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1. INTRODUCTION

In recent years hydroacoustics specialists have shown particular inte­
rest in the e ffect of internal waves on the propagation of acoustic w a­
ves in the sea.« Internal waves in the seas have been found to cause ran­
dom fluctuations of the acoustic field o f point sources. According to 
the hypothesis put forw ard in [1], internal waves m ay also cause flu c­
tuations o f the natural noise field when observations are made by  
means of hydroacoustic arrays of narrow directional characteristics.

In this paper the effect of internal waves on the observed values 
of noise intensity at the input of hydroacoustic arrays is estimated 
in the approximation of geom etrical acoustics. This problem  was consi­
dered on a deterministic m odel for sound velocity  distri­
bution characteristic o f the Baltic Sea during the summer and winter 
seasons. Despite being m uch simplified, the m odel enables the extent 
o f the phenomena to be estimated.

2. BASIC ASSUMPTIONS OF THE MODEL

Let us assume that sea consists o f three layers differring in sound ve­
locity. The low er and upper layers are homogeneous and have a con­
stant sound velocity (Ci and c2, respectively), whilst in the intermediate 
layer the velocity  varies linearly with the depth from  Cj to c3. Let us 
also assume that the depth of the sea is infinite and the noise sources 
are distributed uniform ly  over its surface. The directional characte­
ristics of an elem entary source is assumed in the com m only accepted 
form  of
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where cpe is the angle measured from  the normal vector to the surfa­
ce and directed into the sea, and m —  1, 2, 3. The values of m  depend 
on the wind velocity  and observed interval of noise frequency of the 
noise. It is observed that these values increase with the noise frequency 
and wind velocity. The intermediate laye:r (the so-called pycnocline) pro­
vides a sinusoidal internal wave (the first mode) with a length X and 
amplitude A  (Fig. 1). A ccording to the foregoing assumption the- sound 
velocity  in the medium can be described as follow s:
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and the gradient of sound velocity, T, can assume both negative and 
positive values.

It is assumed that the receiver is zero level and the z axis is 
directed to the surface.

z

Fig. 1. Schematic diagram of the sound velocity distribution in the sea in the 
presence of an internal wave.
Ryis. 1. Schem at przyjętego rozkładu prędkości dźwięku w morzu w obecności 
fali wewnętrznej.
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3. THEORY

Let a selected acoustic ray (Fig. 1) leave the receiver situated at point 
P °k  (x°k, 0, 0) at an azimuthal angle of 0°u (the angle between ,the 
Ox axis and projection  of the acoustic ray on the yOx surface) and the 
polar angle cp°u (the angle between the Oz axis and the acoustic ray). 
The ray intersects with the low er boundary of the internal w ave at 
a point o f co-ordinates determined by the follow ing set of equations:

where cos a, cos |3, and cos y are direction cosines of the straight line, 
expressed by angles cp and 0

For the sake of simplicity, the indices i and j are omitted here and 
in the follow ing formulae.

The trajectories of the acoustic ray in the intermediate layer can 
be found from  the eikonal equation (3).

To do this, the form ula for  the square of the refractive index, n2 (x , y, 
z), is sim plified to bring it to the additive function of co-ordinates:
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One can assume with considerable accuracy that
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The solution of the eikonal equation will then assume the farm:
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where fo r r  > 0 n*(x) = 1 - r  ç,(x)
n |(z) = Tz

The Jc2! and k22 values are determined for individual acoustic rays 
from conditions for direction cosines of the ray:
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After transformation:

k 2 = cos2a° -  r i 1(x(1)) 
k 2 = 1 - r : 2 „O ( 10)

By using formulae for direction cosines, we find the equation of 
the acoustic ray in the differential form:

dx -dy dz
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As assumed, the direction characteristics of natural noise sources 
on the sea surface are azimuthally homogeneous, hence to calculate in­
tensity coming from the direction determined by angles 0  and y, only 1 
the value of the y angle at the surface is required. This can easily be t 
found from the equation:

c
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where x<2> and z(2) are co-ordinates of departure o f the acoustic ray 
from  the jum p layer.

B y com bining equations (11), depending on x  and z, and integra­
tion we obtain the expression for the trajectory of the acoustic ray:

*
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where A = cos2^0 + f z1'1 

B = cos2« 0 - r^]
The x ®  and z<2) values were determined num erically from  eq. (13).
The noise intensity in the frequency band df, reaching the recei­

ver from  a small solid angle dQ —  from  a surface w ith uniform ly dis­
tributed directional sound sources, w hen ignoring reflections from  the 
bottom  and losses in the medium, can be expressed by  (9):

d l l « , , , : . ! !  = W14 ’ ^  (14)
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where W is the surface density of the spectrum of strength of noise 
sources, c (0) is the sound velocity  at the level of the receiver; yP 
was determined from  the equation. The index p denotes parameters 
referring to the sea surface.

The noise intensity arriving from  the ■so:L:id angle Q aind recorded 
by  an acoustic antenna placed at the ipoiinit P(x<0), 0, 0) can be obtained 
by summing up the dht values

where ay are coefficients describing the solid figure o f  the directio­
nal characteristics of a given hydroacoustic antenna in the frequency 
band df.

For the sake of simplicity, in calculations, the directional chara­
cteristics o f the receiver w ere assumed to provide a regular pyram id 
com posed of 64 acoustic rays. In this case aij — 1. The apex angle of 
the pyram id was 8°. As it can be seen from  eq. (15), transition to ano­
ther definite directional characteristic of the hydroacoustic antenna is

1 = 1 ^  a i j dl ij ( 15)

easy.



4. RESULTS AND CALCULATIONS

The results of calculations ,of relative variations in the noise inten­
sity of t h e . ambient-sea-noise at the input to hydroacoustic anten­
nas under an internal wave were accom plished in approximation of geo­
metrical acoustics and refer to the ~  1 to 20 —  30-kHz frequency band. 
The low er 'lim it of the frequency is determined by  the values of sound v e ­
locity  gradients assumed in the m odel and actually occurring in the 
southern Baltic [4], as well as characteristic dimensions of inhom oge­
neities, in this particular case the thickness of the intermediate layer. 
The upper limit is determined by  frequencies at which the intensity 
o f thermal noises of the medium is still small as com pared with those 
generated by  dynamic processes on the surface o f the sea.

Numerical calculations were carried out for two types of sound 
velocity  profiles encountered in the southern Baltic during the sum­
mer and winter seasons. During these seasons internal waves occur 
(particularly intensively in the Winter) on the boundary separating Bal­
tic Sea waters from  those of the North Sea.

The parameters assumed to describe the internal wave were as 
follow s: amplitude A  =  10 m, length X — 1000 m and h2 —  hi =  20 m.

For the sound velocity  distribution characteristic for the winter 
season, the values of c2 =  1410 m /s  and ci =  1450 m /s  w ere assumed, 
whilst for the summer season C2 —  1480 m /s  and ci =  1440 m /s . These 
values were taken from  a paper by  Tymański [4] on sound velocity  in 
the southern Baltic. The variations in the noise intensity w ere I 
calculated for the follow ing inclination angles of the solid figure 
of the directional characteristics to the level: =  5°, 10°, 15°, 
20°, 25°, 45° and 90°. The acoustic axis of the antenna was directed 
toward the direction of propagation of the internal wave. Three values 
o f the coefficient m  characterizing the directivity of elem entary sources 
on the surface ware assumed, nam ely m =  l,2 and 3, which correspond­
ed to various frequencies and states of the sea surface (wind velocities).

The depth of immersion of the hydroacoustic antenna was assum- 
ed to be fixed.

The low  velocity  of internal waves enabled the problem  to be treat­
ed statically. The w hole picture c f  the phenomenon is obtained by 
taking a series of „photographs” of an immobile internal wave shifted 
to a various extent in respect o f the fixed  receiver.

The calculations showed that the noise intensity increased with 
the decrease in the angle of observation at a given sound velocity  pro­
file and directional characteristic of sources. This is due to greater chan­



ges in the direction of individual acoustic rays em itted by  sources at 
small slip angles.

Another regularity observed is the increase in noise fluctuations 
wiith increasing anisotropy o f the noise field  (i. e. at higher m  values). 
Exem plary results of calculations o f the variations in noise intensity 
during the propagation of an internal w ave above the receiver, norm a­
lized in relation to the minimum value, are shown in Fig. 2. The abscis­
sa is scaled an time uniats and T demotes the ¡period of the internal w a­
ve (at the situation is repeated). The exam ple shown in Fig. 2 re­
fers to the winter stratification of the water masses in the Baltic when 
the sound velocity  is minimal in the upper layer. The inclination angle 
of the acoustic axis of the antenna is 5°.

Ji t )

Fig. 2. Relative variations o f the noise intensity below the (internal wave at 
various directional characteristics of sources.
Rys. 2. Względne zmiany natężenia iszumów pod falą wewnętrzną iprzy różnych 
charakterystykach kierunkowych źródeł.

*

Relative variations in the noise intensity below  the internal wave, 
at a fixed observation angle of 8 =  15° and m  =  2, as a function of 
the shape of the sound velocity  profile considered, is shown in Fig. 3. 
It is clear from  this that at the same angle of inclination o f the axis 
of the antenna, noise fluctuations are greater during the summer (cur­
ve a). This is due to the fact that at the same observation angle, in w in ­
ter acoustic rays are emitted at a larger slip angle than in summer, ow ing 
to refraction. It is, how ever worth noting that absolute noise intensities 
recorded from  a given direction are greater for small 8 angles in winter.
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Fig. 3. Relative variations of the noise -intensity below the internal wave fo.r 
summer (a) and winter (b) iscund velocity profiles.
Rys. 3. Względne zmiany natężenia szumów pod falą wewnętrzną przy (a) letnim  
i (b) zim owym  profilach prędkości dźwięku.

5. CONCLUSIONS

The results of the calculations point to the possibility of indicating in­
ternal waves in a water body by  means of observation of an acoustic 
noise fie ld  of natural origin. The fluctuations of noise intensity depend 
on the directional characteristics of the antenna, thermohaline situation 
in the basin, parameters of the internal wave and sound frequency. 
The fluctuations of intensity occur regularly with a variation period 
equal to the period of the internal wave.
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W PŁY W  FAL W EW N ĘTRZN YCH NA FLUKTUACJE POLA SZU­
MÓW W MORZU

Streszczenie

Na podstawie modelu matematycznego rozpatrzono zjawisko fluktuacji naturalnych 
szumów morza spowodowanych przez fale wewnętrzne.

Morze przedstawiono jako ośrodek trójwarstwowy, w  którym warstwy wierz-



chnia i dolna są jednorodne, z prędkościami dźwięku c1( C2 =  oonst, warstwa po­
średnia z  liniową zależnością c =  c(z) jest zabuirizona sinusoidalną falą wewnętrzną  
(rys. 1).

Przy założeniu o izotropowym rozkładzie źródeł szumów na powierzchni, wycho­
dząc z równania eikonału, znaleziono wzory na obliczenie natężenia szumów poniżej 
fali wewnętrznej (12 —  14).

Przedstawiono przykłady obliczeń zmian natężenia szumów na wejściu ukie­
runkowanej anteny akustycznej umieszczonej pod falą wewnętrzną —  dla zimowego 
i letniego profilu prędkości dźwięku charakterystycznego dla Bałtyku, przy różnym  
stopniu kiarunikawości powierzchniowych źródeł s,:iumów.
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