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PREFACE 

This report is the final report on work that ARLUT was tasked to do under 
Contract N00039-91-C-0082, TD No. 01A1019, entitled NATIVE I VLF 
Experiment Data Research and Analysis. Overall sponsorship of the NATIVE I 
experiment and the processing and analysis of the data was provided by the 
Advanced Environmental Acoustic Support (AEAS) Program of the Office of 
Naval Research. 
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1.     INTRODUCTION 

In recent years it has become apparent that antisubmarine warfare 
(ASW) systems must be developed to exploit different portions of the source 
signal spectrum depending on the particular environment and source operating 
mode. Some promising results have been obtained with systems focusing on 
the very low frequency (VLF) regime (1-30 Hz). However, the research 
community has only limited knowledge of environmental acoustic parameters at 
very low frequencies. Several things will be required for optimal design and 
utilization of VLF based systems: an improved understanding of VLF 
propagation under various oceanographic and geologic conditions, the 
development of VLF databases, and the design of VLF performance prediction 
models. 

In this report we present our analysis of the VLF continuous wave (cw) 
acoustic data collected during Event 1 of the NATIVE I Exercise.1 Our 
objectives here are to examine the arrival structure of the cw signal 
propagation, and to establish and validate the corresponding geoacoustic 
profile in the sediment. Our approach is to compare the arrival structure and 
acoustic levels measured at the VEDABS 1 array with those predicted by 
model calculations based on pre-assessed and measured geoacoustic 
parameters. 

We first use the range invariant GAMARAY model2 to describe an ocean 
3300 m in depth and having no bottom loss. These ray calculations are then 
used to compare the measurements with the coherent transmission loss (TL) at 
short ranges (-20 km) for 18 receiver depths between 1565 m and 3140 m. 
This model, we have observed, provides a useful, intuitive picture of the 
propagation. A more refined analysis of the -0.5° sloping bottom in the NATIVE 
exercise area is also conducted using adiabatic normal mode calculations from 
NEMESIS3 to quantitatively investigate the acoustic arrival structure and the 
sediment's sound speed and attenuation profiles. 

This report is organized as follows. The NATIVE I Exercise is outlined in 

Section 2 and the environment is described in Section 3. In Section 4 we 
investigate the omnidirectional arrivals at short ranges (0-12 km) by comparing 

1 



the measured TL at each hydrophone in the array to corresponding model 
calculations which incorporate no bottom attenuation. These comparisons are 
performed to confirm source-receiver ranges and to validate the VLF 
transmission loss within RAP range, as calculated using the reported source 
level and receiver sensitivities. Both range and level corrections were required 
in this analysis. In Section 5, we investigate the arrival structure at ranges to 
about 20 km by comparing the beam levels from the ray and mode models with 
those measured during Event 1. We then investigate the geoacoustic 
properties of the bottom in Section 6 by comparing the measurements with 
modeled beam and bottom loss estimates based on two distinctive sets of 
geoacoustic parameters. In Section 7, we investigate the arrival structure and 
bottom loss at ranges between 35-60 km; because of their increased sensitivity 
to environmental uncertainties, we have statistically analyzed these longer 
range measurement-model comparisons. In Section 8, VLF propagation and 

bottom loss are summarized. 



2.    NATIVE I EVENT 1  DESCRIPTION 

A 12 kHz narrowbeam echo sounder aboard the R/V Gyre was used to 
collect pertinent bathymetric data during NATIVE I,4 and the extremely low 
frequency (ELF) acoustic source5 was used to project cw signals. Figure 2.1 is 
an overview of the NATIVE I exercise cw track for Event 1.5 The curves illustrate 
where the "short range" and "long range" 7 and 10 Hz signals were projected 
relative to the VEDABS receiving array (V1 array). Figure 2.2 is a plot of the 
measurements and the bathymetry used in calculations. The measurements 
have been used to model the ocean depth at nine ranges in a piecewise linear 
fashion. The bathymetry used in calculations is symmetric at "short ranges" 
about V1, and has been incorporated in the range variable, normal mode 
calculations that will be presented later. (Figure 2.1 indicates that the 
bathymetry measurements were conducted on a track slightly different from the 
track used in the acoustic measurements. Although the resulting bathymetry 
errors are probably small, comparison of the model and the measurements 
indicates that these errors have likely affected the degree of certainty that can 
be given to bottom loss and attenuation profile estimates.) 

The VEDABS 1 array, shown schematically in Fig. 2.3, was located on 
the Blake Outer Ridge where the ocean is 3170 m in depth, and the array 
covered approximately half of the water column. Acoustic data have been 
collected, and corresponding transmission loss has been calculated at every 
working receiver. Four of the receivers were not usable for cw measurements 
since three of them (Nos. 2, 15, and 17) were not working, and the fourth 
(No. 12) was desensitized by 40 dB for SUS analysis. The ELF projector was 
towed at a depth of 122 ±7 m by the RA/ Gyre, with projected cw tones at 7, 10, 
and 16 Hz.6 Our analysis of the arrival structure focuses on the 7 and 10 Hz 
components since the VEDABS 1 array was designed for 10 Hz and is aliased 
at higher frequencies. 
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3.     ACOUSTIC  ENVIRONMENTAL DESCRIPTION 

The sound velocity profile (SVP) was measured using bathythermograph 
and conductivity-temperature-depth casts deployed from the R/V Gyre.4 The 
SVP for the ocean in the vicinity of the VEDABS array is shown in Fig. 2.3. 
Note that the SVP indicates a bottom-limited acoustic environment. 

Event 1 occurred on the Blake Outer Ridge, which is formed by soft, 
current deposited, hemipalagic sediments.4 The acoustic properties of this 
sediment type are described1 by the GAM 1 SVP and attenuation curves 
shown in Fig. 3.1. The Blake Outer Ridge region is also known to contain gas 
hydrates, which affect the "short range" arrivals.4.7 Due to increasing 
temperature with increasing depth, gas hydrates often decompose (forming free 
gas) below a given depth, resulting in a sound velocity inversion^ as shown by 
the GAM 2 curves9 in Fig. 3.1. 

In Sections 5 and 6, the sediment will be modeled acoustically as a fluid, 
overlying a semi-infinite solid substrate using GAM 1 and GAM 2 sediment 
profiles. To ascertain the geometric spreading loss, we model the sediment 
with the compressional sound speed of GAM 1 but without attenuation 
(GAM 0). The high shear attenuation and low shear sound speeds shown in 
Fig. 3.1 (relative to their compressional counterparts) lead to insignificant shear 
wave excitation. Bottom loss calculations which consider shear waves have 
been performed, but these have shown that shear effects are, indeed, 
negligible. Thus, only the fluid properties of the sediment (with solid substrate 
properties) will be analyzed with normal mode calculations in this work. In such 
calculations, the sediment is first considered to exhibit the smooth, positive 
compressional sound speed gradient shown in Fig. 3.1, but with no attenuation 
(GAM 0), so that only the geometric spreading loss is indicated. The GAM 1 
compressional attenuation profile will be modeled with normal mode 
calculations to compare the measurements with expected bottom loss estimates 
when no hydrate layer is present. Finally, the GAM 2 profile,9 which describes 
a gas hydrate layer 300-340 m deep into the sediment having a reduced 
compressional SVP, will be modeled with normal mode calculations of the 

"short range" arrivals. 
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4.    SHORT RANGE OMNIDIRECTIONAL ARRIVALS 

The measured omnidirectional hydrophone levels at 7 Hz are shown as 
a colorscale plot in Fig. 4.1. The levels for each hydrophone are plotted as a 
function of source-receiver range, with negative ranges when the source is 
approaching the VEDABS array from the north, and positive ranges when the 
source is moving south away from the array. At short ranges (<7 km), note how 
the interference peaks and nulls advance smoothly in range with increasing 
depth. As shown by a similar colorscale plot in Fig. 4.2, these qualitative 
features are well simulated by corresponding ray model calculations, which are 
based on a sediment described by GAM 0. 

More quantitative comparisons of measured and calculated 
omnidirectional transmission loss (TL) are given for specific hydrophones. 
Examples of 7 Hz TL calculations using ray modeling and normal mode 
modeling at the reported ranges1 are shown in Fig. 4.3 for the shallowest 
hydrophone (zi = 1565 m). Also shown are corresponding TL measurements 
determined by subtracting the received levels from the reported source level5 

(164 dB). A superior resemblance of the model to the measurements is clearly 
obtained if the range and level scales are translated to align the calculated and 
measured peaks occurring near R = 2 km. Such translations correspond to a 
0.5 km increase in the measurement ranges and a 4 dB increase in the 7 Hz 
source level (or a corresponding decrease in the receiver sensitivity). These 
range and source level translations have been applied to the received level 
from each hydrophone in the array, and excellent model simulations of the 
measurements have verified this 0.5 km range scale increase and 4 dB level 
change. 

Model-measurement comparisons are shown in Fig. 4.4 for the 
shallowest depth (1565 m), a mid-depth (2240 m), and the deepest (3140 m) 
hydrophones in the array. Comparisons from both GAMARAY ray and 
NEMESIS normal mode calculations to the omnidirectional measurements are 
shown in this figure out to 12 km in range. The variable ocean depth is also 
shown to provide a perspective. A comparison of the ray calculations with the 
measurements shows that the correspondence is strong at the shortest ranges 
(R <7 km) where direct paths dominate. 
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At longer ranges, the significance of the bottom reflections increases, and 
the associated arrival times and interference patterns are increasingly 
dependent on bathymetry. Thus differences between measurements and 
modeling result from the range invariant and "bottom-loss-less" features of the 
ray model calculations. The normal mode calculations corresponded well to the 
measurements between 2 km and 7 km. However, high angle arrivals (>60°) 
are not well simulated by the normal mode calculations; thus poor 
correspondence exists at ranges where high angle arrivals dominate: those 
less than 2 km. As a result of the ability to incorporate depth variability, the 
adiabatic normal mode calculations arguably simulate the measurements better 
at longer ranges than corresponding ray calculations. However, both models 
have neglected bottom loss; thus better simulations occur at shorter ranges and 
shallower receiver depths, as shown in Fig. 4.4. More sophisticated (and 
accurate) simulations of the beam measurements will be discussed in the next 
section, where different bottom attenuations will be incorporated in normal 
mode beam calculations. 

The revised range and level scales determined from the omnidirectional 
levels are used for all subsequent 7 Hz evaluations. We believe that the 
requirement of a range scale translation for the measurements may result from 
an unsynchronized timing standard for the projector tow ship and the 
VEDABS 1 array. The apparent 4 dB level error may be attributed to either a 
source level that is too low, or to receiving sensitivities that are too high. 
Comparison with data from other receivers indicates that the receiving 
sensitivity is more likely the problem. Fortunately, the loss estimates to be 
discussed are unaffected if either the source level or receiver level is properly 
compensated. 

Measured and ray modeled omnidirectional levels at 10 Hz are shown 
in Figs. 4.5 and 4.6, respectively. The general features of the measurements 
are again well simulated by the corresponding model calculations, which are 
similar to those of the 7 Hz omnidirectional levels (Figs. 4.1 and 4.2). 

Figure 4.7 shows both the measured and modeled 10 Hz TL for 
hydrophone 1 which was determined using the reported 10 Hz source level 
(166 dB).   As with 7 Hz, superior model-measurement correspondence is 
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obtained when the range and level scales are translated to align the short 
range, highest level features. For 10 Hz this occurs near R = 3 km, as shown 
in Fig. 4.7. A 2 dB level change is indicated at 10 Hz, and the 0.5 km range 
scale translation requirement is consistent with (i.e., the same as) that required 
at 7 Hz. As illustrated by the omnidirectional levels of three of the receivers in 
Fig. 4.8, this translation of the range and source levels gives satisfactory 10 Hz 
model simulations of the omnidirectional measurements. These translations 
have been applied to the data in Figs. 4.5 and 4.6, and will apply to all 
subsequent 10 Hz analysis. 

Measured omnidirectional levels at 16 Hz are shown as a colorscale 
plot in Fig. 4.9. The 16 Hz source was projected from a different location than 
that for 7 and 10 Hz. Thus, the 16 Hz range scale is different, but the general 
features of the measurements are again well simulated by corresponding model 
calculations - which are similar to those of 7 and 10 Hz shown in Figs. 4.2 and 
4.6, respectively. 
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5. SHORT RANGE BEAM ARRIVAL STRUCTURE 

In this section the arrival structure and transmission loss within 20 km of 
the VEDABS 1 array are investigated using beams steered at grazing angles 
from -90° to 90° in 1° steering increments. As a result of the failure of some 
receivers in the array, standard uniformly spaced shading procedures (such as 
Dolph-Chebychev or Taylor methods) are unsatisfactory. Consequently, the 
receiver shading coefficients were selected using an in-house optimization 
technique at each frequency. Broadside beam patterns at 7, 10, and 16 Hz, 
which correspond to the optimized shading coefficients developed in this work, 
are shown in Fig. 5.1. 

Several arrival orders are readily observable in the 7 Hz beam data of 
Fig. 5.2. Strong, direct arrivals (>90 dB), for example, may be recognized at 
positive grazing angles at short ranges (IRI < -12 km). Bottom reflections 
occurring at negative grazing angles (-15° > q > -40°) are recognizable at 
ranges ~7 km < IRI < -20 km, as are bottom-surface reflections occurring at 
grazing angles 22° < q <50° at ranges -12 km < IRI < -20 km. Double bottom 
reflecting arrivals are even discernible near -30° at ranges greater than 18 km. 
Range intervals showing an equally low level across all angles correspond to a 
calibration time period or a processing artifact. 

Figures 5.3 and 5.4 show 7 Hz beams determined from the coherent TL 
calculations using the adjusted source level with GAM 0 sediment properties. 
These modeled beams are comparable to the measured beams shown in 
Fig. 5.2. Specifically, Fig. 5.3 represents range-invariant GAMARAY ray 
calculations (depth = 3300 m) for each of the 18 receivers. Figure 5.4 shows 
corresponding NEMESIS, adiabatic normal mode calculations using the 
bathymetry shown in Fig. 2.2. It is worth noting that all of the significant 
features found in the measurements in Fig. 5.2 may also be observed using 
both models in Figs. 5.3 and 5.4 except at ranges corresponding to processing 
artifacts. The arrivals are direct, bottom reflected, bottom-surface reflected, and 
double bottom reflected in the models at approximately the same ranges and 
angles as those in the data. 
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Beamforming is based on the assumption of plane wave arrivals. Thus, 
at ranges shorter than 7 km, the farfield plane wave approximation is 
significantly violated, and direct arrivals also appear on sidelobes. Observe that 
the calculations in Figs. 5.3 and 5.4 also show negative grazing angle arrivals 
at these ranges which are similar to the corresponding arrivals in the data in 
Fig. 5.2. These arrivals, which at first might appear to be the result of 
interactions with the bottom at high negative grazing angles are, in fact, the 
result of direct arrivals received on sidelobes. This assessment may be verified 
by comparing the arrivals in Fig. 5.2 with similar appearing arrivals found in 
Fig. 5.5, which were modeled using only waterborne rays in GAMARAY 
calculations. 

Measured 10 Hz beams are shown in Fig. 5.6. The same arrival orders 
observed at 7 Hz may also be seen in this figure. Calculated 10 Hz beams 
using the ray and mode models (using GAM 0 sediment properties) are shown 
in Figs. 5.7 and 5.8, respectively. Note that these also exhibit the same 
qualitative features as the measurements shown in Fig. 5.6. 

Measured 16 Hz beams are shown in Fig. 5.9. The arrival orders 
observed at 7 and 10 Hz are also present in this figure. Since the 16 Hz 
features are similar, and because corresponding aliased lobes prevent reliable 
interpretation of the 16 Hz arrivals in a careful analysis, no further analysis has 
been attempted. 

When comparing the data at 7 and 10 Hz with ray and mode 
calculations for ranges shorter than 2 km, we note that the ray calculations 
better simulate the measured high angle arrivals (>60°). On the other hand, the 
measured arrivals at longer ranges are observed predominantly at angles <50°, 
where the adiabatic normal mode calculations achieve higher accuracy. This is 
principally because range dependent bathymetry is incorporated in them. Thus, 
we use the NEMESIS model to systematically investigate the VLF arrival 
structure and bottom loss. These features will be investigated in this section by 
quantitatively comparing the peak arrivals of the measurements with 
corresponding adiabatic, normal mode calculations from NEMESIS using the 
GAM 0 and GAM 1 geoacoustic profiles of the sediment shown in Fig. 3.1. 
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Arrival angles for the peak 7 Hz measured and normal mode calculated 
beams for 7 and 10 Hz are shown in Figs. 5.10 and 5.11, respectively. 
Measured and modeled arrival angles are usually the same with the exception 
of the high angle arrivals at ranges < ~2 km, which are poorly modeled with 
normal mode calculations. Arrival angles determined with no bottom loss 
(GAM 0) are also usually equivalent to those calculated with the GAM 1 profile. 
There are few, but obvious, exceptions when the peak arrival order changes as 
a result of different coherent interference or different bottom losses applied in 
the calculations. At ranges between 12.5 and 13.5 km, in Fig. 5.11 for 
example, there are bottom-surface reflected arrivals at -50° that were 
calculated with no bottom loss (GAM 0). However, peak arrival angles 
calculated with the GAM 1 profile at these same ranges are direct path arrivals 
at ~15oo and are virtually indistinguishable from corresponding measurements. 

The relatively small differences in measured and modeled arrival angles 
at both frequencies appear to validate the general properties of the GAM 1 
geoacoustic profile. Other direct or single bottom reflecting modeled arrival 
angles are usually well within 3° of measurements. The few exceptions may 
usually be accounted for by bathymetry errors, such as those at ranges +13 km 
< R < +20 km, where in Fig. 2.1 the bathymetry track diverges somewhat from 
that of the acoustic measurements. The measured bottom-surface peak arrivals 
in this range interval are at grazing angles that are 3-5«o greater than the 
calculations. 

Peak TL values corresponding to the 7 and 10 Hz arrival angles in 
Figs. 5.10 and 5.11 are shown in Figs. 5.12 and 5.13, respectively. For ranges 
less than -10 km, the received signal is primarily that of direct arrivals. Note 
how the measured TL values for direct arrivals at both frequencies in the upper 
plots are virtually indistinguishable from the calculations at the shortest ranges 
(~2 km IRI < ~7 km). Recall that the measured omnidirectional levels are also 
well modeled by corresponding calculations at these ranges for 7 Hz (Fig. 4.4) 
and 10 Hz (Fig. 4.8). At ranges -7 km < IRI < -12 km, additional arrivals 
begin to have influence on the omnidirectional levels. At these ranges, the 
measured and modeled arrivals from the surface become more variable with 
range, and TL of the modeled beams differs by - ±2 dB from the beam 
measurements. This is particularly true at the positive ranges south of the array 
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where greater bathymetry errors are likely (see Fig. 2.1). We attribute this 
variation to the cumulative result of calculation errors due primarily to 
bathymetry errors, but the sound velocity and source depth uncertainties may 
also play a role. 

TL corresponding to 7 and 10 Hz arrivals from the ocean bottom are 
shown in the lower plots of Figs. 5.12 and 5.13. Recall that the values at 
ranges less than ~6 km are the result of sidelobes from direct arrivals; thus 
these arrivals are not analyzed. At ranges ~7 km < IRI < -10 km, the 7 Hz 
measurements are ~4 dB more lossy than the TL predicted using the GAM 1 
bottom profile, and up to 3 dB more lossy for corresponding 10 Hz 
comparisons. Since these arrivals interact only once with the bottom, we have 
concluded that GAM 1 is a poor geoacoustic model in its modeling of the bottom 
loss at these ranges. In Section 6, we will investigate bottom loss in greater 
detail. 

At greater ranges (e.g., -10 km < IRI < -20 km), the 7 and 10 Hz TL 
measurements are somewhat closer to those modeled. However, the more 
complicated arrival structure and the environmental uncertainties tend to make 
reliable bottom loss evaluation at these ranges more difficult. At 12-16 km, for 
example, 10 Hz measurements are about 2 dB less lossy than calculations, 
falsely indicating acoustic amplification in the bottom, even though the 
corresponding 10 Hz measured arrival angles in Fig. 5.11 are virtually 
indistinguishable from the calculations. 
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6.    PLANE WAVE BOTTOM LOSS ESTIMATION 

In this section we focus on bottom loss as a function of grazing angle 
associated with single bottom interacting beam arrivals. The transmission loss 
of the associated measured arrivals is compared with that of respective normal 
mode calculation using the GAM 1 and GAM 2 bottom profiles shown in 
Fig. 3.1. Corresponding calculated arrivals based on the GAM 0 profile are 
used to approximate the geometric spreading loss of the measurements, noting 
that the respective simulated arrival angles are in excellent agreement with 
corresponding measured arrival angles. However, the figures shown in this 
section and Section 7 frequently distinguish between calculated loss at peak 
angles using the GAM 0 profile, which is labeled "Model (GAM 0)", and the 
calculated loss using the GAM 0 profile at the peak measurement angles, which 
is labeled "Spreading Loss Estimate". Plane wave bottom loss calculated 
directly for the GAM 1 and GAM 2 bottom profiles will also be presented for 
comparison. 

In order to isolate specific arrival orders and examine the angular 
dependency of the attenuation profile, comparisons of the peak arrivals are 
analyzed by considering only those cases for which the ranges of the 
measurements coincide within 130 m of corresponding calculations, and where 
respective grazing angles are within 3°. The angular dependency at the bottom 
is determined by projecting the beam arrival angles at the array center to the 
ocean bottom using Snell's law. Such comparisons of beam arrival versus 
grazing angle at 7 and 10 Hz are made for single bottom reflected arrivals at 
ranges ~7 km <, IRI < -16.5 km. 

In Fig. 6.1, the transmission loss of the peak 7 Hz measured arrivals is 
shown as a function of grazing angle at the bottom. Arrival levels are described 
well north (Fig. 6.1(a)) and south (Fig. 6.1(b)) of the array by the associated 
calculations at grazing angles less than 27°. Note that the loss at these angles 
is accounted for almost entirely by the geometric spreading estimate (GAM 0). 
This figure also shows that the ~4 dB bottom loss deficiency characterized by 
the GAM 1 sediment profile at ranges 7-10 km in Fig. 5.11 occurs at grazing 
angles of 28-36°. 

47 



45 

45 

40 35 30 25 20 

GRAZING ANGLE - deg 

(a) 7 Hz SINGLE-BOTTOM PEAK ARRIVALS 7-16 km NORTH OF V1 

40 35 30 25 

GRAZING ANGLE - deg 

20 15 

(b) 7 Hz SINGLE-BOTTOM PEAK ARRIVALS 7-16 km SOUTH OF V1 

• NATIVE MEASUREMENTS 
* MODEL (GAM 1) 
x   MODEL (SPREADING LOSS ESTIMATE) 

FIGURE 6.1 
MEASURED AND MODELED 

(GAM 1 SEDIMENT MODEL AND SPREADING LOSS ESTIMATE) 
7 Hz TRANSMISSION LOSS 

48 

ARL-UT 
AS-93-568 
SJL/RFG 
10-93/hd2 



Measured bottom loss at 7 Hz, estimated by subtracting the spreading 
loss estimate (GAM 0) from the peak measured arrivals of Fig. 6.1, is shown in 
Fig. 6.2, along with 7 Hz plane wave bottom loss calculations made directly 
from the geoacoustic models (GAM 1 and GAM 2). Note that the plane wave 
bottom loss based on GAM 1 in Fig. 6.2 is consistent with a difference in the 
calculated peak arrivals based on the GAM 0 and GAM 1 profiles in Fig. 6.1. 
There is always less than a 1/2 dB difference between the GAM 0 and GAM 1 
curves in Fig. 6.1. The GAM 2 profile, which provides a significantly improved 
simulation of the bottom loss measurements for 28-32° was, in fact, determined 
numerically by adjusting (primarily) the thickness and depth of the hydrate layer 
properties given in Ref. 4, so 7 Hz plane wave bottom loss calculations provide 
good simulation of the corresponding measured bottom loss. 

The grazing angles of the calculated peak 7 Hz arrivals based on the 
GAM 1 and GAM 2, and those of the measured peak arrivals are shown in 
Fig. 6.3. Both calculated curves accurately simulate the measured peak 
arrivals, although the GAM 1 profile is slightly better, particularly for the higher 
arrival orders. TL for the 7 Hz arrivals shown in Fig. 6.3 is shown in Fig. 6.4. 
Here, the single bottom interacting arrivals are better characterized by GAM 2, 
particularly at ranges between 7 and 10 km, which suffer a ~4 dB bottom loss 
deficiency when characterized by the GAM 1. However, arrivals calculated 
using GAM 2 that interact with the bottom and surface (arriving from the surface 
at ranges greater than -12 km) and those that interact twice with the bottom 
(arriving from the bottom at ranges greater than -18 km) suffer as much as 
8 dB more loss than corresponding measured arrivals. 

At 10 Hz, the measured TL of the peak arrivals north of the array are 
shown in Fig. 6.5(a). Rough agreement with corresponding model simulations 
for angles less than 27° may be observed, and the model calculations, 
characterizing the sediment using GAM 1 properties, are -2-3 dB less lossy at 
28-32° than the measurements. At steeper angles (33-35°), the 10 Hz 
measured bottom arrivals show large variability at these grazing angles. At 33°, 
for example, peak 10 Hz TL measurements vary from 77 dB to 84 dB. South of 
the array (Fig. 6.5(b)), 10 Hz TL measurements are poorly modeled by the 
calculations, at virtually all grazing angles. 
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Figure 6.6 shows 10 Hz measurements and calculations of bottom loss 
that are comparable to 7 Hz estimates shown in Fig. 6.2. Plane wave bottom 
loss calculations at 10 Hz using GAM 1 are less than 2 dB at 10-40°, while 
those using GAM 2 show a narrow, 12 dB increase at 30°, but are smaller at 
other angles. The measured bottom loss estimates are considerably scattered, 
often negative, and are not correlated with either geoacoustic model. 

The grazing angles of the calculated 10 Hz peak arrivals which are 
comparable to the 7 Hz arrivals in Fig. 6.3 are shown in Fig. 6.7. Both 10 Hz 
calculated curves, which are virtually indistinguishable from each other, 
accurately modeled the 10 Hz measured peak arrivals. The TL values for these 
arrivals are shown in Fig. 6.8. The large, narrow peak of the calculated plane 
wave bottom loss for GAM 2 at 30° (Fig. 6.6) is reduced and spread over angles 
in the averaging process associated with forming the peak beam calculations 
(see Fig. 6.8). The single bottom interacting arrivals at ranges between 7 and 
10 km are characterized only slightly better by GAM 2 than by GAM 1. Other 
calculated single bottom interacting arrivals are -2-3 dB more lossy than the 
measured arrivals. 

We now briefly turn our attention to higher order bottom interactions. The 
7 and 10 Hz TL versus grazing angle comparisons at short ranges both north 
and south of the array are shown in Figs. 6.9 and 6.10, respectively, for single 
bottom interacting arrivals from the surface in the upper plots, and for twice 
bottom interacting arrivals from the bottom in the lower plots. These arrivals are 
more sensitive to bathymetry and sediment property uncertainty than the single 
bottom interacting arrivals shown in Figs. 6.1 and 6.5. They also show 
considerable scatter; thus we have not inferred bottom loss estimates from 
them. At longer ranges, in the next section, we will statistically analyze a larger 
number of multiple bottom interacting arrivals. 
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7.    LONG RANGE ARRIVAL STRUCTURE 

In this section we explore the arrival structure and acoustic bottom loss at 
longer ranges (35-60 km). The bottom loss increases at these ranges due to 
increased multiple bottom interactions, and the uncertainty associated with the 
bottom loss appears to be even greater. Since the increased variation of the 
bathymetry hinders both arrival angle identification and arrival order 
classification at longer ranges, we will compare statistical characterizations of 
the measured and calculated bottom loss. 

The 7 and 10 Hz arrival structures are estimated by again forming plane 
wave beams at each range as shown in Figs. 7.1 and 7.2, respectively. 
Dominant acoustic energy arrives at grazing angles of 15° to 50°, and usually 
appears in one of six clusters. Three of these clusters arrive from the surface 
and three arrive from the bottom. Clusters at 7 Hz are -10° wide and are 
generally wider than those at 10 Hz. This is a result of the lower 7 Hz spatial 
resolution, as indicated by a comparison of the 7 and 10 Hz beam patterns 
(Fig. 5.1). 

One perhaps unexpected feature of the VLF arrival structure apparent in 
Figs. 7.1 and 7.2 is the absence of signal arrivals at shallow angles. For these 
arrivals, bottom loss should have minimal effect. However, for the NATIVE 
environment, we have found the array to be shadowed for arrivals shallower 
than -10° when the source is 122 m deep. Plots of the surface interference 
term shown in Fig. 7.3 illustrate this point. Figure 7.3(a) shows the loss strictly 
due to surface dipole interference at 7, 10, 16, and 50 Hz for a receiver at the 
122 m source depth. From these plots it is clear that 7 and 10 Hz arrivals 
experience significant loss at shallow grazing angles. The absence of shallow 
signal arrivals is even more apparent for a receiver 2500 m deep near the 
center of the array. Here, the shadowing effect due to Snell's law is a dominant 
factor at angles less than -10°, as shown in Fig. 7.3(b). 

Normal mode calculations corresponding to the measured arrivals 
(Figs. 7.1 and 7.2) have been estimated by calculating the coherent TL at 7 and 

10 Hz using NEMESIS and then subtracting the TL from the 168 dB source 
level.    The levels calculated with no bottom attenuation are shown in 
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Figs. 7.4 and 7.5. The prominent features of the calculations favorably 
describe the measured arrivals in that there are usually three cluster arrivals 
from both the surface and the bottom which arrive at approximately the same 
angles as the measurements. Calculations have indicated the three dominant 
surface and bottom clusters are due to interactions with the ocean bottom two, 
three, and four times. Due to bathymetry errors, however, the modeled range 
and central angle of cluster peaks often differ from those of the measurements. 

Next we explore long range cw VLF bottom loss by once again 
quantitatively comparing the peak arrivals of the measurements with model 
calculations. We note that gas in the hydrate state was not apparent in the 
seismic reflection data collected during the "long" range portion of Event 1.4 

Thus only two sets of model calculations have been executed: those in which 
the sediment presents no acoustic loss (GAM 0) and those in which the GAM 1 
loss is exhibited. The arrival angles at 7 and 10 Hz are shown in Figs. 7.6 
and 7.7, respectively, for the peak measured and calculated beams; the dashed 
curves are the expected arrival angle for different arrival orders. Note how both 
the measured and calculated peak grazing angles show several discontinuities 
as a function of range. This is because the transmission losses corresponding 
to different arrival orders typically differ by only a few dB at these ranges, and 
the peak arrivals at ranges only a few (~5) kilometers apart often correspond to 
different arrival orders. 

Coherent TL estimates corresponding to peak angles in Figs. 7.6 and 
7.7 are shown in Figs. 7.8 and 7.9, respectively. Note that the TL of the 
measured and calculated long range beams at both frequencies experience as 
much as 10 dB variation over any 5 km interval. Also, measured TL for a given 
arrival order is frequently smaller than that calculated without bottom loss. 
Model errors in the positions of interference peaks and valleys are compounded 
at longer ranges, and errors in the modeled arrival order exist in the TL 
calculations as multiplicative factors of the bottom loss error. 

In order to explore bottom loss in the presence of these difficulties, the 
arrivals have been analyzed by first arranging them into eight groups according 
to their frequency (7 or 10 Hz), range interval (35-45 km or 45-58 km), and 
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arrival direction (from the surface or from the bottom). Arrival orders in each of 
the eight possible group permutations were then isolated in the same manner 
as at shorter ranges: by making measurement/model TL comparisons only for 
those cases where the ranges of the modeled and measured TL values 
coincide within 130 m, and where respective grazing angles are within 3°. 

Figures 7.10-7.17 correspond to each arrival group, where TL versus 
grazing angle is plotted in the upper plots and the associated cumulative 
probability of TL is plotted in the lower plots. Note that there is a large scatter of 
TL versus grazing angle in the top of each figure. A statistical characterization 
of the measured TL values is shown in each lower plot, with calculated TL 
values also shown to give perspective. Calculated TL percentiles 
corresponding to the GAM 1 attenuation profile usually indicate only between 
~1 and ~2 dB more loss than calculated TL percentiles which characterize no 

bottom loss. 

The 7 Hz arrivals from the surface and from the bottom in the 35-45 km 
range interval are shown in Figs. 7.10 and 7.11, respectively. Note that the 
probability distribution curves characterizing the measured arrivals are close to 
the corresponding distributions modeled with no bottom loss. However, the 
same comparisons made in the 45-60 km range interval in Figs. 7.12 and 7.13 
show that the measured arrivals are best characterized using the GAM 1 
bottom loss. The 10 Hz arrivals from the surface and from the bottom in the 
35-45 km range interval are shown in Figs. 7.14 and 7.15, respectively. Here, 
the probability distribution curves characterizing TL of the measured arrivals 
indicate -1 dB less loss than corresponding distributions modeled with GAM 0 
bottom loss. Comparisons made in the 45-60 km range interval in Figs. 7.16 
and 7.17 show that the measured arrivals are best characterized with GAM 0 
bottom loss. 

The long range measurements have qualitatively corroborated the 
bottom loss description observed at shorter ranges in that the 10 Hz bottom 
loss is lower than that at 7 Hz. Nevertheless, bottom loss predictions of the 
model calculations are too small relative to the measurement uncertainties to 
formulate a reliable exact description of the bottom attenuation profile using the 

long range measurements. 
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8.    SUMMARY 

Through a careful comparison of the NATIVE I cw measurements with ray 

and normal mode simulations, the VLF arrival structure and bottom loss have 

been analyzed. We have observed excellent agreement between measured TL 

and modeled omnidirectional geometric spreading loss at ranges where direct 

paths dominate (<7 km), although the agreement is reduced at longer ranges 

as bottom reflected arrivals become significant. The VLF arrival structure at 

7 and 10 Hz has been inspected by means of beam analysis, which shows 

many features usually associated with a ray description of high frequency 

signals. Multiple bottom and surface interacting arrivals have been observed in 

the measurements as well as by both models, and we have analyzed in detail 

arrivals which encounter the bottom up to four times. 

Ray analysis has revealed that negative angle arrivals appearing like 

bottom interacting energy at the very shortest ranges (<7 km) are actually the 

result of direct arrivals received on sidelobes. We have performed the bulk of 

our analysis, however, with adiabatic normal mode calculations. The adiabatic 

normal mode calculations have allowed us to quantitatively investigate the 

measured VLF arrivals through a comparison with modeled arrivals. 

At ranges less than 20 km, arrivals corresponding to direct, bottom, and 

bottom-surface interactions are well defined and easily distinguishable, and 

have arrival structure features that are accurately modeled. At 35-60 km range, 

the peak arrivals are of irregular order, with the peak arrivals interacting with the 

bottom between two and four times; yet, all of the arrival orders are 

approximately equal in level. We have found the long range arrivals are less 

energetic due to surface interference and shadowing effects at angles 

shallower than -10°, and due to spreading and bottom loss at angles steeper 

than -40°. 

Analysis of the short range bottom interacting measurements using plane 

wave bottom loss calculations has indicated that a gas hydrate layer is likely the 

cause of a ~4 dB bottom loss at 7 Hz for grazing angles of 30-34°. At 10 Hz, a 

higher loss, narrower angular region at about 30° was predicted by the plane 

wave bottom  loss calculation for such a layer.    Corresponding beam 
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calculations at 10 Hz, however, yielded a lower loss, broader angular region 
than that given by the bottom loss calculations. Unfortunately, the measured 
bottom loss estimates were considerably scattered, often negative, and did not 
correlate as well with either geoacoustic model of the sediment at 10 Hz. 

Except at angles corresponding to probable interaction with a hydrate 
layer, VLF bottom loss was low compared to typical values at higher frequency, 
and consistent with conventional modeled loss calculations corresponding to 
the hemipalagic geoacoustic parameters in the sediment. At shallow angles, 
those most relevant to moderate and long range ASW systems, bottom loss is 
less than 1 dB for single bottom interactions and, to the precision of the 
measurements, the GAM 1 profile statistically bounds both 7 and 10 Hz bottom 
loss for multiple bottom interacting arrivals existing at 15-40° grazing angles. 
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Geoacoustic parameters from Ref. 4 (p. 3G) were adjusted to those of 
GAM 2 so that 7 Hz plane wave bottom loss calculations provided a 
good simulation of corresponding measured bottom loss estimates. 
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