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INTROD1JCTION

This memorandum deals with a series of acoustic tests conducted in
Block Island Sound . be~ween—Auguat-l967 and—October i968.1- In these
tests,—~ie-ferred to as u~Experiment 2” in Reference l/ propagation loss

C...) is meas~u’ed under a wide range of thermal conditions, using explo~tves
as sound sources. The values of propagation loss obtained are corn—

L.LJ pared with those values predicted by normal mode theory.~~fhe firs t
two tests of the series, conducted in August 1967 and Janu~ry 1968,U.-. were discussed previously in References 2 and 3.

C-,
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PROCEDURE

For all the teats discussed, explosives were detonated at depths
of 50 and 75 feet at point A. Figure 1, near Block Island. ~tgnals
were received by a bottom—mounted hydrophono located at a depth of
ISa feet at point . B, off Fishers Island. The explosive charges used
were either 1/2 or 1 pound blocks of TNT.

THEORY

Most of the theory of sound propagation by normal. modes ha~ been
~~~~~~~~ in References 6 and 5. Reference 4 contains a description of’
N T .~ ’. ‘~ l 1 Ai~ Program S1/~i~1 which deals w i th  normal m ode propagation over
a flat homogeneous bottom in a mediuni whose ve locity  p ro f i l e  in constant
w i t h  ~j j  t i u ’.~ t’rom an acoust ic  source . Reference 5 describes NUS C/NLLAI1

~~~~~~ ~U ~~~~~~ which uses normal mode theory to predict  acoustic
pr p gat ion  over an ocean bottom whose depth and acous tic impedance vary
slowly w i t h  range and in a medium whose velocity profile viir ies slowly
with  dis tance from an acoustic source. These two procedures will be
referred to as norma l mode predictions for a f l a t ,  bottom and an ir-
regular bottom, respectively .

The precflet.ion of propagation loss for a I’1ut bottom is deter-
mined by the depth , velocity profi le , and bottom characteristics , all
of which are assumed cone tan t wi. t.h ~1l. s Lance from an acous Ii source.
The prediction of’ propagation loss for an Ir r e  ~u iar  bottom is depend-
ent  on the values of thes e three parame tern a t  both the source and
receiver. Thus , when the parame tern have I arge ~ a cia Lion w i lb  ~i is Lance
t’rorn an acoun t ic  source, the two nie t.hot1~ can predict  nl. gn it ’ic:tnt ly
d i f f e r en t  values of propagation loss.

One spec t.al. case should be ment ioned where tho pred I ( ‘t .~kl va limos
do indeed vary igni fican lAy.  I t  occurs when ye 1 oct. ty pro t’i e c .
bott om charaetor. is tics rema in relalivel .y cons t au t ,  over an at .  ~~ range
but. there is a ~~rga y~~ ~~~~~~~~~~~~~~~~ dQpth assuxngd. for fi at
bottom at ~iih~r th~~~~ourco or r~~’et  vet.. ~ V e r t e x  l ug  of’ the rays can
account for a marked dispar 1. ty be Iween the sound f t c de at .  t h e  r eceiver .
As shown in Figure 2 , h1 is the assum ed dep Lb t ’o c a fi a t. ho t .  Loin case
and 112 ‘~ th e dep t.h at the source or r ’ce iver in the i rr egu lar  hot.toin
case; the source or race ivor is at. the hot. torn. In the irregiti ar but
not the flat bottom case the element is in a “~hadow v.ono” and the
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calculated propagation loss is consequently much larger since the
amplitude of the pressure field shows an exponential decay in a

S “shadow zone” (Reference 3) .  The example considered occurs
in the winter where h1=llO feet is the average depth used for a flat
bottom and h2 l50 feet is the depth at the receiver.

It has been previously determined (References 2 and 3) that at
the frequencies considered in these tests (about 56 to 560 Hz), the
first mode predominates In the signals received at Point B in Figure 1. S

Therefore, it has been assumed in the theoretical calculations of
propagation loss that the pressure field at.the receiving hydrophone
contains only the first mode. Since the firs t mode Is dominant, there
is little difference in the pressure field, produced by explosives,
detected at 50 and 75 feet. As in References 2 and 3, the measurements
at the t ’~.’o depths are combined. Theoretical calculations are for a
source 75 feet deep. S

j Let us consider the general characteristics of propagation loss
as a function of frequency. Figure 3 is a typical plot of excitation
pressure versus frequency for the first mode . Excitat,ion pressure
decreases with frequency at the frequencies considered in this
memorandum . Thus , less energy goes into the higher frequency modes
and , considering this factor alone , propagation loss wil l  increase
with increasing frequency. It is possible (Reference 3) to cons truct
a ray equivalent of a particular m ode as shown in Figure 4; it Is
therefore possibl e to determine the skip distance between bounces off
the bottom of the medium . The ~~~gle ~~~ ~~~~~ rgy strikes the ~urface
a~~k2~t~~~n , relative to the nprimU to the bo t tom, increases with t’requeuçy
(Reference 3~

’)
~. Thus , as shown in Figures 4 and 5, the skip dist .aneo tends

S to increase with frequency thereby reducing the number of’ bounces over
a given range. However , if a velocity gradient exis ts in the medium ,
the skip distance i(lcreasos with the frequency until there is a vertexing
at the interface as presented in Figure 6. In general , this represents
the largest skip dist.nnce at t a inab le .  As the frequency is increased
further , the depth of the vertexing recedes from the int .ert ’aco amid the
skip distance decreases an shown in Figure 7. ThUs , pr opag at ion loss

S will decrease with frequency duo solely to the effect .  of skip distance;
however , the effect  of vortexing can modify this relationship. S

In the irregu.lar bottom case many dep ths and velocity profiles
may exist.  Obviously, then ,.t .liero are many possible ways to dotormino
the skip distance . An average ski p distance could be taken over the
sections of an acoustic range . However , the sections of that range with
the larges t gradients should produce the greates t effect  on

3
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propagation loss. Therefore, in the analysis of these tests, whenever
the velocity profile varied considerably over the range, the skip
distance was determined by using the largest gradient measured at
a depth which was close to the average depth of the range.

RESETS OF T~~TS

Propagation loss as a function of frequency was determined for
all five tests conducted. These results were obtained by finding the
energy content of each received shot for a 1 Hz—band at logit frequencies S

from 56 to 562 Hz. The levels thus derived were subtracted from the
source level for the explosives as given by Wes ton (Reference 6.)

S 

For every test the theoretical propagation loss values were
calculated in both the irregular and flat bottom cases with the
assumption that no bottom loss was suffered by the first m ode.
Velocity profiles were used which had been measured at the time of
tests . In the flat bottom case , the velocity profile with the largest
gradient was chosen to apply to the whole range if more than one
profile was taken. The water depth assumed f o r  the flat bottom was
110 feet. The d5fference between experimental and theoretical values
of propagation loss was interpreted as a measure of bottom loss, and
the internal consistency of the theoretical and experimental results
was observed . The outcomes of the individual tes ts are given below.

A. AUGUST 1967

The Augus t 1967 tests were conducted when the velocity profile
possessed a large negative gradient as shown in Figure 8. Since this
was the only velocity profile taken during the tests , it was used
to represent velocity conditions over the entire range. As may be
seen from the plot of pi’opagation loss as a function of frequency
appearing in Figure 9, the curve is nonlinear with a minimum at 141 Hz.
These results and the theoretical anlysis are given in Table 1. The
differences between theoretical predictions of propagation loss for
the flat and irregular bottom cases are small, since in both cases only S

one velocity profile was used to represent the entire range. The
increase in theoretical loss with frequency is due mainly to the
variation of the excitation pressure with frequency (as discussed in
the previous section). The change in skip distance with frequency
is shown in Figures 4—7; at low frequencies, the skip distance
increases with frequency, as shown in Figures 4 and 5. This increase S

4
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continues until a frequency is reached at which the ray vertexes near
S the surface (Figur e 6). This event correspends to 141 Hz in Table I,

at which point the skip distance is a maximum and the angle at which
S the energy first str3?kes the surface becomes 900. Thereafter, as

presented in Figure 7, the ray vertexes at increasing depth for higher
• frequencies and the skip distance decreases. The loss per nautical

mile is a minimum at 141 Hz and the loss per bounce is on the order
of 0.5 dB over the frequency range considered. The maximum loss
per bounce was determined to occur at 141 Hz , which is probably due to
the assumption 1~hat the particular velocity profile measured is a
good approximation at all points along the range.

I -

S B. JANUARY 1968

The tests in January 1968 were conducted when a typical velocity
profile had a small positive gradient as given in Figure 10 (Reference
7) .  All five profiles taken over the range were similar to that shown

S in Figure 10. For the purpose of comparison , Figure 11 exhibits plots
of propagation loss as a function of frequency for these and the August
1967 tests . I t  can be seen that propagation loss was much greater in
Augus t than in January, and that the difference in propagation loss
for these two sets of tests is particularly large for frequencies
above 200 Hz.  The results and theoretical analysis pertaining to the
January tests are shown in Table II. The predicted propagation
loss values for an irregular bottom are m uch larger than th~ se for a
flat bottom , especially at the higher frequencies . This circumstance
is at t r ibuted to the previously described e f fec t  caused by irregularity
in depth near the receiver and a positive velocity gradient.  In both
cases the predicted propagation loss increases with frequency as
expected. The skip distance increases w ith  frequency since vortexing
would not occur until the frequency was Increased to about. 700 Hz and O~.
would equal 900

I t  should he noted that the physical pictures suggested by the
analysts of a f la t  and an irregular bottom differ. In the foemer 

S

analysis, the loss per bounce is on the order of .2 d13 at all
frequencies considered . However, the skip  dis tance Inc”eases (number
of bounces decreases) with frequency and thus bottom loss decreases
with frequency an demons trated by values of bottom toss in dB per

S nautical mile.

5
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In the irregular bottom analysis the loss per bounce decreases
sharply with increasing frequency as the an~1e of incidence of energy
striking the bottom ,O~, increases from 74.4~ to 89.3°. This , when
combined with the increase in skip distance with frequency, explains

S the decreased bottom loss with frequency . At frequencies of 355—562
Hz the predicted values of propagation loss are lower than the measured S

values by about 2 dB and bottom loss and loss per bounce are negative.
At low frequencies the skip distances for both August and January
are about the same . However , the angle of incidence is larger during
January, a fact which explains the decrease in propagation loss in
January at these frequencies . At higher frequencies, both the angle
of incidence and skip distance are larger in January. Thus , the
larger increase in propagation loss at the higher frequencies in S

the two months is explained.

C. APRIL 1968

The tests in April 1968 were conducted when the velocity profile
varied considerably over the range as shown in Figure 12 (Reference 7).
As can be seen , the profile possessed a small negative gradient S
approximately 18 miles from the source . and a fairly large negative
gradient in the middle of the range . For comparison , a plot of
propagation loss as a function of frequency for the April and January
tests is shown in Figure 13. It is apparent that the propagation loss S
at most frequencies was slightly greater in April than in January .
The April results and theoretical analysis are presented in Table III.
The differences between the theoretical propagation loss predictions
for a flat and an irregular bottom are small since there is little
variation in the velocity profile near the source and receiver . As
expected, the theoretical propagation loss increases with frequency.
The results concerning skip distances and angles of incidence at the S
surface and bottom were calculated using the velocity profile in S

Figure 12 about 12 miles from the source. One can see by comparing
the values of skip distandes and O~ in Tables II and III that these
quantities are nearly the same in January and April for low frequencies

S 
and similar losses would be expected. However , at higher frequencies
the skip distances and O~. are greater in January and one would expect

S 

slightly lower values of propagation loss in January; this seems to be
the case. The differences, though, at 112 and 141 Hz are larger than
anticipated. The loss per bounce in the frequency range was on the
order of 0.3 dB.

6
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0. AUGUS T 1968 S

The tests in August 1968 were conducted when the velocity
profiles taken over the range exhibited large negative gradients as S

shown in Figure 14 (Reference 7). The profiles were taken on the day S

after the tests were performed. The profile near the source possessed 
S

only a slightly negative gradient.

Figure 15 gives a plot of propagation loss as a function of
frequency for the August 1968 tests and for the Augus t 1967 test. It
can be seen that the propagation loss at most frequencies was slightly
greater in 1968 than in 1967. These results and, the theoretical

S analysis for the 1968 tests are provided in Table IV. There are
moderate differences between the theoretical predictions of propagation S

S loss for a flat and an irregular bottom, since there Is only a
moderate difference between the velocity profiles at the source and
the receiver. The theoretical propagation loss again increases with S

• frequency.

S The skip distance is a maximum at 178 Hz , compared with a maximum
• skip distance at 14]. lIz in August 1967 . In August 1968 the minimum

propagation loss at 141 liz is slightly loss pronounced than that
j  of August 1967.

E. SFprF~llwR 1968

The September 1965 tes ts were performed when the velocity profiles
S taken over the range exhibited moderatel y negative gradients as shown in

Figure 16 (Reference 7) .  The profiles , obtained two days after  the
S 

tes ts were conducted , near the source and receiver were loss negative
than those toward the center of the range . Figure 17 Is a plot of
propagation loss as a function of frequency for the September 1968
and August 196’,’ tests. The loss is lower in August at low frequencies
and lower in Sep tember at  the higher frequencies . Table V shows tha t in
September the maximum skip distance occurs at 355 liz . Since the sk ip
dis tance is a maximnuni a t .  141 Hz in Augus t , it is not surprising that
relatively 1ess loss occurs a t  the higher frequencies in Sep tember
and at the lower fr equemie .Les in August. This is duo to the fact that
sk ip distances are longer in August at lower frequencies and longer
Lu Sep tember at higher frequencies .

7
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CONCLUSIONS

The results derived from these tes ts are consistent with normal
mode predictions . Three major factors account for the relationship
between propagation loss and frequency. First , excitation pressure
decreases with frequency , which has the effect  of increasing propagation S

loss with frequency. Second , skip dis tance in general increases with S

frequency, decreasing propagation loss wi th increasing frequency. In
the BIFI range these two effects seem to cause the minimum propagation S

loss at a frequency around 100—200 Hz.  This minimum is either enhanc’~d S

or depressed by the third factor , the frequency at which vertexing
commences . If it occurs near the minimum as in Augus t 1967 and 1968 ,
the minimum is enhanced; if it is away from the minimum, the minimum
is rendered less pronounced.

An tnter~ s t ing  effect  explained by tho normal mode analysis Is the
dependence of propagation loss on the size of the negative gradient

F of the velocity profile.  In general , propagation loss will increase
along with the size of the negative gradient , due to the fact  that
an increase in the negative gradient will tend to decrease the angle
(
~~~ at which energy strikes the bottom thereby decreasing the skip

S dis tance.  Hcwever , this increase in negative gradient also lowers
the frequency at which vertexing first occurs , which normally S

corresponds to the larges t skip distance at any frequency . So , in
Augus t 1967 and i~ 65 propagation loss at the lower frequencies is
less than the corresponding loss in September 1968 even though much S

larger negat ive  gradients were observed in velocity profiles taken
during the Augus t tests. This circumstance may be attributed to
the fac t  that  vertexing took place at about 150 Hz in the former case
and at about 350 Hz in the lat ter .  The Augus t skip distances at

S 

low frequencies were larger t han those in September. Hence , it is
S compatible wi th nor m al mode theory tha t at low frequencies propagation

S loss should increas e , as the gradient becomes negative , to a maximum
and then decreas e wi th an increase in the size of the negative gradient.
At higher frequencies in the case of the profiles considered , propagation
loss increases w it h  increasingly negative gradient.

The determination of exact ski p dis tance is the major problem in
normal mode anal ysis.  As explained previously, the skip distance
assumed over the en t i r e  r ange was calculated by using the velocity
profile with the largest gradient .  As a consequence , whenever there is
a large variation in the velocit•y profile over the range , there is a S

bias in the calculations of skip dis tance as a function of frequency . S

8
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This can be seen in Table V where the calculated loss per bounce is
extremely high at 355 Hz at which frequency the skip distance is a
maximum. The bias Is especially severe when the bottom loss is high
and the velocity profile varies significantly over the range .

An alternate method of’ determining skip distance would be to
take an average of the skip distance over each segment weighted by S

the length of’ each segment. One drawback to this method is that
segments with large gradients would be weighted evenly with those
possessing sa:ill gradients whose effect on propagation loss might
be smaller than for the large gradient segments . If an analysis
sImilar to the one herein described is performed in the future, S

S Program ~]5/~5 should be modified to do the calculations suggested
and the results then compared wi th  skip distances calculated for the S

segment with the larges t velocity gradient. Ideally, one would want 
S

f to know the b. )t to in loss per bounce in each segment and determine
the total loss by summing the produc t of loss per bounce by the number
of bounces in each segment.  However , experimental determination of

S bo t tom loss as a function of frequency for ang 1~es of about 750 to 900

relative to the norma l would be extremely d i f f icu l t  to perform .

As expected, it was found that, for a given frequency, loss per
bounce decreased as the angle of incidence relat ive to the norma l
increased. Loss per bounce as a f u nct i o n  of frequency did not show
any marked trends except . for the January data in the cas e of an S
irregular bottom. Here, the angle ci’ incidence increased extremely S
rapidly with frequency and the hotton loss went, to zero as the rays
nearly vertexed close to the bottom. Since the angle of incidence
at the bottcn increases w i t h  frequency, it might he concluded that
in the other cases the bottom loss cor a constant Incident ang le would
also increase with frequency.

The theoretical predictions for flat and irregular bottoms
differ by small or moderate amounts in four ci ’ th e  tes ts considered.

S tn January l’-~65 the di i ’t ’erenco is considerable , and predictions for
the irregular bottom are physically ore plans th~e. This i~ tr ue

S also to a lesser degree in the other teats. fterofore, assumption
S of an Irregular bottom seems to be an improvement over tha t• of a f l a t

bottom.
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It Is hoped that ~irther investigation of the effects describedin this memorandum be conducted during daily propagation tests at 
S

frequencies of 127, 400, and 170 Hz.

~~LLIAM G. KAN~BI3

$

10
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