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A b str a c t : A  m eth od  is  g iv e n  fo r  com p u tin g  th e  v e lo c ity  o f  eq u ator ia l flow  a t  and  
around th e  E q u ator, ta k in g  in to  acco u n t th e  effect o f fie ld  a cce ler a tio n s  in a d d itio n  to  th e  
p ressu re  g r a d ie n ts  and C orio lis fo rces . A p p lied  to  the  o b se r v a tio n a l d a ta , th is  m eth od  g iv e s  
a  resu lt w h ich  a g r e e s  w ith  th e  o b served  flow  p attern  in  th e  eq u ator ia l P acific  q u ite  w ell. 
T h e  C rom w ell C urrent (E q u a to r ia l U n d ercu rren t) and  th e  E q u a to r ia l C ou n tercu rren t are  
noticed  q u ite  d istin ctly . W e can  also sh ow  from  th e  re su lt  th a t  effec t o f  in ertia  te r m s is  
n eg lig ib le  e x c e p t  a t  or w ith in  a  fe w  d eg rees  from  th e  E q u a to r .

1. Introduction
In  th is  paper w ill be d iscussed  a  m ethod  

to  com pu te  a  stead y , oceanic flow  in  w hich  
th e  velocity  com ponents an d  p ressu re  
g rad ie n ts  h av e  no v a ria tio n  in  east-w est 
d irection . In  th e  eq u a to ria l zones of the  
oceans, p a rticu la rly  in  th e  P ac ific  and  Ind ian  
Oceans, th is  condition  is ap p ro x im ate ly  fu l­
filled.

In  a  paper by  th e  a u th o r  an d  Y. N a g a t a  

( H i d a k a  and  N a g a t a , 1958), a  dynam ica l 
co m p u ta tio n  of ocean  c u rre n ts  w as g iven  in 
a  m erid ional section  of th e  P acific, ta k in g  
in to  account th e  Coriolis fo rces, p ressu re  
g rad ien ts , and th e  fric tio n  d u e  to  bo th  v e r­
tic a l an d  la te ra l m ix ing . In  th a t  co m p u ta ­
tio n  th e  tw o  a u th o rs  could lo ca te  an  e a s t­
w ard  flow co m p arab le  in  m a g n itu d e  w ith  
th e  E q u a to ria l U n d e rcu rren t (C rom w ell C u r­
re n t) . T h e  n ex t y ea r  R o b e rt S. A r t h u r  

( A r t h u r , 1960) pointed o u t th a t  th e  te rm
Si/C

V-7T- w ill am o u n t to  IO-4 on b o th  sides of
dy

th e  E q u a to r and  w ill no longer be neglig ib le. 
M oreover, i t  w ill be in te re s tin g  to  ch eck  th e  
effect of those  in e rtia  te rm s  on th e  e q u a ­
to ria l flow p a tte rn . F o r th is  reason  th e  
a u th o r  h as  tr ie d  to  reco m p u te  th e  p rob lem  
ev e r  since, ta k in g  th e  effect of th ese  non ­
lin ear te rm s in to  consideration .

In  an o th er of th e  rec en t p ap e rs  by  the  
au th o r  ( H i d a k a , 1961), i t  w as  d iscussed  to

* R ece ived  M arch  31, 1962
** U n iv ers ity  o f T o k yo

com pute th e  velocity  of flow a t  th e  E quato r, 
ta k in g  in to  acco u n t th e  in e rtia  te rm s  :

respectively , an d  th e  re su lt w as com pared  
w ith  th a t  o b ta in ed  fro m  th e  m ethod  propos­
ed by H i d a k a  ( H i d a k a , 1955) and  M . T s u c h i - 

y a  ( T s u c h i y a , 1955) a lm o st sim u ltaneously  
fo r c o m p u tin g  th e  velocity  a t  th e  E q u ato r 
itself. By th is  com parison, w e could h av e  
an  idea on th e  in fluence of th e  in e rtia  te rm s  
on th e  m a g n itu d e s  of a n  eq u a to ria l flow.

T h is  p a p e r  is th e  re su lt  o f one of th e  a t ­
te m p ts  to  co m p u te  th e  effect of in e rtia  te rm s 
on  th e  ve loc ity  d is trib u tio n  in  a  m erid ional 
dynam ica l section.

2. The problem
Suppose a  m erid ional section  passing  

th ro u g h  th e  E q u a to r. T a k e  x-, y -and z-axis 
positive ea s tw ard , n o r th w a rd  and  dow nw ard , 
and  le t th e  velocity  com ponents in  th ese  d irec ­
tions be u, V and  w  respectively . A ssum e 
th a t  th e  ea s t-w est v a ria tio n  of velocity  com ­
ponents a re  sm a ll com pared  w ith  the  m erid ion ­

al, and  neg lec t th e  te rm s  u ~ ~  an d  u ^ ~ .
ox ox

Since i t  is n o t e a sy  to  solve non-linear 
equations as th e y  stan d , and  b ecause i t  is 
w ell-know n th a t  th e  ocean c u rre n t is in 
m ost cases rep resen ted  by  geostroph ic  flow s 
excep t a t  or close to  th e  E q u ato r, w e sh a ll 
neg lec t th e  fric tio n a l fo rces due to  m ix ing  
in  dynam ica l equations. T h en  th e  s tead y  
s ta te  equations fo r a  p la n e ta ry  flow  becom e
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2a> s in  pv — v

-2a> s in  (pu—i

dll du _ dD
dy dz dx
dv dv dD

~dz~ oz dy

( 1 )

w h ere  D  is a  geopo ten tia l d is tan ce  of an  
isobaric  su rfa ce  coun ted  above a  sufficiently 
deep re fe ren ce  level, co th e  a n g u la r  velocity  
of th e  E a r th  and  <p th e  geograph ica l la titude.

T h e  g en e ra l p rin c ip le  of so lv ing  th e  eq u a­
tions (1) is f irs t  to  neg lec t th e  te rm s  :

Su . ¡V
—w- and - w -

2o) s in  ( p v - v - r — =  -

—2cosin (pu—v —z—'= -
( 3 )

dv

dz  ^  dz
and  to  so lve th e  o rd in a ry  non-linear s im u lta n e ­
ous equa tions :

du d D
dy dx 
dv _  d D  
dy dy

T h is  so lu tion  w ill b e  possib le if th e  q u a n ti­
tie s  (2) a re  sm a ll com pared  w ith  dD/dx  and 
dD/dy  respectively . T h e  p rincipal p a r t  of 
th is  p ap e r  is  d ev o ted  to  th e  so lu tion  of th e  
equations (3).

W hen  th e  ap p ro x im ate  v a lu es of th e  velo­
c ity  com ponents a re  com pu ted  along  th e  
m erid ional section , i t  w ill b e  possib le to  a p ­
p ro x im ate ly  co m p u te  th e  v e rtica l velocity  w  
fro m  th e  eq u a tio n  of continu ity . T h is  enables 
us to  co m p u te  th e  q u an titie s  (2 ). By su b ­
tra c tin g  th e se  f ro m  dD/dx  and  dD/dy,  we 
o b ta in  a  p a ir  of equa tions of th e  ty p e  (3), 
th e re  being s lig h t changes in  th e  m agn itudes 
of dD /dx  an d  dD/dy. R epetition  of th is  
p rocess w ill g iv e  th e  final so lu tion  of th e  
problem .

F o r th e  p rocesses of ob ta in ing  w  and  im ­
p ro v in g  th e  so lu tion , re fe r  to  th e  sections 8 
and  9.

3. On the balance o f acting forces at the 
Equator

I t  h a s  been c u s to m a ry  in  m o st cases to  
neg lec t th e  te rm s  of field acce le ra tions or 
th e  non-linear te rm s . T h is  seem s to  b e  pos­
sib le  excep t fo r n a rro w  eq u a to ria l zones. 
H ow ever, th e  C orio lis fo rces v an ish  o r b e­
com e v an ish in g ly  sm a ll ex ac tly  a t  o r very  
close to  th e  E q u a to r, so th a t  th ese  non-linear 
te rm s  a re  considered  to  ba lance  th e  p ressu re

g ra d ie n ts  and  a re  no lo n g e r neg lig ib le. W e 
m a y  su p p o se  th a t  —w(du /dz ) and — iv(dvjdz) 
a re  sm a ll co m p ared  w ith  th e  te rm s  —v(du/dy) 
and  —v(dv/dy)  w h ich  h av e  to  balance the  
p re ssu re  g rad ie n ts  in  th e  absence of the  
Coriolis fo rc es  a t  th e  E quato r.

In a  g eo s tro p h ic  com putation , it  is assum ed  
th a t  s e v e ra l  te rm s in  th e  dynam ica l eq u a­
tions e x c e p t th e  Coriolis fo rces and th e  p res­
su re  g ra d ie n ts  a re  n eg lig ib ly  sm all. T h u s  
w e h av e

o • dD2o) sm  (pv=------
dx

-2o) sin  (pu =
dD
dy

T h is  b a la n c e  ev idently  fa ils  a t  th e  E quato r 
w h ere  th e  Coriolis fo rces van ish . F o r th is  
reason  w e  h av e  to  consider a  fa c to r  ƒ  w hich 
w ould  b a la n c e  th e  p ressu re  g rad ie n ts  a t  and 
n ear th e  E q u a to r, b u t is m u c h  sm a lle r th an  
th e  C orio lis te rm s  a t  h ig h e r  la titu d es. T hus, 
in  a  m erid io n a l d irection , w e m u st have

o , X d D  , . ,—2a)sm < p u + f= —— ( 4 )
dy

T h is  f a c to r  ƒ  w ill n o t v an ish  even if the  
Coriolis te rm  van ishes a t  th e  E q u a to r, thus 
b a lan c in g  th e  p ressu re  g ra d ie n t dD /dy  there.

T h e re  is  an o th er req u irem en t im posed on 
th e  f a c to r  ƒ. A ccord ing  to  H i d a k a  ( H i d a k a , 

1958) a n d  M. T s u c h i y a  ( T s u c i -i i y a , 1958), 
th e  eq u a to r ia l velocity  u  can  be com puted 
by  d iffe ren tia tin g  the  geostroph ic  equations 
w ith  re sp e c t to  y  and p u ttin g  p = y = 0 .  T h e  
ap p ro x im a te  va lid ity  of th e  resu ltin g  form ula

R !* D \
dy2 /  ip=o

w h ere  R  is  th e  av e rag e  ra d iu s  of th e  E arth , 
is now  w idely  accepted . In  o rder th a t  th is 
re q u ire m e n t be fulfilled, how ever, th e  quan ­
t i ty  d f /d y  should  becom e m u ch  sm a lle r  than  
th e  te rm  (d/dy) ( — 2œ s inpw ) a t  th e  E quator. 
T h is  is  an o th er n ecessary  condition  w hich 
th e  f a c to r  ƒ  h as  to  sa tisfy .

F ro m  th e se  considerations, th e  fa c to r  ƒ  in 
(4) sh o u ld  be in  a  ba lan ce  w ith  th e  te rm  
d D /dy  a t  th e  E quato r, an d  its  d eriva tive  
df/dy  m u s t  e ith e r sm all o r van ish  there .

I t  a p p e a rs  fro m  observa tions th a t  th e  zonal 
ve loc ity  com ponent u  is d is trib u te d  sym ­
m e tr ic a lly  a round  the  E q u a to r. T h is  can  be

( 2 2 4 )
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seen fro m  th e  m erid ional section  of th e  
E q u a to ria l U n d e rc u rre n t (C rom w ell C u rren t) 
recen tly  pub lished  by  K n au ss  (K n au ss, 1959). 
On th e  o th e r  hand , w e h av e  a  v e ry  little  
know ledge on th e  m erid ional d is tr ib u tio n  of 
th e  m erid ional com ponen t v. W e h av e  not 
h ad  an  ex a c t im a g e  on th is  question  a s  yet. 
H ow ever, i t  can  b e  an tic ip a te d  th a t  v  as 
w ell a s  dv/dy w ill n o t v an ish  even a t  the  
E q u a to r itself. T h u s  i t  seem s reasonab le  
fo r us to  suppose th a t  — v (dv/dy)  corresponds 
w ith  or w ith  a  p a r t  of th e  q u a n tity  ƒ  w hich 
w e considered  above. I t  w ill b e  a  sm all 
q u an tity  a t  o r v e ry  n ea r  th e  E q u ato r, being 
in  balance w ith  th e  te rm  dD /dy  w h ich  in 
tu r n  ap p e a rs  q u ite  sm a ll th e re . T h u s  in  a 
reg ion  v e ry  close to  th e  E q u a to r, th e  te rm  
— 2a) sin  <pu is sm all, b u t its  m erid ional 
g rad ie n t :

dy
~( — 2o) s in  <pu)ip=(

2a)
= ~R «0

can  be m uch  la rg e r  th a n

3 ( - v — \ ( 1
d2v 2 \

ay d y  J ,p=o U ' d y 2 ) ^ o

w hich  is th e  m erid ional g ra d ie n t of an  in e rtia  
te rm .

I t  is also q u ite  h a rd  to  kn o w  th e  d is tr ib u ­
tion of m erid ional g ra d ie n t dD /dy  a t  th e  
E quato r. B u t v ario u s  e s tim a tio n s show  th a t 
dD/dy  n ev e r van ish es  there , th o u g h  it is a 
sm all q u an tity  (Ca. IO-5*.*.,.).

T h ese  p ru d e n t considerations lead  us to 
suppose th a t, in  th e  eq u a tio n  :

dv d D  
—2û)sm (pu—v-————— , 

dy dy

—2œ s in  (pu van ishes a t  th e  E quato r, th u s  a 
ba lance  h av in g  to  ex is t p r im a rily  betw een  
—v(dv/dy)  and  dD /dy  th e re , w h ereas  th e  d e r­
iv a tiv e  of th e  C oriolis fo rc e  —2a) s in  pu  is 
m u ch  la rg e r  th a n  th a t  of th e  in e rtia  te rm  
— v (dv/dy), th u s  an  ap p ro x im ate  ba lance  ex is t­
ing  betw een  d/dy(—2a) s in  <pn) and  (d/dy)(dD/dy) 
a t  th e  E quato r.

In  th is  paper, th e  te rm s  of b o th  ho rizon tal 
and  v ertica l m ix in g  w ere  neg lec ted , though  
som e of th e m  ap p e ar to  a c t  a s  a  p a r t  of the  
fa c to r  ƒ  in  th e  eq u a tio n  (4). T h e  im p o rtan ce  
of th ese  te rm s  w ill be le f t  fo r la te r  studies.

4. Solution  of the non-linear equations for 
equatorial flows

N e g le c tin g  —w (du/dz) an d  —w (dv/dz) as 
sm all, w e  h a v e  fro m  ( 1)

( 3 )

C onsider th a t  dD/dx, dD /dy  and  u, v  can 
be e x p a n d e d  in  series of y  a round  th e  E quato r 
y = 0  o r y = 0 .  T h u s  assum e

--d0+ d 1y + d 2y 2-\— , ( 6 )

du )------ _  dD
dy dx
dv _  d Dy___
dy ~  d y

dx 
d D  
dy — <5o+5ij+52y 2+ - ( 7 )

w here, do, d \,  d 2, ' "  ', do> <5j, d2, —, can  be 
ob ta ined  f ro m  th e  m erid ional d is trib u tio n  of 
th e  g eo p o ten tia l d istance D .  F u r th e r  le t u  
and  v  be g iv e n  by

7/(*o
u = u 0-\-u'y-\— x~ry2-\------1-----r_3' ”d— Î ( 8 )

2 ! n\
v"  y Oo

v = v 0+ v ' y +  — - y + . - H  —_y”4— , ( 9 )
2 ! n .

w h ere  u 0, v0 a re  th e  ea s t an d  n o r th  com ­
ponen t of th e  c u rre n t ve loc ity  a t  th e  E quator, 
w h ereas  u', u " , ••• ; u C"V --; v', v",---, v (n),--- a re  
th e  1st, 2nd,---, n t h  d e riv a tiv e s  of u  and  v 
a t  y = 0, w h ich  a re  to  be d e term ined  by  so lv­
ing  th e  eq u a tio n s  (3).

S u b stitu tin g  (6) ........ (9) in  (3), w e have
32a) y~

R y  <&2\RP
V<tO

■1— ?y*+-  n\
pOO

+ —rr +n\

v0+ v ' y + ~ y 2+-

- \ v 0+ v ' y + — y 2-

u '+ u " y + — y 2+  -

( n - 2)!
y»-2 + /C«)

( n — 1)!
= d 0+ d 1y + d 2y 2+--- (10)

or
„ . du dD2a) s in  (pv—v ---------------- =

dy dx

( - u ' v 0- d 6) +  0 ^ V q -u 'v ' -u " V o —d^j y  

+  f  -  -^J- u 'v"  -  u"v '  -  ~ u ' " v o  - d z j y 2

+ I - L . 2 V - 2«1 2! R v R  * 3 !i? 2̂ 0 3! UV "
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, (  2a> , 2(0
+  ------« C » - 1) -----------
^ \ R  R  3 I R 2

3!

^  y C » - 3 ) ------L ^ 'y C « ) ---------
W!

— 7— — zA " V  — \ u ° ' + i:)y 0— ) y ” +  • ■ ■ =  0 .  
( n — 1)! «! J

(11)
E q u a tin g  to  zero th e  coefficients of y°, y, 

y 2, y 3,---, y* ,—, w e h av e

—u'vQ—do—0,
3 a) ¡ i  t/ j  a— Vq—u v — u Vo—di =  0,
K

^ v ' - ~ M ' - u ( V - ~ u ' " v , - d 2= 0 ,

1 2(o ,, 2a)
1 \ ~ R V  ~ ~ R  2 \ R 2

1 y0— m' V'

“ ¥ m , v ' ¥ “ í4)í'0” íí3= 0’

i, 1 2 w . , D _   Ĉw — 3) — .

( 12)

i— 1) ! R ~  ( n - 2)! R

 \-u 'v°l) — .— t—^ -t-.U ^v'
n\ (n — 1)!

— \ -u Ol+l:,v0—dn=0. 
n\

In  a  s im ila r  m anner, w e h av e  fro m  the  
second eq u a tio n  of (3),

-Vov'-ôo^O ,

-  u0 -  v0v"—v' -  ö !=0,

-  -^V  -  | w '  -  J  v0v '"—S2—0,

1 2(0 2co 1 1 ,
“  2T  i ? “  /? ' 3 \ R 2U° 2 )

- ^ v ' v ' " - ± v ov™ -8 3=0,
3  6

1
( n — 1) ! i?

x ¿ íit”"3)~ + '

2(0 . 1 2a;
( n - 3 ) !  i? 

n\

( 1 3 )

-  7 -^ -¡T iyoy<:"'> -  -KvoV<n+ -  a„= 0.(w—1)1 «!

T w o  se ts  of equa tions (12) an d  (13) a re  
non-linear and  s im ultaneous. T h e y  sa tis fy  
th e  expansions of tw o  equations (3) to  y ”. 
H ere  w e notice, how ever, th a t  th e  n u m b e r 
of th e  eq u a tio n s in  (12) an d  (13) is 2 n + 2 , 
w h ile  w e  h av e  2n + 4  unknow ns. W e h av e

th e re fo re  a  la rg e r  n u m b e r  of unknow ns th a n  
th a t  of th e  equ a tio n s . F o r th is  reason, these  
e q u a tio n s c a n n o t be so lved in  th e ir  fo rm s as 
th e y  stan d .

A  fea s ib le  co u n te rm ea su re  fo r th is  s itu a ­
tio n  w ill b e  to  o b ta in  ap p ro x im ate  roots 
by  n eg lec tin g  th e  te rm s  :

 — Mc”+1)y0 a n d  -̂t-VqV̂
n \  n \

! +  l )

in  th e  la s t  eq u a tio n s of (12) an d  (13). By 
n eg lec ting  th e se  te rm s , th e  n u m b e r of th e  
un k n o w n s ju s t  eq u a ls  th a t  o f th e  equations. 
I t  is  th e re fo re  possib le to  solve th e  equa­
tions p ro v id ed  th e  expansions a re  satisfied 
on ly  up  to  y n, h av in g  th e  residues

n+\)V y n+y a n d  -,
’ n\n \ -y0yc”+1)y”+1

( 1 4 )

resp ec tiv e ly . A ctu a lly  th e re  is a  good reason 
fo r us to  neg lec t th ese  tw o  te rm s, because 
th ese  q u a n titie s  becom e sm a lle r  an d  sm alle r 
a s  n  in creases. T h e  re su lt w ill be th e re fo re  
m o re  im p ro v e d  a s  w e ad o p t a  la rg e r  num ber 
of equ a tio n s . T h u s  w e h av e  to  t r y  several 
app ro x im atio n s , of w h ich  w e sh a ll m ention 
cases n  — 2 and  3. 

i ) C ase  n  =  2 
T a k e  n — 2. T h e n  w e h av e

— u'vo—do=Q>

Vq — u 'v '—u"v0—d i—0 ,
2co 

~ R

^~~v '  — \ u ' v " —tt"v'—d2—0, 
A  ¿

— v0v ' - 8 0= 0 ,
2(0

( 1 5 )

-  — g ~ u o —  ( v ' ) 2 - V o V " - 8 i = 0 ,  

— | V - f w ' - s 2= o.

E lim in a tin g  v', v"  an d  u', u "  o u t of the  
five eq u a tio n s  w h ich  do n o t invo lve u0, w e 
h av e  a  q u a r tic  equations fo r v0, o r

( 3 d 28 0— d 0ö 2) v 0‘i -Jr ^ d o 2Vo2+ 3 d l 8o2Vo2+ 3 d o 8 o 3= 0

(16)

T h is  eq u a tio n  w ill g ive th e  possible value 
of Vo a s  one of its  fo u r roo ts. S ubstitu tin g  
v0 th u s  ob ta in ed  in  th e  rem a in in g  equation  
of (15) w h ich  involves u 0, w e h av e

( 226 )
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R  ( 2d*„Z _J2d¿ * „  ,  ,  , o ÖV \  n 7 v
Mo=“  2 ¿ { 'T 0 Vo + ~ d r v ' + ô l + * W  )  (17)

In  th is  case, th e  expansions of th e  e q u a ­
tions (3) w ill b e  sa tisfied  u p  to  y  an d  the  
resid u es w ill be

~ u " v 0y 2 an d  v"y2

respectively , 
ii) C ase n =  3

T a k e  n =  3. T h e  equations to  be solved 
a re

—u'v0—d0= 0 ,

2 ( t í  i i  f f  7 f \—f—v0—u v —u  v0—dy=0,
A

— ~  u 'v"—it"v'—--u" % —d2— 0 ,
A 3  3
1 2 a) „ 2o) ' 1 ____-u 'v '"
2 A  R  6 A?2 6

1
■u v u ' " v ' - d a= 0

- y 0z/-<50= 0 ,
2ft> —
F

4*0

2 ft)-v'—
F

l/l

i 2 ft)---- 7,i
2 A  *

(18)

I » '» " — i-K » t/" -5 2= 0 ,

r, 2ft) 1 2 ,

_ L ( „ " ) 2= o .

In th is  case th e  expansions of th e  equations 
(3) w ill be sa tisfied  up  to  y 2 and  the  residues 
w ill be

— \u ! " v o y i an d  —u üvf" y z

respectively . T h e  re su lt in g  equation  g iv in g  
Vq is

+

288 R
d 3

R
* V

2 ft) (  dy \

~ ~ R \2 8 8 A 4

13 12
24 A 2) ”“ \48  A 2 ° 1
2a)

‘A

V 0

dndQUO
96 A '

. d  q3 2 d  25c
"T" /-»/-» T-» O I72 A 2 24 A 5

t do2 dy2 )
H
r*+*'

2û)

dod3do

+  t \ A  j  1
dody02
144A 2 

, d 2d 2ôo i

\ 72A 2 
d \ d 2do , 
48A 2 

d od3d2 \ )

32 ) 
dy2dy
96 A 2

•n 101

, 16A 2 
d 283 

16 
/  do2 d  y

1 4 i 2 y)

A A r A

0 A 
1 3d  od ii
i 16

\  144 A 2

48A 2 16 A 2 32A 2 16A 2
Z d o d y ô o h  d 02Ô2 2 d 22,5o2

12
dod2öod2

12 *>o8+

! 72
2ü) (  d 03o0
A V 48A 2 12 A 2

i 2 9 d 0d y 2 ô 0 d 02d 28 0 d d d 2 
+ - ^ - + - ^ + l r l»o96 12

7232 72 )  16
2 d 28<?àx d 0di<503 d 0d 1ôo2ô 2

32 A 2 12A 2 12

5do2<5o4_^di2öo4 7do2803ô2
3 2A 2 

d(jd2öo
4 12

2ü) 83 , -  o 
A  96

= 0

(19)

Sdodyôo5
H ^

If w e e v a lu a te  v0 by so lv ing  th e  equation  
(19), Uq w ill b e  g iven  by

A
« 0 =  -

1
2ft) 3d0< W + i W  I 3 A 2 A

2  ft)
’t’07- 2i/3-yo6

+  ( | ' ^ 2+uf151+ 2 t/25o)y04- | - “ ^ o 2-yo3

+  (3(7i5üz+3í:/o<5o5i)i'u2+  5r/05o3f . ( 2 0 )

F u rth e r  a p p ro x im a tio n s  a re  of course pos­
sib le  th e o re tic a lly . B u t th e  d e riv a tio n  of the  
eq u a tio n  g iv in g  v0 w ill be ex tre m ely  com ­
p licated  then , so th a t  w e h av e  to  sa tisfy  
w ith  th is  d eg re e  of app rox im ation . T h e  a c ­
cu racy  of th e  so lu tion  w ill be es tim a ted  by 
a  com parison  of th e  re su lts  of th e  cases n —2 
and  n —3.

5. E xtension  of the com putation  to higher 
la titu d es

Once the  ve loc ity  com ponents u  an d  v a t  
th e  E q u a to r a r e  know n, the  n ex t question  is 
how  to  co m p u te  those  a t  h ig h e r la titudes. 
F o r th is  purpose, le t u s  s ta r t  ag a in  w ith  the 
equa tions (3).

F ro m  the  f ir s t  equation , w e h av e
du  1 dD

- t—  —2ft> s in  <p---------- — .
dy v dx

In teg ra tin g  th is  eq u a tio n  fro m  0 to  y,  we 
h av e

(2 2 7  )
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U —  U q- -2o)\ s in~dr¡  
lo R -i:(v

d D  \
dx A - ,

Ï - dD
>\ v dx .

• d  f]
i

)  ' d v
y y = ~n

(21 )

w h ere  u 0 is th e  v a lue  of u  a t  th e  E q u a to r  
an d  b o th  v an d  dD/dx  a re  functions of y  only. 

F ro m  th e  second equation  of (3), w e h av e

4 - ( ^ - + d ) = - 2 ( o  s i n  <pu.  ( 2 2 )
d y  \  2  )

S u b stitu tin g  fro m  (21), w e have 

^ - ( - ^ -  +  d ) =  - 2 a )S in ^  j« 0+ 2 û ) i ? ^ l - c o s ^

■” i ¿ £ )  . 4

V dx ) y-r, ) 

In te g ra tin g  th is  equa tion  w ith  re sp e c t to  
y, w e  h av e

2

+  D  =  + +  D,

-2w R 'u S ^  s in
R  \ R

— (2a)R ) 2,  ̂ s i n j ^ l - c o s ^

+  2a>i? ■
0s m R ( j o \ y  d x ) ¡

• d s l  d [

(23)

w h ere  v0 and  D  a re  th e  values of v an d  D  
a t  th e  E quato r.

If  w e confine th e  in te g ra tio n  lim it w ith in  
a  few  degrees fro m  the  E q u a to r  and  ch an g e  
th e  o rd e r  of in teg ra tio n , w e h av e

2
- - F D ( 1— 2  o) R  U(j • í l ( i ) 2-

1

' 4 !

jn
6 !  \ r )  j

’ i f j ' Y  1

( i ? )  +¿ (
> y  \

11 8 \ R )  4 8 , r )

/ s Alo1(  V d  X  J  y = s \
CUo  b o o

K r )
T 2 a >R '

JO \ V  OX J y  = s  \  JX JXJ

(24)

T h is  equation  g ives the  m erid ional co m ­
ponen t v of c u rre n t in  te rm s  of th e  h o rizo n ­
ta l  d is tan ce  of a  po in t y  f ro m  th e  E quato r, 
an d  g eopo ten tia l d istance D  a t  th e  po in t y.

S uppose w e h av e  th e  observa tiona l d a ta  a t  
th e  E q u a to r  and  th e  in te g ra l deg rees of 
m erid ional arc , o r a t  0 ° ( y = 0 ) ,  l ° N ( y  =  -M ), 
2 °N (y  = + 2 ¿ í)  and  3 ° N (y = + 3 ¿ /) .  S ince th e

len g th  A o f  one degree  of m erid io n a l a rc  is 

J  =  - ^ - = 1. 112x l 07cm ,

w e h av e  to  com pu te  th e  velocity  com ponent 
v a t  th e  ab o v e  la titudes, u se  being m ade  of 
th e  co rrespond ing  v a lu es of D.  L e t th e  velo­
c ity  com ponen t v a t  I oN, 2°N  an d  3°N  be 
denoted  b y  v2 and  v3 respectively .

I t  is essen tia l now  to express th e  in teg ra ls  
in  th e  r ig h t-h a n d  m em b ers  in  te rm s  of v v 
v2 an d  v3. F o r  th is  purpose, i t  w ill be r e ­
com m ended  to  ap p ly  N ew ton-C ôtes’ m ean 
v a lue  m e th o d . ( R u n g e  und  K ö n i g  1 9 2 4 )  In 
e v a lu a tin g  th ese  in te g ra ls , w e h a v e  several 
fo rm u las  resu ltin g  fro m  th e  N ew ton-C ôtes’ 
ru le, or

^ F ( s ) d s = j F ( 0 ) + 1 f ( J ) }  A  ( 2 5 )

ZA f 1 4 1 )
o F ( s ) d s =  j - F ( 0 ) + | F ( J ) + - ^ F ( 2 J ) j  - 2 A

(26)
3zf ( 1 O O
o F ( s ) d s =  \ - F ( 0 ) + j F ( A ) + j F ( 2 a )

+ j F ( 3 A )  - 3 J  (27)

T h e  fo rm u la  (25) g ives th e  so-called  t r a ­
pezoidal ru le, w hile  (26) is th e  w ell-know n 
S im pson’s  ru le. T h e  fo rm u la  (27) g ives a 
ru le  ap p licab le  to  th e  in te rv a l ( 0 ^ s ^ 3 A ) .  
T h e  accu rac ie s  of (26) and  (27) a re  nearly  
th e  sam e, b u t the  trapezo ida l ru le  w h ich  r e ­
p laces th e  cu rv e  by  a  s tra ig h t  line is m uch 
less a c c u ra te  th a n  tw o  o th er fo rm u las . In 
o rd er to  rem ove th is  difficulty, w e h av e  to  
rep lace  th e  righ t-hand  m em b er of (25) by  a 
d iffe rence of th e  ru les (26) and  (27), or

A  f 3 A  r Z A

F ( s ) d s = \  F ( s ) d s — \  F ( s ) d s
o J o  j a

=  ! - ^ F ( 0 ) + 4 - i r ( J ) + | - F ,(2 A)

+  Í F ( 3 z / ) i  -3A

•2A^ F ( A ) + ~ ( 2 A ) + ^ F ( 3 A )  
6  6 6 .

3 19  9
=  \ - F ( 0 ) + ~ F ( A ) ~ F { 2 A )

+ - F ( 3 J ) j . J  (28)

A p p ly in g  the  ru les (28), (26) an d  (27) to

( 2 2 8 )
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th e  in te g ra ls  a t  th e  r ig h t han d -m em b ers  of 
(23), w e h av e  a f te r  n ecessa ry  num erical 
com putations,

o . ^  #12 I #13v x2+ Q x=  1-------
v 2 V3

v22+ Q  2=  

v 3 2 + Q z = -

# 2 1

V X

#31
V i

0-32
Vi

(29)

w here
Q x=  —v02+ 2 ( D x—D 0) +28. 2957m„

( d D
dx

+ 200. 2734-1180. 2 6 x l0 5-
Vr

Q 2=  — v02jr 2 ( D 2—D lx) +  113. 0793w0
/ d D  
\  dx /  o

+ 3 2 0 3 .8 8 6 -4 1 9 6 .1 6 x l0 5 

Q 3=  — v02+ 2 ( D 3—D 0) +254. 0404?¿0

16215. 556-10620. 62X105-  

and
ß 12= 1 9 6 6 .9 0 x l0 5^ - | ^  ,

Vc.

dx /o
Vo

(30)

al3= -  1048.89 x 1 0 s
d D  
dx

a2x =  12588.16 x l 0 5( ^ - )  

a 31=28320. OOxlO5
J d D

( 3 1 )

V dx

^  =  17698. 74X105( - | ^

I t  is  possible to  e lim inate  v x and  v2 f ro m  the  
th re e  equations in  (27). F ir s t  w e have, 
f ro m  th e  second equation,

#21 (32)
V2 \ 2

S u b stitu tin g  th is  equa tion  in  th e  f irs t eq u a­
tio n  of (29), w e h av e  

# 1 2

# 2 1

V 22 +  ‘
+  Q i- ~ 12

#i
Vz

(33)

S u b s titu tin g  (32) and  (33) in  th e  th ird  
eq u a tio n  of (29), w e finally  h av e

- 2 +  Q  3
# 12"

# 2 1

V 22 + Q 2
+  Q l  —

#31

# 2 1

# 1 2

V 2

' 2 ) — — = 0  a 2
(34)

or

Q z V 2 - (~ v 2 { v 2¿ +  Q z )  — a 32 
#21 {#2i2ü2- # i 2(y22

+  Q z) 2+ Q M v22+ Q 2) 2}2 
+ a i22v23(v22+ Q 2y = 0  (35)

T h is  i s  an  equation  of 13th o rd er and 
d e te rm in e s  th e  possible v a lu e  of v2, o r the  
m e rid io n a l velocity  a t  2°N . S u b s titu tin g  th e  
v a lue  of v2 th u s  ob ta ined  in  (32) and  (33), 
w e sh a ll h av e  v x and  v3, o r th e  m erid ional 
velocities a t  1°N and  3°N  respectively .

A  s im p le r  w ay  of so lv ing  (29) is to  neg lec t 
th e  sq u a re s  v x2, v22 and  v32 in  th e  left-hand  
m e m b ers  o f (29). T h e n  w e  have, f ro m  th e  
second eq u a tio n ,

Vy =
# 2 1 (36)

S u b s titu t in g  in  th e  th ird  eq u a tio n  of (29), 
w e h av e

V z - '
cu

#31

# 2 1

(37)

A g a in  in se rtin g  th is  in  th e  firs t eq u a tio n  of 
(29), w e h a v e

V z  —
# 1 2

+ ( o 3- —  o ,
#32 \  #21

(38)

T h ese  a re  app ro x im ate  values. In serting  
th e m  in th e  left-hand  m em b ers  of (27) g ives 
m ore a c c u ra te  roots. R epetition  of th is  
p rocess re s u lts  in  a n  a c cu ra te  se t of roo ts 
of (29).

In  o rder to  ob ta in  th e  values of u x and  u2, 
w e h av e  on ly  to  tran sfo rm  th e  second eq u a­
tion  of (3) a s

u — ■ w ( v + J )
2 co s in  9 (39)

Since th e  q u a n tity  — - + D  is g iv en  fo r I o, 
z

2° and  3°N, w e  h a v e  fro m  (39)
2 , 1.2

u x=  —

V £

2
- m + ( Z ) 2_ D 0)

2o) sin  I o '2 A

u 2=  —
- + ( D 3- D x)

(40)

3 o is in 2 °-2 //

In  th is  p rocess w e can n o t com pute u 3, though  
w e already h a v e  v3 f ro m  (33).

(2 2 9  )
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In  th e  expressions (40), v22/2 — va2l2 and 
v32I 2 — v x2¡2 a re  in  m o st cases la rg e r  th a n  
D 2— Dq and  D 3— D \  respectively . T h is  is 
in  v e ry  close ag re em e n t w ith  R.B . M o n t g o ­
m e r y ’s  conclusion on h is  dynam ica l co m p u ta ­
tio n  w h ich  show ed th a t  th e  zonal com ponent 
of velocity  in  th e  E q u a to ria l Pacific  is in  an  
ap p ro x im ate  geostroph ic  ba lance  even  in  the  
I o in te rv a ls  n ex t to  th e  E q u ato r. ( M o n t g o ­
m e r y ,  1961) T h is  conclusion w as  also  su p ­
po rted  by John  A . K n a u s s  ( K n a u s s ,  1960) 
w ho show ed th a t  th e  Coriolis fo rce  and  th e  
p ressu re  g rad ie n t a re  in a  ba lance  in  the  
no rth -so u th  d irec tion  except v e ry  n ea r  the  
E quato r.

F o r s till h ig h e r la titu d e s  (I90I> 2 ° ) ,  w e can 
com pu te  th ese  com ponents by  s im p le r suc­
cessive approx im ations, tra n s fo rm in g  th e  
equations (3) in to  th e  fo rm  :

u —

V —

3 D ____dv_
dy vy
2w sin  cp

d D  , du
 1- y-----

dx dy

( 4 1 )

2(o s in  (p
w ith  in itia l guesses u —v —0, u sing  th e  values 
com puted  a lread y  a t  2°N  and  S and  assu m ­
in g  th a t  th e  flow  a t  s ta tio n s  v e ry  fa r  from  
the  boundaries a re  pu rely  geostroph ic, or 

d D
dy

2(0 sin  <p 
d D

v = d x

(42)

2(0 sin  (p
T h is  process fa ils  a t  a s  low  a  la titu d e  as 

1°N and  1°S or in  betw een, because the  
Coriolis p a ra m e te r  becom es too  sm all. So 
w e had  b e tte r  confine it fo r th e  la titu d e s  
h ig h e r  th a n  3°N  an d  3°S.

T h e  re su lt of p rac tica l app lica tion  show s 
th a t  a t  la titu d es h ig h e r th a n  3°N  o r S, th e  
flow is ac tu a lly  geostrophic.

6. Southern hemisphere
In o rd er to  co m p u te  u  a n d  v fo r the  

so u th e rn  hem isphere , w e have , to  solve

# 12  #13

V-2  Ü-3 ’
_#+_ (43)
0-1 ’

V . S + Q - ! =  —

y_22+ '

(44)

V — Q  —3—- (f32_
0-1 #-2

w here

( 2 _ i  =  — # o 2 + 2 ( D _ 1 —  D 0) + 2 8 .  2 9 5 7 m 0

m
+ 2 0 0 . 2734+1180.26 X IO5-- dx-A -°,

v0
Q - 2= - v02+ 2 ( D _ 2- D 0) +113. 079«0

( 1 3+  3203. 886+ 4196.1 6 x  10sV ax '  \
Vo

Q - 3=  — v 02+ 2 ( D  _3— D 0) + 254. 040w0

m
+  16215. 556+10620. 6 2 x l0 5A 5T /o

Vo
and  a l2, a 13, a2v a3l and  a32 a re  th e  q uan titie s  
g iven  b y  (31).

T h e  e a s t-w es t com ponen ts x a n d  w_2 can 
be co m p u ted  by

.2 o ) 2iv  
2

+  ( D 0 —D _ 2)

U - 2  =

2o) s i n  I o *2A

v- £ - v4 - ^ d - ' - d - 3)

(45)

2(o s in 2° - 2 J

T h is  p rocess g ives th e  com ponents a t  1CS 
and  2°S. F o r h ig h e r so u th e rn  la titu d es , suc­
cessive ap p ro x im atio n  used fo r th e  n o rth e rn  
la titu d e s  w ill also apply  w ith o u t a n  a l te ra ­
tion.

7. Upwelling velocity and the vertical 
circulation in a meridional section

T h e  eq u a tio n  of co n tin u ity  is, since d u /dx= 0,

—- —• -y- (v  eos cp) +  w - = 0  (46)
eos (p dy dz

w here  tu  is th e  v e rtica l velocity  counted 
positive dow nw ard . If  w e in te g ra te  th is
equation , w e h av e

w (z)  — w ( 0) =  —- * ^ • ̂ c o s9 ^ vdz^j.
eos 9 dy

B ut, since  th e re  w ill be no v e rtic a l velocity 
a t  th e  se a  su rface  ( z = 0), w e have

7v{z) =   — ( eos 9 \ v d z ) .  (47)
COS9  Jo /

T h is  is  an  expression of v e rtica l com ponent 
of ve loc ity  in te rm s  of v.

I t is ev id en t th a t  the  eq u a tio n  of continu ity

( 230 )
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(46) w ill re su lt in  a  s tre a m  fu n c tio n  <p ( y , z)  
su ch  th a t

V —  ^  ■ w ~ ~  ^ (48)
dz ' "  dy 

A  co n s tan t v a lu e  of th is  function , or th e  
eq u a tio n  :

z ) — a  co n s tan t (49)
g ives s tre a m  lines of v e rtica l c ircu la tio n  in 
a  m erid ional section . T h e  n u m e rica l values 
of s tre a m  function  w ill be co m p u ted  a s

2) = c o s  j  vdz, (50)

because th e re  is a  reason  to  suppose th a t  
th e  f re e  sea su rfa ce  is a  s tre a m  line ^ = 0.

8. Practical computation of ocean currents 
in a meridional section

In  th e  expressions (6) an d  (7) fo r  dD /dx  
and  dD/dy,  w e h av e

dn— 1 — )  , dt =  ( ~~/r~ ) , etc.
dx /  (o=o

.  ( d 2D  
0 l~ [  dy2

(51)

01 I  ay J „ - o ’ e t c ‘ '

T h e  th eo ry  w as  app lied  to  th e  h y d ro g rap h ic  
d a ta  ob ta ined  by  T ow nsend  C r o m w e l l  ( C r o m ­

w e l l , 1951,1954), T h o m a s S. A u s t i n  ( A u s t i n , 

1954) an d  E.D . S t r o u p  ( S t r o u p , 1954) in  th e  
M id-Pacific E q u ato ria l W ate rs . T h e ir  rep o rts  
g iv e  th e  d a ta  occupied a t  s ta tio n s  along 
sev era l m erid ional sections ac ro ss  th e  E q u a to r, 
each  s ta tio n  being  located  a t  0° (E q u a to r), 
1°N  an d  S, 2°N  and  S, e tc., o r a t  a  co n s tan t 
spac ing  I o of a  m erid ional arc.

T h e  d a ta  of th e  geopo ten tia l d istances 
w ere  com puted  fro m  th e  o b se rv a tio n s  of the  
fo llow ing  cru ises of th e  M /V  H u g h  M . S m ith  
of th e  Pacific O ceanic F ish ery  Investigations, 
Honolulu, and  pub lished  in  th e  Special S c ien ti­
fic R eports, U nited  S ta te s  D ep a rtm en t of 
th e  In te rio r F ish  and  W ild life  Service.
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J an .-M ar. 1952

P ub lished  in  
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54

131
131
135

L a titu d e s

158°W , 172°W  

158°W , 172°W  

158°W , 172°W  

155°W , 168°W , 180

In  o rd e r  to  rem ove sm all fluc tua tions in ­
volved in  th e  m erid ional v a r ia tio n  of D  and 
dD/dy,  th e  anom alies of D  o v er 1000 dec ibar 
su rfa ce  in  th ese  sev era l m erid ional sections 
w ere  a v e ra g e d  fo r th e  sam e la titu d es. T h ey  
ex tend  f r o m  5°S to  15°N an d  a re  g iven  in  
T ab le  4.

T h e  m e rid io n a l g rad ie n ts  of D,  o r dD/dy  
a t  a  la t i tu d e  <p w ere  com pu ted  by  m ak ing  
difference D (( p + l° )  — D{<p — I o) in  a  m erid ion­
al d irec tio n , and th e n  d iv id ing  th e m  by 
tw ice  th e  le n g th  of I o of m erid ional arc , o r

( d D  \  = D{<p +  V ) - D { < p - l ° )
\  dy ) v 2 x 1 . 1 1 2 x IO7

T h e  m e rid io n a l v a ria tio n  of dD /dy  n ea r 
th e  E q u a to r  w as  th e n  determ ined , assum ing

(52)

d D  
dy = do+ öi*y (53)

o r 52= 5 3= - - - = 0 .
T h e  v a lu e s  of dD /dx  w ere  com puted  by 

N a g a t a  ( H i d a k a  and  N a g a t a , 1958) only 
fo r th e  E q u a to r  also  fro m  H aw aiian  o b se rv a ­
tiona l d a ta . In  th e ir  com pu tation , th is  w as 
assum ed  co m m o n  to  a ll la titu d es, or

dD
=  d  r (54)

In  T a b le  5, a re  com- 
of do, 8 1 and  d 0 a t  th e

dx

and  d l = d 2= -- -=  0 . 
p iled  th e  v a lu es 
E quato r.

F irs t  w e a re  to  com pu te  th e  equato ria l 
velocity  com ponen ts u 0 an d  v0 fo r each  d ep th  
f ro m  the  fo rm u la s  (16), (17), (19) an d  (20). 
T h ey  a re  a lso  show n in  T ab le  5, th e  case 
n —3 giv ing  of course  th e  m o re  ac cu ra te  
values. T h e  case  n =  2 is g iven  to  es tim a te  
th e  accu racy  of th e  case  n — 3. T ab le  1 
g ives th e  velocity  com ponents a t  all la titu d es 
betw een  4 .5°S and  14 .5°N . T h o se  fo r the  
E q u a to r  in  th is  ta b le  a re  th e  re su lt  of th e  
case n = 3 above . T h e  v a lu es of velocity  
com ponents a t  I o and  2"N  an d  S respectively  
w ere  com puted  by th e  equa tions (29), (34) 
o r (35) and (40) fo r th e  n o r th e rn  hem isphere 
and  (43), (44) and  (45) fo r th e  sou thern . 
T h e  resu lt is  g iven  in  th e  corresponding 
co lum ns in  T a b le  1.

F o r higher la titu d e s , th e  ite ra tio n  process 
g iven  a t  the en d  of 5 enab les us to  com pute 
th e  velocity com ponents. Since th e  in itia l
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guesses a re  u = v = 0 except a t  th e  E q u ato r 
0 = 0 ) ,  I o, 2° and  3°N  an d  S, and the  ou te r 
boundaries (14. 5°N , 4 .5°S), w here  th e  flow 
is considered to  be geostrophic, th e  firs t a p ­
p rox im ations w ill g ive geostrophic flow s fo r 
a ll la titu d e s  in  betw een.

A s a  second step,

du  \  _  u(<p +  l ° ) —u(<p — l ° )

~ d y ) 9~  2 x 1 .1 1 2  X IO7 ’
dv \  _  z iQ -l-10) — v(<p — 1°)
~ d i  )<p~  2 x 1 . 112x IO7

w ere  com puted  and  the  re su lts  m ultip lied  
by  —v, th u s  e v a lu a tin g  th e  q u an titie s  :

du  . dv 
—v— — and  —v— — 

dy dy
T h ese  tw o  te rm s  w ere  added  to  d D /dx  and  

d D /dy  respectively , th u s  th e  resu lt, d ivided 
by  2a) s in  <p, g iv in g  second approx im ations 
fo r u  and v. T h is  p rocess w as h a rd ly  r e ­
p ea ted  th re e  o r fo u r tim es  before th e  final, 
s te ad y  v a lu es w e re  a tta in ed  fo r the  succes­
sive pairs . T h e  convergence of ite ra tio n  w as  
b e tte r  a s  w e go  aw a y  fro m  th e  E quator.

T h is  p rocess fa iled  fo r th e  in te rv a l 2 °S ^ç?  
^ 2 °N , because th e  fa c to r  2 co s in  <p becom es 
too sm a ll th e re . 2°N  and  S seem  to be th e  
lim its  of in te rn a l boundaries fo r th is  i te ra ­
tio n  process. T h is  is th e  reason  w hy th e  
a u th o r  h ad  to  co m p u te  th e  flow  a t  and  around  
th e  E q u a to r  in  sp ite  of a  b ig  labor. T h e  
co n ten ts  of T a b le  1, fo r th e  la titu d e s  h ig h e r 
th a n  3°N  and  S, w ere  exclusively  com puted 
by th is  process.

In  T ab le  7 a re  g iven  th e  percen tage d if­
ferences b e tw e en  th e  geostroph ic  cu rre n ts  
com puted  f ro m  th e  equations (41) and  th e  
co rrespond ing  com ponents in  T ab le  1 com ­
pu ted  ta k in g  th e  in e rtia  te rm s  into account. 
A  sa tis fa c to ry  ag re em e n t a t  la titu d es m ore 
th a n  a  few  d eg rees aw ay  fro m  th e  E q u ato r 
m eans th a t  th e  in e rtia  te rm s  h av e  very  little  
influence on th e  com pu tation  of the  ocean 
c u rre n ts  excep t a t  an d  close to  th e  E q u ato r.

9. Discussions of the result
i ) Equatorial Undercurrent  (Cromwell Cur­

ren t)  and Equatorial Countercurrent
T h e  velocity  com ponents com puted  fro m  

th e  m erid ional d is trib u tio n  of p ressu re  g r a ­
d ien ts  and  com piled  in  T ab le  1 a re  pronounced

in  th e  ea s t-w e s t d irec tion , re m a rk a b le  m e­
rid ional flow  being seen only w ith in  a  few  
deg rees f ro m  th e  E quato r.

T h e  d ia g ra m s  in  F ig s. 1 and 2 g ive th e  
m e rid io n a l d is trib u tio n  of th e  com ponents u  
an d  v. T h e  v a ria tio n  of u  is p articu la rly  
re m a rk a b le  in  th e  la y e rs  above 500 m . W e 
can  see  th e  E q u a to ria l U n d ercu rren t or 
C ro m w ell C u rren t ex ac tly  a t  the  E q u ato r 
and  th e  E quato ria l C o u n te rcu rren t around
6. 5GN.

T h e  E q u a to ria l U n d e rcu rren t h as  a  core 
a ro u n d  100 m  to 140 m  a tta in in g  a  speed 
a b o u t 85 cm /sec. T h is  seem s to  be a  little  
below  ob serv ed  values. I t  is only seen in  a 
zone b e tw e en  1°S an d  1.30°N . T h e  resu lt 
th a t  th e  su rface  also  m oves to  th e  east a t 
th e  E q u a to r  seem s c o n tra ry  to  observed  fac ts 
in  connection  w ith  th e  eq u a to ria l flow. T h is 
m a y  be because w e h av e  neg lected  th e  w ind 
s tre sse s  a t  the  sea  su rface . T h u s  w e m ay 
h av e  to  ad d  w estw a rd  d r if t  c u rre n ts  of Ek- 
m a n ’s  ty p e  w hich, how ever, is v e ry  h a rd  to 
e ith e r e s tim a te  or com pute.

B elow  th e  E q u a to ria l U n d ercu rren t we 
no tice a  slow er w e s tw a rd  flow less th a n  
50cm /sec. T h is  flow ce n te rs  around  400-600m 
layers. T h e  speed of th is  w e s tw a rd  flow 
seem s a  lit tle  h ig h e r th a n  observed  values.

T h e  co m p u ted  E q u a to ria l C oun tercu rren t 
of a  ve lo c ity  a  lit tle  m o re  th a n  40 cm /sec is 
located  a t  the  la titu d es 5° to  8°N, th e  core 
of th is  c u r re n t being seen a t  6. 5°N and  50m 
layer. T h is  location  and  speed a re  in  good 
a g re e m e n t w ith  observations. No distinct 
co n n ectio n  is seen be tw een  th e  E quato ria l 
C o u n te rc u rre n t and  E q u a to ria l U ndercurren t.

T h e  w e s tw a rd  flow s in  th e  S o u th  E qua­
to ria l C u rre n t has velocity  of 45 and  70 cm /sec 
on b o th  sides of th e  E q u a to r  respectively. 
T h ese  a r e  regarded  a s  geostrophic in  m ost 
cases.

ii) Upwelling  and vertical circidation in a 
meridional section

In  T a b le  2, a re  com piled  th e  upw elling  
velocities com puted by  th e  fo rm u la  (42) for 
se v era l la titu e d s  and  depths. T h e  upw elling  
is m o s t in tense  in  lay ers  200-250 m  th e  velo­
c ity  exceeding  —14 x  IO-3 cm /sec. Intense 
v e r tic a l m otion  dow n in  deeper lay ers  are

( 2 3 4 )
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q u ite  do u b tfu l.
T a b le  3 g iv es th e  s trea m  fu n ctio n  com ­

pu ted  f ro m  the  fo rm u la  (50). T h e  con ten ts 
o f th is  tab le  a re  m o re  v isualized  in  th e  d ia ­
g ra m  of F ig . 3, indicated  by  s tre a m  lines 
in  th e  m erid ional section. W e notice, a g a in s t 
o bserva tions, th a t  th e  w a te r  is s in k in g  a round  
th e  E q u a to r, g iv in g  eq u a to ria l convergence. 
T h is  w ill be because w e neg lec ted  th e  w ind  
d r if t  a t  an d  aro u n d  th e  E quato r. W e m ay  
th u s  conclude th a t  w ind w ill be responsib le 
fo r m o s t p a r t  o f th e  ac tu a lly  observed  e q u a ­
to ria l d ivergence.

i ’" F ig . 1. E a st-w est  
com ponent, 
(c m /s )

/  I

y<‘— a  . i  - i - »  •a.-.-Sa ---a

tH. . /  '

F ig . 2. N orth- 
so u th  co m ­
pon en t, 
( c m /s )

F ig . 3. M er i­
d ion al c ir c u la ­
t io n  (strea m  
l in e s ) .

iii) M e r i t  o f  inertia terms in  in terpre ting  
the  east-ivest flow  

So f a r  it  seem s to  th e  a u th o r  th a t  th e  
in e rtia  te rm s

du  1 dv 
- V y -  and  - v — -  

dy ay

g re a tly  im proves th e  ex p lana tion  of th e  eq u a ­
to ria l flow, th u s  g iv ing  us a n  idea  t h a t  field 
acce le ra tio n s  a re  necessary  fa c to rs  fo r  in ­
te rp re tin g  th e  C rom w ell C u rre n t o r th e  E q u a ­

to ria l U n d e rc u rre n t in  th e  Pacific. T h ere  
a re  som e o th e r  fac to rs  in  hydrodynam ical 
equations o f  th e  ocean  cu rren ts , w h ich  m ay 
ba lance  th e  p ressu re  g rad ie n ts  a t  th e  E quato r. 
H ow ever, th e re  seem  to ex is t m any  d if­
ficu lties f o r  us in  tre a tin g  th e  problem  by 
re g a rd in g  th e m  as  th e  p robab le  agencies fo r 
th e  ex p lan a tio n  of th e  eq u a to ria l flow. T h u s  
th e  d iscu ssio n s for th e m  w ill be le ft fo r 
fu tu re  s tu d ie s .

10. Sum m ary and conclusions
1. A  s im p le  m odel w as  considered for 

th e  e q u a to r ia l c u rre n t sy s tem  on th e  assu m p ­
tio n  th a t  p ressu re  g rad ie n ts  and  c u rre n t 
velocity  do  n o t change in  th e  east-w est 
d irection .

2. A  b a la n c e  betw een  th e  Coriolis forces, 
p ressu re  g ra d ie n ts  and  field acce lera tions w as 
assum ed, th e  te rm s  —w{du¡dz) and  —w(dv/dz) 
being  n eg lec ted  a s  sm all com pared  w ith  
— v(duldy)  a n d  —v(dv/dy)  respectively . T h e  
fric tio n  due to  m ix ing  an d  th e rm o d y n am ic  
p rocess w e re  d isregarded .

3. T h e  so lu tion  w as ca rried  ou t fo r a 
dy n am ic  m erid ional section, f irs t com puting  
th e  velocity  com ponents a t  th e  E quato r, then  
ex tend ing  ca lcu la tio n  to  h ig h e r la titu d e s  of 
bo th  h em isp h e res  by d ifferen t p rocedures.

4. A n a t te m p t  w as m ade  to  in te rp re t the  
significance of H i d a k a - T s u c h i y a ’s  fo rm u la  
of com pu ting  th e  east-w est eq u a to ria l velocity.

5. T h e  E q u a to ria l U n d ercu rren t can  be 
located  as an  eq u a to ria l je t s tre a m  of a  speed 
a b o u t 85 cm /sec  confind to  a  n a rro w  band 
betw een  1°S to  1 .5°N .

6. T h e  location  and  size of E q u a to ria l 
C o u n te rcu rre n t ag ree  w ith  observa tions qu ite  
w ell.

7. I t  can  b e  show n th eo re tica lly  th a t  the  
ea s t-w est com ponen t o f velocity  is a p ­
prox im ately  geostroph ic  even  in  th e  I o in­
te rv a ls  next to  th e  E quator.

8. U pw elling  velocities w ere determ ined  
an d  found to  b e  an  o rder of IO- 3 cm /sec.

9. V ertica l c ircu la tio n  in  a  m erid ional 
section  w as d e term ined  by  c o n s tru c tin g  the  
s tre a m  function  betw een  v and  io.

10. A  b rief discussion w as  m ade  a s  to 
th e  m erit o f th e  in e rtia  te rm s  in  hydro- 
d ynam ica l eq u a tio n s of an  equa tiona l flow.
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T a b le  4. A n om alie s  
(D ata  from

o f g eo p o ten tia l d istan ces  
P O F I S .S .R . N o. 54, 131,

D  ov er  1000 decibar  
135 a v era g ed )

su r fa c e  in  105c .g .s .

, lat. 
dep. • 5° S 4° 3° 2° 1 °S 0° 1 °N 2° 3° 4°

0 m 1. 822 1.791 1 .7 6 0 1 .755 1 .713 1.721 1.704 1 .740 1 .753 1.772
20 m 1.727 1 .697 1 .6 6 7 1 .661 1.622 1 .630 1. 613 1 .643 1 .656 1.672
40 m 1 .632 1 .600 1. 572 1. 568 1.530 1. 541 1 .520 1 .545 1 .5 6 0 1.570
60 m 1 .536 1. 506 1 .480 1.475 1.440 1.450 1.430 1.447 1.461 1.470
80 m 1 .439 1 .414 1. 387 1 .383 1 .350 1.360 1.339 1 .354 1 .366 1.370

100 m 1 .346 1 .3 2 0 1. 295 1.291 1. 260 1.272 1.249 1 .2 5 8 1 .2 6 9 1.273

120 m 1 .255 1 .2 3 0 1 .206 1 .205 1.180 1.190 1.168 1 .170 1 .178 1.180
140 m 1. 167 1 .140 1. 120 1 .118 1.099 1. 110 1.086 1. 084- 1 .088 1. 090
160 m 1 .080 1 .060 1 .036 1 .040 1.025 1.035 1.010 1.007 1.000 1.005

200 m 0. 950 0. 923 0. 913 0 .9 2 2 0 .920 0. 930 0. 908 0. 899 0. 885 0.880
240 m 0. 854 0 .831 0. 831 0. 846 0. 845 0. 851 0. 838 0. 833 0 .819 0.804
280 m 0. 779 0. 762 0. 765 0. 782 0. 781 0. 784 0. 774 0 .7 7 2 0. 760 0.745

320 m 0. 722 0. 707 0 .711 0. 724 0. 722 0 .722 0 .717 0. 716 0. 706 0.695

400 m 0. 612 0 .599 0 .6 0 4 0. 613 0 .609 0 .606 0. 607 0. 606 0. 598 0.593

480 m 0. 514 0. 501 0. 505 0. 510 0. 507 0. 502 0. 506 0. 505 0. 499 0.498

560 m 0 .4 2 2 0 .410 0 .4 1 2 0 .415 0 .413 0 .410 0. 415 0. 410 0. 406 0.408

640 m 0. 335 0. 324 0. 326 0. 326 0.327 0. 325 0. 330 0. 323 0 .319 0. 323
800 m 0 .1 7 7 0 .170 0 .1 7 0 0. 169 0 .170 0 .170 0 .174 0 .1 6 8 0 .1 6 6 0.168
960 m 0. 035 0 .034 0. 034 0. 034 0 .034 0 .034 0. 035 0. 034 0. 033 0. 034

1120 m 0 0 0 0 0 0 0 0 0 0

1280 m 0 0 0 0 0 0 0 0 0 0
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T a b le  4. (C ontinued)

lat.
dep. . 5° 6° 7° 8° 9° 10° i i ° 12° 13° 14° 15°N

0 m 1.784 1.754 1. 686 1.605 1.570 1.570 1.613 1.663 1.693 1. 721 1. 787
20 m 1.681 1.646 1. 573 1.491 1.457 1.460 1.504 1.557 1.591 1.619 1. 686
40 m 1.579 1.538 1.460 1.375 1.346 1.350 1.394 1.450 1. 487 1. 514 1 585
60 m 1.476 1.430 1.349 1.267 1.240 1.250 1.291 1.347 1.385 1. 412 1 485
80 m 1.376 1.324 1.238 1.168 1.150 1.160 1.198 1.253 1.290 1.320 1 385

100 m 1.277 1.223 1.150 1.090 1.078 1.087 1.115 1.168 1.204 1.235 1 297
120 m 1.184 1.138 1.069 1.027 1.030 1.029 1.045 1.094 1.127 1.159 1 210
140 m 1.093 1.055 1.004 0.979 0.980 0. 980 0.990 1.037 1.062 1.090 1. 135
160 m 1.008 0. 980 0. 957 0. 940 0.940 0.942 0. 950 0. 987 1.009 1.033 1 070
200 m 0.893 0. 885 0. 876 0.872 0.871 0. 872 0. 874 0. 900 0. 914- 0. 927 0. 952
240 m 0. 817 0. 818 0. 814 0.812 0.811 0.811 0.810 0.831 0.838 0. 847 0. 863
280 m 0. 758 0. 759 0. 757 0.756 0.755 0.755 0. 751 0.770 0. 770 0. 774 0. 786
320 m 0. 705 0. 706 0. 705 0.704 0.702 0.702 0. 697 0.714 0.714 0.715 0. 722
400 m 0. 604 0. 603 0. 603 0.601 0. 597 0. 598 0. 592 0. 606 0.604 0.601 0.602
480 m 0. 508 0. 505 0. 508 0.504 0.499 0. 502 0. 496 0. 508 0.505 0. 502 0. 501
560 m 0.416 0. 413 0. 416 0.412 0. 408 0.411 0. 405 0. 416 0.413 0.411 0.410
640 m 0. 329 0. 327 0. 328 0.326 0. 323 0. 325 0. 321 0.329 0.327 0. 326 0.326
800 m 0.172 0.170 0.172 0.171 0.169 0.170 0.169 0.171 0.172 0.171 0.172
960 m 0.034 0. 034 0. 034 0.034 0.034 0. 034 0. 034 0.034 0. 034 0. 034 0.034

1120 m 0 0 0 0 0 0 0 0 0 0 0
1280 m 0 0 0 0 0 0 0 0 0 0 0

T ab le  5. C o m p u ta tio n  of th e  e q u a to ria l ve loc ity  com ponents.

A  % 4-V*/-» T?»“
E q u a to r ia l  velocity  com ponents

d e p th
ÜQy O 0 aliu U l a l  LUC LtjUÛ LUI

case n — 2 case  n = 3

d 0 ¿0 S i U q v 0 u 0 V o

0 m - 3 .  96 X IO"5 - 4 .  050X 10" 5 - 0 .  2025 X IO "10 79.25 27. 90 39.46 -1 5 .9 1
20 m - 3 .6 3 // - 4 .  050 ft - 0 .  2025 ff 78.41 26.71 41.55 - 1 6 .1 6
40 m - 3 .1 6 // - 4 .5 0 0 rt - 0 .  2592 // 100. 63 26.51 68. 04 - 1 7 .9 1
60 m - 2 .8 2 // - 4 .  500 rt - 0 .  2430 // 91.57 24. 64 63.01 - 1 8 .1 3
80 m - 2 .  51 // - 4 .  950 tt - 0 .  2511 tt 90. 20 23. 44 67.13 - 1 9 .5 5

100 m - 2 .3 3 // - 4 .  950 // - 0 .  2835 // 104.82 23. 28 82. 33 - 1 9 .  62
120 m - 1 .7 9 // - 5 .  400 tt - 0 .  2592 // 81.22 19.95 73.32 - 2 0 .  76
140 m - 1 .2 4 // - 5 .8 5 0 // -0 .2 8 3 5 tr 72. 00 16. 98 84. 86 - 2 1 .3 4
160 m - 0 .8 1 ft - 6 .7 4 9 tt - 0 .  2835 ft 18.19 13. 73 81.62 - 2 2 .0 9
200 m - 0 .2 4 n - 5 .  400 -0 .2 5 9 2 n -1 2 5 .4 1 7.31 75.18 - 1 7 .  32
240 m 0.31 // - 3 .1 5 0 // -0 .1 5 3 9 ft -  14.36 7. 29 43. 25 13.82
280 m 0.61 // -3 .1 5 0 n -0 .1 0 5 3 rr -  4.13 9. 30 21.16 14. 63
320 m 0.68 // - 2 .  250 tt - 0 .  0405 ft -  19.30 7. 73 -  3.68 12.09
400 m 0.66 n - 0 .  900 ft 0.0324 rt — — - 2 9 .  72 6.27
4-80 m 0.62 n - 0 .  450 // 0.0729 rt — — -4 5 .2 5 -  3.45
560 m 0.53 // 0. 900 ft 0.0648 ft — — - 4 2 .  53 -  6.48
640 m 0.43 // 1.350 // 0.0567 tt — — - 4 4 .  50 -  8 .00
800 m 0.16 // 1.800 ft 0.0324 ft — — - 3 0 .  05 -  9 .83
960 m 0.03 // 0. 450 ft 0.0081 rt — — -  9.43 -  4.18
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T a b le ó .  H o rizon ta l p ressu re  g ra d ien ts  d D / d x ,  — d D / d y .  ( x  10-5 gr . c m /se c )

dx
4° S 3° 2° 1 ° S 0 ° 1 °N 2° 3° 4°

0 m - 3 .  96 28 16. 20 21 .15 15. 30 4. 05 - 8 .  55 - 2 2 .  05 - 1 4 .  40 - 1 1

20 m - 3 . 6 3 27 16. 20 20. 25 13. 95 4. 05 - 5 . 8 5 - 1 9 .  35 - 1 3 .0 5 -  8

40 m - 3 .  16 27 14. 40 18. 90 12 .15 4 .4 5 - 1 . 8 0 - 1 8 .0 0 - 1 1 .2 5 -  6

60 m - 2 . 8 2 25 13. 95 18. 00 11 .25 4. 45 1 .35 - 1 3 .  95 - 1 0 .  35 -  4

80 m - 2 .  51 23 13. 95 16. 65 10 .35 4. 95 2 .7 0 - 1 2 .1 5 -  7 .2 0 -  2

100 m - 2 .  33 23 13. 05 15 .75 8. 55 4. 95 6 .3 0 -  9 .0 0 -  6 .75 -  1

120 m - 1 . 7 9 22 11.25 11 .70 6. 75 5 .40 9. 00 -  4 .5 0 -  4 .5 0 -  1

140 m - 1 . 2 4 21 9. 90 9 .4 5 3. 60 5. 85 11 .70 0. 90 -  2 .7 0 0

160 m - 0 .  81 20 9 .0 0 4. 95 2. 25 6 .75 12. 60 4. 50 0. 90 -  1

200 m - 0 .  24 17 0. 45 - 3 . 1 5 - 3 .  60 5. 40 13 .95 10. 35 8. 55 -  2

240 m 0. 31 11 - 6 .  75 - 6 . 3 0 - 2 .  25 3 .15 8 .1 0 8. 55 13. 05 1

280 m 0. 61 6 - 9 .  00 - 7 . 2 0 - 0 .  90 3 .1 5 5 .4 0 6 .3 0 12.15 1

320 m 0. 68 5 - 7 .  65 - 4 .  95 0. 90 2 .2 5 2 .7 0 4. 95 9. 45 1

400 m 0. 66 4 - 6 .  30 - 2 .  25 3 .1 5 0 .9 0 0 4 .0 5 5. 85 -  2

480 m 0. 62 4 - 4 .  05 - 0 .  90 3. 60 0. 45 - 1 . 3 5 3 .1 5 3. 15 -  3

560 m 0. 53 5 - 2 .  25 - 0 . 4 5 2 .2 5 — 0. 90 0 4, 05 0. 90 -  4

640 m 0 .4 3 4 - 0 .  90 - 0 .  45 0. 45 — 1 .35 0. 90 4. 95 0 -  4

800 m 0. 16 3 0 .4 5 0 0. 45 - 1 . 8 0 0. 90 3. 60 0 -  2

960 m 0. 03 1 0 0 0 — 0. 45 0 0. 90 0 0

1120 m 0 0 0 0 0 0 0 0 0 0

5° 6° 7° 8° 9° 10° 11° 12° 13° 14° N

0 m 10 42 62 49 16 - 1 8 - 3 8 - 3 6 - 2 9 - 4 2

20 m 13 47 65 50 14 - 2 0 - 4 1 - 3 9 - 3 1 - 4 3

40 m 17 51 68 49 12 - 2 1 - 4 2 - 4 0 - 3 2 - 4 4

60 m 20 54 68 47 9 - 2 2 - 4 1 - 4 1 - 3 3 - 4 5

80 m 23 58 65 39 5 - 2 1 - 3 9 - 4 0 - 3 3 - 4 3

100 m 24 53 56 32 3 - 1 7 - 3 4 - 3 8 - 3 3 - 4 2

120 m 20 47 46 19 1 -  9 - 2 7 - 3 5 - 3 1 - 3 8

140 m 16 36 32 12 0 -  7 - 2 4 - 3 0 - 2 6 - 3 3

160 m 11 21 18 8 0 -  6 - 1 9 - 2 5 - 2 3 - 2 8

200 m -  1 6 6 3 0 -  3 - 1 2 - 1 7 - 1 4 - 1 7

240 m -  5 1 3 2 -  1 -  8 - 1 1 -  8 - 1 1

280 m -  5 0 1 1 -  6 -  7 -  4 -  8

320 m -  4 -  1 1 1 -  5 -  6 -  2 -  4

400 m -  4 0 3 1 -  3 -  4 1 1

480 m -  3 0 3 0 -  3 -  3 2 2

560 m -  2 0 3 1 -  2 -  3 2 2

640 m -  2 0 2 1 -  1 -  2 1 1

800 m -  1 0 0 1 0 -  1 -  1 0 0

960 m 0 0 0 0 0 0 0 0 0 0

1120 m 0 0 0 0 0 0 0 0 0 0
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T a b le  7. P ercen ta g e  d ifferen ces b e tw een  th e  g eo stro p h ic  and  p resen t  

co m p u tation  o f  the  e a st-w est v e lo c ity  co m p o n e n ts .

3° S 2° 1 ° S 0° 1° N 2° 3° 4° 5° 6° 7 °N

Om - 3 . 0 6 .3 7 .6 — -  8 .5 1 5 .8 - 1 . 2 - 0 . 6 0 .3 0 .1 0

20 m - 2 . 7 7 .2 5 .1 — - 5 . 8 13. 5 - 0 . 7 - 0 . 1 0 .1 0 .1 0

40 m - 2 . 0 5 .5 2 .8 — ( - 6 2 . 1 ) * 1 9 .8 - 0 . 3 - 0 . 5 0 .1 0 0

60 m - 1 . 1 - 1 2 . 8 -  1 .3 — 0 1 5 .9 - 0 . 1 - 0 . 8 0 .1 0 0

80 m - 0 . 8 -  4 .2 - 1 1 . 7 — (253. 4) * 2 1 .2 - 0 . 1 - 0 . 1 0 .1 0 0

100 m - 0 . 5 5 .1 - 1 3 . 2 — 7 8 .6 2 8 .2 0 - 2 . 0 0 .1 0 0

120 m - 0 . 3 6 .4 - 1 6 . 6 — 4 2 .2 4 9 .2 0 - 1 . 0 0 0 0

140 m 0 5 .0 - 4 8 . 2 — 2 7 .2 0 0 0 0 0 0

160 m 0 .1 -  0 .9 ( - 6 1 . 3 ) * — 2 4 .5 9 .9 0 0 0 0 0

200 m 0 5 .1 (113. 6)* — 1 2 .5 -  5 .9 0 0 0 0 0

240 m 0 5 .0 33 .8 — 6 .6 -  5 .0 0 0 0 0 0

280 m 0 2 .9 3 7 .4 — 1 7 .5 -  9 .7 0 0 0 0 0

320 m 0 -  0 .7 0 — 0 .8 1 .3 0 0 0 0 0

400 m 0. 2 1 5 .3 2 .4 — 9 1 .6 1 0 .8 0 0 0 0 0

480 m 0 0 - 1 9 . 3 — 3 2 .8 5 9 .0 0 0 0 0 0

560 m 0 0 7 .9 — 0 3 7 .0 0 0 0 0 0

640 m 0 0 0 — 4 .3 2 4 .0 0 0 0 0 0

800 m 0 0 3 3 .3 — 1 1 .7 2 0 .9 0 0 0 0 0

960 m 0 0 0 — 0 -  9 .7 0 0 0 0 0

* F ig u r e s  in  b ra ck ets  se em  u n certa in , becau se  o f  lo w  sp eed s.
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