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Sound propagation in shallow water: A detailed description 
of the acoustic field close to surface and bottom 

Finn B. Jensen 
SACLANT ASW Research Centre. 19026 La Spezia, Italy 
(Received 9 April 1981; accepted for publication 27 July 198 1) 

Experimental data are compared with normal-mode predictions for an isovelocity shallow-water propagation 
channel overlying a complicated layered bottom. Measurements were made close to both the sea surface and 
the sea floor with a vertical hydrophone spacing of 1 m. Excellent agreement between theory and experiment 
is obtained over the frequency range 50-3200 Hz and for ranges up to 30 km. Some problems associated with 
deterministic modeling are also discussed and appropriate solutions are indicated. 

PACS numbers: 43.30.Bp, 43.30.Jx, 91.50.Ey, n.lO.Vz 

INTRODUCTION 

A series of studies1
-
10 on the applicability of normal-

mode theory to sound propagation in shallow water has 
' appeared in the last decade. The earlier papersH 

were mainly concerned with the verification of single-
mode properties by comparison with experimental data 
at a few frequencies. Then some papers6 ,7 appeared 
where mode theory was compared with broadband ex-
perimental data for range-independent environments, 
and recentlyS-iO adiabatic mode theory has been suc-
cessfully applied to broadband propagation in range-
dependent shallow-water environments. 

When dealing with shallow-water data for the pur-
pose of verifying a particular propagation model, it is 
important to use data from the near-surface and near-
bottom fields, since the acoustic field there is much 
more sensitive to environmental parameters than is the 
field at mid-depth. In a previous paper6 we compared 
normal-mode theory with a broadband data set compri- . 
sing a near-surface (2 m) and a mid-depth (50 m) re-
c eiver. The present study is an extension hereof with 
a much better sampling of the acoustic field over depth. 
Thus, in addition to a sample point at mid-depth, the 
field has been sampled every ' l m within the first 10 m 
of both the sea surface and the sea floor. 

The model/ data comparison presented in this paper 
has the specific purpose of verifying a propagation 
mode 111 based on normal-mode theory. In addition, 
some general problems associated with deterministic 
modeling are addressed and appropriate solutions are 
indicated. Section I describes the experimental setup 
and the environmental conditions during the experiment. 
The acoustic model is described in Sec. II, and Sec. 
III deals with the actual model/data comparison . The 
conclusions of this study are given in Sec. IV. Final-
ly, the Appendix is dedicated to problems associated 
with deterministic modeling, such as coherent versus 
incoherent addition of modes, band averaging, and a 
phenomenon called channel resonance. 

I. EXPERIMENTAL PROCEDURES 

The experimental data12 were collected in March 1975 
in a standard shallow-water area close to the island of 
Elba, off the Italian west coast, where environmental 
conditions are well-known from earlier experiments .13 

The bathymetry and the trial track are shown in Fig. 1. 

The track is apprOXimately 30 km long over an almost 
constant water depth of about 115 m. A schematic of 
the experimental setup is given in Fig. 2. Two ships 
were employed. The receiving ship, shown to the right, 
was anchored at a fixed position, while a smaller ship, 
sailing away from the receiving ship, dropped explo-
sive charges at regular intervals over ranges up to 30 
km. The charges (180 g of TNT) were set to fire at 
50-m depth. 

Two runs were made. One with the receiving array 
placed close to the surface (attached to a surface buoy) 
and one with the array placed close to the bottom. The 
two array positions are shown in Fig. 2. The array 
consists of nine hydrophones placed 1 m apart, and the 
first hydrophone was in both cases placed 1 m away 
from the boundary . In both runs an extra hydrophone 
was suspended at mid-depth for checking reproduci-
bility of the data. The recorded broadband signals 
were processed onboard the receiving ship, and trans-

. mission loss was calculated for i-octave bands with 
center frequencies ranging from 50 Hz to 3.2 kHz. 

The experiments were carried out in almost iso-
thermal water under moderately rough sea conditions 
with winds averaging 15-20 knots during the two runs . 
A representative "average" bottom for the trial zone 
was determined in the following way. First, a rough 
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FIG. 1. Bathymetry and trial track. 
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FIG. 2. Experimental setup. 

estimate of the bottom structure was obtained from 
cores and seismic profiling experiments. Second, 
propagation data taken in the same area during the 
years 1969-70 were used in an extensive model/data 
comparison to obtain a detailed bottom description.13 

This second step was necessary for a full physical 
description of the bottom, since properties such as 
wave attenuation and shear speed cannot easily be de-
termined from cores and seismic experiments. 

Figure 3 shows the sound-speed structure obtained 
from three cores from the trial zone, while Fig. 4 
shows the "average" bottom determined on the basis 
of the model/data comparison.13 The bottom essen-
tially consists of a 6-m thick sediment layer (clay) 
overlying a harder sUbbottom (sand). Note that the 
low-speed sediment layer has a high-speed sand layer 
embedded in it, a feature seen also in the core result 
shown in Fig. 3. 

As pointed out above, bottom properties have been 
determined through a model/data comparison using 
earlier summer and winter data with source and re-
ceiver around mid-depth. In the present study we 
are using the same acoustic model and the same bot-
tom structure, but here applied to a new data set that 
includes measurements close to both the sea surface 
and the sea floor. Hence, a good agreeme~t between 
theory and experiment would indicate both that an ap-
propriate "average" bottom has been found,13 and that 
the normal-mode model provides an adequate descrip-
tion of sound propagation in this particular area. 
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FIG. 3 . Sound-speed structure in bottom measured from 
cor es. 
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FIG. 4. Bottom para meters used a s input to propagation 
model. 

II. THE ACOUSTIC MODEL 
Of the various acoustic models14 suited for handling 

propagation in shallow water, we have chosen to exer-
cise a normal-mode model. This mode III treats the 
ocean as two fluid layers (water and sediment) overlying 
a semi-infinite solid subbottom. The sound speed in 
both fluid layers is allowed to vary arbit.rarily with 
depth, while denSity and compressional wave attenua-
tion are taken to be constant within each layer. In the 
semi-infinite subbottom all properties are constant with ' 
depth, i. e., compressional speed and attenuation, 
shear speed and attenuation, and density. For a given 
source frequency the model computes the acoustic field 
(transmission loss) versus depth and range in a purely 
deterministic fashion by either coherent or incoherent 
addition of modes. Some problems associated with a 
pure~y deterministic calculation of the acoustic field are 
addressed in the Appendix. 

The environment is taken to be range-independent, 
and the actual numerical values used as input to the 
model are the following: a water depth of 109 m, a 
density of 1 g/ cm3, and a frequency-dependent volume 
attenuation. IS Bottom properties are given in Fig. 4, 
where {3 is the compressional wave attenuation in dB 
per wavelength. Because of the muddy nature of the 
bottom no shear wave effects were considered. 

III. MODEL/DATA COMPARISON 

Before proceeding to a detailed comparison of com-
puted and measured acoustic fields, we will anticipate 
the general field behavior versus depth, range, and 
frequency by some simple physical considerations . 
First of all, we expect propagation loss to increase 
with range and frequency due to volume attenuation in 
the water. However, at sufficiently low frequencies 
the effect of channel cutoff also leads to high losses re-
sulting in an intermediate frequency being the optimum 
frequency of propagation. In general the optimum fre-
quency depends on both range and source/ receiver 
depth. Secondly, we expect the acoustic field over 
depth to be asymmetric due to different boundary con-
ditions at the surface and the bottom. The surface is 
taken to be pressure release , and consequently, the 
propagation loss close to the surface is expected to be 
very high. What is meant by "close to the surface" 
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will depend on frequency, refraction conditions, range 
between source and receiver, and also on the bottom 
properties. The bottom is taken to be a fluid with 
properties not too different from those of water. 
Therefore no drastic change in the acoustic field is 
expected when approaching the bottom. Actually, we 
would expect the field in the lower part of the water col-
umn to be relatively constant with depth . 

Finally, all data presented below are t -octave aver-
aged, and the frequencies given in the figures are cen-
ter frequencies for the t -octave bands. The theoreti-
cal curves have been obtained as described in the Ap-
pendix, i. e., we have simulated third-octave results 
and eliminated "channel resonance." The notation used 
is F (frequency), R (range), SD (source depth), and RD 
(receiver depth). 

A. Field behavior versus frequency 

The display chosen in Fig. 5(a) clearly shows the 
frequency-dependent behavior of the acoustic field. The 
model! data comparison is here done close to the source 
(R =2 km), and we consider the field close to the sea 
surface as compared to a mid-water receiver. Note 
the excellent agreement between theory (line) and ex-
periment (dots) for all receiver depths. One meter be-
low the surface the optimum frequency is seen to be 
around 1600 Hz with a 20-dB better propagation than at 
50 Hz. Moving away from the surface all frequencies 
seem to propagate equally well, a fact also confirmed 
by Fig. 5(b), which displays the acoustic field close to 
the bottom. Thus, at short ranges where attenuation 
effects are relatively unimportant, the field behavior 
is dominated by the pressure-release boundary condi-
tion, which causes a frequency-dependent intensity 
falloff close to the sea surface. 

The field behavior versus frequency ,at a range of 20 
km is shown in Figs. 5(c) and (d). Here there is only 
little frequency dependence close to the sea surface 
[Fig. 5(c)], while the propagation loss clearly increas-
es with frequency in the lower part of the water column 
[Fig. 5(d»). Thus the propagation loss at 50 Hz is 
around 20 dB lower than at 3.2 kHz. This change in 
field behavior with range is caused by the bottom loss, 
which for a layered bottom is frequency dependent and 
therefore has a complicated influence on the acoustic 
field. 

This series of figures clearly demonstrates the com-
plicated behavior of the acoustic field versus depth, 
range , and frequency. However, we note that all fea-
tures exhibited by the experimental data are accurate-
ly described by the normal-mode model. 

B. Field behavior versus depth 

Figure 6 shows the field intensity over depth at se-
lected frequencies for two different r anges, 2 and 20 
km. Note that the depth axis is interrupted. The 
graphs only show the fi rst and the last 10 m of the 
water column plus a small interval around 50-m depth. 
The line is theory and the dots experimental data. We 
see that the loss in the lower part of the water column 
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is almost independent of depth at all frequencies, while 
the loss generally increases considerably when ap-
proaching the sea surface. Thus, at the lowest fre-
quencies [Figs. 6(a) and (b)], the propagation loss 1 m 
below the surface is around 25 dB higher that at mid-
depth. We also notice that the thickness of the "acous-
tic boundary layer," defined as the region below the 
surface with strong intensity falloff, decreases with 
increasing frequency. At 50 Hz [Fig. 6(a)] the inten-
sity is low within the first 10-20 m of the surface as 
compared to the level at mid-depth. On the other hand, 
at 3.2 kHz and at short ranges [Fig . 6(g)] the insonifi-
cation is almost constant on all receivers, meaning that , 
the boundary layer here is less than 1 m thick. Thus 
the boundary layer thickness is to a first approximation 
of the order of an acoustic wavelength, with some de-
pendence on range. 

In terms of normal-mode theory, the insonification 
near the sea surface is determined by the total number 
of modes present at any given frequency. Thus, at 
lower frequencies, few modes exist and the boundary 
layer is thick. At higher frequencies many modes exist 
and the boundary layer is thin because the higher-order 
modes have higher derivatives at the surface, i. e., 
their amplitudes fall off rapidly but only near the sur-
face. However, at longer ranges the higher-order 
modes tend to be stripped off due to bottom attenuation, 
which in turn results in a thickening of the boundary 
layer with range. This mode-stripping effect is par-
ticularly evident at intermediate and higher frequen-
cies [Figs. 6(e)-(g»). 

The above sequence of figures shows excellent agree-
ment between theory and experiment. We see that the 
optimum propagation conditions are generally obtained 
with the receiver at the same depth as the source (50 
m). Combining this information with the information 
on optimum frequency from the previous section, the 
best propagation in this particular environment is ob-
tained for a frequency of 50 Hz with source and re-
ceiver both at 50 m. 

C. Field behavior versus range 

In Fig. 7 we show unsmoothed propagation data ver-
sus range at selected frequencies. Here the number 
of shots per trial can also be seen. The three figures 
are for the receiver 1 m below the surface, at mid-
depth, and 1 m above the bottom, respectively. We 
see that the agreement between theory and experiment 
is good with a maximum deviation of about 5 dB when 
conSidering mean levels. This is an extremely good 
agreement for data covering the entire water column, 
a range of 30 km, and 6 octaves of frequency. 

To demonstrate more explicitly the success with 
which propagation in this area has been modeled, we 
show in Fig . 8 loss versus r ange at 100 Hz for both a 
mid-depth receiver and a r eceiver 1 m below the sur-
fac e. Note that bot h model and data show a leve l dif-
ference between the two hydrophones of 20-2 5 dB over 
the entire r ange of 30 km . This shows that the distri-
bution of energy within the water column is accurately 
handled by the normal-mode model. Likewise, the fre-
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quency dependence of shallow-water propagation is a lso 
accurately handled by the model, which is demonstrated 
in Fig. 9. Here loss is shown for a receiver 1 m above 
the bottom for t wo frequencies, 50 and 3200 Hz . The 
level difference is here approximately 25 dB at 30 km, 
with the lowest loss at 5 Hz. Note how the experi-
mental data for 3.2 - kHz drop be low the theoretical 
curve beyond a range of 15 km. This sudden increase 
in propagation loss of a round 5 dB is probably due to 
changing bottom characteristics beyond 15 km . The 
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phenomenon is consistent in the data for highe r fre -
quencies, but only for receivers close to the bottom. 
The good agreement found between theory and experi-
ment in this study is somewhat unusual in shallow-
water acoustic modeling. Generally, the difficulties 
encountered when trying to match model predictions 
with broadband experimental data are substantial,6 -1

0 

dependent, of course, on the complexity of the ocean 
e nvironment and on the amount of initial environmental 
information available . 
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IV. CONCLUSIONS 
Remarkably good agreement is found between theory 

and experiment for data covering the entire water col-
umn, a range of 30 km, and 6 octaves of frequency in 
a shallow-water area. The main features exhibited by 
the experimental data concerning optimum frequency of 
propagation at various ranges and depths are accurate-
ly predicted by the acoustic model. This in turn means 
that the confidence gained earlier in the use of normal-
mode theory for modeling sound propagation in shallow 
water has been further strengthened. 

APPENDIX: PROBLEMS ASSOCIATED WITH 
DETERMINISTIC MODELING 

A purely deterministic model treats sound propaga-
tion problems in a simplified manner allowing only for 
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FIG. 8 . Loss versus range at two different r eceiver depths. 
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completely regular well-defined propagation paths 
through the ocean. Particularly a range- independent 
model has this defect since it treats the ocean as hori-
zontally stratified . The normal-mode model used in 
this study is such a deterministic model giving simpli-
fied answers to propagation in the ocean. Some of the 
problems associated with deterministic modeling will 
be addressed here , particularly in the context of model! 
data comparisons, where the data are averaged over 
third-octave bands. 

A. Coherent versus incoherent addition of modes 

A normal-mode model generally allows for both co-
herent and incoherent addition of modes. However, 
only the coherent loss computation is a true determin-
istic representation of the acoustic field with full phase 
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information retained. The incoherent loss computation 
corresponds to assigning a unifu r n . .iy di.str ibuted ran-
dom phase to each of the modes. An example of both 
coherent and incoherent loss versus range is given in 
Fig. Al. Here the rapidly oscillating curve displaying 
the multipath interference str ucture characteristic of 
ducted propagation is the coherent loss curve, while 
the smoothly decaying curve is the incoherent loss 
curve. We see that the smooth curve represents an 
ac curate mean of the rapidly oscillating curve. This is 
an i.mportant result, s ince only the mean (incoher ent) 
cur ve represents a stable answer to propagation in a 
given environment . Thus, any slight change in fre-
quency , source/ receiver geometry , or in the environ-
mental inputs would cause a change in the multipath 
interference structure, which could lead to drastic 
changes in computed propag·ation loss at any given point 
in space . The mean level, on the other hand, would be 
relatively unaffected by perturbations in the various 
input · parameters. Hence , when modeling propagation 
in shallow water , it is prefe rable to represent the 
acoustic field by incohe rent addition of modes. 

Figure Al a lso displays experimentally measured 
propagati.on loss data (dots) . In this case the data a r e 
averaged within a t -octave band centered around 400 Hz . 
Excellent c..,;,·eement is obtained between computed and 
measured los s es, with the experimental data scatte red 
around the smooth incoherent loss curve. We see that 
the data show less variation from the mean than indi-
cate d by the cohe rent loss curve. This is due to the 
fact that the data are band a veraged, while the theo-
retica l curve is a narrow-band result. To illustrate 
in more detail the effect of band averaging on the com-
puted propagation loss, we are going to investigate the 
behavior of loss versus frequency within a i -octave 
band centered around 400 Hz . 

B. Third-octave band averaging 

Figure A2 shows computed t ransmission loss versus 
frequency for both coherent and incoherent addition of 
mode s at two different ranges, 2 and 20 km. Computa-
tions we r e done in steps of 1 Hz within the t-octave 
band centered around 400 Hz . We see that the strongly 
fluctuating coherent loss curve has excursions from 
the mean of the same order of magnitude whether plot-
ted ve rsus range or frequency (Figs. Al and A2). We 
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FIG . Al. Computed los s versus range by coher ent and inco-
herent add ition of modes . Dots are experimental data. 
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also see from Fig . A2 that the incoherent loss curve is 
Sfll oothly va.!) [1lE- \\·~tl! IH;'fue ncy, and tha t it !' !,re8c! ';, 
a mean curve for the cohe rent loss . In fact , it ean \..1') 

shown numerically that a computed thi r d -octave aver ·, 
age loss by coherent and incoherent addition of modes 
gives almost identical r esults . However , wh ile many 
points are necessary for an a ccurate sampling or t he 
coherent loss curve, an average value can be obtRined 
from the incoherent cur ve using ve r y few sample poilll·s . 
Actually, in many cases the incoherently computed ll's[. 
at the center freque ncy closely represents the third-
octave band average . Only in the case of highly va r i , 
able propagation conditions with freq\ ency (channE'l res-
onance) is the above approach to band averaginK inac-
curate; this case is diseussed in Sec. C. 

A final remark on the data/ model eompar ison in Fig. 
Al. We have shown that a band-averaged result is 
close to the incoherent re sult at the ce nter frequency. 
Thus we should expe ct the data in Fig . A l to s how the 
same smooth behavior with ra.nge a s the incoherent 10 '8 

curve. This is not quite the case , for two reasons: 
first, the ocean is var ying in both tim e a nd spa( e, 
which naturally causes sorrle fluctua.t ions around th.! 
computed mean. Se cond, the source clepth i s flot We'll 
defined, since the explosive charge detona.te!;:1 slight, 
ly different depths from shot t o shot . Thi s ,d .. 0 JE'q (\,; 

to fluctuations around the mean Jerei with range. III 
any case, a meaningful cOmpanb<l! can gem'r;;lly be 
done between band- a ve raged expe r imenta.l data. and 
model outputs at the center frequeney when uSlllg in·· 
coherent addition of modes . 
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C. Channel resonance 

Propagation loss predictions obtained by incoherent 
addition of modes will under particular environmental 
conditions exhibit strong level fluctuations with frequen-
cy. This so-called resonance phenomenon can become 
a quite serious problem in deterministic modeling since 
level fluctuations of 15 dB or more within a few hund-
red hertz are not uncommon. The problem arises when-
ever a secondary sound channel is present, which al-
lows for propagation of a well-trapped mode at particu-
lar frequencies. The problem is illustrated schemati-
cally in Fig. A3. The main propagation channel is 
here the lower part of the water column, where the 
sound speed is lowest. The secondary channel is the 

~ isovelocity surface layer. Due to the speed difference 
between the two layers a critical angle exists for 
propagation from the lower to the upper channel. This 
means that shallow rays (1) originating from a source 
in the upper channel will propagate entirely in the low-
er channel, while steep rays (2) will propagate in both 
channels. Now, for a source or a receiver in the up-
per channel only rays of type (2) are important. For 
these rays the minimum loss occurs exactly when the 
ray angle at the interface between the lower and the 
upper channel is just beyond the critical angle . Steep-
er rays have higher loss (more bottom bounces be-
tween source and received, and shallower rays do not 
enter the upper channel at all. Thus the optimum 
propagation conditions occur when a ray (mode) with 
minimum loss exists. Due to the discreteness of duct-
ed propagation, such a low-loss ray (mode) can exist only 
at specific frequencies. At intermediate frequencies 
the loss increases giving rise to highly variable propa-
gation conditions with frequency. 

As a simple example of channel resonance we have 
computed dispersion curves and propagation loss for 
the environment shown in Fig. A3. The environmental 
parameters used were the following : a 25-m surface 
layer with a speed of 1525 m / s and a 50-m main chan-
nel with a speed of 1500 m/ s. The bottom speed was 
taken to be 1650 mi s, the density of 2 g/ cm\ and the 
attenuation 1 dB/ wavelength. 

The dispersion curves for modes 4 to 13 are given in 
Fig. A4, exhibiting a sequence of group velocity maxi-
ma, one for each mode. At these maxima the group 
velocity approaches the speed of the upper channel 
(1525 m/ s), which means that the mode is propagating 
almost entirely in that channel and therefore having 
only little interaction with the ocean bottom. Thus the 
group velocity maxima correspond to modes having 

F IG. A3. Schematic of sound propagation in layered ocean. 
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minimum loss, which again means optimal propagation 
for either source or receiver in the upper channel. 
We see that the optimal propagation conditions in this 
case occur every 85 Hz. 

The computed propagation loss by incoherent addition 
of modes is shown in Fig. A5 for various source/ re-
ceiver combinations and for various ranges. For both 
source and receiver in the secondary channel [Fig . ' 
A5(a)) a strong resonance is evident at a range of 30 km 
with loss variations of around 15 dB. The resonance 
period is around 85 Hz, and good propagation coincides 
with the existence of a well-trapped mode in the upper 
channel as demonstrated on the dispersion curve plots 
(Fig. A4). We see that the resonance is much less pro-
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FIG . A5 . Computed loss vers us frequency for environment 
given in Fig . A3. (a) Source and receiver both a t 10 m, and 
(b) source and receiver both at 50 m. 
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nounced at short ranges than at long ranges. Actually, 
the amplitude of variation of the resonance pattern in-
creases with range, since the phenomenon is closely 
related to the presence of bottom loss. Hence reso-
nance does not occur for propagation over an ideal 
nonlossy bottom. Figure A5(b) shows that no reso-
nance is present when both source and receiver are in 
the main channel. Thus we may conclude that reso-
nance only occurs when bottom loss is significant and 
either source or receiver is in a secondary propagation 
channel, and then only at long ranges. 

Before proceeding to indicate solutions to the prob-
lem of resonance in acoustic modeling, we will show 
one more example using the model environment from 
the trial zone (Fig. 4 of main text). In this case, the 
main channel (lowest speed) is the sediment layer. 
Hence, with source and receiver in the water column, 
we should expect resonance to appear in the model 
prediction. The computed loss versus frequency by 
incoherent addition of modes is shown in Fig. A6 for 
a source depth of 50 m and for three different receiver 
depths. The resonance is clearly seen in the lower 
curve for a receiver 1 m above the bottom. While the 
data (dots) show a smooth behavior with frequency, 
the theoretical curve exhibits a typical resonance pat-
tern with excursions of more than 10 dB from the 
mean. Thus we predict extremely poor propagation at 
SOO Hz and also around 2000 Hz. 

As pointed out earlier, the resonance is caused by 
the presence of an idealized main propagation channel 
in the bottom. This can be seen explicitly by computing 
the bottom reflection loss versus frequency. An ex-
ample is given in Fig. A7 for a grazing angle of So. 
We see that the correlation between propagation loss 
(Fig. A6) and bottom loss (Fig. A7) is striking at this 
particular angle. Clearly, we should consider propa-
gation at all grazing angles, which is done in Fig. AS. 
Here we show contoured reflection loss versus angle 
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FIG. A 7. Reflection loss versus frequency at a grazing angle 
of 8°. 

and frequency as computed by a Thompson-Haskell bot-
tom-loss model.16 High-loss regions (> 5-dB loss) are 
shaded, and they are seen to occur only at higher fre-
quencies. Thus it seems quite clear that resonance in 
this case is caused by the bottom layering. 

The effect of bottom layering on propagation is shown 
in more detail in Fig. A9, where propagation loss has 
been computed for three different layerings. The dif-
ference between the three bottoms is only that the depth 
of the thin sand layer in Fig. 4 has been put to 1.5, 
2.5, and 3.5 m, respectively. The result (Fig. A9) 
clearly shows the effect on the resonance pattern of 
changing the bottom layering. Of course the average 
curve has a much smoother behavior with frequency 
than any of the individual loss curves . Furthermore, 
the average result is in quite good agreement with the 
data, indicating that strong resonances do not occur in 
the real ocean where, of course, the horizontal stratifi-
cation is imperfect. All theoretical curves presented 
in the main text of this paper have been obtained as an 
average prediction based on the above three bottoms. 

We have seen that channel resonance occurs in theory 
whenever source or receiver is in a secondary propaga-
tion channel. Thus resonance occurs for a low-speed 
bottom when either source or receiver is close to the 
bottom. It also occurs for a Mediterranean summer 
profile with source or receiver in the mixed layer 
(surface channel). The resonance phenomenon, on 
the other hand, is not pronounced for high-speed bot-
toms, for winter profiles, or for summer profiles with 
source and receiver below the thermocline. 

As pointed out earlier, the resonance is possible 
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only in a horizontally stratified geometry allowing for 
fixed well-defined propagation paths. In the real 
ocean, spatial and temporal variability break up the 
regularity suffici ently that these phenomena are sel-
dom measured . One way of avoiding the resonance 
problem in deterministic modeling would be by using 
a range-dependent propagation model and vary the 
environmental inputs sufficiently a long the propagation 
path. Another way of removing the resonance struc-
t ure from the theoretical resul · would be by doing some 
kind of band averaging. If the resonance period is such 
that there are several oscillations within a third-oc-
tave band, a band average would give a smooth loss 
curve versus frequency. However, many frequency 
samples are required, which means long computer 
time s. A third solution is the one used here, where 
losses have been averaged for a few environments 
created as perturbations on the nominal environment. 
This approach seems to be the most economical, since 
a s few as three environments can be used in computing 
the average. However, the most physical solution is 
definitely the first one, namely the use of a range-depen-
dent propagation model. This method also constitutes 
a practical solution to the modeling of broadband data, 
since, with resonance phenomena absent, a band-aver-
aged result can be simulated by just doing a single':' 
frequency, incoherent field calculation. 
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