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Approximately 1 7  merchant v e s s e l s  were used du r ing  1979 t o  mon i to r  

t h e  t r o p i c a l  P a c i f i c  subsu r face  temperature  by expendable bathytherm- 

ograph (XBT). The s h i p s '  r o u t e s  are shown i n  F igu re  1. The number of 

e q u a t o r i a l  c r o s s i n g s  on each r o u t e  i s  i n d i c a t e d  w i t h i n  pa ren theses .  

The suppor t ing  i n s t i t u t i o n s  and r e s p o n s i b l e  oceanographers are g iven  

i n  Table  1. B a r o c l i n i c  s t r u c t u r e  observed by t h e s e  s h i p s  i n  t h e  

v i c i n i t y  of t h e  P a c i f i c  North Equa to r i a l  Coun te rcu r ren t  is  d i s c u s s e d  

i n  t h i s  paper .  One s h i p  provided approximately bi-monthly s e c t i o n s  

a c r o s s  t h e  c u r r e n t  i n  t h e  western P a c i f i c  on t h e  r o u t e  between Noumea 

and Japan. Nine s h i p s  provided approximately weekly s e c t i o n s  a c r o s s  

t h e  c u r r e n t  i n  t h e  c e n t r a l  P a c i f i c  s o u t h  of H a w a i i .  The temporal 

e v o l u t i o n  i n  s t r e n g t h  of the  Coun te rcu r ren t  i s  desc r ibed  i n  t h i s  paper  

and i t s  v a r i a b i l i t y  i n  t h e  wes te rn  and c e n t r a l  P a c i f i c  is compared. 
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TABLE 1 

New C a l e d o n i a I T a h i t i  t o  
Hong Kong/Japan/Panama 
Ca 1 i f  o r n i a  

Austral iaINew Zealand t o  
U. S . West Coast 

A u s t r a l i a / S a m o a / T a h i t i  
t o  U.S. West Coast 

ORSTOM-Noumea J. R. Donguy 

FNOC-Mon t e rey  P. Stevens 

N O M  -Mon t e  r ey J; D. McLain 

Table  1. I n s t i t u t i o n s  and oceanographers i n  charge  of the  merchant 

s h i p s  t ak ing  XBT o b s e r v a t i o n s  on rou te s  shown i n  F igure  1. 

* S c r i p p s  I n s t i t u t i o n  of Oceanography s i n c e  1980. 
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WESTERN PACIFIC - NOUMEA/JAPAN SECTION 

S i x t e e n  mer id iona l  tempera ture  s e c t i o n s  were ob ta ined  by t h e  merchant 

Four s e c t i o n s  v e s s e l  Hachiyo e n e a r  157"E from June 1979 t o  May 1980. 

(F ig .  2 )  show t h e  major changes i n  b a r o c l i n i c  s t r u c t u r e  observed du r ing  

t h e  yea r .  The North Equa to r i a l  Countercur ren t  appears  i n  these s e c t i o n s  

between a t rough i n  t h e  thermocl ine  topography n e a r  3"N and a r i d g e  n e a r  

8"N. 

- 2 August 1979 and s t r o n g l y  developed i n  t h e  s e c t i o n  of 8-16 February 

1980. 

s e c t i o n  and shows t h a t  t h e  t y p i c a l  spac ing  between drops is approximate ly  

1 l a t i t u d e .  

The t rough and r i d g e  a r e  weakly developed i n  t h e  s e c t i o n  of  2 7  J u l y  

The l a t i t u d e  of each XBT drop is marked a t  t he  bottom of  each  

The s t r e n g t h  of t h e  Countercur ren t  w a s  monitored by the  mer id iona l  

s l o p e  of t h e  20°C i so therm between t h e  t rough and r i d g e ,  us ing  a s imple  

two-layer  approximation (Wyrtki and Kendal l ,  1967) .  The depth  of t h i s  

i so therm a t  t he  r i d g e  (Dn) o r  t rough (D,) was determined from t h e  16 

tempera ture  s e c t i o n s ,  a s  w e l l  a s  t h e  mean depth  and the  d i f f e r e n c e  

0 (F ig .  3 ) .  A low frequency s i g n a l  has  been observed by the  Hachiyo 

Maru i n  s p i t e  of t h e  d a t a  gap from December t o  February.  Depth a t  t h e  

t rough and r i d g e  vary  a lmos t  e x a c t l y  o u t  of phase,  wh i l e  t h e  mean dep th  

remains n e a r l y  c o n s t a n t .  

v a r i e d  from weak dur ing  June-Ju ly  1979 t o  s t r o n g  du r ing  December- 

February 1979/80, then  weak a g a i n  du r ing  Apr i l - June  1980. 

- 

The c u r r e n t  s t r e n g t h  a s  i n d i c a t e d  by AD 

Although the  South Equa to r i a l  Countercur ren t  (5"-1OoS) i s  beyond 

t h e  scope of t h i s  s tudy ,  i t  i s  i n t e r e s t i n g  t o  c o n t r a s t  i t  wi th  i t s  

n o r t h e r n  c o u n t e r p a r t .  

hemisphere appears  d i s t i n c t l y  i n  t h e  thermocl ine above 20°C (F ig .  2 ) ,  

The eas tward  c o n t e r c u r r e n t  s h e a r  i n  t h e  sou the rn  
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w h i l e  i n  t h e  n o r t h e r n  hemisphere t h e  s h e a r  i nvo lves  v i r t u a l l y  a l l  t h e  

main thermocl ine down t o  l l ° C .  

February w h i l e  t h e  n o r t h e r n  c u r r e n t  weakens. 

The sou the rn  c u r r e n t  s t r e n g t h e n s  a f t e r  

CENTRAL PACIFIC 
AUSTRALIA (VICINITY) TO U.S. WEST COAST 

The same technique was  used t o  ana lyze  35 temperature  s e c t i o n s  

ob ta ined  by 9 s h i p s  i n  t h e  c e n t r a l  P a c i f i c  between January 1979 and 

A p r i l  1980. The index  ( A D )  of Coun te rcu r ren t  s t r e n g t h  i n d i c a t e s  a 

weak c u r r e n t  d u r i n g  Apr i l - June  1979, fol lowed by a s t r o n g  c u r r e n t  

du r ing  September-December, then weak a g a i n  a f t e r  March, 1980 (Fig.  4 ) .  

It i s  remarkable t h a t  t h e r e  i s  a lmos t  no d i f f e r e n c e  i n  phase of Counter- 

c u r r e n t  s t r e n g t h  between t h e  c e n t r a l  and wes te rn  P a c i f i c .  The w e s t  

appea r s  t o  l a g  by 1 o r  2 months, b u t  t h i s  d i f f e r e n c e  may n o t  be 

s i g n i f i c a n t  due t o  t h e  poor ly  r e so lved  peak i n  the  w e s t  and t h e  l a r g e  

scat ter  of v a l u e s  n e a r  t he  peak i n  the  c e n t r a l  r eg ion .  Note t h a t  t h e  

c e n t r a l  P a c i f i c  s e c t i o n s  are taken ove r  a wide band of l o n g i t u d e  from 

130°W t o  1 7 0 ' ~  (F ig .  4 ,  bottom). The mean eastlwest s l o p e  of t h e  

thermocl ine du r ing  1979/80 was  used t o  p r o j e c t  a l l  t h e  e s t i m a t e s  t o  

155 W. 

change t h e  estimate o fAD.  

Th i s  p r o j e c t i o n  a l te rs  Dn and Ds by 1 t o  20 m bu t  does n o t  

Temperature s e c t i o n s  taken by merchant v e s s e l s  have t h e  d e f i c i e n c y  

t h a t  XBT drops are taken a t  someshat i r r e g u l a r  i n t e r v a l s .  The number 

of drops p e r  day ranges from 2-6,  depending nn t h e  agreement between 

s h i p s '  o f f i c e r s  and t h e  oceanographer i n  charge.  The c e n t r a l  P a c i f i c  

s e c t i o n s  w e r e  d iv ided  i n t o  two groups having a l a t i t u d e  spac ing  of 
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approximate ly  lo- o r  2'- l a t i t u d e ,  and p l o t t e d  i n  Fig.  4 w i t h  d i f f e r e n t  

symbols. Nearly h a l f  of t he  d e c t i o n s  have 2' spac ing ,  which does n o t  

always adequa te ly  r e s o l v e  t h e  Coun te rcu r ren t .  These s e c t i o n s  g i v e  a 

s l i g h t l y  smaller estimate of Coun te rcu r ren t  s t r e n g t h  than t h e  s e c t i o n s  

w i t h  lo- spac ing  du r ing  t h e  t i m e  of peak s t r e n g t h  from October  t o  

December, because the  thermocl ine r i d g e  o r  t rough f a l l s  between drops.  

COMPARISON TO HAWAII/TAHITI SHUTTLE 

Temperature s e c t i o n s  a c r o s s  t h e  Coun te rcu r ren t  a t  approximately 

weekly i n t e r v a l s  were ob ta ined  n e a r  155OW by r e s e a r c h  v e s s e l s  and 

a i r c r a f t  du r ing  t h e  Hawai i ITah i t i  S h u t t l e  Experiment. 

r e s u l t s  have been desc r ibed  i n  a r e c e n t  a r t i c l e  by Wyrtki e t  a1 (1981). 

The index of Coun te rcu r ren t  s t r e n g t h  AD averaged monthly from t h e  

S h u t t l e  o b s e r v a t i o n s  is  compared t o  t h e  s imi l a r  index from s h i p s - o f -  

o p p o r t u n i t y  i n  Fig.  5. A number i n  p a r e n t h e s i s  by each p l o t t e d  p o i n t  

i n d i c a t e s  t h e  month of 1979 f o r  t h e  averaged v a l u e s .  The monthly 

ave rages  of S h u t t l e  and sh ip -o f -oppor tun i ty  o b s e r v a t i o n s  are h igh ly  

c o r r e l a t e d  (0.94).  

s e c t i o n s  t o  weekly ave rages  of t h e  S h u t t l e  d a t a  ( n o t  p r e s e n t e d )  w a s  

a l s o  h i g h l y  c o r r e l a t e d  (0.81).  

t h e  r e g u l a r  annua l  s i g n a l  (Meyers, 1975, 1979) i n  bo th  d a t a  sets. 

P re l imina ry  

A comparison of i n d i v i d u a l  sh ip -o f -oppor tun i ty  

The h igh  c o r r e l a t i o n  c l e a r l y  i s  due t o  

P a s t  s t u d i e s  have shown 

c u r r e n t  system (Wyrtki,  

more e n e r g e t i c  than t h e  

averaged AD from S h u t t  

t h a t  i n t e r a n n u a l  f l u c t u a t i o n s  i n  t h e  e q u a t o r i a l  

1978, 1979; Donguy and Henin, 1981) are g e n e r a l l y  

annual  s i g n a l .  The RMS d e v i a t i o n  between monthly 

e and sh ip -o f  -0pportuni  t y  o b s e r v a t i o n s  is  
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sma l l  e r r o r  i n c r e a s e s  ou r  conf idence  that XBT sh ips -o f -oppor tun i ty  can 

be used t o  economical ly  moni tor  both annual  and i n t e r a n n u a l  v a r i a t i o n  

i n  b a r o c l i n i c  s t r u c t u r e  of t h e  t r o p i c a l  P a c i f i c .  

OBJECTIVE ANALYSIS 
XBT DATA RECEIVED AT FNOC BY RADIO 

Some ( "N50%) of t he  XBT obse rva t ions  from-ships-of  -oppor tun i ty  

du r ing  1 9 7 9 f 8 0  w e r e  s e n t  t o  FNOC, Monterey by r a d i o  on the  g loba l  te le-  

communications system. They were merged a t  Monterey wi th  r a d i o  r e p o r t s  

from nava l  and r e s e a r c h  v e s s e l s .  A l i n e a r ,  l e a s t - s q u a r e s  i n t e r p o l a t i o n  

scheme ( o b j e c t i v e  a n a l y s i s )  was used t o  map subsu r face  temperature  

throughout  t he  t r o p i c a l  P a c i f i c  us ing  t h e  rad ioed  d a t a .  Data from the  

Hawai i /Tahi t i  S h u t t l e  Experiment were f i r s t  e l imina ted  and he ld  o u t  as 

a h igh  q u a l i t y  c o n t r o l  c a s e  t o  t es t  the  e f f e c t i v e n e s s  of t h e  i n t e r p o l a t i o n  

scheme and sh ip -o f -oppor tun i ty  network. 

I n t e r p o l a t e d  r e s u l t s  a r e  shown f o r  t h e  temperature  anomaly a t  160111. 

The anomaly i s  the  d e p a r t u r e  from the  l o n g t e r n  annual  mean temperature .  

This  a l lows  annual  v a r i a t i o n s ,  i f  p r e s e n t ,  t o  appear  i n  t h e  i n t e r p o l a t e d  

d a t a .  The mean w a s  e s t ima ted  from a l l  XBT and MBT obse rva t ions  i n  t h e  

FNOC a r c h i v e s  as of 1975, t he  m a j o r t i y  of  drops taken du r ing  1950 t o  1970. 

After removing the  mean from the  tempera ture  a t  160111 f o r  each XBT c a s t ,  

t he  s e s i d u a l s  f o r  each month were i n t e r p o l a t e d  t o  a 2O- la t i t ude  by l o o -  

l o n g i t u d e  g r i d  between 30°N and 2OoS, us ing  a Gandin-type o b j e c t i v e  

a n a l y s i s  scheme. The scan  dadius  f o r  a c c e p t i n g  obse rva t ions  a t  a g r i d  

p o i n t  was 15° - long i tude ,  5 3O- la t i t ude ,  and 5 0.5 month. The o b j e c t i v e  

a n a l y s i s  was n o t  a t tempted  a t  g r i d  p o i n t s  w i t h  l e s s  than 2 obse rva t ions  

w i t h i n  the  scan  r a d i i .  The s p a t i a l  a u t o c o r r e l a t i o n  f u n c t i o n  used was 



an exponent ia l  decay w i t h  e - f o l d i n g  l e n g t h  of 1500 lart eastlwest and 500 lan 

n o r t h / s o u t h .  The temporal a u t o c o r r e l a t i o n  f u n c t i o n  was assumed t o  be 

u n i t y ,  which i s  c o n s e r v a t i v e l y  small e s t ima te .  

amount of smoothing of t he  d a t a .  

This  permi ts  a c o n s i d e r a b l e  

TEMPERATURE ANOMALY AT 160 M 

The mapped anomaly f o r  each month shows coherence i n  s i g n  over  very  

l a r g e  a r e a s  (Fig.  6 ) ,  much l a r g e r  i n  f a c t ,  than the  scan  r a d i i .  There 

a r e  two p o s s i b l e  e x p l a n a t i o n s  f o r  t hese  l a r g e  s c a l e  anomalies .  The f i r s t  

p o s s i b i l i t y  i s  t h a t  t h e  mean v a l u e  used t o  remove c l imato logy  from t h e  

o b s e r v a t i o n s  has  a b i a s  of l a r g e  s p a t i a l  s c a l e .  We do n o t  t h i n k  t h i s  is  

the  c a s e ,  bu t  i t  w i l l  n o t  be proven u n t i l  t h e  mapped anomalies  show 

o s c i l l a t i o n s  i n  s i g n  throughout  t he  r e g i o n  dur ing  the  c o u r s e  of s e v e r a l  

yea r s .  The second p o s s i b i l i t y  i s  t h a t  the  l a r g e  s c a l e  anomalies a r e  

t r u l y  a n  i n d i c a t i o n  of ocean v a r i a b i l i t y .  

a b l e  as reasonable ,  p h y s i c a l  i n t e r p r e t a t i o n  of them i s  achieved ,  

This  w i l l  become more b e l i e v -  

The pre l iminary  a n a l y s i s  i s  encouraging.  Some of the  anomalies  

evolve s lowly i n  time. For example, v a r i a t i o n  of the North E q u a t o r i a l  

Countercur ren t  a l r e a d y  d iscussed  i n  the  a n a l y s i s  of t he  temperature  

s e c t i o n s  appears  on t h e  maps. 

June 1979 (F ig .  6, top)  has warm water on i ts  n o r t h e r n  s i d e  n e a r  10°N, 

i n  accordance w i t h  the  "thermal wind" r e l a t i o n .  The s t r o n g  c u r r e n t  

(eastward anomaly) i n  November 1979 (F ig .  6, middle)  has warm water on 

i t s  s o u t h e r n  s i d e  s o u t h  of 3" t o  7"N. An i n t e r e s t i n g  e v o l u t i o n  of t he  

anomaly begins  i n  November 1979, wi th  the  warm zone on t h e  e q u a t o r  i n  

The weak c u r r e n t  (westward anomaly) i n  



- 8 -  

t h e  c e n t r a l  P a c i f i c  n e a r  140"W. A n  earlier map ( n o t  p re sen ted )  shows i t  

e n t e r i n g  t h e  r e g i o n  from t h e  east. Lack of d a t a  i n  t h e  r a d i o  r e p o r t s  

does n o t  a l l o w  connec t ing  i t  t o  t h e  r e g i o n  o f f  C e n t r a l  and South America 

dur ing  ear l ier  months, as s e e n  on t h e  June 1979 map. 

P a c i f i c  t h i s  warm zone p r o g r e s s e s  westward and southward a c r o s s  the  e q u a t o r  

u n t i l  i t  reaches  New Guinea i n  February 1980 (Fig.  6 ,  bottom). We hope 

From t h e  C e n t r a l  
8 

t h a t  a more complete d e s c r i p t i o n  of t h i s  e v o l u t i o n  of t h e  temperature  f i e l d ,  

p a r t i c u l a r l y  i n  t h e  e a s t e r n  P a c i f i c ,  w i l l  be p o s s i b l e  a f t e r  a l l  t h e  

o b s e r v a t i o n s  from t h e  ORSTOM, FNOC, and WOAA (PEG) programs, as w e l l  as 

d a t a  from t h e  S h u t t l e  and EPOCS programs are merged wi th  t h e  o t h e r  r a d i o  

r e p o r t s  . 

FUTURE RESEARCH PLANS 

Our f u t u r e  r e s e a r c h  p l a n s  are: 1) Make a c a r e f u l  comparison of t h e s e  

p r e l i m i n a r y  maps w i t h  r e s u l t s  from t h e  S h u t t l e ,  i n  o r d e r  t o  f i n e - t u n e  t h e  

s t a t i s t i ca l  s t r u c t u r e  used i n  t h e  i n t e r p o l a t i o n  scheme. 2 )  Map t h e  h e a t  

c o n t e n t  of 0/400m, sea s u r f a c e  temperature  and mixed l a y e r  depth through- 

o u t  t h e  t r o p i c a l  P a c i f i c  u s i n g  t h e  l a r g e s t  p o s s i b l e  merger XBT d a t a .  

3 )  Relate t h e  v a r i a b i l i t y  t o  t h e  wind f i e l d .  

I n  t h e  longe r  run ,  we i n t e n d  t o  merge the  a n a l y s i s  of t h e  XBT r eco rds  

w i t h  sea l e v e l  r eco rds .  H i s t o r i c a l  d a t a  i n d i c a t e s  that sea l e v e l  and 

dynamic h e i g h t  are h i g h l y  c o r r e l a t e d  (F ig .  7 ) )  a t  least  i n  t h e  t r o p i c a i  

P a c i f i c .  

v e r t i c a l  h e a t  i n t e g r a l  i n  t h i s  r e g i o n  because of t h e  t i g h t  T-S r e l a t i o n s h i p .  

U l t i m a t e l y ,  we hope t h a t  t h i s  sea l e v e l  mapping e f f o r t  can be extended i n t o  

Dynamic h e i g h t  i n  t u r n  can be a c c u r a t e l y  e s t ima ted  from t h e  
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t h e  realm of smaller, s y n o p t i c  space  and t i m e  s c a l e s  through t h e  i n c l u s i o n  

o f  new o b s e r v a t i o n s  becoming a v a i l a b l e  i n  t h e  s a t e l l i t e  ara,  such  as 

c u r r e n t  and tempera ture  monitored w i t h  t r acked  d r i f t e r s ,  ( P a t z e r t ,  1981)  

and sea l e v e l  w i t h  t h e  s a t e l l i t e  altimeter. 
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FIGURE CAPTIONS 

F igure  1. XBT s e c t i o n s  by s h i p s - o f - o p p o r t u n i t y  January 1979 t o  June 1980. 
Number of  s e c t i o n s  ob ta ined  given i n  pa ren theses  ( ) .  
is i n d i c a t e d  on s e c t i o n s  which d i d  n o t  begin p r i o r  t o  January 1979. 
Dashed l i n e s  g i v e  r o u t e s  s e r v i c e d  by OKSTOM-Noumea, s o l i d  l i n e s  r o u t e s  
s e r v i c e d  by FNOC o r  N O M ,  Monterey. 

F igu re  2 .  Meridional  temperature  s e c t i o n s  ("C) n e a r  157"E ob ta ined  by 
Hachiyo between Noumea, New Caledonia and Japan. Temperature 
exceeding  29OC i s  s t i p p l e d .  
a t  bottom. 

The s t a r t  d a t e  

L a t i t u d e  of XBT drops i n d i c a t e d  by x 

Figure  3. Development of t he  s l o p e  of t he  20°C isotherm a c r o s s  t h e  North 
E q u a t o r i a l  Countercur ren t -Western  P a c i f i c .  The dep ths  o f  t h e  20°C 
i so the rm a t  t h e  n o r t h e r n  and sou the rn  f l a n k s  of t h e  c u r r e n t  are 
i n d i c a t e d  by Dn and Ds r e s p e c t i v e l y .  
d i f f e r e n c e  is  AD. 
n e a r  157"E. 

The mean depth i s  D and t h e  
A l l  temperature  s e c t i o n s  c r o s s e d  Coun te rcu r ren t  

F igu re  4.  Same as Fig.  3 - C e n t r a l  P a c i f i c .  Temperature s e c t i o n s  
c r o s s e d  Coun te rcu r ren t  between 130" -170"W (bottom). 

F igu re  5. Slope of t h e  20°C i so the rm a c r o s s  the North E q u a t o r i a l  Counter- 
c u r r e n t  observed by sh ips -o f  -0pportuni  t y  and by r e s e a r c h  s h i p s  and 
a i r c r a f t  du r ing  t h e  Hawai i - to -Tah i t i  S h u t t l e  (Wyrtki e t  a l ,  1981).  
Month of 1979 i n d i c a t e d  f o r  each d a t a  p a i r .  

F igu re  6 .  Devia t ion  ( d ~ )  from annual  longterm mean temperature  a t  160 m. 
Cold anomaly shaded, warm anomaly c l e a r ,  i n s u f f i c i e n t  d a t a  blank. 
D i s t r i b u t i o n  of XBT s t a t i o n s  r ece ived  by r a d i o  a t  FNOC g iven  by 
i n s e t  a t  lower l e f t .  

F igu re  7. Winter  mean sea l e v e l  observed a t  i s l a n d s  compared t o  dynamic 
h e i g h t  O/lOOO db observed du r ing  t h e  January c r u i s e  of E / V  Ryofu 
- Maru a long  137"E, 1967 t o  1977. 
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