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SOUND SCATTERERS IN THE SEA 1

BY
RUSSELL W. RAITT
Marine Physical Laboratory
University of California
San Diego 5$, Califomia

INTRODUCTION
When sound pulses of ultrasonic frequency are transmitted into the
sea, many echoes are returned to the source from scatterers distributed
through out the sea. Under the usual conditions of observation with
echo-sounding and echo-ranging apparatus, the echoes merge indistinguishably. The resulting irregularly decaying sound is called reverberation (Eyring, et al., 1948) by analogy with the reverberation
observed in rooms.
Owing to the failure to observe discrete echoes from single scatterers
in the usual reverberation records, studies of the properties of reverberation are customarily confined to measurement of the aggregate
scattering power of large numbers of scatterers. These studies have
yielded useful information (sec R eferences 1-8) regarding the distribution in space and time of the average scattering power of the sea,
but the problem of identification of the scatterers remains unsolved.
In considerable degree this failure is due to the lack of knowledge of
the size of the individual scatterers.
ECHOES FROM SINGLE SCATTERERS
The reverberation records do not always exhibit the complex
character ascribable to many overlapping echoes. If the pulse length
is made very short and if the concentration of scatterers is low, it is
possible to observe single echoes. Fig. 1 represents an example of
such a case. It is an oscillogram taken on the USS JASPER during a
study of reverberation by the Echo Ranging Section of the University
of California, Division of War Research, in March and April 1945.
The sound projector was suspended overside at a depth of 5 m and
directed vertically downward. The technique of this type of observation is described elsewhere (Eyring, 1948).
1 This work 1epresents one of the results of research carried out under contract
with the Bureau of Ships, Navy Department.
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Figure 1. Oscillogram illustrating echoes from scatterers in the sea. Indicated
events are: (a) transmitted pulse of 24 kc, 3 ms duration ; (b) echoes from scatterers; (c) reverberation from a la yer of strong concentration of scatte rers.
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Significant events on the oscillogram are identified by letters: (a)
transmitted pulse of 24 kc frequency and 3 ms duration; (b) echoes
from single scatterers; (c) reverberation from a strongly scattering
layer between 300 and 450 m depth. It is to be noted that the echoes
(b) have the duration of the transmitted pulse and have a very sharp
beginning and ending, in marked contrast to the ragged and irregular
"spikes" of the typical reverberation. Furthermore, in the region of
the echoes, the record differs in character from the region of the scattering layer. Many small echoes, incompletely resolved, can be seen.
The illustrated oscillogram was recorded on a cruise conducted off
the coast of Lower California from San Diego to the Gulf of Lower
California. At 13 stations distributed over this region, sets of 10 to
20 oscillograms were recorded at a frequency of 24 kc and pulse length
of 3 ms. On most of these sets, echoes similar to those illustrated in
Fig. 1 were observed. All of the records were systematically examined
and the echo levels were recorded. Before presenting the results of
this analysis it is desirable to discuss the problem of the observat"ion
of echoes from a distribution of scatterers.
THEORY OF ECHOES FROM A DISTRIBUTION
OF SCATTERERS
It is assumed that the medium has a constant sound velocity and no
absorption. Later, effects of transmission loss can be introduced.
Let e1 be the voltage amplitude of the transmitted pulse received at
the hydrophone terminals when the hydrophone is faced towards the
projector at a distance of one meter. Actually e1 is a fictitious quantity
usually determined in an indirect manner with the assistance of auxiliary transducers or with a standard target. Let e be the voltage amplitude at the hydrophone terminals produced by an echo. If a single
scatterer is situated on the sound beam axis at a distance of R meters,
its scattering cross section u, in square meters, is defined by the
equation
(1)

Physically, the scattering cross section u is the effective area of t_he
sound beam intercepted by the sound scatterer. It is not necessanly
equal to the actual cross section. If a scatterer is semitransparent to
sound, or if it is opaque but much smaller than the wavelength of
the incident sound, the acoustic cross section will be smaller than the
actual cross section. In the special case of a rigid sphere of radius
greater than the wavelength the acoustic cross section equals the area
intercepted by the sphere.
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It is convenient in analysis of the data to use the quantity

= (41rR 4e2/ei2) as a measure of echo intensity. For a scatterer on the
sound beam axis, E = "· If the scatterer is not on the axis,
(2)
E = uq2 (8, t/>),
E

where q (8, tf>) is the transducer directivity pattern expressed as a
function of the polar angle 8 and aximuthal angle q,. If the transducer
is circularly symmetrical, q is a function of 8 only.
Uniform Distribution of Scatterers of Equal Cross Section
In general, the sound scatterers in the sea cover a wide range of
variation in size and shape and are irregularly distributed. Even if
it were possible to determine the position and cross section of each
individual scatterer within the field of observation, the complexity of
the analysis would be formidable. However, from the oscillograms,
only the range and echo intensity of a scatterer are known; the position
relative to the beam axis is unknown and hence its cross section is
indeterminate. The problem is necessarily statistical.
As a first step, let it be assumed that the sound beam is directed
into a medium uniformly filled with scatterers, all having the same
cross section "· Let II be the number per unit volume. On the
average the number of echoes received from distances between Rand
R + dR is equal to 41r11R 2dR. These echoes will be distributed in
intensity from a maximum value of E = "for scatterers on the sound
beam axis to negligibly small values for scatterers well outside the
beam. Owing to the fact that the solid angle included within the
strong central portion of the sound beam is much less than the total
solid angle insonified, the weak echoes will be much more numerous
than the strong ones-.
For convenience, let 11 = E/u and letf (71) d71 be the fraction of echoes
whose 11 lies between 11 and 71 + d71. The form off (11) is determined
numerically from the measured directivity function q2 (8, q,). The
value off (11) d11 is equal to the fraction of the total solid angle included
between the contours q2 (8, tf>) = 11 and q2 (8 , q,) = 71 + d 11 •
The form off (11) for the sound projector used in the reported studies
is shown in Fig. 2. It shows a strong increase off (11) towards decreasing 11 and illustrates quantitatively the above-mentioned prevalence of weak echoes relative to the strong ones. The cumulative
I

distribution

Jf

(71) d11 is shown in Fig. 3.

The ordinates give the

fract_ion of echoes whose 11 is greater than the values designated by the
abscissae.
When f (11) is known, the distribution of echo intensities is readily
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obtained. Let cf, (E, R) dE dR equal the number of echoes with echo
intensities between E and E + dE and distances between R and
R + dR. Then cf, (E, R) dE dR is the product of the total number of
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echoes received at distances between Rand R
f (11) d71. Noting that 11 = E/<1 1
<J, (E, R)

+ dR and the fraction

= 41rvR2 f (E/<1)/<1.

(3)

A useful form is the cumulative distribution, <I> (E, R), which gives
the number of echoes with intensity greater than E.
<I> (E, R)

=

f

a

(4)

<J, (E, R) dE

E

= 41rvR

2

1

f
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Scatterers Having a Distribution of Cross Sections
Let the scatterers have a distribution of cross sections specified by
the function v (u), where v (u) du represents the number of scatterers
per cubic meter with cross section between u and u + du. The echo
distribution for this cas,e is obtained by substituting v (u) du for v in
(3) and integrating over u.
Thus the resulting distribution is
q, (E, R) = 41rR

2

f

00

[v (u) f (Elu)/u] du.

(5)

E

The cumulative distribution is obtained by substituting v (u) du
for v in (4), and integrating over u. Let

=ff
l

F (11)

(11) d11.

T)

Then,
<I> (E, R)

= 41rR

2

f

00

v (u) F (E/u) du.

(6)

E

In principle, if q, (E, R) were determined with precision, v (u) could
be obtained by solution of (5). Unfortunately, only the stronger
echoes are resolved on available oscillograms and hence our knowledge
of the distribution of cross sections is necessarily incomplete. However, means are provided for estimating the size and concentration of
the larger scatterers from the echo measurements. It is therefore of
interest to examine the experimental results in the light of the above
treatment.
OBSERVED DISTRIBUTION OF ECHO INTENSITIES

It was mentioned in a previous section that a large sample of oscillograms bearing numerous resolvable echoes was obtained during a
cruise in March and April 1945. Each of these echoes was measured
in a microfilm reader, and the echo intensities and depths of the scatterers were determined. Since the range of intensity values was
large, they were converted to a db scale for convenience in analysis.
On this scale the echo level, L, is given by

L = 10 log E.

(7)
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The echo levels of a set of 12 oscillograms, taken on March 12, 1945
at Lat. 28° 30' N, Long. 118° 10' Wat 0914, Pacific Standard Time,
are plotted as a function of depth in Fig. 4. The points shown as
open circles represent clear cut, well resolved ~hoes; the solid circles
represent echoes showing some evidence of interference by smaller
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ones, yet still giving good evidence that a single echo was the dominant
event.
In interpreting these results it must be borne in mind that only the
stronger echoes have been measured. Hence, only the region of the
plot near the upper bound of the area occupied by points is significant.
The lower bound is limited by the general level of unresolved reverberation. The increase of the upper bound with depth shows that
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F1aun1: 5. Echo levels recorded on March 17, 1945 at Lat. 22° 39' N, Long. 109• 34' W,
at 1617 Paciftc Standard Time.
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the observed number of the larger scatterers increases with depth but
does not necessarily show that the distribution function v (u) has
changed significantly with depth. Even if this distribution did not
change with depth, the increase in the number of echoes per unit
range predicted by (5) and (6) could cause a depth effect of the type
observed, provided the scatterers had a broad distribution of cross
section.
A similar plot of the echoes from 11 oscillograms, recorded on
March 17, 1945 at Lat. 22° 39' N, Long. 109° 34' W, at 1617 Pacific
Standard Time, is shown in Fig. 5. Although fewer echoes were observed, the appearance of the plot is quite similar to Fig. 4.
10 .0 - - - - - - - - - ~ - - - - - - - - - - - - - - - - .

••••••••••••
1. 0

,.

•••• •

J

....E
::,

z

CD

O'

j

0.1

0 .0 1 ...__

_

....1..._

-60

_ __ _ _..J......_ _ _ _ _ _...L_ _~l,__- _ _ J

-50

-40

- 30

Echo Level {L) in db
FtoURE 6.

Cumulative distribution of echo levels for depths between 90 m a nd 180 m .

The results_in_ a single set, s~ch as those illustrated in Figs. 3 and 4,
a:e characteristic of the particular configuration of scatterers at a
g1v~n place and time: and , owing to the small number of echoes, are
subJect t~ 13:rge sampling errors. In order to obtain a sample of echoes
characteristic of the whole area investigated, large enough t o be sig-
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nificant, and at the same time unconfused by diurnal migrations of
the scatterers (References 2, 4, 5, 7, 8), quantitative study of echo
distribution was made for the eight sets of records made during the
daylight hours. Daylight was defined as the period between one hour
after sunrise and one hour before sunset. Altogether 97 oscillograms
were recorded in this group.
In order to study the effect of depth on the distribution, the echoes
were divided into. two depth intervals : 20 to 90 m and 90 to 180 m.
The number of resolvable echoes deeper than 180 m was too small to
be significant.
Cumulative distributions of echo level L for these depth intervals
are shown in Figs. 6 and 7. The ordinates represent, on a logarithmic
scale, the number of echoes per oscillogram with echo level greater
than the values indicated in the abscissae. Observed frequencies are
shown by the solid points. The solid straight lines were fitted to the
upper ends of the observed distributions and represent the equations
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4> (E)
for Fig. 6, and

4> (E)

=9

(8)

. 10-9 E-u5

= 2.4 . 10-a E-uo

(9)

for Fig. 7.
Echo distributions of this form are given by cross section distributions of the form
(10)
11 (u) = Au-k.
Substituting (10) into (6),
1

4> (E, R) =

41!'R 2

A

Ju-k

F (E/u) dn,

(11)

11"-2 F (11) d11 .

(12)

B

or, noting that E/u = 11,

f

4> (E, R) = 411'R 2 AEl-k

1

0

If < A > is the average value of A between the depths R1 and R2,
then the average number of echoes with intensity greater than E for
the depth interval R1 to R2 is given by
R2

4> (E) =

f 4>

(13)

(E, R) dR

RI

1

= (411'/3) (R2

3 -

R1

3)

< A > E1
-kf

17k-2 F (11) d11.

0

The integral in the right side of (13) is a function of k and is readily
obtained by numerical integration. For the graphs of Figs. 6 and 7,
respectively,
k

= 2.75,

f

1

11k-2 F (11) d17

= 0.00082 for Fig. 6,

0

k

= 2.50,

f
0

1

17H F (11) d11 = 0.0011 for Fig. 7 .

1948)

Raitt: Sound Scatterers in the Sea

405

Solving (13) for < A > by combining with (8) and (9) :

<
<

A
A

> = 3.6
> = 1.0

10-12 for depths from 20 to 90 m,
10-10 for depths from 90 to 180 m.

It is of interest to examine the meaning of these figures in terms of
the density of the scatterers. Let < N (u) > be the average number
of scatterers per cubic meter with cross section greater than u Then

<

N (u)

f

> =

a:i

<

v

(u)

>

du

(14)

a

= <

A

> ul-lc/(k-1).

Using the values of < A > and k determined above, the cumulative
distribution function < N (u) > is shown in Fig. 8 for both depth
ranges, 20 to 90 m and 90 to 180 m, respectively. The solid lines
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represent the portions corresponding to the most reliable portion~ of
the echo distribution curves of Figs. 6 and 7. The dashed port10ns
are less reliable extrapolations.
It is seen from Fig. 8 that the concentrations are quite small, being
less than 10--1 per m 3 for cross sections greater than 10-4 m 2 (one cm 2).
Although the concentrations are greater for the 90 to 180 m depths
than for the 20 to 90 m depths, the form of this distribution is nearly
the same in the two cases. The somewhat smaller slope for the deeper
scatterers indicates that the larger scatterers are relatively more frequent at the greater depths. However, this effect may not be significant, as it depends upon extrapolation of the distributions beyond
the regions of most reliable measurement.
Volume Scattering Coefficients
Let m (u) be the average total cross section in square meters per
cubic meter of all scatterers with cross section greater than u Thus,
m

(u)

=

f

ct:)

u

<

v (u)

>

du

(15)

a

and, for

< v (u) >

<
m (u)

> u-", k > 2
= < A > u -"/(k-2).

A

2

(16)

Eq. (16) gives infinite values for m (0), a physical impossibility.
This means that the distributions given by (14), and shown in Fig. 8,
cannot be extended indefinitely towards smaller cross sections but
must be limited by the fact that m (u) converges to a finite value for
zero cross section.
This value, m (0), is the familiar volume scattering coefficient and
represents the average total scattering cross section per unit volume
for scatterers of all sizes. It has been measured at all of the locations
of this study, using signals of 100 ms duration. The average values
for the eight daytime locations used in the echo-distribution study
were _3 • 10-s m-1 and 5 • 10-s m-1 at 90 m and 180 m depth, respectively.
In Fig. 9 plots of m (u) calculated from (16) for the 20 to 90 and 90
to 180 depth intervals are shown as solid lines. The dashed curves
were sketched to indicate possible forms of m (u) which fit the calculated values and approach asymptotically to the measured volume
scattering coefficients m (0).
Although this procedure is admittedly inaccurate owing to the lack
of measurements of the smaller scatterers, Fig. 9 shows that, regardless
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of the exact form of the dashed curves, most of the total observed
scattering probably comes from scatterers with cross sections greater
than 10-5 m 2 (0.1 cm 2).

DISCUSSION
The meaning of the above results in terms of the physical size,
rather than the acoustic size, of the scatterers requires additional data
on the reflectivity of the scatterers. Pending the acquisition of these
data, one could speculate that, since the scatterers are probably biological organisms with density and compressibility close to that of
water, their reflectivity will be low. Hence one would expect that the
physical size would be appreciably greater than the acoustic size,
particularly for the scatterers which are small in comparison with the
wavelength of the sound.
However, the possibility of resonant scattering, caused by small gas
bubbles in the scatterers or by other properties causing a large difference in compressibility with respect to water, cannot be excluded.
If it were present to a significant extent, the physical cross section of
many of the scatterers could be much smaller than their acoustic
cross section.

408

Journal of Marine Research

[VII, 3

Another factor deserving mention is the possibility of the grouping
of several scatterers into colonies small enough to give the appearance
of single echoes. If the thickness of a colony in the direction of the
sound projector were less than one meter it might easily give the appearance of a single echo and be treated as a single scatterer in the
analysis.
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SUMMARY
Although the ultrasonic echoes from scatterers in the sea usually
merge indistinguishably into the sound commonly called reverberation,
discrete echoes are occasionally observed. Many such echoes, recorded at a frequency of 24 kc, were observed on a cruise conducted off
Lower California in March and April 1945.
A study of the intensity distribution of these echoes has yielded
estimates of the distribution of the scattering cross sections of the
scatterers in the upper 180 m of the sea during the daylight hours. It
was found that the concentration of scatterers decreased rapidly with
increasing cross section. There were very few with cross sections
greater than 10 cm2• The average concentration of scatterers
with cross sections greater than one cm 2 was somewhat less than
10--4 per m3 • Even though there were many more small scatterers
than large ones, the very small ones did not contribute as much to the
scattering as the larger ones. Most of the total scattering probably
originated in scatterers with cross sections between 0.1 and 10 cm 2 •
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