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PROPAGATION LOSS MODEL ASSESSMENT AT LOW FREQUENCIES 
IN A BOTTOM-LIMITED REGION 

INTRODUCTION 

The importance of reliable low frequency acoustic propagation models for 
bottom-limited and, in particular, near-coastal regions is clearly apparent. 
All models invariably approximate the real situation by a simplified descrip¬ 
tion, where the simplification may be brought about to accommodate lack of 
data or limited computing power, or perhaps as a consequence of the need for 
restricting models to mathematically tractable expressions. Speed of compu¬ 
tation may also be a consideration. 

Most models, whether based on ray or wave theory, assume infinite CW 
propagation and involve considerable extension to handle transient signals. On 
the other hand, most propagation loss experiments use pulsed CW or explosive 
sources, so that model validation itself may present problems. 

Some ray theory models may be applied to situations with quite complex 
range dependence, but may not be appropriate at very low frequencies. Wave 
theory models, on the other hand, may work most efficiently at low' frequencies 
but may be limited in ability to deal with range-dependent geometries. No 
single universally applicable model so far exists. 

Although it is undoubtedly possible to seek out ocean regions with proper¬ 
ties that fit an acoustic model, the converse is not necessarily true. When 
a situation arises for which no currently available model is ideally suited, it 
is often unclear as to whether predictions from one of the more sophisticated 
available models will be any more appropriate than those from a simpler 
model, since both are approximate anyway. As always, the acid test is not 
comparison of one model with another, but comparison of model prediction 
with experimental measurements. 

In this study, we address the pertinent but geometrically awkward problem 
of modeling low frequency propagation loss in a bottom-limited region. Follow¬ 
ing a description of an experimental measurement trial, propagation loss pre¬ 
dictions for a number of models are presented and discussed. Analysis of the 
shortcomings of the various prediction approaches in this application provides 
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a valuable physical insight into the modeling problem. Finally, a brief 
examination is made of the implications of the results for future trends in the 
development of low frequency propagation loss models for bottom-limited 
regions. 

Models available to the authors which have been used to approach the 
problem from a variety of directions are listed in table 1. 

Table 1. Acoustic Propagation Loss Models 
Employed in This Study 

Fast Field Program (FFP)1 
Ray theory with correction (NISSM II)2 
Ray theory CONGRATS coherent addition3 
Ray theory CONGRATS range dependent4 
Range dependent normal mode program5 
Horizontal ray theory6 
Parabolic equation (P. E. ) model (Canadian Version)7 
Parabolic equation (P. E. ) model (NUSC Version)^ 

EXPERIMENTAL DATA 

A propagation loss measurement trial was conducted in the Tongue of the 
Ocean, Bahamas, on 3 December 1973. The venue lies in the AUTEC acoustic 
range operated by the Naval Underwater Systems Center, enabling ship posi¬ 
tions to be accurately determined at all times by shore-based radar. The 
bottom topography of the region has been surveyed in detail and extensive 
oceanographic studies made. 9 Along the trial track, the bottom consists of 
mud and sand believed to thinly overlay coralline limestone. Water depth is of 
the order of 1500 to 1800 meters. 

Signals were received on five hydrophones at depths of 15, 76, 107, 229, 
and 350 m below the surface at station 1 of figure 1. The source was a J15pro¬ 
jector, suspended at a depth of 76 m, and towed at 2 knots away from the 
receivers along the track shown in figure 1 to station 3, a distance of 36. 5 km. 
The signal consisted of 100 Hz sinusoidal pulses, 50 msec in duration, at the 
rate of one every four seconds. 

Sound velocimeter and expendable bathythermograph (XBT) casts were 
conducted at stations 1 and 3, with an additional midpoint XBT at station 2. 
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The consistency of these measurements implies that it is not unreasonable to 
regard them as representative of the profiles pertaining to all points along the 
intermediate track. Note that the velocimeter and XBT curves have been offset 
for presentation in figure 1, since they are nearly indistinguishable. 

Hydrophone outputs were recorded in analog form. Digital records for 
computer analysis were created from the original data with a sampling 
frequency of 512 Hz. 

Propagation loss measurements were determined from these data in two 
ways. Figures 2 through 6 show total energy' propagation loss, which takes into 
account all multipath arrivals which arrive within the four-second period 
between pulses. Figures 7 through 11 give the peak value propagation loss, 
determined from the strongest arrival within the four-second period. 

BASIS AND OBJECTIVES FOR MODEL ASSESSMENT 

The task we have set ourselves in this exercise is to attempt to replicate 
the data, at least to the point of matching the major features of the multipath 
interference structure. At higher frequencies this might be unrealistic, but 
at 100 Hz, perhaps not. The question of whether the goal is realistic or not 
bears directly on our approaches toward future model development. 

Figure 12 shows a ray diagram for the near-source region of the sound field. 
Rays are spaced Io apart between limits of +25° and -25°. At a frequency of 100 Hz, 
the surface duct will be leaky, and in 1800 m of water is not a significant factor 
for low bottom loss conditions. 

Figure 13 shows typical received signals as a function of time at several 
ranges. Close to the source, the duration of the dominant arrival indicates 
that the overlap of the direct and surface-reflected arrivals is almost complete. 
Close agreement would thus be expected between total energy and peak level 
propagation loss determinations, and infinite CW predictions. 

As range increases, particularly once all paths include bottom interactions, 
the arrival structure becomes more spread in time. As the number of peaks in 
the arrival structure increases, the probability of an individual peak containing 
most of the energy decreases. The peak level propagation loss determination 
thus tends to show generally greater loss than that for the total energy, which 
should agree more closely with the infinite CW predictions, disregarding the 
rapid fluctuations of the latter due to continuing multipath interference. 
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Figure 3. Total Energy Propagation Loss (Receiver Depth, 76 m) 
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Figure 5. Total Energy Propagation Loss (Receiver Depth, 229 m) 
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Figure 8. Peak Propagation Loss (Receiver Depth, 76 m) 
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Figure 11. Peak Propagation Loss (Receiver Depth, 350 m) 
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Figure 12, Ray Diagram for Near-Source Region (Source Depth 76 m) 
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A comparison of the total energy and pt.ak value data does indeed show a 
progressively higher peak propagation loss with increase in range for all 
hydrophones as expected. 

In addition to this, however, a second effect is also present. The total 
energy propagation loss determinations show, particularly beyond about 15 km, 
a significantly greater spread in values than the equivalent peak level figures. 
This appears unavoidable, and is most probably due to the subtraction of noise 
over the four-second sample period on the basis of a noise sample over the last 
120 msec of each four-second period. Some of the spread may simply be statis¬ 
tical, and possibly would have been reduced if it were possible to take a longer 
noise sample. At the longer ranges, it is even possible that occasional stray 
signal arrivals were included in the noise sample period. 

Since in this study we are most concerned with prediction of the multipath 
interference structure, we shall limit ourselves to discussion of those peak 
value propagation loss determinations which display this structure more clearly. 
Throughout this discussion, we must remain mindful of the inherent differences 
between pulsed and infinite CW propagation. Even if these differences may be 
overcome by resorting to pulse propagation modeling, it is often our ultimate 
goal to use the model to predict the propagation loss of essentially infinite CW 
signals from shipping. For this purpose, the fluctuations of the CW predictions 
may be more appropriate than the smoother fluctuations observed during experi¬ 
ments using transient signals. 

RANGE-INDEPENDENT CW MODEL COMPARISONS 

The first model considered is the Fast Field Program (FFP) for which 
a range-independent environment is assumed. Figure 14 shows propagation 
loss predictions for a source at 250 ft (76 m) and receivers at 350 (107 m), 
750 (229 m) and 1150 ft (350 m), assuming a moderately low-loss bottom. At 
first glance, the correspondence of predictions with data appears quite good. 
There are, however, some significant differences in detail. 

Close agreement with the structure of the 1150 ft (350 m) data is evident out 
to 9 kyd (8. 2 km), although the model predicts a signal 3 dB stronger than that 
detected from 3 to 9 kyd (2.7 to 8. 2 km). From 9 to 40 kyd (8.2 to 36. 6 km) 
the model shows consistently stronger structure than is present in the data. 
Occasional peaks are predicted as much as 10 dB above the relatively smooth 
data, but correspondence of mean levels is reasonable. Much the same situa¬ 
tion applies for the 750 ft (229 m) receiver, except that in the range 35 (32 km) 
to 40 kyd (36. 6 km), the predictions systematically fall below measurement by 
as much as 8 dB. 

17 
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Features which are present but not obvious ;n the* deep cases become much 
clearer in the 350 ft (107 m) case, and for this reason in the remainder of this 
report we shall generally confine ourselves to the 350 it (107 m) data for model 
comparisons. The 350 ft (107 m) experimental data show quite pronounced 
structuring, particularly in the form of broad peaks in the region 7 (6. 4 km) to 
15 kyd (13. 7 km). A sudden drop in levei at 15 kyd (13.7 km) precedes smaller 
scale features with a most notable increase between 37 (33. 8 km) and 40 kyd 
(30. 6 km), corresponding to a similar rise in the 750 ft (229 m) data. Turning 
now to the 350 ft (107 in) model predictions, the direct path to shadow zone 
transition region corresponds almost perfectly, and the model shows a region 
w ith structure of similar periodicity and magnitude to that of the 7 (0.4 km) 
and 15 kyd (13. 7 km) region of the data. However, the peaks do not correspond 
exactly in range. In the region 35 (32 km) to 40 kyd (30.0) km, as for the 750 ft 
(229 m) case, the predicted levels are up to 10 dB below observed levels. We 
shall not concern ourselves further with the differences beyond 35 kyd (32 km), 
for reasons which we next consider. 

Minor differences are apparent between the sound-speed profiles at the 
three stations along the track. Figure 15 shows the effect of these differences 
on FFP predictions. On the basis of the FFP fit to the direct path region, we 
choose to work generally with the profile corresponding to station 3 (see 
table 2). 

Table 2. Station 3 Sound-Speed Profile Extended to 
Maximum Depth of 1828. 8 m (1000 fin) 

(Profiles in the remainder of this report are derived from 
this profile by truncation at the appropriate bottom depth) 

Depth (m) 

0. 00 
76. 20 

108.46 
167. 64 
204. 77 
304.43 
350.52 
444.80 
899.95 

1030.45 
1828.80 

Sound-Speed 
(m/sec) 

1538. 94 
1540.42 
1511.04 
1533.58 
1528.91 
1523.15 
1522.26 
1520.45 
1490.16 
1487.70 
1495. 22 
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Figure 15. Direct-Path Region Fit of FFP to Experimental Data 
(Source 76 m, Receiver 107 m), Showing Effect 

Of Choice of Sound-Speed Profile 
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Only minor level changes between predictions with all three profiles are 
observed out to about 38 kvd (31.7 km). Beyond this range, cumulative phase 
differences, due to the small differences between the profiles, materially alter 
the Interference structure of the prediction curve. At shorter ranges in the 
bottom bounce region, the choice of which profile to use does not appear to be 
critical. 

Figures 16 and 17 show the effects of small perturbations to receiver 
depth and layer depth, modeled with the NISSM II program (reference 2). The 
predictions are demonstrably insensitive to small variations in these param¬ 
eters. Small spatial or temporal variations in the medium, or variations in 
receiver depth cannot be cited, therefore, as the cause of imperfect agreement 
between data and model. It should be noted that quite close agreement in the 
structure of the coherent multipath interference pattern is evident between the 
NISSM II and FFP predictions for ranges greater than about 5 kyd (4. 6 km). 

The upper portion of figure 18 first compares the infinite CW CONGRATS 
predictions with the FFP, demonstrating excellent structural agreement 
beyond the Lloyd's mirror region. The difference in rate of shadow zone fall- 
off illustrates the influence of particular methods of sound-speed profile 
interpolation. Although nominally the same sound-speed profile data points are 
used for CONGRATS as for the FFP, in the CONGRATS case, interpolation is 
by means of a continuous curve fitting routine, whereas the FFP interpolation 
fits the profile by segments of exponential curves winch closely approximate 
straight lines. That the shadow zone fall-off rate is a particularly sensitive 
indicator of profile shape is clearly demonstrated by the close structural 
agreement of the two predictions at greater ranges, showing that the profile 
fit has only a minor effect on multipath phase differences. The differences in 
level at long range are consistent with the differences in assumed bottom loss. 
The CONGRATS prediction assumes no bottom loss, whereas the FFP predic¬ 
tion is based upon the bottom loss shown in figure 19. For the profile given, 
the horizontal ray at the source has a grazing angle of 13.9° at the bottom, 
and the 25° source angle ray has a bottom grazing angle of 28. 4°; hence, 
computed bottom loss will vary from less than 1 dB per bounce for the 
14° grazing angle energy' to about 4 dB per bounce for the 28° grazing angle 
energy. The bottom loss curve of figure 19 is based upon an infinite half¬ 
space bottom velocity of 154l/m/sec, and has been chosen simply on the 
basis of the fit of the FFP predictions to the data. It should be emphasized 
that this curve is not based upon any in situ measurement of bottom velocity 
at the measurement site, and that only the mean levels of bottom loss over 
the 14° to 28° region of the curve are significant in tins example. Although 
some work on a variety of bottom-loss types, including some associated with 

21 
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Figure 16. Perturbations to Input Parameters Establish Sensitivity 
Of Model Predictions to Small Errors in Placement of Receivers 
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Figure 17. Perturbations to Input Parameters Establish 
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Structure (Source 76 m. Receiver 107 m) 
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multilayer bottoms, was conducted in the early stages of this investigation, it 
soon became apparent that the influence of other factors, such as range depend¬ 
ence and finite pulse length, required resolution before it would be fruitful to 
proceed with any analysis of the effects of more complicated subbottom struc¬ 
turing. In general, therefore, throughout the following discussions, models 
have assumed either a low bottom loss or, where possible, zero bottom loss. 

EFFECT OF FINITE PULSE LENGTH 

So far, the models have assumed an infinite CW signal form, whereas the 
experiment involved 50 msec pulses. Multipath travel time differences will 
introduce variations into the degree of overlap of the various pulse arrivals, 
with a resultant modification of the multipath interference effects. The bottom 
curve of figure IS is the CONGRATS prediction for a 50 msec pulse, peak 
arrival. Above it, for comparison, the experimental data are displayed again. 

Both experiment and pulse prediction show direct path regions, then a 
region with four major interference maxima spaced about 2. 5 kyd (2. 3 km) 
apart, and generally beyond 30 kyd (18.3 km), a region with much less varia¬ 
tion. It is clear that the curve more closely resembles the data than the rapid 
and pronounced fluctuations, even at long ranges, of the CW predictions. 

Between 8 and 18 kyd (7. 3 and 10. 5 km), the CONGRATS pulse interference 
maxima line up with those of the CW predictions, not with those in the data; 
hence, the shift is not attributable to the differences between infinite CW and 
pulsed CW' multipath interference effects. Another implication is that in the 
present case we may deduce at least some of the structure of the pulsed 
experimental data from consideration of even an infinite CW model. 

So far, the ability of the modeling to reproduce major structural features 
of the data, although shifted in range, suggests that remaining differences are 
due to systematic differences between model and data, and may be resolved if 
these differences can be taken into account. 

BOTTOM MODELING 

PHASE PATH GEOMETRY 

Two essential differences between model and experiment remain. These 
are source motion and bottom topography. 
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Figure 19. Bottom Loss Model Used for FFP Predictions 
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At only two knots with most significant multipath arrivals lying well within 
four seconds of each other, phase errors of generally much less than w/2 radians 
are introduced in coherent addition modeling if source motion is ignored, and 
the interference maxima will therefore be largely unaffected. 

The actual bottom has a mean slope of half a degree. Over 40 kyd (36. 6 km) 
this amounts to a change from 1800 to 1500 m in depth. 

Figure 20 generated by the CONGRATS (reference 4) ray-tracing program 
demonstrates that the sloping bottom will compress the sound field slightly 
compared with the flat bottom case. More significant, however, is the obvious 
phase path difference, of the order of 200 ir radians in 40 kyd (36. 6 km) for the 
25° source angle ray. 

KANABIS SHALLOW WATER MODEL 

The Kanabis shallow water model, a range-dependent normal mode 
program, was run for both a range-independent and a range-dependent bottom. 
The purpose was both to test the model against the data, and to note any system¬ 
atic differences between the range-dependent and the range-independent predic¬ 
tions. Predictions based upon the sum of modes 37 to 84 are shown in figure 21. 
It should be noted, that, because of the large percentage change in depth over 
the range involved, the proper consideration of the model constraints dictates 
a division of the range into perhaps a dozen or more shorter segments, within 
each of which the percentage change in bottom depth is much less appreciable. 
However, because of the large number of modes involved, this course of 
action would make heavy demands upon computer time. The model was never 
intended for the water depths present in this case, but is particularly inter¬ 
esting in that it takes partial account of the conversion of energy from one 
mode to another in response to changes in water depth, in addition to the 
adiabatic changes more commonly employed in normal mode models. As a 
compromise, the range was divided into three segments for the range-dependent 
predictions, and comparison with the range-independent predictions shows a 
tendency, particularly beyond 20 kyd (18. 3 km) for the range dependence to 
increase the loss by about 5 dB, and to provide a generally better fit to the 
data. 

Two cautionary notes should be sounded here. The first is that the flat 
bottom FFP predictions already discussed lie much closer to the level of the 
data than the flat bottom, shallow water model predictions. The difference 
between the FFP and shallow water model, flat bottom predictions has a 
simple explanation. The FFP case was run assuming a small bottom loss, 
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Figure 21. R ange-Dependent Normal Mode (Kanabis Model) With 
Partial Mode Conversion (Source 76 m, Receiver 107 m) 
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whereas no bottom loss w as assumed for the propagating modes of the shallow 

water model in this instance. The bottom loss in the FFP ease was chosen to 
give the best mean fit to the data. However, if the additional loss due to bottom 
slope predicted by the shallow-water model in this case is a real effect, then 
the shallow water model predictions indicate that the zero bottom-loss figureis 
the more appropriate. The second cautionary note is that in the present pre¬ 
dictions, the data points for the shallow water model are approximately 1 km 
apart, and comparison with the FFP predictions shows that at this spacing the 
fine structure of the coherent multipath interference pattern is being under¬ 
sampled. When this is combined with a linear interpolation on a logarithmic 
scale, which might be an acceptable device at a much higher sample density, 
a quick glance at the predictions may give a misleading impression, unless the 
reader is cognizant of the reasons for the predictions being as they are. 

Within the limitations as expressed, the predictions of the shallow water 
model may be regarded as quite acceptable. They have been included for the 
sake of completeness, and because they serve to illustrate some of the diffi¬ 
culties which may be encountered in the application of a model to a particular 
problem outside its intended design limits. Our defense of this unfair treatment 
of the model is that it is the only available mode model which attempts to deal 
with nonadiabatic mode coupling, and for this reason is particularly interesting. 
Primarily because of the undersampling, it would not be constructive to exam¬ 
ine in detail the significance of the individual peaks i.n the prediction. 

THREE-DIMENSIONAL BOTTOM TOPOGRAPHY 

The horizontal ray (or 3-dimensional normal mode) program (reference 6) 
was kindly made available by Dr. Weinberg of NUSC, although still a develop¬ 
mental rather than a production program. 

It was first run for the flat bottom case, using 130 modes. As shown in 
figure 22, agreement with the FFP wus almost perfect. It agreed even more 
closely than the FFP with the initial bottom bounce arrival prediction, since 
the FFP was limited to ^25° at the source, whereas the higher modes used 
correspond roughly to _¡_35° source angles. The third curve shows the FFP 
collapsed one more time, thus representing source angles up to j_49°, with the 

expected results. 

Since the cruise track was above a shallow depression in the ocean bottom, 
bottom reflections slightly off vertical might conceivably still provide paths 
between source and receiver. This was tested in apparently the first use of the 
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Figure 22. Comparison of Horizontal Ray Theory and FFP Predictions 
For a Range-Independent Case (Source 76 m, Receiver 107 m) 
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horizontal ray program with actual three-dimensional data. Three-dimensional 
bottom variation was input to the program as a 5 x 3 grid of bottom depths: 
5 points spaced along the track 10 kyd (9.1 km) apart, and each of these points 
being the center point of 3 points across the track 2 kyd (1.8 km) apart, making 
a total of 15 bottom points on a 5 x 3 grid. Resulting transmission loss pre¬ 
dictions are shown in figure 23. 

A comparison with predictions constrained to the plane of the cruise track 
only, represented as a 5 x 1 grid of points, yields almost the identical inter¬ 
ference structure. 

In the 5x3 case, however, there is a slight compression of the pattern 
consistent with some horizontal curvature of the propagation paths. The inter¬ 
ference structure is determined by the arc of the curve, whereas the range is 
equivalent to the chord. At 40 kyd (36. 6 km) the shift amounts to about 1 kyd 
(0.9 km). 

Both predictions show reasonable mean level agreement with the data, but 
differ distinctly in structure. In some sections, they almost appear to be in 
antiphase to the data. 

On the assumption that the 5-point representation of the bottom may have 
strained the "slow variation" constraint and thus program accuracy, or that 
modeling thi bottom too coarsely may have introduced gross errors into the 
phase paths, the bottom was modeled finally by a 16-point linear grid. This 
changed the direct path region a little, showing the presence of bottom reflected 
energy even at about 4 km, but otherwise left the structure almost completely 
unaltered, demonstrating that the program was handling the 5-point step change 
adequately, and that 5-point modeling was adequate to represent most of the 
important features contributing to the phase paths. No doubt, errors partially 
cancel. 

SUBBOTTOM MODELING 

Predictions have also been made with a Canadian version of the parabolic 
equation model (reference 7) and a version now in use at the Naval Underwater 
Systems Center (reference 8). 

The parabolic equation method (reference 10) provides a flexible technique 
for modeling range dependence. However, it does suffer practical operating 
difficulties, particularly when trying to represent a water column to bottom 
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Figure 23. Comparison of Horizontal Ray Theory (3-Dimensional Mode) 
With Experimental Data, Assuming Range-Dependent Bottom 
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sound-speed discontinuity, which it must approximate by a continuous profile. 
The difficulty arises from the need to keep errors introduced into the marching 
solution small so that they do not grow in range to the point where they render 
the predictions at greater ranges of interest meaningless. In practice, this may 
be achieved only if the range increment in the solution bears an inverse relation¬ 
ship to the magnitude of the maximum sound-speed profile gradient. This means 
that the sharper the increase in sound speed from water column to bottem, the 
shorter the allowable range step is, and the larger the number of calculations 
involved in predicting propagation loss to any given range. Since for every 
range step, the model must carry out two fast Fourier transforms (FFT), in 
most practical problems computing time dictates a conscious effort to minimize 
the number of range steps necessary. If hardware FFT processors are avail- 
ible instead of the more generally available software routines, increases in 
calculation speed of the order of one thousand times may be attainable, in 
which case some of the present limitations to the practical application of the 
parrd die equation technique may be greatly revised. 

We first consider predictions with the Canadian version. The upper sound- 
speed profile of figure 24 models a semi-infinite isovelocity bottom. The bend¬ 
ing of the intensity bands across the bottom interface region apparently follows 
Snell's law. This is logical, when we bear in mind that the bands of high inten¬ 
sity may be regarded as regions In which multipath rays add constructively. 
Since the rays follow Snell's law in the vertical direction, the intensity bands 
will tend to reflect this behavior. Beyond critical angle, a reflection or, 
possibly in this instance, a refraction of energy back into the water is evident. 

In the lower case, a hard bottom is simulated by extending the 1 m/sec/m 
increase in sound speed indefinitely into the bottom, so that ultimately all 
energy will be refracted. Figure 25 shows that for both the flat-bottom and 
range-dependent cases, predicted levels for the hard bottom (curve (b)) are 
close to those for the data, whereas the isovelocity bottom predictions of 
curve (a) are mostly much too low. 

Possibly the most interesting feature of the predictions is the range 
discrepancy between the first interacting bottom arrivals and those of the data. 
The physically realistic refraction of the model is insufficient to match the two. 
The difference confirms that reflection rather than refraction is the more 
probable bottom mechanism in this instance, consistent with a hard, coralline 
limestone only thinly overlain by sediments. Since all distant paths in the 
predictions of curve (b) include subbottom refraction, it is not surprising that 
there is no fine-scale agreement with the FFP and other hard bottom models, 
nor with the experimental data. 
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Turning now to the NUSC parabolic equation model, we first study the 
bottom refraction modeling one step further. Figure 26 shows the PE predic¬ 
tions for a subbottom gradient of 1 m/sec/m, based upon a starting field of 
100 modes. The generally high values of propagation loss for the bottom inter¬ 
acting energy is attributable to the assumed bottom absorption of 0. 1 dB per 
wavelength. Increasing the bottom gradient to 4 m/sec/m and reducing the 
absorption to 0. 01 dB per wavelength produces the predictions of figure 27. 
Interestingly, some of the features of the previous predictions are recogniz¬ 
able again in this case, although laterally shifted and showing less loss. Even 
more interesting, though, i s the comparison with the original FFP predictions 
which actually modeled a sharp bottom discontinuity. Out to a range of 30 kyd 
(27.4 km), there is exceptionally close agreement between the PE and FFP 
predictions in the structure of the curve and the range of the major features, 
indicating that the 4 m/sec/m subbottom gradient is sufficient in this instance 
to model the hard bottom interface. The lower propagation loss levels for the 
PE are consistent with the differences in assumed bottom loss betweer the two 
models and, as has already been discussed for the FFP, the inclusion of 
additional modes in the starting field calculations for the PE would no doubt 
inject more energy into the region around 7 kyd (6. 4 km). 

Finally, a range-dependent prediction was made with the NUSC PE model, 
representing the bottom by twelve separate segments. The results are shown 
in figure 28. With the high bottom gradient, the bottom absorption of 0. 01 dB 
per wavelength represents almost zero bottom loss, and comparison of the 
mean level with the data indicates that a slightly larger bottom loss might be 
more appropriate. As for detailed agreement in range with the major features 
of the data, though, the 12-segment range-dependent prediction seems no 
closer to a good match than the flat bottom prediction. To a limited extent, 
some lateral shifts to the prediction peaks may be effected by local variation 
of segment depths, but in the light of the detailed knowledge of bottom topog¬ 
raphy in the present case, this excuse is denied us. The NUSC parabolic 
equation model represents the bottom by a series of constant depth segments, 
rather than true slopes, and so possibly modeling the bottom by only twelve 
segments is still inadequate. 

AN OBSTACLE TO RANGE-DEPENDENT PULSE MODELING 

So far we have only touched on the pulse modeling problem. By running 
the CW FFP for a range of frequencies, we are able to determine pulse 
propagation loss by Fourier transform techniques. Curve (b) of figure 29 shows 
FFP 50 msec pulse predictions for the 1150 ft (350 m) receiver depth case, and 
curve (c) shows CONGRATS predictions for comparison. 
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Figure 29. Comparison of FFP Fourier Synthesis Pulse Propagation 
Loss Modeling With CONGRATS Ray Theory Model and 

Experimental Data (50 msec Pulse, Receiver Depth 350 m) 
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Theoretically, there should be no reason why the FFP Fourier 
synthesis could not be applied to coherent predictions from the parabolic 
equation or to any other full-wave model, to bring pulse and range depend¬ 
ence into the one prediction. We can generally expect a single CW range- 
dependent prediction run in such a case to require much more than the 
4 minutes of computer time needed in this case by the CW FFP, possibly even 
by a factor of ten or more. When we multiply that fact by the knowledge that 
the single pulse curve (b)represents 30 hours of computing with the i FP, then 
the range-dependent pulse possibility seems more like something that must 
await a new generation of computers. We would need good reason to tie up a 
computer for a month or more on one propagation loss prediction, particularly 
if our confidence in the answers obtained were less than absolute. 

CONCLUSIONS 

In conclusion, let us not forget that the task we have set the models is one 
of the hardest they could face, and that they have generally come through well. 
Obvious similarities between experiment and model in terms of level fluctu¬ 
ations and in terms of mean levels have been demonstrated. Different circum¬ 
stances would generally favor one model rather than another, and wise choice 
of the most appropriate model would then be expected to give excellent 
agreement. 

No single model has been able to replicate the data. Together, however, 
the models tell us much about the relative importance of the various environ¬ 
mental parameters. As might be expected, bottom topography and subbottom 
structure have a key role in the present case. The need for a thorough under¬ 
standing of the bottom reflection-refraction process is clearly demonstrated. 

Even assuming that adequate subbottom modeling combined with a range- 
dependent pulse model would enable model replication of the major features of 
the experimental data, the dependence on detailed knowledge of environmental 
data, and on accurate navigation, casts doubts on the applicability of such 
modeling to more generally realizable situations. 

One of the problems incidental to this study has been the difficulty of 
properly comparing CW model predictions with pulsed experimental data. 
Quite irrespective of the influence of range-dependent bottom topography, o 
study has been limited in the area of pulse modeling simply by the cost of 
computer time. This highlights a potentially serious situation with impact far 
more general than the present study. 
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In order to optimize the performance of a new generation of sophisticated 
sonar processing systems, we must improve our understanding of the wave- 
front prediction problem. Practical understanding of the propagation of 
general transient signals can be verified and extended only by the use of suit¬ 
able models. 

The theory for flexible transient propagation loss modeling based on 
Fourier synthesis, using full-wave CW models, is well known, and its use 
has been demonstrated in this study. However, the modeler's ability to utilize 
this theory is limited drastically by the cost of computing time. Until faster, 
but still accurate, pulse modeling techniques can be developed, this major 
front for research and development effort will remain almost virgin territory. 
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