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1. INTRODUCTION
/

In the propagation of sound in a shallow  sea, such as the  Baltic, 
a param ount role is played by th e  acoustic properties of the  sea floor. 
A couple of param eters, such as p ressure  reflectiv ity , reflection losses, 
scattering  factor, and scattering  pow er are  usually  em ployed in the  qu an ti­
tative  description of the  reflective and diffusive properties of the sea floor. 
The m agnitude of reflectiv ities fo r norm al incidence of the  acoustic w ave 
on the  sea floor determ ines the  m axim um  losses of energy  to  be an tic ipa­
ted in the  reflection of sound.

The purpose of th is study  w as to  find the  rela tionship  betw een the 
acoustic reflec tiv ity  on the  sea bed and the frequency  of incident acoustic 
waves, angle of incidence, and type of sedim ents. The m easurem ents w ere 
conducted at frequencies from  2 to 10 kHz (at te r tia ry  in tervals, i.e. for 
frequencies of 2, 2.5, 3.15, 4, 5, 6.3, 8, and 10 kHz) for th ree  types of sea 
bed: fine sand of 0.145-mm m edian, very  fine sand of 0.120-mm m edian, 
and soil consisting m ain ly  of m acrofauna (shells of m olluscs and snails).

2. THEORETICAL ASSUMPTIONS AND METHOD OF MEASUREMENTS

The experim ents w ere conducted by the m ethod of standing waves, 
w hich yields the  m ost accurate resu lts  [9, 10], The m ethod consists in  the 
m easurem ent of a resu ltan t acoustic p ressure  a t the  m inim a and m axim a



of a standing w ave th a t resu lts  from  the  in terference  of tw o acoustic 
signals, th a t d irec tly  from  a tra n sm itte r  and the  bed-reflected  one (Fig. 1).

Fig. 1. Configuration of transmitter (N) and receiver (0) for the incidence angle of an
acoustic Wave on the bottom ¡9 ^  0°
n  — d is ta n c e  tr a v e lle d  by  in c id e n t ac o u s tic  s ig n a l
r :  — d is ta n c e  tr a v e lle d  b y  re f le c te d  aco u s tic  s ig n a l
h i — d is ta n c e  f ro m  b ed  to  re c e iv e r
hs — d is ta n c e  f ro m  b e d  to  t r a n s m it te r
r  — d is ta n c e  b e tw e e n  r e c e iv e r  a n d  t r a n s m i t te r  (in  h o r iz o n ta l p lan e)

Rye. 1. Usytuowanie nadajnika (N) i odbiornika (0), gdy kąt padania fali akustycz­
nej na dno & 0°
ri — d ro g a  p rz e b y ta  p rzez  sy g n a ł a k u s ty c z n y  b ezp o ś re d n i 
r ; — d ro g a  p rz e b y ta  p rzez  sy g n a ł a k su ty c z n y  o d b ity  od d n a  
h i — od leg łość  od  d n a  do o d b io rn ik a  
h i — od leg łość  od  d n a  do  n a d a jn ik a
r  — o d leg łość  p o m ięd zy  n a d a jn ik ie m  i o d b io rn ik ie m  (w p ła szczy źn ie  p o ziom ej)

For a point source of sound, the  p ressure  of the  acoustic wave travelling  
d irec tly  from  a tran sm itte r  to 'a  receiver has the  form :

P i  = P o /r i  exp (— ikrj) (l )
in which:

Po — acoustic p ressure  a t a un it d istance from  the  tran sm itte r, 
ri — distance the  acoustic signal travels d irec tly  from  tran sm itte r  to 

receiver (Fig. 1), 
k  =  2n/\ — acoustic w ave num ber, 

w hile the  p ressure  of the bed-reflected  w ave is given by

P s  =  Po/r2 • exp (— ik r2) (2)
in which:

r 2 — distance travelled  by  the  acoustic signal from  tran sm itte r  to 
receiver, a fte r reflection from  the  sea bed.

The p ressure  reflec tiv ity  is given by  the  follow ing form ula:

V =  V0 • exp (icp) (3)



in  which:
V0 —  absolute value of reflectiv ity , 

cp — phase of reflectiv ity .
The resu ltan t acoustic p ressu re  of the point of reception equals

P =  Ps +  Pi (4)
A fter tak ing  in to  account Eqs. (1, 2) and (3) one obtains the  following re ­
lationship  for absolute pressure:

, =  f  +
|p h

- 2 V 2o  , 2 p 20 V o  

( r |  n  r 2 cos [k (r2 — ri) — tp] (4)

in  w hich: r i j2 m ax and r i ,2 m in  =  distances ri and r2, determ ined above, 
and counted to the  receiver in the  phases of standing-w ave m axim um  
and m inim um , respectively.

Fig. 2. Schem atic diagram of transmitting, receiving, and recording configuration
G — p o w e r  g e n e ra to r , ty p e  PO-21 (K A B ID -ZO  PA N )
T — tra n s fo rm e r
N  — t r a n s m it te r :  c y lin d r ic a l  p iezo ce ram ic  tra n sd u c e r  
O — re c e iv e r : 8101 B ru e l-K ja e r  h y d ro p h o n e  

W, F  — a m p lif ie r  a n d  se t o f f i l te r s :  2120 B ru e l-K ja e r  a n a ly z e r  
M  — m a g n e tic  v o ltag e  re c o rd e r , B ru e l-K ja e r  7003

Rye. 2. Schemat układu nadawczo-odbiorczo-rejestrującego
G — g e n e ra to r  m o cy  ty p  P O -2l  (K A B ID -ZO  PA N )
T — tra n s fo rm a to r
N  — n a d a jn ik :  c y lin d ry c z n y  p rz e tw o rn ik  p iezo ce ram iczn y  
O — o d b io rn ik : h y d ro fo n  8101 (B rU el-K jaer)

W, F  — w zm acn iacz  z ze s ta w e m  f i ltró w : a n a liz a to r  2120 (B rU el-K jaer)
M — r e je s t r a to r  m a g n e ty c z n y  n a p ię c ia  7003 (B riie l-K jae r)

W here the  distance travelled  by  an acoustic signal from  the  tra n s­
m itte r  to  receiver, is m uch g rea ter th an  the  acoustic w ave-length  (and 
consequently  —  th an  the  d istance betw een ad jacent standing-w ave m ini­
m um  and m axim um ) one can assum e ri min ~  ri max and r 2 min ~  r 2 max.

^ 1  2 *1X2 )
This p ressure  w ill be m axim um  if cos [k (r2 —  ri) —  <p] =  +  1 and m in i­
m um  if cos [k (r2 — ri) —  cp] =  —  1. Upon substitu ting  consecutive cosine 
values of +  1 and —  1 in Eq. (4) and solving the resu lting  system  of two 
equations (w ith respect to  VQ) one obtains

Pm ax _______Pm in
TT rim in rim ax
v ° =  ----------------------  (5)

Pmax | Pmin 
r2min r2max

g mu I I e  c w o
*<>



Accordingly, the  u ltim ate  fo rm ułą for the  absolute value of reflec tiv ity  
reads:

-y  _ _  1*2 P m ax  P m in  

Fl P m ax  “I-  P m in

Hence, th is absolute value m ay be found for know n ri and ri (from  the 
geom etrical configuration of experim ental environm ent) and for acoustic 
p ressure  m easured  at the  nodes and antinodes of standing waves.

3. EXPERIMENTAL TECHNIQUES

The block diagram  of the m easuring system  is shown in Fig. 2. The 
tran sm itting  com ponents consisted of a PO 21-type pow er generator, 
and a piezoceram ic transducer w ith  a conical shield w ith  45° angle of 
apertu re . The shield was necessary  to elim inate in te rfe rence  due to  scat­
tering  of sound off the  undulated  sea surface. The reception com ponents 
included a hydrophone (type 8100), am plifier w ith  a set of filte rs  (type 
2120), and m easuring tape recorder (type 7003), all in strum en ts m anu­
fac tu red  by Briiel K jaer. A special s tru c tu re  (Fig. 3) to move the hydro­
phone along the  vertica l axis was designed to  determ ine the  m axim a and 
m inim a of standing waves. The positions of the  hydrophone w ere found 
from  indications of a counter, w hich recorded the  num ber of revolutions 
of a threaded rod, along w hich the  m otion occurred. The accuracy of re ­
ceiver setting  at the  ex trem um  of the  standing  w ave was 3.5-mm (pitch 
of rod thread), w hich was sufficient for the  w avelength  encountered (75... 
15 cm). The supporting s tru c tu re  of the hydrophone was set firm ly  on the 
bed, w hile the  tran sm itte r  was low ered on a jib  to a depth  of 1.5... 2 m 
below the w ater surface. A fter the  autom atic sw itching-on of the hydro­
phone (this being controlled by an electric m otor), th e  deflection of a 
pointer, corresponding to changes in acoustic pressure, was observed on 
the m easuring am plifier scale. The hydrophone was stopped for m axim um  
and m inim um  poin ter deflections, and a 100-second m agnetic recording 
taken. For each frequency  the  m easurem ents w ere repeated  for several 
consecutive m inim a and m axim a. The value obtained from  the  100-tsecond 
averaging was accepted as the p ressure  for standing-w ave m inim um  and/ 
or m axim um . This procedure perm itted  random  in terference  and fluc tu ­
ations of the  acoustic signal to  be avoided at the point of reception. The 
averaging was accom plished au tom atically  w ith  an in teg ral system  bu ilt 
in a Briiel K jaer 2120 analyzer.

The hydroacoustic m easurem ents w ere accom panied by sam pling of 
bed surface sedim ents, the  la tte r  having been subject to grain  size analysis. 
The analysis was perform ed on a set of 13 sieves bounded by 5 and 0.063 
meshes.



Fig. 3. Schematic diagram of hydrophone structure
1 — h y d ro p h o n e  c lam p
2 — e le c tr ic  m o to r  in  w a te rp ro o f  c a s in g

Rye. 3. Schemat konstrukcji nośnej hydrofonu
1 — u c h w y t do  h y d ro fo n u
2 — s iln ik  e le k try c z n y  w  o b u d o w ie  w o doszczelnej



4. RESULTS OF MEASUREMENTS AND THEIR DISCUSSION
\

H ydroacoustic m easurem ents w ere conducted for th ree  types of sea 
bed. The firs t type consisted of m acrofauna and ve ry  sm all adm ix tures 
of fine, as well as m edium  sand. The m olluscs Mytilus edulis and  Cardium  
Lcimarcki and tin y  snails 2... 30 m m  in size dom inated in the  species com­
position. The second type of soil was fine sand w ith  a m axim um  share 
of grains of about 0.16... 0.10 mm, the  m edian being 0.145 mm. The 
T rask  sorting  fac to r [7, 8] for these sedim ents was fa ir ly  high: 1.75. The 
th ird  type of bed was characterized  by the occurrence of two d istinct 
layers. The upper layer, about 0.2*m thick, of very  high w ater content, 
consisted of fine and  m edium  sands. The m edian of th is layer was 0.195 mm 
while the T rask  sorting factor reached  1.70. The o ther layer included 
h ighly consolidated fine and very  fine sands. T heir m edian was 0.120 mm, 
an d  the sorting  factor was 1.37. The in tegral curves obtained from  the 
gi'ain size analysis of the  soil sam ples are  show n in Fig. 4.

Fig. 4. Integral curves of grain size
----------------- m e a s u r in g  p o in t 2: f in e  sa n d

m e a s u rin g  p o in t 3: la y e r  I (U pper), f in e  sa n d  
--------- -------m e a s u rin g  p o in t 3: la y e r  II  (low er), f in e  a n d  v e ry  f in e  sa n d

Rye. 4. Wykresy uziarnienia gruntu (krzywe kumulacyjne)
----------------  d la  p u n k tu  p o m iaro w eg o  2: p ia se k  d ro b n o z ia rn is ty
----------------- ¿ la  p u n k tu  p o m ia ro w eg o  n r  3: w a rs tw a  I  (g ó rn a), p ia s e k  d ro b n o z ia rn is ty
----------------  d la  p u n k tu  p o m iaro w eg o  n r  3: w a rs tw a  II  (do lna), p ia se k  d ro b n o -  i b a rd zo

d ro b n o z ia rn is ty



The absolute values of the  reflectiv ities for norm al incidence of 
acoustic w aves a t the  sea bed, averaged  over frequencies of 2 to 10 kHz, 
for the  th ree  types of soil, w ere as follows:

i
m acrofauna V0 =  0.59
fine sand (Md =  0.145 mm) VQ =  0.55
very  fine sand (Md =  0.120 mm) V0 =  0.61.

The resu lts  obtained agree w ith  the  findings for o ther w ater bodies 
under sim ilar conditions and experim ental technology [2, 5, 10]. 
For instance, our data  fall into the in terval of variab ility  of reflectiv ities 
given by L iberm ann [5], who obtained 0.50... 0.60 for a stony bottom ,
0.40... 0.86 for sand, and 0.40... 0.60 for soil consisting of sand and clay. 
The d iam eters of the particles of the stony floor studied by L iberm ann 
coincide w ell w ith  the  size of our m acrofauna, so th a t the  reflectiv ities 
in  both cases w ere very  sim ilar. M oreover, it should be concluded th a t 
th is coincidence was fortu itous, as the  acoustic properties of the sea floor 
a re  determ ined  not only by the  size of bottom  sedirpents. O ur figures are  
low er than  the data given by G rubnik  [2] for the  Caspian Sea, w ith  m ean 
absolute values of reflectiv ities of 0.76 and 0.68 for sand and silty  sand, 
respectively. M ackenzie [6] also detected reflection losses of 6... 8 dB for 
very  fine sand, which correspond to  an absolute m agnitude of reflec tiv ity  
of about 0.5... 0.4.

The dispersion of data indicated  by the  above resu lts  obtained by 
various au tho rs can be due to bottom  irregu larities, d iversified in te rn a l 
s truc tu re , and  ra th e r  inaccurate  nom enclature  of bed sedim ents (since 
d iffe ien t criteria  of the  classification of sedim ents are in use, it is necessary 
to specify the d istribu tion  of respective sedim ent fractions, together w ith 
the  type of soil, e.g. sand or clay).

The absolute values of reflec tiv ity  found in th is study  are  shown in 
Fig. 5 as a function  of the  frequency  of the  acoustic signal. No clear dé­
pendance of the reflec tiv ity  on the  leng th  of the  acoustic wave was found 
in the  stud ied  in terval of frequencies from  2 to 10 kHz, a t te r tia ry  spacing. 
S im ilar resu lts  w ere obtained by G rubnik  [2], see Fig. 6. However, a fte r 
the  resu lts  of our experim ents w ere obtained, a study  by G oncharenko et 
al. [4] appeared, in w hich the above rela tionship  was exposed for tw c- 
layer bottom . T heir findings conform  reasonably  w ith  B rekhovskikh’s 
com putations for a m u ltilayer bed. The function of absolute reflectiv ity  
versus frequency  is illu s tra ted  in  Fig. 7. The function VQ (f) is oscillatory, 
its period changing w ith  the  incidence angle of acoustic w aves a t the  sea 
floor (w ith the  exception of the  case C2 C0, in which C2 and CQ are 
speeds of sound in the  upper floor layer and  in w ater, respectively). The 
frequency  relationships obtained for various angles of incidence can be 
used in com putations of the characteristics of respective bottom  layers.

The lack of a frequency  function for the absolute reflectiv ity , in our



Fig. 5. Absolute value of reflecitivity, V0, versus frequency of acoustic w ave f(#  =  0°) 
o d a ta  fo r  m a c ro fa u n a  
x  d a ta  fo r  f in e  sa n d  
A d a ta  fo r  v e ry  f in e  sa n d

Rye. 5. Zależność modułu współczynnika odbicia (V0) od częstotliwości fali akusty­
cznej f (# — 0°)
o d a n e  d la  m a k ro fa u n y  
x  d a n e  d la  p ia s k u  d ro b n o z ia rn is te g o  
A d a n e  d la  p ia sk u  b a rd zo  d ro b n o z ia rn is te g o

0 ___ 1___ I___ 1____I___ 1___ I___ 1___ I--------1--------L

2 U 6 8 10
/ [ k H z  ]

Fig. 6. Experimental absolute values of sea-floor reflectivity, V0, versus frequency. 
Different notations correspond to various measuring points. According to Grubnik 
[2]
Rye. 6. Eksperymentalne wartości modułu współczynnika odbicia V0 od piaszczyste­
go dna w  funkcji częstości. Poszczególne oznaczenia odpowiadają różnym punktom  
pomiarowym. Wg pracy N.A. Grubnik [2]
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Fig. 7. Absolute value of reflectivity versus frequency for a two-layer model of the 
sea floor (the case Ca C0, in which C2, Cc — speeds of sound in the upper layer 
and ir. water, respectively). According to Goncharenko, Zakharov, Ivanov, Kirshov 
[3]

O e x p e r im e n ta l  d a ta  
--------  th e o re tic a l  c u rv e

Rye. 7. Zależność częstotliwościowa modułu współczynnika odbicia dla dwuwarstwo­
wego modelu dna (przypadek gdy C2 <^C0; gdzie Ca, C0 — prędkości dźwięku od­
powiednio w  powierzchniowej w arstw ie dna i w  wodzie). Wg pracy B. I. Gonczarien- 
ko, L.N. Zacharów, W.E. Iwanow, W.A. Kirszow [3]

O d a n e  e k s p e ry m e n ta ln e  
--------  k rzy w a  te o re ty c z n a

Fig. 8. Experim ental absolute values of reflectivity for very fine sand, versus 
frequency of acoustic wave, at two angles of incidence 

A d a ta  o b ta in e d  fo r  Si =  0° 
d a ta  o b ta in e d  fo r  =  25°

Rye. 8. Eksperymentalne wartości modułu współczynnika odbicia od piasku bardzo 
drobnoziarnistego w  funkcji częstotliwości fali akustycznej dla dwóch kątów pa­
dania

A d a n e  o trz y m a n e  p rz y  fti =  0° 
j ^  d a n e  o trz y m a n e  p rz y  fit =  25°



resu lts, m ight have been due to too wide increm ents in the  frequency 
scale.

The varia tion  of reflec tiv ity  fo r d ifferen t angles of incidence of 
acoustic w aves a t the bottom  is illu stra ted  in Figs. 8 and 9 by the  exam ­
ples of two angles selected for both m acrofauna and very  fine sand, i.e. 
Oj =  0°, 02 — 15°, and i>i =  0°, =  25°, respectively. The absolute re ­
flectivities, averaged  over the  whole range of frequencies for the four 
angles are:

m acrofauna =  0°
d2=  15° 

very  fine sand 0i =  0° 
=  25°

V0 =  0.59 
V0 =  0.80 
V0 =  0.61 
V0 =  0.57

According to the  general theore tical rela tionsh ip  [2, 9], the data obtained 
in th is s tudy  point to  the  grow th  of reflec tiv ity  w ith  the  increasing angle 
of incidence of the  acoustic w ave. From  Figs. 8 and  9 it appears th a t  the 
above rela tionsh ip  is satisfied in  the  w hole range of frequencies for the  
m acrofauna soil and in  the  2... 6.3 kHz frequencies for very  fine sand.

Fig. 9. Experim ental absolute values of reflectivity from a sea floor consisting of 
m acrofauna (molluscs, snails), versus frequency of acoustic wave, for two angles 
of incidence

O d a ta  o b ta in e d  fo r  fh =  0°
•  d a ta  o b ta in e d  fo r  dt =  15°

Rye. 9. Eksperymentalne wartości modułu współczynnika odbicia od powierzchni 
dna utworzonej z makrofauny (małże, ślimaki) w  funkcji częstości fa li akustycznej 
dla dwóch kątów padania 

O d a n e  o trz y m a n e  p rz y  di =  0°
•  d a n e  o trz y m a n e  p rz y  9« =  15°



The resu lts  for frequencies of 8 and 10 kHz for sand differ from  the  
rem ain ing  findings. To find  w h e th er th is deviation is due to a m ore com­
plex  rela tionsh ip  betw een reflec tiv ity  and the  angle of incidence, coupled 
w ith  selective absorption in  a tw o-layer bed, or is caused by e rro rs  in  
m easurem ents, is im possible because of the  lim ited num ber of experi­
m ental data.

The m easurem ent of reflec tiv ity  by the  m ethod of standing waves 
is one of the  m ost accurate techniques. The erro rs caused by m ultip le  
reflections from  a free surface and the  sea floor have been estim ated 
elsew here [3]. In  our experim ents th is type of e rro r does not exceed 5 per 
cent. The determ ination  of the  ex trem a of standing w aves is also easy, 
as shown in Fig. 10 a, b, c, d; the fluctuations of the  signal received do 
not exceed 0.1V, w hile the  difference betw een standing-w ave m axim a 
and m inim a reaches 0.4... 0.5 V. Hence, the accuracy of determ ination  of 
acoustic p ressure  a t the  m axim a arid m inim a of the field of in te rfe rence  
is basically  equivalen t to  the  accuracy of voltage read-out on a vo ltm eter 
scale

5. CONCLUSIONS

1. The figures obtained for the  sea-floor reflec tiv ity  in  the  south 
Baltic are  com parable w ith  data  for o ther w ater bodies and a re  contained 
w ith in  the  lim its given by o ther au thors for sim ilar types of sea floor.

2. In  the  case of norm al incidence of acoustic waves the  average 
absolute values of reflec tiv ity  are  0.55 for fine sand, 0.61 for very  fine 
sand, and 0.59 for m acrofauna.

3. No d istinct rela tionship  was found betw een the absolute value of 
reflec tiv ity  and the  frequency  of acoustic waves in  frequencies of 2... 
10 kHz.

4. I t  was found th a t reflec tiv ity  increases w ith  the  increasing inci­
dence angle of acoustic w aves on a f la t unstra tified  bed, which confirm s 
the  existing th eo ry  [2,9], In  the  case of a m u ltilay er bed th is depen­
dence is m uch m ore com plex and is controlled by  characteristics of indi­
v idual layers an d  acoustic w ave-leng th  [1,4],

5. In  o rder to  analyse the  experim ental reflectiv ities for various sea 
floors correctly  not only is a know ledge of the upper layer of the  floor 
im portan t, bu t also the  in te rn a l s tru c tu re  of the  bed, especially  if acoustic 
signals of high in tensity  are  employed.
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Fig. 10. Exam ples of recorded interference fields, obtained w hen the hydrophone 
moved along the z-axis (vertical axis oriented upwards from the bottom). The 
drawings correspond to various frequencies of acoustic waves
Rye. 10. Przykłady rejestracji pola interferencyjnego otrzymane podczas ruchu hy­
droforni wzdłuż osi z (tj. osi pionowej, skierowanej ku swobodnej powierzchni m o­
rza). Poszczególne rysunki odpowiadają różnym częstotliwościom  fali akustycznej

5 — O cean o lo g ia  N r 11
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STRATY ENERGII A K USTYCZNEJ PRZY ODBICIU OD WYBRANYCH 
RODZAJÓW  DNA POŁUDNIOW EGO BAŁTYKU

STRESZCZENIE

Przedstawiono w yniki pomiarów współczynnika odbicia fal akustycznych od 
dna Bałtyku dla trzech rodzajów materiału osadowego i trzech kątów padania w  
zakresie częstości 2—10 kHz (w odstępach tercjowych). Dla piasku drobnoziarnistego 
o średniej średnicy ziaren 0,145 mm współczynnik odbicia od dna, uśredniony w  ca­
łym  zakresie częstości, wynosi 0,55, dla piasku o średnicy 0,12 mm—0,61 mm i dla ma­
teriału złożonego w  przeważającej części z makrofauny (Mytilus edulis, Cardium  
lamarcki, Macoma balthica) — 0,59.

Przytoczone wartości określają m aksym alne straty energii akustycznej otrzymane 
przy prostopadłym padaniu fali na dno. W zakresie częstości 2—10 kHz nie zaobser­
wowano wyraźnej zależności częstotliwościowej. Uzyskane wartości współczynnika  
odbicia zbliżone są do rezultatów otrzymanych przez Grubnika [2] dla Morza Kaspij­
skiego.
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