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The topic that is dealt with in this paper is a method for 
c omputation of acoustic transmission loss by sound propagation 
in the ocean. The method i s based on the ray theory which is 

used in connection with an acoustic model of the ocean, the 
parameters of which are approximated by mathematical expressions. 
On this basis formulae for ray path coordinates and intensity are 
developed. Some computer programs have been written to carry out 
the numerical calculations. Results of this mathematical method 
a re compar e d with practical measurements. 

INTRODUCTION 

Prediction of sound transmission conditions in the sea is frequently 
required, be it for high sonar frequencies and short ranges as well 
as for the low frequencies used in long range sonar and in long 
range passive detection systems. To meet this requirement it is 
first of all necessary to construct a model of the ocean comprising 
all the parameters which are significant for sound propagation. 
This work has been concerned with the task of construcing such a 
model. Its parameters are expressed mathematically in order to 
simplify the calculations. Some approximations are thereby 
introduced because the ocean is too complex to be completely 
described by mathematical laws. 
be taken into account at all. 
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From a transmission point of view the basic parameters of a sea 
area are the bathymetry and the hydrographic conditions 
expressed by the sound velocity distribution. The acoustic 
properties of the ocean bottom are also of considerable interest 
because transmission by reflected ray paths plays an important 
part in many cases . Equally important for reflected paths is 
the scattering effect of the corrugated sea surface. Finally, 
high frequency signals are considerably attenuated due to energy 
absorption in the water volume. 

According to the points of view briefly outlined above the 
calculation of sound propagation and sound intensity is carried 
out under consideration of the following laws and parameters 

[ Fig . 1 J: 

a. The law o f g eometric spreading formulated by the 
ray theory. 

b. Vertical and horizontal sound velocity distributions. 

c. Bottom topography. 

d. Energy loss by bottom reflection dependent on 
frequency and angle of incidence. 

e. Energy absorption in the water volume dependent on 
frequency. 

f. Energy scattering loss by reflection from the sea 

surface dependent on frequency and sea state. 

The effects of reverberation and short-time variation of the 
hydrographic conditions are ignored. 

BASIC FORMULAE 

At this point the basic formulae for propagation and intensity 

ought to be reviewed [Fig . 2 J . The ray path coordinates and the 
intensity are expressed by the well-known formulae [Ref. lJ 
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where c = constant = m 
c(z . ) 

1 

co s iI>. 
1 

and where x . 
1 

i s t he step in the horizontal direction taken 
by the ray between the depths z . 

1 
and Zi+1 

Sometimes the propagation time is of interest. It may be 
expressed by 

cos iI> . SZi+l Jc~(:) 1 

d~ t. 1 

(Xi + - 1 = c(z.) 1 
1 

z . 
1 

Referring to Fig . 2, if there is a source at the point ( O,z.) 
1 

[Eq. 2 ] 

and the intensity of the source at unit distance is P, then 

the intensity I at the point (xi' zi+1) may be expressed 
by 

I 
P = 

cos iI>. 
1 ex· x. . I ~ I . I sin 'i? x·1 

1 0 ~. 1 
1 

In the case of a number of n layers 
(n - 1) steps x. between two depths 

1 
ma y be developed ~n the form 

I 
P = 

n-1 

z. 
1 

Z 1 

and consequently 
and Z2' Eq. 2 

[Eq. 3 ] 

[ Eq . 4] 
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MATHEMATICAL APPROXIMATION TO SOUND VELOCITY PROFILE 

Considering Eq. 1 , it may be integrated if the integrand, for 
example, can be brought into the form 

1 

~A+2Bz+Czd 

The horizontal step xi' the intensity and propagation time can 
then be expressed by fixed integrals. Here the function c(z) 
expresses the vertical sound velocity distribution. It is not 
possible, in general, to describe a complete depth-velocity profile 
by means of a single mathematical expression. The method used 
here [Refs . 2 and 3J, is to divide the profile into segments and 
to make a curvilinear approximation to each segment by means of a 
quadratic equation, viz., 

1 
c 2 (z) 

= AI. Z 2 + A2. z + A3 . 
11 1 

[Eq. 5J 

The coefficients are valid for the segment between the levels 
Z. 

1 

to 
and 
z 

where 

zi+l [Fig. 3 J . Differentiation of Eq. 5 with respect 
gives the sound velocity gradient 

g. 
2 1 - c 3 ( z) 

_ dc (z) 
gi - dz 

- 2Al. z + A2. 
1 1 

at the depth Z. 
1 

g . 
1 

[Eq. 6 J 

The approximation is performed in such a way that the sound velocity 
gradient at the levels z . and z is preserved. The velocity 

1 i+l 
at z. 

1 
is chosen as the third parameter. To determine the 

coefficients AI, A2 and A3, then, one equation of the form [Eq. 5J 
and two o f the form [Eq. 6J are used. The velocity at the level 
zi+l is computed and used as the known sound velocity for the 
next segment. 
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One result of this pro e du re i s presented 1n Fig. 4. It shows 
a measured sound velocity profile and the corresponding 
calculated approximation. The total depth is divided into 
17 layers . A ma ximum e r ror of 0.50 ml s occurs at 15 m depth. 
For the rest of the curve the error is less than the accuracy 
with which the sound velocity is measured. 

MATHEMATICAL APPROXIMATION TO THE BOTTOM PROFILE 

P r opagation of sound energy via ray paths which are reflected 

from the ocean floor contributes to the energy transmission 
between two positions. Compared with direct going paths, however, 
this contribution is reduced because the reflection process is 
associated with energy loss. The loss is a function of the 
frequency and of angle of incidence. In order to evaluate the 
influence of a reflected wave , therefore, it is important to 
know the slope of the bottom at the point of incidence. It is 
an advanta ge if the bottom profile can be des ribed mathema tically 
with s ufficient accuracy, because then the slope can be found by 
simple differentiation of some mathematical expression. 

An idea which immediately suggests itself is to divide the bottom 
profile into segments. Considering Fig . 5 there are 4 parameters 
at disposal for each segment, viz., the depths and the slopes at 
distances x . and x . l' It is thus possible to use a polynomial 

.1 1+ 
with 4 coefficients as an approximation to the measured profile, 
i.e, a third degree polynomial 

y Bl . x 3 + B 2 . X2 + B 3. x + B 4 . 
1 1 1 1 

[Eq. 7J 

There will be a set of coefficients belonging to each value of i. 
The bottom ordinates are denoted by y to avoid confusion with 
ray path ordinates. 

The example in Fig. 6 shows a measured and the corresponding 
computed profile. The difference between the two curves is 
insignificant, i.e., it is nowhere greater than about 1 m. 
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BOTTOM REFLECTION LOSS 

The importance of the loss caused by reflection from the bottom 
has been briefly mentioned earlier. The loss as a function of 
frequency and angle of inci dence (o r of grazing angle) depends 
on the properties of the bottom and will in general vary from 
one locaility to another. Thus, for example the reflectivities 
of rock , sand and layered sediments will differ. However, a 
discussion of the reflectivity as a function of bottom material 
is outside the scope of this paper. We will study some type of 
loss curve and try to approximate it by mathematical expressions. 
Then, at a specified frequency and angle of incidence the 
reflection loss can be easily found. 

We may, for example, consider the loss as a function of grazing 
angle given in Fig. 7. It represents measured loss in the 
frequency band 600 Hz - 12)0 Hz. A little investigation shows 
that two parabolas will be a very good approximation to the 
measured curve, as shown in Fig. 8. The equations for the 
parabolas are: 

ex. = 11.24 7 ~2 

ex. = - 6.039 ip2 + 20.072 it> - 5.590 

where the grazing angle it> is expressed in radians. Thus, for 
the frequency band 600 Hz - 1200 Hz and for the sea area where 
the loss was measured the two parabolas will give the bottom 
reflection loss per bounce. In an area where the type of bottom 
varies, several such loss funetions- may be used. 

SURFACE SCATTERING LOSS 

In the case when the sound energy is propagating upwards and makes 
contact with the sea surface the transmission will be influenced 
by the sea state. The energy will be scattered. The extent to 
which the scattering takes place is also dependent on the frequency. 
The probl em is dealt with by many authors. 
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What we want here is a function or a set of functions expressing 
the surface scattering loss dependence on frequency, wave height 
and a ngle of incidence. Such dat a were not available at the time 
when this work was done . The only result that seemed to be useful 
was a curve theoretically computed by Marsh, Shulkin and Kneale 
[ Ref . 4J, giving the loss per surface bounce as a function of a 
frequency-wave height parameter. It does not express any 
dependence on the geometry of source and receiver. The curve, 
which is reproduced in Fig. 9, is used in this work although it is 
based on criticized assumptions. It is easy, in any case, to 
replace this loss function by more reliable data as soon as they 
are available. For prac tical use the curve is redrawn in Fig . 10 
with a frequency scale corresponding to wave height h = 3 
state 3). 

(sea 

It is seen that the curve approximates a hyperbola. If the frequency 
is denoted by f and the loss by a , then the hyperbola can be s 
expressed by 

- f2 + C a 2 + 2 D f + 2 E a + F = 0 s s [ Eq . 8 J 

In Fig. 10 this expression is valid above the frequency 500 Hz . 
In the range 0 - 500 Hz the loss is assumed to be zero. For 
each val.ue of wave height h there is a set of values of the 
constants C, D, E and F . For h = 3 ft and expression for a s is 

a = s 

ABSORPTION LOSS IN SEA WATER 

The absorption of sound energy in sea water is dealt with by many 
authors. In Ref. 5, for example it is suggested that the following 
formula should be used for practical computations of the loss (dB/ m): 

(
S A fT f 2 B f2) 

a a b s = ,f 2 + f2 + f2'"" 
T T 

(1-6.54l0-
4

p) 8.686 [Eq. 9J 

6 
In Eq. 9, A is constant, 2.34 10 S is salinity in parts per 
thousand, fT is the temperature-dependent relaxation frequency (6 1520 ) in kH z at atmospheric pressure, 21 .9 10 - T + 273 , where T 

is in 0 C, f is the acoustic frequency in kHz, B is approximately 
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f h . . h · 8 - 6 a constant or t e V1SC OSlty mec anlsm, 3 . 3 10 ,and P is 
the pressure in kg/ c m2 . 

It is shown in Ref. 6 that this formula gives too small values 
f o r the attenuation at low frequencies. 

The absorption p robl em is extensively treated in Ref. 7 where 
the loss is expressed by 

(lab s = 0.006 f2 + 0. 155 fr f2 
f 2 + f 2 

r 
[Eq. 10J 

where (l abs 
kH:t: and 

is in decibels per km, the signal frequency f 
is in f = 1.7 kH:t:. r The term 0.006 f 2 
the absorption o f magn esium sulphate relaxation. 

represents 

The second 
t e rm accounts for a relaxation process at 1 .7 kH:t:. In this 
work the absorption loss is t a k en into acc ount by using Eq. 10 
and exp ressin g the distance in metres and the frequencies in H:t: , 
givin g the absorption lo ss in dB/ m as 

(0.006 + 1:55 fr ) f2 f 2 + f 2 
r 

[Eq. II I 

NUMERICAL COMPUTATION 

General 

Numerical c omputation of ray path coordinates, intensities and 
transmission loss is carried out by means of a system of 4 
FORTAN programs. The first performs the curvilinear approxima-
tion to the measured depth-velocity profiles. The second 
program computes the coefficients of the third degree polynomials 
which are used as approximation to the bottom profile. The 
results of these two programs are checked before they are 
inserted into f urther calculations. 

Generally, for a given number N of bottom reflections, four 
possible ray paths exist between a source and a receiver located 
at depth in the sea . In addition to the reflected paths there 
may be refracted p aths. A third program computes the angles of 
emission at the source corresponding to the values of N, bathy-
metry and distances between source and receiver. 
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The fourth and ma in program, lRATRA , is based on the mat·hematical 
expressions de alt with earl i er. Some of the variables and 

parameters used in the main program are obtained from the result s 
of the preceding three programs . In addition, several other data 
are introduced, for example number of layers, signal frequencY1 
wave height, horizontal variatlon of the sound velocity. The main 
program also comprises three sub~programs which, when called, 
produce the values of absorption, scattering and reflection losses. 

The output of the main program may comprise values for the ray 
path oordinates, the ray angle, the propagation time, the 

intensity and the bathymetry between source and receiver. 
In addition , at each specific distance the program may sum up 
the amounts of energy which have propagated along all ray paths 
and present the result as the transmission loss for the signal 
frequency and sea state in question . 

one of the many details of the computing precedure In IRATRA will 
be discussed below. 

Calculation of ·the Ra.;y Path Coordinates 

It was shown earlier that the expression 

1 

1. 

could be brought into the form 

JA. + 

by expressing 1 / c 2 (z) 

that c = Co /cos CPo • m 

o 2 

1 
I 

2Bz + Cz2 

as Al Z2 + A2 z + A3 
This gives 

It is remembered 

0 2 CZT - 1 = em 2 Al Z2 + cm 
2 A2 Z + C m 

2 A3 - 1 
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from which we obtain 

A = C 2 A3 - 1 m 
B = 0.5 c 2 A2 m 
C 2 c 2 Al m 

The integration 

dz 

J J A + 2Bz + CZ2
1 

may have the following results: 

(i) 1 .e.n(B + Cz + J3 . ~A + 2Bz + CZ2 1 
) + K, C>O 

JC 
(ii) 1 arsinh B + Cz + K, (AC - B2 ) 0 > Jc VAC - B2' 

(iii) 1 arcosh B + Cz + K, (B2 - AC) 0 > 
Jc VB2 - AC 

(iv) -1 arcsin B + Cz + K, C < 0 
,J=C JB2 - AC 

The program computes the coefficients A, Band C between 
the levels zi and zi+l for each value of cm and selects 
the appropriate expression out of (i) to (iv). 

COMPUTATION OF TWO TRANSMISSION LOSS CURVES 

General 

The transmission conditions have been studied along two different 
tracks some miles apart in the same sea area. Only one single 
measurement of bottom reflection loss by oblique incidence has been 
done in this area. One result of this measurement is the bottom 
loss func t ion shown in Fig . 7 for the frequency band 600 - 1200 Hz. 

The computation has been undertaken in order to learn what result 
may be expected when it is based on this very limited knowledge. 
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It is interes ting because little inf ormation on the acoustical 
properties of the sea floor is the s ituation in the majority of 
cases. Acoustic mea surements on the tracks permit a direct 
comparison. 

Track No.1 

Along the bottom profile of track No.1, shown in Fig. 11, the 
transmission loss was measured in several frequency octave 
b ands using c alibrated explosive charges which were detonated 
at 40 m depth. The sea state was about 3 during the time of 
the measurement . The hydrographic conditions are described by 
the sound velocities in Fig. 12, which were measured along the 
track. The s ound velocity distributions denoted by the numbers 
77, 73, 74 and 75 are valid within the distance intervals 
i ndi cated ln Fig. 11. Thus, a 2-dimensional sound velocity 
vari ation is taken into account. This means, however, that 
the r e is a discontinuity of the velocity by passing from one 
interval to another. 

Computation of the transmission loss under these conditions was 
car ried out , assuming a wave height of 3 ft. The bottom loss 
f unct i on in Fig. 7 was used and was supposed to be valid for 
all distances. Surface reflection loss and absorption loss 
were calculRted for a frequency of 900 Hz. The result is presented 
in Fig . 13, curve No.2 . Also a curve (No.3) was computed on the 
assumption of no bottom loss. 

It is seen that the agreement between the measured and computed 
transmission loss is good. The greatest difference between the 
two cur ves, some 2.5 dB, occurs at distances 9300 yd between 
source and receiver. The measured increase of loss may be caused 
by unknown irregularities in the bottom profile. 

Track No.2 

The bottom profile of track No.2 is given in Fig. 14. Acoustic 
measurements were done in a similar manner to those on track No.1. 
Average wave height was estimated to be about 4 ft. The sound 
velocity varied along the track as shown in Fig. 15. 
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AVproximat i ons wer e c ompu ted f o r t h e s ound veloc ity prof i l e s , a s 
shown i n Fig . 1 6 f o r pro file No . 1 , Th e differ ence b etween the 
two curves n owh ere exceeds 0 .1 5 mi se The measured and cornpu~ ~: 
t ransmis s i on lo s s f o r' the f requency band 600 ~ 1 20 0 Hz i s 
p resented in Fig. 1 7 , again u sing t h e bo t tom loss function in 
F~,~. 7. The computation h a s b een done in the distance interval 
10 t o 40 km . 

The diff erenc e between t h e two c urves is almost constant 4 .5 dB . 
there may be sev eral r eas on s fo r this deviation. The surface 
ref l ec tion loss may b e i n c o r rect and/ o r the bottom r ef l ec tion 
lo s s may be cons i d e rab l y g r e ater than expressed by the loss 
f un c tion o f Fig . 7 . The po ssibility of an i naccuracy in the 
me a s u rement s cannot be c ompl et e l y di srega r d e d. 

CONC LU SION 
-~-----

Th e c ompu tin g procedure desc ribed s eems to be a u seful tool f o r 
p r edicting sound t r ansmi ssion condi tions in the s e a , provided 
that the f ollowin g parameters are known: 

a. Th e bathymet ry . 
b . The v e rtical and horizontal sound velocity distribution. 
c. The bottom reflection loss. 
d . Th e absorption loss in the water volume. 
e . The s urface scattering loss. 
f . The sea state. 

It should be stressed, however, that the calculation is carried 
out on the following assumptions: 

( i ) The ray theory must be valid, i.e., the depth of 
t h e sea ought to b e at l e a s t ten t ime s the wave ' length 
o f the sound. 

(ii) The eff ect of reverberation is not taken into account. 

(iii) The amounts of energy having propagated along the 
various ray paths are added at the end of their travel. 
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Energy addition takes plac e if short impulse signal s are used, 
but it do es not take place for CW or noise signals in whic h 
case the signals having trave lled along different paths will 
interfere. Therefore, the theoretical computation indicates the 
transmission loss values which will be obtained by meas u rement s 
using explosive c harges as acoustic sources. 
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DISCUSSION 

The author clarified the point that when a ray crossed the veloc ity 
discontinuity between two regions described by different velocity 
profiles, it was made to do so with its direction unchanged. 

In answer to a question, the author acknowledged that when a ray 
was reflected from the bottom, only the slope of the bottom--
and not the curvature 
the reflected ray. 

N 
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