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ABSTRACT 

Knowledge of the physical marine environment is a prerequisite 
to understanding migration of fishes. 
drifts, tides, upwelling and other forms of motion in the ocean have 
direct and indirect effects upon the timing and paths of migration 
and upon reproductive strategies in general. This paper reviews some 
of the approaches for studying the marine environment that should be 
considered in developing projects concerning the migration and 
distribution of fish stocks. The three principal sources of physical 
oceanographic data are 1) publications and archives, 2) agency 
monitoring programs, and 3) field measurements. Physical data taken 
contemporaneously with fish observations have particular value. All 
three sources are frequently combined in a well-planned project. 
Remote sensing of the marine environment is an important new method 
that is now being used to influence the deployment of research and 
industry vessels. 

Variations in currents, 

INTRODUCTION 

An important factor in the migration of fishes is the fields of 
motion in the ocean environment. Water motion, as it may influence 
fish stocks, occurs across a broad range of temporal and spatial 
scales. It can impinge directly upon fish in the form of long-term 
drift or strong, short-term advection by currents or tidal flow, It 
also can act in an indirect manner by creating or destroying food 
aggregations. Upward motion enriches the euphotic zone. Olfactory 
clues for migrating fish may be carried with the flow, and proper 
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spawning h a b i t a t s  may depend on flow p a t t e r n s .  
t h e  d r i f t  o r  s w i m  a g a i n s t  i t .  These f i e l d s  of motion may b e  used 
s e l e c t i v e l y  by f i s h .  Current  systems o f t e n  undergo c y c l i c a l  changes 
i n  response t o  t i d a l  o r  s easona l  even t s ,  and they  usua l ly  show even 
l a r g e r  a p e r i o d i c  f l u c t u a t i o n s .  

F i sh  may move wi th  

The publ ished l i t e r a t u r e  con ta ins  some e x c e l l e n t  s t u d i e s  i n  
which some p a r t  of t h e  cyc le  of f i s h  migra t ion  is  as soc ia t ed  wi th  
water motion o r  o t h e r  even t s  i n  t h e  p h y s i c a l  environment. 
o t h e r  s t u d i e s ,  however, which appear  t o  have been handicapped by a 
f a i l u r e  i n  t h e i r  des ign  t o  g i v e  adequate  a t t e n t i o n  t o  the  vaga r i e s  of 
t h e  ocean. There i s  a d e f i n i t e  need t o  t ake  physical-oceanographic 
measurements t h a t  might ass is t  i n  exp la in ing  observed b i o l o g i c a l  
phenomena. The o b j e c t i v e  of t h i s  p re sen ta t ion  is  t o  review some 
approaches f o r  s tudying  the  phys ica l  environment t h a t  should be 
considered i n  developing p r o j e c t s  concerning t h e  migra t ion  o r  
d i s t r i b u t i o n  of f i s h  s tocks .  It i s  n o t  my i n t e n t  t o  o u t l i n e  complex 
and expensive r e sea rch  i n t o  phys ica l  oceanography, bu t  r a t h e r  t o  
cons ider  some r e l e v a n t  measurements of t h e  ocean t h a t  are a f f o r d a b l e  
by a migra t ion  r e sea rch  group w i t h  a modest budget and which might 
i n d i c a t e  some p h y s i c a l  o rde r  t o  b i o l o g i c a l  d i s t r i b u t i o n s  and might 
cue o r  d i r e c t  migratory behavior .  

There are 

EDDIES AND OCEAN FRONTS 

Two major f e a t u r e s  i n  t h e  ocean t h a t  form s t r o n g  p a t t e r n s  i n  t h e  
d i s t r i b u t i o n s  of phys i ca l  c h a r a c t e r i s t i c s  a r e  f r o n t s  and eddies .  
Fronts  and edd ie s  a r e  reg ions  where ocean dynamics are i n t e n s i f i e d .  
They are  r eg ions  of h o r i z o n t a l  shea r ,  convergence and divergence,  and 
v e r t i c a l  convect ion.  Owen (1981), i n  a review of t h e s e  classes of 
motion and t h e i r  b i o l o g i c a l  consequences,  noted t h a t  d i v e r s e  marine 
l i f e  forms, from t h e  ve ry  small  t o  t h e  very  l a r g e ,  a l t e r  t h e i r  
d i s t r i b u t i o n s  i n  t h e  presence  of such flow p a t t e r n s .  

Eddies may b e  c l a s s i f i e d  as f r e e  o r  s t a t i o n a r y .  Free  eddies  are  
formed from flow i n s t a b i l i t i e s  and atmospheric  forc ing .  Examples 
inc lude  t h e  warm-core and cold-core edd ie s  t h a t  are formed when 
meanders are pinched o f f  major c u r r e n t  systems such as  t h e  Gulf 
S t r e a m  and t h e  Kuroshio. These eddy " r ings"  t r a n s p o r t  l a r g e  amounts 
of h e a t ,  s a l t  and b i o t a .  The e f f e c t  of such an eddy i s  t h e  in jec t ion .  
of a community of organisms and a body of water i n t o  a f o r e i g n  water 
mass. However, f r e e  edd ie s  are u n l i k e l y  t o  provide  a r e l i a b l e  
mechanism f o r  f i s h  migra t ion  because of t h e i r  e p i s o d i c  na tu re .  

S t a t i o n a r y  edd ie s ,  on t h e  o t h e r  hand, are topographica l ly  
c o n t r o l l e d  and t h e r e f o r e  p e r s i s t e n t .  
determined by banks,  i s l a n d s  and t h e  conf igu ra t ion  of c o a s t l i n e s .  
They u s u a l l y  are semipermanent f e a t u r e s  bu t  may have a l a r g e  range of 
f l u c t u a t i o n .  The Southern C a l i f o r n i a  Eddy (reviewed by Owen 1980) i s  

Thei r  c i r c u l a t i o n  p a t t e r n s  are  
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an  example o f  a s t a t i o n a r y  cyc lonic  eddy i n  which v e r t i c a l  convect ion 
produces a n  upward t r a n s f e r  of n u t r i e n t s  i n t o  t h e  euphot ic  zone. 
l a r g e  number of s t u d i e s  has  shown t h e  Southern C a l i f o r n i a  Eddy t o  b e  
a re fuge  f o r  a v a r i e t y  of organisms inc lud ing  p e l a g i c  f i s h e s .  Smith 
(1978) found tha.t t h e  reg ion  about t h e  Southern C a l i f o r n i a  Eddy, 
which comprises only  12% of t h e  spawning area of t h e  no r the rn  
anchovy's (Engraulis mor&) c e n t r a l  subpopulat ion,  conta ined ,  on 
average over  24 y e a r s ,  48% of t h e  spawned larvae. 

A 

Ocean f r o n t s  may be  c l a s s i f i e d  i n t o  f i v e  major ca t egor i e s .  
Fronts  are  formed 1) a t  t h e  boundary of i n t e n s e  c u r r e n t s ,  2) i n  
reg ions  of convergent s u r f a c e  flow dr iven  by wind stress, 3)  as  a 
r e s u l t  of c o a s t a l  upwell ing,  4 )  a t  boundaries  of  e s t u a r i n e  d ischarge  
plumes, and 5)  as a r e s u l t  of r e s t r a t i f i c a t i o n  of water from t i d a l  o r  
wind s t i r r i n g  i n  r eg ions  of sha l low topography. I n  the  major oceans 
l a rge - sca l e  f r o n t s  l i e  i n  zonal  bands i n  response t o  the  
t ime- in tegra ted  e f f e c t  of l a rge - sca l e  wind s t r e s s .  

Well-studied examples of ocean f r o n t s  are t h e  s u b a r c t i c  and 
sub t rop ic  f r o n t s  of t h e  North P a c i f i c  Ocean. The s u b a r c t i c  f r o n t  
l i e s  about  t h e  40"N p a r a l l e l ,  except  nea r  i t s  e a s t e r n  terminus,  where 
i t  curves  southward t o  t h e  v i c i n i t y  of 35"N. The sub t rop ic  f r o n t  
l i e s  nea r  t h e  32"N p a r a l l e l .  In  t h e  1970's t h e  d i s t r i b u t i o n  of 
a lbacore  (Thnnus aZaZunga) as they migrated toward t h e  North 
American summer t r o l l  f i s h e r y  was i n v e s t i g a t e d  i n  r e l a t i o n  t o  these  
f r o n t s  (Laurs and Lynn 1977).  I n  the  l a t e  sp r ing  of 1972 and 1973 
t h e  f r c n t s  were w e l l  developed. The f r o n t s  had s p a t i a l  c o n t i n u i t y  
and s t rong  g r a d i e n t s  of temperature  a n d  s a l i n i t y .  Albacore ca t ches  
w e r e  d i s t r i b u t e d  along and between t h e  f r o n t s  (Fig.  1). Such 
aggrega t ion  may have occurred i n  response t o  t h e  a v a i l a b i l i t y  of 
forage.  The forage ,  i n  t u r n ,  was dependent on lower t r o p h i c  l e v e l s  
and u l t i m a t e l y  on t h e  h igh  p r o d u c t i v i t y  c rea t ed  by f r o n t a l  dynamics. 
The changing p a t t e r n s  i n  t h e  s i z e  composition of t h e  a lbacore  i n  
t h e s e  o f f s h o r e  ca t ches  over  7 weeks were repea ted ,  a f t e r  a de lay ,  i n  
t h e  nearshore  f i s h e r y ,  i n d i c a t i n g  t h a t  a lbacore  were a c t i v e l y  
migra t ing  through t h i s  area dur ing  t h e  per iod  of t h e  s tudy.  

A r e p e a t  of t h e  survey i n  t h e  l a t e  s p r i n g  of 1974 revea led  
s i g n i f i c a n t  d i f f e r e n c e s  (Fig.  1). The f r o n t a l  s t r u c t u r e  w a s  poorly 
developed and water-mass boundaries  were less d i s t i n c t .  
ca tches  were made over  a l a r g e r  reg ion  and d id  n o t  tend t o  p e r s i s t  i n  
any l o c a l  area as they  had i n  t h e  prev ious  2 yea r s .  There was, 
however, one pocket of high ca t ches  t h a t  w a s  sus t a ined  over  s e v e r a l  
days. 
t h e s e  ca t ches .  A sequence of ca t ches - - f i r s t  w i t h i n  t h e  meander, t hen  
coastward of t h e  meander, followed by a recur rence  of ca t ches  w i t h i n  
t h e  meander--suggested a funnel ing  of t h e  migra t ing  a lbacore  r e l a t e d  
t o  t h e  f e a t u r e .  Thus, s p r i n g  d i s t r i b u t i o n  and migra t ion  of a lbacore  
seem s t r o n g l y  inf luenced ,  whether d i r e c t l y  o r  i n d i r e c t l y ,  by t h e  
presence  of t hese  la rge-sca le  f r o n t s ,  t h e  degree of development of 

Albacore 

A f r o n t a l  meander of modest p ropor t ions  nea r ly  encompassed 
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Figure  1. Albacore ca t ch  per  150 l ine-hours  by 1 2  cha r t e red  f i s h i n g  
v e s s e l s  dur ing  a preseason exp lo ra to ry  s tudy and t h e  
s u b a r c t i c  (no r the rn )  and sub t rop ic  (southern)  ocean f r o n t s  
dur ing  (A) 1973 and (B) 1974 (from Laurs  and Lynn 1977). 

t he  f r o n t s  and t h e  form of mesoscale f e a t u r e s  w i t h i n  t h e  f r o n t s .  

OTHER CLASSES OF MOTION 

Classes of motion which impact b i o l o g i c a l  d i s t r i b u t i o n s ,  o t h e r  
than  f r o n t s  and edd ie s ,  inc lude  c o a s t a l  upwell ing,  c u r r e n t  systems, 
long-term d r i f t ,  t u rbu len t  mixing, t i d e s ,  and r i v e r  flow. I n  a 
comparative s tudy of oceanographic regimes and spawning s t r a t e g i e s  
wi th in  t h e  C a l i f o r n i a  Current  system, P a r r i s h  e t  a l .  (1981) descr ibed  
t h e  seasona l  c y c l e  of upwell ing,  o f f shore  t r a n s p o r t  and nearshore  
countercur ren ts .  The reproduct ive  s t r a t e g i e s  of pe l ag ic  f i s h  i n  t h i s  
h igh ly  product ive  reg ion  w e r e  shown t o  accommodate t o  these  seasonal  
f l u c t u a t i o n s  i n  nearshore  c o a s t a l  dynamics. The s t r a t e g i e s  inc lude  
seasonal  t iming,  s h o r t  p l ank ton ic  s t a g e s  and l a r g e  numbers of spawn. 

CONVENTIONAL OCEAN MEASUREMENTS 

Methods of ocean measurement must be  chosen wi th  cons ide ra t ion  

The o b j e c t i v e  of 
f o r  t h e  c h a r a c t e r i s t i c s  of t h e  s p e c i e s  of f i s h  s tud ied  as  w e l l  as  t h e  
a v a i l a b i l i t y  of f i n a n c i a l  and manpower resources .  
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Figure 1 cont inued.  

such measurements of ocean c u r r e n t s  i s  t o  e s t ima te  t h e  e f f e c t i v e  
f i e l d s  of motion over  s p a t i a l  and temporal t i m e  s c a l e s  t h a t  are 
p e r t i n e n t  t o  t h e  mig ra t ions  of a p a r t i c u l a r  popula t ion  of f i s h .  
Often t h e r e  i s  no obvious method t o  achieve  the  des i r ed  r e s u l t s  
d i r e c t l y .  
coverage i n  t i m e .  However, i f  one is t o  achieve  reasonable  coherence 
among c u r r e n t  meters, a modest deployment can cover  only a small p a r t  
of t h e  migratory domain. That s t i l l  might r ep resen t  a l a r g e  
investment i n  t i m e ,  e f f o r t  and money. Thus c u r r e n t  meters  are most 
e f f e c t i v e  i n  confined reg ions  such as channels ,  embayments and 
c o n t i n e n t a l  she lves .  I n  the  open ocean cu r ren t  meters u s u a l l y  
involve  l o g i s t i c s  of such p ropor t ions  t h a t  they would dominate, i n  an  
o p e r a t i o n a l  sense ,  a modest p r o j e c t  on f i s h  migra t ion .  

Moored cu r ren t  meters can provide  r e l a t i v e l y  dense 

Other d i r e c t  methods of cu r ren t  measurement used i n  l a rge r - sca l e  
reg ions  are drogued d r i f t e r s ,  s h i p ' s  d r i f t  and, i n  c o a s t a l  zones,  
d r i f t  cards .  Recent ly ,  a c o u s t i c  doppler  l ogs  and expendable 
tempera ture /ve loc i ty  probes have been used success fu l ly  t o  measure 
v e l o c i t y  p r o f i l e s  from a moving v e s s e l .  

More commonly, w e  observe f i e l d s  of motion i n d i r e c t l y  by 
sampling t h e  d e n s i t y  ( temperature  and s a l i n i t y )  f i e l d  i n  hydrographic 
Conductivity/Temperature/Depth (CTD) surveys  from which geos t roph ic  
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v e l o c i t i e s  can be computed and water masses and f r o n t s  loca ted .  
Other v a r i a b l e s  such as  water  c l a r i t y ,  p roduc t iv i ty  and oxygen 
content  can a l s o  be  measured. D i s t r i b u t i o n s  of t hese  v a r i a b l e s  may 
s t r o n g l y  in f luence  t h e  d i s t r i b u t i o n  and movement of f i s h .  This  
method has  l i m i t a t i o n s  which ar ise  from the  assumption of 
s y n o p t i c i t y ,  and i t  produces only  one s l i c e  i n  t i m e  of a vary ing  
s ta te .  Repeated surveys ( a  c o s t l y  endeavor) ,  which are o f t e n  done on 
monthly i n t e r v a l s ,  can be s e r i o u s l y  b i a sed .  When d a t a  are too  spa r se  
t o  examine events  w i th in  a season,  an  accumulation of measurements 
may permit  c a l c u l a t i o n  of long-term mean seasonal  changes t h a t  may 
re la te  t o  mean seasonal  d i s t r i b u t i o n s  of f i s h .  Other i n d i r e c t  
methods inc lude  us ing  Ekman d r i f t  t o  e s t ima te  time-varying a spec t s  of 
su r f ace  c u r r e n t s  over  pe r iods  of weeks t o  months and us ing  records  of 
t i d e  l e v e l  t o  fo l low changes i n  c o a s t a l  c u r r e n t s .  

Sources of Ocean Data 

The sources  of d a t a  f o r  marine environmental  s t u d i e s  may be 
d iv ided  i n t o  t h r e e  p r i n c i p a l  ca t egor i e s .  

1. One source  i s  h i s t o r i c a l  f i l e s  i n  t h e  form of d a t a  a r c h i v e s ,  
s c i e n t i f i c  l i t e r a t u r e ,  and summary pub l i ca t ions  inc luding  atlases.  

2. A second source i s  ongoing ocean monitor ing programs. These 
programs, o f t e n  found i n  government agencies  and u n i v e r s i t i e s ,  may 
provide ocean d a t a  i n  t h e  p lanning  s t a g e s  o r  dur ing  t h e  ope ra t ions  of 
a s tudy  p r o j e c t .  Examples inc lude  m a r i t i m e  r e p o r t s  of weather and 
sea-surface temperature ,  remote-sensed s a t e l l i t e  imagery, and sea 
l e v e l .  

3 .  The t h i r d  major source i s  f i e l d  measurements conducted dur ing  
f i s h e r i e s  s t u d i e s .  These d a t a  have p a r t i c u l a r  va lue  i n  be ing  
contemporaneous w i t h  observa t ions  of f i s h .  They may come from 
measurements aboard a r e sea rch  v e s s e l  o r  ga thered  by arrangements 
aboard commercial f i s h i n g  v e s s e l s  o r  o t h e r  ships-of-opportuni ty .  

Perhaps a f o u r t h  source i s  model s imula t ions  of ocean dynamics. 
Most o r  a l l  of t hese  sources  usua l ly  a r e  brought t o  bear  upon a 
problem. 

Case S tud ie s  

For example, l e t  u s  look a t  a p r o j e c t  i n  p rogres s  involv ing  
a lbacore  tuna;  i t  u s e s  a l l  t h r e e  p r i n c i p a l  da t a  sources .  A phase of 
t h e  complex migra t ion  of North P a c i f i c  a lbacore  i s  t h e  movement 
fol lowing t h e  seasonal  dec l ine  of t he  United States-Canadian su r face  
f i s h e r y  i n  t h e  f a l l  t o  t he  subsur face  long l ine  f i s h e r y  conducted i n  
win te r  by Japan, South Korea and Taiwan. This  i s  a southward and 
westward movement from a reg ion  o f f shore  of t h e  US west coas t  t o  a 
broad zone a c r o s s  much of t h e  North P a c i f i c .  Catch records  of t he  
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Figure 2 .  (A)  Japanese long l ine  a lbacore  ca t ches  i n  t h e  e a s t e r n  
no r th  P a c i f i c  f o r  October through March averaged f o r  
1969-1979 (from Lynn and B l i s s  1982). 
as ca t ch  per  100 hooks. 

(B) The same da ta  

Japanese long l ine  f i s h e r y  f o r  a lbacore  east of t h e  i n t e r n a t i o n a l  
d a t e l i n e  (Lynn and B l i s s  1982) show t h a t  t h e  major ca tches  i n  t h e  
eastern North P a c i f i c  are taken between 30"N and 35"N dur ing  t h e  
months of November through February (Fig.  2a).  
t h i s  per iod  t h e r e  are a l s o  some modest ca tches  no r th  of 35"N and 
between 145"W and 165"W. The i n t e r e s t i n g  aspec t  is  t h a t  t h e  ca t ch  

I n  t h e  e a r l y  p a r t  of 
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r a t e s  n o r t h  of 35"N are h igh  (Fig.  2b). Based upon a r e s o l u t i o n  of 
monthly ca tch  t o t a l s  f o r  5' blocks  of l a t i t u d e  and longi tude ,  t h e  
ca t ch  r a t e s  a r e  c l o s e  t o  f i v e  a lbacore  per  100 hooks compared t o  no 
more than  two t o  t h r e e  pe r  100 hooks elsewhere.  We know from e a r l i e r  
work t h a t  t h e  s u b a r c t i c  f r o n t  l i e s  wi th in  t h e  zone of 35"N t o  40"N. 
November i s  a per iod  of cool ing  and deepening of t he  shal low,  
seasonal ,  mixed l a y e r .  Beneath t h i s  l a y e r  t h e r e  is  t h e  deeper 
f r o n t a l  s t r u c t u r e  remaining from the  previous win ter .  Oceanographic 
a t l a s e s  (e.g. Robinson 1976) show t h a t  i n  November t h e  16 C t o  18 C 
isotherms from t h e  su r face  t o  60 m f a l l  i n  t h i s  zone (Fig. 3)  and a r e  
thus  co inc ident  w i th  t h e  mean p o s i t i o n  of t h e  s u b a r c t i c  f r o n t .  This 
range of ocean temperature i s  c h a r a c t e r i s t i c  of a lbacore  f i s h e r i e s .  
These condi t ions  suggest  t h a t  i n  t h e  e a r l y  phases of t he  long l ine  
f i s h e r y ,  a s  a lbacore  and su r face  l a y e r  isotherms r e t r e a t  from 
nor the r ly  l a t i t u d e s ,  t h e  a lbacore  a r e  once aga in  aggregated by events  
about t h e  s u b a r c t i c  f r o n t ,  t hus  producing the  circumstances t h a t  
r e s u l t  i n  h igh  ca tch  r a t e s .  
about  t h e  f r o n t  a r e  lower than  those apparent ly  p re fe r r ed  by a lbacore  
and ca tches  decrease  accordingly.  

By mid o r  l a t e  December temperatures  

This background information inf luenced  the  s t r a t e g y  developed 
f o r  r ecen t  explora tory  long l ine  surveys (Laurs e t  a l .  1981, 1982). 
I n  these  surveys US f i s h i n g  v e s s e l s  experimented wi th  gear  and 
methods i n  a p r o j e c t  conducted by t h e  American Fishermen's Research 
Foundation and c a r r i e d  out  i n  cooperat ion wi th  t h e  Nat ional  Marine 
F i s h e r i e s  Serv ice ,  under t h e  s c i e n t i f i c  l eade r sh ip  of R.M. Laurs .  
Five f i s h i n g  v e s s e l s  a r e  p a r t i c i p a t i n g  i n  t h e  r e c e n t  survey. P r i o r  

NUMBERS OF FISH 

501 - 2000 
0 2001 -3500 

Figure 3. The a lbacore  long l ine  ca t ch  f o r  November from Figure 2A 
and t h e  monthly mean 16 C and 18 C isotherms.  
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t o  s a i l i n g ,  up-to-date expendable bathythermograph (XBT) d a t a  were 
obtained from t h e  US Navy's F l e e t  Numerical Oteanographic Center ,  
P l o t s  of isotherm depth i n  t h e  upper 150 m of t h e  survey reg ion  
revea led  a zone of abrupt  changes i d e n t i f y i n g  a s t rong  f r o n t .  Thus, 
an ocean monitor ing program provided input  f o r  t a c t i c s  i n  deploying 
t h e  v e s s e l s .  Each of t h e  f i v e  v e s s e l s  w a s  i n s t r u c t e d  t o  record  
twice-dai ly  weather  and sea cond i t ions  and sea-surface temperature.  
A l s o ,  each  v e s s e l  made d a i l y  XBT c a s t s .  This  measure of thermal  
s t r u c t u r e ,  taken concurren t ly  wi th  f i s h i n g  ope ra t ions ,  w i l l  be 
combined wi th  t h e  background information t o  address  t h e  ques t ion  of 
t h e  a s s o c i a t i o n  of migra t ion  wi th  ocean f r o n t s .  

The 1972-74 a lbacore  surveys (Laurs and Lynn 1977) i n  which t h e  
sp r ing  migra t ion  i n t o  t h e  North American s u r f a c e  f i s h e r y  was 
i n v e s t i g a t e d ,  o f f e r  an example of a more comprehensible l e v e l  of 
ope ra t ions  us ing  phys ica l  oceanography i n  conjunct ion  wi th  f i s h e r i e s  
r e sea rch .  
JORDAN and cha r t e red  commercial-fishing v e s s e l s .  
conducted oceanographic observa t ions  on a planned g r i d .  
observa t ions  were made: CTD p r o f i l e s ;  XBT and water b o t t l e  c a s t s ;  
cont inuous record ing  of s u r f a c e  temperature ,  s a l i n i t y  and ch lorophyl l  
concent ra t ion ;  and a n a l y s i s  of water b o t t l e  samples f o r  O2 and 
ch lorophyl l  concent ra t ions .  Nut r ien t  chemistry was des i r ed  but  
proved t o  be beyond our  resources .  Micronekton tows, t o  o b t a i n  
p o t e n t i a l  forage  organisms f o r  a lbacore ,  were made us ing  an  
Isaacs-Kidd midwater t r a w l .  The JORDAN a l s o  t r o l l e d  f o r  a lbacore  as  
t i m e  permit ted.  The ca t ches  made by t h e  JORDAN, whi le  no t  comparable 
i n  e f f o r t  t o  those  of t he  cha r t e red  f i s h i n g  v e s s e l s ,  d id  provide  
conf i rmat ion  t h a t  areas w e l l  beyond t h e  reg ions  of f r o n t s  were less 
product ive  o r  unproduct ive.  The cha r t e red  f i s h i n g  v e s s e l s  recorded 
weather and sea condi t ions  and made XBT c a s t s .  These a d d i t i o n a l  
phys i ca l  observa t ions  extended our  i n t e r p r e t a t i o n  of t he  ocean 
cond i t ions  beyond the  g r i d  covered by t h e  JORDAh.  

The surveys  combined t h e  use  of  t he  R / V  D A V I D  STAN 
The JORDAK 

T r a d i t i o n a l  

An added f a c t o r  i n  these  surveys was the  coopera t ion  of 
unchar te red  f i s h i n g  v e s s e l s .  Dai ly  b roadcas t s  of f i nd ings  from t h e  
JORDAN and cha r t e red  f i s h i n g  v e s s e l s  were given on r ad io  f r equenc ie s  
used by fishermen. 
r epor t ing  t h e i r  d a i l y  ca t ches ,  t hus  a s s i s t i n g  i n  the  success  of t h e  
ope ra t ions ,  and many a l s o  v o l u n t a r i l y  completed ca tch  logs  as p a r t  of 
an  i n t e r s t a t e  and f e d e r a l  p rogran  (Laurs e t  a l .  1975) .  
combined a number of a c t i v i t i e s  d i r e c t e d  toward desc r ib ing  and 
understanding the  migra t ion  of a lbacore  of which the  s tudy of t h e  
phys ica l  environment w a s  an i n t e g r a l  p a r t .  

I n t e r p r e t i n g  and Using Ocean Measurements 

Many of t he  fishermen responded i n  kind by 

This  p r o j e c t  

The CTD, XBT and water-sample c a s t s  provide the  b a s i s  f o r  
i d e n t i f y i n g  water masses and f r o n t s  (Fig.  4 )  and f o r  c a l c u l a t i n g  t h e  
dynamics of s t a b i l i t y ,  mixing and geos t rophic  cu r ren t s .  Meanders o r  
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30°N 35ON 40" 

Figure 4 .  V e r t i c a l  s e c t i o n  of s a l i n i t y  (upper pane l )  and temperature  
(lower pane l )  a long 137.5OW f o r  June 1973. The sub t rop ic  * 

f r o n t  i s  seen a t  32"N a n d  t h e  s u b a r c t i c  a t  35'N. 
Iiatching i n d i c a t e s  s a l i n i t i e s  < 33.8 O / o o ;  l i g h t  s t i p p l i n g  
i n d i c a t e s  s a l i n i t i e s  between 34.2 and 34.6 O / o o  and heavy 
s t i p p l i n g  i n d i c a t e s  s a l i n i t i e s  > 34.6 l o o .  C 

eddies  spun o f €  the  f r o n t s  can be descr ibed .  
ch lo rophy l l  de te rmina t ions  and micronekton hau l s  provide the  l i n k s  
between t h e  phys ica l  and b i o l o g i c a l  regimes. 
which provides  a continuous underway record ing  of su r face  l a y e r  
temperature  and s a l i n i t y ,  r e v e a l s  t he  presence of su r face  f r o n t a l  
g r a d i e n t s  as they are crossed  (Fig.  5 ) .  Thus, oppor tuni ty  arises f o r  

The n u t r i e n t  chemistry,  

The thermosalinograph, 
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a t a c t i c a l  response i n  sampling procedures  and f i s h i n g  ope ra t ions .  
The temperate  zone f r o n t a l  system of t h e  e a s t e r n  North P a c i f i c  Ocean 
o f t e n  e x h i b i t s  a temperature  change on the  o rde r  of only 0.7-1.0 C i n  
4-20 km. It is  t h e  abruptness  of change i n  an otherwise f l a t  s i g n a l  
t h a t  i d e n t i f i e s  t hese  f e a t u r e s .  The s a l i n i t y  change a t  t h e  f r o n t ,  
0.5-1.0 f o o ,  i s  even g r e a t e r  r e l a t i v e  t o  i t s  ambient f l u c t u a t i o n s  i n  
t h e  s u r f a c e  l aye r .  

0 

APPLICATIONS OF REMOTE SENSING 

Remotely sensed measurements from a i r c r a f t  and s a t e l l i t e s  have 
been employed i n  d i r e c t i n g  commercial-f isher ies  and f i s h e r i e s -  
r e sea rch  ope ra t ions  and i n  a n a l y s i s  of t h e  r e s u l t s  of b i o l o g i c a l -  and 
physical-oceanographic p r o j e c t s .  
acceptance and importance i n  t h e  f i s h e r y  sc i ences  and i n d u s t r i e s .  
The a p p l i c a t i o n s  of s a t e l l i t e  remote sens ing  i n  f i s h e r i e s ,  inc luding  
t h e  use  of thermal  i n f r a r e d  radiometry,  t h e  Coas t a l  Zone Color 
Scanner (CZCS), and the  SEASAT-A microwave sca t t e romete r ,  has  
r e c e n t l y  been reviewed by Laurs  and Brucks ( i n  p r e s s ) .  

This  powerful t o o l  i s  growing i n  

For many ocean s c i en t i s t s  t h e  i n i t i a l  exposure a decade ago t o  
thermal - inf ra red  images from sa t e l l i t e s  r a i s e d  ques t ions  as t o  
re levance  of t h e  images t o  subsur face  f e a t u r e s .  Experience has  
demonstrated t h a t ,  f o r  t he  most p a r t ,  t h e  observed plumes, f r o n t s ,  
edd ie s ,  wakes and t h e  l i k e  are f e a t u r e s  rooted  i n  t h e  mixed l a y e r  o r  
deeper.  In  a t i m e  sequence of s a t e l l i t e  images some are found t o  
evolve slowly i n  form; o t h e r s  show a s t rong  response t o  major wind 
even t s  i n  a sho r t  t i m e .  This  imagery r e v e a l s  express ions  of t h e  
advec t ion  and exchange processes  a t  t h e  s u r f a c e  and p o t e n t i a l l y  
r e f l e c t s  r e l a t e d  p a t t e r n s  i n  t h e  b i o l o g i c a l  d i s t r i b u t i o n s .  

The major ,  wes te rn ,  boundary-current systems are monitored by 
s a t e l l i t e .  Contemporary m u l t i d i s c i p l i n a r y  s t u d i e s  of t he  warm- and 
cold-core r i n g s  i n  t h e  North A t l a n t i c  r e l y  upon remotely sensed da ta .  
S a t e l l i t e  imagery i s  equa l ly  u s e f u l  i n  small-scale  s t u d i e s  and i n  t h e  
l e s se r -g rad ien t  f e a t u r e s  found i n  e a s t e r n  boundary cu r ren t s .  Using 
images from t h e  NOM-5 s a t e l l i t e ,  Simpson and Pingree  (1978) 
confirmed the  occurrence of convergent t i d a l  f r o n t s  i n  t h e  C e l t i c  
Sea. These shal low sea f r o n t s  d i v i d e  reg ions  of t i d a l l y  mixed and 
w e l l - s t r a t i f i e d  waters .  They s t i m u l a t e  local .  primary p roduc t iv i ty  
and concen t r a t e  zooplankton. A t  t he  Nat iona l  Marine F i s h e r i e s  
Serv ice  Southwest F i s h e r i e s  Center (NMFS/SWFC) w e  have used imagery 
t o  d i r e c t  e f f o r t  i n  a d e t a i l e d  survey of an upwell ing plume. Also 
the  SWFC p a r t i c i p a t e d  i n  a j o i n t  ven tu re  of i ndus t ry ,  u n i v e r s i t y  and 
government t o  supply salmon and a lbacore  fishermen on t h e  US w e s t  
c o a s t  w i th  t imely  maps of g r a d i e n t  f e a t u r e s  (Montgomery 1981). 
Recently t h e  development of process ing  techniques f o r  d a t a  from t h e  
CZCS aboard t h e  Nimbus 7 has  added a new instrument  t o  our  a r s e n a l .  
R.M. Laurs and co l leagues  are s tudying  an a p p l i c a t i o n  of t h e  CZCS t o  
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t he  w e s t  coas t  a lbacore  f i s h e r y ,  which has  a l t e r e d  our  percept ion  a s  
t o  the  mechanism of response of t hese  f i s h  t o  upwell ing f r o n t s .  
Albacore,  which are v i s u a l  f eede r s ,  a r e  now suspected t o  be 
responding t o  s t rong  changes i n  t u r b i d i t y  which a r e  seen as  co lo r  
f r o n t s  a s soc ia t ed  wi th  upwelled wa te r s  r a t h e r  than  t o  the  temperature  
f r o n t s  (R.M. Laurs personal  communication). 

R. Lasker and co l leagues  a t  t h e  SWFC a r e  applying s a t e l l i t e  
imagery t o  s t u d i e s  of no r the rn  anchovy spawning i n  the  Southern 
C a l i f o r n i a  Bight.  Anchovy eggs and l a rvae  were sampled dur ing  March 
and Apr i l  1980 i n  a c l o s e l y  spaced g r i d  of s t a t i o n s  covering most of 
t he  Bight.  The f i r s t - d a y  l a rvae  were w e l l  r epresented  i n  n e t  tows i n  
some a r e a s  and absent  from o t h e r s .  There was remarkable coincidence 
i n  t h e  l a r v a l  d i s t r i b u t i o n ' s  southern boundary wi th  a s t rong  g rad ien t  
of ch lo rophy l l  concent ra t ion  a s  measured by the  blue-green r a t i o  i n  a 
CZCS image taken i n  e a r l y  Apr i l ,  1980. Spawning appears  t o  have 
occurred wi th in  t h e  plankton-r ich areas and w a s  absent  from the  c l e a r  
b lue ,  and more s t e r i l e ,  waters o f f shore  and t o  t h e  south.  The 
no r the rn  l i m i t  of egg d i s t r i b u t i o n  was co inc ident  w i th  t h e  14-C 
su r face  isotherm as  determined by d i r e c t  measurements and thermal  I K  
s a t e l l i t e  imagery. Temperatures l e s s  than  14 C ,  whi le  no t  
phys io log ica l ly  unsu i t ab le  f o r  anchovy spawning, i n d i c a t e  r ecen t ly  
upwelled waters. The 14-C isotherm may denote a zone of change i n  
the  success ion  of planktonic-community composition o r  i n  t h e  v e r t i c a l  
s t r a t i f i c a t i o n  of t h e  water column, bo th  of which are important  
f a c t o r s  i n  spawning (Lasker 1978). A repeated set of d a t a  f o r  
February 198: d i d  n o t  confirm t h e  correspondence wi th  the  sur face-  
ch lo rophy l l  g rad ien t .  More observa t ions  are scheduled. 

PRESENT DAY DEVELOPMENTS AND FUTURE EXPECTATIONS 

I expect  a p p l i c a t i o n  of remote-sensing techniques t o  cont inue t o  
advance our  understanding of t h e  oceans and t o  expand i n  use fu lness  
i n  marine b io logy .  There are s e v e r a l  r ecen t  improvements i n  remote 
sens ing ,  and more are a n t i c i p a t e d .  The present  a p p l i c a t i o n  of 
thermal  I R  imagery i s  t o  u t i l i z e  the  r e l a t i v e  temperature-gradient  
p a t t e r n s  f o r  i n t e r p r e t a t i o n  of events .  
of estimates of sea temperature  from s i n g l e  channel I R  d a t a  w a s  no 
b e t t e r  than  4-5 C ( o r  2-3 C i f  sea su r face  measurements were 
a v a i l a b l e ) .  
d a t a ,  l i m i t i n g  e r r o r  t o  0.6-0.9 C (Berns te in  1982; McClain e t  a l .  
1983). 

U n t i l  r e c e n t l y  t h e  accuracy 

Algorithms have now been developed f o r  mul t ichannel  I R  

Overcast  and atmospheric moisture  cont inue t o  be t h e  major 
Berns te in  problems i n  c o l l e c t i n g  u s e f u l  I R  and v i s u a l  imagery. 

(1982) h a s  devised a r o u t i n e  which r e t r i e v e s  sea-surface temperatures  
even from s m a l l  s c a t t e r e d  openings i n  c louds.  
techniques t h e  r o u t i n e  e l imina te s  a l l  bu t  t he  b e s t  da t a .  
t he  r o u t i n e  t o  a s e r i e s  of images c o l l e c t e d  over  days t o  weeks 

Using image-screening 
Applying 
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produces a f i e l d  of da t a  not  u n l i k e  t h a t  from m a r i t i m e  s h i p  r epor t s .  
The s a t e l l i t e  d a t a  have a smaller b i a s  than  do m a r i t i m e  s h i p  r epor t s , ,  
however, and are no t  cons t ra ined  t o  sh ipping  lanes .  This  r o u t i n e  
might be  used t o  improve the  present  program f o r  monitoring 
sea-sur face  temperature  t h a t  re l ies  on marit ime r e p o r t s  and would 
l i k e l y  improve t h e  s p a t i a l  r e so lu t ion .  
r eg iona l ly .  

I t  a l s o  could be app l i ed  

One experimental  sensor  t h a t  i s  unaf fec ted  by clouds is  t h e  
microwave sca t t e romete r  used aboard t h e  i l l - f a t e d  SEASAT-A. I t  
provides  t h e  b a s i s  f o r  estimates of wind stress. Rakun and P a r r i s h  
(1980) have found a s p a t i a l  a l t e r n a t i o n  i n  t h e  p a t t e r n  of wind-curl 
stress a long  t h e  C a l i f o r n i a  and Baja C a l i f o r n i a  c o a s t a l  zone. 
of p o s i t i v e  c u r l  between reg ions  of nega t ive  c u r l  appears  t o  b lock  
t h e  seasona l  development of t h e  countercur ren t ,  r e s u l t i n g  i n  two 
semi-indepedent gyres .  These gyres  correspond t o  sepa ra t e  
subpopulat ions of p e l a g i c  f i s h .  
composite of many y e a r s  of da ta .  
been reso lved  by t h e  methods a v a i l a b l e  f o r  synopt ic  sampling. 
and P a r r i s h  suggested t h a t  t h e  design r e s o l u t i o n  of 50 km f o r  t h e  
microwave sca t t e romete r  would al low synop t i c  viewing of wind-stress  
f e a t u r e s  on a s i z e  s c a l e  r e l evan t  t o  f i s h  s tocks .  

A lobe  

The wind stress w a s  der ived from a 
The wind-stress  c u r l  could no t  have 

Bakun 

Within the  p a s t  decade w e  have seen s u b s t a n t i a l  t echno log ica l  
advances ir. computers and i n  da t a  handl ing systems. These 
improvements have f a c i l i t a t e d  the  a rch iv ing  and use  of vo1un;inous 
t ime s e r i e s  of environmental  data.  Numerous r e s u l t i n g  s t u d i e s  and 
papers  have examined i n t e r a c t i o n s  between the  oceans and atmosphere 
on s c a l e s  from reg iona l  t o  g loba l .  The b e n e f i t s  t o  f i s h e r i e s  
r e sea rch ,  which a r e  y e t  t o  be  f u l l y  r e a l i z e d ,  should inc lude  t h e  
development of environmental  i n d i c e s  and s imula t ion  models which have 
p o t e n t i a l  f o r  i n t e r f a c i n g  w i t h  f i s h e r i e s  d a t a  s e t s  and migra t ion  
models. 

CONCLUSION 

The l inkage  between the  d i s t r i b u t i o n  and movement of f i s h  and 
f i e l d s  of motion and r e l a t e d  ocean f e a t u r e s  i s  complex and involves  
mul t ip l e  t r o p h i c  l e v e l s .  
d i r e c t  causa l  r e l a t i o n s h i p ,  bu t  evidence and i n t u i t i o n  po in t  toward 
such l inkages .  
d e f i c i e n t  because the  number of samples is  usua l ly  small, t h e  medium 
is  h igh ly  v a r i a b l e ,  and most d a t a  sets r equ i r e  cons iderable  
i n t e r p o l a t i o n .  Despi te  t h e s e  d e f i c i e n c i e s ,  evidence i s  overwhelming 
f o r  t h e  in f luence  of s p a t i a l  and temporal v a r i a t i o n s  i n  t h e  marine 
environment upon f i s h .  Hypotheses so  r a i s e d  can l ead  t o  improved 
experiments  and a l t e r n a t e  approaches t o  confirn? o r  d i s p e l  t h e  ideas .  

I t  may not  be poss ib l e  t o  demonstrate a 

Both phys ica l  and b i o l o g i c a l  d a t a  sets tend t o  be 

The t echno log ica l  advances a l s o  provide f o r  r ap id  d a t a  r e t r i e v a l  
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and sophisticated graphic display of data from oceanographic 
archives--quite the equivalent of an electronic atlas. As these 
developments become available they improve our capabilities for 
accessing marine environmental data for development of project plans 
and in analysis. However, the advances in remote sensing and data 
technologies do not supplant the need for field measurements but 
rather supplement them. There is still the need for lowering 
instruments over the side to take the measure of the ocean 
environment concurrently with sampling fish. 
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