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INTRODUCTION 

I n  t h e  C a l i f o r n i a  Cur ren t  System, poleward f low has  been observed 

a t  d i f f e r e n t  l e v e l s  and i n  d i f f e r e n t  seasons .  I n  w i n t e r ,  t h e r e  i s  broad 

poleward f low a t  t h e  s u r f a c e  a l o n g  most o f  t h e  c o a s t  a l o n g  Washington, 

Oregon, and n o r t h e r n  C a l i f o r n i a .  During t h e  upwel l ing  season ,  i n  s p r i n g  

and summer, t h e r e  i s  a  narrow, i n s h o r e  poleward s u r f a c e  c u r r e n t  which 

a p p e a r s  o f f  n o r t h e r n  C a l i f o r n i a  whenever upwel l ing- favorab le  winds 

weaken; o f f  s o u t h e r n  and c e n t r a l  C a l i f o r n i a ,  t h i s  i n s h o r e  poleward flow 

seemstopersistthroughmostoftheupwellingseason. D u r i n g t h e u p w e l l i n g  

season ,  t h e r e  i s  a l s o  s u b s u r f a c e  poleward flow, bo th  n e a r  t h e  bottom over  

much of  t h e  c o n t i n e n t a l  s h e l f  and a t  dep ths  o f  a  few hundred meters a long  

t h e  upper  c o n t i n e n t a l  s l o p e .  Whether and how t h e s e  "branches" of  poleward 

f low a r e  r e l a t e d  t o  e a c h  o t h e r  i s  s t i l l  unknown. W e  have some i d e a s  of 

how t h e  s u r f a c e  poleward f lows a r e  d r i v e n ,  b u t  s t i l l  v e r y  l i t t l e  

i n f o r m a t i o n  on t h e  c o n t i n u i t y  and t h e  d r i v i n g  of  t h e  subsur face  

u n d e r c u r r e n t s .  I n  t h i s  n o t e ,  we s h a l l  summarize b r i e f l y  t h e  main 

c h a r a c t e r i s t i c s  o f  each of  t h e s e  "branches ,"  and p r e s e n t  some r e c e n t  

o b s e r v a t i o n s  o f  t h e  C a l i f o r n i a  Undercurrent  i n  t h e  CODE r e g i o n  n e a r  San 

F r a n c i s c o .  

POLEWARD FLOW AT THE SURFACE: THE DAVIDSON CURRENT 

Broad Northward Flow in Winter 

The f i r s t  ev idence  o f a n o r t h w a r d s u r f a c e  c u r r e n t  a l o n g t h e w e s t  c o a s t  

of  North  America was t h e  use  o f  redwood l o g s  by North Coast Ind ian  t r i b e s  

i n  making dugout canoes  and totem p o l e s .  Th is  i n f e r r e d  northward f low was 

c a l l e d  t h e  Davidson Cur ren t  i n  honor of P r o f e s s o r  George Davidson who was 



one o f  t h e  e a r l y  s u r v e y o r s  o f  t h e  west c o a s t .  S y s t e m a t i c  o b s e r v a t i o n s  of  

t h e  s u r f a c e  c u r r e n t s  a t  l i g h t s h i p s  between San F r a n c i s c o  and t h e  S t r a i t  

o f  Juan  de Fuca (Marmer, 1926) showed predominan t ly  nor thward f low from 

October  t h r o u g h  March a t  a l l  l o c a t i o n s ,  w i t h  t h e  s t r o n g e s t  monthly-mean 

nor thward  f low (20-30 cm/sec) o c c u r r i n g  i n  January  o r  February  each  year .  

D r i f t  b o t t l e  r e l e a s e s  (Wyatt e t  a l . ,  1972) ,  n e a r- s u r f a c e  drogues  (Reid 

and Schwar tz lose ,  1 9 6 2 ) ,  r e p e a t e d  hydrograph ic  s e c t i o n s  (Huyer, 1977; 

Che l ton ,  1 9 8 4 ) ,  and c u r r e n t  measurements over  t h e  midshe l f  and s h e l f b r e a k  

(Hickey, 1981; S t r u b  e t  a l . ,  1987) a l l  i n d i c a t e  t h a t  t h i s  w i n t e r  northward 

s u r f a c e  c u r r e n t  i s  c o n s i d e r a b l y  wider  t h a n  t h e  c o n t i n e n t a l  s h e l f ,  a t  l e a s t  

a t  l a t i t u d e s  n o r t h  o f  P o i n t  Concept ion.  The s t r o n g e s t  nor thward f low (wi th  

a  t y p i c a l  monthly mean o f  15  cm/sec a t  t h e  s u r f a c e )  o c c u r s  over  t h e  i n n e r  

s h e l f ,  a d j a c e n t  t o  t h e  c o a s t  (Huyer e t  a l . ,  1978) . There  seems t o  b e  

c o n s i d e r a b l e  year- to- year  v a r i a b i l i t y  i n  t h e  s t r e n g t h  o f  t h i s  c u r r e n t ;  

d u r i n g  t h e  E l  Nino w i n t e r  o f  1982-1983, t h e  nor thward  c u r r e n t  was t w i c e  

a s  s t r o n g  a s  i n  t h e  p r e c e d i n g  and subsequent  "normal" y e a r s  (Huyer and 

Smith,  1 9 8 5 ) .  

T h i s  w i n t e r n o r t h w a r d s u r f a c e  c u r r e n t s e e m s t o b e  f o r c e d b y t h e w i n t e r  

s o u t h e a s t e r l y  winds which cause  downwelling of  t h e  s u r f a c e  w a t e r s  a t  t h e  

c o a s t .  T h i s  downwelling, combinedwiththeincreasedcoastalrunoffcaused 

by w i n t e r  r a i n s ,  r e s u l t s  i n  an o f f s h o r e  d e n s i t y  g r a d i e n t  which i s  i n  

approximate  g e o s t r o p h i c  b a l a n c e  w i t h  t h e  v e r t i c a l  s h e a r  o f  t h e  nor thward 

c u r r e n t  ( e . g . ,  Huyer e t  a l . ,  1979) . 

Inshore Northward Flow 

Poleward s u r f a c e  c u r r e n t s  have a l s o  been obse rved  d u r i n g  t h e  

u p w e l l i n g  season ,  w i t h  p a r t i c u l a r  f requency  and p e r s i s t e n c e  a l o n g  t h e  

c o a s t  o f  s o u t h e r n  a n d c e n t r a l C a l i f o r n i a .  Thesenor thward  f lows a p p a r e n t l y  

occur  i n s h o r e  o f  t h e  c o a s t a l  upwel l ing  j e t  which f lows  equatorward a long 

t h e  f r o n t  between dense,  f r esh ly- upwel led  c o a s t a l  w a t e r s  and l i g h t e r  

o c e a n i c  s u r f a c e  w a t e r s .  I n  t h e  Southern C a l i f o r n i a  B i g h t ,  t h i s  i n s h o r e  

nor thward f low p r e v a i l s  most o f  t h e  year ,  d i s a p p e a r i n g  f o r  o n l y  a  month 

o r  s o  e a c h  y e a r  i n  March o r  A p r i l  (Tsuchiya,  1 9 8 0 ) .  The i n s h o r e  poleward 

f low h e r e  may b e  a s  wide a s  100 km o r  more; it seems t o  form t h e  i n s h o r e  

l imb o f  a  l a r g e  c y c l o n i c  eddy t h a t  f i l l s  most o f  t h e  Bigh t  (Reid e t  a l . ,  

1 9 5 8 ) .  F u r t h e r  n o r t h ,  i n  t h e  CODE r e g i o n  n e a r  San F r a n c i s c o ,  an i n s h o r e  

c o u n t e r c u r r e n t  a p p e a r s  whenever upwel l ing- favorab le  winds r e l a x  (Send e t  

a l . ,  1987) and d i s a p p e a r s  when t h e y  become u n u s u a l l y  i n t e n s e  (Winant et  

a l . ,  1 9 8 7 ) .  T h i s  i n s h o r e  c o u n t e r c u r r e n t  i s  o n l y  10-20 km wide and can 

have v e l o c i t i e s  o f  > 30 cm/sec (Kosro, 1987);  it seems t o  become more 

p e r s i s t e n t  a s  t h e  upwel l ing  season  p r o g r e s s e s  (Winant e t  a l . ,  1987) . Off 



central Oregon, a similarly narrow, inshore countercurrent is frequently 

observed in mid- and late summer (Stevenson et al., 1974; Kundu and Allen, 

1976). 

These inshore countercurrents may be driven partly by along-shore 

pressure gradients which are set up to balance the strong equatorward wind 

stress: when the winds relax, the residual pressure gradient causes a 

northward acceleration. This mechanism has been invoked to explain the 

rapid reversals of flow over the Pacific Northwest shelf that occur 

whenever previously strong winds relax (Hickey, 1984) . However, the 
details of the dynamics involved are not yet clearly understood: in 

particular, the along-shore scales ofthe relevant pressure gradients are 

unknown, and both the sign and magnitude of estimates of the pressure 

gradient are sensitive to the choice of scale. There may well be other 

processes and dynamics involved. 

UNDERCURRENTS OVER THE SHELF 

Moored current measurements over the continental shelf off 

Washington and central Oregon have consistently shown a poleward 

undercurrent along the bottom over the mid- and outer-shelf during the 

summer upwelling season (Mooers et al., 1976; Huyer et al., 1975a, b) . 
This undercurrent has its maximum strength within 20-30 m of the bottom 

(Huyer et al., 1978). Maximum velocities are relatively weak: monthly 

means of 2-5 cm/sec are typical. Similar undercurrents have been observed 

over the shelf in the CODE region just north of Point Reyes (Winant et 

al., 1987; their Figure 19b), and off Half Moon Bay at 37.4.N and Purisima 

Point at 34.8.N (Strub et al., 1987; their Figure 7). This undercurrent 

is absent immediately after the spring transition which marks the onset 

of seasonal upwelling (Huyer et al., 1979; Lentz, 1987), but it appears 

within a few weeks and slowly intensifies through the summer. In fall, 

the depth of the current maximum seems to shoal (Reid, 19871, and the shelf 

undercurrent becomes indistinguishable fromthenorthward surface current 

which extends across the entire shelf in late autumn and winter. 

Why the maximum velocities are observed so near the bottom and how 

this shelfundercurrent is driven remain uncertain. It seems increasingly 

likely that what we are observing here is merely the upper and inshore 

portion of the larger undercurrent that flows poleward along the upper 

continental slope, which is often called the California Undercurrent. 



POLEWARD FLOW ALONG THE CONTINENTAL SLOPE: THE CALIFORNIA UNDERCURRENT 

A p o l e w a r d u n d e r c u r r e n t  over  a n d a l o n g t h e  c o n t i n e n t a l  s l o p e  h a s  been 

obse rved  a t  s e v e r a l  l a t i t u d e s  between Baja ,  C a l i f o r n i a  and Vancouver 

I s l a n d .  I n d i r e c t  e v i d e n c e  f o r  t h i s  f low i s  c l e a r l y  v i s i b l e  i n  t h e  l a r g e -  

scale temperature-salinity characteristicsofcoastalwaters a s  northward- 

t e n d i n g  t o n g u e s  o f  r e l a t i v e l y  warm, s a l i n e  w a t e r  (Tibby, 1941; Reid e t  

a l . ,  1 9 5 8 ) .  More d e t a i l e d  s t u d i e s  of p a r t i c u l a r  r e g i o n s  ( e . g . ,  Wickham, 

1975; Reed and Halpern,  1976; F r e i t a g  and Halpern,  1981) a l s o  show a  

c o n c e n t r a t i o n  of  w a t e r s  o f  more s o u t h e r l y  o r i g i n s  a l o n g  t h e  c o n t i n e n t a l  

margin.  The u n d e r c u r r e n t  can  a l s o b e  c l e a r l y  s e e n i n t h e  dynamictopography 

(AD) o f  i s o b a r i c  s u r f a c e s  o f  150-300 d b a r  ( r e l a t i v e  t o  a  d e e p e r  i s o b a r i c  
s u r f a c e ) :  i n  t h e  maps of  AD200/500 from r e p e a t e d  CalCOFI su rveys  o f f  

Baja ,  C a l i f o r n i a  and s o u t h e r n  C a l i f o r n i a  (Wyl l i e ,  1966) ;  i n  a  map of  

AD300/goo c o v e r i n g  s l o p e  w a t e r s  o f f  n o r t h e r n  C a l i f o r n i a  i n  May 1977 

( F r e i t a g  and Halpern,  1981) ;  and i n  maps of  &150/1000 o f f  Washing- 

t o n  and Oregon i n  September 1973 (Reed and Halpern,  1976) and J u l y  1975 

(Halpern e t  a l . ,  1978) . F r e i t a g  and Halpern (1981) e s t i m a t e  a  nor thward 

t r a n s p o r t  o f  1-3 Sv a l o n g  t h e  s l o p e .  A n a l y s i s  o f  r e p e a t e d  CalCOFI s e c t i o n s  

shows t h a t  t h e  u n d e r c u r r e n t  o f f  P o i n t  Concept ion (Chel ton,  1984; h i s  

F i g u r e  3 )  p e r s i s t s  year- round,  h a s  a  wid th  o f  50-100 km, i s  s t r o n g  

(> 7  cm/sec) and s h a l l o w  ( c o r e  a t  100 m)  i n  w i n t e r ,  and weak (< 3  cm/sec) 

and deep  ( c o r e  a t  250 m)  i n  e a r l y  s p r i n g ;  t h e  l a t e r a l  and v e r t i c a l  s h e a r s  

a l o n g  t h e  u n d e r c u r r e n t  a r e  s t r o n g e s t  from May t h r o u g h  August.  S i m i l a r  

a n a l y s i s  o f  s e c t i o n s  o f f  P o i n t  Sur  (Chel ton,  1984; h i s  F i g u r e  2 )  shows 

o n l y  a  weak ( 3  cm/sec) u n d e r c u r r e n t  i n  l a t e  summer ( J u l y  t o  September) 

t h a t  seems t o  s h o a l ,  i n t e n s i f y ,  and merge w i t h  t h e  Davidson C u r r e n t  i n  

w i n t e r ,  and t o  d i s a p p e a r  i n  s p r i n g  and e a r l y  summer (March t o  J u n e ) .  

Direct measurements o f  t h i s  nor thward f low were f i r s t  made by 

d e p l o y i n g  p a r a c h u t e  d rogues  and t r a c k i n g  them f o r  s e v e r a l  days .  Reid 

(1962) found a  20 cm/sec nor thward c u r r e n t ,  abou t  75 km wide, a t  a  d e p t h  

o f  250 m o f f  Monterey (36-N) i n  November 1961. Wooster and Jones  (1970) 

found a  v e r y  narrow (20 km) u n d e r c u r r e n t  w i t h  a  speed  o f  abou t  30 cm/sec 

a t  abou t  31'N o f f  Baja ,  C a l i f o r n i a  i n  August 1966. However, Stevenson e t  

a l .  (1969) f a i l e d  t o  f i n d  a  nor thward u n d e r c u r r e n t  o f f  Oregon i n  most of  

t h e i r  15  drogue deployments between January  1962 and September 1965. 

Longer- term d i r e c t  measurements o f  t h e  nor thward f low r e q u i r e d  t h e  

i n s t a l l a t i o n  of  moored c u r r e n t  mete r s .  P r i o r  t o  t h e  CODE exper iment  

conducted i n  1981 and 1982, moorings of  a t  l e a s t  a  few weeks d u r a t i o n  w e r e  

s u c c e s s f u l l y  deployed a t  s e v e r a l  l o c a t i o n s  a l o n g  t h e  c o n t i n e n t a l  s l o p e  

( F i g u r e  1 ) .  Themost  complete  s e c t i o n s ,  showingthemostdetailedvertical 

and o f f s h o r e  s t r u c t u r e ,  were o b t a i n e d  o f f  s o u t h e r n  Washington i n  t h e  



F i g u r e  1: Map of a  p o r t i o n  o f  t h e  west c o a s t  o f  North America, showing 
t h e  l o c a t i o n  of t h e  p r i n c i p a l  h i s t o r i c a l  s t u d i e s  o f  t h e  poleward 
u n d e r c u r r e n t  a l o n g  t h e  c o n t i n e n t a l  s l o p e .  Repea tedhydrograph ic  s e c t i o n s  
areindicatedbydashedlines, andmoorings o f  a t  l e a s t a  fewweeks d u r a t i o n  
a r e  i n d i c a t e d  by d o t s .  The CODE C- 5 mooring i s  i n d i c a t e d  by a  s t a r  and 
t h e  s h e l f  moorings o f f  Puris ima a r e  i n d i c a t e d  by t r i a n g l e s .  
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Figure 2: The distribution of the mean along-shore flow off southern 
Washington, 21 July to 28 August 1972. Adapted from Hickey (1979). 

summer of 1972 (Hickey, 1979) and off Vancouver Island in the summer of 

July 1980 (Freeland et al., 1984) . Average along-shore velocity sections 
from these arrays are shown in Figures 2 and 3; in both cases, the average 

was calculated over a period of about a month, in summer. Both show that 

the poleward velocity has a definite maximum adjacent to the continental 

slope, but the depth and strength of this core are rather different. Off 

Washington in 1972, the 15 cm/sec maximum occurs at a depth of about 

300 m; off Vancouver Island in 1980, the 4 cm/sec maximum occurs at a depth 
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F i g u r e  3: The d i s t r i b u t i o n  o f  t h e  mean a long- shore  f low o f f  Vancouver 
I s l a n d ,  J u l y  1980. From F r e e l a n d  e t  a l .  (1984) . 

of 600 m.  We do n o t  know whether  t h e s e  d i f f e r e n c e s  a r e  a s s o c i a t e d  w i t h  

t h e  d i f f e r e n c e  i n  l o c a t i o n  o r  w i t h  t h e  d i f f e r e n c e  i n  y e a r s ;  i . e . ,  whether 

t h e y  r e f l e c t  s p a t i a l  o r  i n t e r a n n u a l v a r i a t i o n s .  The d i f f e r e n c e  is  probab ly  

n o t  s e a s o n a l ,  s i n c e  t h e  d a t a  s e t s  were t a k e n  a t  v e r y  n e a r l y  t h e  same t ime 

o f  y e a r .  

A S l o p e  Undercur ren t  Study (SUS) d e s i g n e d  t o  o b s e r v e  t h e  s e a s o n a l  

v a r i a t i o n  o f  t h e  u n d e r c u r r e n t  o f f  c e n t r a l  Oregon i n  1977 and 1978 met w i t h  

l i m i t e d  s u c c e s s .  An e a r l i e r  mooring t h e r e  had  shown a  d e f i n i t e  under-  

c u r r e n t  o v e r  t h e  upper  s l o p e  (500 m i s o b a t h )  , w i t h  t h e  s t r o n g e s t  nor thward 



c u r r e n t  ( 5  cm/sec) n e a r  t h e  bot tom (Halpern e t  a l . ,  1978) . There were f i v e  

moorings i n  t h i s  a r r a y ,  spann ing  t h e  e n t i r e  c o n t i n e n t a l  margin; 

u n f o r t u n a t e l y ,  t h e r e  were more i n s t r u m e n t  f a i l u r e s  and l o s s e s  t o  f i s h i n g  

t h a n u s u a l ,  a n d a  s t rongwarm- core  e d d y r e m a i n e d o v e r t h e  o f f s h o r e m o o r i n g s  

f o r  more t h a n  two months i n  January  and February 1978 (Huyer e t  a l . ,  1984) .  

N e v e r t h e l e s s ,  t h e  r e s u l t s  do i n d i c a t e  some s e a s o n a l  d i f f e r e n c e s  (F igure  

4) : i n  w i n t e r ,  t h e r e  i s  b road  nor thward f low (presumably t h e  Davidson 

C u r r e n t )  o v e r  t h e  e n t i r e  margin; i n  s p r i n g ,  t h e r e  i s  predominant ly  

southward f low w i t h  a  weak ( 5  cm/sec) u n d e r c u r r e n t  n e a r  t h e  she l f- break ;  

and i n  summer, t h e r e  i s  s t i l l  a  weak u n d e r c u r r e n t  over  t h e  she l f- break  

and a n  a p p a r e n t l y  s e p a r a t e  b road  poleward f low over  t h e  o u t e r  margin.  

These s e c t i o n s  look v e r y  d i f f e r e n t  from t h o s e  from t h e  s o u t h e r n  Washington 

and Vancouver I s l a n d  s i tes  ( F i g u r e s  2  and 3 ) .  The d a t a  from t h e  upper  s l o p e  

d u r i n g  summer 1978 i s  v e r y  s i m i l a r  t o  t h e  summer 1975 d a t a  (Halpern e t  

a l . ,  1978) t a k e n  a t  a  nearby l o c a t i o n .  W e ,  t h e r e f o r e ,  t h i n k  t h a t  much of  

t h e  d i f f e r e n c e  s h o u l d b e  a t t r i b u t e d t o t h e  shape o f t h e  c o n t i n e n t a l  margin, 

which i s  much wider  h e r e  t h a n  f a r t h e r  n o r t h .  

C u r r e n t  meter moorings were deployed f o r  several two-month i n t e r v a l s  

a t  t h r e e  s i t e s  over  t h e  upper  s l o p e  n e a r  P o i n t  Sur  between J u l y  1978 and 

J u l y  1980 (Wickham e t  a l . ,  1 9 8 7 ) .  Although t h e r e  was l i t t l e  temporal  

o v e r l a p  i n  t h e  d a t a  from d i f f e r e n t  moorings,  t h e  r e s u l t s  i n d i c a t e  t h a t  

t h e  s t r o n g e s t  poleward f low i s  a d j a c e n t  t o  t h e  upper  s l o p e .  The s t r o n g e s t  

average  f low (15 cm/sec) was o b t a i n e d  a t  t h e  s h a l l o w e s t  c u r r e n t  meter ,  

a t  a d e p t h  o f  about  100 m, on ly  10 km from shore ;  g e o s t r o p h i c  v e l o c i t y  

s e c t i o n s  i n d i c a t e  t h e r e  was southward flow a t  s h a l l o w e r  d e p t h s .  I f  t h e s e  

o b s e r v a t i o n s  a r e  assumed t o  be  r e p r e s e n t a t i v e  of  t h e  f low regime o f f  P o i n t  

Sur ,  w e  would i n f e r  t h a t  t h e  u n d e r c u r r e n t  i s  much s h a l l o w e r  t h e r e  t h a n  

o f f  Oregon, Washington, and Vancouver I s l a n d .  Th i s  s h o a l i n g  of  t h e  

u n d e r c u r r e n t  t o  t h e  s o u t h  i s  s u p p o r t e d  by t h e  long- term s h e l f  moorings 

deployed a l o n g  t h e  w e s t  c o a s t  i n  1981 and 1982; t h e  upper  i n s t r u m e n t s  from 

t h e s e  moorings show an i n c r e a s i n g  tendency f o r  nor thward f low a t  more 

s o u t h e r l y  s i t e s  ( S t r u b  e t  a l . ,  1987a) .  I n  p a r t i c u l a r ,  t h e  moorings o f f  

P o i n t  P u r i s i m a  a t  34.8-N s h o w p e r s i s t e n t l y  nor thward f low ( F i g u r e  5 )  which 

i s  i n t e r r u p t e d  f o r  o n l y  a  few weeks i n  e a r l y  s p r i n g  ( i n  March 1981 and 

A p r i l  1 9 8 2 ) .  

Data from the CODE C-5 Moorinq 

During t h e  C o a s t a l  Ocean Dynamics Experiment conducted over  t h e  

c o n t i n e n t a l  s h e l f  and s l o p e  between P o i n t  Arena and P o i n t  Reyes, a  p a i r  

of c u r r e n t  meter  moorings were main ta ined  a t  38.5'N, 123.7-W over  t h e  

400 m i s o b a t h  on t h e  upper  s l o p e  (Winant e t  a l . ,  1987) . One of  t h e  moorings 


















