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ABSTRACT

EFFECTS OF OCEAN FRONTS ON MULTIPATH VERTICAL ANGLES

AND THE ASSOCIATED BIASES IN ARRAY BEARING ESTIMATION

R.P. Flanagan and x. zabalgogeazcoa

An oceanic frontal system perpendicular to tfle propaga-

t’on path is modeled with a deep receiver in warm water and

a shallow source which is moved throuq h the fronta l system

into proqressiv~ 1y colder water. A ray mode l is used to

ca1cu 1~it~ the arrival structure and determine the effects

of th.~ t rc’~t.t l system on ray amplitude and vertical angle.

The receiving horizontal line array determ i nes the bias in

bearLnq estAmation resultinq (ran the changing multipath

• strurt~ re. This bias is found to be heavily dependent on

array orientation and range into the frontal system while

being only slightly dependent on array beamwidth. The under-

lying physics causing the multipath variations is the frontal

system acting as a focusing lens. When the transducer posi—

~~ns arc reversed , that is a deep receiver in cold water

and a shallow source in progressively warmer I.ç&IAr t.h~For
frontal system acts as a diverg ing lens. ~Tt~3 ~~~~~~~~~~~
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Introduction

The propagation of sound through oceanic fronts is

a topic of interest due to the frequent appearance of

these systems in the wor ld oceans. Typically an ocean

front may be visualized as a well defined transition

region between two volumes of water w ith characteristic

sound velocity distributions. One of the effects of

such a region in a propagation path is the alteration of

the multipath structure of the received signal; in fact

an oceanic front may act as an acoustic lens with either

convergent or dispersive characteristics depending on the

direction of transmission . Since source bearing estima-

tion with a linear array is hi ghly dependent on the

vertical structure of the acoustic paths at the sensors

one of the major effects of an oceanic front is the in-

troduction of biased bearing estimation . The object of

this paper is the determination of the magnitude of this

bias for a typical frontal system anomaly.

In this study ray trac ing techniques applied to an

ocean with vertical and horizontal variations in the sound

velocity profile have been used to analyze the effect of

a frontal system on acoustic transmission. The bulk of

the material is concerned with a source located in pro-

gressively colder water propagating a 200 Hz CW signal

through the frontal system to a warm water array . After

the multipath structure , arriva l angle, bearing estimation

and bias are thoroughly presented for this transducer

geasetry the positions of the source and receiver are

— 
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reversed and a brief examination of the frontal effects

is made . In both cases the bias in bearing estim3tion

introduced by the frontal system was found to be a

function of range , beaznwidth , and directional orienta—

tion of the array .

liii ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — - — —  —
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I. The Frontal System

An oceanic front may be defined as the transition

region which divides water masses of different physical

characteristics with the surface positions of the fronts

being marked by stiong horizontal temperature gradients.

These fronts tend to remain in one area, but can exhibit

severe variations within that area) 2 A general outline

of the frontal systems of the world oceans along with

their seasonal position s is given by Laevastu and LaPond.3

Work on specific systems includes L.evenaon and Doblar4 for

the North Atlant ic , Roden 5 for the North Pacific and

Banni ster , et. al..6 for the South Tasman Sea.

The system we have chosen to model is bi-frontal

and ex tends I r~~ warm to cold water reg ions, (Fig. 1).

Proceeding from warm to cold water the first region has

a profile with a negative gradient extending from the

surface to the SOFAR axis. The profile for the second

region has a near isovelocity layer extending from the

surface to 150 m. Beyond that depth the sound velocities

gradually merge to form an elevated SOFAR axis. The area

separating these two regions is termed the first front

and ii 50 km wide. The third region contains the coldest

water and has a near isovelocity layer in the upper 200 m

joined to a positive gradient below that depth. The

second front, which separates regions 2 and 3, is also

50 km wide. Because of the imaginary location of the

receiving array, and thus iti variability in rang., it

is possible to examine the propagation of sound for both

th. singl. and double front cases.

- - ,  —---- ~~~— A
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The top half of Fig . 1 shows the location of the

fronts with range. The receiver is at 2100 m in the

warm water profile while the 100 m deep source was

placed at ranges varying fran 700 to 1125 km. Each

reg ion has a range independent Sound velocity while

the fronts contain the transition profiles between

surrounding regions .

The fronts are taken to be perpendicular to the pro-

pagation path. If this is not the case horizontal refrac-

tion takes place and the rays propagate out of the vertica l

plane indicating a source of bearing bias which will not

be examined here . Finally , the width of the front will

affect he bia s in bearing estimation. Cr’lcjlations with

a front width ~if 5 km showed rapid oscillations of this

bias with ranqe. This occurs because the rays alternately

sampi.’ and miss the front since the anomaly decreases in

amp~ itude with depth and the r ays  may therefore pass under

i t  at certain ranges.

I
L.~i ~~~~~~~~~~~~~~~~~~~~~ —— —--——~~~~~- --.- — -—-—
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II. The Ray Model

The ray model used for this study is described else-

where
7 
and is capable of tracing rays in a medium with

vertical and horizontal variations in the sound speed pro-

file . The basic profile consisted of four pieces with a

linear bottom section, two hyperbolic cosines for the SOFAR

region, and a surface section with a sound velocity distribu-

tion that yields a conic ray path. The horizontal variation

of the profiles occurred only in the two frontal regions

with ranae steps of 1CO m. The bottom was assumed to be

flat and b aBy to limit the significant arrivals to refracted-

ref racted (RR) and refracted-surface reflected (RSR) ray..

The corresponding profiles and profile anomalies are shown

in the lower half of Fig. 1 and Fig . 2 respectively. It

can be seen that the ar osralies for these two fronts are

similar in general form . 

-~~~~~~~~~~_ -~~~~~~~~~~~~~~~~~~~~~~ 
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III. The Array Reception Model

The receiving array was modeled as a horizontal

linear set of phones. In order to avoid specifying the

number , separation distances , and shading of the phones,

the calculations were performed for 3 dB beamwidths of

1
0

, 2° and ~ 0 with sin x/x weightings. The range of

beamwidths was based on the examination of several papers

on arrays a few of which are ref. 8-11. Typically beam—

width broadens when passing fran broadside to end f ire

aspects so the results for the different beainwidths can

be mixed to more accurately depict this. The array recep-

tion as a function of array axis orientation with respect

to the frontal system was simulated . The array axis was

rotated fran a position ~aral 1el to the fronts to the

perpendicular position in 10 ~~crement8 For each array

orientation the array response as a function of azimuth

(9) was obtained by means of the incoherent beatnformer.

P(e~’J~~ A~ e*pfj~ k ) )-Ic.(9)]~~~}c1~

where A and k arc the ~unplitudes and vector wave numbersn n
of the N paths determined by the ray tracing model .~4~~

is the vertical elevation of th~ paths , is the horizontal

array steering vector and L is a parameter that adjusts

the desired beainwidth.

The geometry of the array is shown in Fig. 3. The

main lobe corresponding to a steering to azimuth 9
~ ~~
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shown as a figure of revolution about the array axis.

If a source is located at azimuth 95 only rays reaching

the array with v~ rtica1 arrival angles between,M~,, and
,g will be processed in the beamformer output.

Figures 4 and S show vertical angle of arrival vs

bearing (0° being endfire ) for l~ and 5
0 beaznwidths.

Fran these plots it is possible to obtain a bearing

estimate. The two horizontal lines on Fig. 5 indicate

arrivals with vertical ang les of ~~~~~ and 15
g
. Let the

vertical line at 200 bearing represent the true bearing

of the source . The intersection of these lines at points

A and B may be continued to the bearing axis by the

dashed lines. Apparent bearing s of 21.25° and 25° yield

biases of 1.20 and ~O for the two rays. If equi-axnplitude

rays ar~ chosen then an averaging process can be used to

set the bias at 3.10. If the true bearing is 50° the

points C and D convert, to biases of •3
0 and 1.80 with

an average of 1.00. Fran the comparison of these two

examples it can be seen that this bias is a function of

array orientation with the largest biases occurring in

the endf ire aspect.

If ray amplitudes are different another in. t hod of

determining the bias in bearing estimate is needed .

These characteristics necessitated the incoherent sum-

mation of the rays over a specified beamwidth and

weighting function described previously. A three

dimensiona l plot of array energy vs true. bedring from

-
~~~~

--
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— 8 —

array vs apparent bearing from array y ields a v isual represen-

tacion of the bias in bearing estimation as will be shown for

the specific front process.

—., ~~~~~~~~~~~~~~~~~~~~~~~~ 
—.- ..— -—
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IV. The Computer S i m u l a t i o n

The ray model was run  at various ranges before the

fronts and in the fronts. The ranges within the frontal

reg ion were also run without the frontal effects in order

to examine the  ch ui~;es that the fronts had caused . All

or the d a t a  was e xam i n e d  with bcamwidths of 10, 20 and ~O
•

As an example , t ree dimensiona l plots and the re—

su ” t a n t  b ea r ing  bias vs true bearing diagrams are given

fo r  ranges  of 875 and  910 km and a 10 beamwidth. Figure 1

shows these two ranges to L~ in the center of and 10 km

a f t e r  the f i r s t  f r o n t  respect  i ve l y .  F i g u r e s  6 and 7

represen t  the  a r r a y  response f o r  these r anges  w i t h o u t

t h e  f r o n t s , a nd F i i s .  ~ and ~ depic t  the complementary

data but in c l u d e  t h e  f r o n t a l  e f f e c t s .  F i g u r e  10 depicts

the bias in  b e a r i n g  t o r  each of the four cases above.

Examining Fi~~. 6 with a b e ar x n q  of source from array of

00, three pea~ s are observed at apparent bearings of 9•5
0
,

11.10, and 13 . h0. These peaks represent the energy from

ray pairs , each p a i r  w i t h  t h e  same number of cycles

between the source and receiver and consisting of a

positive and negative angle at the source . It is ap-

parent that a hor izontal array in the endfire aspect,

with a beamwidth and directional increment of .10 can

separate ray arrivals with vertical angle differences of

twice the beamwidth if the array operates as presumed .

As the array is moved towards broadside the ability to

separate ray arrivals is lost. This is observable from

I 
______ -- 
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F ig .  4 as the r an ~~c of ~‘er t  i ca l  angle  increases for

constant bearing is bear ing is  increased . R e t u r n i n g  to

F i X ; .  6 we J c f i a o  the  a p p a ren t  b e ar in g  (b ea r ing  es timate)

of the source f ran  the a r r a y  as the point of maximum

e n er ~j y  ; then  1 i s t ~~~~• t.~~ t r  i :~~ bias . N a t u r a l  y i t

i s  ~tesr raL l~ to ~‘a k e  the bias as small  as poss ib le  and

we would  l i ke  t o  ~~i c k  t he  rc~t~ at T h i s  could  be

acomp l  i sh c d  we a~;ed the f r st Jo’.’ ~a t  ion from zero

as a; pa r~-r .t bear s ~~‘r eased , however it may not

be ~~~.
;s i blt ’  du~ ~~~~~~~~~ t~~~ i t  is s i n g l e  or m u l t i p l e

s ui. S - - r a i n  ~; t . ~i Y~j  1 • — 
~~~‘ 

. t y n ’j  r ’ ‘ad in

~‘o’~par i:~o Fi 7 . 6 w .  ~- h  ~~~~~~- and Y r  .~~~. 7 w i t h  9 w.~ can

ex a r i ln e  the e • •~ .; of !n( f ~: st ~x o- .t. Th~ re .~~pears

t be ~~ • -  ~~ne :  ~;y ~ . rh fr o nt a~ canes , and ~t is

sh i f ted t o w a r ds  t ’ e )w t ’r  • n d  of t he  ap p a r e n t  b e a r i n g

a x i s  r cda ’ r ~ .i thu • a r ~~n r a n .  T h i s  is also indicated

in F i . ; .  10. Y i ~~ui ~~ s U ,an d l~ r how the a m p l i t u d e s  of

the p o s i t i v e  n o u r c a n u l * ’  r a y s  w h i c h  reach the ar r a y

w r t ~- v. r t t  ~al  in ;e  w . ~or t h e  cases without the f ront

and wit h  the front ‘es~~’’t ively . The arrival sets are

shown ~or differ ~~nt rir ~:er and the loca t ion  of these

poin-s with respc~ t ~o the frontal region s can be deter-

mined fror~ F i g .  1. Fx a ~~i n i n q  the two Fi gs .  at 875 km

a-ad 910 km there is a de finite increase in the number

of arr ivals m d  i decrease in 9R for the arrivals when

the effects r~f the frontal rr’~i Ion are included .

-4
L .  ~~~~~~
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- — —-. _ _ _- .



JJ—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—11—

On~ s i m p le  case is presented in the Appendix showing

transmission from ~~ 1d to warm water through a front focuses

the multipath structure . That is , rays from the cold water

whi ch in t e r  ict ed with the surface will not reach the surface

in warm~’r waters. Thert’for .- , the acoustics with the cold

t.o warm w a t e r  f r o n t  and the se  approx imate  source and re-

c e i v ’r  depths should su~~~ort more RR type rays with higher

c y cl e  numbe r and l ower than the acoustics without the

fro:a t

Frqure 13 dep icts the a rr iv al pattern for the positive

i r.’e .an~; les b e f or e  t h e  1 r en t  s f r o m  750 km to 850 kin . It

i n  posn .ibl.’ t o  d et e c t  t r e n d s  in  thi n p a t t e r n . I f  the bases

of  t n. rays are ~~~i r . t - d  in the 7t ~O km to 810 km ranges a

nh ~ap ’ ’ is I c  rr ied  s i r - t i lar t. . t h. creek l e t t e r  ~. with the

f i n a l  tai l clip ! e.I o f l  . F i c ;u r c  14 is an expans ion  of the

n re ’.’ b u s  f a . ; u  r ’ in cludin g ranqes f r o m  750 km to 1100 km

w~ t h o u t  t h e  f r o n t  a process .  Each .~ shape here represents

rays w i t h  the  san.’ cycle numbe r as ind ica ted  on the f i g u r e .

Recause there  are no h or i ; -~en t a l  v a r i a ti o n s , i . e . ,  pr o f i l e

1 ~s used t h r o u q h o u t , the anq les  may be foun d where pro-

pa g a t i o n  type changes f rom RR to RSR to SRBR. These divi-

sions are ind i cated on the plot . A rough approx imation of

sp read i ng loss can be determined by e xa mi n in g  dR/d9 R of

each curve . Large values of t h i s  der ivat ive  indicate low

amplitudes while small values indicate large amplitudes.

Therefore , the amplitudes of the RR ray types increase as

decreases. The RSR rays have low ampl itudes at the

transition regions and large amplitudes in the ~valley~

- -  -
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reg ions  i r a d i c ~t t & ’J Ut  he r~; t z r e .  Furth er • because

dR/dO R 
i ;  l ax  n o  r h : . -  , the l~:R rays on the left :uJ..

of t he va 1 1 y h.iv.’ lowe r e’~ lit ude t ha n  t h ose on the

ri ght . The ~ PUi’ :.‘& la i v . ’ ‘ (cr e.ist .’n tly hi.:h losses due

. sp read  i n c  wh i c t i a!  • I ur t he I magn i f  t . 1  by t he bot tom

no h. ’’~i’ cs w i  1 n t  , r n . n t  ton ed a n y  f u r th e r .

~~~~~ i n ;  t I . t ~~ l c U ! c - b ‘ 4 ~ O$t. t lc i t  ~o h’t ,-r ~tune  the  number

and t ’~~ 01  1 - t y  ~;e 1ut a ~r:s at  a ~iv. n a . tngt ’ . F’or ex~~aple ,

at  ~00 ~in t h ~’ .irri ’.nal se t  , ‘c : n - i s t s  of .i l~ cycle R? ray

I O S I  ‘.‘.. ~~.- ~‘y : ’ l ,  hI’~~’ a . 1 , 5 .  .“~ t 104 ~ km th.’ ..r: ival set

con’ a i’- .’ ~~~~
-> ,, . 

- -. • c -  w i ’  a 18 c’.’~ ’l s .a - .~ t h e

• ; • . S ‘~~ n I ‘ 1 . -

T::.’ Y i i s  a n  1 . - a! l i i - ; • - - , t  I~~ . . . t  :‘ ‘ ~‘ .an he x . t m i n ~’d

-n in  ; t h 1 5 1 i - I ’ : :  (‘ e.  • he . ‘- n . ’r  a a u l e  t h.t a:- a ncrease

‘. ‘ ‘ : t  i c a l  an ; . • - - a u ~~ ’ S c . t  increa ’ . U’ I - .~ran q hi  i S .  
•

~;t a x  t i n ;  .a~ C ~ rn a : - ~~ ~:,. - r e a , , i nc ,  r . i n x .  t he  an g l e  ~~ t

t he ar  r a ’: a I w i 1: t he I . ‘ r . n ~~- ar~p i i  t i . ’  it  (‘ ach range

W i l l  i n c h  ‘ i t . ’ t ’ i . ’ l~~~~- i ’  a n :  a a n . !‘ a - - ’ -  750 km t o  850 km

at  10 k~’ t n t , ’r ~ : . a i ;  !h .’ .lrt.; le ’ ~a r ’ :  ~~~~~~ . 10. , 8.2 , 8.3 ,

8 . 5 . “ . 7 , ~4 . ‘~~, 1 1 .  • ~~~ . 3 . 8. ~ , ~~~~~~~ I ’  : r e,~ s . The p a t t e r n

he r(- cons : . I a ;ump in a: I c  I c i  Iewc- 1 by t smooth

) t h e  nex t ‘u ne tol I w.’d 1- ’ .’ ‘ ;noeth ria;e . This

d a ta  i s  prr’’-e: ’.’ a .-~ a a ’ -ar ’ ~~~
‘ i’ i q .  15. The dashed

l in e s  m a r k  t h e  h o u n l - a r a . ’n the  in d i cated cycle  number.

The co n s t ant  ,; i o; e ‘s t he  - ‘1~ r e - l ion  w h i l e  the  pe ak i s

forr’aed by t h .’ RSP r v. . From ‘ r q .  14 t can be seen

th~~ the peak I r a ie . i  l ’~ ~e 1 ~ cyc l e  -d~ ray d ie s not

_ _ _ _  - ~~~~~~~~~~~~~~~~
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- .- _
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c on t i n ue  in to  the v a l l e y  formed by the  14 cycle  RSR

ray  t h e r e f o r e . then• :5 a large change in  the  ve r t i ca l

ang le : or the 13 c y c le  r ay  as shown i n  F i g .  15. P r io r

to 750 km h i s  peak i n  ~‘r ,c ;en ted  in each r ay  cycle .

As r .anclc i s  ~n - ’rc.a sc ’ d t .ce ’.’o:ad 1100 km the peak formed

by t h e  N cy-.’ it ’  }‘d’~ r a y  r~ ’ ,a c h e s  u r t he r  i n t o  t h e  va l  icy

of t h e  N + 1  ‘y c l e  P.R t a ’,’ and u l t i m a t e l y  the P.R rays

dominate t he  V e t t  a ~~
‘ .t  1 a:n; le and t h u s  t he  b ea r i n g  b i a s .

At t h a t  ran ..Jt ’ t h e  I l o t  s im i  1- ar to F ig . 15 should consist

of o n l y  t h e  s ma l l  slope s. ;~~~- the t c t ’ .afli reaches broadside

the bias i n  ht’~ar inc ,‘~~t i a r . a t  i n  d , ’c r t ases r a I l i l y .

l o t  or t u n a .‘ ly, F’ a ~ S . 14 .and  15 a r . ’  no t  an r e a d i l y

const r u c t e d  f o r  h .. ’ cases i n c l u d i ng  h . I roots . The

ar r i v a l  p at t . -r n  a v a i l - a l l .’ I ’ r  only the s pe c i f i c

ranges  exam i ned.  The bias in b e ar i n g  e st im a t e  is

presented  f o r  1~ a n t  ~~0 
~(‘~a m w i d t h s  i n  Tables  1 , 2 and

3. Fig . 1~ pr . ’s cn tc ;  h. ’ b.’.arinq bias at  e n d fi r e  for

the  sampled  r m i en . Irona 750 km t o  850 km ,a p a t t e rn

s i m i l a r  to t h a ’  in  F i g .  15 i n  p r e s e n t  but  once the

f r o n t s  are  en c o u n te r e d  t h e  d a t a  is not sampled f i n e ly

enough to discern a new p a t t c r n . However , i t  can be

seen t h a t  the f i r s t  f r o n t does decrease the bias as

predicted by the focusing effect.

The m u lt ip a t h  vertical ang le pattern for the

acoustics passing through both fronts is presented i~~~

the uppe r p o r t i o n  of Fi g.  12. I t  can be seen that  the

numbe r of a r r i v a l s  has increased and there are several
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rays with lower vert a cal ,an iles at the receiver when

c o m a a r t ~d to the u u l t t p . t t .h p a n  to g  th rough  t h e  f i r s t

f r o n t  o n l y .  I - : ~ i u z  i t  a nd  amd -s t i e ’  b e ar i n g  b i a s  at

en df ir e  f o r  r a : i ie S  int .’ t ~~. . ncl front. A l t h ou q h  the

j e ’r e ~t s t ’  l a m  bias i n  ~ i .~ smooth is  a t  the ’ f i r s t

f ront  i t  d O t - S  x i s :  ~a i a ’ ,at in a c o n t i r m u a r a  f~a.’us ing

of t h e  m u l t  ~~- a t n ai t- : c- - t a r . - .

We w i l l  a - . w t a  a. 1’; ex lr :n& ’ rhe e f f e c ts  of the

s,ar~e I r o nt a l  n’ ,’ s a . . -r : on I - v o p . a n . i t  .on l.- . ’t w e , ’~ a nhallow

S L a a x  ct 1 : :  ‘~‘ar m .~~c - r t O  a ~ -e I’  .- c . - i v . - r  in cold water.

TOe m u lt a p  a J ’  s t  a a ’  u n  a : ~a u n c t  a n n  of r a n g E  ~s .hc ’wr

in  I’ a q. 1’ . . ‘, r . ’~~ ’ m t - a : , : ~~a t ’ e t n  I S  ~~I e ’ c i ’n ,  Up to  1090

k m : n I t n a t : : a s a  n - : . a i ~~~a - ; ’  .“ I . . : . ‘ua’ ’.. t.hreuq h the

a r~ t~~~~ z t ( r en t 2 n i i as . I .ini 161 hai ; d u n e  I i  t t l e

t o  a t  : . - . ‘t. the r . ’ : ’ .~~; a :  i o n . I: ’~~’ ’ ’ . ’r , , i : s  t h .  :;uu: ’ce pass S

t l m r o u q h t h e  ‘~‘‘ ‘c n I  ~ r’ . : ’a~ ( t r a . ’ I ~: t ’ i : ~ . I e n d  1’.) a

S A ; n a f  m t  oh a .: :e i n ~~: m ’  n u i  : ;  a t h ‘~~~ :‘ ] d t u r ’ t a k e n  place .

The m a j o r  a : r i ’ . . a ~ ~~a l r  Th , ; m ; e ,’~ i t s  ‘,‘ea’ ’ i c al  .,a a c i i . ’  a t  the

rece r.’. ’a ~ ~ 30 , ,  , O Th u n  t h . ’  f r o n t a l  sy st e m  ‘~ombine d

w ith t h i s  souxce ’ n i  ~~~~~~~~~~~ c i . ’n ~ at ion , a c t ’ ~ as a we ak

: sr i. -  len’; on c :- ‘..i~~~~’t’ I n  .n  h. ,’ warm wa te r.

Ftq’ ;r.’ l~ ~ -;nct s t - - 1 : - a ’. 1 : :  h . I ’  aZ’ i oq e n t  i r a t e  at

the endf r.’ a~~-.’’ ‘ or :. ’ c.’~~v . ’r s l - ’, a t e d  10 ~otn Warm

and cold w a ’ ”r .  Ti: ’ a ; :  e - ’’n ’ pat.t. r n ~; in  r h . ’ b ias fo r

the t O ’ -’  c-~ s ’ s  .i: c : r -  ‘;“r . t f t  : -‘ ‘ThU t 85f ~ km . Beyond

the second r e . ’ t~a: . h~~~s r-aa . : ‘tec ;.  aBed f o r  the warm

wa te r  r ece iver  ~~~~~~~~~~ it h a s  ~‘a rr t ’a ced 3
0 fo r  the cold

water receiver.

I_  _ _ —4
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\‘. Re s u l t : ;  .ini Ce’i. ’ lU S I ()flS

The e f l e c t  of an ocean front on the multipath vertical

angles and  the associa ted t - i a s  in b ea r ing  estimation was

found to be h i g h l y  dependent  of array orientation . At end-

f i re  the max imum b ia s  w a n  110 w h i l e  beyond 300 from endf ire

the b ias  was reduced ‘ 0  less than  20 f o r  the var ious  ranges

and f r o n t a l  c on d it i o n s  e x a m i n e d .  The b ias  was found  to

ex h i b i t  a s irit- ~~i m , a t  p - a  i . d  ic  p a t t e r n  w i t h  range  w i t h  the

anq’litudt’s of t h e  v a r i a t i on s  i t- cr e a s i n g  with increasing

r a n g e .  Beam w iit h w ,ms l oun i to affect the b i a s  in bearing

e s t i m a t e  t o  a l es ser  . Iegr e .  and the appa ren t  bear ing of the

source  was  a w. a v n  d i r  c - c t  ed ~ w.a t’ds broads  i i .- .

I t  was - I I : , ) I our .d t t a :  l ie  root .,  1 system acted as a

con’.’.’ r a c n t  or .1 L a d : :; : ‘.‘e 1. -o s it -pe ra d ing  on t h e  direction

of ~rnp a~~at io n . F ”or a w a r m  watt ’r r t - c E ’i t ’ er  the frontal system

decreased th .- - b i a s  ~ a: th . - ie.-ar I r a q  a - S t  i m a t e  .at endfire by

w~~i I t’ t h i s  b i as w e -  1 r c a ’ . ’ ,~ 5L ’ Ll by 3
0 f o r  a cold Wate r

receiver. It wan , a r t h e r  :;h wa: that a narrow beamwidth

h o r i z o n t a l  ar r a y  s h o u l d  i t -  able to separate individual

m u l t i p a t h  a rr i v a l s  at  e ’ n i I  are .
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APPEND TX

Multipath sound propagation through a cold to warm

water front , subcripted c and w respectively, will undergo

a focusing effect when the ray passes under the anomaly.

Referring to Fig . Al , the ray travels f rom cold to

warm water , passing under the anomaly of depth 2A • Here

and Z,,, refer to the vertex depths near the surface .
w c

Because

C C
~
; 
~~ 

= and ~~ = C,,, (Al)

i t  is  apparent  f rom the  diaqrazn that

> . (A2)
W C

-4
L ,.i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~ —~~~~-.-~~~~~~~~~ ----‘- --“ 
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10 Bcamwidth

~~~~~~~~~~~~~~~~~~~~~~~~~~~ Array

0 - 6 12 18 24 30 36 42 48

8. 4. 2.8 1.9 1.5 1.1 .9 .8 .8

11.1 6.( 4.4 3.1 2.1 1.6 1.4 1.1 .9

910 8.7 4.7 2.8 2.0 1.5 1.1 1.0 .9 .8

l 1065 8 . 6  4 .~ . 2 . 7  1.8 1.4 1.1 .9 .8 .8 1

1 L t O  11.1 4 .~ I 3 .0  2 . 1  1.8 1.5 1.3 1.1 9

8 . 7  4 . 6  2 . 8  1.9 1.4 1.1 .9 .8 .7
- _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  _ _ _  _ _ _

° Be amwidth

B o a n a a a ~ of Source f rom Array 
_____ _____

_ _  
_  

30 36 
_

10.8  6 . 4  4 . 1 3 .0  2 . 3  1 .8  1.5 1.3 1.1

9.~ ‘.5 3 . h  2 . 6  2 . 0  1 .7  1.3 1.0 .9

136:’ 9 . 5  5 . 7  3 .8  2 . P  2 . 2  1 .7  1.4 1.1 .9

1090 10.2 5 . 8  3 .8  2 . 7  2 . 1  1.7 1.3 1.1 .9

1125 9. 6 5 .9 4 . C  3 .0  2 . 3  1.8 1.5 1.3 .9 4

Table  1 - Bearing Bias : No Fronts
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18

10 BeaiflWidth

Bear ing of Source from Arr ay 
-

~~~~~~~~~~~~

________  _______  

6 12 18 24 

~

°

~2 1

111
______________________ — 

~ 0 Beamwidth
Bearing ol Source horn Array

Range 0 6 12 18 24 30 36 42 48

850 9.3 5.5 3.7 2.7 2.1 1.6 1.3 1.1 .9

875 7.3 3.7 2.5 1.8. 1.4 1.1 .9 .7 .6

~10 5.9 2.2 1.6 1.3 1.0 .8 .7 .5 .5

1065 4.3 1.9 1.4 1.1 .9 .7 .6 .5 .4

1090 3.4 1.2 .8 .7 .6 .5 .4 .3 .3

1125 4.6 2.1 1.5 1.3 1.0 .8 .7 .6 .5

Table 2 — Beaxing Bias : Fronts

&
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10 Beamwidth i9

- 

He a r ira q of Source f~~~iX~
’ray —

0 ~~~ 12 18 24 
- 

30 36 

8

11.2 6.7 4.3 2.9 2.1 1.6 1.3 1.1 .9

~30 8.4 4 . 3  2 . 6  1.8 1.4 1.1 .9 .8 .7

54fl 8.5 4.4 2.7 1.9 1.4 1.1 .9 .8 
j  

.8

ç O I aeamwidth
B e a r i n g  of Source f rom Array

H .ng . . 0 6 12 
— 

18 24 30 36 42 
— 

48

9.5  5 . 7  3 .9  2 . 8  2 . 2  
— 

1. 7 1.4 1.1 .~~~ 
H

760 10.5 6.1 4.0 2.8 2.2 1.7 1.4 1.1 .9

770 8 .8 4.7 3.1 2.2 1.7 1.3 1.1 .9 .7

780 9.2 5.2 3.5 2.a 2.0 1.6 1.3 1.0 .9

790 9.3 5.3 3.5 2.5 1.9 1.5 1.2 1.0 .8

800 9.4 5.5 3.7 2.7 2.1 1.6 1.3 1.1 .9

810 9.5 5.6 3.8 2.8 2.2 1.7 1.3 1.1 .9

82 0 10.7 6 . 3  4 . 1  3 .0  2 . 3  1 .8  1.4 1.2 .9

R I O  9 . 1 5.1 1.4 2 . 5  1.9 2 . 3  1.2 1.0 .8

~4O 9.3 5.4 3.7 2.7 2.1 2.5 1.3 1.1 .9

Table 3 - Hearini Bias : Before Fronts
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L a s t  of Figures

Figure I ~~~~ion

1 Locat ion et t r o n t s , sourcc , and r e ce i v e r ;

and soun- 1 speed pr~~f x 1 e s .

2 Sound s~~ced prof ile anomalies.

3 c;cometry u~~ arr-~y.

4 V e r t  i~~-t1  - i : :q l . - o t  a r r i v al  vs l e a :  i ra q  foi

bt .imwid i .

S V~’r t  i~’a l -r~~~le  e~ ~~t i  ~va l  vs bea r i n g  f e i  ~~0

beamw -e~~ ~~~ .

At r t y  er:e z y vs h. • ~~~~ r ~~ I bear ~ rag

-i t  ~~~~~~~ ~ . t ~~~~:a t  ! . : a t ~~ ~~~ 1° tx amwidt h

7 A r r a - ;  ~~~~ ~ ~~~~~ 1 • -~~~ a :~q vs ap p a r en t  h e a r i n g  at
()

p 
~~~~~~~~ ~ t - e , t -  ‘or  1 bea .mw idth

8 A: r ay  . - t - ~ r :y v~ ~~~ 1! vs appa ren t  bearing

at 875 kr. ‘
~~

- -  ~a f t  •n t : ~ ~~-r 10 bearnwidth .

9 ,~rrav •-;: . ty ~~~~~ b e ar :  ~q v: ; ap~- a r t ’n t  b e a r in g

at ~1O kr w i~~h f r ~~ i~~s :r r  1
0 b c a m w i d t h .

10 Hias ar buati n .: e stm a~~iOn vs bearing of source

from trr ~ f o r  c~ises of Fi :s. 6 — 9 .

1]. A m p l it : i . l i-  of a r r i va l  vs v er ’- i ca l  anqir ’  at receiver

at various r~tnc~ s without Iroita l effects.

A mp l i t~ i i . - ’ - j J e t t e d  wi th linear a~ca1e.

12 A mp 1 i t u~~ of arr i .’al vs vei~-ica 1 angle at receiver ,

at v a t  iou s ranges with frontal effects. M~pli-

tudes plotted with linea : scale.
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13 Amplitude of arrival vs vertical angle at

receiver , 9R’ from 750 to 850 km at 10 km

intervals before the fronts . Amplitudes

plotted with linear scale.

14 Multipath structure as ~ function of range

and vertical angle at the receiver without

fronta l effects.

15 Vertica l angle of largest amplitude arrival

vs range withou t frontal effects.

16 Bias in bearing estimation at endfire for various

ranges and bea.utwidths with and without frontal

effects.

17 Amplitude of arrival vs vertical angle at receiver,

at various ranges with frontal effects. Ampli-

tudes plotted with linear scale . Cold water

receiver and warm water source .

18 Bias in bearing estimation and endfire for various

ranges with frontal effects for both warm and cold

water receivers.

Al Simple case for focusing of multipath structure.
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structure and determine the effects of the frontal system on ray I
arplitude and vertical angle. The receiving horizontal line J , -array determines the bias in bearing estimation resulting from
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~“ the changing multipath structure. This bias is found to be
heavily dependent on array orilntation and range into the
f ron tal system while  being only sl ightly dependent on array
beamwidth• The underlying physi cs causing the multipath
varia tions is the fron tal system acting as a focusing lens .
When the transducer positions are reversed , that is a deep
receiver in cold water and a shallow source in progressively
warmer water , the frontal system acts as a diverging lens .
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