the experiment. This right-hand tail of high losses is responsi-
ble for the higher standard deviation of the theory as compared to experiment.

(U) Present plans call for an in-depth investigation of the BEARING STAKE dis- :
tribution functions. The main objective of the analysis will be to determine the statistical
distribution functions which best fit various subsets of the experimental data. The analyses
of standard deviations previously presented herein will provide guidance for this investigation.

2.4 (U) VALIDITY OF DATA SETS

(U) Although the major portion of the propagation loss data collected during
BEARING STAKE was found to be reliable and consistent, there were a few data sets at
four of the five sites that appeared to be in error or which were regarded with varying
degrees of suspicion as to their validity. The technique used for determining suspect data
sets was to examine the particular data set as a member in a matrix consisting of similar data
sets. Inconsistencies in propagation loss differences between receiver depths, frequencies,

32

CONFIDENTIAL .




CONFIDENTIAL

U

0.150

SITE: 18
EVENT: 18P1
. FREQ: 25 Hz

0.125 - RECEIVER: ACODAC 13
.- RANGE BIN: 150 km
STDDEV: 54

v

0.100 i~

0.070

NUMBER (NORMALIZED)

0.050 }-

.. 0.025 |-

ol LGV LTI T L]

-10.0 -50 0.0 50 100 15.0 20.0
PL DIFFERENCE (dB)

S

n”‘nv

e

-w

e e

¥ssr

Figure 5. (C) Histogram for the 150-km range-bin data pomnts
for event 1BP1 at 25 Hz. (C)

events at one site, and sites flagged potential errors. Questionable data sets are identified in
the individual site assessments of this report.

(U) The quality of some of the acoustic data provided in BEARING STAKE was
a source of considerable frustration to the analyst. Plans and delivery schedules were made,
understandably, under the assumption that the data would be perfect and would not have to
s be subjected to further examination for correctness. Such was not the case, although, in
retrospect, most of the data were good. Considerable time and effort were expended in
ferreting out bad or questionable data sets. The point here is not to berate the overall qual-
ity of the data. The errors uncovered were reasonable in terms of ihe vast volumes of data
involved in the entire BEARING STAKE exercise. It should be recognized, however, that
the chances of error are increased when different activities are involved in collecting data
and transcriptions of the data must be made. In order to minimize some of the problems
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Figure 6. (C) Histogram for the 200-km range-bin data points

for event 1BP1 at 25 Hz. (C)

encountered in BEARING STAKE, several procedures are recommended that should be
followed when the data collection/reduction is performed by one activity and the data
analysis by another.

An allocation of time and effort should be included for both data collector and
analyst for the purpose of checking the quality of the data. Provision should

be made for at least one iteration between data collector and analyst.

Contact between data collector and analyst should not be limited to handing
over and accepting the reduced data.
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® The data collector should be responsible for checking their data for errors or
potertial errors.

(U) There are several good examples of events illustrating the need for interaction
between data collector and analyst. The initial propagation loss data for the ACODAC at
Site 4 is one exampie. The data were analyzed at NOSC and the ACODAC propagation
losses appeared exceptionally high when compared to the BMA data. The differences be-
tween the ACODAC and BMA data increased as a function of frequency. Moreover, the
differences progressively increased with time in that the ACODAC losses got larger with
successive event. Early comparisons of the ACODAC data with theoretical models also
showed unbelievably iarge discrepancies in the ACODAC experimental data. ARL/UT, the
processor of the ACODAC data, was notified of these findings and they proceeded to re-
examine the original analog recordings of the ACODAC. ARL/UT determined that the
initial calibrate of the system at Site 4 was good but that subsequent calibrates showed a
progressive deterioration of the tape drive stability. The bandwidths used in the initial
processing were found to be too narrow, particularly at the high frequencies. Subsequently,
ARL/UT reproressed the tapes through bandwidths commensurate with t'.e instability of
the tape drive. The data appearing in this report are the result of this reprocessing.

(C) Another example is the exceptionally low experimental propagation losses at
25 Hz compared to the results of several models that were found in the early analyses of
the data. This led to a revision of bottom losses by ARL/UT and also to the realization that
a reappraisal of source levels is necessary.

(U) In addition to the comparison with models, there are two other ways in which
the validity of suspect data sets may be determined. The first is an examination of process-
ing procedures to determine that receiver sensitivities, source levels, calibrates, attenuator
settings, etc, were correct. The second is processing analog tape data for receiver depths
which were not included in the original processing.

(U) The limitation of the discussion of questionable data to a few data sets at each
site in this report does not mean that data sets not mentioned are correct. The discussion
is limited to flagrant cases. Analysis with models and the processing of additional BMA data
may well uncover additional anomalous data which may be subject to further examination.
No attempt was made in this report to examine individual data points for the CW events.
The analysis was confined to examination of entire data sets. An analysis of the statistical
distribution functions scheduled for FY80 will no doubt uncover individual “sour” ob-
servations which cannot be detected in an examination of averaged data points.
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3.0 (U) SITE 1 ASSESSMENT

3.1 (U) INTRODUCTION

(C) Site 1 was located at the mouth of the Gulf of Oman. The water depth at the
site was 3353 m and offered, bathymetrically, a flat seafloor to ranges of 277.8 km (150
nmi) to the east and west, and much longer ranges in a narrow corridor into the Arabian
Sea to the south. Site 1 was occupied twice — once in January 1977 (Site 1A) and once in
February 1977 (Site 1B). For the purposes of this report, the propagation loss assessment
for each time the site was occupied is discussed herein as a Site 1 occurrence and the site is
referred to as Site 1A or | B when needed to clarify a pcint.

(U) Figure 9 shows the physical configuration of the BMA installed at Site 1A. Also
included in the figure is the array configuration before installation on the seafloor. Figure 10
shows the BMA configuration installed at Site 1B.

(U) The geometry of the various propagation loss measurement runs (which con-
sisted of towed projector source runs and explosive sources (SUS) dropped from aircraft and
ships) for Site 1 is shown in figure 11. The runs conducted during 1 A and 1B are identified
as such in the figure.

(C) Typical and representative sound speed profiles taken at various ranges from the
bottom-mounted array (BMA) on all runs at Site 1 (1A and 1B) are shown in figures 12 and
13, 1espectively. All detailed sound speed profiles obtained at Site 1, as well as the profiles
obtained at the other four sites, were provided by the Naval Ocean Research and Develop-
ment Activity (NORDA) and reported in reference 10. Although the two tests at Site |
were conducted about a month apart (February and March), their sound speed profiles were
quite similar. The most noticeable difference was a slight surface duct for 1A (fig 12).
Otherwise, both profiles show that Site 1 was bottom limited for shallow sources.

(C) Tables 2 and 3 summarize the propagation loss data measured at Site 1 from the
projector tow runs with the CW source and the explosive charge (SUS) runy (table 2 is for
1A, and table 3 is for 1B). Similar tables are presented for the other four sites in their
respective assessment sections contained in this report Each table contains the following.

1. (C) The receiving hydrophone number and depth of the bottom-mounted
array (BMA) and, when applicable, the ACODAC receiving system.

2. (C) Run identification and range covered. The run identification consists of
- three parts: site, type of run, and run number. The type of run is indicated by a letter —

ST

G
1

D

i “P” for projector tow (CW), “S™ for SUs charge dropped by ship, or “A” for aircraft SUS
jw drop. For example, 1 BPS indicates that the run was at Site 1B, the source was the CW

3) projector, and the run was run 5 of a series. The range covered was either a short line run or
‘4." a circular run. For example, “10 — 165 km” indicates an opening run starting at 10 km and
53 ending at 165 km from the receiver. A closing run could appear as “210 - 6 km.” The term
j “Circular 139 km”’ indicates a circular run at a radius of 139 km from the receiver.

3. (C) Frequency, source depth, and the hydrophone(s) which recorded the data.
b

0
5,

10. “BEARING STAKE Exercise: Sound Speed and Other Environmental Variability (U),” by
D. F. Fenner and W. I. Cromin, Jr., NORDA Report 18, Scptember 1978, (CONFIDENTIAL)
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Figure 11. (C) Geometry of events conducted at Site 1 (1A and 1B). (U)

(U) The propagation loss assessment of Site 1 in this section discusses the depend-
ence of the propagation loss in regard to the following variables:

1. The selection of receiving hydrophones of the BMA to measure data

2. Receiver depth

3. Optimum receiver depths for bottom-limited environments
4. Comparison of events or runs

$.  Range and frequency

Questionable data sets for Site 1 are presented and an assessment of Site 1, based upon the
experimental data, is summarized. Finally, reccommendations for further data processing
of data from Site 1 are suggested.

3.2 (U) DEPENDENCE ON BMA RECEIVING HYDROPHONES

(U) At Sites I and 3, WECo processed data from two to four receivers which were
mounted on a nearly flat bottom and in close proximity to each other. This analysis of the
dependence on the BMA receiving hydrophones used at each site is important because it
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Figure 12. (U) Representative sound speed profile for Site 1A. (U)

indicates whether or not independent sets of WECo data taken under comparable conditions
are consistent.

(U) To determine the dependence of the BMA receivers used to measure propaga-
tion loss, the data from each receiver used were averaged for each 50-km range bin (or 30°
bearing bin). The differences between the averages of pairs of receivers were calculated and
then a grand average difference was computed by averaging the individual differences be-
tween all available range and bearing bins. To minimize the effect of environmental differ-
ences between receivers, each receiver was paired with its closest neighbor in range. When
only three receivers were available, the middle receiver was chosen as a reference and was
compared with each of the other two receivers.

(C) At Site 1A, data were reduced for three BMA receiving hydrophones mounted
on the ocean floor. The hydrophones were numbers 3, 5, and 8 (see fig 9). Comparisons of
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Figure 13. (U) Representative sound speed profile for Site 1B. (U)

propagation loss were made (based on four CW events) between number 5 and both num-
bers 8 and 3. The range displacement between receiver 8 and receiver 5 was about 40
metres. The range displacement between numbers 3 and 5 was about 24 metres. The depth
displacement for both comparisons was only 1 metre. The analysis showed that receivers 8
and 3 had low-frequency (25 Hz nominal) propagation losses which were, respectively, 1.0
and 0.5 dB greater than those of number 5. The differences for number 8 were based on
three range bins and 13 bearing bins. The differences for number 3 were based on three
range bins and four bearing bins. A Student’s t-test of the results indicated that the differ-
ences were significant at better than the 95% level.

(C) In addition, data were availabie from SUS evint 1AS] for receivers 8 and 5.
Comparisons of propagation losses were made for both .he 91- and 243-m shot depths. The
18-m shot depth data were too sparse for reliable comparisons. The 91- and 243-m shot
data were treated as independent samples with four range bins available for each shot depth.
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Table 2. (C) Summary of the propagation loss data set from the BMA
collected at Site 1 A from the projector (P) and SUS runs. (U)

BMA Hydrophone No 1 2 5 8
Depth (m) 2854 3249 3350 3351
Source
Freq (Hz) Depth (m)
Run 1AP2: 9-167 km
39 91 X X X
140 18 X
290 18 X
Run 1AP3: Circular 139 km
39 91 X X X
140 18 X
290 18 X
Run 1AP4: Circular 237 km
39 91 X X X
140 18 X
290 18 X
Run 1APS: Circular 148 km
25 91 X X X
140 18 X
290 18 X
Run 1AP7: 0-200 km
25 84 X X X
149 18 X
290 18 X
*Run 1AS1, 1AAl, 1AA3
20 X
50 X X X X
140 X
290 X

These were SUS runs. SUS depths were 18, 91, 243 m for ship runs (s) and only 18 and 91 m
for aircraft runs (A).

*Runs 1AS1: 207-0 km, Run 1AA1: 352-70 km, Run 1AA3: 0-579 km
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Table 3. (C) Summary of the propagation loss data set from thc BMA ..
A and ACODAC collected at Site 1B from the projector (P) and SUS
o runs. (U)

B A S A .

’ BMA Hydrophone No. 1 2 5 8 ACODAC
Depth (m) 2854 3249 3350 3351} 496 | 1685] 3321| 3351

Source
Freq (Hz) Depth (m)
I
Run 1BP1: 298 - 0 km

25 102 X X X Xi X X X
140 18 X X X X1 X X X
290 18 X X Xt X X X
Run 1BP2: 263 - 0 km )
25 100 X X X1 X X X
140 18 X X X X X X X
290 18 X X X X X X X

Run 1BP3: Circular 130 km

25 103 X1 X X X
140 18 X X XXX XX
290 18 X XXX} XX

Run 1BP4: 0 - 132 km

25 102 X X X X1 X X X
140 18 X X X X| X X X
290 18 X X Xt X1t X X
Run 1BPS: 0 - 137 km
25 102 X X X x| X X X
140 18 X X X X| X X X
290 18 X X X X1 X X
Run 1BS1: 0 - 292 km A
20 X -
¥ 50 X X
5. 140 X X
290 X X

This was a SUS run. SUS depths were 18, 91, and 244 m for ali frequencies.
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Based upon these eight bins, the propagation loss at 50 Hz was 0.4 dB greater for receiver 8
than for receiver 5. Student’s t-test indicated that the difference was also significant at
better than the 95% level,

(C) At Site 1B, data were reduced for three BMA receivers (1, 5, and 8) which were
mounted on the ocean floor as shown in figure 10. The range displacement between re-
cuiver 8 and receiver 5 was about 430 m. ‘The range displacement between receiver 1 and
receiver 5 was about 270 m. Corresponding depth displacements were 7 and 3 m. Compari-
sons of propagation loss were made based on five CW events and a total of 1! range bins and
2 beuning bins. Receiver 8 had losses which were ~0.2, 0.7, and —0.8 d B greater than those of
receiver 5 at respective frequencies of 20, 140, and 290 Hz. Receiver 1 had losses which were
-0.1 and 0.3 dB grcater than those of receiver 5 at respective frequencies of 25 and 140 Hz.
Student’s t-test indicated that the two smaliest absolute differences are not statistically signif-

icant whereas the three largest absolute ditferences are significant at better than the 95% level.

(C) Propagation loss data from SUS event 1BSI for receivers 8 and 5 were compared
for shot depths of 91 and 243 m covering a total of 12 range bins. Receiver 8 had losses
which were 0.2, 0.3, and —0.6 dB greater than those of receiver 5 at frequencies of 50, 140,
and 300 Hz, respectively.

(U) On the basis of the above analyses, it was concluded that the Student’s t-tests for
the Site 1 WECo data indicated that (although the differences were at most | dB) there was,
in most cases, a significant statistical dependence on which BMA receiving hydrophone was
used to determine propagation loss. These differences are most likely due to minor calibra-
tion errors in the receiver system, although we cannot absolutely rule out minor differences
in the actual propagation paths to the various receiving hydrophones.

(C) At Site 1B, additional comparisons were made between the measured propaga-
tion losses from a bottomed ACODAC receiver and WECo receivers 1, 5, and 8. The
ACODAC was in close proximity to the WECo receivers. An average V. ¥Co value, based on
the three receivers, was calculated for each 50-km range bin. Differences between the
ACODAC value and the average WECo value were determined for each range bin. These
differences were then averaged for 11 range bins that were available. The ACODAC propa-
gation losses were 1.5, 2.6, and 4.6 dB higher than the WECo propagation losses for fre-
quencies of 25, 140, and 290 Hz. respectively. Student’s t-test, calculated on the basis of
the 11 samples, yielded values in excess of 6, which indicates that the differences are all
highly significant. The reason for these differences between the ACODAC data and WECo
data is not known, and they should be investigated further. However, the fact that the
difference increases with increasing frequency suggests a difference in processing techiniques
rather than a calibration error as calibration errors would be random as to frequency.

3.3 (U) DEPENDENCE ON RECEIVER DEPTH

(U) At all BEARING STAKE sites. except Site 3, data were available for more than
one receiver depth. One of the most important features to establish at each site is the depend-
ence of propagation loss on receiver depth: i.c., which receiver depth was best and by how
many dB. The treatment of experimental data presented herein for Site 1 is essentially the
same as that to be presented for the other sites. Hence, the discussion of the data anaiyses,
both experimental and theoretical, will be more extensive in this section and not repeated
again when assessing the propagation loss for the other sites.
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(U) The receiver depth dependence for the CW events at Site 1A is given in table 4.
Two of the BMA receiving hydrophones (numbers 1 and 2) were suspended above the
seafloor. Receiver 1 was 496 m off the floor and receiver 2 was 100 m off the floor. Re-
ceivers 3, 5, and 8 were bottomed on the ocean floor.

Table 4. (C) Propagation loss differences between the average
value of the three bottomed receivers and other receivers for
Site 1A CW events. Receiver 2 was used, but the data are not
available. (U)

Event
BMA Receiver Receiver 1AP7 1AP3 1AP5
Number Depth (m) 25 Hz 39 Hz 25 Hz
1 2855 2.0 0.2 2.4
2 3251 — - —
3,5, 8 3351 0 9 0

(C) Asshown in table 4, and in all other tables to follow presenting receiver depth
dependence, the losses are normalized to that of one receiver depth or, as in the present case,
the average of the receivers at one depth. For each event. the propagation loss difference
between receiver depths is averaged over the available range bins. For example, the differ-
ence between receiver 1 and the average over the bottomed receivers was 2.0 dB for
event 1AP7. The value was obtained by computing the dB differences for each of the four
range bins of event 1AP7 and calculating the arithmetic average of these differences. Simi-
larly, the values for event 1 AP3 and event 1 AP5 were obtained by averaging differences over
four and three bearing bins, 1espectively.

(C) Thus, in the tables presenting receiver dependence, the propagation losses will be
referenced to the receiver depth with lowest loss. In the case of table 4, all the entries in the
data column are seen to be positive, indicating higher loss than the reference. In some special
situations, the receiver with the lowest loss may not be the reference. In that situation, there
will be negative entries indicating that such a receiver has a lower loss than the reference.

(U) The dashed lines shown in table 4 following BMA receiver 2 indicate that data
were not available for that recejver for this analysis. From ta e 4 it is seen that the
bottomed receivers had less loss than the suspended receiver for the events and frequencies
indicated.

(C) Table 5 presents the receiver depth dependence results for the SUS events at
Site 1A for 50 Hz. The aircraft SUS events used only two source depths (18 and 91 m)
whereas the ship SUS events also included a source depth of 243 im. The table shows the
results of a ship SUS event (1AS1) and the aircraft SUS events (1AAl, 1AA2). Event lAA2
is divided into two parts in the table. The data from the 100-350-km range bins are desig-
nated in the table as “1 AA2,1” and the data from the 400~600-km range bins as “1AA2,2.”
Analysis of table 5 indicates that the receiver depth dependence made a significant change
with range in event 1AA2. The table shows receiver 5 with the lowest propagation loss
except for event “1AA2,2,” which shows that receiver 2 had the lowest loss.
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Table 5. (C) Propagation loss differences between the BMA receiver with
lowest propagation loss ind other BMA receivers for Site 1A SUS events

at 50 Hz. (C)
BMA Hydrophone SUS Depth (m)
Event Numbe- 18 91 243
1 1.9 2.7 2.2
2 [ 2.6 1.2 1.7
1AS1 S o o o
8 0.2 0.4 0.4
1 3.2 43
2 4.0 1.9
1AAL 5 0 6 No Data
8 2.4 1.6
1 3.7 3.8
1AA2, 1 2 2.1 1.4
(100—350 km) 5 0 o | NoDaa
8 1.7 1.5
1 1.2 1.8
1AA2, 2 2 0 0
(400—600 km) 5 1.2 2.5 No Data
8 2.5 2.5

(C) At Site 1B, receiver depth dependence for the CW events conducted at the site
was based on data from the ACODAC system. Data from 4 of the 13 receiving hydropkones
of the ACODAC were processed. These wete ACODAC 2, 6, and 10, which were suspended
above the seafloor at respective depths of 496, 1685, and 3321 m, and ACODAC 13, which
was on the ocean floor at 3351 m. The results of compa..ng each of the suspended receivers
with the bottomed receiver are shown in table 6. The values in the table were obtained
by averaging over five range bins for event 1BP1I, three bearing bins for event 1BP3, and
two range bins each for events 1BP2, 1BP4, and 1BP5. At frequencies of 25 and 140 Hz,
the receiver with the lowest loss is generally number 10. At 290 Hz, it appears that num-
ber 2 has the lowest loss.

(U) The results shown in the preceding tables are best explained after a discussion
of a normal mode computer program utilized in this assessment report.
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Table 6. (C) Propagation loss differences between the bottomed ACODAC

receiver (13) and the other ACODAC receivers for Site 1B C+ events. The
negative values indicate the propagation loss was less than the bottomed

receiver. (U)

ACODAC Receiver .
Receiver Depth Frequency (Hz)
Number (m) Event 25 140 290
496 2.8 2.0 -1.0
6 1685 1BP1 2.6 3.0 0.6
10 3321 -0.3 ~-0.6 ~-0.5
13 3351 v 0 0
496 3.2 0.4 -2.0
6 1685 1BP2 2.9 1.8 1.U
10 3321 -0.9 -1.0 -0.6
13 3381 0 0 0
2 490 24 1.8 -0.8
6 1685 1BP4 2.3 1.8 0.4
10 3321 -0.3 -1.0 0.4
13 3351 0 0 0
2 496 1.4 2.8 -1.6
6 1685 1BPS 0.7 24 -1.9
10 3321 -1.0 -14 -2.6
13 3351 0 0 0
2 496 1.2 43 3.0
6 1685 I1BP3 1.4 4.5 3.8
10 3321 1.2 1.5 3.0
13 3351 0 0 0

3.3.1 (U) Normal Mode Discussion

(U) The normal mode program was used to investigate the dependence on receiver
depth not only to verify the experimentai data but also to establish the receiver depth de-
pendence over the entire water column.

(C) Figures 14 through 19 present the receiver depth dependence for frequencies of
25 and 50 Hz. The source depths are 18, 91, and 243 m, which correspond to the standard
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Figure 14. (C) Theoretical propagation loss as a function of receiver depta for
25 Hz for a source depth of 18 m. (C)
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50 Hz for a source depth of 91 m. (C)
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SUS source depths in BEARING STAKE. Propagation loss is shown as a function of receiver
depth at fixed ranges of 50, 100, 200, 500, and 1000 km. In these ccmputations, the normal
modes are added in random phase at the given ranges. This procedure averages out the de-
tailed structure of the phast d acoustic field and produces a good represetation of the depth
structure. This structure is an incoherent combination of the depth sti..ctuiice of individual
normal modes. The combined structure changes with range somewhat because the contribu-
tion of individual modes is affected by the mode attenuation. In figures 14 through 19, there
are scale breaks at 500 and 2900 m. The region between 500 and 2900 m shows very little
change and was not plotted in detail. However, the maximum value of propagation loss in
this interval is indicated between the scale breaks.

(C) The important features of figures 14 through 19 are summarized in table 7,
which presents the propagation loss at key depths minus the propagation loss at the ocean
bottom. In the table, depth numbers 2 to 5, 7, and 9 represent receiver depths at which
experimental data were taken at Site 1. The other depth numbers correspond to certain
critical depths and are best discussed by an examination of the figures progressing downward
from the ocean surface. Depth | represents the minimum propagation loss for recerver depths
less than 500 m. For figures 16 through 19, this is a receiver depth equal to the source depth.

(C) For figures 14 and 15, the minimum loss depth is the surface decoupling depth.
The surface decoupling depth is defined as the depth of the first (shallowest) antinode of the
mode depth structure. This depth of minimum propagation loss is a well known phenomenon
and is discussed in reference 11. Reference 11 also presents ruy theory models of surface
decoupling depths and decouphng losses, and describes the luss for receivers (or sources) at
depths shallower than the surface decoupling depth. Simply stated, the receiver depth with
minimum loss above the sound channel axis is the same as the source deptli when the source
depth 1s deeper thun the surface decoupling depth. When the source depth is shallower than
the surface decoupling depth, the minimum loss receiver depth is the same as the surface
decoupling depth. )

(C) Note in figure 14 that the decoupling depth at 25 Hz is about 30 m at 50-km
range and increases to about 55 m at 1000-km range This increase in depth with increasing
range occurs because the steeper-angle arrivals dominate at shorter ranges; the steeper the
angle, the smaller the decoupling depth. At long ranges, the bottom loss at steep angles
strips out these arrivals and the lower-angle arrivals dominate. These lower angles have larger
decoupling depths.

(C) Comparison of figures 14 and 15 shiows that the decoupling depth decreases with
increasing frequency. At 50 Hz (fig 15) the decoupling depth 1s 20 m at 50-km range and
35 m at 1000-km range.

(U) Thus, surface decoupling depths play a prominent role in the propagation effects
from near-surface sources.

(C) Referring back to table 7, now that the salient features of surface decoupling
depths have been discussed. we see that the mimimum loss entries for depth 1 are negative
except for the 18-m source depth at 1000-km range at 25 Hz. The propagation loss for
depth 1 is generally less than 1 dB smaller than the loss for the bottomed receiver except
for the 243-m source depth at 1000-km range, in which case the difference in loss is about
2 dB.

11. *“Low Fiequency Propagation Effects for Source or Receiver Near the Ocean Surface (U),” by
M. A. Pedersen, D F. Gordon, and D. White, NUC TP 488, September 1975
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(C) The sound speed model of table 7 utilized a sound speed at the 243-m source
depth of 0.2 m/s less than that at the ocean bottom. At 243-m depth there are some
acoustic paths which are not bottom reflected and have lower attenuation losses than those
steeper-angle paths which must reflect from the bottom to reach the bottomed receiver.
Hence, it is not surprising that the propagation loss at long ranges for a receiver at 243-m
depth is as much as 2 dB less than for a receiver at the ocean bottom.

(C) In the normal mode model calculations which resulted in the curves shown in
figures 14 through 19, there was a broad flat relative maximum in propagation loss for
intermediate depths. The maximum loss occurred at the sound speed axis, which was at
approximately 1900 m. In the depth interval from 1500 to 2000 m, the maximum loss
values for figures 14 through 19 were within 0.1 dB of each other. Depth 3 (ACODAC 6) at
1685 m falls into this interval. Thus, the entries in table 7 for depth 3 represent somewhat
greater losses than at the ocean bottom; with values ranging from 1.7 to 3.6 dB. Depth 2
(ACODAC 2) at 496-m depth has somewhat smaller propagation losses than depth 3 and
has greater losses than at the bottom. Depth 2 loss values range from 0.8 to 3.2 dB.

(C) Another feature of the depth structure curves is the “notch” of maximum loss
which appears in figures 14 through 17 slightly above the ocean bottom. The losses asso-
ciated with this notch are given in table 7 under depth 6. For example, the notch in fig-
ure 17 at a range of 1000 km appears at a depth 75 m above the ocean bottom and 1s listed
in table 7 with a propagation loss which is 4.0 dB greater than at the ccean bottom. In fig-
ures 18 and 19, in which the notch is not apparent, the values entered in table 7 for the
243-m source are for the largest loss for receiver depths below 3100 m.

(U) The notch plays a significant role in the consideration of optimum receiver
depths for bottom-limited propagation. However, the importance of this notch with respect
to source depth and frequency is best discussed after a physical interpretation of what causes
the notch is presented.

(U) Assume a receiver 1s suspended near, but off, the ocean bottom. Couched in
terms of ray theory, a ray headed downward toward the receiver will be out of phase with a
ray which has reflected from the ocean bottom and headed upward to the receiver, and
destructive interference will result. This interference occurs at depths below the notch. It
is beyond the scope of this report to model exactly where the nctch occurs. However. notch
behavior is somewhat analogous to surface decoupling behavior since both concern inter-
ference phenomena between upgoing and downgoing rays. Thus, we should expect the notch
to be closer to the bottom for steep-angle propagation paths and, also, for higher frequencies
This is indeed the case.

(C) In figures 14, 15,16, and 17, the above-bottom depth of the notch for ranges
from 50 to 1000 km varies from 29 to 49 m. 18 to . + m, 85 to 100 m. and 75 to 80 m,
respectively. Note that the notch is always closer to the bottom at 50 Hz than at 25 Hz.
The notch is also closer to the bottom at shorter ranges corresponding to steeper propagaticn
paths. Additionally, the notch is closer to the bottom for the 18-m source depth because
the dominant paths are steeper for the 18-m depth than for the 91-m depth. This is a very
important feature and is discussed later in this report.

(C) Again returning to the discussion of table 7, the maximum losses for depth 6
range 2.6 to 5.5 dB greater than the losses for the bottomed receiver for source depths of
18 and 91 m. Depth 4, the BMA receiver 496 m off the bottom, is well above the notch
depth. Depth 5. the BMA receiver 100 m off the bottom, is slightly above the notch for the
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91-m source depth at 50 Hz. This receiver is well above the notch for the other given
conditions. Depth 7, the ACODAC receiver 30 m off the bottom, is critically located with
respect to the notch for the 18-m source depth in the following manner. At 25 Hz, depth 7
is in the notch for the 50- and 100-km ranges. At 50 Hz, it is located below the notch at the
50-, 100-, and 200-km ranges, in the notch at 500-km range, and above the notch at 1000-km
range.

(C) The last major feature of interest is the relative minimum in propagation loss
which appears just above the bottom at all ranges in figure 16 and at ranges of 500 and
1000 km in figure 17. These values are listed in table 7 under depth 8. For example, in
figure 16 at 1000-km range, the propagation loss at a depth about 20 m off the bottom is
0.8 dB less than that for a bottomed receiver. This relative minimum in propagation loss
appears to be related to the fact that the phase shift on bottom reflection is negative for the
dominant ar..vals. The upgoing and dowgoing arrivals are exactly in phase for a short dis-
tance above the bottom where the positive phase change due to travel-time difference equals
the negative phase shift upon reflection at the bottom.

(C) The last entry in table 7, depth 10, is the dB spread over the other depth num-
bers. 1t represents the difference between the maximum and minimum propagation loss for
receiver depths from the surface decoupiing depth to the ocean bottom. The important
feature of this entry is the small dependence on receiver depth. Values range from 2.9 to
5.7 dB, with 79% falling between 3.2 and 4.2 dB.

3.3.2 (U) Discussion of Receiver Depth Dependence

(C) The results of experiment and theory pertaining to receiver depth dependence
for Site 1A are presented for comparison in table 8, The table shows the experimental
propagation loss differences between the suspended BMA receivers and the bottomed re-
ceiver as we!ll as the differences determined by normal mode theory. The experimental
result at 25 Hz is a weighted average of the differences for events 1AP7 and 1 APS shown
oreviously in table 4. The experimental results at 50 Hz were obtained from event 1AS1 of
table 5 by subiracting the average of receivers 5 and 8 (0.2) from the ontries for receivers |
and 2. Th. normal mode results in table 8 were determined from the results of table 7.
These theoretical results represent weighted averages taken over the range of the experi-
mental results.

(C) The agreement between experiment and theory for BMA receiver 1 is quite
remarkable; they are within 0.2 dB of each other. The agreement is not quite as good for
BMA receiver 2, but certainly acceptable. Notice that botl: +heory and experiment yielded
somewhat smaller differences for BMA receiver 2 when compared to BMA receiver | at
50 Hz. It is unfortunate that there were no processed data at 25 Hz for BMA receiver 2,
since they would have provided an excellent check of the ncrmal mode theory, which had
predicted a larger velue for BMA 2 than for BMA 1 at 25 Hz.

(C) Table 9 shows the difference between the bottomed receiver and other ACODAC
receivers for Site 1B as determined by experiment and normal mode theory. Each experi-
mental result is a weighted average of the number of range bins used in the events shown in
table 7. The normal mode results of table 9 were derived from computations for a source
depth of 102 m, which was appropriate for the CW source at 75 Hz. Agreement between
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p T Table 8. (C) Propagation loss differences between the bottomed BMA receiver
and other receivers at Site 1A for both experimental data and normal mode
{ A theoretical results. (U)
foaw
Z Experimental Normal Mode
H Source Depuir (m) 91 91 243 91 91 243
% Frequency (Hz) 25 50 50 25 50 50
.. BMA Receiver
Number Depth (m)
1 2855 2.2 2.5 2.0 2.0 2.6 1.9
2 3251 — 1.0 1.5 2.4 1.5 0.6
. 3,5, 8 3351 0 0 0 0 0 0
Table 9. (C) Propagation loss differences between bottomed ACODAC
receiver and other ACODAC receivers at Site 1B for experimental data
and normal mode results. The source depth is 102 m. (U)
N Expenmental Normal Mode
. Frequency (Hz) ——~e—m» 25 140 290 25 50
. i ACODAC Receiver
’ Number Depth (m)
P
t 2 496 2.3 23 -0.3 1.6 2.3
:K xs
6 1685 2.1 2.9 1.0 2.0 2.7
: 10 3321 -0.2 -0.4 0.1 -0.2 0.9
¢ an
' 13 3351 0 0 0 0 0

the experimental and theoretical results at 25 Hz for Site 1B is again quite good. The
experimental data even appear to verify a relative minimum in propagation loss about 30 m
off the bottom. Normal mode results for 50 Hz are also shown in table 9. The purpose of
this calculation was to determine whether or not there were drastic changes in the propaga-
tion loss difference with frequency. As can be seen in table 9, the 50-Hz results appear
similar to the experimental results at 140 Hz for ACODAC 2 and 5. Normal mode calcula-
tions were not made at higher frequencies than 50 Hz because the large number of modes
generated by the program required more computer core storage than was available.
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(C) The experimental depth dependence at 290 Hz shown in table 9 is quite different
from that at 25 and 140 Hz. However, the 290-1:z data are suspect on threc different counts.
The first is the different character of the depth dependence shown in table 9. The second is
that the propagation loss for ACODAC 13 at 290 Hz was 4.6 dB greater than for two bottom-
mounted BMA hydrophones (discussed in the preceding section on Dependence of BMA
Receiving Hydrophones). The third is that the variance of the 290-Hz data set was found to
be significantly higher (50% higher) than for 25 and 140 Hz. In fact, the variance of the
290-Hz data set was larger than the variance of any other BEARING STAKE data set for al!
sites and frequencies. Any one of the above three anomalies might be accepted, but taken
togethe, they cast strong doubts on the data set,

(C) From this discussion on dependence of receiver depth, we can conclude that if
differences of several dB in propagation loss are of small concern any receiver depth which
avoids the near-surface region would be suitable at Site 1. The maximum variation in propa-
gation loss with receiver depth for Site 1 was no more than 5 dB. This limit in variation
applies only to source depths no deeper than 243 m. For deeper source depths near the
axis of minimum velocity, the propagation conditions cease to be bottom limited, and near-
axial receiver depths would have a distinct advantage over near-bottom receivers.

3.4 (U) OPTIMUM RECEIVER DEPTHS FOR BOTTOM-LIMITED
ENVIRONMENTS

(C) This section is a discussion of optimum receiver depths based on the normal mode
analysis of Site 1B. Although it remains to be verified, the general results contained in the
discussion will apply to other bottom-limited areas with low bottom loss; in particular, the
Indus Fan.

(C) If optimal receiver depths are desired, there are several choices. The minimum
propagation loss often occurs at a receiver whose depth is the same as the source depth.
However, this is not a practical choice for a fixed installation and, moreover, requires
knowledge of the source depth. The smallest propagation loss below the sound speed axis
occurs at the ocean bottom or slightly above it. In any case, as shown previously in table 6,
the propagation loss at the ocean bottom is within 1 dB of the minimum propagation loss.
Thus, bottom-mounted receivers are a good practical choice from the standpoint of mini-
mum propagation loss.

(C) From the standpoint of signal-to-noise ratio, there is perhaps an even better
choice. The noise generated by distant shipping may be reduced by positioning the receiver
in the propagation loss “notch” described earlier for shallow sources. Computations for a
source depth of 6 m are plotted in figures 20 and 21, and they show that the notch is in the
identical location as for a source depth of 18 m (fig 22). The implication is that if the
source is in the surface decoupling region, the location of the notch is independent of source
depth. The reason for this property is that the dominant arrival angles apparently do not
change significantly with source depth in this region. In contrast, for source depths below
the surface decoupling region, the location of the notch shifts with source depths. Thus, a
notch should occur at the same depth in the noise field from surface vessels of various
drafts, and appear at different depths if a target submarine is deeper than the decoupling
depth.
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(C) The above concept is illustrated in figure 20 which depicts the vropagation
loss difference between a noise source at 6-m depth and a target source at 91-m depth at
a frequency of 25 Hz. The target is assumed to be at a fixed range of 200 km. The differ-
ence in propagation loss is shown as a function of receiver depth from the ocean bottom,
Each curve represents a different range for the noise source, starting at 50 km and progress-
ing in increments of 50 km to a maximum range of 1600 km. The difference in propagation
loss can be interpreted as signal-to-noise ratio for noise and target sources of equal strength.
Thus, the magnitudes shown in figure 20 are not too meaningful; it is the relative values
as a function of receiver depth which are important, as this applies not only to noise sources
.. of various levels but also to multiple noise sources. For example, consider a receiver depth

30 m off the ocean bottom as shown by the horizontal line in figure 20. This depth is near
optimum for noisz generated at about 100-km range. For the noise ranges of figure 20,

“n this recerver depth represents a 2.5-3.0-dB improvemen: in SNR from that for a receiver
on the ocean bottom.

(C) Furthermore, note that the relative maximum of the curves in figure 20 moves

. increasingly above the ocean bottom as the noise range increases. This is because the notch,
as illustrated previously in figure 14, shoals as range increases. Note also that there is a
relative minimum in the curves which occurs about 93 m off the ocean bottom. This depth
corresponds to the notch in figure 16 at 200-km range for a target depth of 91 m. The
depth and noise of the target will affect the depth of this relative minimum. However, there
will be no appreciable effect on the relative maximum as long as the target deptn is below
the surface decoupling depth.

(C) Figure 21 is similar to figure 20 except the range of the noise source is fixed at
200 km and the range of the target is allowed to vary. In this case, the relative maximum
of the curves is independant of target range.

(C) Figure 22 is similar to figure 21 except thie noise depth is 18 m rather than 6 m.
The shapes of the curves in both figures are almost identical. The magnitudes differ because
the propagation loss for the 6-m noise sourcc is greater (because of surface decoupling) than
that for the 18-m noise source.

. (C) Figure 23 shows the loss curves for the same noise and target depths used to
generate figure 20. Frequency is 50 Hz instead of 25 Hz. The horizontal line is for a

. receiver depth 18 m off the ocean bottom and is the optimal depth for noise at a range of

300 km. This depth represents a 1.5-3.5-dB improvement in SNR from that of a receiver

on the ocean bottom.

.. (C) Several drawbacks in this discussion of optimizing SNR become apparent in
analyzing figures 20 and 23. The first is that the optimum receiver depth moves with fre-
quency. Thus, we must either optimize for a particular frequency or else use multiple

.. depths, with each depth optimized for the frequency of interest. Another dsawback is that

in figure 23 the optimum depth appears to be more severely dependent on range than that

of figure 20. This may not be a significant drawback if the predominant shipping noise can
be predictable in range.

(U) Finally, in this discussion of optimizing SNR, the method of noise reduction
relies on the fact that the principal arrival angles at the ocean bottom are different for
shallow sources and deep sources. The process of slope enhancement (wherein the slope of
the ocean bottom converts noise arrivals from steep to shallower angles) will tend to de-

o grade this method. Experimental measurements of noise are necessary to determine this

fL degradation.
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Figure 20. (C) SNR for a noise source at 6-m depth and a target source at
91-m depth for 25 Hz, The SNR 1s shown as a function of receiver depth
from the ocean bottom. Range of the target is fixed while the range of
the noise source vanes (C)
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Figure 22. (C) SNR for a noise source at 18-m depth and a target source at
91-m depth for 25 Hz. Range of the noise source is fixed while the range of
the target varies. (C)
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Figure 23. (C) SNR for a noise source at 6-m depth and a target source at
91-m depth for 50 Hz. Range of the target is fixed while the range of the
noise source varies. (C)

3.5 (U) DEPENDENCE ON EVENTS

(C) In the assessment of propagation loss for each BEARING STAKE test site, it
is important not only to determine the best receiver depth at a site but also to show the
differences (if any) in propagation characteristics between various events conducted at a
given site. This comparison between events will give indications of how homogeneous
(or inhomogeneous) the propagation is in different directions from the location of the
1eceiver. The best receiver depth for each event will be used as the basis for comparison of
propagation loss. In the case of SUS events, the 91-m SUS depth will always be used for
all frequencies. The 18-m SUS depth data are toc sparse to use for comparison of events.

(U) Figures 24, 25, 26, and 27 show propagation loss for the receiver with lowest
propagation loss as a function of range for all the events conducted at Site 1 (1A and 1B).
The receivers at this site were BMA receivers on the ocean botton. Figure 24 shows
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propagation loss for frequencies between 20 and 40 Hz. Figure 25 covers the frequencies .
between 130 and 150 Hz and figure 26 the frequencies between 290 and 310 Hz. Fig-

ure 27 shows only the propagation loss at 50 Hz and is based on SUS events only. The curve

plotted along with the 50-Hz results is the Eleuthera reference. The results at other fre- .-
auencies will be compared to this reference later in this report.

(U) The spread of values for the arc or circular events is plotted at the nominal
range of these events and ncted as such in figures 24 to 26.

(U) In order to assess the dependence of events at Site 1, the events were ranked
according to propagation loss for each frequency. However, before the rankings were made,
the validity of the propagation loss data and results had to be considered.

(C) Forinstance, in event 1AAl, only the data points out to and including 150 km
were used to determine its ranking because analysis of the bathymetry for the event showed
that the event was not conducted as planned. The test plan called for the event to proceed
due north to the receiver location along the track, labeled 1AA1S in figure 11. The bathy-
metric profile for this event (appendix A4, fig A-1) indicated that there were deviations from
the plan and that the event was radial only from 150 km to the receiver. This made the
event very complicated and ill suited for good quantitative measures of propagation loss
beyond 150-km range.

(U) There were other complications which made a rigorous comparison between
events difficult. One was the fact that the SUS data had somewhat higher loss than the
corresponding CW data. This was discussed earlier in the Data Consistency section of the
report.

(C) Another complication was that at Site 1B, the source was operated at 102-m
depth and the source depth at Site 1A was 91 m.

(C) Finally, at Site 1A, the CW sources at 140 and 290 Hz were operated at 24-m
depth rather than the 18-m depth used at Site 1B and all the other sites.

(C) The ranking of the Site 1 radial events, complications notwithstanding, is shown
in teble 10. The table shows the ranking of the various events for low frequency (20-40),
140, 290, and 50 Hz. The best events, in terms of low propagation loss overall for all four
frequencies, are 1BP1 and 1AA2. It is difficult to say for certain which of the two events
1s best because the levels of 1 AA2 should be raised somewhat to account for typical differ-
ences between SUS and CW events. Both events were conducted over essentially flat
bottoms from 250 km to the receiver. (See appendix A for bathymetric profiles of all the
events conducted in BEARING STAKE.)

(C) The three next best events in the overall ranking are 1AA1, 1BP2, and 1BP4.
As shown in figure 11, all three events had a southerly direction from the basin center. The
bathymetric profiles for events 1AA1, 1BP2, and 1BP4 were essentially flat out to ranges
of 220. 75, and 75 kin, respectively. For the latier two events, there was only a slight rise
in bathymetry.

(C) Finally, the events with the largest overall propagation losses are 1BP5 and
1AP2. These two events ran in a northerly direction from the basin center and proceeded
up the continental shelf (see fig 11). The bathymetric profiles of the events were essen-
tially flat out to about 65 km and then proceeded abruptly up the continental rise with
slopes as high as 5°.

(C) The arc (or circular) events at Site | support the ranking of events in table 10.
The highest propagation losses occurred in event 1AP3 due north of the receiver location,
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Table 10. (C) Ranking of events at Site 1. The dash () indicates
that the data were not processed for the particular event and
frequency. (L)

Low
Rank (20 - 40 Hz) 140 Hz 290 Hz 50 Hz
1 1BP1 1BP1 1AA2 1AA2
2 1AA2 1AA2 1AP7 1BSI
3 1AAl 1BP2 1BP1 1AAl
4 1BS1 1AAl 1AS1 1AS1
5 1BP2 1AS1 1AAl —
6 1BP4 1BP4 1BP2 —
7 IBFS 1BPS 1BP4 —
8 1AP7 LAP7 1BPS —
9 1ASI 1AP2 1BS1 —
10 1AP2 1BS5 - —_

where the ocean bottom shallows to less than 1500 m. Similarly, the highest losses for
event 1APS occurred at the northernmost section of the event, where the bottom shallows
to about 2500 m. For event 1AP5, exceptionally high losses occurred at 290 Hz (see fig
26) and appear too great to justify on the basis of bathymetiry alone. It is not clear, at the
present time, why larger losses occur at 290 Hz for event 1APS than for event 1AP3, which
penetrated further 21p the continental rise.

(U) The losses for the final arc event 1 BP3 appear to be comparable to the range bin
results of the radial events. In general, the higher losses for event 1BP3 are along the end
which connects to event 1 BP4, with the lower losses connecting to event 1BP2. Note that
1BP4 is ranked lower than 1BP2 in table 10.

(C) Thus, the propagation characteristics ot Site 1, located in the Oman Basin, can
be summed up as follows

1.  (C) The lowest losses occur along the floor of the basin.

2. (C) Somewh.t higher losses occur in the southern portion of the basin, where
the bottom sl .llows.

3.  (C) The largest losses occur to the north of the basin towards the continental rise.

(U) As mentioned before, the rankings in table 10 were based on propagation losses
for each event. There were four events — 1AP7, 1AS1, 1BP1, and 1BS1 — which ran over
cssentiiplly the sa.ae vatnymetry. We should assume that the propagation losses would be
about the same and that. in rank order, these four events would be clustered. However, this
was not the case, as can be seen by the spread in their rankings in table 10.

(U) A detailed analysis of the four events was made to determine the cause for the
spread 1n ranking. The analysis consisted of four tests made between the various data sets to
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help determine a logical explanation for the spread. (These tests were utilized for analysis
of events at the other sites whenever applicable.)

(C) Test 1 was a comparison between the propagation losses between the SUS and
CW events at Site 1A and, also, at Site 1B. Although there may have been variations between
the sound speed profiles for each event that may have had some effect on propagation, these
variations were considered to be insignificant to the analysis at hand. The propagation loss
differences between the SUS (1AS1) and the CW (1 AP7) events at Site 1A were 0.2, ~0.8,
and 3.0 dB for 25, 140, and 300 Hz, respectively. Corresponding values for Site 1B were
0.3, 3.2, and 4.2 dB. Typical values obtained for all sites were 1.4, 1.1, and 2.0 dB for the
same respective frequencies.

(C) Test 2 was a comparison between the propagation loss of the 91-m depth and the
243-m depth SUS shots. The propagation loss differences for SUS event 1A31 vere 2.8,
-0.4, 1.6, and 4.1 dB for 20, 50, 140, and 300 Hz, respectively. Corresponding values for
event 1BS1 at Site 1B were 1.9, 0.3, 3.0, and 4.6 dB. The typical values for all SUS events at
all sites were 2.7, -0.4, 1.9, and 2.8 dB for the respective frequencies.

(C) Test 3 was a comparison between the propagation loss for CW events 1 AP7 and
1BP1. The loss differences between the two events were 0.9..  and 1.6 dB for 25, 140,
and 290 Hz respectively.

(C) Test 4 was a comparison of the propagation loss difference between SUS events
1ASI and 1BSI1 for 91- and 243-m depth. The differences for the 91-m depth shots were
0.7,-0.1,-2.5, and -2.2 dB for 20, 50, 140, and 300 Hz, respectively. The corresponding
values for the 243-m depth shots were 0, 0.3, -0.3, and ~1.9, respectively.

(U) The negative values of the results in the above four tests indicate that the first
event mentioned in each test had less 1oss than the second event.

«C) In analyzing the results of the above four tests at frequencies of 20, 25, and
50 Hz, it was noted that the differences all lie within the experimental error which could be
attributed to receiver system errors. Thus, at these frequencies, propagation loss differences
between Site 1A and 1B are not significant. The differences between the SUS and CW events
were typical to those at other sites and were within the experimental error.

(C) In contrast, the data at 140 and 290 Hz arc in conflict with one another. Test 3
indicates that propagation conditions were better at Site 1B than at Site 1A at 140 Hz and
worse al 290 Hz, whereas test 4 indicates that both frequencies were better at Site 1A.
There is ¢bviously some error in the propagation loss results. To determine whether errors
existed, some reasonable assumptions were made to see what changes could be made in
adjusting propagation loss which would bring the results i*..o line within experimental error.

(C) At 140 Hz, the ranking of events in table 10 has 1BP1 and 1AS1 near the top of
the rankings. Assume that the lousses for these two events are correct. If the assumption is
made that the propagation losses for events 1BS1 and 1AP7 are 2 0 dB too high, there is
agreement then with the typical site result of test 1 to within 0.1 dB. These assumed errors
in propagation loss yield a value of 2.0 dB for test 3 and -2.0 dB for test 4 for the 91-m
depth shots. These values are within the experimental error of 2.6 and -2.5 dB. Consider
then the 243-m shot data at 140 Hz. Test 2 indicates that the difference between 91- and
243-m shots for event 1AS1 is typical of other sites. Thus, the propagation losses for 243-m
shots for event 1 AS] are correct. Now, assume that the propagation losses for the 243-..
shots for event 1BS1 are 0.3 dB too high. This assumption leads to a value for test 4 of
0.3 dB within experimental error of the measured value. It also leads to an adjusted value
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for test 2 of 3.0 dB (experimental value) minus 2.0 dB (assumed correction at 91 m) plus
0.3 dB (assumed correction at 243 m), which equals 1.3 dB; this is within experimental
error of the typical value of 1.9 dB.

(C) At 290 Hz, consider the following assumptions which were derived by minimiz-
ing the various errors: losses for 1BP1 are correct and losses are too high for events I BS1,
1AP7, and 1AS] by 2.4, -1.0, and 0.6 dB, respectively. These assumptions lead to a value of
—1.0 dB for test 3 compared to a measured value of ~1.6 and to a value of —1.8 dB for test 4
compared to a measured value of =2.2 dB. Test 1 for Site 1A leads to a value of 1.4 dB
(3.0-0.6-1.0) compared to a typical site value ot 2.0 dB. Test 1 for Site 1B leads to a value
of 1.8 dB (4.2 - 2.4) compared to a typical site value of 2.0 dB.

(C) Furthermore, consider the 243-m shot depth at 290 Hz. Assume that the losses
for events 1BS1 and 1ASI are 0.9 and ~0.8 dB too large, respectively. These assumptions
lead to a value for test 4 of ~1.7 dB compared to a measured value of —=1.9 dB. Test 2 for
Site 1A leads to an adjusted vatue of 2.5 dB (4.1 — 2.4 + 0.8) compared to the typical site
value of 2.8 dB. Test 2 for Site 1B teads to an adjusted value of 3.1 dB (4.6 -2.4 + 0.9)
compared to the typical site value of 2.8 dB. Thus, the assumptions at 290 Hz have led to
adjusted values which agree within experimental error of the measured values for !l four tests.

(C) In summary, the event with the targest error, at 140 and 290 Hz, is { BS1. Esti-
mated errors for 91-m depth are 2.0 and 2.4 dB. respectively, at 140 and 290 Hz, which
explains the low ranking of this event in table 10. Corresponding errors for 243-m depth are
0.3 and 0.9 dB. The estimated errors for event 1AP7 are 2.0 and -1.0 dB, respectively, at
140 and 290 Hz, which explains the relatively low ranking of the eveat at 140 Hz and the
relative high ranking at 290 Hz in the 1able. The losses for event 1 ~S1 appear to be correct
at 140 Hz and too high at 290 Hz by 0.6 and 0.9 dB for the 91- and 243-m depths, respec-
tively. The losses for event 1 BP1 appear correct at both 140 and 290 Hz.

(C) All the above estimates are based on the hypothesis that the propagation condi-
tions at Site 1A were not significantly different than at Site 1B. In any case, it is believed
that the levels at 140 and 290 Hz for the 91-m shots in event 1BS1, and the 140-Hz levels
in 1AP7, are definitely in error by about 2.0 dB. The 243-m shot data at 290 Hz in events
1BS1 and 1ASI are possibly in error by about 1.0 dB and the 290-Hz data for event 1 AP7
are possibly in error by 1.0 d8B.

3.6 (U) DEPENDENCE ON RANGE AND FREQUENCY

(U) In this section, compansons of the best event at Site 1 for each of the frequen-
cies are made with the Eleuthera reference (hereafter referred to as the “reference”). The
discussion is somewhat abbreviated herein since a subsequent section in this report provides
a detailed analysis of the data based upon the collective sites.

(C) The propagation loss at Site 1 A and 1B is listed in tables 11 and 12, respectfully,
for the CW event with lowest propagation loss at frequencies of 25, 140, and 290 Hz, and
for the SUS event at 50 Hz.

(C) The propagation loss values for 25, 140, and 290 Hz are plotted and compared
to the reference in figure 28. The slope of the 25-Hz losses is much less than that of the
reference and suffers 12-dB less propagation loss at the maximum range shown. The slope of
the 140-Hz losses is slightly less than that of the reference; loss values for Site 1B range from
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Table 11. (C) Propagation loss results of the best CW
events at Site 1A, (U)

Propagation Loss (dB)
Range Event: 1AP7 Event: 1AP7 Event: 1AP7 Event: 1AA2
(km) Freq: 25Hz Freq: 140Hz Freq: 290Hz Freq: SOHz
50 78.8 84.5 82.6 _
100 82.0 89.4 88.8 83.6
150 83.7 89.8 92.6 88.2
200 — — — 88.9
Table 12. (C) Propagation loss results of the best CW
events at Site 1B. (U)
Propagation Loss (dB)
Range Event: 1BP1 Event: 1BP1 Event: 1BP! Event: 1BSI
(km) Freq: 25Hz Freq: 140Hz Freq: 290Hz Freq: 50Hz
50 77.5 82.5 84.3 81.7
100 80.9 85.0 91.2 85.0
150 83.5 88.4 93.4 87.8
200 84.2 91.0 96.6 89.9
250 85.2 94,4 99.0 91.0

0 to 4 dB less while the loss values for Site 1A straddle the reference. However, as previ-
ously discussed, these losses are estimated to be 2 dB too high and are suspect. The slope at
290 Hz is comparable to that of the reference, with loss values for Site 1B larger than those
of the reference by 1 to 2.5 dB. The loss values for Site 1A are less than 1 dB smaller than
those of the reference but are suspect because these losses are estimated as being 1 dB too low.
(C) The 50-Hz data were compared with the reference previously in figure 27.
Event 1AA2 was not compared beyond 200-km range because of the seamount crossing
previously discussed. The 50-Hz losses appear comparable to those of the reference when
slopes are compared. However, the losses for event 1AA2 are from 4 to 6.5 dB less than
those of the reference, and the losses for event 1BSt are from 0.5 to 5.5 dB less. In compar-
ing frequency data, it must be recalled that the 50-Hz data are from SUS events while the
other frequencies are for CW events, and that the SUS data are not as reliable as the CW data
because the SUS sampling was sparser.
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Figure 28. (C) Propagation loss curves for 25, 140, and 290 Hz plotted
against the Eleuthera reference curve. (C)

3.6.1 (U) Comparison of Experimental Results with Theory

(U) This section is unique to Site 1 and is concerned with a comparison between the
experimental and theoretical dependence of propagation loss on range and on source depths
at low frequency. It has already been shown that the normal mode model gave good agree-
ment with experiment in the dependence of propagation loss on receiver depth.

(C) Figure 29 shows propagation loss at 25 Hz as a function of range for various
theoretical and experimental data from Site 1. The particular event used in this case is
event 1BP1. The BMA experimental results are based on the averase for three bottomed
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Figure 29. (C) Propagation loss as a function of range for various theoretical
and experimental data results from Site 1. (U)

receivers and the values listed in table 12 under the 25-Hz column. The ACODAC experi-
mental results are frum receiver 13 mounted on the ocean bottom and were obtained by

p2 averaging of the raw ACODAC data. The normal mode theoretical calculations are based
on coherent calculations for propagation loss. The normal mode results were p2 averaged in
5$0-km range bins, couverted to propagation loss, and plotted. The normai mode model was
also used to calculate reflection coefficients at the ocean bottom. By using these coeffi-
cients and a representative sound speed profile for Site 1B, propagation losses were com- ..
puted with the RAY W..VE model at 2-km range intervals. The RAY WAVE data were also
p2 averaged in 50-km range bins and plotted in figure 29. This procedure allows a compari-
son between normr al mode and RAY WAVE for a comparable environmental input.
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(C) Statistical analysis of the data shows that the differences between experiment
and model results in figure 29 are not ranse dependent. The average experimental losses for
the five range bins are 2.6 and 1.3 dB smaller than losses arrived at by mode theory for the
BMA and ACODAC datu, respectively. Corresponding standard errors of the mean were
0.5 and 0.4 dB.

(C) Figure 19 shows also that the experimental losses are about 4 to 5 dB less than
: . those predicted by the RAY WAVE muodel. This discrepancy was investigated and is dis-

cussed in detail in the section of th'. report entitled ‘“Propagation !.oss Model sssessment.”
in brief, the investigation identified four separate ractore, each of which could reduce the
discrepancy between experiment and theory by ! or 2 dB. These four factors were:

1. (C) The bottom loss values used in the models were too high.

2. {C) The models sum up the energy incoherently.

3. (C) A biasing 1n duta processing procedures of the different receiving systems.
4. (C) Errors in estimations of source levels.

(U) The above four factors are presently being thoroughly examined to determine
their influence as related to the general ccmparison between experiment and models at the
various BEARING STAKE sites. It should be noted that factors 1 and 2 are corrections to
the model inputs or modes and factors 3 and 4 represent corrections to the experimental
data. When the study is completed, the entire prcblem of the discrerancy between the CW
experimental re_ults and theory will be re-examined and assessed. An assessment, however,
can be made of the SUS events as compared with norimal mode theory.

(C) Figure 30 compares the experimental propagation loss results from the SUS
data for 20 Hz at Site 1B with propagation losses ‘rom the normal mode model. The experi-
menta)} values represent averaged values in 50-km 1ange bias. The normal mode results were
calculated by adding modes in random phase rather than averaging the coheren. results in
bins, to allow for calculations of propagation loss as a continuous function of range. The
random phase addition preserves the standing wave patterns (which include bottom and
surface effects), which are not preserved in incoherent ray theory models without some
special provision.

(C) Values for the standard shot depths of 18, 19, and 243 m are presented in
rigure 30. Al the data are for bottomed BMA receivers. In comparing experiment to
theory, the shoc data for event 1 AA2 beyond 200-kmm range were not included in the analy-
sis because of a seamount obstruction. Similarly, the data for event 1AA1 beyond 150 km
were not included because of a ridge.

(C) Figure 31 1s the counterpart for 50 Hz of figure 30. Analysis of the differences
between theory and experiment shows that there appear to be no significant trend with range
and no appreciable dependence on event. The data for all availa. le range bins and all events
were combined to produce an average difference between theory and experiment Jor each
source depth and each frequenzy.

(C) Table 13 presents the results ~i the analysis. The average difference values
represent range-independent offsets between theory and experiment. The relatively small
values of the standard errors contain all residu..] range and event dependence and indicate
that the offsets are statistically significant. The 18- and 91-m values at each frequency are
based on independent data from 16 range bins while the 243-m values are based on 10
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lqblc 13.(CO) The average difference between theoretical and experimental
propagation losses for SUS events at Site 1. Standard errors of the mean are
also shown. (U)

Frequency: 20Hz S0Hz
Sus Depth (m): 18 91 243 18 91 243
Theory Minus Experiment: -1.8 1.4 4.3 ~-2.8 -23 ~1.6
Standard Error: 0.2 0.4 0.3 0.3 0.3 0.1

range bins. The negative values for 50 Hz are evident from figure 31, where almost all the
experimental results lie below the theoretical curves. The results suggest that the source
levels used to convert the 50-Hz data to propagation loss may be from 1.6 to 2.8 dB too
high, depending on source depth.

(C) The behavior at 20 Hz is somewhat more complicated. Here the source levels
for the 18-m shots appear to be 1.8 dB too high, whereas those for 91 m and 243 m appear
to be, respectively, 1.4 and 4.3 dB too low. The differences in table 13 may not necessarily
all be due to source level errors. Other effects which produce a systematic bias can also be
contribute. However, table 13 indicates that systematic biases do occur and it is suggested
that shot source levels should be subjected to further examination. An earlier section of this
report summarizing the experimental differences between 91- and 243-m data demonstrates
conclusively that the source levels used for SUS data are in error. A

(C) Some salient features of the theoretical curves in figures 30 and 31 deserve men-
tioning. Note that the theoretical propagation loss for the 91-m source depth is less than
that for the 243-m source depth. At first, the result was viewed with some alarm for it had
been anticipated that the 243-m source depth would have the smaller loss (a deeper source
would have rays with lower grazing angles at the bottom and hence lower losses). This
theoretical result is explained in part by figure 32 for a fixed receiver depth. This figure
presents propagation loss versus source depth for a receiver on the ocean bottom. In all
cases the source depth with smallest propagation loss also occurs on the ocean bottom. Thus,
this property obeys the previous rule of thumb that the lowest propagation loss generally
occurs when source and receiver are at the same depth. A somewhat more surprising result
is that the optimum source depth above the axis occurs at the surface decoupling depth;i.e.,
at the depth of the first (shallowest) antinode for the dominant arrivals. This optimum
depth takes advantage of the reinforcement of arrivals which occurs when they are in phase
somewhat below the ocean surface. The 25-Hz frequency of figure 32 lies between the 20-
and 50-Hz cases of figures 30 and 31. Nonetheless, figure 32 indicates that the 91-m shots
are closer to the decoupling depth and hence have lower propagation loss than the 243-m
shots. Indeed, a source depth of about 45 m would be optimal for ranges of 50 to 200 km
in figure 32.
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(C) Note also in figure 30 that the 18-m curve diverges from the 91- and 243-m
curves with opening range. This effect is typical of most of the experimental data for
BEARING STAKE. At short ranges, the steeper-angle arrivals dominate and there is less
surface decoupling effect for an 18-m source depth. Thus, at short ranges the 18-m results
lie closer to the 91- and 243-m depths, which are below the surface decoupling region. At
longer ranges, the steep-angle arrivals are stripped out by the bottom and the dominant
arrivals are low-angle rays and have a greater decoupling loss. A similar effect is noted in
figure 31. The effect is much smaller because at 50 Hz the decoupling loss at 18 m is
minimal.

(C) As for the scurce depths used for the low-frequency projector tow runs in
BEARING STAKE, the nominal tow depth of 91 m (300 ft) for the CW source was a good
choice. Figure 32 shows that variation in source depth was not critical for most depths
deeper than 50 m. The source log recorded aboard the tow ship indicated the source depth
varied from 77 to 102 m during the exercise. It is only at Site 4 that the exact CW source
depth could be critical because of near-bottom limiting conditions. The predicted insensitiv-
ity of source depth allows us to directly compare CW results for different site and event
without having to consider the fact that the source depth of the low-frequency CW source
was variable,

(U) Thus, good agreement between experiment and tneory has been shown for
receiver depth dependence (tables 8 and 9) Comparisons between experimental and
theoretical dependence on range and source depth were found in agreement, subject to
possible changes in source level. The remaining task is to examine the data for evidence of
the high-propagation-loss “notch” which appears off the ocean bottom as shown in figure 32
and was discussed earlier in this report.

(C) The notch represents a critical interaction between both source and receiver
depth and frequency. There were only two receiver depths which could provide data —
WECo BMA receiver 2, at Site 1A, which is 100 m off the bottom.and ACODAC receiver
10, at Site 1B, which was 30 m off ths bottom. The WECo receiver was close to the notch

‘ of figure 16 for 25 Hz, at 91-m source depth. Unfortunately. WECo only processed this
receiver for shots at 50 Hz. However, the ACODAC recerver was ideally situated in the
notch of figure 14 for 25 Hz at 18- source depth. Unfortunately, there were problems
with the experimental data set. The bottomed ACODAC could not be processed for shots
because of instrumentation considerations, and the shots available from the other ACODAC
receivers were very sparse becanse much of the shet data had to be rejected because of
overloads.

(C) Figures 33, 34. and 35 for 20, 25, and 50 Hz, respectively. represent our best
effort at treating the ACODAC data for event 1BS1 at Site 1B. These plots present the
difference in propagation ioss between 18- and 21-m shots as a function of range. The
curves represent the normal mode results for the three ACODAC receivers. The experimen-
tal data were obtained by p2 averaging, in SO0-km bins, the data that were not overloaded for
each sourcc depth, and then plotting the difference between the 18- and 91-m averages.
Since the theoretical values were so close for ACODAC 2 at 496-m depth and ACODAC 6 at
1685-m depth, the experimental data were lumped and plotted as circles in figures 33, 34,
and 35. Whereas the quality of the data leaves something to be desired, a definite vattern
emerges when we consider further differences which take into account the offsets in the data.

(C) These differences are summarized in table '4. The second column represents
the average difference bewween the normal mode results of ACODAC 10 and the average
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Table 14. (C) Average difference between the normal mode
1esulis of ACODAC 10 and the average of ACODACs 2 and
6 for both theory and experimentdi results. Also shown is

the standard error for each case. (U)

Theory Experimental
Frequency
(Hz) Average Standard Average Standard
Daff Error Diff Error
20 3.0 0.1 2.0 0.9
25 3.5 0.3 2.7 1.6
50 1.8 0.3 ~0.2 0.2

of ACODACs 2 and 6 for ranges out to 250 km. Values of the standard error of this mean
are also given as the second row of data for each frequency. The third column of table 14
is the experimental counterpart of the second column. In calculating these differences, the
data points at 250 km in figure 33 and at 50 km in figure 35 were rejected for being too far
out of line with the remaining data. Comparison between theory and experiment is fair at
20 and 25 Hz and poor at 50 Hz. The experimental data do show that the differences in
propagation loss for the two source depths are indeed larger for receiver 10.

(C) The absolute values of the experimental data do not agree well with the theory.
This is most likely due to relative errors in shot source levels. If the shot levels were ad-
justed according to table 13, the experimental values of figure 33 and 35 would be reduced
by 3.2 and 0.5 dB, respectively. This adjustment does not markedly improve the agreement
between theoiy and experiment. The necessity for rejecting overloaded data subjects the
remaining data to a bias which is difficult to assess.

(C) Despite various difficulties, the data of figures 33 and 34, while not definitive,
are certainly encouraging enough to recommend that the “notch’ phenomenon be investi-
gated further thecretically and that experiments be designed to specifically test it.

3.7 (U) GI'ESTIONABLE DATA SETS

(U) There were six data sets from Site 1 whose validity was questionable.

Event 1AP2 (U)

(U) The data set for this event was radically out of line (propagation loss was about
10 dB too high) with other data at Site 1A. A comparison with the WECo data report (ref 8)
indicated that the original WECo data were correct, but that some error was introduced in
preparing the data tapes which NOSC received from WECo. This data set was not included,
therefore, 1n this report.
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Event 1AP5 (U)

(U) The data set for this event at Site 1A was rejected as anomalous and not in-
cluded in the analysis of this report.

Event 1BP2 (U)

(C) The data furnished to NGSC for this event at Site B gave an incorrect maxi-
mum range of 263 km. whereas the range should have been 13! km. This error was un-
covered by noting that the nropagation loss for the originailv furnishied data appeared
much too low compared to that of other Site 15 eveuts. T.... reason was that the ranges
attributed to the data were too large by a factor of two After the ranges were corrected,
the data fell into hne with the other Site 1B data.

Event 1BS1, 1AS1, and 1AP7 (U)

(C) As previously discussed, the ACODAC data at 290 Hz at Site | B appear suspect
for three events and must be investigated further before being accepted as correct. The
140- and 290-Hz levels for the 91-m shots in event 1 BS1 and the 140-Hz levels in event 1AP7
are definitely in error by about 2 dB. The 243 m shot data at 290 Hz for events 1BS1 and
1ASI1 are possibly i error by about 2 dB. The 243-m shot data at 290 Hz .or events 1BS1
and 1AS] are possibiy 1n erros by about 1 dB. The 290-H~ data for event 1AP7 are possibly
in error by about -1 dB.

3.8 (U) SITE 1 SUMMARY

(C) Site 1, which was oc:upied at two separate times during BEARING STAKE,
was located at the mouth of the Gulf of Oman in the Oman Basin. Propagatior. losses were
lowest along the {loor of the basin 1n an east-west direction and somewhat higher losses
occurred in the southern portion of the basin where the bottom shallows The largest
measured losses occurred to the north of the site toward the cuntinental rise.

(C) Minimum propagation losses at Site 1 over the range interval 50 to 250 km
were 77.5 to 83.7 dB at 25 Hz, 82.5 to 89.8 dB at 140 Hz, and 82.6 t¢ ©2.6 dB at 290 Hz.

(C) At Site 1 average propagation losses were virtually independent of source depth
for sources and receivars more than a few wavelengths away from the surface cr bottom.
An interference effect, producing a source-depth and frequency-dependent near-bottom
propagation loss maximum (‘notcihi”). was theoretically indicated and supported by the
data. If confirmed, such a propagation loss depth dependence couid be used to optimize
SNR by selection of height off the bottom for near-bottom: recervers.

(C) In the comparnisons of propagation losses at Site 1 with the familiar Eleuthera
reference curve, the propagation losses at 25 Hz were 6 to 12 dB less than those of the
reference at ranges of 50 to 250 km. The propagation losses at 140 and 290 Hz were
comparable to those of the reference at correspondi»-; ranges.

(C) Good agreement was found between th experimental results and normal
mode predictions of propagation loss for Site 1 a. 25 and 50 Hz.
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3.9 (U) RECOMMENDATIONS

(C) This section presents recommendations for additionul processing of WECo
BMA data which were recorded during BEARING STAKE but have not been processed.

The basic WECo data collected at all sites consisted of analog tape recordings for eight
receivers. However, the volume of data processed was generally limited to seven combina-
tions of receiver depth and frequency for the SUS events and five to eight combinations for
projector (CW) events. For example, the data processed for a typical SUS event consisted of
20, 50, 140, and 300 Hz for one receiver depth, and 50 Hz for three other depths. The
typical CW event might consist of three receivers at 25 and 140 Hz and two receivers at

290 Hz, or four receivers at 25 Hz and two receivers at 140 and 290 Hz. For Site 1A as

few as five combinations were processed and six or seven combinations were processed on
occasion at other sites.

(C) At Site 4, two processing passes were made for most events. Four 7-combinations
were processed for the SUS events, and one 8-combination and one 7-combination were
processed for the CW events. The two processing passes at Site 4 were very helpful in ex-
hibiting the complicated receiver depth-frequency dependence which was encountered at
Site 4.

(C) With the exception of Site 4, at most only one-third of the available data was
processed by WECo for CW events and an even smaller fraction for SUS events. Additional
data should be processed to fill in gaps in existing processed data and to venfy whether the
existing data is erroneous or aznomalous.

(C) At Site 1A, there were two suspended receivers used to collect data — receiver |
about 500 m off the bottom and receiver 2 about 100 m off the bottom. For CW events,
zeceiver | was processed at low frequencies while receiver 2 was not processed at all. For
the SUS events, these two receivers were processed only at 50 Hz. Site 1 A was the only site
at which BMA receivers were suspended above a flat bottom. Hence, it is strongly recom-
mended that for all CW events at Site 1A, an eight-channel data sct be processed to include
receiver 2 at 25, 140, and 290 Hz, receivers 1 and 8 at 140 and 290 Hz, and receiver 3 at
140 Hz.

{CY For all SUS events, it ic recommendzd that WECo process a seven-channel data
set to include receivers | and 2 at 20, 140, and 300 H2 and receiver & at 20 Hz. The low-
frequency data for both CW and SUS events are particularly important because they covld
provide cvidence for the propagation loss “notch’ predicted by theory near the ocean bot-
tom. The high-frequency data for receivers 1 and 2 are importuant because such data frem
suspended receivers were scarce for BEARING STAKE.

(C) The final recomendation for Site 1 is that NOSC be provided with a correct set
of the already processed data for events 1AP2 and 1AP6. The data which NOSC was pro-
vided for event 1AP2 differed by as much as 10 dB from the corresponding data in the WECo
data report, and data from event 1 AP6 have never been provided to NOSC.

90

CONFIDENTIAL

o e va

- T B v - b
1 Nondspn g o e b S £ T e o b F0




seSeg S L
ey TR T RN EESANTR NI B e WAL W ot A Py e o <0
X TS NS Sl oo o
< e St .
N ; e S

0

‘e CONFIDENTIAL

4.0 (U) SITE 2 ASSESSMENT

4.1 (U) INTRODUCTION

(C) Site 2 was located on a north-to-south extended ridge, called the Owen Fra~-

s ture Zone, approximately 370.4 km (200 nmi) off the coast of the Arabian Peninsula. Tz
crest of the ridge was at a depth of 1880 m and the bottom sloped downward to the Arabian
Basin (4100-m depth) to the east and to a lesser depth (3200-m depth) to the west Hydro-

.. phones of the bottom-mounted array (BMA) were positione 1 on the sides of the ridge so
that various receiver depths were available. Figure 36 shows position and depth of the BMA
hydrophones used to measure propagation loss.

.. (U) Figure 37 shows the direction of the various source runs that were made at the
site by the source ship and aircraft SUS drops.

(CY A sound speed profile representative of the profiles that were taken at various
ranges from the BMA at Site 2 is shcwn in figure 38. Site 2 had the highest surface sound
speed of the five BEARING STAKE sites and was the most severely botlom-limited area
for near-surface sources.

(C) A summary of the measured propagatior. loss data from the BMA at Site 2
from the CW and SUS runs is shown in table 15. The table shows which of the frequen-
cies (at specified source depths) were received by one or more of the BMA hydrophones.
The receiving hydroplione that was used to measure propagation loss at all the selected
frequencies was hydrophone 3, which was at 3162-m depth.

(C) The key to propagation characteristics at Site 2 is intimately connectad with
the bathymetry at the site. The receivers were draped over the Owen ridge (see tig 36),
which bounds the western edge of the Indus Fan. The close-range bathymetric profiles
differ considerably for the various events because of the changing aspects cf propagation
paths to the ridge.

(U) In assessing the propagation losses in this section, the close range bathymetry
for each event and its effect on propagation loss are discussed. The dependence of propaga-
tion loss on receiver depth, events conducted, range, and frequency at Site 2 is then assessed

. and conclusions drawn from the analyses are given.
TO SHIP
16009 m
7 DEPTH
i— —
L)
e 4000 m
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- Figure 36 (U) Configuration of the BMA at Site 2. (U)
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Figure 38 (U) Representative sound speed profile for Site 2. (U)

4.2 (U) CLOSE RANGE BATHYMETRY FOR EVENTS

(C) Figure 39 presents the close range bathymetry for event 282, which extended
out over the Indus Fan in an easterly direction from the receivers. The direction of this
event ran almost normal to the ridge. The eastern edge of the ridge is a steep scarp which
intersects the Indus Fan at a depth of 4000 m. The slope of the scarp is about 16°. This
event crossed the Indus Fan with a slight upslope of less than 0.5°. (For the long range
bathymetry of this event, and others to follow, refer to appendix A.) The separation be-
tween BMA receivers 1 and 8 is about 13 km. The depths of the receivers are given in
table 16.

93

CONFIDENTIAL

———— - R mmmmam e sme e T e enm e N Sk e e SRR P W AT ) e e R m

‘‘‘‘‘‘ TR e, TR ? 4 - p¥ e LT

-

S g R e
T e O L AR S e T S Y T ey A
PR LRI R PR




ARG

CONFIDENTIAL

Table 15. (C) Summary of the propagation loss data set
from the BMA collected at Site 2 from the projector (P)

[PRR

and SUS runs. (U) }
BMA Hydrophone No. 1 3 6 7
Depth (m) 3453 3162 2563 2111
Source
Freq (Hz) | Depth (m)
Run 2P1: 9-222 km
25 88 X X X X
140 18 X
290 18 X
2 Run 2P3: 544-9 km
: 25 88 X X X X
=
- 140 18 X X
o 290 18 X
73
;gg%
%;; *Run 251, 252, 2A1, 2A2, 2A3
A 20 X X
=
B 50 X X
”ﬁ 140 X X
é:f 290 X
4 These were SUS runs. SUS depths were 18, 91, and 243 m for ship runs (S) and only 18 and 91 m for
3 aircraft runs (A).

RETRINY

*Run No Range (km)
251 224-0

= 252 23372
&

2A1 66-1093
% 2A2 837-24

4 2A3 676-41
i :?,‘{ ’
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7 250 NO. B
S 2
* » -~ :
} e
a
: i
i 0 3.00
NO.3
A
3.50 NO
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Figure 39. (U) Close range bathymetry for event 252, (U)

(U) Figure 40 shows the close range bathymetry for event 2A1. The bathymetry
for this event was similar to that of event 282 — fiat to long ranges with no obstructions.
(C) Figure 41 shows the close range bathymetry for event 2P3. The near range
profiles change for each receiver because the event geometry was normal to the line of
by BMA receivers. (In events 2S2 and 2A1, the runs were almost parallel to the line of re-
P ceivers.) The long range bathymetry is almost flat but crosses a minor feature at 375 km
% and a major feature at 450 km which rises 750 m above the fan floor.
{ g . (C) Figure 42 presents the close range bathymetry for events 2P1 and 2S1, which
P were almost perpendicular to the ridge and ran in a northwesterly direction. The maximum
; slope in this direction is about 4°. The deepest point along the event is 3700 m. There was
! a small ridge near the end of the event at a range of 210 km.
! (C) Figure 43 presents the close range bathymetry for event 2A3, which is essen-
tially the same for receivers 1, 3, and 5 but changes slightly for 7 and 8. The long range
) bathymetry drops to 4-km depth between 100 and 275 km and then crosses a jumble of
, prominent features which rise to about 2-km depth.
(C) Figure 44 shows the close range bathymetry for event 2A2, which proved to be
. too complicated to be of any value for modeling purposes. The event parallels the ridge and
each close range bathymetric cut changes drastically with range. The long range bathymetry
of this event shown in figure A-5, appendix A, is for receiver 7. The long range bathymetry
. is shown to te not as rugged for this event as for event 2A3 only because this event crosses
regions where the general features of the area are not well established.
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: Figure 40. (U) Close range bathymetry for event 2A1. (U)
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Figure 41. (U) Close range bathymetry for event 2P3. (U)
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150 EVENTS 2P1 AND 251
NO. 7
2
00 NO. 8
280 NO.6
3.00
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Figure 42. (U) Close range bathymetry for events 2P1 and 2S1. (U)
1.50 EVENT 2A3
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Figure 43. (U) Close range bathymetry for event 2A3. (U)

97
CONFIDENTIAL
s T T e et ’vr‘,;f’l‘f}?";ap :“"‘T&?:‘?“i\'

1
i
3
{




T R N T IN L TR R TR paen ,Jgf;;;‘i«ﬁ:,iw;@g;l_ gy
RIS G A T

CONFIDENTIAL
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Figure 44. (U) Close range bathymetry for event 2A2. (U)

4.3 (U) DEPENDENCE ON RECEIVER DEPTH

(C) Receiver depth dependence for the CW and SUS events is given in tables 16 and
17, respectively. The results at 25 Hz for event 2P appear to be reasonable for propagation
conditions from the westerly direction at Site 2. The lowest loss occurs at receiver 8 as ex-
pected, since the receiver is on the western slope of the Owen Ridge (see fig 36), facing the
source. The propagation loss generally increases over the ridge and down the steep scarp.
However, it is not clear why the loss should be higher for receiver 3 than for receiver |, as
receiver 1 is further down the scarp. The loss for receiver 7, which is on top of the ridge., is
less than that for receiver 3 for the CW events as well as the SUS events, as shown in table 17
for events 2S1 and 2A3. Again, this is to be expected for propagation from west of the
ridge.

(C) The results at 25 Hz for event 2P3 in table 16 appear reasonable for propaga-
tion from the southeast direction to the receivers. The propagation losses weare, in general.
larger for event 2P3 than for event 2P1 because 2P3 required longer propagation traverses
up the slope of the ridge. It is not known at the present time why receivers 3 and 6 should
have lower loss than 1. The results at 140 Hz for event 2P3 were as expected.

(C) The results forevents 2S2 and 2A1 in table 17 are generally as expected for propa-
gation up the scarp of the ridge. The losses for receiver 3 were less than for 7 in 11 out of
15 possible cases. However, it is somewhat puzzling why the differences at 140 Hz for
event 2A1 are so much smaller than those for event 2S2 when it is considered that their
bathymetric profiles are so similar (see fig 39 and 40).

(C) The results for event 2A2 in table 17 show that there is very little difference
between the losses for receivers 3 and 7 This is probably related to the fact that the event
ran parallel to the ridge and the propagation paths apparently do not favor one receiver over
the other.
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Table 16. (C) Propagation loss differences between the BMA
receiver with lowest propagation loss and other BMA receivers
for Site 2 CW events. (U)

e N A A S, SO
&

Propagation Loss Diff. (dB)
BMA Receiver Event 2P1 Event 2P3
. Receiver Depth 25Hz 140Hz 25Hz 140Hz
, Number (m)
1 3454 5.0 — 0.8 —
3 3162 7.6 5.8 0 0
6 2563 1.4 —_ 0.5 —
7 1880 1.1 0 1.2 7.2
8 2112 0 — 1.5 —
Table 17. (C) Propagation loss differences between BMA receivers 3 and 7
for the SUS events at Site 2. Zerc indicates the receiver with lowest loss. (U)
BMA 20Hz S0Hz 140Hz
Event Receiver SUS Depth (m) SUS Depth (m) SUS Depth (m)
Number 18 91 243 18 91 243 18 91 243
251 3 4.1 4.8 5.5 4.8 4.6 7.0 5.5 3.2 5.5
7 0 0 0 0 0 0 0 0 0
2A2 3 0.6 2.0 — 0 0 — 0 0.1 —
7 0 0 — 1.8 0.8 — 0.3 0 -
=3 2A3 3 5.6 5.5 —_— 7.3 7.6 — 4.2 5.0 -
B 7 0 0 —1o0 o —1| o | J—
252 3 0o 02 o0 (33 o ol o o o
o 7 04 0 29f 0 21 29156 84 57
f 2A1 3 o 13 —}0 o0 —]o05 o0 —
§\ 7 02 0 — |39 48 — | 0 13 —
4
)
99
, CONFIDENTIAL
! T A e MDA -~ -




CRE S RS iy R TIN5
o Eal T

TRy TR ) - T
TR e R SR A R R S R T U R

CONFIDENTIAL

4.4 (U) ERROR ANALYSIS OF DATA SETS

(U) This section is limited to Site 2. It illustrates how eight similar data sets were
treated to detect and correct errors in two of them. Although this discussion concerns
correcting a particularly critical data set, it illustrates a powerful technique which may be
used to exploit similar experimental data sets which were collected on BEARING STAKE.
This discussion is presented now rather than later, since the assessment of Site 2 data, which
follows, considers the results of this error analysis in reaching conclusions. The results of
this error analysis do not affect significantly the conclusions reached in the preceding sec-
tion on Receiver Depth Dependence.

(C) In the analysis of the BEARING STAKL data, comparison of events with
lowest propagation losses indicated that the 50-Hz data for event 2A1 at Site 2 for BMA
receiver 3 for the 91-m shot depth were significantly in error. An indication that an error
existed was found in examining figure 216 of the WECo data report (ref 8). The figure
showed that the propagation losses at 20 and 50 Hz for event 2A1 were almost the same.
This situation did not make any sense from a pliysical standpoint. It was also completely
different from other comparisons of 20- and 50-Hz BEARING STAKE data, which show
a significant difference.

(U) Since the error concerned event 2A1 at Site 2, a critical event, it was most
important to correct the error before any further assessment of Site 2 was made. The ap-
proach to determining the error was based on comparisons with similar data. Events ZA1
and 2S1 were selected for comparison since they had very similar bathymetry and would
have a similar behavior with respect to hydrophone depth and frequency. The data for six
range bins from 106 to 300 km were used for this analysis. BMA receivers 3 and 7 at 20 and
50 Hz were used for each event; thus, eight data sets.

(C) The first step was to calculate the average difference in propagation loss for the
50- and 20-Hz data in the two events over the available range interval. Values obtained for
events 252 and 2A1 for receiver 7 at 50 and 20 Hz were both 6.3 dB. Thus, there is verifi-
cation that the four sets of receiver 7 data were consistent and that events 2S2 and 2A1 had
a similar frcequency dependence.

(C) The next step was to calculate the difference for receiver 3, at 50 and 20 Hz, for
the same two events. Values obtained for events 2S2 and 2A1 were 4.2 and 0.3 dB, respec-
tively. However, it was not clear at this juncture whether the data for 50 Hz, 20 Hz, or
both were in error.

(C) In order to pinpoint the error, the average difference in propagation loss was .-
calculated between receivers 7 and 3. The values obtained for events 2S1 were —0.5 and
1.7 dB for 20 and 50 Hz, respectively. Cosresponding values for event 2A1 were ~1.6 and
4.5 dB. Assuming that the values for event 2S1 are corvect and the dependence on receiver
depth is e same for the two events, it is seen that the propagation loss for receiver 3
should be decicased by 1.1 dB at 20 Hz and increased by 2.8 dB at 50 Hz. -

(C) The correction for the 50-Hz data is the one of most interest in this report. The
correction brings the Site 2 data into substantial agreement with the data from other sites.
Several means were used to check the corrections for consistency. When the corrections are -
applied to the difference in propagation loss between 50 and 20 Hz for event 2A1, receiver 3,
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the value 0.3 + 2.8 + 1.1 = 4.2 dB is obtained, which is indeed equal to the value for event
2S1. (This does not “prove” the corrections — it merely indicates that the arithmetic is
correct,

(C) These corrections also tie in with some of the discrepancies of table 17 for
event 2A1 for the 91-m shots. The value for receiver 3 becomes 0.2 dB at 20 Hz and the
value for receiver 7 becomes 2.0 dB at 50 Hz. These corrected values are now in substantial
agreement with their counterparts in event 2S2. It should be remembered that the correc-
tions were derived ty equating these results for a subset of the 252 and 2A1 data. Hence,
this near equivalence means that the entire set of 2S2 and 2A1 data was brought into
. agreement by corrections based on the subset.

(C) There are, undoubtedly, other similar data sets which could be subjected to
comparisons such as discussed herein. However, the scope of the present report limits such
a detailed investigation to only the critical data sets.

4.5 (U) DEPENDENCE ON EVENTS

(C) Figures 45, 46, 47. and 48 show the propagation loss for the receiver with the
lowest loss for all events conducted at Site 2. There were five receiver depths to select from
for events 2P1 and 2P3 at 25 Hz. At 290 Hz, only one receiver depth was used for all events.
In all other cases, processed data were available from two receiver depths for this analysis.
The events which ran over the Indus Fan (2A1, 2S2, and 2P3) are given line symbols in the
four figures, whereas the events which ran west of the Owen Ridge are given open syiithols.

{C) Table 18 ranks the events according to increasing propagation loss at each fre-
quency. The most significant feature of the table is the higher losses for those events con-
ducted west of the ridge at 50, 140, and 300 Hz. This feature is also evident in figures 45,
46, 47, and 48, where the line symbols show less propagation loss than the open symbols.
At 25 Hz. event 2P1 appears to be an exception in that it is an event conducted west of the
ridge and yet has lower losses than events 2P3 and 2S2. This result suggests that the low-
frequency bottom loss west of the ridge may not be a great deal larger than that east of the
ridge. (Results from event 3A2 at Site 3 will support this conclusion later in this report.)

(C) A combination of circumstances complicated the overall ranking of the events
at Site 2. Early in the data reduction stage of this assessment. WECo noted that there were
problems with event 251. However, the analysis of the event at NOSC indicated that the
2S1 data were not seriously in error. In contrast, NOSC was convinced that the 2P] data at
140 and 300 Hz were in error. (This belief is discussed in the next section on range and
frequency dependence.) If the data for event 2Pl are disregaided, the overall ranking of
the events is ZA1, 252, 2P3, 2§81, 2A3, and, finally, 2A2.

(C) The events conducted at Site 2 cannot be put into proper perspective without
a comparison with the other BEARING STAKE sites. Although this comparison will be
discussed in detail later, the results will be mentioned now. Consider, first, those events
which ran west of the Owen Ridge — events 2A2 and 2A3. These events have higher propa-
gation losses than the highest-loss event at any other site. Not only were the averaged
propagation losses highest for event 2A2, it is clear from the SUS records that more values
were below the noise level for this event than for any other BEARING STAKE event.

(C) Event 281 had higher losses than the highest-loss event at any site for 140 and
300 Hz. With the exception of one event, this is also true of event 2S1 for 20 and 50 Hz.
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Table 18. (C) Ranking of events for Site 2. (U)

Events
Rank Low 140Hz 300Hz 50Hz Overall
(20-40) Hz Ranking
1 2A1 252 2A1 2A1 2A1
2 2P1 2P3 282 282 282
3 2P3 2A1 2P3 251 2P3
4 252 2A3 281 2A3 2P1
5 281 281 2A3 2A2 2S1
6 2A3 2A2 2A2 — 2A3
7 2A2 2P1 2P1 — 2A2

High bottom loss contributed to the results for events 2S1, 2A2, and 2A3. In addition,
event 2A3 had a very rugged long range bathymetry while event 2A2 had a very compli-
cated short range bathymetry.

(C) Event 2P1, at 25 Hz, appears to be a rather good event. Of the total of 19 CW
events for all the sites, event 2P1 had lower loss than 13.

(C) Although event 2P3 ran over the Indus Fan, it had high losses at 140 and
300 Hz. Of the 16 CW events at 290 to 300 Hz for BEARING STAKE, event 2P3 had
higher losses than all but event 4P5 at Site 4. Of the 17 events at 140 Hz, event 2P3 had
higher losses than all but event 4P5 at Site 4 and events 5P2 and 5P5 at Site 5. However, at
25 Hz, event 2P3 appears to be a fairly good CW evant. Of the 17 CW events for all sites,
event 2P3 had lower losses than 10.

(C) Based upon the comparisons discussed above, the overall conclusion that can be
made with respect to Site 2 is that, of all the sites occupied in BEARING STAKE, this site
suffered the most propagation loss.

4.6 (U) RANGE AND FREQUENCY DEPENDENCE

(C) To determine range and frequency dependence of the data at Site 2, the propa-
gation loss for the events with lowest propagation loss at 20, 140, and 300 Hz was plotted as
a function of range. Figure 49 shows the plotted results as well as the Eleuthera reference
propagation loss curve for comparison purposes. The propagation loss values plotted in
figure 49 are also given in table 19. The interesting feature of table 19 is that the events
with the lowest propagation losses at the selected frequencies were SUS events rather than,
as at the other four sites, CW events.

(C) The slope of the propagation losses at 20 and 140 Hz with range, as shown in
figure 49, is comparable to the slope of the reference curve, whereas the slope of the 3000-Hz
data is greater than that of the reference.

(C) The propagation losses at 20 Hz are as much as 10 dB below those of the refer-
ence beyond 250 m. The propagation losses for 140 Hz are generally less than those of the
reference and the losses for 300 Hz are greater than those of the reference.
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Table 19. (C) Propagation loss results of the best events at Site 2
for various frequencies. (U)

Propagation Loss (dB) )
Range Event 2A1 Event 252 Event 2A1 Event 2A1*
(km* 20 Hz 140 Hz 300 Hz 50 Hz
100 81.8 96.3 92.1 87.9
150 85.3 92.6 96.7 88.5
200 87.0 92.3 99.5 91.4
250 88.5 94.2 101.7 93.8
300 89.4 99.1 104.4 94.1
350 88.9 99.1 102.3 93.2
400 91.2 109.1 97.9
450 92.6 107.8 97.6
500 93.6 108.0 98.3
550 94.3 109.4 99.0
600 94.8 109.3 98.6
650 95.4 115.7 102.7 o
700 96.2 117.9 102.1
750 96.0 117.4 101.8
800 96.4 118.6 104.0
850 98.1 116.8 104.1
900 97.7 119.7 102.0

*WECo values increased by 2.8 dB

. (C) Propagation losses at 50 Hz as a function of range for the SUS event with the
i lowest propagation losses (event 2A1) are also listed in table 19 and plotted in figure 48
for comparison with the reference curve, The slope of the losses at 50 Hz is somewhat less
than that of the reference, with losses ranging from 1 to 6 dB less than those of the ‘
reference.

(U) From figure 49 it is seen that propagation losses at Site 2 increase with increas-
ing frequency and range.

4.7 (U) QUESTIONABLE DATA SETS .

R

2 (C) The propagation losses for event 2P1 at Site 2 are incredibly high at 140 and -
r*"“ffg 300 Hz. Events 2S1 and 2P1 essentially covered the same track, but the propagation loss

differences for 140 and 300 Hz were 8 and 15.5 dB, respectively, between the two events;
event 2P1 had the higher loss in each case. Moreover, event 2P1 losses were much higher
than those of any other site. For example, the propagation loss for event 2P1 for 300 Hz at
the 150-km range bin is 123 dB. Corresponding examples of the extreme losses at the same

PRELCIE

wg ( range bin are 93, 94, 98, 105, and 105 dB for Sites 1A, 1B, 3, 4, and 35, respectively. Thus,
é?; - the event 2P1 data in question have 18 dB more loss than the data for any other CW event
£
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at any site. Although the propagation losses for event 2P1 werc expected to be high, a
value of 18 dB is clearly excessive and, thus, questionable.

(C) Event 2P3 also had inexplicably high propagation losses for 140 and 300 Hz
and should be regarded as questionable until further reprocessing by WECo.

4.8 (U) SITE 2 SUMMARY

(C) In summary, the propagation loss results measured for Site 2 indicate that this
site had the highest losses of the five sites occupied. The minimum propagation losses
measured at Site 2 for the range interval 100 to 900 km were 81.8 to 97.7 dB at 25 Hz,
87.9 t0 102.0 dB at 50 Hz, and 92.1 to 119.7 dB at 300 Hz.

(C) The higher propagation losses for this bottom-limited site can be attributed to
placement of the BMA receivers on the Owen Ridge. Propagation losses would have been
lower if the receivers had been placed at the base of the ridge on the floor of the Indus Fan.

(U) Measured propagation losses to the west of the ridge were always larger than the
losses to the east of the ridge.

(C) Comparisons of propagation losses at Site 2 with the Eleuthera reference curve
show that the propagation losses at the lower frequencies (20 to 140 Hz) are less than those
of the reference while the losses at 300 Hz are greater at comparable ranges.

4.9 (U) RECOMMENDATIONS FOR ADDITIONAL
DATA PROCESSING

(C) One of the objectives of BEARING STAKE is to perform surveillance systems
performance predictions based upon the results of the data collected at the various sites.

To perform a system evaluation of Site 2, Bell Telephone Laboratories (BTL) selected BMA
receiver 3 as the appropriate depth. Let us examine this cheice from the standpoint of
measured results,

(C) First, from tables 16 and 17, note that receiver 3 was not the best receiver for
events 2P1, 2581, and 2A3, and only the best in half of the cases for event 2A2. Itis
assumed, then, that BTL is not concerned with surveillance to the west of the Owen Ridge.
Consider, next, the measured results for events 2P3, 2A1, and 2582 which would be appro-
priate for surveillance to the east of Site 2. From table 16 it is seen that receiver 3 is indeed
the best choice, by 0.5 dB, froin five available receivers. Examination of the 10 available
range bins on an individual basis shows that receivers 3 and 6 each had the lowest losses for
four range bins and were the same in one range bin. (Receiver 8 was low for the remaining
range bin.) This near-equal performancs f receivers 3 and 6 strongly suggests that at low
frequency (25 Hz), receiver 4 or 5 (4 and > were not processed) may be a better choice than
receiver 3 or 6. At 290 Hz, receiver 3 was the only receiver processed.

(C) Therefore, on the basis of available data, receiver 3 is the best choice. However,
there is still a good possibility that other receiver depths may be better. The possibility that
receiver 4 or 5 may be better at 25 Hz has already been stated. Moreover, the dependence
on receiver depth varies with frequency. Hence, there is skepticism that receiver 3 is the
best receiver depth at 140 and 300 Hz,
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(C) Although the assessment of Site 2 indicates that for best performance the
receivers should be placed on the floor of the Indus Fan rather than anywhere on the ridge,
it would still be of value to determine which was the optimum receiver available from the
measurements. A complete set of measurements would also be of value in the evaluation of -
propagation conditions up a steep slope. For these reasons it is recommended that for
event 3P3 data be processed for BMA receiver 5 at 25 Hz, receivers 1, 5, and 6 at 140 Hz,
and receivers 1, 5, 6, and 7 at 300 Hz. For events 3A1 and 3S1 it is recommended that
receiver 1 at 20, 50, 140, and 300 Hz and receiver 5 at 20, 50, and 140 Hz be processed.

(C) WECo did not process any data for event 3P3A at Site 2 because the event was
designed for the ships towing the OAMS and LATA arrays. If data were recorded during
this event, they should be processed. Such data would help to establish the boundary
between bottom loss regimes on the Indus Fan. The data set to be processed would be the
same as recommended for event 3P3.
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5.0 (U) SITE 3 ASSESSMENT

5.1 (U) INTRODUCTION

(C) Site 3 was located in the middle of the Arabian Basin. The seafloor slopes
gently to the south from the site depth of 3545 m. The configuration of the bottom-
mounted array (BMA) to measure propagation loss is shown in figure 50. The directions of
the nine propagation loss runs made at Site 3 are shown in figure 51. As can be seen from
the figure, the measurements covered the Arabian Basin quite thoroughly. The runs to the
north and northeast (3P1 and 3S1) encountered the shallow water of the li:dus River fan-
delta while runs 3A3 and 3A4 extended up to the continental rise of India.

(C) Figure 52 is a typical and representative sound speed profile of the measured
profiles for the events conducted at Site 3. As can be seen from the profile, Site 3 was
bottom limited throughout the operating area.

(C) Table 20 is a summary of the propagation loss data measured at Site 3 and
analyzed for this report. The table shows, for each run at this site, the frequencies and the
depths of both CW and SUS sources. Also shown are the depths of the receiving hydro-
phones of the BMA and the frequencies each hydrophone measured. The only hydrophone
measuring all frequencies was hydrophone 6 which was at a depth of 3546 m.

(U) In this section, assessments are made on the effects on propagation loss at Site 3
of receiver depth, events conducted, range, and frequency.

5.2 (U) DEPENDENCE ON BMA RECEIVING HYDROPHONES

(C) Data were reduced for three BMA receivers mounted on the ocean floor, The
range displacement between receivers 8 and 6 was about 550 m. The range displacement
between receivers 1 and 6 was about 450 m. Corresponding depth displacements were 6 and
12 m. Comparisons of propagation loss were based on four CW events and a total of from
21 to 24 range bins. Receiver 8 had losses which were =0.5, 0.9, and -0.3 dB greater than
those of receiver 6 at respective frequencies of 25, 140, and 290 Hz. Receiver 1 had losses
which were 0.3 and 0.8 dB gieater than those of receiver 6 at respective fregquencies of 25
and 140 Hz. Student’s t-test indicates that the two smallest absolute differences (0.3 dB)
are not statistically significant whereas the larger differences are significant at better than
the 95% level.

(C) Data were available for the two shot events, 3S1 and 3S2, at 50 Hz for four
receivers mounted on the ocean floor. In addition to the receivers just discussed, data were
available for receiver 2, which was located 380 m in range and 11 m in depth from receiver 6.
Comparisons of propagation loss were made for data from 91- and 243-m depth shots for a
total of 16 rangz bins. Receivers 8, 1, and 2 had losses which were, respectively, -0.2, 1.0,
and 0.8 greater than those of receiver 6. The latter two differences are significant at better
than the 95% level. It was noted, however, that receivers 1 and 2 were only about 70 m
apart in range and 1 m apart in depth. The difference in loss between these two receivers
was only 0.2 dB. This suggests that the larger differences in propagation loss for receiver 6
are indicative of real differences in the propagation environment for receivers 1 and 2.
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Figure 50. (U) Configuration of the BMA on the ocean floor at Site 3. (U)
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Figure 51. (C) Geometry of propagation loss runs conducted at Site 3
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3 (U) Hence, it can be concluded that there was a statistical dependence on which
oot BMA 1eceiver was used at Site 3 to measure propagation loss in most cases.
’ v 5.3 (U) DEPENDENCE ON EVENTS
He (C) Figures 53, 54, 55, and 56 present the propagation losses at 25, 140, 290, and
o 50 Hz, respectively, for all the events conducted at Site 3. Since all the receivers were on
the ocean bottom, the propagation losses shown are averaged losses based on all the receivers
i that were processed.
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Table 20. (C) Summary of the propagation loss data set from the BMA collected at Site 3 from
the projector (P) and SUS runs. (U)

BMA Hydrophone No. 1 p) 6 §
Depth (m) 3558 3556 3546 3539
Source ’
Freq (Hz) | Depth (m)
Run 3P1: 9-402 km .-
25 82 X A X
140 18 X X X
290 18 X X
Run 3P2: 333-0 km
36 81 X X X
140 18 X X X
290 18 X X
Run 3P3: 9-354 km
42 84 X X X
140 18 X X .
290 18 X X
Run 3P4: 352-0 km
25 77 X X X
140 18 X X X
290 18 X X
*Run 381, 352, 3A2, 3A3, 3A4
20 X
50 X X X X
140 X
290 X

These were SUS runs. SUS depths were 18, 91, and 243 m for ship runs (S) and only 18 and 91 m for
aircraft runs (A).

*Run No. Range (km)

381 0-189

3S2 0-198

3A2 22-769 |

3A3 530-24

3A4 32-691 3
’: 0
; : i
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(C) Table 21 ranks the events according to increasing propagation loss. The rankings
are not entirely consistent for each frequency listed. It should be pointed out here that the
25-Hz column of table 21 contains some events which processed the low-frequency data at
36 or 42 Hz instead of 25 Hz. The overall ranking of CW events appears to be 3P4, 3P2,
3P3, and 3P1. The low ranking of events 3P2 and 3P3 in the 25-Hz column is owing to the
fact that they were conducted at 36 and 42 Hz, respectively, and had somewhat higher losses
because of the higher frequencies. The overall ranking of the SUS events appears to be 382,
3A2, 381, 3A4, and 3A3.

Table 21. (C) Ranking of events at Site 3. (U)

Events
Rank Low

(20-40) Hz 140 Hz 290 Hz 50 Hz
1 3P4 3P4 3P2 382
2 3P1 3P2 3P3 381
3 382 352 3P4 3A2
4 3A2 3P1 382 3A3
5 3A4 3P3 3A2 3A3
6 3P3 381 3A4
7 381 3A3 3P1
8 3A3 3A2 381
9 3P2 3A4 3A3

(C) The nine radial events conducted at Site 3 afforded a unique opportunity to
prepare contours of constant propagation loss for the site. In preparing the contours, the
91-m source depth data from the SUS events were adjusted to be comparable to the data of
the CW events. On the basis of events 3P4 and 3S2, which were conducted along the same
track, it was de ermined that the propagation loss for the 20-Hz SUS data should be increased
by 1 dB to be comparable to the loss for the CW data at 25 Hz. Similar corrections for 140
and 290 Hz weve 1.5- and 0.3-dB increase, respectively. Minor adjustments were also made
to the 42-Hz data in event 3P3.

(C) Figures 57, 58, and 59 present propagation loss contours from 85 dB and up in
5 dB increments for 25, 140, and 290 Hz, respectively. Several conclusions are apparent
from an examination of these contours. At the longer ranges, there is consistently less
propagation loss in the directions of events 3A2, 3P3, and 3P4 as compared to events 3P,
3A3, and 3A4. This is most apparent in the 85- and 90-dB contours at 25 Hz, the 100-dB
contour at 140 Hz, and the 100~110-dB contour at 290 Hz. This conclusion is consistent
with the overall ranking of events in table 21.

(C) Propagation in the direction of event 3P2 is somewhat ambiguous as there were
no useful data available at low frequency because of a source failure. However. at the longest
ranges tested, the losses for the event at 140 and 290 Hz fall between those of events 3A2
and 3P1.
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(C) Bathymetric profiles of the various events for Site 3 are shown in appendix A
(fig A-7 to A-9). The better propagation in the directions of events 3A2, 3P3, and 3P4 as
compared to events 3P1, 3A3, and 3A4 does not appear to correlate particularly well with
the bathymetry, since the bottom slop~- out to ranges of 350 km do not appear to be signif-
icaniiy different for all the events.

(C) In actuality, the propagation losses for events 3A1, 3A3, and 3A4 were some-
what higher than those shown in the closed contours in figurss 57, 58, and 59 at long ranges.
The data at long ranges were sparse and not too reliable, and some of the SUS signals were
below the ambient noise level and could not be measured. Hence, the long range propaga-
tion loss data tend to be biased towards the low side.

{(C) For event 3A4 the propagation loss increased rapidly between the ranges of
358 and 425 km at 140 Hz and 290 Hz. Also, at 25 Hz, the 95-dB loss contour occurred at
a shorter range than one would anticipate on the basis of the 85- and 90-dB contour. The
bathymetry for this event did not change markedly until 550 km.

(C) Event 3A4 exhibited rapid propagation loss increases at long ranges similar to
those of event 3A4, but the 25-Hz data appeared to be as one would expect.

(C) The long range results of event 3A2 appear 10 confirm some previous conclusions
reached in assessing Site 2 about propagation loss results we:t of the Owen Ridge. Event
3A2 intersects the ridge about 120 nmi north of Site 2. On the line of crossing, the ridge
rises only about 400 m above the basin floor whereas the ridge at Site 2 rises about 2000 m.
As seen in figure 57, at 25 Hz there appears to be no rapid increase in propagation loss west
of the ridge. This indicates that (since Site 3 is bottom limited) at 25 Hz the bottom loss to
the west of the ridge is not radically greater than that to the east. In contrast, at 140 Hz
there is a very rapid increase in propagation loss to the west of the ridge. as seen in fig-
ure 58. In figure 59 no values are shown west of the ridge at 290 Hz for the event. How-
ever, the WECo data report (ref 8) indicated that there were high losses at 290 Hz to the
west of the ridge which exceeded 125 dB and dropped below the noise threshold. Hence,
the results of event 3A2 confirm the previous conclusion that the propagation to the west of
the ridge suffers a relatively minor increase at 25 Hz and major increases at 140 and 290 Hz
when compared to propagation east of the ridge.

5.4 (U) DEPENDENCE ON RANGE AND FREQUENCY

(C) The CW events with the lowest propagation loss at 25, 50, 140, and 290 Hz for
Site 3 are compared to the Eleuthera reference in figure 60. The values plotted in the figure
are given in table 22. Event 3P4 had the lowest propagation loss for 25 and 140 Hz while
event 3P2 had the lowest for 290 Hz. However, event 3P4 had lower losses than event 3P2
for 290 Hz at ranges of 250 and 300 km, and is also plotted.

(C) The slopes of the propagation loss curves at 25 and 140 Hz in figure 60 appear
to be somewhat less than that of the reference, whereas the slope for 290 Hz is slightly
greater. Propagation losses at 25 and 140 Hz are, respectively, 5 to 14 dB and 1 to 4 dB less
than those of the reference, and corresponding values at 290 Hz are from O to 4 dB greater
than those of the reference.
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Figure 60. (C) Propagation loss for 25, 140, and 290 Hz as a function of
range at Site 3. (C)

(C) The propagation losses at 50 Hz for the SUS event of lowest loss (3S1) are also
given in table 22 but are plotted in figure 56 for comparison with the Eleuthera reference.
As shown in figure 56, the propagation losses at 50 Hz range from 1 dB greater to 4 dB less
than those of the 1eference.
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Table 22. (C) Propagation losses for the best events at Site 3. (U)

) Propagation Loss (dB)

- Range Event 3P4 Event 3P4 Event 3P2 Event 3P4 Event 3S2
{km) 25 Hz 140 Hz 290 Hz 290 Hz 50 Hz

50 711 81.9 84.0 84.3 82.3

o 100 81.3 87.1 89.8 91.4 85.5
150 84.2 91.9 92.6 95.2 89.5

- 200 84.9 92.3 96.3 97.9 90.3
250 86.1 93.9 102.0 100.4 —
300 84.3 93.9 103.0 101.5 -

5.5 (U) SITE 3 SUMMARY

(U) Site 3, which was located in the middle of the Arabian Basin, was a bottom-
limited area. All receivers used at the site were mounted on the ocean floor. The propaga-
tion loss measurement results show that there is less propagation loss in the southwestern
direction from the site towards the Indus Fan than to the east and north of the site.

(C) The minimum propagation losses measured at Site 3 fca the range interval
50 to 300 km were 77.7 to 84.3 dB at 25 Hz, 81.9 to 93.9 dB at 140 Hz, and 84.0 to
101.5 dB at 290 Hz.

{C) In comparison with the Eleuthera reference curve, the propagation losses at
Site 3 for 25 Hz ranged from 5 to 14 dB less than those of the reference for the range

X interval 50 to 300 k. At corresponding ranges, the propagation losses at 140 Hz were
.- 1 to 4 dB less, ard at 290 Hz, O to 4 dB greater.

oo 5.6 (U) RECOMMENDATIONS FOR ADDITIONAL
DATA PROCESSING

(U) The data reduction for event 3A1 at Site 3 was not completed by WECo
because the aircraft was about 80 nmi off course at the end of the event. Despite this
.- drawback, it is recommended that all the data for the event be processed since it is one of
only two events in BEARING STAKE which penetrated into the Carlsberg Ridge, a high-
bottom-loss region. The data will provide information which will aid in establishing the
- boundary between the bottom loss regimes of the Indus Fan.
: (U) No other additional processing of the other events at Site 3 is recommended.
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6.0 (U) SITE 4 ASSESSMENT

6.1 (U) INTRODUCTION

(C) Site 4 was located in the deep (5100 m) Somali Basin that lies between the
Chain Ridge and the east coast of Africa. This site was chosen because long range propaga-
tion via refracted paths (convergence zone) was possible. This site was the only site of
BEARING STAKE in which bottom-limited propagation conditions were not expected to
prevail during the exercise. (Figure 61 shows the physical configuration of the BMA instal-
led at the site on the western slope of the Chain Ridge.

TO
SHIP
. DEPTH
16 000
- i 2000 m
2500 m
7
SITE4 = f \\ 3000 m
3 5 \ 3500 m
2 4000 m
2 AN 4500 m
1
e’ . 5000 m
9.25 km

WEST ——» EAST

Figure 61. (U) Configuration of BMA at Site 4. (U)

(U) Propagation runs were made to north, west, and southwest of the site, as shown
in figure 62. No runs were made to the east, as it was anticipated that the Chain Ridge
would block any signals coming from that direction. As shown in the figure, the radial runs
crossed the deep basin and terminated near the continental slope.

(C) The sound speed profiles measured at Site 4 were unusual in that they showed a
considerable number of sound speed gradient reversals in the upper 1500 m. This irregular-
ity is attributed to the interfringing of the Somali Basin water with the Red Sea water above
1000 m and Antarctic intermediate water from 1000 to 1500 m (ref 12 and 13). However,
for the frequencies used during BEARING STAKE, these irregalarities appeared to have
little effect on the propagation loss results. A representative sound speed profile for Site 4
is shown in figure 63. The profile shows that even for this deep water site, acoustic propaga-
tion could be bottom limited for sources at shallow depths (< 500 m). Fortunately, the
source depths used at the site included depths below 50 m, which allowed for convergence
zone mode of propagation.

12. “The Sound Velocity Structure of the North Indian Ocean,” NAVOCEANO TR 231, by D F. Fenner
and D. C. Bucca. December 1972

13. “Sound-Speed Distribution 1n the Western Indian Ocean,” NUC TP 502, by J. G. Colborn, 1976
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(U) Table 23 is a summary of the propagation loss data measured at Site 4. The
tabie shows, for each run, the measured frequencies and their source depths, and the BMA
receiver depths. The ACODAC was used at this site, and the depths of its receiving hydro-
phones are listed. The SUS source runs were recorded only by the BMA at the site. As can
be seen from the summary table, the data for this site are quite extensive.

(U) In this section, the close range bathymetry to the receivers and their effect on
propagation paths are discussed first. Then the effects on propagation loss at Site 4 of re-
ceiver depth, events conducted, range, frequency, and seasons are assessed and summarized.

6.2 (U) SITE 4 BATHYMETRY

(C) The bathymetric featires and sound speed profiles measured at Site 4 played a
prominent role in the acoustic propagation of the events conducted at the site. The events
conducted at Site 4 and their tracks, as well as bathymetric features, were shown previ-
ously in figure 62. The BMA receivers at Site 4 were draped up the Chain Ridge which
bounds the eastern edge of the Somali Basin. The ACODAC receivers were located about
25 km from the base of the Chain Ridge along the track of event 4P1. ACODAC receiver
13 was mounted on the floor of the basin with receivers 2, 5, and 9 suspended in the water
column. .

(C) Figure 64 shows the close range bathymetry for event 4P2. This event ran
almost normal to the Chain Ridge. The bathymetric profile was the same for BMA re-
cetvers | to 7, and a slightly different profile applies to receiver 8, as shown. (The ridge
was shallower than 3 km. However, since no events were conducted over the ridge. the
bathymetry beyond receiver 8 is not shown. The slope of the ridge was about 15°. The
maximum bottom depth in the Somali Basin was at the base of the Chain R:.dge at 5110 m,
where the BMA was located. For event 4P2, the bottom of the basin was essentially flat
for the entire event.

(C) The close range bathymetry for events 4P!/4S1, 4P5, 4A1. 4P4, and 4A2 1s
shown in figures 65, 66, 67, 68. and 6. respectively. (The long runge bathymetry of these
events is shown in appendix A, fig A-10 and A-11.) Event 4P5 had the longest sloping
bathymetry (O to 20 km) at close range of all the events conducted at Site 4. For event
4P1/4S1, the basin bottom was flat out to 175 m, and the event crossed an obstruction
which rose about 1 km above the basin floor at 320-km range. For event 4Al, the basin
floor was flat out to 425 km and then sloped about 0.5 degree to 725 km. Beyond this
range, the event had slopes as steep as 2.5 degrees. For event 4A2, the basin was {lat out
to 450 km and sloped 0.5 degree to 625 km. Beyond this range, the bathymetry was very
rugged, with individual features rising to a depth of 3.2 km.

\C) The bottom depth where the ACODAC was located was 5106 m. The long
range bathymetry for the ACODAC data is similar to that of the BMA data except, of
course, the bathymetry starts at the basin floor rather than on the Chain Ridge for all the
events, although, for event 4P5, the acoustic paths intercepted a seamount which rose some
1000 m above the basin floor. The seamount obstructed propagation to the ACODAC for
the 250-km range bin but was not a significant feature for propagation paths to the BMA
receivers.
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Table 23. (C) Summary of the propagation loss data set from the BMA and

ACODAC at Site 4 from projector (P) and SUS runs. (U)

BMA Hydrophone No.{ 1 3 6 7 8 ACODAC
Depth (m) 4725 | 4486 | 4235 | 4078 | 3778 || 400 | 1916 | 5076 | 5106
Freq (Hz) Source
Depth (m)
Run 4P1: 11-326 k.n
25 91 X X X X X
140 18 X ) A X X X X X X X
290 18 X X X X X X X X X
Run 4P2: 13-272 km
25 91 X X X X X
140 18 X X X X X
290 18 X X X X X
Run 4P3: Circular 272 km
25 91 X X X X X
140 18 X
290 18 X
Run 4P4: 279-11 km
25 88 X X X X X
140 18 X X X X X X X X X
290 18 X X X X X X X X X
Run 4P5: 13-295 km
36 87 X X X X X
140 18 X X X X X X X X X
290 18 X X X X X X X X X
Run 4P7: Circular 159 km
36 91 X X X X X
140 18 X
290 18 X
*Run 4S1, 4A1, 4A2
20 X X X X
50 X X X X X
140 X X X X
300 X

These were SUS runs. SUS depths were 18, 91, and 243 m for ship runs (S) and only 18 and 91 m

for aircraft runs (A).

*Run 4S1: 333-0 km, Run 4A1l: 2-778 km, Run 4A2: 1100-2 km
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Figure 64. (U) Close range bathymetry for event 4P2. (U)

(C) The sound speed prefiles at Site 4 required mo:e consideration than at the other
BEARING STAKE sites. Estimated values of the depth excess for various source depths and
events are listed in table 24. The table was based upon a fixed bottom depth (5106 m)
which was the value of ACODAC receiver 13 and the average sound speed as measured along
the track of each event at critical depths. The 18-m source depth is appropriate for CW
sources at 140 and 290 Hz and the 91-m source depth for low-frequency (20-42 Hz) CW
sources. The depth excess entries under “0” source depth ate based on the maximum near-
surface sound speed and represent the depth excess for the lowest-angic ray which reaches
the ocean surface. For event 4P35, the near-surface sound specd exceeds that at the basin
bottom; hence, zero depth excess is noted.

6.3 (U) CONVERGENCE ZONE PROPAGATION LOSSES

(C) The nature of the acoustic propagation at Site 4 was radically different from
that of the other sites. Whereas the other sites were bottom limited, the conditions at
Site 4 made convergence zone propagation possible. Figure 70 shows propagation loss at
290 Hz from events 4P and 4P5 as well as the propagation loss predicted from the RAY
WAVE and ASTRAL models Event 4P1, represented by the triangle symbols in the figure,
had the lowest propagation loss at 290 Hz of all the events at Site 4 and was also the event
with the greatest depth excess. Event 4P5, represented by the cross symbols, had the largest
propagation loss at 290 Hz as recorded on BMA receiver 3. All the experimental propaga-
tion losses shown in figure 70 (and in this section on Site 4) were averaged in 2-km range
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Figure 65. (U) Close range bathymetry for events 4P1 and 4S1. (U)
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Figure 66. (U) Close range bathymetry for event 4P5, (U)
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Figure 69. (U) Close range bathymetry for event 4A2. (U)
Table 24. (U) Depth excess in metres at Site 4 for
) various source depths and events. (U)
Event Source Depth (m)
o 0 18 o1
P 4P1 121 147 263
uy 4s1 96 121 259
4P2 51 76 197
col 4P4 35 66 238
<. 4S5 0 30 276
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Figure 70. (C) Propagation loss at 290 Hz as a function of range for a source depth

of 18 m at Site 4. Also shown are the corresponding propagation losses from the
ASTRAL and RAY WAVE models. (C)

bins in order to show detailed structures of the propagation loss. The solid curve is the
theoretical propagation loss as calculated by the RAY WAVE model and the square symbols
are the corresponding results from the ASTRAL model.

(C) As can be seen from figure 70, the convergence zones rise 10 to 20 dB above the
bottom-reflected propagation losses between the zones. Both the RAY WAVE and
ASTRAL models agree reasonably well with the experimental results. The experimental ‘
results show a good correlation with the depth excess values shown in table 24, where )
event 4P5 has the least depth excess for a source at the surface and at 18-m depth. Although
there are convergence zones for event 4P5, the losses are significantly higher than for

_ event 4P1. o
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(C) Figure 71 shows the propagation loss at 25 Hz for the experimental data and
theoretical models. Again, the ASTRAL and RAY WAVE models agree reasonably well
with the experimental results. As can be seen in figure 71, in both experimental and
theoretical results, there is little evidence of convergence zones. One possible explanation
of this lack of definitive convergence zones at 25 Hz is that although the bottom loss at
Site 4 is higher than at any of the other BEARING STAKE sites, the acoustic signals are still
<4 strong enough to fill in between the zones, thus masking the zones.
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Figure 71. (C) Propagation loss at 25 Hz as a function of range for a source depth
of 91 m at Site 4. Also shown are the corresponding propagation losses from the
ASTRAL and RAY WAVE models. (C)
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(C) However, on the basis of figure 71, it is suspected that convergence zone
behavior at low frequency for small depth excess is quite complicated. For example, at
25 Hz the source depth was 91 m compared to 18 m for 290 Hz. Hence, there are more
non-bottom-reflecied paths available for 25 than 290 Hz. On this basis, one would expect
the zones to be more pronounced at 25 Hz. This was not the case. Another example is
that the receiver with the lowest propagation loss at 25 Hz for event 4P1 was receiver 7
(see fig 71) instead of receiver 1, which was the best receiver at 290 Hz. Whatever the
reason, the only thing that can be said at present is that the behavior of the propagation
loss is significantly ditferent at 25 Hz from that at 290 Hz for Site 4. Present plans call for
a normal mode investigation of this behavior.

(C) Figure 72 compares the experimental propagation loss results of the best re-
ceiver for event 4P4 at 39 Hz with those for event 4P5 at 36 Hz. Event 4P4 had the lowest
propagation loss of all CW events at 39 Hz whereas event 4P5 had the highest propagation
loss at 36 Hz. The propagation losses at 25 Hz for events 4P1 and 4P2 fell between the
losses of the events in figure 72. The higher losses for event 4P5 are probably due to condi-
tions of smaller depth excess and. in the case of events 4P1 and 4P2, to a higher bottom loss
at 36 Hz. However. it is not too clear why, at 39 Hz, event 4P4 had less propagation loss,
since it had less depth excess than event 4P1. A possible explanation for the low losses for
event 4P4 is that, for some reason or other, the convergence zone structure was enhanced
for the geometry and frequency of the event. Figure 72 exhibits some convergence zone-
like structure for event 4P4.

6.4 (U) DEPENDENCE ON RECEIVER DEPTH

(C) Receiver depth dependence is given for the CW and SUS events at Site 4 in
tables 25 and 26, respectively. Both BMA and ACODAC systems were used to receive data
at the site. However, only the BMA results for the SUS events are shown 1n table 26
because the ACODAC data were overloaded and are not reliable.

(C) Nevertheless, the tables show that, in most cases, the receiver with the lowest
propagation loss is either BMA receiver 1 or 7. In a few cases, BMA receiver 3 or 8 has the
lowest propagation loss. The behavior of receiver 3 is quite similar to that of receiver 1, and
receiver 8 is similar to receiver 7. This similarity substantiates the results of receivers 1 and
7 »s “real” and not an artifact of calibration or processing procedures. In all but three cases
£ (event 4P4 at 290 Hz and events 4A1 and 4A2 at 50 Hz), the losses for BMA receiver 6 are
ﬁg greater than for BMA receivers 3 and 7. Since receiver 6 1s between receivers 3 and 7, the
£ results of receiver 6 are strongly suspect. The most important comparisons are between
BMA receivers 1 and 7 because they represent two possible choices for optimum receiver
depth.

(C) Consider, first, events 4P1, 4P2, and 4P4 of table 25 and their propagation loss
behavior at 140 and 290 Hz. Under convergence zone conditions, we would expect the
minimuin propagation loss to occur near the critical depth (or conjugate depth), which,
according to table 24, is between 147 and 66 m off the ocean floor for the 18-m source .
depth. It is not surprising, then, at 140 and 290 I1z, the best BMA receiver depth was
receiver 1. This receiver at 380 m off the ocean floor was nearest to the optimum receiver
configuration. Forevents 4P1,4P2, and 4P4 (table 25), BMA receiver 1 is from 2.4 to

é‘?
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Figure 72. (C) Propagation loss at 39 Hz as a function of range at Site 4, (C)

5 7.9 dB better than BMA receiver 7 at 140 and 290 Hz. Furthermore, BMA receiver 1 is
%‘“ 9.7 to 14.2 dB better than ACODAC receiver 13, which was on the ocean floor. (This is not
surprising — ACODAC receiver 13 was expected to have the highest losses because it is
f; ensoniiied only by bottom bounce paths or, possibly, refracted paths.) Note that BMA
receiver 1 has less propagation loss for these events than ACODAC receiver 9. Although
?‘J receiver 9 was 30 m off the ocean floor and was closer to the critical depth excess of 66 m
: * : than BMA receiver 1, the higher loss at ACODAC receiver 9 was expected since it was below
A the critical depth.
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Table 26. (C) Propagation loss differences between the receiver with the lowest
loss and other receivers used at Site 4 SUS events. (U)
Event BMA 20Hz S0Hz 140Hz
Receiver Source Depth (m) Source Depth (m) Source Depth (m)
Number 18 91 243 18 91 243 18 91 243
1 1.9 4.7 8.8 0.4 0.5 1.5 0 0 2.1
3 1.0 4.4 6.7 3.0 3.0 3.4 0.7 0 1.3
451 6 5.7 10.1 11.7 4.6 4.8 5.6 5.2 5.5 6.8
7 0 0 0 0.7 0 0.5 1.4 0.2 0
8 - — — 0 0.5 0 — - _
1 1.4 1.9 0 0 0 0
3 4.3 3.9 5.9 7.2 0.4
4A1 6 8.1 8.1 5.7 7.3 6.4 5.5
7 0 0 1.4 1.2 3.0 2.3
8 — - 1.0 0.2 —_ —_
1 1.2 0.1 0.8 0.7 0 0
3 7.1 4.3 9.2 8.7 2.7 2.8
4A2 6 5.5 7.0 4.7 7.3 3.6 3.7
7 0 0 1.4 2.7 1.8 1.6
8 — - 0 0 — —
P (C) Consider next, event 4P5, which had a critical depth excess of 30 m for an
. 18-m source depth. There are two important factors of this event that are clearly evident
in table 25.

1. (C) ACODAC receiver 9 has the lowest propagation loss at 36 and 290 Hz, and
is the second best at 140 Hz to BMA receiver 3.

2. (C) The small range of propagation loss differences at 290 Hz indicates that,
under conditions of small critical depth excess, the dependence on receiver depth is not very
significant. However, when the results of table 25 are taken as a whole and compared with
the receiver depth dependence tables for Site 1B or Site 5, it is seen that the dependence on
receiver depth is significantly more under convergence zone conditions than under bottom-
limited conditions.

(C) The fact that the best receiver depth for event 4P5 at 290 Hz is ACODAC
receiver 9 is of particular interest. This receiver was 30 m off the ocean bottom, which
correlates well with the depth excess for the 18-m source shown in table 24 for event 4P5.
As mentioned earlier, BMA receiver 1, the best receiver for the other CW event, was 380 m
above the ocean floor. This is considerably more than the depth excess of table 24, which
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varied between 147 and 30 m for the same events. The event 4P5 results strongly suggest
that although BMA receiver 1 was generally the best receiver for events 4P1, 4P2, and 4F4
at 140 and 290 Hz, it was not at the optimum depth. It is believed thart a receiver sus-
pended perhaps 100 m off the bottom would have performed better than BMA receiver |
because it would have been in the critical depth region.

(C) Consider now the dependence on receiver depth for the SUS events and fre-
quencies of table 26 for Site 4. The highest frequency of the data from the SUS events that
were processed for Site 4 was 140 Hez for the BMA receivers, For all the SUS events at
140 Hz for source depths of 18 and 91 m, BMA receiver 1 had the lowest propagation loss.
Although the differences between receivers 1 and 7 of the SUS events were not as large as
for the CW events, the results here substantiated the conclusion that receiver 1 was the
best receiver at Site 4 for 140 and 290 Hz at the shallow source depths.

(C) Inevent 4S1 for the 243-m source depth at 140 Hz, receiver 7 had less propaga-
tion loss than receiver 1 by 2.1 dB. This result was not surprising since the conjugate depth
for the 243-m source depth was approximately 3000 m, which is closer to the depths of
receivers 7 and 8 than the depth of receiver 1. (This is also a possible explanation why
receivers 7 and 8 have smaller losses than receiver | at 20 and 50 Hz for the 243-m source
depth. However, it is not clear whether conjugate depth is the principal mechanism, since
similar results hold for the 18- and 91-m source depths.)

(C) The analyses of the low-frequency (25 to 50 Hz) results show a significant
contrast to the results at 140 and 290 Hz. Under convergence zone conditions, we would
expect the minimum loss to occur near the conjugate or critical depth, which. according to
table 24, was between 197 and 276 m off the ocean floor for the 91-m source depth of the
CW events. We would also expect, then, that BMA receiver | would be the best receiver at
these low frequencies and at the 18-m source depth, However. these expectations were
not confirmed.

{C) BMA receiver 7 was the best receiver for events 4P1, 4P2, 4S1, 4Al, . and 4AZ
at 25 or 20 Hz. For the CW events (4P1, 4P2, and 4P5), receiver 7 had lower propagation
losses, 3.3 to 6.3 dB, than receiver | for the 91-m source depth. Corresponding values for
the SUS events ranged from 0.1 to 4.7 dB. The low value of 0.1 dB (event 4A2 in table 26)
resulted because receiver 1 had lowest losses at the near ranges and recewver 7 at the longer
ranges. Since event 4A2 had the most oblique close range bathymetry .t Site 4, the resulits
for the event suggest perhaps that the relative losses for receivers | and 7 depend on the
bottom slope away from the receivers.

(C) At 50 Hz for the 18- and 91-m source depths (table 2¢) the propagation losses
for receivers 1, 7, and 8 are comparable and within 1 dB of each other. For event 4Al,
receiver 1 has the lowest loss whereas for events 4S1 and 452, receiver 7 or 8 has the lowest
losses. The results of event 4P4 at 39 Hz also show that the three receivers are comparable.
This indicates that, at the lower frequencies, the choice between receivers 1 and 7 is not
clear-cut as it was for 140 and 290 Hz.

(C) Hence, this analysis of the low-frequency results at Site 4 suggests that the
optimum receiver depth may be a very complicated function of frequency and that con-
vergence zone propagation may not be effective at the low frequencies

(C) After the BEARING STAKE tests at sea and before the above analyses reported
herein, Bell Telephone Laboratories (BTL). a participant in BEARING STAKE, recom-
mended that a surveillance systems assessment be made at Site 4 utilizing data from BMA
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receiver 7. This recommendation, no doubt, was based upon the smaller propagation loss
for receiver 7 at 20 and 25 Hz. Hcwever, as 1'as been shown in this report for event 4P4,
the propagation loss for receiver 7 was 6.8 and 7.9 dB greater than the propagation loss for
receiver 1 at 140 and 290 Hz, respectively. Moreover, the smaller losses for receiver 1 at
39 Hz for event 4P4, and the mixed results of the 50-Hz data, suggest that a strong case can
be made for receiver 1 for a systems assessraent. Also, in other seasons with greater depth
excess conditicms, thie dependence on receiver depth may be quite different.

(C) The assessment of receiver depth dependence at Site 4 in this report is that the
optimum receiver depth at Jhe site is an open issue. Before an optimum depth at Site 4
can be selected, a much betr :r understanding of the physical principles involved is neces-
sary. This understanding can be obrained by a vigoious theoretical analysis, followed and
verified by additional experimental measurements.

6.5 (U) DEPENDENCE ON EVENTS

(C) Propagation loss is presented as a function of range for the receivers with lowest
losses for the radial events at Site 4 in figures 73, 74, 75, and 76. The CW events are plotted
as open symbols, the SUS events as line symbols. The ~‘arc’ eveats are not included in the
analysis because, under convergence zone conditions, slight changes in range can obscure
azimuthal dependence.

{(C) The ranking of the events according to increasing propagation loss is given in
table 27. The ranking at 140 Hz is the same a5 at 25 and 50 Hz with the exception of
event 4A2. The general pattern to the rankings is thar the highest-rank event was con-
ducted in a northerly direction from the site, and each descending-rank event approaches a
westerly direction in a counterclockwise direction (see fig 62). In other words, the propa-
gation loss to the north of Site 4 was found to be less than the losses to the west. There was
very little difference in the maximum bottom depth, event to event, as they crossed the
Somali Basin. However, the upward slope of the bottom was less in the northerly direction
than in the westerly direction. Small but consistent differences in bottom depth could
affect CW sources at 18-m depth for 290 Hz. However, it is difficult to imagine how these

. differences would affect the 91-m source depths since table 24 indicates a relatively large
depth excess for a 91-m depth.
.- (C) At 290 Hz, the rankings of events 4P1 and 4PS5 agree with the depth excesses

of table 24. However, that is about the extent of agreement between tables 24 and 27. As
noted in the optimum receiver depth discussion, theie needs to be a better understanding of
.- the physical principles of near-bottom-limited propagation before a satisfactory interpreta-
tion can be made of the ranking of events conducted at Site 4.

-~
‘L 6.6 (U) DEPENDENCE ON RANGE AND FREQUENCY
(C) The propagation losses for the events with the lowest propagation losses at
l Site 4 for 25, 39, 140, and 290 Hz are compared to the Eleuthera reference in figure 77.
The values plotted in figure 77 are given in table 28. First, note that despite the fact that

there are strong convergence zones at 290 Hz, the curves of the propagation loss averages
over the 50-km range bins are just as smooth as the curves presented previously for the

g 143

CONFIDENTIAL

SV o Eer el e b we NSRS N - PR . R ‘::..;;-}««— ————r PAE
el e o F SR R e SRR SIPUPRE e NI v
! - e e e Ty [ # P
- R N T ¢ VRTENET A ot

TR e A Rerxpty
TR
e TR N -

I

£

o,




o

£

ift

1

B

PRy

7S

STy

T

(D) ¥ 9IS 1E PAONPUOD SIUGAD 3Y} 10J 23UES JO UOHOUNY € SB ZH ST 1B SSOf uoneSedold (D) "€f sandiy

0°006
1

00083
i

N P

Iy
R

Fap

Y S T R P e

~

iyt

e S

T Py gty T SR kY AL XS AR RS R

CONFIDENTIAL

ZH SZ '034d

L QAH ZV NNYH
¢t QAH LY NNY
L QAH LISNNY
6 AQAH Gd NNY

AAH td NNY

L QAH Zd NNYH
L GAH Ld NNY

XK

¢ A0 Xxe

&0

<
xC & + X

¢ <@ X0 +X
O4x ¢

R &

O4¢ 0+ XX

00Lt

- 0601

~ 0'001

066

~0'06

~0'S8

008

~0'GL

(74

FE T Gl

i KX

e e b

144

CONFIDENTIAL

(89) $SO7 NOILYOVJOHd

LTS e T B e S

e

s v

i

o
37

&




. w £
C g
%
(D) " 911S 1© Pa1ONPUOD SIUAD a) foj a8uel JO uondUNy € SB ZH Of1 1B sso] uonededoly (D) "L 2indig w
(w>t) 3ONVY pu
0000t 0006 0’008 0'00L 0009 0 006 000t o'coge q'00Z 0'00L 0’0 wm
i 1 { L i ] ] ] 1 1. | 0'SLL L
7
o
i ﬁ ]
X ¥
* L 00! N e
x 00:1 i M\
8 8 .3
* LY
X < + i ;
% o'soL { ¥
X x o .Nw \
e —d ¥ P
Ead X 4
X
! * <
- > x - %
< * + - 0’001 2 il
w x x % S 3 w g L
D (e} w D 9 !
— ® I = e
. * 3 8 WA‘ nuw (71 K
< » g + g < P
o m @) PR
‘ & x % x X = o A
X Q 2 ;
g o 4
#1 a a X
; ¢ o * & ;
kS = - 006 o
mq ‘ I o F
H © % x
4] ) o
_.m. % o - 058 i
i zH OvyL :D3Yd b 4
| v o
3 L GAH 2V NNY X %
g L GAH LV NNY %
m\, LOQAH LSNNY + vaLs o - 0'08 ,
g €AAH SdNNY O 5
Kt LOAH vdNNY © :
I LAAH ZdNNY ¥ 4
4 LOAH tdNnY O g
o o'se ?
W 4
. 4
B d
4 - . > . D * . . ; [ Y [ b ¢ & 3 8 % %
- [ N » . - * § ot ot Fawewen < [T ' » ¥ x [ B




¥ U«
.
‘%_
(D) " 211S 1B PHIONPUOD SJUIAS 2\}) J0J a8 el JOo uonduUNJ e st zY Q6L Ik ssof wunededord (J) g/ 218y mm
2
{wx) 3ONVY i
0°0001 0'006 0'008 0N0L 0'009 000S 000y 0°00¢ 0002 0'00L 0o 2
j ] 1 1 1 1 i 1 1 1 0ozt 4
.
i H
i I
i,
L
- O'SLL ot
]
Lk
o b
X x s
X —o0otlL PoF
® Y ol
-l el »
< x g
._H.- X x + - \
N x ® o i~ 0601 N R
ul X X x 3 . |
o ot -
m » ® ® o <+ |D|
. N v 3 TR :
2 o % 2 w
o ok o F0001 3 (o) X
c * N + r c i
»x o s
8 @ ok
v + - ‘ X
o e R 7 ~ 0'S6 '
2 R m
X% !
i
¢ 7
% -0’06 P |
2H 067 D344 o 1
v
€ GAH ZV NOH” X g v
€ OAH LY NOH X
1 € OAH ISNNY + ¥ 3LI1S - 058 §
) 6 AQAH SdNNY O |
L GAH vdNOY © o] ,
€ QGAH ZdNNY @
/ I OAH 1dNNY O
& 008
3

S R

e N



.
b
28
G
2
(D) "p ©NS 1B PAIONPUOD S)UaA3 23U} 10§ dFuel JO HonouNy  se ZH QS 38 $S0f uonededosg (D) "9z 21n3rq AH
A
(wx) 3ONVY AM
0000t 0006 0008 000, 0009 0°00S 0'oov 0'00¢ 0°00Z 0001 0o >
ol 1 { 1 1 1 1 (] i 1 - 0'0ZL M&.
&
—~ O'SLE <&
-
S0
i,
— 001 '
-l = ;
. = |
- N
= - 0'50L 2 ;
= * . - w ,
ol * X [ e~ a)
% (@] <t .
[ 42 D x D -t — »
% L o X x X % X * > 2 i
e 2 X o x 000t 5 (@) ,
wm ‘ o 2 C '
mw o x ) ;
&
H [ N
+
unu.v
iy x i
v % L 0'06
. > : ,
A w16 ‘Hid430 3DHNOS ,
W ZH 0§ 0344 3 - 0S8 :
b3 8 H Zvh0 X :
: L H LYY % \ ;
1
X L H ISKO + b aLIS / !
m 0'08 i |
. 4
3
}




R

o

%
%
%

CONFIDENTIAL

Table 27. (C) Ranking of events at Site 4 according to propagation losses. (U)

Events

Rank Low Overall
(20-40) Hz 140Hz 290Hz 50Hz Ranking

1 4P4 4P4 4P1 4A1 4P4

2 4P2 4P2 4P4 4A2 4p2

3 4P1 4P1 4Al 4S1 4P1

4 4Al 4A2 4A2 _— 4A1

S 4P5 4A1 4P2 —_ 4A2

6 4S1 4P5 4S1 — 451

7 4A2 4S1 4P5 — 4P5

bottom-limited sites. Although the 50-km range-bin averages were devised (o treat bottom-
limited propagation losses, the same procedure worked well for the convergence zone condi-
tions of Site 4. The reason it works is that each 50-km range bin contains the data from one
convergence zone.

(C) The slopes of the propagation loss curves for 25 and 39 Hz shown in figure 77
are less than that of the reference curve. The propagation losses at long range for these low
frequencies are about 10 dB less than those of the reference. At 140 Hz, the propagation
losses are as much as 6 dB less than those of the reference; and at 290 Hz, the losses are
generally equal to those of the reference.

(C) The SUS event with the lowest propagation !oss at 50 Hz was event 4A1. The
propagatior i0ss curve is plotted in figure 76. The slope of the loss curve appears somewhat
less than that of the referenre. At short ranges, the 50-Hz loss is greater than the reference
loss by as much as 2.5 dB and is about 6 dB iess than the loss of the reference at the longer
ranges.

6.7 (U) SEASONAL DEPENDENCE

(C) The analyses of the propagation loss data at Site 4 at the present time indicate
that the results from the site may be strongly dependent on seasonal variations in the en-
vironment. The acoustic results for event 4P5 indicate that the near-surface sound speeds
are critical. The sound speed at the ocean boitom (5106 m) was calculated to be 1543.7
m/s. The maximum near-surface sound speed for event 4P5 was calculated to be, on the
average, the <2me value. Any increases in the near-surface sound speed will thus make the
site bottom li,.ited.

(C) In fact, Colborn’s historical data (ref 13) appropriate for the Somali Basin
indicate that the period March through May is the most likety pericd that the site will be
bottom limited. In this time period, 7 of 21 sample cases had near-surface sound speeds

148

CONFIDENTIAL .

Y

N




£

-t

| e A S
o |
e

oo
} TR

R b gnivi

A

RCESAE T O RS D I UESIURRE 7R e

[

,
»

Vbl s

pepiE

¥

P

53] gg"?z:v
L ot v

1

%
TH
RN

A SRR

7o )
’

)
{ o
i

r

|
%
|
|
|
F
|

CONFIDENTIAL
50.0 -
SITE 4
LEGEND
60.0 - ¢ = 25Hz
A = 1°7H2
4+ =2 Hz
X = 39H:z
70.0
80.0 - 8

PROPAGATION LOSS (dB)
+ > Ox
> X
/ x O
>
"

(w24

90.0 4 A

100.0

11€.0 1

120.0 Y L 1 ] 1 1 ]
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0

RANGE (km)

Figure 77. (C) Comparison of propagation loss at 25, 39, 140, and 290 Hz
with the Eieuthera reference. (C)

which exceeded 1543.7 m/s. These 7 samples occurred between April 20 and May 17 and
represented six different years. These data are in agreement with other studies of surface
temperature which indicate maximum temperatures in April with higher temperatures in
May than in March. Thus, propagation conditions at high frequencies (290 Hz) may be
expected to be worse than those encounteréd in event 4P5 for the months of April and
May, and better than those encountered in event 4P1 for the months of June through
February. However, at low frequency (25 Hz) and perhaps at the intermediate frequency
(140 Hz), we may expect that propagation conditions for April and May would not be sig-
nificantly worse than those encountered during BEARING STAKE. Propagation at these
frequencies could improve during conditions of large depth excess.
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Table 28. (C) Propagation loss of the best events at Site 4 as a function
of range and frequency. (U)

Propagation Loss (dB)
Range
(km) Event 4P2 Event 4P4 Event 4P1 Event 4P4 Event 4A1
(25 Hz) (140 Hz) (290 Hz) (39 Hz) (50 Hz)
50 79.6 79.7 83.0 — 84.8
100 88.3 84.6 86.6 81.0 89.1
150 84.6 87.4 92.3 84.4 90.0
200 85.4 89.5 95.0 87.1 91.2
259 88.0 90.9 97.4 87.2 96.5
200 87.7* 96.1* 94.8 — 96.9
*Event 4P1

(C) Good convergence zone propagation requires some minimal depth excess. It is
most likely that this minimal depth excess generally increases with decreasing frequency.
Thus, at low frequencies, convergence zones may play a larger role in propagation under
conditions of large depth excess.

6.8 (U) QUESTIONABLE DATA SETS

(U) £ pointed out in the discussion of tables 25 and 26, the propagation losses for
BMA receiver & were excessively high. The calibration of this receiver could be in error or
the receiver itself may have malfunciioned. It is also possible that the receiver was occluded
by some small bathymetric feature.

(C) Fcr BMA receiver 3, the propagation loss at 140 Hz at the range interval of
180 to 260 km appears to oe about 10 dB too high. This questionable loss was discoverea
by noting that, for the range bin which includes these data, the difference between re-
ceivers 3 and 1 was 13 dB. If this value is excluded, the maximum Jloss at 140 Hz between
the two receivers is 5.2 dB for the other range bins.

(C) The propagation losses for event 4S1 at all frequencies appear excessively high
and should be re-examined. In figures 73 to 76, the losses for this event are inexplicably
higher than for the other SUS events. Also a comparison of event 451 with event 4P1
shows differences ~hich are 1.3, 1.4, and 2.8 dB higher, at respective frequencies of 20,
140, and 290 Hz. than the differences which are typical for this type of comparison at the
other BEARINCG STAKE sites.

6.9 (U) SITE 4 SUMMARY

(C) Site 4, in the Somali Basin, the only BEARING STAKE site which was not
bottom limited, exhibited convergence zone propagation behavior as expected. However,
the convergence zones at the site were strongly frequency dependent. Prominent zones at
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290 Hz appeared 15 dB above the bottom-reflected background. In contrast, there was very
little evidence of convergence zones at 25 Hz.

(C) Propagation conditions at Site 4 may be seasonally dependent. The BEARING
STAKE measurements at the site were made in March, which was near the predicted month
(April) of maximum near-surface temperature and, thus, minimal depth excess. For other
seasons, the depth excess will increase and a strong dependence of propagation loss on
season is predicted. This is in contrast to the other strongly bottom-limited sites of BEAR-
ING S'TAKE, at which the seasonal dependence of propagation loss +ill be minimal.

(C) Nevertheless, the propagation losses to the north of Site 4 were found to be less
than the losses to the west of the site. The minimum propagation loss over the range
interval 50 to 300 km was 79.6 to 87.7 dB for 25 Hz, 79.7 to 96.1 dB for 140 Hz, and 83.0
to 94.8 dB for 290 Hz.

(C) The propagation losses at Site 4 for 25, 50, 140, and 290 Hz were less than
those of the Eleuthera reference at corresponding ranges.

(C) At Site 4, the two receivers with lowest propagation loss results were receivers 1
and 7, located on the Chain Ridge about 400 and 1050 m, respectively, above the floor of
the Somali Basin. At 140 and 290 Hz, receiver 1 had less propagation loss than receiver 7
by as much as 7 dB. This was as expected and is related to the critical depth of convergence
zone propagation. However, at 25 Hz, receiver 7 had propagation losses which were as
much as 5 dB less than those of receiver 1. The physical explanation for this result is not
known and attempts to model the result have not been successful. The experiinental results
suggest a complicated dependence on receiver depth and frequency.

6.10 (U) RECOMMENDATIONS FOR ADDITIONAL
DATA PROCESSING

(C) Additional data processing is required to establish the complicated frequency-
receiver depth dependence in which BMA receiver 1 is best at 140 and 290 Hz while receiver
7 is best at 25 and SO Hz. It is recommended that, for all the CW events at Site 4, additional
data processing include BMA receivers 2, 4, and 5 at all frequencies. For SUS event 4S1,
all receivers should be processed; i.e., receivers 1-8 at frequencies of 20, 35, 50, 75, and
100 Hz. These data sets will be analyzed and compared, and then a determination will be
made whether additional receiver-frequency combinations are necessary.

(C) During event 4P5, the CW source was turned off at 0400, 19 March, at a range
of 295 km. Both BMA and ACODAC data were processed to this point. Transmissions
were resumed at 1500, 19 March, at a range of 485 km. If these latter data were recorded,
they should be processed for both BMA and ACODAC systems. This portion of event 4P5
is the only CW event in BEARING STAKE in which there was substantial shoaling of the
bottom along the track of the event. Event 4P5 started over a bottom depth of about
5100 m and ended over a bottom depth of about 1800 m.
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7.0 (U) SITE 5 ASSESSMENT

7.1 (U) INTRODUCTION

(C) Site 5 was located on the northern edge of the Carlsberg Ridge south of the
Suez Canal-Orient shipping lanes. It was located on the flat top of a low rise (500-m eleva-
tion above the seafloor) in 4500 m of water. Sediments from the Arabian deep sea fan edge
up to the flanks of the ridge in this area, which gives the impression that the bottom is
highlighted by elongated ridges. In actuality, they are partially buried ridges. It was atop
one of these topographic highs that the BMA was positioned. Figure 78 shows the con-
figuration of the BMA at the site.

(U) Figure 79 shows the propagation runs conducted at Site 5. The runs to the
north and northeast were made over a smooth bottom which sloped gently upward to the
northeast. The remaining runs (5P3 and 5P5) were made over rough bottoms associated
with the Carlsberg Ridge proper.

(C) Sound speed profiles taken along the various tracks of each run at Site 5 indi-
cated that acoustic propagation would be severely bottom limited throughout the operating
area. Figure 80 is representative of the sound speed profiles that were measured at the site.
The profile shows the presence of a depressed surface duct at 30-50-m depth, and sound
speed minimums at 450- and 1768-m depths.

(U) Table 29 summarizes the extent of the acoustic data set, measured by the
bottom-mounted array (EMA), used in this report to assess propagation loss at Site 5.
Shown are the source frequencies and depths, and the depths of the recciving hydrophones.

(U) The discussions to follow in this section include the effects of the bathymetry
close to the receivers and the effects on propagation loss of receiver depth, events con-
ducted, range, and frequency. The results are then assessed and summarized.

7.2 (U) BATHYMETRIC FEATURES

(C) The bathymetry at Site 5 played a prominent role in the acoustic propagation
conditions at the site. The events conducted at the site were shown previously in figure 79
and the configuration of the BMA receivers in figure 78. BMA receivers 3 and 5 were
located about 10 m from the top of a small conical hill rising about 700 m above the south
end of the Indus Fan. Receiver 2 was buoyed up about 380 m above the hill, while re-
ceiver 1 was buoyed up about 600 m above the hill.

(U) The close range bathymetry for events 5P1, 5S1, 5Al, 5A3, 522, 5A2, and
5P5 is shown in figures 81 through 87, respectively. Figures 81, 82, 83, and 84 (events
5Pi, 581, 5A1, 5A3) show the conical hill with its peak at zero range. There were no
obstructions at close range for these events. The long range bathymetry (s:e appendix A,
fig A12 and A13) for the same events shows a very gentle slope with no obstructions.

(C) Figures 85 and 86 (events 5P2 and 5A2) show significant obstructions which
rise about 500 and 600 m above the basin floor. The long range bathymetry for event SP2
was flat beyond 40 km. However, the long range bathymetry for event 5A2 shows a minor
obstruction at 280-km range and a major obstruction at 650-km range where the event
crosses the Owen Ridge (appendix A, fig A-12).
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Figure 78. (U) Geometry of the BMA at Site 5. (U)
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3 (C) In figure 87, the close range bathymetry for the propagation paths of event 5P5
R shows a major obstruction rising about 1 km above the basin floor. At longer ranges, there

was & minor obstruction centered at 150 km from the receivers. The range limits of event
5P5 were from 131 to 407 km so most of the event itself was over a flat bottom with the
propagation paths crossing over the major obstruction and on to the receivers.

i

I 7.3 (U) DEPENDENCE ON RECEIVER DEPTH
) (C) The receiver depth dependence for the CW and SUS events at Site 5 is given in
[‘ tables 30 and 31. Consider, first, the low-frequency data at 22 to 50 Hz shown in the tables.
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Table 29. (C) Summary of the propagation loss data set from the BMA
collected at Site 5 from the projector (P) and SUS runs. (U)

BMA Hydrophone No. 1 2 3 4 5 6 7 8
Depth (m) 3243 | 3468 | 3865 3844
Source
Freq (Hz) Depth (m)
Run 5P1: 759 to - 12 km
22 77 X X
140 18 X X
290 18 X X
Run $P2: -9 to 131 km
36 91 X X X X
140 18 X X
2%0 18 X X
Run 5P5: 130 to 409 km
36 91 X X X X
149 18 X X
290 18 X X
Run 5P3: Circular 131 km
36 91 X X X X
140 18 X X
290 18 X X
*Run 551, SA1, 5A2, 5A3
20 X
50 X X X X
140 X
300 X

These were SUS runs. SUS depths were 18, 91, and 243 m for ship runs (S) and only
18 and 91m for aircraft runs (A).

*Run No Range (km)
, 581 0 to 446
i 5Al 10 779
5A2 854 to 14 (closing)
5A3 0to 714
156
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Figure 81. (U) Close range bathymetry for event 5P1. (U)
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Figure 82. (U) Close range bathymetry for event 5St. (U)
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Figure 85. (U) Close range bathymetry for event 5P2. (U)
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Figure 86. (U) Close range bathymetry for event 5A2. (U)
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Figure 87. (U) Close range bathymetry for event 5SP5. (U)

The bottomed receivers (receivers 3 and 5) always have less propagation loss than the sus-
pended receivers (1 and 2). Moreover. there is no significant difference in the propagation
loss between receivers 1 and 2. If all the low-frequency data are combined for each receiver,
receiver 1 has an average propagation loss of 0.1 dB less than that for receiver 2. On the
average, receiver 3 has 1.4 dB less propagation loss than receiver 5, and rcceiver 1 has 1.2 dB
mcre loss than receiver 5.

(C) Unfortunately, only two receiver depths were processed at 140 and 290 Hz;
namely, receivers 1 and 5. The results of the propagation loss differences at these fre-
quencies and receivers are somewhat mixed, as can be seen in table 30. By averaging the
propagation loss at 290 Hz for each receiver for all the events, the propagation loss for
receiver 1 is only 0.1 dB less than the loss for receiver 5. However, receiver 5 may have been
a poor receiver since it had 1.4 dB more loss than receiver 3 at the lower frequencies. It
would be informative to know how receiver 3 would have behaved if compared to receiver 1
at 140 and 290 Hz. (The dirfereirces between receivers 1 and 5 may be a moot subject,
since there is strong evidence suggesting that a receiver placed on the bottom of the Incus
Fan will outperform any suspended receiver above the conical hili ) .

7.4 (U) DEPENDENCE ON EVENTS

(C) The propagation losses for the reeeiver with the lowest loss for all the events
conducted at Site 5 are plotted as a function of range, at four frequencies, in figures 88, 89,
90, and 91. Events in which there was no obstructing bathymetry at close range are shown .
as open symbols, events with obstructing bathymetry as line symbols. As expected, those
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Table 31. (C) Propagation loss differences between the BMA receiver with the lowest
propagation loss and other BMA receivers for Site 5 SUS events at 50 Hz. (C)

Propagation Loss Differences (dB)
BMA | Rovr. Event 5S1 | Event 5Al | Event 5A2 | Event 5A3
Revr. { Depth Source Depth (m)
No (m) 18 91 243 18 91 18 91 18 91
1 3243 | 1.7 | 28 | 24 1.8 3.5 34 3.0 5.8 33
2 3468 | 2.7 | 2.7 | 2.6 1.5 3.7 3.2 2.8 4.7 3.2
3 3865 0 0 0 0 0 0 0 0 0
5 3844 | 1.1 26 | 2.8 0.2 2.2 1.6 2.3 2.5 1.3

events with no obstructions suffer less propagation loss, as can be observed from the
figures. In figures 88, 89, and 90, the vertical lines with arrows at a range of 131 km span
the minimum and maximum propagation loss for ten 30° bearing bins from event 5P3,
which was an *‘arc’ event.

(C) Table 32 ranks the radial events according to increasing propagation loss at the
frequencies listed. The ranking of events is identical at 5C, 140, and 290 Hz. The ranking at
25 Hz is slightly different from the higher-ficquency ranking, in that event 5A3 moves up
two positions and everts SS1 and SA1 drop back one. The higher ranking of event 5A3 at
25 Hz indicates that the track of the event probably had thc lowest propagation 1oss of the
SUS events. However, at the higher frequencies, event 5A3 showed higher losses at the
longer ranges (greater than 300 km) then events 5S1 and 5A1 and thus ranked lower at the
high frequencies.

(C) The three lowest-rank events (events 5P2, SA2, and 5F5) all had close range
bathymetric obstructions. The behavior of event 5SA2 was somewhat complicated in that it
had less propagation loss at all frequencies at 250-km range than events 5A] and 5A3.
However, beyond 400 km it had higher losses and, thus, overall had to be ranked lower.
These higher losses at long range for event 5A2 appear to be consistent with the high losses
for event 2P3 at Site 2, which paralleled event 5A2.

(C) Event 5P5 crossed over a severe obstruction (see fig 87) and is the lowest event
in ranking. The slope of the propagation loss curve of event SP5. as seen in figures 88,
89, and 90, is comparable to that for events SP1 and 5A3. If the propagation losses of
event 5P5 are subtracted from those of event 5P1 and averaged over six 50-km range bins
common to the two events, values of 8.4, 8.9, and 8.4 dB are obtained for 25, 140, and

- 290 Hz, respectively. Thus, the propagation loss appears to undergo an increase in loss of
X about 8.5 dB in passing over the aforementioned bathym.tric obstruction.
@ (C) The values for event 5P3 (the arc event at 131-km range) were consistent with
- the results from other radial events at Site 5. The propagation losses of this event span the
1t results shown for events 5PP, 5P2, and 5A2 in figure 90, as expected, since these three events
%ﬁ are included in the arc of event 5P3.
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Table 32. (C) Ranking of events 1or Site 5. (U)

Rank Events
Low
(20-25) Hz 140 Hz 290 Hz 50 Hz
1 5P1 5P1 5P1 581
2 5A3 581 581 SA1l
3 581 5A1 5A1 5A2
4 5A1 5A3 5A3 5A3
5 5P2 5P2 5P2
6 SA2 5A2 5A2
7 5PS SPS SPs

7.5 (U) DEPENDENCE ON RANGE AND FREQUENCY

(C) The propagation losses for event 5Pl which had the lowest propagation loss at
22, 140, and 290 Hz for Site 5 are plotted and compared to those of the Eleuthera reference
in figure 92. Table 33 lists the propagation loss values which are plotted in figure 92 as a
function of range. The slope of the 22-Hz propagation loss curve is less than the slope of
the reference with losses at long range being as much as 13 dB less than those of the
reference. The 140-Hz propagation loss curve is about the same as that of the reference but
has losses, at long range, about 6 dB less than those of the reference. At 290 Hz the slope of
the propagation loss curve is comparable to the slope of the reference from 100 to 500 km,
their losses being within 1 dB of vach other. However, the experimental losses beyond
500 km are about 3 dB greater.,

(C) Propagation losses at 50 Hz for the SUS event with lowest propagation loss
(event 5S1) are also listed in table 33. Tius event is plotted in figure 91 along with the refer-
ence. The slope of the losses from event 551 is less than the slope of the reterence, with loss
values ranging from 1 to 7 dB less than those of the reference

(C) As shown in table 33, the propagation losses over the range interval 50 to 750
km for the best events range from 79.0 to 93.7 dB for 22 Hz, 84.0 to 100.9 dB for 140 Hz,
and 87.0 to 112.2 dB for 290 Hz. Results for 50 Hz over the range interval 50-300 km are
82.41091.1 dB.

7.6 (U) SITE 5 SUMMARY

(C) At Site 5, recervers were mounted near the top of a small conical hill rising
700 m above the southern end «. the Indus Fan. Two other receivers were buoyed up 380
and 600 m above the hill. Differences in propagation loss between the various receivers
were typically 1 to 3 dB. The measured results indicated that the minimum propagation
losses occurred to the northeast of the site towards the Arabian Fan and that slightly higher
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Figure 92. (C) Comparnison of propagation loss at 22, 140, and 290 Hz for
Site 5 with the Eleuthera reference curve. (C)

losses occurred to the north and east directions from ihe site. Theoretical computations,
however, suggest that lower propagation losses at the site would have occurred if the
receivers had been mounted at the base of the hill (on the floor of the Indus Fan) rather
than atop the hill.

(C) The minimum propagation losses over the range interval 50 to 750 km from
Site 5 were 79.0 to 93.7 dB at 22 Hz, 84.0 to 100.9 dB at 140 Hz, and 87.0t0 112.2dB
at 290 Hz. At 50 Hz for the range interval 50-300 km, the minimum propagation loss was
82.4to 91.1 dB. There were significantly higher losses for events conducted over seamounts
extending out of the fan and to the south in the Carlsberg Ridge region.
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Table 33. (C) Propagation loss of best event at Site S as a function of
range and frequency. (U)

Range Propagation Loss (dB)
(km) Event 5P1 Event 5P1 Event 5P1 Event 551
22 Hz 140 Hz 290 Hz 50 Hz
50 79.0 84.0 87.0 82.4
100 83.0 88.4 90.3 85.1
150 85.3 89.0 93.1 87.7
200 87.5 924 93.9 88.8
250 87.8 92.7 97.7 89.7
300 87.7 95.2 99.6 91.1
350 88.5 95.1 100.7 —_
400 90.0 96.9 101.7 —
450 90.2 97.8 103.3 —_
500 90.1 97.9 103.9 —_
550 90.2 100.5 108.2 —
600 90.9 100.8 107.6 —
650 91.6 100.4 107.0 -
700 92.5 101.6 107.7 —
750 93.7 100.9 112.2 —

(C) In general, the propagation losses at the low frequencies (20 to 25 Hz) and
140 Hz were always less than those of the Eleuthera reference curve at comparable ranges.
At 290 Hz, the propagation losses were equal to or greater than those of the Eleuthera
reference.

7.7 (U) RECOMMENDATIONS FOR ADDITIONAL
DATA PROCESSING

(C) BMA receivers 5 and 3 were bottom mounted on a conical hill about 125 m
apart in range and about 21 m apart in depth, receiver 3 being deeper. In five of the seven
events conducted at Site 5, BMA receiver 5 was the only bottom-mounted receiver that was
processed at the frequencies above 36 Hz. However, for events 5P2 and 5PS at 36 Hz, the
propagation loss for receiver 3 was about 1 dB less than that of receiver 5. Moreover, for
some of the SUS events at the low frequency, receiver 3 on the average had 1.4 dB less loss
than receiver 5. These results suggest that perhaps receiver 5 may not be representative of
the bottom-mounted receivers at Site 5. Since the present BEARING STAKE results at
Site 5 rely heavily on receiver 5, it is important to establish firmly whether or not receiver 5
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is representative of the bottom-mounted receivers. Therefore, it is recommended that the
data from BMA receiver 3 be processed at all frequencies and compared with receiver 5
results to resolve the problem.

(C) The processing of data from suspended BMA receiver 2 wes limited to the low
frequencies for all the events at Site 5 except event 5P1. For event 5P1, no data from re-
ceiver 2 were processed at all. Additional data from receiver 2 are necessary to verify that
receiver 1 is typical of suspended receivers. Events 5P1 and 5P2 indicate a complicated
frequency-receiver relationship in which bottom-mounted receiver 5 had less propagation
loss than suspended receiver | at 22 and 36 Hz but greater losses at 140 and 290 Hz.

(C) To resolve these problems and to effectively evaluate the effects of local bathy-
metry on event 5P3, it is recommended that additional data sets for events 5P1 and 5P3 be
processed which include receivers 1, 2, 3, 6, and 8 at all frequencies. Further processing of
events SP2, 5P5, and 5S1 may be recommended, depending on the analyses of the augmented
data for events 5P1 and 5P3.
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8.0 (U) OVERALL PROPAGATION LOSS ASSESSMENT

(U) Based upon the assessinents made in this report on the five sites occupied during
BEARING STAKE, the overall propagation loss characteristics of the Northwest Indian
Ocean can now be assessed. Figure 93 shows the composite of all the propagation loss meas-
urement events and the area covered by the tracks for each event. As can be seen from the
figure, BEARING STAKE measurements covered the Northwest Indian Ocean extensively
in all directions. Some of the acoustic runs at each site overlapped into other sites and pro-
vided a common basis for comparisons between sites.

7,
o

3y

s
1201

Figure 93. (C) Composite of all propagation loss runs conducted at all five sites during
BEARING STAKE. (U)
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(U) Thu discussicons in this section assess the propagation loss in terms of bottom
loss regione, source depth dependence, bathymetric effects, propagation loss comparisons
between sites, and comparisons with the Eleuthera reference loss curve. Surveillance site
selection considerations and an assessment of propagation loss models are also presented.

8.1 (U) ACOUSTIC DETERMINATION OF BOTTOM
LOSS REGIONS

(U) For surveillance systems assessment of the BEARING STAKE oerating area,
it is necessary for investigators to know the propagation loss due to the ocean bottom of the
operating area. For this purpose, vottom loss results bi sed upon experimental data from
BEARING STAKE were determined by the Applicd Research Laboratory, University of
Texas (ARL/UT), and reported in reference 7. For modeling purposes, the bottom losses
were divided into bottom less regions as shown in figure 94. Each 1° square contains a num-
ber from 1 to 6 associated with the level of bottom losses encountered. The number “17
denotes the region with lowest loss; “€”’ denotes the region with highest loss. This section
of this report demonstrates how the acoustic propagation results weare used to establish the
boundaries between bottom loss regions numbers 1 and 2.
\C) The acoustic event which itiated the investigation into dividing the BEARING
STAKE operating area into bottom loss regions was event 2P3 at Site 2. Figure 95 shows
experimental propagation loss in 2-km range bins for event 2P3 at 290 Hz along with the re-
sults of propagation losses caiculated by the ASTRAL model (represented by the open circles)
based upon Site 3 bottom losses. A discrepancy was noted betwer 1 the experimental data
and ASTRAL at long ranges. Since there were no pronounced changes in the bathymetry or
sound speed profiles along the track of the event, the possibilitv of different bottom loss re-
gions became apoarent. This possibility was strengthened by the fact that the bottom losses
measured at Site 5 at the southern end of the indus Fan were significantly lower than those
measured at Site 3, which was in the northern portion of the fan. It was also noted that by
overlaying various data plots, similar to figure 2, from Sites 2, 3, and 5, a rough boundary
dividing the Indus Fan into two botto.n loss regions could be established. Subsequently,
these data were subjected to a more complete and vigorous analysis.
(C) The initial step was to establish a typical propagation loss slope (loss vs range)
for event 5P1 at Site 5. The 50-km range-bin data for this event are shown i figure 96.
Line “A” in the figure is a linear least-square fit of the 290-Hz data for receiver 5 over the
range interval from 100 to 600 km. Line “B” is the corresponding fit to the 140-Hz data
for receiver 1. (The low-frequency (20-50 Hz) data were nct used 1n this analysis because
the bottom loss is so small at the low frequencies that slope differences aie indic singuishable.)
(C) The 50-ki range-bin data for event 2P3 at Site 2 were then plotted as shown in
figure 97. Comparison of figure 97 with figure 96 shows that line “A” has the same slope
in both figures. Note that, with the exception of the daiw: point at 300 ki, line “A’ in .
figure 97 is an excellent fit to the experimantal data. (The slope of the line is the important
factor in this discussion, not the absolute loss value.) Line “R” of figure 97 also compares
favorably with figure 96, indicating that the slopes at long ranges in event 2P3 and SP1 are
essentially the same.
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Figure 94. (U) BEARING STAKE bottom loss regions. (U)
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Figure 95. (C) Propagation loss at 290 Hz as a function of range for event 2P3. (C)

{C) The next step was to establish a typical loss slope for the short range data in
figure 97. Lines “C” and “D” are visual fits to the data at 140 and 290 Hz, respectively.
Lines “A” and “C” or “B” and “D” intersect at a range of about 175 km. This, then, estab-
lished a boundary point along the track of event "P3 between bottom loss regions.

(C) A similer analysis was performed for all the other Site 2 events. For example,
the individual SUS propagation losses for event 282, receiver 7, for 140 Hz at 91-m source
depth are shown in figure 98. The slopes of the ¢ zperimental data at long and close range
(lines “B” and “E”) intersect at a range of about 100 km. For event 2A1 (fig 99) the slopes
of the long and clese range intersect at a range of about 200 km. In all cases, line “B” Tt
refers to the same slope as shown in figure 96
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Figure 96. (C) Establishment of propagation loss slope for event 5P1 to determine
~- bottom loss region boundary. (U)
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bottom loss region boundary. (U) -
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» Figure 98. (C) Example of bottom loss region boundary determinaticn for event 282. (U)

(U) The range to the intersection of the lines for long and close range was then
plotted along the track of each event analyzed. Since i has been shown that the slope of

the long range data is the same, the intersection represcnts the line, or boundary, dividing

different bottom loss regions. :
(U) The boundariec of the various bottom loss regions as shown in figure 94 should

suffice at the present time for survcillance systems assessment model inputs. It should be

pointed out, however, that the boundaries were based upon the analyses of the acoustic data

available at the present time. The recommendations as set forth in each of the individual

site assessments may (or may not) influence the boundaries as shown. However, it is expected

that if changes are required, the boundaries will not move more than 1° in any paiticular
direction.
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Figure 99. (C) Example of bottom loss region boundary determination for event 2A1. (U)

8.2 (U) SOURCE DEPTH DEPENDENCE

(C) During the BEARING STAKE exe.cise, a significant volume of data was collect-
ed to investigate the dependence of propagation loss on source depth. For this purpose, the
explosive source events were planned so that a series of charges was detonated at different
depths, but esentially at the same range, from an aircraft or a ship. The aircraft deployed
SUS =narges were limited to 18- and 91-m detonation depths while the ship-deployad charges o
were detonated at 18, 91, and 243 m.

(C) The progagation losses from the SUS charges as a function of range were calcu-
lated by investigators at WECo from the BMA for 20, 50, 140, and 300 Hz. The following .-
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discussion of source depth dependence is presented in terms of frequency and range as well
as bathymetric features whenever applicable.

(C) The overall behavior of propagation loss as a function of source depth is typified
by the two plots shown in figure 100. The data are from hydrophone 1, run S1 at Site 4.
The bottom depth over this run was constant (5 km) out to 280 km. The plots show the
propagation loss at 20 and 140 Hz for source depths of 18, 91, and 243 m. (Plots exempli-
fied in figure 100 were also generated for 50 and 300 Hz.) From figure 100 (upper half) it
can be seen that, at 20 Hz, the 18-m source depth suffers significantly more propagation loss
than the other source depths. This loss at 20 Hz at 18 m increases from about 4 dB at 50 km
to 10 dB at 250 km, whereas the losses at 20 Hz from the sources at 91 and 243 m show
little difference between them.

(C) For 140 Hz, figure 100 (lower half) shows that there is very little difference in
propagation loss between the source depths of 18, 91, and 243 m.

(C) The other two frequencies, 50 and 300 Hz, exhibited source depth character-
istics similar to those shown for 140 Hz in figure 100. The trend observed for 20 Hz at
18-m depth was not noticeable at 50 Hz for the same source depth.

(C) In order to analyze source depth effects in more detail, the differences in propa-
gation loss between the 91-m source depth and the 18- and 243-m source depths as a function
of frequency and range are shown in figurzs 101 and 102. In figure 101 the differences corre-
spond to 18-and 91-m source depths and are given at frequencies between 20 and 300 Hz.
Equivalent plots relating to 91- and 243-m differences are shown in figure 162. These figures
include ail available data from all sites and runs which do not have major bathymetric changes.
The class including bathymetric effects will be discussed later.

(C) The general trends of figure 102 are also clear in figure 101. Negative values of
propagation loss difference here indicate that the 18- or 243-m source depth has greater loss
than the 91-m. The range dependence of this difference 1s also clear frum figure 101(a) at
20 Hz and to a small extent at 50 Hz. The two higher frequencies have no significant range
dependznce.

(C) In all the cases shown 1n figure 101, there 1s a systematic negative average to the
difference data which diminishes shghtly as the frequency increases. The higher propagation
loss from an 18-m source depth (for all frequencies shown, except 20 Hz) when compared
with the losses from a 91-m source depth can be attributed to a change in the ray paths be-
tween transmission families with source depth. That is, the shallower source (18 in) will
have fewer rays which vertex above the ocean bottom. thus suffering more bottom loss than
the 91-m source depth.

(C) The propagation loss differences between the 91- and 243-m source depths
shown in figure 102 are consistent with the results of table 1B (section 2.2.3), which showed
a slight negative difference for 50 Hz of 2 to 3 dB from the other frequencies. As previously
mentioned, the normal mode results predicted slightly lower lesses for a 91-m source at 20
and 50 Hz. It is difficult to determine whether the experimental results of figure 102 are
“real” or merely indicate incorrect SUS source levels as a function of depth and frequency.

(C) The most noticeable feature in this analysis, although not entirely unexpected,
is the higher propagation loss at 20 Hz for the shallow source at 18 m. This higher loss 1s
due to the acoustic effects of surface decoupling associated with low-frequency sources
at shallow depths reported in reference 10. As can be seen from figure 101(a), surface
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decoupling occurred at all five sites of BEARING STAKE at 20 Hz when the source depth
was 18 m as indicated by the large loss differences at all ranges between the 91- and 18-m
source depths.

(C) Briefly, surface decoupling is conceptually an interference effect involving an
acoustic source and its surface images. In the simplest case (when sound rays are straight
lines near the ocean surface) surface decoupling is equivalent to dipole radiation from a

. source. That is, the source may be regarded as having a vertical directional pattern with a
directivity function proportional to the grazing angle (0g) at the surface. Under these condi-
tions, rays with small surface grazing angles will suffer greater losses than rays with higher
grazing angles. A sketch of the equivalent vertical source directivity is shown in figure 103.
At high frequencies, or source depths greater than a few wavelengths, there is no dipole
directivity and the curve ““no decoupling loss™ applies. As the frequency decreases below
about 50 Hz and the source depth becomes shallower than 100 m, the directivity becomes
apparent. The curves labeled “moderate’™ and *‘high” decoupling loss relate to this trend.

e]
B

1 DEPTH

HIGH MODERATE
DECOUPLING | DECOUPLING
LOSS LOSS\/

|

NO DECOUPLING LOSS””

Figure 103. (U) Surface decoupling loss concepts. (U)

(C) Figure 104 shows surface decoupling loss as a function of surface grazing angle
(05) for source depths of 6,18, and 91 m. As the surface angle decreases, the decoupling
loss increases as shown. Decoupling loss is greatest for small surface angles and for sha.iow
source depths. The figure also shcws that at 91 m surface decoupling loss is practically nil.

8.2.1 (U) Bathymetric Effects

(C) The results and conclusions discussed thus far with respect to the dependence of
. propagation loss on source depth were based on data from areas in which the bathymetry
was fairly uniform. In thoss instances in which major bathymetric features were encountered
along the propagation path, the only propagation loss assessment affected was for 20 Hz at
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Figure 104. (U) Surface decoupling loss as a function of surface angle for 20 Hz
for source depths of 6, 18, and 91 m. (U)

the 18-m source depth. A typicai example of the effect of a bathymetric feature on propa-
gation loss is shewn in figure 105. The propagation loss curves shown in figure 105(a) are
for 20 Hz at source depths of 18 and 93 m at Site 4. The range-dependent increased propa-
gation loss from an 18-m source at 20 Hz is once more apparent out to 700 km (compare
with fig 100). However, when the sloping bottom was encountered, the propagation loss at
20 Hz decreased significantly. This effect is known as upslope enhanceient or “niegaphone
effect.” It is also clear from figure 105 that the 91-m source depth at 20 Hz did not ex-
perience any significant enhancement.

(C) Corresponding propagation loss curves at 140 Hz for 18- and 91-m souice
depths are shown in figure 105. At this frequency (and also at 300 Hz) no enhancement
effects are apparent in either scurce depth case.

(C) Another example of the enhancement effect is afforded by data from Site | A
and shown in figure 106. The propagation loss run passed over a scamount at a range of
250 km. As shown in figure 106(a), the propagation loss data at 20 Hz for 18 m are en-
hanced, whereas the 91-m source depth data are unaffected. At 140 Hz (fig 106(b)), neither
source depth is affected by the bathymetric feature.

8.2.2 (U) Summary

’ (C) Insummary, the variation of propagation loss due to changing source depths
H was most pronounced at the low frequency (20 Hz) and at the shallow source depth (18 m).
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At 20 Hz, a source at 18 m suffered approximately 10-dB more loss at 250-km ranges

than a source at 91 m. This additional loss was range dependent and did not change sig-
nificantly from site to site during BEARING STAKE. The higher loss at 20 Hz is atiributed
to surface decoupling effects.

(C) At 50 Hz the additional loss associated with the 20-Hz, 18-m source depth was
negligible. At the upper two frequencies (140 and 300 Hz) there was no source depth
dependence. There were no major differences in losses from sources at 91- and 243-m
depths for all the frequencies examined.

(C) The propagation losses for 20 Hz at 18-m source depth are reduced in magnitude
at ranges which coincide with niajor bathymatric features over the transmission path. This
“enhancement” did not affect the losses for the other higher frequencies at 18 m nor for all
the frequencies at the deeper source depths examined.

8.3 (U) PROPAGATION LOSS COMPARISONS BETWEEN SITES

(U) This section compares the propagation loss results for the five BEARING
STAKE sites. The comparisons are discussed in two parts. The first part compares the sites
on the basis of attenuation coefficients as derived from bottom loss tables and sound speed
profiles. The second part compares the propagation losses of the events, first with the
lowest loss at each site and then with the highest loss at each site.

8.3.1 (U) Attenuation Coefficient Analyses

(C) To determine the bottom attenuation coefficients, the bottom loss in 5°
bottom grazing angle increments was divided by the range as calcuiated by ray theory for
the corresponding grazing angle for each site. The values for the bottomn iosses at the
various grazing angles were obtained from the bottom loss tables provided by ARL/UT in
reference 7. The ray theory ranges were based upon representative sound speed profiles by
Fenner (ref 10) for each particular site. Thus, the quotient, obtained by dividing the
bottom loss by range, takes into account bottom loss, sound speed, and hottom depth, and
is the attenuation coefficient due to bottom loss. These coefficients for each site are
plotted as dB/100 km as a function of bottom grazing angle for frequencies of 25, 50, 110,
and 290 Hz in figures 107, 108, 109, and 110, respectively. Values of the coefficients were
plotted at 5° bottom grazing angle increments. Also noted in each figure along with the site
is the bottom loss region number as discussed in the previous section of this report. Site 2
covered two different loss regions (2 and 5) and Site 5 also covered two loss regions (1 and
6). Hence, there are, at times, scven sites plotted in the figures instead of the five as
mentioned.

(C) In analyzing the coefficients in the four figures we notice immediately that at
all frequencies the highest coefficient in each case agrees with the site conditions of highest
bottom loss regions; that is, Site 5 (region 6), Site 2 (region 5), and Site 4 (region 4). These
differ enough from the other conditions that they are readily distinguishable in the data.

(C) The attenuation coefficients of the four remaining “sites’ are not easily ex-
plained and must be examined in more detail. There are several subtle effects of bottom
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grazing angles on the attenuation coefficients which are not apparent from just a glance at
figures 107 to 110. These effects are best illustrated in table 34, which lists the attenuation
coefficients for the 0° ray at the standard source depths of 18 and 91 m. The first column
lists the source depth. The second column :ndicates the site, and the third column indicates
the type of bottom loss region. The fourih column presents the grazing angle at the bottom
for the 0° ray from the source. The fifth column presents the range (loop length) of the ray.
The remaining columns indicate the attenuation coefficient at the various frequencies as
calculated by dividing the bottom loss at the corresponding grazing angle (column 4) by the
range.

Table 34. (C) Attenuation coefficients for the 0° ray at source depths of
18 and 91 m at BEARING STAKE sites. (U)

e e S e e Y o RIS ey sy

Attenuation dB/100 km
Source Site Bottom | Bottom | Range
Depth (m) Loss Angle (km) 25 Hz 50 Hz 140 Hz 290 Hz
Region | (Degrees)

1A 3 8.6 41.1 0.34 0.66 2.04 4.13

IB 3 9.1 39.3 0.38 0.71 2.24 4.16

18 2 2 9.3 38.7 0.41 0.73 2.11 4.15

3 2 9.7 384 0.42 0.75 2.34 4.42

4 4 0.6 63.0 0.06 0.63 0.33 0.54

1 5.8 47.5 0.19 0.42 1.01 1.45

1A 3 7.1 41.5 0.27 0.58 1.54 3.80

1B 3 7.1 44.0 0.25 0.55 1.45 3.70

91 2 2 6.7 43.7 0.25 0.53 1.46 2.51

2 8.1 25.9 0.36 0.72 2.11 4.05

(C) Simply stated, an analysis of table 34 shows that at very long ranges the lowest
angles will dominate, and at short ranges the higher angles will dominate and larger attenua-
tion coefficients will apply. Despite this simplification, the numbers in table 34 give some
indication of the relative propagation loss for the various sites. (This analysis is not applica-
ble to Site 4 because of convergence zone conditions. Site 4 is included in table 34 only for
completeness.)

(C) Site 5 has significantly smaller coefficients than those of Sites 1,2, and 3 for
three distinct reasons. First, the bottom loss is smaller for any given grazing angle; second,
the bottom grazing angle is smaller; and third, the ray loop length is longer.

(C) Sites 1A and 1B have very similar characteristics even though the site was
occupied at different times of the exercise. The differences between the two are not readily
distinguishable from the data. However, from table 34, the attenuation coefficients for Site
1A are slightly smaller because of smaller grazing angles and longer loop lengths.
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(U) The attenuation coefficient calculations for Sites 2 and 3 were based on the
same bottom loss region type. Site 2 has lowe: coefficients than Site 3 because the bottom
grazing angles are smaller and the ray loop length is longer.

(U) Although the bottom losses of regions 2 and 3 bottom loss types are similar at
low grazing angles, the grazing angles are smaller aid ray loop lengths are longer for a
region 3 type. Thus, the attenuation coefficients for Site | are generally smaller than those
for Sites 2 and 3.

8.3.2 (U) Comparison of Propagation Losses

(C) This discussion on the comparison of the propagation loss at the various BEAR-
ING STAKE sites is based upon the event at each site that had the lowest measured propaga
tion loss. Figures 111, 112, 113, and 114 show the propagation loss for these events at 25,
140,290, and 50 Hz respectively. Also plotted on the figures is the Eleuthera reference
propagation loss curve, which is included only for purpose. of comparison.

(C) The most surprising feature in the comparison of the propagation losses
between the five sites is the small spread in the data for the frequencies concerned. Indeed,
the spread in the data for the various events at a given site, as reported in the individual site
assessment sections, is generally larger than the spread for all the sites based upon the event
with lowest loss. For example, the data spread in figures 111, 112, and 113 is smaller than
that of cheir counterparts for Sites I and 3.

(C) The results plotted in figures 111, 112, 113, and 114 are summarized in table
35, which arithmetically averaged the propagation loss for the six 50-km range bins from 50
to 300 km for each site and each frequency. The values in table 35 are a measure of the
average propagation loss over the range interval from 25 to 325 ki, since the values include
all the raw data over the interval. It should be noted that the results for Sites 1B, 3, 4, and
5 at 25, 140, and 290 Hz are all from CW events. All the 50-Hz results were derived from
SUS events at all the sites. Table 35 also shows two sets of values for Site 2. The first set of
values is based upon SUS events only, since the events at Site 2 with the lowest propagation
losses at the indicated frequencies were SUS events. However, in order to compare Site 2
results with the CW results of the other sites, an adjustment was required. Hence, the
second set of results (denoted by the asterisk) for Site 2 includes an adjustment to the SUS
values by the median differerice betvieen SUS and CW events as previously discussed in the
Site 2 assessment. These adjusted values are used in this comparison of Site 2 values with
the CW values from other sites.

(C) The interesting feature about table 35 is not the magnitude of the propagation
losses at each site but the various differences between the losses at each site. Table 36
presents the propagation loss differences between sites at the selected frequencies. The
differences are referenced to the site with the lowest propagation loss as shown in table 35.
Note that the propagation loss differences between Site 1B and Site 3 in table 36 are 0.2,
0.7, 0.0, and 1.4 dB for 25, 140, 290, and 50 Hz, respectively. This result agrees very well
with the previous analyses of attenuation coefficients, which indicated that the propagation
at Site 1B would be slightly better than that at Site 3.

(C) Table 37 shows the difference in propagation loss between 25 Hz and the higher
frequencics. The differences may be regarded as the increase in attenuation due to absorption
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Table 35. (C) Average propagation losses for the best event
at each site for the 25-325-km range interval. (U)

Site Event Propagation Loss (dB)
Type 25 Hz 140 Hz 290 Hz 50 Hz
1B Ccw 82.9 89.5 94.1 87.4
2 SuUS 85.3 92.3 97.0 89.8
2* Ccw 83.9 91.2 95.0 —
3 Cw 83.1 90.2 94.1 88.8
4 Ccw 84.6 89.5 91.5 91.4
Ccw 85.0 90.3 93.6 87.5

*Adjusted to CW values for this site.

Table 36. (C) Propagation loss differences between the site with the lowest
propagation loss and the other given sites for the various frequencies. (U)

Site Propagation Loss Difference (dB)
25 Hz 140 Hz 290 Hz 50 Hz

1B 0 0 2.6 0
2 2.4 2.8 5.5 2.4
2% 1.0 1.7 3.5 —_
3 0.2 0.7 2.6 1.4
4 1.7 0 0 4.0

2.1 0.8 2.1 0.1

*Adjusted to CW values.

and higher bottom losses for a nominal range of 175 km. Note that the difference values for
Site 2 are very similar to those for Site 1B and Site 3. This suggests that the attenuation

characteristics across the Indus Fan near Site 2 are comparable to those of Site 3 and Site 1B.
Thus, the assignment of a number “2” to the bottom loss region at Site 2 appears reasonable.

(C) Note also in table 37 the smaller differences for Site 5 as compared to Site 1B,
2, or 3. This is in good agreement with previous analyses which indicated that Site 5 should
have a significantly smaller bottom attenuation than the other bottom-limited sites.

(C) In table 37, Site 4 shows the smallest values for 140 and 290 Hz. This results
because the principal propagation paths at these frequencies are by convergence zone and
therefore do not suffer bottom losses. However, at 50 Hz, Site 4 has the highest value of
the sites. This suggests that the principal propagation path at 50 Hz is by bottom bounce,
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Table 37. (C) Propagation loss differsnce between 25 Hz and
140, 290, and 50 Hz for each site, based on the propagation
loss of the best event at each site. (C)

Site Propagation Loss Difference (dB)
25 Hz 140 Hz 290 Hz 50 Hz
e 1B 0 6.6 11.2 4.5
2 0 7.0 11,7 4.5
.. 2% 0 7.3 11.1 —_
3 0 7.1 11.0 5.7
4 0 4.9 6.9 6.8
0 5.3 8.6 2.5

*Adjusted to CW values.

with the higher value resulting from higher bottom attenuation losses than experienced by
the other sites.

(C) One critical question arises from this analysis of the propagation loss differ-
ences between sites. If the bottom loss is lowest at Site 5, as concluded, why does table 35
show that Site 5 has higher propagation loss than Sites 1B and 3 at 25 and 140 Hz? More-
over, figures 112 and 113 showed that Site 5 has the highest propagation loss of all the sites
at ranges of 50 and 100 km for 140 Hz and at a range of 50 km for 290 Hz. After a re-
examination of the data, it was hypothesized that the reason for this higher loss was that the
receivers at Site 5 were mounted on a small conical hill (discussed previously in the Site
Analysis section of this report). This hill is part of the Carlsberg Ridge, which has a number
“6” bottom loss region designation. At least half of the acoustic arrivals at Site 5 must
reflect at least once off this hill with high loss. Thus, it was estimated that the propagation
loss would be increased by about 3 dB. This hvpothesis was tested by utilizing the ASTRAL
propagation loss model. The model compared the propagatior loss for a receiver mounted
on the hill with those for a receiver, north of the hill, on the floor of the Indus Fan. The
propagation losses, beyond the direct field, for frequencies of 25, 140, and 29 Hz were,
respectively, about 2, 3, and 3 dB greater for the receiver mounted on the hill. Thus, if the
propagation losses for Site 5 in table 35 are reduced by these amounts, Site 5 is comparable
to Sites 1B and 3 at 25 Hz and superior at 140 and 290 Hz. No ASTRAL run was made at
50 Hz, but a 2.5-dB correction would be a fair estimate. This would make Site 5 superior to
Sites 1B and 3 at 50 Hz as well.

(C) A similar comparison of ASTRAL runs was made for Site 2. There the receivers
were mounted on a scarp which had been rated a number “5” bottom loss region. The
propagation losses predicted by the ASTRAL model for 25, 140, and 290 Hz were about 1,
4, and 4 dB, respectively, greater for the receivers on the scarp as compared to receivers
mounted on the floor of the Inaus Fan at the foot of the scarp. Thus, the higher losses for
Site 2 as shown in table 35 are no doubt due to receiver placement on the scarp.
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(C) Up to now, very little has been said about Site 4 as related to table 35. At 25
and 50 Hz, the propagation loss for Site 4 is higher than that for Sites 1B and 3, and would
also be higher than that for Sites 5 and 2 if the adjustments just discussed above for the
placement of receivers were made for Sites 5 and 2. The Site 4 results in table 35 are in
agreement with other features of Site 4;i.e., at 25 and 50 Hz, the propagation appears to be
bottom bounce rather than convergence zone and the bottom losses are significantly higher
at Site 4 than at Sites 1B, 3, and 5. At the higher frequencies of 140 and 290 Hz at which
convergence zones dominate, the similarity of the results of Site 4 to those of the other sites
is fortuitous. It is certainly not the intent here to leave the general impression that acoustic
propagation in bottom-limited areas is comparable “on the average” to that under conver-
gence zone conditions. This appears to be true for BEARING STAKE only because of the
low bottom loss at the bottom-limited sites and the marginal convergence zones for small
depth excesses.

(U) At the other extreme, comparisons of the events with the highest propagation
loss at each site were made to determine their impact on the overall propagation loss assess-
ment for BEARING STAKE.

(C) The event at each site with the highest propagation loss, and the Eleuthera
reference loss curve, are plotted for 20, 140, 290, and 50 Hz in figures 115,116, 117, and
118, respectively. Note that there are five events plotted for Site 2 at 20, 140, and 290 Hz.
The reason for plotting these five events was that in the initial comparisons for this analysis
it became apparent that all the Site 2 events conducted west of the Owen Ridge (events 2A2,
2A3, 281, and 2P1) should be included (as well as event 2P3, which ran across the Indus
Fan) in order to make this analysis more complete.

(C) The events for Sites 1, 3, 4, and 5 are indicated in the figures by open symbols,
the Site 2 events by line symbols. The interesting feature about the results is that for 20 Hz
(fig 115) and 50 Hz (fig 118). the propagation losses for all the sites, except Site 2, are gen-
erally less than those of the Eleuthera reference curve, especially at long ranges. It must be
remembered that these results are from the events with highest loss at each site. At 140 and
290 Hz, all the results fall below the reference curve.

(C) Table 38 ranks the events of this analysis in order of increasing propagation loss
at the selected frequencies. (The rankings are relative to the longest ranges at which data
were available because the short range data often are not representative of the bathymetric
conditions along the track.)

(C) The most significant feature of table 38 is the fact that the four highest-loss
events at 140 and 290 Hz are all Site 2 events conducted west of the Owen Ridge. Under
the low and 50-Hz column, two of the Site 2 events have the highest losses. The main
reason that the Site 2 events are generally worse than any other BEARING STAKE event is
that the propagation paths at Site 2 involve high-bottom-loss types. Events 2P1 and 2S1
were conducted over a type “S” bottom loss region. Event 2A3 was conducted over tvpe
“5” and “6” regions. Event 2A2 was conducted mostly over a type *“5” region. The
highest-loss events at the other four sites sometimes involved high-loss regions for only a
portion of the events. Hence, the principal difference between Site 2 events and the events
for the other sites is that the Site 2 events were conducted entirely over high-bottom-loss
regions.
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Table 38. (C) Ranking of various events which had exceptionally
high propagation losses. (U)

Rank Events Overall
Low Ranking
(20-25) Hz 140 Hz 290 Hz 50 Hz
1 2P1 451 5Ps 5A2 2P3
2 2P3 2P3 2P3 252 SP5
3 4A2 SPS 1AAl 3A4 3A4
4 3A3 3A4 3A3 1AAl 3A3
5 1AA1 1AAl 4P5 281 1AAl
6 281 2A3 281 451 281
7 SPS 281 2A3 2A3 2A3
8 2A2 2A2 2A2 2A2 2A2
9 2A3 2P1 2P1 — 2P1

(C) The remaining events of table 38 are now discussed on a site-by-site basis. Of
these remaining events, event 1AA1 had the highest overall propagation losses at all fre-
quencies. This event was conducted over a severe obstruction with portions of the event in
a type “5 region. The events with the next highest overall losses appear to be events 3A3
and 3A4. There were no bathymetric obstructions along the paths of these two events, but
at long ranges the events appear to have passed from a type “1” loss region to a type “5”
region.

(C) Event 5P5 shows up at all three CW frequencies in table 38. This event displays
relative losses which range from very high at 25 Hz to low at 290 Hz. This is the event
which crossed over a seamount projecting out of the Indus Fan with, presumably, a type
*6” less region.

(C) The ranking of the Site 4 events is somewhat mixed as shown in table 38, Since
Site 4 involves convergence zone propagation, it is difficult to place it in context with the
bottom-limited sites. Note, however, the relatively low ranking of event 4P5 at 290 Hz.
This event was bottom limited and :he ranking of it is indicative of the high bottom losses at
Site 4 at the high frequencies.

(C) Finally, the best of the events with high losses were events 2P3 and 282. This
was not surprising since these events were conducted over the Indus Fan, which has a region
“1” bottom loss designation. However, as discussed earlier in the Site 2 assessment section
of this report, event 2P3 was a relatively poor CW event at 140 and 290 Hz.

8.4 (U) SELECTION OF SURVEILLANCE SITES ON THE INDUS FAN

(C) The present procedure of selecting surveillance sites mounted up on the ridges
bounding a basin does niot appear Lo be the best choice for a bottom-limited basin with low
bottom loss. As previously discussed, the experimental data at Sites 2 and 5, as well as the
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special ASTRAL runs, strongly suggesc that surveillance arrays should be placed on the low-
loss Indus Fan rather than above the floor on high-loss hills or scarps. Furthermore, the
normal mode model studies and experimental measurements of Site 1B suggest that an im-
provement of several dB in SNR might be achieved with the optimum placement of surveil-
lance arrays about 20 to 30 m off the bottom (depending on the low frequency of primary
interest). The placement of surveillance arrays on the periphery of the Indus Fan should be
re-examined. Once the hypothesized advantage of mounting receivers on ridges has been
eliminated, it is not clear that configurations on thc periphery of the basin are superior to
other configurations distributed throughout a basin.

8.5 (U) ELEUTHERA REFERENCE COMPARISONS

(C) Acoustic propagation conditions in the Northwest Indian Ocean were exception-
ally good during the BEARING STAKE exercise time period. This feature is best illustrated
by comparison of the BEARING STAKE propagation loss curves (based on the longest run
at each site and the receiver depth with the lowest loss) with the Eleuthera reference propa-
gation loss curve as shown praviously in figures 111, 112,and 113. The comparisons were
made with the propagation losses as measured from the CW source runs. Although shot data
from the aircraft runs went to longer ranges, the data were too sparse for reliable numerical
comparison.

(C) Atlow frequency (25 Hz), averaged experimental propagation loss was less than
that of the Eleuthera reference for all available ranges at Sites 1B, 2, 3, 4, and 5. At the
maximum available ranges for each of the respective sites, the propagation loss was 13, 11,
11, 11, and 12 dB less than that of the reference at the corresponding range. For 25 Hz, the
slopes of the measured propagation loss curves were generally less than that of the reference.

(C) At 140 Hz, the slopes of the experimental loss curves were comparable to that
of the reference for Sites 1B, 3, 4, and 5. The experimental losses were respectively 1-5,
2-6, 0-4, and 0-6 dB less than those of the reference. The behavior of the 140-Hz compari-
son for Site 2 was a little more complicated. At Site 2, the slope of the experimental loss
curve was comparable to that of the reference for the range intervals of 50 to 150 km and
300 to 500 km,; for the range interval of 150 to 300 km, the slope was greater. The experi-
mental losses weice less than 1 dB smaller for the 50-150-km range interval and 2 dB greater
for the 300~500-km range interval than those of the reference for the same intervals,

(C) At 290 Hz, the slopes of the experimental loss curves were comparable to that
of the relerence for Sites 1B, 3, and 4. The experimental losses were, respectively, 1-3 dB
more, 0-3 dB more, and 0~4 dB less than those of the reference. At Site 5, the experi-
mental losses were comparable to those of the reference from 150 to 500 km but increased
to about 3 dB from 500 to 750 km. At Site 2, the experimental loss curve was comparable
to that of the reference from 200 to 500 km but the experimental losses were greater by
10 dB.

(C) From the above comparisons, it can be concluded that acoustic propagation
losses are smaller at 25 and 140 Hz in the Northwest Indian Ocean than those of the
Eleuthera reference at comparable ranges and that at 290 Hz, for the most part, the losses
will be equal to or greater by about 3 dB than those of the reference.
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8.6 (U) PROPAGATION LOSS MODEL ASSESSMENT

(U) Three propagation loss prediction models were exercised and their results were
compared with the results from BEARING STAKE. The models were (1) RAY WAVE,
developed at NOSC; and (2) ASTRAL and (3) FACT, both developed by C. Spofford, who
is currently with Systems Application, Inc (SAI). The purpose of the discussion to follow
{(and of this report) is not to discuss the merits of each of the models exercised nor to say
which one is superior to the others, but rather to assess the results of each model to deter-
mine which one can predict, nearly, the actual propagation losses as measured during
BEARING STAKE.

(C) Initial comparisons of the three propagation models, RAY WAVE, FACT, and
ASTRAL, with the WECo low-frequency (25 Hz) data measured by the BMA at three sites
all showed a consistent discrepancy. The experimental propagation losses were about 6 dB
less for each at Sites 1B, 3, and 5. These differences were attributed to four separate factors,
each of which may reduce the discrepancy between experiment and theory by 1 or 2 dB.

(C) The first factor was a decrease in the bottom loss used in the models at low
frequency. The initial comparison used, as model inputs, the bottom loss measured by ARL
from shot data at Sites 1B, 3, and 5. In response to the aforementioned discrepancy, ARL
re-examined these measured losses and concluded that as a set the initial losses at low fre-
quency were not reliable and were too high. (ARL has recently prepared new values of
bottom loss based on a theoretical model of the bottom forced to fit with measured acoustic
data at high frequencies and extrapolated down to low frequency.)

(C) The second factor was the result of two observations mace during the course of
analyzing the data at Site 1B.

1. (C) The NOSC normal mode model was exercised with the data from Site 1B
and the latest sub-bottom structure as provided by ARL. The propagation loss results from
this model were only 2.5 dB greater than the WECo data as opposed to the 6-dB discrepancy
shown by the previously mentioned three models. The better prediction performance of the
normal mode model was attributed to the fact that it sums up the acoustic energy coherently
rather than incoherently as the other models do. (The model depth structure at the site
showed a near-bottom maximum, with amplitudes dropping off several decibels away from
the bottom. This strongly suggested that the upgoing and downgoing arrivals are nearly in
phase rather than 90° out of phase, the relationship inherent in incoherent addition.)

2. (C) The normal mode model results were used to generate a table of bottom
losses and the results were then used as inputs to the RAY WAVE model. The propagation
loss results for this RAY WAVE model were found to be about 1.5 dB greater than those of
the normal mode model. The implication here is that the 1.5 dB can be attributed to the
difference between incoherent addition (RAY WAVE) and coherent addition (normal mode).

(U) As aresult of this factor, SAI has proceeded to modify the original ASTRAL
model by taking into account the phase of arrivals refracting in the sub-bottom layers.

(U) The third factor is a possible increase in the low-frequency source levels used to
reduce experimental data to propagation loss. A limited comparison between the result of
a theoretical analysis and a measurement of the direct ficld propagation at short horizontal
ranges suggests that the source levels were underestimated.
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(C) The fourth factor is the possibility that the WECo data processing procedure
results in a systematic biasing of propagation loss to the low side. This possibility is sug-
gested by a comparison, although limited, of WECo data with ACODAC data. The indica-
tions of the comparison were that WECo results at 25 Hz were about 1.5 dB lower than
ACODAC results.

(C) If the above factors are proved valid, the discrepancy between the experimental
data resuits and model results will be eliminated. It should be noted here that factors 1 and
2 are corrections to model inputs or models which are still being exercised ; hence, their
results are not included in this assessinent report. In contrast, factors 3 and 4 represent cor-
rections to the experimental data. Further examination of these two factors will have to be
completed before any recommendations can be made as to probable adjustments to the data
set. Then the entire problem of the discrepancy between theory and experiment will be
re-examined by using the adjusted experimental data and model calculations incorporating
factors 1 and 2.

(U) Notwithstanding, initial comparison of the results of the ASTRAL model for
propagation lcss with experimental results, and with the results of the RAY WAVE and
FACT models, indicates that ASTRAL is well suited for the prediction of mean propagation
losses in an environment such as BEARING STAKE. Undoubtedly, there will be some
“tweaking” of the ASTRAL model as special situations are uncovered which require minor
adjustments. Indeed such tweaking has already taken place as a result of the initial compari-

son. Since the outputs of ASTRAL are mean propagation losses, some independent model

of the fluctuation due to multipath effects will be a necessary adjunct to ASTRAL for sys-
tems performance evaluation.

8.7 (U) RECOMMENDATIONS FOR ADDITIONAL MEASUREMENTS

(U) Although the acoustic measureinents made during BEARING STAKE provide
to the surveillance community heretofore unavailable data for propagation loss analyses, the o
results of this propagation loss assessment report indicate that additional acoustic measure-
ments shouid be made in the BEARING STAKE area. These additional measurements are
set forth as 4 series of recommendations in this section. These recommendations differ from -t
those presented in the individual site assessment sections of this report in that these are for
new measurements, whereas the other recommendations were for additional processing of
existing data.

(C) The following additional acoustic measurements in the Northwest Indian Ocean .
are recommended:

1.  (C) Propagation measurements using CW sources should be made across the
Chain Ridge, which bounds the Somali Basin to the east; across the Carlsberg Ridge, which
bounds the Indus Fan to the south; across the Owen Ridge, which bounds the Indus Fan to

the west; and across the Murray Ridge. which separates the Gulf of Oman from the Indus -
Fan. For a variety of reasons, good quantitative data over these bathymetric features were .
not obtained in BEARING STAKE. The chief purpose of these recommended measurements .
is to obtain propagation data necessary for the modeling of distant shipping noise which =
propagates over these bathymetric features. -
L
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2. (C) Detailed propagation loss measurements should be made to evaluate the
slope enhancement of shipping noise. The shots from aircraft events on BEARING STAKE
were too sparse for effective evaluation. High-density shot runs, with a ship, and/or CW
eveilts are recommended. Some events should be conducted with low-frequency CW sources
at 6-m depth to properly simulate the source depths of shipping noise.

3. (C) Measurements should be made in several locations on the Indus Fan to
verify the existence of the notch of higher propagation loss which theory predicts to be
somewhat off the ocean floor. A string of receivers spaced at 10-m intervals above the
ocean floor should be utilized. Propagation from simultaneous shallow and deep low-
frequency CW sources should be measured. The sites tested should include a site at which
measurements of noise could be compared on the various receivers. This location should be
far from shipping lanes. Desirable locations would be on the fan near Site 2 and near Site S.
These measurements are needed to verify model results indicating that such receivers will
perform better than those deployed on the Owen Ridge at Site 2 or on the conical hill at
Site 5.

4. (C) Additional experiments on the Indus Fan should be designed to determine
whether the fan can be modeled adequately by two bottom loss regimes and if so to locate
the boundaries of these regimes.

5. (C) Possible advantages should be considered to the distribution of surveillance
sites throughout a bottem-limited basin. such as the Indus Fan, as opposed to the current
scheme of locating such sites on the periphery of the basin.

6. (C) Critical decisions as to a surveillance site configuration in the Somali Basin
should be held in abeyance until the complicated dependence of propagation loss on fre-
quency, receiver depth, and depth excess is understood more precisely. This understanding
will come only with a rigorous theoretical investigation for a variety of seasons followed by
experimental verification.
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9.0 (U) OVERALL CONCLUSIONS

(C) This propagation loss assessment report of the BEARING STAKE exercise
conducted in the Northwest Indian Ocean will provide the undersea surveillance community
with heretofore unavailable propagation loss measurement results from this strategic area. It
is hoped that the information and results from this report will provide designers of undersea
surveillance systems with the inputs required to make improved assessments of surveillance
system options for the Indian Ocean.

(C) The intent of this report has been to assess the nature of propagation loss in

.. the Northwest Indian Ocean on the basis of the BEARING STAKE exercise. However,
such an assessment cannot be totally separated from discussions of data analysis or theo-
retical studies made during the course of the assessment. Hence, the overall conclusions of
this section include remarks about the exercise and analysis in addition to those concerning
the propagation loss.

Propagation Loss (U)

(C) Although the Northwest Indian Ocean is acoustically bottom limited, propaga-
tion losses were unexpectedly low for all the BEARING STAKE sites. The good propagation
conditions can be attributed to low bottom losses, which were measured to be much lower
than predicted prior to the exercise.

(C) Comparisons of the event of lowest propagation loss at each site with the familiar
Eleuthera reference show that for 25 Hz the measured losses at all available ranges for all the
sites were less than those of the reference by as much as 13 dB. For 140 Hz, for all sites
except Site 2, the losses were less than the losses of the reference by as much as 6 dB. Site 2
values varied from 1 dB smaller at short ranges to 2 dB larger at ranges beyond 300 km, when
compared to the values of the reference. For 290 Hz, the losses were greater than the losses
of the reference by up to 3 dB for Sites 1B and 3, and up to 9 dB for Site 2. At Site 4, the
losses were less than the losses of the reference by up to 4 dB; and at Site 5, the losses were
comparable to those of the reference at short ranges and exceeded them by 3 dB at ranges
beyond 550 km.

(C) Propagation losses, averaged over the range interval from 25 to 325 km, for the
event of lowest propagation loss 1* each site ranged from a minimum of 82.9 dB at 25 Hz
for Site 1B to a maximum of 97.0 dB at 290 Hz for Site 2. The ranking. in order of increas-
ing propagation loss, of the BEARING STAKE sites at 25 Hz is 1B, 3, 2,4, and 5. At 290 Hz,
the ranking is Site 4, 5, 1B, 3, and 2. The low propagation losses for Site 4 at 290 Hz repre-
sent convergence zone propagation, which is markedly better than bottom-limited propaga-
tion at the higher frequency.

(C) The propagation loss at Sites 5 and 2 was significantly increased by the placement
of the receivers on high-loss bathymetric features. A better placement would have been on
the low-loss floor of the Indus Fan. This conclusion was initially deduced from the experi-
mental results at 25 i{z, in which the propagation loss was highest for Site 5 although the
bottom attenuation coefficients at the site were lowest of all the sites. The result was also veri-
fied by theoretical computations in which the propagation loss for Sites 5 and 2 was 2 to
4 dB less for receiver placement on the floor of the Indus Fan than for their actual placement
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on the Carlsberg and Owen Ridges, respectively. Thus, from the standpoint of propagation
loss, the placement of surveillance receivers on the high-loss ridges bounding a low-loss
bottom-limited basin is not an optimal choice.

(C) There was a definite dependence of propagation loss on the various azimuthal
directions (events) at each of the five sites. Indeed, the spread in the data at Site 3, which
was the most homogeneous of all the sites, was larger than the spread of data in the “best
event” data for all sites. At Site 1B, the lowest propagation losses occurred for the two
events conducted along the major axis of the Oman Basin. At Site 2, the losses were mark-
edly greater for events conducted to the east of the Owen Ridge than for events to the west
across the Indus Fan. At Site 3, the losses were somewhat higher to the northeast than in
other directions. At Site 4, the losses were less for events conducted towards the north
than for events to the south and west. At Site 5, the losses were strongly correlated with
bathymetric obstructions to the northeast, east, and south of the site, with significantly >
higher losses for obstructed events than for events with no obstructions.

(C) Examination of the events with exceptionally high propagation loss indicated
that they were generally associated with propagation over prominent bathymetric features
with high bottom loss. The events which resulted in the highest propagation losses for all
the sites were the four events at the site which traversed the regime east of the Owen Ridge.

The event with the highest losses at Site 1A was the event which crossed over the Murray
Ridge.

(C) 3ite 4 in the Somali Basin was the only BEARING STAKE site which was not
bottom limited. The depth excess varied with event and fell between no excess for sources
near the surface to a maximum value of 276 m for the 91-m source depth. The convergence
zones were strongly frequency dependent. Prominent zones at 290 Hz appeared 15 dB
above the bottom-reflected background. In contrast, there was little evidence of convergence
zones at 25 Hz. The measurements were madc in the month of March, which is near the
predicted month (April) of maximum near-surface temperatures. For other seasons, the
depth excess will increase and a strong dependence of propagation loss on season is predicted.

This is in contrast to the other strongly bottom-limited sites of BEARING STAKE at which
seasonal dependence of propagation loss will be minimal.

(C) The raw propagation Joss data in BEARING STAKE are characterized by an
extreme variability with range, and displayed little evidence of definitive structure except ’
for the convergence zone propagation at Site 4. Normal mode computations for Site 1B

successfully modeled this behavior, which appears to be typical of prepagation involving
large numbers of multipaths in a low-bottom-loss regime. The normal mode theory predicts i
that a 10-dB fade in propagation loss, at 25 Hz, occurs on the average every 1.4 km in range.
This is at least more often than mode theory predicts for convergence zone propagation in
the deep Atlantic or Pacific. These results suggest that arrays may experience more problems v
with beamforming in the Indian Ocean than in the Atlantic or Pacific.

Source/Receiver Depth Dependence (U)

(C) A significant dependence on source depth as a function of frequency was ob- o
served for propagation losses in the BEARING STAKE measurement results. At 20 Hz for
a range of 50 km, the propagation loss for an 18-m SUS source depth was 4 dB greater than
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for a 91-m SUS source depth. The corresponding value at 250 km was 10 dB. There were
no such differences between the 18-m and 91-m SUS depths at 50, 140, and 300 Hz. This
result can be explained in terms of surface decoupling loss. At 20 Hz, the 18-m source depth
suffers additional losses due to destructive interference of rays near the ocean surface. This
surface decoupling effect is smallest at short range, at which the dominant arrivals at the
receiver have steep angles. However, the effect increases with increasing range as the steep-
e angle arrivals are “stripped” off by bottom reflection losses.

(C) Normal mode theoretical calculations made for Site 1B to determine an optimum
source depth which would be typical for bottom-mounted receivers in a bottom-limited
environment show that the source depth with minimum propagation loss below the sound
channel axis is at the ocean bottom. Above the sound channel axis, the optimum source
depth is at the surface decoupling depth. This latter depth at Site 1B was 45 m at 25 Hz.
The normal mode theory predicted propagation losses between 45-m and 91-m source
depths to be from 0.5 to 1.0 dB and abnut 1.0 dB between 45-m and 243-m source depths.
Thus, the dependence on source depth is minimal below the surface decoupling depth accord-
ing to theory.

(C) Experimental results for Site 1B were in substantial agreement with normal
mode theory results with respect to the dependence of propagation loss on range and re-
ceiver depth. The normal mode calculations indica‘e that under hottom-limited conditions,
the dependence of propagation loss on receiver depth is less than 5 dB for receivers below
the near-surface region. At Site 1B, minimum propagation losses occurred at the ocean
bottom for receivers below the sound channel axis and at the source depth for receivers
above it.

(C) On the basis of the normal mode calculations for Site 1B, it can be concluded
that in a low-loss, bottom-limited environment, a receiver located off the bottom (about
30 m) will have a 3-dB improvement in SNR over a receiver located on the bottom. This
critical depth depends upon frequency but is independent of source depth.

(C) At Site 4, the two receivers with lowest prcpagation loss results were receivers |
and 7, located on the Chain Ridge about 400 and 1050 m, respectively, above the floor of
the Somali Basin. At 140 and 290 Hz, receiver 1 had less propagation iosses than receiver 7
by as much as 7 dB. This was as expected and is related to the critical depth of conver-
gence zone propagation. However, at 25 Hz, receiver 7 had propagation losses which were
as much as 5 dB less than those of receiver 1. The physical explanation for this result 1s not
known and attempts to model the result have not been successful. The experimental results
suggest a complicated dependence on receiver depth and frequency. This dependence can
only be established by a rigorous theoretical analysis and verified by additional experi-
mental measurements.

(C) A significant decrease in propagation loss (~ 7 dB) was observed during two
BEARING STAKE events. This decrease, commonly referred to as slope enhancement,
occurred at Site 1A for event 1AA2 as the event progressed over the continental rise toward
India, and at Site 4 for event 4A1 as the event progressed over the continental rise asso-
ciated with the Horn of Africa. The enhancement occurred only for the 18-m source depth
at 20 Hz. It did not occur at 50, 140, or 300 Hz or at any frequencies for the 91-m source
depth. This phenomenon can be explained by the surface decoupling effect. Although
surface decoupling increases the propagation loss for an 18-m source at 20 Hz, the losses are
diminished when the source transits a sloping bottom because the acoustic propagation is
dominated by steeper ray paths which have a smaller decoupling loss.
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Bottom Loss (U)

(C) Bottom attenuation coefficients were obtained by comparing the propagation
loss for various frequencies at each site. The ranking of the sites in order of lowest bottom
loss coefficients was Site 5, 1B, 2, 3, and 4. Although the highest coeficient was for Site 4,
the result only applies to low frequencies (25 and 50 Hz), at whic rergence zone propa-
gation did not occur as expected. This ranking of the sites is in gu ..al agreement with the
independent measurement results of bottom loss for BEARING STAKE by ARL/UT.

(U) Propagation loss results were used to divide the Indus Fan into two different
bottom loss regions — a northern region characterized by the bottom losses measured at
Site 3 and a southern region characterized by the bottom losses measured at Site 5. The
boundaries between these regions were determined by noting the location (or absence) of
significant changes in the slope of the curves of the experimental propagation loss as a
functio.. of range.

Propagation Loss Model Assessment (U)

(C) Comparisons of three propagation loss models (ASTRAL, RAY WAVE, FACT)
with the BEARING STAKE experimental data and results indicate that the ASTRAL model
is well suited for the prediction of mean propagation loss in a bottom-limited environment.
However, a minor modification to the ASTRAL model will have to be performed. Compari-
son of normal mode results for Site 1B with results of the RAY WAVE and ASTRAL propa-
gation loss models yielded normal mode propagauon losses which were 1.5 dB smaller. This
result has been attributed to the incoherent addition of arrivals in the RAY WAVE and
ASTRAL models. The normal imode standing wave patterns indicate that the upgoing and
downgoing waves near the ocean bottom add coherently to produce a propagation loss
which is about 1.5 dB less than that of random addition. The ASTRAL model will be mod-
ified to reflect this change.

Data Quality (U)

(U) The major portion of the propagation loss data cotlected on the BEARING
STAKE exercise was found to be reliable, consistent, and valid. However, there were a few
data sets at each site which were in error and regarded with suspicion. These data sets have
been identified as questionable in this report and were not used to influence the conclusions
of this assessment.

(U) Comparisons of propagation losses for receivers located near each other on the
nearly flat bottom at Sites 1 (1A and 1B) and 3 indicate that the WECo data processing is
remarkably consistent. Of 18 independent evaluations, 50% differed by no more than
0.3 dB, 75% by no more than 0.8 dB, and 100% by no more than 1.0 dB. This comparison
also demonstrates that the process of averaging the pressure squared (p2) over 50-km bins
is very robust in that it effectively averages out the variability in the raw propagation data.

(C) A comparison of ACODAC and BMA data, measured under similar conditions
at Site 1B, yielded ACODAC propagation losses which were 1.5, 2.6, and 4.6 dB higher than
the corresponding BMA counterparts for frequencies of 25, 140, and 290 Hz. These differ-
ences are statistically significant and suggest some systematic processing or calibration errors
in the data.
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(C) Consistent propagation loss differences between the experimental CW data and
the theoretical results of the normal mode, RAY WAVE, FACT, and ASTRAL models sug-
gest that the source levels used to calculate experimental propagation losses are 1 to 2 dB
too low.

(C) The median difference between the propagation losses for source depths of 91
and 243 m of the ship SUS events from all the sites were 2.7, 0.4, 1.9, and 2.8 dB, respect-
ively, for 20, 50, 140, and 300 Hz. The negative value at 50 Hz compared to the positive
values at the other frequencies provides strong evidence that some of the SUS source levels
are in error. Comparisons of Site 1 experimental data with normal mode theory suggest
o that the 91- and 243-m SUS depth source levels used to determine propagation losses were

1.4 and 4.3 dB too low at 20 Hz and 2.3 and 1.6 dB too high at 50 Hz. (The accuracy of
SUS source levels at 140 and 300 Hz was not investigated in this report.)

(C) A measure of the variance of the raw CW data was established by calculating the
standard deviation (SD) of the propagation loss data about their mean value for the 50-km
range bins. For Sites 1A, 1B, 2, and 3, the SD was found to be independent of frequency
and site. The typical SD value was 5.3 dB, which was based on 374 independent determin-
ations. This value is lower than the 5.6-dB value ¢btained from the theory of random vec-
tors and the 5.8-dB value obtained from the normal mode model for Site 1B. This difference
between experiment and theory is probably due to smoothing factors in the WECo data
processing system. The SD for Site 5 was also independent of frequency but was significantly
lower at 4.6 dB. The reason for the low value at Site 5 is not known, but the result was con-
firmed by the SD of the SUS data for Site 5, which was also significantly lower than that of
the SUS data for Sites 1A, 1B, 2, and 3. The SD for Site 4 CW data was 5.2, 5.8, and 6.7 dB
at 23, 140, and 290 Hz, respectively. The higher SD at 140 and 290 Hz can be attributed to
convergence zone propagation which increased the SD in the 50-km range bins.

*s

Summary (U)

(C) On the basis of the propagation loss results and the assessments of them con-
tained in this report, we can conclude that acoustic propagation loss in the Northwest
Indian Ocean will not adversely affect the performance of surveillance array systems oper-
ating in the area. How well a system will perform in the area will depend on other acoustic
parameters such as signal coherence, noise background, and processing techniques.

(C) The BEARING STAKE exercise was successful in terms of collecting, analyz-
ing, and interpreting acoustic data. The lesson learned from this exercise is that an acoustic
measurement program such as BEARING STAKE should be conducted in ocean areas in
which the deployment of surveillance systems is being considered. Although theoretical
models have been developed to predict the propagation losses for surveillance systems in
specified locations, these predictions are only as good as the environmental acoustic inputs
to the models. This assessment of BEARING STAKE results shows that the propagation
losses predicted for the Northwest Indian Ocean were significantly greater than those
measured.
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APPENDIX A: BATHYMETRIC PROFILES FOR BEARING STAKE
ACOUSTIC RUNS (U)

(U) This appendix contains reconstructed and smoothed bathymetric and naviga-
tion profiles for the ship and aircraft acoustic source runs for each of the five BEARING
STAKE test sites. The data for these reconstructions were supplied to NOSC by NORDA
(Code 341) and NAVOCEANO.

(U) The vertical scale has been exaggerated by the amount indicated on eacli pro-
file. For example, a vertical exaggeration of 25 (““VE = 25X"*) means that if 1 inch on the
vertical scale represents 1 km of depth, then 1 inch on the horizontal scale represents 25 km
of range. Also included on each bathymetric profile is a true slope inset which shows
various slopes plotted for the cxaggeration of the profile.

(U) Bathymetric profile reconstruction was straightforward .n those cases in which
the source run was essentially a straight line passing over, or very near, the receivers. How-
ever, for those cases in which the source run was not in line with the receiver, the recon-
struction was a little more complicated. In one case (aircraft source run 1A1) the flight line
passed approximately 35 nautical miles to the east of the receiver. A further complication
was the fact that the flight line diagonally crossed the Murray Ridge-Owen Ridge complex.
In such a situation, each source SUS shot propagated over a unique path to the receiver,
The reconstruction of this run was simplified by considering only those shots which propa-
gated across the ridge, and by grouping the shots and then constructing a representative
bathymetric profile for each group. Figure A-1 shows the results of this reconstruction.

(U) The bathymetric profiles in this appendix were used in propagation loss model-
ing analyses for BEARING STAKE.
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