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TEMPORAL AND SPATIAL VARIABILITIES I N  SHALLOW WATER ACOUSTICS: 
MEASUREMENTS AND PREDICTIONS 

Hassan B. A l i ,  Me l ch io r re  C. Fe r l a  and Tuncay Aka1 

ABSTRACT 

An acous t i c  s i gna l  propagat ing i n  t h e  sea i s  gene ra l l y  degraded not  on ly  by 
i n t e r a c t i o n s  w i t h  t he  bottom and sur face  boundaries, b u t  a l s o  by volume 
inhomogeneit ies caused by non -un i f o rm i t i es  i n  temperature, dens i t y ,  and 
s a l  i n i  t y  d i s t r i b u t i o n s .  The degradat ions i n  t he  acous t i ca l  s i g n a l  a re  mani - 
f e s t e d  by f l u c t u a t i o n s  i n  i t s  ampl i tude and phase and by an accompanying 
l o s s  i n  i t s  coherence p rope r t i es .  The r e s u l t s  o f  exper iments conducted i n  a  
shal low water area o f  t h e  Mediterranean a re  used t o  e s t a b l i s h  c o r r e l a t i o n s  
between f l u c t u a t i o n s  i n  acous t i c  t ransmiss ion  l o s s  and v a r i a b i l i t y  i n  t h e  
env i  ronmental parameters. The phys ica l  processes respons ib l e  f o r  t h e  
observed f l u c t u a t i o n s  a re  i d e n t i f i e d  p r i m a r i l y  w i t h  i n e r t i a l  e f fects ,  semi - 
d i u r n a l  t i d e s ,  and f i n e - s t r u c t u r e .  Using a  mod i f i ed  ve rs i on  o f  SNAP 
(SACLANTCEN Normal Mode Acous t i c  Propagat ion Model ) comparisons a re  made 
between measured and p red i c ted  acous t i c  t ransmiss ion  loss.  

INTRODUCTION 

I n  a t tempt ing  t o  use acous t i cs  i n  t h e  ocean, one i s  i n e v i t a b l y  conf ronted 
by t he  bas ic  problem o f  t he  i nhe ren t  complex i t y  o f  t h e  medium. The parame- 
t e r s  c o n t r o l l i n g  t h e  propagat ion vary, u s u a l l y  unpred ic tab ly ,  bo th  spa- 
t i a l l y ,  and, more s i g n i f i c a n t l y ,  tempora l l y .  An acous t i c  s i gna l  propagat ing 
i n  such a  medium i s  consequent ly sca t t e red  not  o n l y  by i n t e r a c t i o n s  w i t h  
t h e  bottom and sur face  boundaries, bu t  a l s o  by volume inhomogeneit ies 
caused by non -un i f o rm i t i es  i n  temperature,  dens i t y ,  and s a l i n i t y  d i s t r i b u -  
t i o n s .  The degradat ions i n  t h e  acous t i ca l  s i gna l  a re  mani fested as f l u c -  
t u a t i o n s  i n  i t s  ampl i tude and phase and by an accompanying l o s s  i n  i t s  
coherence p rope r t i es .  

A l though t h e  mechanisms l ead ing  t o  f l u c t u a t i o n s  i n  acous t i c  propagat ion a re  
d ive rse ,  an essen t i a l  common f e a t u r e  i s  an assoc ia ted non-uni formi ty  i n  t h e  
medium, e i t h e r  temporal o r  s p a t i a l  o r  both. Depending on t h e  temporal  and 
s p a t i a l  sca les invo lved ,  t h e  mechanisms can be considered e i t h e r  de te r -  
m i n i s t i c  o r  random l ] .  The general c i r c u l a t i o n  o f  t h e  ocean ("ocean 
c l i m a t e " )  and i t s  assoc ia ted  c u r r e n t  systems (Gu l f  Stream, Kuroshio, e t c )  
a r e  cha rac te r i zed  by h o r i z o n t a l  sca les o f  v a r i a b i l i t y  l i m i t e d  on ly  by t h e  
s i z e  o f  t h e  basin, v e r t i c a l  sca les o f  a few 100 m, and temporal sca les from 
a  few days t o  seasonal. These a re  d e t e r m i n i s t i c  s t r uc tu res .  The i n t e r -  
mediate sca les o f  v a r i a b i l i t y ,  i n c l u d i n g  ocean mot ions such as f r o n t s  and 
eddies, can a l so  be considered t o  be d e t e r m i n i s t i c  p e r t u r b a t i o n s  from t h e  
mean s t ruc tu re .  The assoc ia ted sca les  o f  v a r i a b i l i t i e s  a re  o f  t h e  o rder  o f  

Report no. changed (Mar 2006): SM-178-UU



SACLANTCEN SM-178 

Smal ler  sca les comprise i n t e r n a l  waves, f i n e - s t r u c t u r e ,  and m ic ros t r uc tu re .  
These phenomena must be cons idered random. The i n t e r n a l  waves a re  charac- 
t e r i z e d  by sca les f rom 100 m t o  10 km o r  more i n  t h e  h o r i z o n t a l ,  1 t o  100 m 
i n  t h e  v e r t i c a l ,  and from about 10 min t o  1 day i n  t ime. Since they  owe 
t h e i r  ex i s t ence  t o  t he  r e s t o r i n g  f o r ces  due t o  t h e  d e n s i t y  g rad ien t  and t h e  
C o r i o l  i s  force,  t h e  f requency spec t ra  of i n t e r n a l  waves a re  bounded by t h e  
i n e r t i a l  f requency a t  t h e  low end and by t h e  buoyancy frequency 
(Brun t -Vh isb la )  a t  t h e  h i g h  end. V a r i a b i l i t y  induced by i n t e r n a l  waves has 
been found t o  be a  very  s i g n i f i c a n t  source o f  sound s c a t t e r i n g ,  r e c e i v i n g  
cons iderab le  a t t e n t i o n  i n  recen t  years  [2,3,41. Va r i ab i  l i t y  induced by 
f i n e  s t r u c t u r e  and m i c r o s t r u c t u r e  i n v o l v e s  sca les  f rom severa l  t o  hundreds 
o f  metres i n  t h e  h o r i z o n t a l ,  cen t imet res  t o  about 10 m i n  t h e  v e r t i c a l ,  and 
temporal  sca les  o f  t h e  o rde r  o f  m i l l i seconds .  Such v a r i a b i l i t y  would be 
expected t o  a f f e c t  sound p ropaga t ion  i n  t h e  f requency range from approxima- 
t e l y  1 kHz t o  tens o f  k i l o h e r t z .  

F i g u r e  1 l summarizes t h e  temporal  f l u c t u a t i o n s  o f t e n  observed i n  
acous t i c  p ropaga t ion  exper jments.  I n  t h e  measurement r e s u l t s  t o  be 
d iscussed here, t h e  dominant mechanisms appear t o  be low-frequency i n t e r n a l  
waves i . e .  i n e r t i a l  o s c i l l a t i o n s ) ,  f i n e - s t r u c t u r e ,  and semi -d iu rna l  
t i d e s .  

1 PROPAGATION CHARACTERISTICS OF THE TEST ENVIRONMENT 

I n  o rde r  t o  exami ne t h e  r e l a t i o n s h i p  between environmental  v a r i a b i  l i t y  and 
temporal  f l u c t u a t i o n s  i n  t r ansm iss i on  l oss ,  an acous t i c  p ropaga t ion  e x p e r i -  
ment was conducted i n  a  sha l low water  reg ion  o f  t h e  Medi ter ranean Sea 
( S t r a i t  o f  S i c i l y )  where t h e  water  depth v a r i e d  f rom about 40 m t o  85 m, as 
seen i n  Fig.  2. A l though t h e  bathymetry  o f  t h e  area i s  f a i r l y  complex, t h a t  
a long  t h e  p ropaga t ion  run i s  r e l a t i v e l y  simple. The water c i r c u l a t i o n  i n  
t h e  r eg ion  can be descr ibed  as a t h r e e - l a y e r  system: water o f  A t l a n t i c  o r i -  
g i n  en te r s  t h e  Medi ter ranean i n  t h e  su r face  l a y e r  w h i l e  more s a l i n e  
Levan t ine  water f l ows  i n  t h e  oppos i t e  d i r e c t i o n  i n  t h e  lower  layer .  A  
t h i r d ,  i n t e rmed ia te  l aye r ,  e x i s t s  i n  which t l ~ r b u l e n t  m i x i ng  occurs. A tem- 
pe ra tu re /  s a l i n i t y  p l o t  o f  t h e  measured data,  no t  shown here, con f i rms  t h i s  
general  behaviour.  

For  t h e  exper imenta l  s i t u a t i o n  dep i c t ed  i n  Fig. 2, broad-band ( e x p l o s i v e )  
sources were dropped on a  quasi  - hou r l y  bas is ,  t h e  s i g n a l  be ing  rece ived  a t  
35 km d i s t ance  by a  v e r t i c a l  a r r ay  o f  hydrophones. Simultaneous sampl ings 
were taken o f  t h e  p e r t i n e n t  oceanographic parameters: sound speed, tem- 
pera tu re ,  s a l i n i t y ,  and d e n s i t y  (STDV cas ts ) .  The t e s t  was conducted 
d u r i n g  summer c o n d i t i o n s  (August 1976), a  t y p i c a l  depth p r o f i l e  o f  t h e  
env i ronmenta l  parameters be ing  seen i n  F ig .  3. Th is  t y p e  o f  p r o f i l e  tends 
t o  l ead  t o  downward r e f r a c t e d  a c o u s t i c  paths,  r e s u l t i n g  i n  g r e a t e r  bottom 
i n t e r a c t i o n  than would occur  f o r  a  w i n t e r  p r o f i l e .  V e r t i c a l  s t r a t i f i c a t i o n  
and some f i n e - s t r u c t u r e  a re  ev i den t  i n  t h e  p r o f i l e s .  A c l o s e r  a n a l y s i s  o f  
t h e  sound speed p r o f i l e  over  s h o r t e r  i n t e r v a l s  i n  depth and sound speed 
revea l s  more c l e a r l y  t h e  presence o f  f i n e - s t r u c t u r e ,  cha rac te r i zed  by ve r -  
t i c a l  dimensions o f  t h e  o rder  o f  f rom cen t imet res  t o  one o r  two metres. 

The e f f e c t  on acous t i c  p ropaga t ion  i s  shown i n  Fig. 4, which p resen ts  con- 
t o u r s  o f  measured t r ansm iss i on  l oss ,  i n  1 /3  oc tave  bands, i n  t h e  
f requencylrange plane. The ex i s t ence  o f  an optimum frequency range f o r  
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PRINCIPAL 
ENVIRONMENTAL 

PARAMETER 

PERIOD 

$. 
ms FINE AND MICROSTRUCTURE 

5 sec SURFACE WAVE SIGNATURES 

10 min + INTERNAL WAVE SIGNATURE 

4 hr SHALLOW WATER TIDES 

12 hr ' SEMIDIURNAL TIDES 

24 hr r ~ -  DIURNAL TIDES 

4 day + I 
15day - 1  MESOSCALE (EDDIEs.FRoNTs) PHENOMENA 

I OCEAN CLIMATE 

1 year - r ~ .  

PRINCIPAL 
ACOUSTIC 
EFFECTS 

AMPLITUDE, PHASE AND PROPAGATION PATH 
FLUCTUATIONS; HIGH FREQUENCY SCATTERING 

AMPLITUDE MODULATI0N;SCATTERING 

AMPLITUDE AND PHASE FLUCTUATION;SIGNIFICANT, 
REFRACTION OF NEARLY HORIZONTAL PATHS 

NOISE-LIKE AMPLITUDE FLUCTUATIONS; 

PHASE FLUCTUATIONS SIMPLY CORRELATED 

WITH TIDAL VARIATIONS. 

GREATEST EFFECTS IN SHALLOW WATER 

FLUCTUATIONS IN PROPAGATION PATH. ACOUSTIC 
INTENSITY; DISTORTION OF SIGNAL SHAPE. 

FLUCTUATION IN AMPLITUDE.PHASE AND 

PROPAGATION PATH 

F I G .  1 TEMPORAL VARIATIONS OBSERVED I N  ACOUSTIC DATA 
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TEMPERATURE ('C) 
l I I 1 I i 
15 17 19 21 23 25 27 

SOUND SPEED (mls) 
I 

1510 1'5 $0 15 i0 j05 15h0 

SALINITY (Oleo) 
l I I 1 

36.5 37.0 37.5 38 

F I G .  2 
ENVIRONMENT OF THE 
EXPERIMENT 

F I G .  3 
AN EXAMPLE OF DEPTH PROFILES 
OF TEMPERATURE, SOUND SPEED, 
AND S A L I N I T Y  
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The e f f e c t  on acous t i c  p ropaga t ion  i s  shown i n  Fig.  4, which p resen ts  con- 
t o u r s  of measured t r ansm iss i on  loss ,  i n  1 /3  octave bands, i n  t h e  
f requency l range  plane. The ex i s t ence  o f  an optimum frequency range f o r  
acous t i c  propagat ion - i.e., a  range f o r  which t h e  t r ansm iss i on  l o s s  i s  
minimal - i s  c l e a r l y  ev i den t  and, i n  t h i s  case, l i e s  between approx imate ly  
100 and 400 Hz. The exp lana t i on  f o r  t h i s  i s  as f o l l o w s :  t h e  very  low f r e -  
quencies s u f f e r  l a r g e  a t t e n u a t i o n  as a  r e s u l t  o f  bot tom i n t e r a c t i o n  
( p e n e t r a t i o n  i n  t h e  bottom i n c r e a s i n g  w i t h  i n c r e a s i n g  wavelength),  whereas 
t h e  very h i gh  f requenc ies  are g r e a t l y  a t tenua ted  by abso rp t i on  i n  t h e  water 
column and, poss ib l y ,  by s c a t t e r i n g  f rom f i  ne-s t ruc tu re .  Hence t h e  
ex i s t ence  o f  an optimum frequency range somewhere i n  between t h e  two e x t r e -  
mes <5,6>. I n  o the r  words, f o r  t h e  c o n d i t i o n s  t y p i f i e d  by Fig.  3, sha l low 
water  behaves l i k e  a  band-pass f i l t e r  f o r  p ropaga t ing  broadband acous t i c  
s i  gnal S. 

(Hz)  SD:5Om R D :  4 0 m  

0 l0 20 30 (km) 

F I G .  4 CONTOURS OF MEASURED TRANSMISSION LOSS UNDER 
SUMMER CONDITIONS 
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2  TEMPORAL VARIABILITY I N  THE ENVIRONMENTAL DATA 

O f  pr imary i n t e r e s t  f o r  our  purpose i s  t h e  temporal  behav iour  a t  a  f i x e d  
range, here 35 km, o f  t h e  r e l e v a n t  parameters. An example i s  g iven  i n  
Fig.  5, which shows t h e  v a r i a t i o n  o f  sound speed w i t h  depth a t  t h e  r e c e i v e r  
p o s i t i o n  over a  p e r i o d  o f  25 hours. 

The contour  l i n e s  are spaced 2  m/s apar t ,  a  g rea te r  d e n s i t y  o f  l i n e s  i n d i -  
c a t i n g ,  o f  course, a  s teeper  g rad ien t  i n  t h e  sound speed p r o f i l e .  Thus t h e  
range from approx imate ly  25 t o  35 m comprises t he  s teepest  p o r t i o n  o f  t h e  
the rmoc l ine .  The reg ion  down t o  20 m o r  so i s  e s s e n t i a l l y  i s o v e l o c i t y ,  
w i t h  sound speed approx imate ly  1538 m/s. The f l u c t u a t i o n s  i n  sound speed 
a re  q u i t e  ev iden t ,  p a r t i c u l a r l y  a t  a  depth o f  25 m o r  so w i t h i n  t h e  t h e r -  
mocl i ne .  Stated d i f f e r e n t l y ,  t h e  con tour  p l o t  c l  e a r l y  i n d i c a t e s  an 
o s c i l l a t i o n  i n  t h e  w id th  o f  t h e  mixed l a y e r  ( su r f ace  duc t ) .  The frequency 
con ten t  of these o s c i l l a t i o n s  i s  o f  p a r t i c u l a r  i n t e r e s t ,  p r o v i d i n g  as it 
does c lues t o  t h e  r espons ib l e  mechanisms. Examples o f  f requency spec t ra  o f  
t h e  re1 evant env i  ronmental parameters, ob ta ined  from FFT's o f  t h e  
cor responding normal ized t ime  se r i es ,  are  shown i n  Fig.  6. The dominant 
f l u c t u a t i o n s  occur i n  t h e  f requency range f rom 0.05 t o  0.06 cyc le /h ,  o r  f o r  
pe r i ods  from 20 t o  17 hours. Th is  range does, i n  f a c t ,  correspond t o  t h a t  
o f  i n e r t i a l  o s c i l l a t i o n s  f o r  t h i s  geographica l  area. One can o n l y  specu la te  
as t o  t h e  o r i g i n  o f  t h e  apparent i n e r t i a l  o s c i l l a t i o n s  i n  t h i s  case, bu t  
t h e r e  i s  some evidence, bo th  f rom t h e  l i t e r a t u r e  [7] and from t h e  p resen t  
data,  t h a t  they  may be wind-induced. A t  t h e  p a r t i c u l a r  depth (25 m) 
i n v e s t i g a t e d  f o r  Fig.  6, semi - d i u r n a l  e f f e c t s  seem t o  be i n s i g n i f i c a n t .  
However, from t h e  r e s u l t s  ob ta ined  a t  o t he r  depths i t appears t h a t  w i t h  
i n c r e a s i n g  depth t h e  i n e r t i a l  o s c i l l a t i o n s  decrease i n  importance r e l a t i v e  
t o  t h e  semi-d iurna l  e f f e c t s .  Th i s  i s  c o n s i s t e n t  w i t h  t h e  suppos i t i on  t h a t  
t h e  dominant f o r c i n g  mechanism i n  t h i s  case i s  me teo ro l og i ca l ,  and t h e r e -  
f o r e  t h a t  t h e  e f f e c t s  are expected t o  d i m i n i s h  w i t h  depth. 

8.0 23.0 28.0 33.0 38.0 43.0 
TIME (HR) 

FIG. 5 TIME/DEPTH CONTOURS OF MEASURED SOUND S P E E D  
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F I G .  6 SPECTRA OF ENVIRONMENTAL PARAMETERS AT 25 m DEPTH 
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FLUCTUATIONS IN ACOUSTIC TRANSMISSION LOSS 

F igu re  7 shows t h e  contours o f  measured t ransmiss ion  l oss ,  i n  1/3 octave 
bands, i n  t h e  f requency/ t ime plane f o r  source and r e c e i v e r  depths o f  50 m 
and 40 m, r espec t i ve l y .  The h ighe r  f requencies,  above 1.6 kHz o r  so, exh i -  
b i t  f a r  more pronounced f l u c t u a t i o n s  than t h e  lower  f requencies.  Th is  may 
i n d i c a t e  t h a t  t h e  env i  ronmental phenomena respons ib le  a re  of phys i ca l  
dimensions t h a t  are comparable t o  t h e  acous t i c  wavelengths o f  t h e  h i ghe r  
f requencies.  I n  o rder  t o  demonstrate t h i  S s e l e c t i v e  frequency e f f ec t  more 
c l e a r l y ,  t h e  s i g n a l s  a t  200 Hz and 160 Hz were compared. The r e s u l t s  a re  
shown i n  Fig. 8. 

The spect ra ,  obta ined f o r  t h e  same source / rece iver  depths as those i n  
Fig. 7, emphasize t h e  d i f f e r e n c e  i n  t he  e f f e c t  o f  environmental  v a r i a b i -  
l i t y .  These r e s u l t s  suggest t h a t  t h e  optimum frequency range i s  l e s s  
suscep t i b l e  t o  env i  ronmental v a r i a b i  l i t y  than o the r  f requency ranges. A 
comparison of these spec t ra  w i t h  those shown i n  Fig.  6 revea ls  a  good 
c o r r e l a t i o n  between t he  spec t ra  o f  environmental  v a r i a b i  l i t y  and t h e  h i ghe r  
f requency transmi ss i on  loss  spectrum. The sh i  f t  o f  t he  spectrum towards 
t h e  semi -d i  u rna l  frequency, ev iden t  i n  t h e  t ransmiss ion  l o s s  spectrum, can 
be a t t r i b u t e d  t o  t he  d i f f e r e n c e s  i n  depths, as a l ready  i nd i ca ted .  As a 
f i n a l  r e s u l t ,  Fig.  9 shows t h e  comparison between measured and p red i c ted  
t ransmiss ion  losses. The c a l c u l a t i o n s  were made us ing  a mod i f i ed  form o f  
t h e  SACLANTCEN Normal -Mode Acous t i c  Propagat ion Model (SNAP) [8]. A1 though 
some d i  f ferences i n  d e t a i  l S a re  ev iden t ,  agreement between t h e  general  
f ea tu res  i s  q u i t e  good. Since SNAP was used as a range-independent model, 
t h e  r e s u l t s  suggest t h a t  t h e  temporal v a r i a b i l i t y  i n  t h e  sound speed p r o f i -  
l e s  was t he  dominant one, t h e  s p a t i a l  v a r i a t i o n  over t h e  35 km range 
apparen t l y  being l e s s  impor tant .  Nevertheless, an unequivocal  demonstrat ion 
of t h i s  r equ i res  t h e  comparison o f  these r e s u l t s  w i t h  those from a range- 
dependent ca l  c u l  a t i o n .  
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F I G .  7 CONTOURS OF MEASURED TRANSMISSION LOSS 
FLUCTUATIONS AT A FIXED RANGE ( 3 5  km) 

CYCLES PER HOUR 

F I G .  8 SPECTRA OF TRANSMISSION LOSS FOR TWO 
SELECTED FREQUENCIES 
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F I G .  9 COMPARISON OF MEASURED AND PREDICTED TRANSMISSION LOSS FLUCTUATIONS 
A T  35 k m  ( a )  MEASURED (b) PREDICTED ( S N A P )  

CONCLUSIONS 

Based on t he  r e s u l t s  o f  measurements performed i n  a  shal low water area o f  
t h e  Mediterranean, i t  i s  concluded t h a t  f l u c t u a t i o n s  i n  acous t i c  
t ransmiss ion  l oss  can be c o r r e l a t e d  w i t h  assoc ia ted v a r i a b i l i t y  i n  t he  
env i  ronmental parameters. More p a r t i c u l a r  conc l  us ions i n c l u d e  t h e  
f o l  l ow ing :  

- Both t h e  envi  ronmental parameters and acous t i c  t ransmiss ion  l o s s  reveal  
f l  u c t u a t i o n s  a t  i n e r t i a l  f requencies and semi - d i u rna l  f requencies.  

- The i n e r t i a l  e f f e c t s  dominate i n  t he  sur face  layers ,  whereas t h e  semi- 
d i u r n a l  e f f e c t s  a re  o f  g rea te r  importance a t  g rea te r  depths, suggest ing 
a  meteor01 og i  c a l  f o r c i n g  func t ion .  

- The f l u c t u a t i o n s  i n  t he  magnitude o f  acous t i c  t ransmiss ion  l o s s  a re  
g rea tes t  f o r  t he  h i ghe r  f requencies (1.6 kHz and above) and l e a s t  f o r  
an optimum frequency range from approx imate ly  100 t o  400 Hz. 

- Reasonably good agreement has been obta ined between measured 
t ransmi s s i  on l oss  and p r e d i c t i o n s  based on a  range-i  ndependent normal 
mode c a l c u l a t i o n  o f  acous t i c  propagat ion (us ing  SNAP) [6]. 
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