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ABSTRACT 

An acous t ic   s tudy  was conducted  off  Point  Barrow, 
Alaska  in   the  spr ings  of  1984 and  1985 on t h e  
bowhead whale,   Balaena  mysticetus.   during  their  
annual  migration.  Multi-channel  tape  recordings  were 
made us ing   a r r ays  of  sonobuoys,  and  whales were 
acous t i ca l ly   l oca t ed   u s ing  a customize  hardware  and 
sof tware  system  specif ical ly   designed  for   performing 
soph i s t i ca t ed   s igna l   ana lyses .  The system was f i e l d  
c a l i b r a t e d   o u t   t o  a d is tance  of 4.5 km. The mean 
e r r o r   i n   r a n g e   t o   t h e   s o u r c e  was 2.5%. wh i l e   t he  
mean e r r o r   i n   b e a r i n g  was 0.4 . A t  p re sen t ,   t he  
acous t ic   ana lys i s   has   concent ra ted  on l o c a t i n g  and 
t racking  bowheads in   o rde r   t o   census   t he   wha le s  and 
document the i r   acous t ic   behavior  as they move 
through  and  under   the  arct ic   ice .   Resul ts   indicate  
that  whales  migrate  through  the area even  during 
very  rough  ice  conditions when v i sua l   obse rve r s  see 
very few whales, many whales are more than 2.5 km 
offshore  of the   v i sua l   observa t ion   s i tes .   whales  
t h a t  are wi th in  2.5 km of the   v i sua l   obse rve r s  are 
often  never  seen,  and  whales  use calls t o  
communicate  and  maintain  the  cohesion of the  herd.  

INTRODUCTION 

Bowhead whales,  Balaena  mysticetus.  produce 
extremely  loud, low. FM c a l l s  which  have  excellent 
sound charac te r i s t ics   for   long   range   underwater  
transmission. The acoustic  energy of most cal ls  is 
r e s t r i c t e d   t o  100-400 Hz. and c a l l s  have  been 
recorded  with  received  levels as high as 156 dB re 1 
uPa when animals  were 100-150 m from t h e  hydrophone 
(1). Bowheads a re   a l so   remarkably   voca l   dur ing   the i r  
spr ing  migrat ion  past  Barrow, Alaska.  These  acoustic 
c h a r a c t e r i s t i c s  of bowhead cal ls  and t h e i r   h i g h  
r a t e s  of voca l   ac t iv i ty   p rovide   an   exce l len t  
oppor tuni ty   for   loca t ing   voca l iz ing   whales   by  
passive  acoustic  methods.  

The technique of l o c a t i n g  a sound  source a t  long 
ranges  in   the  ocean by d i f fe rences   in   the   sound ' s  
time of a r r i v a l   a t  an a r r a y  of  hydrophones  has  had 
l imited  success when appl ied  to   whales .  A four- 
hydrophone  time-of-arrival method has  been 
successful ly   used by s c i e n t i s t s  at  Woods Hole 
Oceanographic   Ins t i tu te  (WHOI) t o   t r a c k  a number of 
whale  species (2). One of us  (CWC) has  used a three-  
hydrophone a r r ay   t o   t r ack   sou the rn   r i gh t   wha le s ,  
Eubalaena  austral is  (3 ) .  and bowhead whales (1). 

Both these  methods  have l i m i t a t i o n s ;   t h e  WHO1 a r r a y  
is q u i t e  small (30 m) which limits its e f f e c t i v e  
range t o  less than 300 m. whi le   the   phased   a r ray  
technique is dependent upon v i s u a l   s i g h t i n g s   s i n c e  
i t  only  provides a d i r e c t i o n   t o   t h e   s o u r c e  and not 
i ts  loca t ion .  

As w i th   t he   acous t i c   l oca t ion  method, t h e  method of 
count ing  or   censusing  whales   using  their  
voca l iza t ions   has   a l so  had  very  l imited  success.  
Estimates of t h e  number of s ing ing  humpback whales, 
Megaptera  novaeangliae.  have  been made using a 
d ipo le   a r r ay  (4). There  have  been  occasions when 
s i g n i f i c a n t   c o r r e l a t i o n s  were found  between numbers 
of  whales  and numbers  of sounds  in   r ight   whales  
and  bowheads, b u t   t h e s e   r e s u l t s  were e n t i r e l y  
dependent upon visual  counts  of  whales.  One reason 
f o r  the  lack  of   success   with  acoust ic   cesnsusing i s  
t h a t   t h e r e  is  usually  no way t o   l i n k  one  acoustic 
l oca t ion   t o   ano the r .  With migrat ing bowheads t h i s  
problem is overcome s ince   the   whales   a re  swimming i n  
a reasonably   wel l   def ined   d i rec t ion   a t  a known range 
of  speeds. Thus, linkages  between  successive  sounds 
are established  based upon t h e   s t a t i s t i c s  of how 
f a s t   t h e   v h a l e s  swim i n  a known d i r e c t i o n  and by how 
much this  migratory  heading  can  change  between 
successive  s ight ings.  

One i n t e r e s t i n g   r e s u l t  of l o c a t i n g  and t r a c k i n g  
t h e s e   e l u s i v e  and  poorly  understood  animals i s  t h a t  
suddenly we  have a p i c t u r e  of the  whales '  movements 
r e l a t i v e   t o  one another  plus a t imetable  of what 
types of sounds  they  produce  and  under  what 
circumstances  they  produce them. The n e t   r e s u l t  is 
t h a t  by t racking   whales   acous t ica l ly   ins tead  of 
v i s u a l l y  w e  can   s tudy   t he i r   acous t i c  communication 
system a t  a l e v e l  which was once  thought t o  be 
impossible. 

Here we repor t  on t h e   r e s u l t s  from two years  of an 
acoustic  study  conducted  off   Point Barrow. Alaska 
dur ing   the   spr ing   migra t ion   of   the  bovhead  whale 
(5 ) .  We w i l l  b r i e f ly   desc r ibe   t he   acous t i c   l oca t ion  
and  tracking methods  used f o r   d e t e c t i n g  and  counting 
whales,  and w e  w i l l  present   resul ts   demonstrat ing 
that   acoust ic   techniques are a b l e   t o   d e t e c t  more 
whales   than  visual  methods dur ing   severe   i ce  
condi t ions and  even when v i sua l   cond i t ions  were 
considered good o r   v e r y  good. Furthermore. w e  w i l l  
show evidence  that   the   whales  are us ing   the i r   sounds  
i n   o r d e r   t o  communicate with  other  whales so as t o  
coord ina te   t he i r  movements during  the  migrat ion.  
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These   resu l t s   have   impor tan t   impl ica t ions   for  
conservat3nn  effor ts  aimed a t  determining  the 
present  number  of bowhead whales   in   the   migra t ing  
populat ion as w e l l  as our  general   understanding of 
how these   an imals   u t i l i ze   sounds  as a means of 
communicating. 

METHODS 

The acoust ic   s tudies   descr ibed  here   were  highly 
in tegra ted  with v i sua l   census ing   s tud ie s .   Fo r   t h i s  
reason,  references w i l l  b e  made throughout   this  
paper t o   v i s u a l   o b s e r v a t i o n  sites, conditions  and 
da ta .  The term  perch refers t o  the visual 
observat ion  platform on t h e   i c e  from  which visual 
d a t a  were taken. The term l e a d   r e f e r s   t o   a n  area 
through  which  whales  might  migrate. An open lead  i s  
the   condi t ion  of open water with l i t t l e  t o  no ice, 
while  a closed  lead i s  the   condi t ion  when t h e r e  is 
no open water and it has   t r ad i t i ona l ly   been  assumed 
that   whales  are n o t   i n   t h e  area. The v i s i b i l i t y  
terms such as f a i r  or good are based  on a v i s i b i l i t y  
ca tegor iza t ion   sys tem as described  by Krogman and 
Rugh (6). The term v i s u a l   s i g h t i n g   r e f e r s   t o  any 
v i sua l   obse rva t ion   fo r  which t h e   l o c a t i o n  of  a  whale 
was recorded  using  theodol i te   techniques (7). The 
term whale-location  refers  to  the  two-dimensional 
p o s i t i o n  of t he   l ead  as determined  using  eithe.r 
acous t i c   l oca t ion  methods or v i s u a l   s i g h t i n g  
methods. 

Sys tem  Descr ip t ions :  The d a t a   a c q u i s i t i o n  and 
a n a l y s i s  equipment c o n s i s t s  of th ree   sys tems:   l )a  
sonobuoy  system  consis t ing  of   an  array  of   three  to  
f o u r  sonobuoys for  detecting  underwater  sounds  and 
t ransmi t t ing   tha t   in format ion   v ia   rad io  signals; 2) 
a receiving  and sound  recording  system  consisting of 
r ad io   r ece ive r s   t o   p i ck  up t h e  sonobuoy 
t ransmissions,  a moni tor /ampl i f ie r   un i t ,  and a 
multi-channel  analog  tape  recorder;   and 3)  a 
computer-based data   processing  and  analysis   system 
fo r   conve r t ing  the t aped   ana log   da t a   i n to   d ig i t a l  
d a t a  and  processing it i n   o r d e r   t o   l o c a t e   t h e   w h a l e  
t h a t  made t h e  sound. 

The sonobuoys  used were ei ther   modif ied AN/SSQ-57A1s 
or u n i t s  from  Sippican Ocean Systems,  Inc. 
customizes  by  Marine  Acoustics.  In a t y p i c a l  
i n s t a l l a t i o n   t h e  hydrophones are hung ove r   t he   s ide  
of the i ce   edge   o r   p l aced   i n  a hole   cu t   th rough  the  
ice. In  general,  each  hydrophone i s  p l a c e d   a t   t h e  
same depth  f rom  the  surface (10-20 m). t y p i c a l l y  
h a l f   t h e  water depth (20-40 m). and  one  hydrophone 
of  t he   a r r ay   (u sua l ly   t he   midd le  phone) is loca ted  
wi th in  10-50 m of the  perch.  Each  hydrophone i s  
cabled t o  a transmiter  which is mounted on a pole  
secured at  the   t op   o f  an ice r idge   ca .  3-5 m above 
t h e  water. The rece iv ing  and recording  equipment 
are o p e r a t e d   i n  a movable  hut  located  back  from  the 
ice   edge  on the   sho re fa s t  ice. In   the   acous t ic   hu t  
mult i -channel   tape  recordings  are  made and  incoming 
sounds are monitored  on a 24   h   bas i s   fo r  as long as 
at  least  one  sonobuoy  remains  operational. 

Acoust ic   locat ions:  The computer l oca t ion   ana lys i s  
system  consis ts   of  a minicomputer,  array  processor, 
graphics  terminal,  and  custom  software.  This  system 

simultaneously  acquires up to   fou r   channe l s  of 
analog  input  and  converts these d a t a   i n t o  two- 
d imens iona l   ma t r i ces   r ep resen t ing   t he   s igna l   i n   t he  
frequency,  amplitude,  and  time  domains.  Figure 1 
i l l u s t r a t e s   t h e  same bowhead ca l l  as it was received 
a t  three d i f f e r e n t  hydrophones. 
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I I I I I 
w I I 

200 

Hydrophone *3 

0 1 2 3 
Time in seconds 

Figure 1. Frequency-amplitude-time p l o t s  of the 
frequency-amplitude-time  matrices  for  the 
same bowhead whale c a l l  as it  occurred on 
t h r e e   d i f f e r e n t  hydrophones  of  an  array. 

T h i s   f i g u r e   c l e a r l y  shows t h a t   t h e   t h r e e   s i g n a l s   a r e  
a r r i v i n g  at  d i f f e r e n t  times. I n   o r d e r   t o   p r e c i s e l y  
compute these   d i f f e rences   i n  arrival times, p a i r s  of 
matrices are  convolved  using  two-dimensional 
convolution  techniques  to compute the time delay 
between the  occurrence  of  the same sound a t  each of 
the  .hydrophones. This method can  be  explained  using 
a v i sua l   ana logy .   I f   t he  two frequency-amplitude- 
time matr ices  are viewed as   separate   photographicc 
t ransparenc ies ,   then   the  time delay  between them is 
found  by  overlaying  the two t ransparenc ies  and 
s l i d i n g  one  over   the  other   a long  the  t ime axis until 
t h e  two images are op t ima l ly   a l igned .   In   t he   ac tua l  
convolution  process  the  point  of  optimal  al ignment 
is the   po in t  of m a x i m u m  cor re la t ion   be tween  the  two 
matrices  which is e q u i v e l e n t   t o   t h e  time dalay. The 
location  of  the  sound  source  (a  whale) is based on 
t h e   f a c t   t h a t   t h e   l o c i  of points   of   equal   t ime  delay 
is  a hyperbola.  For  three  hydrophones  there are 
t h r e e   p a i r s  of  hydrophones  and t h e r e f o r e   t h r e e  
hyperbolic  solutions.  The common point  of 
i n t e r s e c t i o n  of the  hyperbolae  represents   the 
l o c a t i o n  of the  whale .   In  most acous t i c   l oca t ions  
the  hyperbolae  do  not   intersect  a t  t h e  same poin t  
bu t   i n s t ead   de f ine  a polygon.  For  three  hydrophones 
the   i n t e r sec t ions   de f ine  a t r i a n g l e .   I n   t h i s  case 
the whale 's   locat ion is the cent ro id  of t h e   t r i a n g l e  
and t h e   s i z e  of t h e   t r i a n g l e  is d i r e c t l y  
p ropor t iona l   t o   t he   r ange  and bea r ing   e r ro r s  
a s soc ia t ed   w i th   t ha t   l oca t ion .   F igu re  2 i s  an 
example  of t h i s   l o c a t i o n   p r o c e s s   f o r  a t h r e e  
hydrophone  array. 

Cal ibra t ion :  The pr imary   a r ray   ca l ibra t ion   involved  
surveying  in  the  location  of  each  hydrophone  using 
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t h e o d o l i t e s  and infared  distance  measuring 
equipment. Speed of  sound data  were  gathered by on 
s i t e  sound v e l o c i t y  measurements  and  from d a t a  
a v a i l a b l e   i n   t h e   l i t e r a t u r e .  The sound v e l o c i t y  
p r o f i l e  was essent ia l ly   independent  of depth  and was 
found to   be   ex t remely   cons is ten t   over   t ime and 

Distance in  kilometers 

Figure 2. Example of a whale-location  derived  from 
the   th ree   hyperbol ic   so lu t ions   for   th ree  
time  delays. 

environmental   condi t ions  in   the months of Apr i l  and 
May. For a l l  computa t ions   the   va lue   for   the  sound 
v e l o c i t y  was 1437 m/sec. 

For  the  t ime  delay sound l o c a t i o n  method,  one of t h e  
greatest   concerns was the   l ack  of adaqua te   fu l l  
s c a l e ,   i n   s i t u ,   v a l i d a t i o n  of t h e  method as appl ied  
t o   l o c a t i n g  whale  sounds.  For th i s   r ea son  a j o i n t  
acous t ic  znd v isua l   ca l ibra t ion   exper iment  was 
conducted  in 1985 during  which a J-11 underwater 
loudspeaker was used t o   p r o j e c t   s y n t h e s i z e d  bowhead 
whale c a l l s  from f i v e   s e p a r a t e  sites, between 925 t o  
4420 m from the  perch,   in   the  exact  area through 
which bowheads were migrating. The " t rue"   pos i t ion  
of   each   broadcas t   s i te  was determined  by  taking 
simultaneous  horizontal   crossbearings on t h e   s i t e  
with two theodo l i t e s   s epa ta t ed  by 1.4 km. This 
ca l ib ra t ion   r evea led   t ha t   t he  mean e r r o r s   i n   b e a r i n g  
and  range  for   the  acoust ic   locat ion method were  0.4 
and 2.5%. respect ively.  

Whale Tracking: A l l  sound loca t ions  were analysed 
fo r   acous t i c   t r acks ,  and a l l   v i s u a l   s i g h t i n g s   f o r  
t h e  same t ime  per iod  were  analysed  for   visual   t racks 
using  the  procedures  of Sonntag e t  a1 (1986). 
F ina l ly  a l l  acous t ic   loca t ions   and   v i sua l   s igh t ing  
f o r   t h e  same period  were combined and  analysed  for 
t racks  using  these same procedures.   This  tracking 
procedure  l inks a s e r i e s  of l oca t ions   i n to  a t r a c k  
based on a range  of swimming speeds  from 1-8 km/h. a 
migratory  direction  of 48 magnetic,  and a maximum 
poss ib le   devia t ion   in   migra tory   d i rec t ion  of 5 30 , 
Once a l l  possible   l inkages are made t h e   t o t a l  number 
of t r a c k s  i s  summed t o  produce a census  count   for  
the  per iod  of   analysis .  A s ingle   whale- locat ion  that  
can  not   be  l inked  to  any o the r   l oca t ion  is  also 
considered a t r a c k  and  added to   the  count .   Tracks 
based  only on a c o u s t i c   l o c a t i o n s   a r e   r e f e r r e d   t o   a s  

acoust ic   t racks,   those  based on v i s u a l   s i g h t i n g s   a r e  
r e f e r r e d   t o  as v i s u a l   t r a c k s ,  and those  based on 
bo th   acous t i c   and   v i sua l   da t a   a r e   r e f e r r ed   t o  as 
mixed t racks .  The f i n a l   t o t a l   c o u n t  from t h e  
tracking  procedure  represents  an  estimate of t h e  
number of whales  detected by e i t h e r   a c o u s t i c  
methods, v i s u a l  methods or  both  methods,  depending 
on whether   the  data  were acous t i c   l oca t ions ,   v i sua l  
s igh t ings .   o r   bo th   da ta  sets combined. 

CPA Dis t r ibu t ions :   Dis t r ibu t ions  of whales   re la t ive  
t o   t h e i r   d i s t a n c e   o f f s h o r e  of t he   v i sua l   obse rva t ion  
s i t e  were made by p r o j e c t i n g   t h e   f i r s t  whale- 
loca t ion  of a t r a c k   o n t o   t h e   l i n e   o r i g i n a t i n g   a t   t h e  
perch   and   perpendicular   to   the   d i rec t ion  of 
migration.  This  distance is  r e f e r r e d   t o  as t h e  
c loses t   po in t  of  approach (CPA) dis tance  and  the 
d i s t r i b u t i o n  of a l l  such  dis tances  i s  r e f e r r e d   t o  as 
t h e  CPA d is t r ibu t ion .   F igure  3 i l l u s t r a t e s   t h i s  CPA 
procedure. 

P 

t whale lrack 1 
.... 2 ........ 

I ......--- .. .......- 2 ,__...... ........ 
Migratory  dirnclion 1 

DISTANCE IN K I L O M E T E R S  

Figure 3 .  Example of procedure   for   ca lcu la t ing   the  
c loses t   po in t  of  approach (CPA) d is tance  
f o r  a s ingle   whale   t rack   conta in ing   four  
acous t ic   loca t ions .  

For  any  period of ana lys i s  CPA d i s t r i b u t i o n s  were 
computed fo r   each   o f   t he   t h ree   da t a   s e t s ;   a cous t i c .  
v i s u a l ,  and acous t ic /v isua l  combined. 

A q u a n t i t a t i v e  measure  off how many whales were 
detected  and how f a r  away they were from the  perch 
i s  ca lcu la ted  by  adding up a l l  the   wha le s   i n   t he  CPA 
d i s t r ibu t ion .   S ince   t h i s   d i s t r ibu t ion   coun t s   each  
whale  only  once  regardless of how  many times it  w a s  
heard  or  seen, i t  is  a r e l i a b l e  means of comparing 
counts  based on e i t h e r  of t h e  two observat ion 
methods. From t h e  CPA an  estimate  of how  many whales 
were c lose r   t han  2.5 km from the  perch is made by 
adding up a l l  the  whales  that   were  within 2.5 km. 
This 2.5 km va lue  is used  because i t  i s  the   d i s t ance  
t o  which r e l i a b l e  visual theodo l i t e   s igh t ings   can   be  
made. I n  a l l  fu r the r   d i scuss ion   wha le s   c lo se r   t hao  
2.5 km from the  perch are r e f e r r e d   t o  as nearshore 
whales  while  whales  that are fu r the r   t han  2.5 km are 
r e f e r r e d   t o  as offshore  whales.  

RESULTS 

I n  1984 a t o t a l  of  196 h of three-channel  sound 
recordings were obtained. From these  89 h were 
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analysed  for   acoust ic   locat ions  represent ing two 
d i f f e r e n t  time periods. The f i r s t   p e r i o d .   r e f e r r e d  
t o  as Array C-84 included  three random sample 
per iods  represent ing  31.5 h of ana lys i s   du r ing  3-5 
May. The en t i re   Array  C-84 was a period  of  extremely 
heavy ice conditions  (closed  lead) when v i s u a l  
observers  saw very few whales  but  high rates of 
sounds  were  recorded  (range. 0-385; x = 96.8 
c a l l s / h ) .  The second  per iod,   referred  to   as   Array E- 
84  and  representing 57.5 h of   analysis   during 18-21 
May, was a per iod when the   l ead  was open. v i s u a l  
observation  conditions  were good o r   v e r y  good, 
whales  were  passing  by at  moderate rates of 4-6 
whales  per  hour,  and  moderate rates of bowhead c a l l s  
were recorded  (range. 0-110; x = 34.7 c a l l s / h ) .  
This  Array E-85 period,  during  which  there were 
simultaneous  acoustic  and  visual  observations,  was 
used  as  a means of ver i fying  the  accuracy  and 
r e l i a b i l i t y  of t he   acous t i c   l oca t ion  method. It a l s o  
represented a visual   censusing  condi t ion  during 
which v isua l   counts  have t r ad i t i ona l ly   been  
considered  accurate.  That is. t h e s e  are condi t ions  
f o r  which it has  been  assumed t h a t   a l m o s t   a l l   t h e  
whales  within 4 km of the   pe rch  are seen by v i s u a l  
observers. 

For  each  of  the  1984  array  periods a l l  p o s s i b l e  
sounds were located.  This r e s u l t e d   i n  600 loca t ions  
fo r   t he   Ar ray  C-84 per iod   and   356   loca t ions   for   the  
Array E-84 period.  Each set of  locations was 
ana lysed   for   acous t ic   t racks .   For   the   Array  C-84 
pe r iod   t he re  were three  whales  seen  but  these were 
no t   l oca t ed   w i th   t he   t heodo l i t e ,  s o  t h e r e  were no 
v i s u a l   t r a c k s  and no  mixed t r a c k s   f o r   t h i s   p e r i o d .  
For  the  Array E-84 per iod there were 178   v i sua l  
s i g h t i n g s  which  were  analysed  for  visual  tracks  and 
combined with the   acous t i c   l oca t ions   fo r  mixed 
t racks .  An example  of mixed t r a c k s  from  Array E-84 
is shown in   F igu re  4. 

N 

f 
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Figure 4. P l o t  of a l l  whale   t racks computed from  33 
acoust ic   locat ions  (c losed  c i rc les)   and 8 
v i sua l   s igh t ings  (open c i r c l e s )  combined 
for   the   t ime  per iod  1349-1615 h on 19 May 
1984  during  Array E-84  when v i s u a l  
observat ion  condi t ions were good. 

Figure 4 shows a t o t a l  of 23 whales;  17 were heard 
but  never  seen, 2 were both  heard  and  seen.  and 4 
were seen   bu t   no t   heard .   This   f igure   a l so  
i l l u s t r a t e s   t h e   d i f f e r e n c e   i n   t h e   r a n g e s   o v e r  which 
the   acous t i c  and v i s u a l  methods opera te ;   acous t ics  
rou t ine ly   l oca t e s  whales out t o   d i s t a n c e s  of  10 km. 
whi le   v i sua l   observers   ra re ly   loca te   whales  a t  4 
km. 
The r e s u l t s  of t he   t r ack ing  and CPA a n a l y s i s  on a l l  
the   1984  da ta  are shown below i n   t a b l e s  I and 11. 

Tables I. 

Offshore 

Nearshore 

Tota l  

Table 11. 

Summary of  whale  counts  during  Array C-84. 
The range  of  values  under the column 
head ing   'To ta l '   r e f l ec t s   t he   f ac t   t ha t  3 
whales  were  seen  but  never  visually 
located.  

Acoustic  Visual 
Counts  Counts  Total 

109 0 109 

30 3 30-33 

139 3 139-142 

Summary of  whale  counts  during  Array E-84. 
Under Combined Counts, 'Acu.' represents  
whales   that  were heard  but  never  seen, 
'Mix' are   whales   tha t  were both  heard  and 
seen,  and 'Vis '  are whales t h a t  were seen 
but  never  heard.  

Acu. V i s .  Combined Counts 
Counts  Counts Acu. M i x  V i s .  Tota l  

Offshore 45 7 42 3 4 49 

Nearshore  126 89 93 46 54  193 

Total   171 96 135 49 58 242 

I n  1985 a t o t a l  of 811 h of  multi-channel  recordings 
were made f o r  which 386 h were ana lysed   for   acous t ic  
loca t ions .  Here we w i l l  r epor t  on a s i n g l e   a n a l y s i s  
pe r iod   l a s t ing   fou r   days  (96  h)  from  28  April 
through 1 May. This  period w i l l  b e   r e f e r r e d   t o  as 
Array A-85. This  period was character ized  by f a i r  
v i sua l   cond i t ions  when observers  saw moderate 
numbers of  whales, the lead  was covered  by a t h i n  
(8-10") l aye r   o f  new i c e ,  and  moderate rates of 

bowhead c a l l s  were recorded  (range. 0-290; x = 36.1 
c a l l d h ) .   T h i s  was the same per iod  during which the 
f i e l d   c a l i b r a t i o n  was conducted. 

F o r   t h e   e n t i r e   f o u r  day p e r i o d   i n  1985 a l l  p o s s i b l e  
sounds  were  located  resul t ing  in  1537 a c o u s t i c  
locat ions.   For  this same t ime  per iod   there  were 157 
v i sua l   l oca t ions .  Only 48 h of these  data   have  been 
analysed  for   t racks,   and CPA d i s t r ibu t ions   have   no t  
been  completed.  Therefore,  only a p a r t i a l  summary of 
t h e  whale counts   for  th is  per iod is a v a i l a b l e  a t  
t h i s  time. These r e s u l t s  are g iven   i n   t ab l e  111. 
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Table 111. Part ia l  summary of  counts of whales f o r  
Array A-85 based on 48 h of combined 
ana lys i s .  All v i s u a l   s i g h t i n g s  were  with- 
in 1 km of the  perch.  

Combined Counts 
Acoustic Mixed Visual Tota l  

541 29 95 665 

DISCUSSION 

The importance of t he   acous t i c   l oca t ion  method a s  a 
censusing  tool  i s  obvious when t h e   a c o u s t i c   r e s u l t s  
a r e  compared t o   t h o s e  from t h e   t r a d i t i o n a l   v i s u a l  
methods.  For  Array C-84. when the   l ead  was closed, 
t h e   d i s p a r i t y  between  acoustic  ana  visual  counts i s  
dramatic;  Acoustics  counted  139  whales  compared t o  
t h e   t h r e e   t h a t  were seen .   I f  one is ready t o  accept 
that   whales  migrate  under  extremely  severe ice 
condi t ions .   then   th i s   d i f fe rence   does   no t   seen  so 
extraordinary.  However, be fo re   t hese   acous t i c   da t a  
were c o l l e c t e d  and  analysed  the  bel ief  was t h a t  
whales were n o t   i n   t h e  area because  they  couldn't  
migrate  through  such  conditions.   For  Array E-84, 
when the   l ead  was open and v i sua l   cond i t ions  were 
good t o   v e r y  good, acous t ic  methods a lone   de tec ted  
near ly   twice as many whales as t h e   v i s u a l  ;nethod 
alone. Even in   t he   nea r shore   r eg ion  where i t  has  
been assumed t h a t   v i s u a l  methods a r e   e f f i c i e n t ,  
v i sua l   obse rve r s  missed  48% of a l l  the   whales   tha t  
were  counted!  For  the  offshore  region  the  inefficacy 
of t h e   v i s u a l  method is even more apparent :   v isual  
observers  missed 86% of a l l   t h e  whales  detected 
offshore.  The a v a i l a b l e   d a t a  from t h e  1985 s tudy 
suppor t   t he   r e su l t s  from  1984. 81% of t h e   t o t a l  
whales  detected  over a 48 h pe r iod   i n  1985  were 
never  seen by visual   observers .  

The are   tvo  important   conclusions  to   be drawn from 
the   acous t i c   s tud ie s  and the  comparisons  with  visual 
r e s u l t s .  The f i r s t   c o n c l u s i o n  is  tha t   whales   a re  
migrat ing  wen  under   extremely  heavy  ice   condi t ions 
when t h e r e  is  no  chance of see ing  them. The second 
conclusion is tha t   wen   unde r  open lead   condi t ions  
the   acous t i c  method d e t e c t s  more whales  than  the 
v i s u a l  method. What is  remarkable i s  t h e   e x t e n t   t o  
which   acous t ic   da ta   increases   the   to ta l  number of 
whales  counted. It might  be  argued  that  the  1984  and 
1985  samples a re   b i a sed   i n   f avor  of acous t ics  
because  viewing  conditions  were  usually  poor  or many 
of t he   vha le s  were t o o   f a r  away to   be   s een .  But 
these  are exac t ly   t he   po in t s   t ha t  need t o  be 
s t r e s s e d ;  i t  i s  p robab ly   t rue   t ha t   fo r  most years  
cond i t ions   fo r   s ee ing  wha1,es are poor  and many 
whales are t o o   f a r  away t o  be  seen,  while  conditions 
fo r   hea r ing   wha le s   a r e  good and they   can   be   re l iab ly  
l o c a t e d   o u t   t o  15 km. 
These  acoust ic   censusing  effor ts   have  not   only 
r e s u l t e d   i n  improvements in   populat ion  counts   but  
a r e  now y i e l d i n g  new ins igh t s   i n to   t he   wha le s '  
system  of  acoustic  communication. When d e t a i l s  of 
t r a c k s  are examined i n  terms of the   t ypes  of c a l l s  
produced  by  individual  whales  and  the  timing  of  the 
ca l l s .   t he re   a r e   occas ions  when several   whales  
exchange -calls  with  remarkable  synchrony.  During 
some of   these  countercal l ing  episodes a l l  t h e   c a l l s  

from  one  whale a r e   i d e n t i c a l ,   w h i l e  a l l  t h e   c a l l s  
from the  other   whale  are of  another  type. An example 
of  two whales   countercal l ing  and  using  individual ly  
s t e r e o t y p i c   c a l l s  is shown in  Figure  5.   Here we  s e e  
t h a t  one  animal  always  responds t o   t h e   c a l l  of t h e  

:I CALL TRACKS ~ 

1 

DISTANCE IN KILOMETERS 

Figure  5. Example of two whales  countercall ing and 
us ing   i nd iv idua l ly   d i s t i nc t   ca l l   t ypes .  

other   animal   within a minute of i ts  ca l l .   Fo r  
example, the  upper  whale makes its t h i r d   c a l l  (an FM 
upsweep) a t  1512:43 and the  lower  animal. who is 
almost 2 km away, produces i t s  second c a l l  (an J?M 
i n f l e c t e d )  a t  1513:09.  The two d i s t i n c t i v e   c a l l  
types  used by t h e s e  two indiv idua ls  are not   vocal  
s igna tures ,   s ince   o ther   whales  w i l l  produce  these 
same ca l l  types.  There were a l s o   c a s e s  of 
counterca l l ing  where  one  of t he   vha le s  w i l l  switch 
c a l l   t y p e s  from  one t h a t  i s  d i f f e r e n t  from its 
c a l l i n g   p a r t n e r   t o  one t h a t  is  i d e n t i c a l .  Such 
p l a s t i c i ty   i n   ca l l i ng   behav io r   s t rong ly   sugges t s  
tha t   the   whales   can   cont ro l   the   acous t ic  
c h a r a c t e r i s t i c s  of t h e i r   c a l l s ,  and t h a t   t h e y   a r e  
in ten t iona l ly   p roducing   spec i f ic  ca l l  s igna tures  
during  these  vocal   exchanges  for  some purpose. 
Judging  from the  synchrony  of   the  cal l   exchanges and 
swimming t r a c k s  a simple  explanation is t h a t   c a l l i n g  
serves the  funct ion  of   keeping  individuals   in  
contact  and allows members of t he   mig ra t ing   he rd   t o  
coord ina te   t he i r  movements as they  migrate  through 
t h e  ice. 

All these   resu l t s   a re   ex t remely   encouraging .  They 
demonstrate  that   acoustic  techniques  can  provide us 
with  information on t h e  number of bowheads during a 
wide  range  of l e a d  condi t ions,   including  c losed  lead 
conditions  during  which i t  was previously  bel ieved 
by some that   no  whales  were w e n   i n   t h e   a r e a   o f  
Point Barrow.  The a b i l i t y   o f   t h e   a c o u s t i c  method t o  
count  whales  under a wide v a r i e t y  of lead   condi t ions  
and  out t o   d i s t a n c e s  well beyond the   range   of   v i sua l  
de tec t ion  means tha t   the   census ing   e f for t   can  
ope ra t e   e f f ec t ive ly   fo r   t he   ma jo r i ty  of t h e  two 
month migratory  per iod.   These  acoust ic   resul ts   a lso 
indicate   that   the   sounds  produced by the  whales   are  
n o t   a r b i t r a r y   b u t   a c t u a l l y  serve a communicative 
function.  Since ca l l  s t ruc tures   a re   undoubtedly  
related  to   the  whales '   social   system  and  have  been 
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influenced by t h e i r   a r c t i c  environment. w e  should 
expec t   tha t   as   de ta i l s  of the  complexities of t h e i r  
communication system  unfold,  our  understanding of 
the  forces  involved  in  shaping  those  complexities 
w i l l  improve. Such knowledge w i l l  hopefully  be  used 
wisely and t o   t h e  good e f f ec t  of preserving  the 
unique a r c t i c   h a b i t a t  and its few remaining 
survivors. 

Funding for   these   s tud ies  was provided from the  
Alaska Department of Natural  Resources  through  the 
North  Slope Borough with  supplemental  funding from 
the  U.S. Bureau of Indian  Affairs and the  North 
Slope Borough. 
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