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Summary. A S v e r d r u p - t y p e  solution of the Circumpolar Current is constructed. I t  explains 
the southward shift of the current, but  requires tha t  the current is si tuated completely to the south 
of the maximal westerlies. The observations show, however, that  winds and current Mmost coincide 
and that  both, the wind belt and the current, show a shift to the south. A frictionM model is used, 
which overcomes this discrepancy and allows the calculation of the transverse circulation of the 
current in full detail. The transverse circulation under different wind conditions is calculated and 
discussed and shows a strong dependence of the distribution and intensity of the various divergences 
and eonvergenees on the wind. A new interpretat ion of the Antarct ic Polar Front  is given. I t  is 
regarded as a convergent or divergent phenomenon according to the wind conditions. 

Der antarktisehe Zirkuml}olarstrom und {lie antarktisehe Polarfront (Zusammenfassung). Ob- 
wohl ein ziemlich umfassendes Beobaehtur/gsmateriM fiber den antarktischen Zirkumpolarstrom 
vortiegt, konnte er bisher nieht befriedigend theoretisch erkl~rt werden. Der Strom wurde stets 
als rein zonal aufgefaBt, bis S t o m m e l  zeigen konnte, dal3 die aus Sfidamerika und der Drake- 
Passage gebildete 6stliehe Begrenzung die Anwendung yon S v e t  dr  up s Theorie gestattet .  Eine 
solche L6sung wird konstruiert  and diskutiert  ;sie erkl~rt die Verlagerung des Stromes nach Sfiden, 
verlangt abet, d~13 der Strom vollstfindig sfidlieh des Maximums der ~Vestwinde liegt. UIn diese 
Frage zu pr(ifen, wird die Position des Stromes nach dynamischen Berechmmgen yon K o r t  mi t  
der Position der st~rksten Westwinde naeh t{.W e x 1 e rund der Position der antarktischen Konvergenz 
fund um den antarktisehen N:ontinent vergliehen. Es ergibt sieh, dal3 der Windgiirtel mit  dem Strom 
nahezu zusammenf~tlt und dab die antarktische Kofivergenz etwas sfidlieh des Zentrums der 
Str6mung liegt. Daraus mug gesehlossen werden, da[3 eine L6sung aussehlieI31ich n ach S v e r d r u p s 
Theorie auf den Zirkumpolarstrom nicht anwendbar ist. Von wesentlieher Bedeutung ist jedoeh 
die Feststellung, daf3 n i e h t  nut  der Strom, sondern auch der Westwindgfirtel eine Verlagerung 
nach S whhrendihres Fortsehreitens naeh E erfahren, eineTatsaehe, die bisher unbeaehtet gebliebenist. 

Unter  Berficksiehtigung dieser Beobachtungsergebnisse wird eine L6sung ffir den Zirkum- 
polarstrom ermittelt ,  in der aueh die t~eibung berfieksiehtigt wird. In  dieser L6sung fallen Strom 
und Westwindgfirtel zusammen. Die Bertieksiehtigung der Reibung gesta t te t  aber aueh die Ermit t -  
hmg der meridionalen und vertikalen Geschwindigkeiten in einem Schnitt  senkrecht zur I~iehtung 
der Hauptstr6mung. Es kann gezeigt werden, dab die zonale Haupts t r6mung nahezu geostrophiseh 
ist, w&hrend die tgeibung eine entseheidende Rolle bei der Ausbildung der Querzirkulation spielt. 
Die Querzirkulation wird am Beispiel eines Diseovery:.Schnittes yon Australien naeh dem ant- 
arktisehen Kontinent  diskutiert und zeigt vollst/indige Ubereinst immung mit  den aus der YVasser- 
massenanalyse gewonnenen Vorstellungen. 

Da die Querzirkulation mal3geblieh yon der Windvertei lung beefnflul3t wird, wird diese ffir 
drei versehiedene Windverteilungen ermittelt .  Dabei zeigt sieh, dab die La te  der verschiedenen 
Konvergenzen und Divergenzen an der Oberfl~ehe wesentlieh yon der Windvertei lung best immt 
ist. Da entlang der Wasserartengrenze zwisehen antarktischem und subantarktisehem Oberfl/~ehen- 
wasser die Bewegungen je naeh den ~Vindverh~tltnissen konvergent oder divergent sind, ist es nieht 
mehr zul~ssig, diese Linie als antarktische Konvergenz zu bezeichnen, und der Name antarktisehe 
Polarfront wird eingeffihrt. 

Bei schwaeh ausgeprggten ~Vestwinden /iberwiegt dis dutch dis Reibung bedingte Quer- 
zirkulation nahe dem Hauptstromstrieh und ffihrt zu einer leiehten sfidw~rts geriehteten I~om- 
ponente der Str6mung an der Oberflhehe. Damit  entsteht  eine Divergenz an der linken Flanke und 
eine Konvergenz an der reehten Flanke des Stromes nnd die Zirkulation entsprieht der yon S v er-  
dr up gegebenen Interpretat ion der Polarfront. 'Bei starken Westwinden in einer relativ n6rdlichen 
Position sind die Bewegungen sfidlieh des Westwindgfirtels und damit  im Bereich der Polarfront 
divergent, ein Fall, der v o n W e x l e r  besehrieben wurde und ihn zu einer In terpre ta t ion der Polar- 
front als divergentes Ph~nomen veranlal3te. Sind hingegen starke Westwinde in einer relativ 
sfidlichen Position vorhanden, so ist dis Wasserbewegung nahe der Polarfront konvergent und die 
Bewegung des Tiefenwassers nach S besonders stark, ein Fall, wie ihn G.E.I~. D e a c o n  bei seiner  
Interpretation der Polarfront im Auge hat. Diese Behandlung der Querzirkulation im Bereieh des 
~ntarktischen Zirkumpolarstromes unter verschiedenen ~rindverh~ltnissen ist damit geeignet, dis 
untersehiedliehen Interpretat ionen der Polarfront, die als Spezialf~lle ihre voile Gfiltigkeit behalten, 
zu einem gemeinsamen Bild zu vereinen. 
tl 
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Le eourant antaretique eireumpolaire et le front antaretique eiremnpolaire (Rgsum O. A l 'aide 
de la th6orie de S v e r d r u p  on construit  une solution du probl&me pos6 par  le eourant  eircumpolaire. 
Cette construction explique le d6placement vers le sud du eourmlt, mais d ie  exige que le courant 
soit situ6 compl6tement au sud du maximum des vents  d'oues~. Lea observations nous montrent,  
eependant,  que les vents  et le eourant coincident t~ peu prgs et que tous lea deux sont ddplaeds vers 
le sud. On se serf d 'un module de friction qui fair 6vanouir cette discordance et permet  de calculer 
en dgtail la circulation transversale du eourant.  Puis on ealcule et diseute la circulation transversale 
en fonction de diverses conditions du vent  et on volt  que la distr ibution et l ' intensit6 des diverses 
divergences et eonvergenees ddpendent fortement du vent.  Le front antare t ique polaire ainsi recoit 
une nouvelle interpr6tat ion qui permet  de le eonsiddrer comme phgnomSne convergent ou divergent 
suivant  lea conditions du vent .  

T he An ta rc t i c  Ci rcumpolar  Current ,  flowing in a closed circle a round  the  Antarc t ic  
cont inent ,  is cer ta in ly  the  most  powerful  current  in ti le oceans. Since the  work  done 

b y  i{. R. S. "Discovery  I I " ,  which con t r ibu ted  so much  to the  knowledge of  i ts  s tructure,  
m a n y  a t t e m p t s  have been made  to expla in  this  current  theore t ica l ly .  G . E . R .  D e a e o n [1937b], 
S v e r d r u p  (H.U.  S v e r d r u p ,  M.W. J o h n s o n ,  t~.H. F l e m i n g  [1946]), and  V. G. K o r t  [1959] 
ca lcula ted  the  t ranspor t s ,  the  dynamic  topographies ,  and  the geost rophie  currents ,  bu t  dis- 
erepancies have occurred,  when a t t e m p t s  have  been made to expla in  these t r anspor t s  from wind 
da ta .  K.  H i d a k a  and  M. T s u e h i y a  [1953] used except iona l ly  high values  of 10 TM g e m  -1 see -1 
tbr  the  coefficient of l a te ra l  eddy  viscosi ty  and of 2.10 a g em -1 see < fbr the  coefficient of vert ical  
eddy  viscos i ty  in ordei" to expla in  the  observed values of mass  t r a n s p o r t  and  slope of sea level. 
t Iowever ,  as po in ted  out  b y  H.  S t o m m e l  [1957], the  observed d i s t r ibu t ion  of  proper t ies  in 
the  current  could no t  be ma in t a ined  in the  presence of such a s t rong turbulence.  W.  H.  M u n k  
and  E. P a l m e n  [1951] suggested t h a t  the  fr ict ion could be appl ied  to the  current  from the 
b o t t o m  of the  ocean, caused b y  the  large scale i r regular i t ies  of  the  ocean bed  under  the  current. 
Bu t  all these theories t r e a t  the  current  as a pure ly  zonal phenomenon.  S t o m m e  1 [1957] was 
the  first to  po in t  out  t h a t  this  zonal  flow could be seriously affected b y  the  existence of the 
quas iboundary  formed b y  South  Amer ica ,  the  Anti l les  Are,  and  Pa lmer  Peninsula .  I n  this 
ease a S v e r  d r u p - t y p e  solut ion would be possible wi th  a longi tud ina l  slope aga ins t  the  current,  
b y  which the  wind stress is balanced.  Bu t  i t  mus t  be borne in mind  t h a t  even i f  the  main 
mot ion  in the  Circumpolar  Current  is a lmost  zonal,  a t ransverse  c i rculat ion is super imposed 
on this  zonal  flow, which mus t  be an essent ia l  fea ture  of  th is  current ,  and  m u s t  have  a strong 
influence on i ts  dynamics ,  especia l ly  i f  one considers  the  enormous  length  of  the  cur ren t  of 
abou t  20,000km. This t r ansverse  c i rcula t ion  has  been discussed b y  S v e r d r u p  [1933], S v e r -  
d r u p ,  J o h n s o n ,  F l e m i n g  [1946] by  means  of an analysis  of the  d i s t r i bu t ion  of proper t ies  in 
mer id ionM sections across the  current .  This  analysis  indica tes  an equa to rward  flow in the  surface 
layer  under  the  influence of the  west  winds,  a poleward  flow of subsurface wa te r  and  deep 
water ,  a no r thward  flow of  b o t t o m  water ,  as well as the  s inking and  n o r t h w a r d  spreading of 
the  An ta rc t i c  in te rmedia te  water .  A n y  appropr i a t e  model  of the  An ta r c t i c  Ci rcumpolar  Current 
mus t  expla in  no t  only  the  ma in  zonal  mot ion  bu t  also the  t ransverse  mot ion  in a meridional  
plain.  S t o m m e l  [1957] includes such a t ransverse  c i rculat ion in his model  of the  Circumpolar 
Cur ren t ; th i s  model, in fact ,  reflects the  main  features  of S v e r d r u p '  s p ic ture  qui te  well, al though 
this  model  is considered b y  S t o m m e l  only as a sketch.  

1. A Sverdrup-Type Solution. As S t o m m e 1' s model  is so promising,  i t  seems worthwhile  to 
inves t iga te  i t  a l i t t le  more closely, to der ive  numer ica l  values  for the  pa rame te r s  in question, 
and  to tes t  how far  the  zonal  and  mer id iona l  mot ions  are descr ibed  b y  it.  The l inearized 
s t a t iona ry  equat ions of a fr ict ionless mot ion  in the  southern  hemisphere ,  caused b y  a wind 
stress T o a t  the  surface, are 

O P  
/ M y  . . . .  [_ %x  (1) 

~ x  

~ P  
- / M~ - -  + ToY (2) 

~ y  

when the x-axis  poin ts  eas t  and the  y -ax i s  nor th .  M z and M y  are the  components  of  the  ma~s 
t r anspo r t  and  P the ver t i ca l ly  i n t eg ra t ed  pressure.  The equat ion  of  con t inu i ty  is 
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M x ~ M Y  
~ x  + 0 y  - - 0 .  (3) 

In t roducing '  (1) and  (2) in to  (3) gives wi th  I = .  fi the  vo r t i c i t y  equat ion in the  form 

To y ~ To x 
f i  M Y  - -  - -  (4) 

Ox 0y 

This process leads to the  s imul taneous  e l imina t ion  of  M x and  P ,  and  MY can be de termined 
direct ly  f rom the  wind  stress. Considering a pure zonal  wind stress (%Y = 0), MY is given b y  

M y  --1 ~ ~o x 

and P resul ts  from a s imple i n t eg ra t i on  o f  

0x - - f l  ~y = T~ § - -  

I n  order  to  ob ta in  a solut ion of th is  
problem only  the  wind  stress T0 z m u s t  ,.o 
be known as a funct ion of  l a t i t ude  and  
the d i s t r ibu t ion  of  P along the  eas tern  
bounda ry  of  the  ocean, t h a t  means  along 0.2 

the west  coast  of  South  America .  W i n d  
stress d a t a  f rom the  Ocean a round  
Anta rc t i ca  are st i l l  ve ry  meagre  and  o 
uncertain. Hidaka [1951] uses a zonal 
wind stress distribution w~th a maximal - o.5 
wind stress of 0.7 at 400 S, which is 
extrapolated from Munk's data [1950] +s.,o" 
for the Pacific Ocean north of 200 S. In 
another paper IIidaka [1958] computes o 

average wind stresses over all oceans, 
and these values show that the maximal 
wind stresses occur between 450 and 500 S - s.ld 
and reach values above 1.0 gem -I sec u. 
Therefore the problem will be treated - 2.s 
here wi th  a simplif ied wind stress dis tr i -  o 

bution,  as shown in fig. 1. There  are 
t rade winds  be tween  the  equa tor  and  + 2.s, 
30 o S, west  winds  be tween 30 o and  600 S + 5.o 
with a m a x i m u m  of  1:0 g cm -~ sec -2 a t  +7.s 
450 S and again  weak  east  winds  south  
of 600 S. The mer id iona l  t r anspo r t  tom-  so4o' 
ponent  M Y  is ca lcula ted  from the  fi-effeet o 

according to  (5). I t  shows equa to rward  _ so.lo ~ 

- lOO 

- - I B O  
Fig. 1. S v e r d r u p - t y p e  solution for the 
Antarctic Circumpolar Current, showing -2oo 
distr ibutlon of zonal wind stress (A), 
meridional t ranspor t  component (B), zonal 
pressure gradient  (C), and dis t r ibut ion of 

the vert ical ly in tegrated pressure (D) 
11" 

(5) 

/ ~ T~ (6) 
fi ~Y 
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motion north of the maximal  westerlies and poleward motion south of them, fig. 1. The zonal 
pressure gradient is calculated from (6) and indicates north of the maximal westerlies a descent of 
the sea level in the direction of the wind and south of them an ascent of the sea level. In  order to 
find the distribution of P somewhere in the ocean, it can be assumed that  P0 is constant along 
the coast of South America and that  the whole meridional decrease of P0 occurs off the Drake 
Passage, thus representing the Circumpolar Current. Calculating backwards from the west 
coast of South America over a distance L = 20,000 km the curve P in fig. 1 results, repre. 
senting roughly the meridional distribution of P in the central South Atlantic Ocean. This 
curve cannot be valid north of about 30 o S because of the influence of the land barriers formed 
by  Australia and Africa. I t  shows, however, a considerable southward displacement of the 

Antarctic Circumpolar Current which is here identified with ~ -  by  about. 100 of latitude 

during its progress to the E from the Atlantic Ocean to the Drake Passage. 
This S v e r d r u p-type solution for the Circumpolar Current given here is identical with that  

sketched by S t o m m e l  [1957], figs. 26-28 .  The essential features of this solution are (i) the 
development of an anticyclonic gyral in each ocean to the north of the maximal  westerlies, 
similar to tha t  given by  Mu~ik [1950] for the North Pacific Ocean, (ii) the position of the 
Circumpolar Current entirely to the south of the maximal westerlies, and  (iii) the southwards 
displacement of this current by  about 10 ~ I t  also follows from this solution tha t  the flow should 
be divergent at  the position of the maximal westerlies, and such a divergence is in fact indicated 
in charts of the surface currents (see G. S e h o t t  [1942, 1943]). 

Before discussing the agreement of this solution with the observations, the vertical 
structure of the current will be briefly investigated. The equations (1) to (3) written for 
velocities are 

8p ~'c z 
i v = -  0x 0z (7) 

0p 
= ( s )  

Ou 8v ~w 
+ + = o (9) 

where 7 x = "OoZe-Z/= is the wind stress decreasing exponentially with depth z, and E is a 
measure for the depth of the E k m a n  layer. Introducing (7) and (8) into (9) with the condition 
w = 0 at z = 0 gives an equation for the vertical velocity w 

The condition w = 0 at the bot tom z = B gives, i i  e-~/~ <<< 1, the relation 

B 

which is identical with (6), as P = .p p dz. The pressure p is given by  
0 

Z 

p = eogh(x, y) -~ ,[ ~ (x, y,  z) g dz (12) 
0 

+ 

where h (x, y) is {he topography of the sea surface. For the vertical distribution oI'~ the simple 
assumption 

---- ~ B -  dQ(x,  y) e-ZlD (13) 

may be made, giving an exponential increase of density to the value ~B at  the bottom. The 
depth D is a measure of the depth at which the density difference between surface and bottom 
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decreases to about  1/3, and indicates, therefore, approximately  the position of the lower bonn- 
dary  of the discontinuity layer. In t roduc ing  (12) and (13) into (11) and using (6) the relation 

B ~h ~A~ _ OP 
~og ~xx-gD(B-D)  Ox ~x (14) 

results, where ~ is known t~om ( 6 ) a s a  fnnction of y. For  simplicity we will assume tha t  

a,nd show the same dependence on y as ~x-x" Thus, we can write 

~h h o O A ~ _ ~ O G ( y ) ; ~ P  (~P) 
Yxx----LG(Y); 0x ~ x  = ~ x  o G(y) 

and the relation (14) becomes 

(~P) L. (15) QogBho- gD(B - D)A~o = Ux o 

The numerical  values are Oog = 103 g cm'2 s e c - l , B =  4"105  cm, D = 5 . 1 0 4  era, and 

L = 20 - 10 s cm. The maximal  value of  8 g c m  -~ see -~ according to equation (6) and 

fig. 1, and the difference of the sea level across the current can be taken from the presentat ion 
of the dynamical  topography  of  the Circumpolar Current given by D e a e o n [1937b] as 120 era. 
These values result in a density difference AO0 = 1.8" 10 -a across the current, which corres- 
ponds well to  the observations. Wi th  the expression (13) for the density and (12) for the 
pressure distribution, the velocity components  can now be wri t ten as 

1 1 ah D OA~xx ~ z x .) v =7 ( 1 -  ~-~/~) E ~-~/~ (17) 

[%x ( 1 -  e-~/E) + Q.g z -gD + ' (1 - e-~/D) (18) 
w =  ey L l �9 ~x  ~xx g " ~ 7 -  " 

crfl / S a C  ,IoScrfl/15r g i f t / , g r  "'0--5 r162 
I,O 0 ' 5  0 3 2 O + 0 - 5  O ~ 0 . 5  0 2 4 6 8 
o-- ~ I b I ~ , ' I I 

-t 
IOO0 

V 1/ 
?, 
~-J 2 0 0 0  -- 

AT 37  ~ S. AT 37  ~ S 5 5  ~ S. �9 {3 

3 0 0 0  -- 

4-000  

Fig. 2. Vertical distribution of the meridional (v) and vertical (w) velocity in a S v e r d r u p - t y p e  
solution, for one position to the north (370 S) and one to the south (550 S) of the maximal westerlies 
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eh 0A 
Using the values of ~x and ~-vx ' as determined above, the vertical distribution of v and W, which 

is independent of longitude, is shown in fig. 2 for one position north and another south of the 
maximal westerlies. The velocity distribution at 370 S shows equatorward motions throughout  
the whole water column, which are strengthenedin the E k m a n layer, and vertical dowmvard 
motion in all depths with a maximum at the bottom of the E k m a n layer. At 55 ~ S the meridi- 
onal eomp0nent is polewards with a maximum just below the E km a n layer; the E k m a n layer 
itself moves equatorwards. The vertical motion is ascending :at all depths. I t  must be noted, 
that  the meridional component of velocity does not vanish at the bottom, because ~0h0-A ~0D,  0 
and consequently also the zonal motion reaches to the bottom without changing its direction. 

The total transport of this model current would be i60 million ma/see, which is greater 
than the usually assumed value of 120 million ma/sec and indicates that  the average value of 
the wind stress must be less than 1.0 at the position of the maximal westerlies. 

2. ~Oml~arison with the 0bservati0ns. This concept of the Circumpolar Current, obtained 
as a S v e r d r u p - t y p e  solution of the circulation, explains very well the features of this current, 
listed below, but  there are certain consequences of the solution, which do n o t  seem to agree 
with the observations and must be investigated more closely. The features explained by the 
theory are : 

1. Mass transports, sea level difference and density gradient across the current are ex- 
plained quantitatively, and are in agreement with the observationsl 

2.  The theory explains the southward shift of the current. 
3. I t  gives upwelling to the south and sinking to the north of the maximal westerlies. 
4. I t  gives a general northward flow in the E k m an layer under the whole west wind belt. 
5. I t  shows a southward flow of sub-surface and deep water in the range of the current. 
6. I t  shows a northward flow in the whole water column t o  the north Of the maximal 

westerlies, and this can be taken as indicative Of the northward spreading of inter- 
mediate water. 

7. I t  shows that the zonal flow reaches to the bottom, even if only with very small 
velocities, and can, therefore, be influenced by the bottom topography. 

8. All deep water and bottom water must be supplied from the western margin of the 
current, i.e. from the Atlantic Ocean. 

9. Even the eddy in the Weddell Sea is indicated in the topography of the sea level shown 
in fig. 1 for the Atlantic Ocean section. 

The consequences which must be investigated more closely are: 

], The Circumpolar Current would have to be situated completely to the south of the 
maximal westerlies. 

2. I f  the Antarctic Convergence is considered as a line separating ascending motion to the 
south from descending motion to the north of it, it would have to coincide with�9 the 
belt of maximal westerlies and to be situated at the northern flank of the current. 

3. This solution gives no mechanism which would allow deep water from the Indian and 
Pacific Oceans to penetrate southwards. But a more detailed solution, including the 
influence of the land barriers formed by Africa and Australia, might show that  such a 
flow is possible in deep western boundary currents. 

In  order to check the first two consequences of this model the positions Of the current, of 
the belt of maximal westerlies, and of the Antarctic convergence must be e0mpared. A chart 
of the mass transports in the Antarctic Circumpolar Current has recently been drawn by K o r t 
[1959]. I t  is more comprehensive than the map given by S v e r d r u p  ( S v e r d r u p ,  J o h n s o n ,  
F l e m i n g ,  [1946], fig. 163) because the more recent "Discovery" sections have been included as 
well as the i~ussian observations. Ko  r t '  s chart shows tliat the pure circular flow of the Circum- 
polar Current occurs between the transport lines 0 and 14, each representing 10 million m3/sec. In 
order to avoid disturbances at the boundaries of the current, the position of the transport 
lines 2 and 12 has been determined for every 100 of longitude and is plotted in fig. 3 together 
with the transport line 7, representing the centre of the current. This map of the position 
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of the Circumpolar Current shows that the current shifts northwards in the Atlantic Ocean, 
but reaches its northernmost position only in the Indian Ocean at 60 ~ E, and from there it 
flows southwards, reaching its southernmost position south of New Zealand. From there it is 
bent again a little to the north before approaching the Drake Passage. There is no sign of a re- 
gular shift of the current towards the south during its flow from the Atlantic Ocean to the 
Drake Passage. 

The position o f the maximum westerly winds has recently been mapped by We x I e r [ 1959] 
and was calculated from ave rage sea level barometric pressure data. It is also represented in 
fig. 3 and shows a southward shift of the belt of maximal westerlies from between 40 ~ tO 45 ~ in 
the central South Atlantic Ocean to between 550 and 60 ~ in the eastern South Pacific Ocean. 
This shift of the maximal westerlies is a very remarkable feature and until now has not been 
related to the shift of the Circumpolar Current towards the south. In all treatments of the 
current the west winds have been considered to be purely zonal. 
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Fig. 3. Position of the Antarctic Circumpolar Current, indicated by means of the transporb 
lines of 20, 70, and 120 million mS/see relative to the Antarctic continent after K o r t  [1959]. 
Heavy lines: position of the belt of maximal westerlies after Wexler  [1959], broken lines and 
shaded area: position of the Antarctic Polar Front (Antarctic convergence, after M a c k i n t o s h  
[1946]), dotted line: the diagram on the right margin shows the average positions of these 

features 

To complete the picture the position of the Antarctic convergence, according t o  M a e kin-  
t o s h  [1946], has been entered on fig. 3. This position of the temperature front has been con- 
firmed by more recent data and bathythermograph sections as shown by W e x l e r  [1959]. On 
the right margin of fig. 3 the average positions of the Circumpolar Current, of the belt of 
maximal westerlies, and of the Antarctic Polar Front have been drawn, and conclusions about 
their relative positions can now be drawn. I t  can clearly be seen that  the centre of the west 
wind belt almost coincides with the current axis or with the maximal meridional gradient of 
the sea level. Eighty million mS/see flow south of the centre of the west wind belt and 60 
million mS/see to the north of it. The Antarctic Polar Front is situated to the south of the 
current axis and dearly lies south of the maximal westerlies. Consequently it must be concluded 
that a simple S v e r d r u p-type solution for the Antarctic Circumpolar Current, requiring the 
current to be entirely to the south of the maximal westerlies, cannot describe the current 
satisfactorily, although it explains many of the features of the current. 

Any theory to explain the Circumpolar Current must show the current coinciding ap- 
proximately with the west wind belt and the Antarctic Polar Front being situated south of 
the current axis. The concept of the west wind belt being purely zonal must be rejected, 
because this belt also shows a southward shift. However, this shift, which coincides with that  
of the current, no longer requires the compensation of the wind stress in a zonal pressure 
gradient, which is a main feature of the S v e r d r u p - t y p e  solution and causes the southward 
shift of the current. There will, however, be a zonal pressure gradient, which is a necessity 
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in a non-zonal circulation, and in which a part of the wind stress is compensated, but another 
part of the wind stress will be compensated by Diction. 

3. A Solution with Friction. When discussing the Antarctic Circumpolar Current, S v e r d r u p 
( S v e r d r u p ,  J o h n s o n ,  F l e m i n g ,  [1946], p. 621) points out, that  this current cannot be ex- 
plained without taking friction into account. In order to establish a frictional model of the current, 
which should be as' simple as possible, friction is taken as proportional to the velocity. The 
linearized stationary equations (1) and (2) for the mass transport can then be written in the form 

~P 
/ M Y  @ r ~ l z  - ~ -~ vx (19) 

d X  

~ P  
/ M z  + r M Y  - -  ~- r~y (20) 

0y 

where r is the friction coefficient. Again only a zonal wind stress will be considered (TY ~ 0). 
Elimination of M z and M y  from (19) and (20) gives 

ox  (Jy 
(21) 

0P (~P 
(I" + ~) ~ - I - ~  + I~ ~ -~  ~ .  (22) 

Since r 2 is small compared to/2 the introduction of (21) and (22) into the equation of continuity 
(3), gives the following differential equation for P :  

/~2p ~!~P] (~P~ ~P't! ~y! /~~ -~.~ (23) 

Similar differential equations can also be obtained for M z a n d  M Y :  

{~.~x ~Mx t ~ i ~  ~ (24) 
r \  0x 2 + 0Y 2 ] + f i  ~x -- 0y 2 

\ a z  ~ + oy-" / + o z  Ox~y" (25) 

In  the frictionless ease, discussed in section l, the distributions of pressure and of the com- 
ponents of the mass transport result from simple integrations, while differential equations 
have to be solved, when friction is taken into account. 

In order to obtain a solution characteristic of the Circumpolar Current, a wind stress of 
the form 

z~ = r0 cos Ie ( y -  c~x) (26) 

will be assumed showing a gradual linear southward shift o f  the position of the maximal 
westerlies, as found by We x 1 e r [1959], and represented in fig. 3. Entering this wind distribution 
into equation (23) it is evident that  P must also be of the tbrm 

P = P (y + ~x) = P(~) (27) 

and consequently equation (23) becomes 

The solution of this equation is of the tbrm 

P = A sin k~ ~- B cos k~. (29) 
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Using numerica l  values To-----0.8 g cm -1 sec -2, [ = 10 -4 see -i,  /~--~ 1 .6 '  10 -13 cm -1 see -~, 
r ~ 10 -6 see -1, ~ = 1/20----0.05 corresponding to a southward shift of the wind belt  by  
1000 k m  along a distance of 20,000 km, and  k = 10 s era-1 corresponding to a width of the 
wind bel t  of about  30 degrees of la t i tude,  i t  follows tha t  A = 6.65 - 109 and B = 1.28 �9 109. 
Wi th  the  expression (29) for P the d is t r ibut ion  of M x and  M Y  can be calculated i~om (21) 

and (22). I t  can be seen tha t  M x is completely determined by the term ] z~r' because the two 

other terms are less t h a n  1/100 of this term. Consequently,  the zonal mot ion can be considered 
~s almost  geostrophie. The condit ions are completely different in  the case of the meridional  
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Fig. 4. Solution for the Antarctic Circumpolar Current taking friction into account, showing mcri- 
dional distribution of zonal wind stress (zx), of vertically integrated pressure (P), of zonal (M x) and 

meridional (MY) component of mass transport  relative to the centre of the west wind belt 
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motion, where all three right hand terms in equation (22) a,re of almost the same order and 
have to be taken into account. 

I n  fig. 4 the meridional distributions of the wind Stress ~x, of the pressure P and of the 
components of the mass transport  M x and MY are shown relative to the centre of the west wind 
belt. With these values a total transport  of the Circumpolar Current of 140 million ma/see 
results. The centre of the current, that  means, the maximM zonal velocity, occurs a little to 
the south of the position of the maximal westerlies, which is in accordance with the obser- 
vations, see fig. 3. The meridional motion is to the south, and indicates the southward transport  
of water required to produce the southward shift of the whole current. In  the E k m a n  layer, 
however, the flow is to the north. As the current in the Atlantic Ocean is completely to the 
north of 550 S and off the Drake Passage completely to the south of 550 S, the total  meridional 
t ranspor t  across 550 S must  be equal to the total  zonal t ransport  of the current. There is a 
zonal pressure gradient, which is g times that  of the meridional gradient. In  the northernmost 
part  of the west wind belt, transports to the west and to the north occur, and the sea level shows 
a small northward slope. Such a slope is, in fact, indicated in the profiles of isobaric surfaces 
across the Circumpolar Current, shown by S v e r d r u p  ( S v e r d r u p ,  J o h n s o n ,  F l e m i n g  
[1946], fig. 162). On the other hand, this effect might result from neglecting the homogeneous so- 
lution of equation (28). It, i s  only by means of the homogeneous solution tha t  boundary 
conditions can be taken into aeeount. Such boundary conditions must  in any ease arise, when 
the influence of the coast line of South America and also that  of the other continents is 
considered in establishing a more detailed solution. The consideration of boundary conditions in 
connection with the solution of the homogeneous equation would then result in a S v e r d r u p .  
type solution, in which zonal pressure gradients appear. B u t  such a solution would be of 
importance only in the northern portions of the Circumpolar Current and would form the con- 
nection with the solution for the subtropical gyrM. 

From this application of a simple frictional theory to the Circumpolar Current, it can 
be concluded, that  the current practically coincides with the centre of the west wind belt, and 
tha t  its southward shift is due to the southward shift of the whole wind system. The relative 
position of current and west wind belt is in full agreement with the observations, fig. 3. This 
shows tha t  a pure S v e r d r  u p- type solution, in which the Circumpolar Current has to be situated 
completely to the south of the maximal westerlies, cannot be applied, but tha t  friction has to 
be taken into account, resulting in a general coincidence of current and west wind belt. But 
as the current reaches down to t h e  bottom, the topography can influence its position in 
certain places, causing deviations from the general trend of the current, as shown by S v e r dr  u p 
( S v e r d r u p ,  J o h n s o n ,  F l e m i n g  [1946], p. 616). 

4. The Transverse @ireulation. In  order to get information about the vertical structure Of 
the current in the frictional case, the equations for the velocity components have to be in- 
vestigated, and with friction proportional to velocity the equations corresponding to (19) 
and (20) are: 

/ev § reu --  ~x ~ 

ap STy 
- ] ~ u  ~- r~v  - -  ~Y & 

The equation of continuity is used in the ibrm 

and the pressure p is given by 

(30) 

(31) 

z 

p = qo~jh § .~ Qgdz (3a) 
0 

where h is the topography of the sea surface. I t  has been demonstrated tha t  the Circumpolar 
Current shows the same shift to the south along its eastward flow as the west wind belt. 

~u ~v ~w 
+ ~y=- + ~ = o (32) 
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Therefore, it is no restriction of generality, if the co-ordinate system is turned by a small 
angle, so that  the x-axis coincides with the isobars. This angle is equivalent to the value :r 
indicating the southward shift in section 3, equation (26), and amounts s 2.9 degrees. Con- 

~P = 0 and ~ = 0. With this, and assuming sequently all derivatives with regard to x vanish, ~x 

a wind stress in the x-direction only, ~Y = 0, equations (30) to (32) simplify to 

~T x 
/~v -[- r~u - -  (34) 

~z 

~p 
. - / Q u + r Q v - -  (35) ~y 

0v ~w 
= 0 .  

With the natural boundary conditions w : 0 at 
the ocean, equation (36) is transformed into the statement 

B 

~Yo 

and because v = 0 at the Antarctic continent, it 
B. 
. fvdz •0 .  
0 

(36) 

z : 0, and z : B, where B is the depth of 

= 0  

follows that  

(37) 

(42) ~Tx ~h ~ ~e dz 
(/~ -[- rP) 9v = - / -~z - rgg~ ~y - rg ~o ~Y 

As we are not interested primarily in the zonal components of velocity, u will be eliminated 
between (34) and (35) giving an equation for v 

(1~ + rP) 9 v = _ / ~TX ~p ~-z - r ~y. (38) 

With the condition (37) a relation between the wind stress and the meridional pressure dis- 
tribution results from (38): 

B 

0 ~ y  r 

where T0 x is the zonal wind stress component at the surface. 
Introducing p according to (33), the following expression for h is obtained: 

~ Z 

This equation states that  for a given (observed) distribution of the density 9 the elevation of 
the sea surface h can be calculated, if the wind stress To x is known. Thus the topography of 
the sea surface is no longer a free parameter, but is determined by the distribution of mass 
and the wind stress at  the sm~ace. This allows its calculation along a meridionM section with 
primary motion in a zonal direction, and finally the calculation of the meridional and vertical 
movements in the plane formed by this section. I f  the topography of the sea surface is cal- 
culated from (40) the velocity components can be found from the equations 

~P ~Tx (41) (/' + r~) ~u = / ~ -  r 
~z vy  
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z 8v . 

The zonal component u of the velocity is practically given by the t e r m / ~  because the term 
0T x uy 

r ~-z- is usually much smaller. This indicates that the zonal component of the motion is almost 

geostrophic. 
For a presentation of the transverse eirculation in a meridional plane it is convenient 

to use a stream thnction, which can be introduced because of equation (36). With 

W = ~ y  v -  ~z (44) 

the stream thnction q) is given by 

cf = - j v dz. (45) 
0 

Introducing V from (38) and h from (40) ~r Call be Calculated fl'om 

z z 

(F + : )  e~ = / : - rge0 (B - z) ~ + rg 

For  practical calculations the dependence of T x on z must bc known, and according to E k m a n's 
formula it is assumed to decrease exponentially as 

T x = T0X e-~/E (47) 

where T0 x is the wind stress at the sea surface and E the depth of t he  E k m a n  layer. The 
topography of the sea level can be calculated from the integrated form of equation (40) 

(~0 dz dz dy (48) 
~ o g B r  ~)oB By 

I J Z ,  

where 'q f{~ ~e dz dz OQ 0000O~y = ~  is identical with J a k h e l l n ' s  ihnction, and can be easily de- 

termined from hydrographic data. 
The method developed here allows the calculation of the transvcrse motion in a plane 

perpendicular to the main motion. The application of B j e r k n e s '  theory gives only the geo- 
strophic currents perpendicular to the hydrographic section. As friction is neglected, no 
conclusions about the transverse circulation are possible. But also, if friction is taken into 
account, the main motion is almost geostrophic, as shown above, and is an equilibrium between 
pressure gradients and C o r i o li s accelerations. Consequently, friction does not play an important 
r61e ill the balance of the primary motion. On the other hand, fl'iction must be decisive for the 
development of the secondary motion; this is the motion in a plane, perpendicular to the 
primary motion, and includes vertical motions and cross components to the main motion. 
Therefore, the method developed above of calculating the transverse motion taking friction 
into account can be considered as an extension of B j e r k n e s '  theory. 

An application of this method will be demonstrated, using a hydrographic section fronl 
Cape Leeuwin, West Australia, ~o the Antarctic continent, taken by the "Discovery" in May 
1932. This section has been discussed by D e a c o n [1937a] by means of,a water mass analysis and 
by S v e r d r u p  ( S v e r d r u p ,  J o h n s o n ,  F l e m i n g  [1946]) who calculated the shape of the 
isobaric surfaces relative to 4000 meters and the zonal components of the geostrophic motion. 
The first step is the calculation of the topography of the sea surface according to (48). The 
second term on the right hand side can be calculated from hydrographic data and represents 
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1 
the effect of the distribution of density. I t  is shown in fig. 5 by the curve marked ~ (@ - Qo). 

This curve would give the shape of the sea surface, if no winds were to act and condition (37) 
were fulfilled. The corresponding meridional circulation is shown in fig. 7. Another curve in 
fig. 5, marked h*, gives the topography of the sea. surface relative to 4000 decibar. I t  would now 
be possible to calculate the to- 
pography for a given wind distri- 
bution, but as our knowledge 
about the average wind stresses 
in Antarctic waters is still meagre, 
it is more convenient to calculate 
the wind stress distribution for a 
given topography of the sea 
surface. The effect of completely 
different wind distributions will 
be discussed in the next section. 
In order to arrive at a topography 
of the sea surface, which might 
best correspond to average con- 
ditions, it is assumed that  a slow 
uniform flow of bottom water to 
the north takes place. With this 
assumption the layer of no me- 
ridional motion is found between 
2500 and 3000 m depth. The re- 
sulting shape of the sea level is 
given in fig. 5 by curve h which 
lies below the curve marked h*, 
because of the higher position of 
the motionless layer. The differ- 
ence between the curves h and 

1 
(@ - Q0) is the effect of the 

t /  

winds on the topography. The 
wind stress corresponding to  the 
topography h is also given in fig. 5 
and shows a distribution very 
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Fig. 5. Topography of the sea surface (h), wind stress distri- 
bution (~zo) and transverse circulation in a "Dis~ 
section from Cape Leeuwin, West Australia, to Antaretiea. 

Areas with prevailing sinking motion are hatched 

similar to the average wind conditions. Between 380 S and 620 S are west winds, to the north and 
south of this belt weak east winds. The only anomaly of this distribution is the concentration of 
the strongest winds in a narrow band, while the climatological data usually give a much 
smoother distribution. 

After the topography h o f  the sea surface has been established, there is no difficulty in 
calculating the function ~0 according to (46) with the assumed stress distribution (47). I t  is, 
however, advisable to start the integration from the bottom, in order to attain a higher 
accuracy in the deeper layers, because the term [T z becomes important only close to the surface. 
The constants used for this example are : B = 4000 m, @g = 10 ~ g e m  -~ see -e, r = 10 -6 see -1, 
E = 100 m. 

The function 's ,  representing the secondary circulation in a plane perpendicular to the 
main motion, is given in fig. 6. For comparison, the distribution of salinity in the same section 
is shown in the lower part of fig. 6, in which the positions of the temperature maxima and 
minima are also entered. The figure shows that  the strongest meridional flow occurs in the 
E k m a n  layer between stations Di 881 and D i  882, where the meridionaI velocity exceeds 
1 era/see. To the north of this position the motion is descending, and this area coincides with 
the sinking of the intermediate water, characterized by the salinity minimum. The descending 
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motion reaches a velocity o f  20'10 -5 cm/sec equal to about 5 m per month. Below the depth 
of the E k m a n layer and down to 2500 m depth the motion is polewards and generally ascending. 
In these depths the deep salinity maximum and the t empera ture  max imum spread to the 
south. The velocities are below 0.1 cm/sec. Between Stations Di 882 and Di 886 the motion 
through the bot tom of the E k m a n  layer is ascending, reaching values u p t o  5 -10  5 cm/sec. 
In this range the motion in the E k m a n layer is northwards and in the lower part  of the E k m a n 
layer there is a temperature minimum, extending northwards. Parts  of the water ascending 
between Stations Di 886 and Di 887 flow polewards and sink at the Antarctic continent. The 
sinking velocity is 8.10 -5 em/sec, but  most of the sinking water passes over into the ascending 
deep water and returns with it to higher levels. Only a small fraction of the sinking water 
reaches depths below 3000 m and spreads northwards. The velocity of this bot tom flow 
is 0.01 cm/sec. North of Station Di 879 the surface flow is polewards, forming a convergence 
at the position of this station, from which a subsurface salinity maximum spreads polewards. 
I t  ends very abrupt ly at  the position, where the intermediate water  sinks. Between Stations 
Di 878 and Di 874 the flow is equatorwards underneath the E k m a n  layer with velocities of 
about 0.02 cm/see, indicating the flow of the intermediate water. There is, however, no 
obvious connection between the sinking of the intermediate water between Stations Di 881 
and Di 882 and its equatorward spreading beneath Stations Di 878 and Di 874. Probably this 
connection is effceted under other wind conditions, and this will be discussed in the next 
section. 

An irregularity is found in the deep flow between Stations Di 878 and Di 879, and is 
probably due to the submarine elevation rising west of the section to less than 2500 m depth, 
The densities o f  the water in these depths are higher to the north than to the south of this 
elevation, suggesting a connection with higher proportions of the sea bed to the southwest 
of it. This elevation is shown in fig. 6 by  a dashed line. 

The meridional components of velocity seem on first sight to be rather small, but  when 
relating them to a width of the ocean of 10,000 km, the following transports are found in the 
different branches of the circulation: 
E k m a n layer below maximal  west winds: 9.6 million m3/sec north. 
E k m a n  layer between Stations Di877 and Di 878:2.7 million ma/sec south. 
Intermediate Water  below Station Di 877 : 2.0 million ma/see north. 
Deep Water  below Station Di 884:2.2 million ma/see south. 
Bottom Water  below Station Di 882 : 0.3 million m3/sec north. 

A schematic picture of the water  mass structure and of the circulation is given in the 
lower par t  of fig: 5. I t  shows the spreading of the main water masses and the vertical motions 
across their boundary surfaces. The areas with prevailing sinking motion are hatched. Between 
the Antarctic divergence in the south and the Subtropical convergence in the north the flow 
in the E k m a n  layer is northwards. This flow causes upwelling motion to the south of the 
maximal westerlies, and sinking motion to the north. The neutral point between these two 
motions coincides approximately with the boundary of the Antarctic and Sub-Antarctic 
surface water, and indicates the position of the Antarctic Polar Front,  which will be dis- 
cussed in section 6. The flow of the deep water is polewards and generally ascending. This 
flow is strengthened by  parts  of the water  descending north of the Polar Front, Bot tom water 
sinks at the antarctic continent, but  only a small portion spreads northwards a t  the bottom. 
The larger par t  of the sinking water ascends again underneath the Antarctic divergence. The 
flow across the interface between deep and bot tom water  is irregular. The total  zonal trans- 
port of the Circumpolar Current across this section is 95 million ma/sec. 

5. The Influence of Various Wind Conditions. In  the preceding section the transverse 
circulation of the Circumpolar Current which has been discussed assuming a very delicate balance 
between winds, pressure distribution and circulation, represents the average Conditions. But  
this will be the exception rather than the rule, and the transverse circulation will develop quite 
differently under various wind distributions. G.Ve r o n i s and S t o m m e 1 [ 1956] have investigated 
the response of a stratified ocean to variable wind stresses. These investigations show tha t  
the ocean in mid-latitudes responds barotr0phically to periods of the order of months and 
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baroelinieally only to periods of several years. Thus, shorter variations of the wind stress - of 
the order of weeks and months - change the topography of the sea level and the mass trans. 
ports, but not the distribution of density, that  is the structure of mass. 

In the further treatment we shall not investigate the non-stationary case, but we shall 
investigate the stationary circulation pattern, which corresponds to different wind distribu. 
tions but the same distribution of mass because from repeated sections across the Circumpolar 
Current Jt is known that  the structure of mass is of a surprising zonal uniformity, and shows 
only very small seasonal changes. Further it will be assumed that the condition of the con. 
tinuity of mass is valid in the form 

.~' v dz  ~-  0 (37) 

thus excluding for this study the possibility of an adjustment of the circulation in the zon,~l 
direction. We do, however, not generally deny this possibility. 
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Fig. 7. Stream lines of the transverse eireulati0n along the "Discovery" section fi'orn Australia to 

Antarctica, when no winds are blowing. Dotted line gives the layer of no meridional motion 

Three different,wind stress distributions will be used in conjunction with the distribution 
of mass observed along the "Discovery" section treated above, (i) no winds at all, (ii) the west 
wind belt in a southerly position, and (iii) the west wind belt in a northerly position. 

I f  no winds are blowing, the topography of the sea surface is determined completely by 
the second term on the right hand side of equation (18), that  is by the density effect. The shape 
of the sea surface is given by the curve marked "density effect" in the upper part of fig. 5. 
The corresponding transverse circulation is given in fig. 7 and shows a well-developed layer 
of no meridional motion in depths of about 1500 m. Above this layer the meridional motion 
follows the surface slope; below it the flow is in the opposite direction. Thus, in the range of the 
strongest zonal current; the flow is polewards, forming a divergence at the position of Station 
Di 880 and a convergence along the right flank of the current between Stations Di 883 and 
Di 884. This circulation pattern with zero or weak winds will be important for the discussion 
of the Antarctic Polar Front in the next section, because in the case of this flow pattern, the 
boundary between antarctic and Sub-Antarctic surface water along the right flank of the 
main current is intensified. To the north of Station Di 880 the flow pattern is irregular, but 
shows prevailing equatorward motions in depths between 500 and 1500 m, where the inter- 
mediate water spreads north. The flow in the deep and bottom layer underneath the Circum- 
polar Current is northwards. 

The pattern of the transverse circulation at an extremely southerly position of the west 
wind belt - wind maximum in 560 S - is shown in fig. 8. Under the west wind belt the flow is 
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Fig. 8. Stream lines of the transverse circulation along the 'g) iseovery" section from Austral ia  to 
Antarctica,, a t  a southerly posit ion of the west wind belt. Wind stress dis tr ibut ion and topo- 

graphy of the sea surface are given in the upper par t  

nor thwards  wi th in  the  E k m a n  layer  wi th  a divergence south  of  the  ma in  current ,  reaching  
r ight  to  the  An ta rc t i c  cont inent .  The convergence to  the  nor th  of  the  ma in  current  enables  
Antarc t ic  surface wate r  to  s ink along the  posi t ion of  the  An ta r c t i c  Po la r  F ron t ,  which in 
this ease is a convergence. U n d e r n e a t h  the  E k m a n  layer  the  flow is polewards.  No layer  of  
zero mer id iona l  mot ion  is formed.  N o r t h  of S ta t ion  Di  880 the flow is polewards  in the  E k m a n 
layer and  no r thwards  in dep ths  be tween  500 and 1500 m, ind ica t ing  the  no r thward  spreading  
of the  in t e rmed ia te  water .  

The th i rd  case to  inves t iga te  is the  p a t t e r n  of the  t ransverse  circulat ion a t  a no r the r ly  
posit ion of  the  west  w ind  be l t  - 430 S in fig. 9. The flow in the  E k m a n  layer  under  the  west  
wind be l t  is aga in  nor th .  I n  the  range of  the  ma in  current ,  which lies in th is  case south  of  the  
maximal  westerlies,  the  mot ion  is d ivergent .  Consequently,  ascending movement s  occur in the  
range of the  An ta rc t i c  Po la r  F ron t ,  which indicates  the  wa te r  mass  b o u n d a r y  between the  
Antarc t ic  and  Sub-Anta rc t i c  surface water .  Unde rnea th  the  E k m a n  layer  the  flow is pole- 
wards and  ascending,  thus  car ry ing  deep water  in to  a posi t ion below the  An ta rc t i c  diver-  
gence. This  d ivergence is deve loped  be tween  S ta t ions  Di  884 and Di  885; south  of  i t  the  surface 
flow is polewards  under  the  east  winds.  Sinking occurs along the  An ta rc t i c  eontfi~ent or along 
the ice edge. South  of  S t a t i on  Di  882 a l ayer  of no mer id iona l  mot ion  is developed in abou t  
2000 m dep th ,  t h rough  which b o t t o m  water  ascends into  the  range of  the  deep water .  I t  
must,  however ,  be borne in mind  t h a t  no ind iv idua l  wa te r  par t ic le  would  complete  the  circui t  
around one of  the  s t r eam lines because of  the  small  veloci t ies  involved,  and  because the  wind  
pa t t e rn  and  conseqt lent ly  the  c i rcula t ion  p a t t e r n  would change before even a f rac t ion  of  the  
circuit could be completed .  Therefore,  i t  is no t  l ikely t h a t  s inking of surface wate r  down to the  
very b o t t o m  occurs a t  the  An ta rc t i c  cont inent ,  b u t  i t  can be assumed t h a t  under  cer ta in  
condit ions - well  deve loped  east  wind  along the An ta r c t i c  con t inen t  - descending mot ion  
prevails for a while. I n  th is  example  the  descending mot ion  be tween  S ta t ion  Di  887 and  the  
Antarc t ic  cont inent  would  have  a ve loc i ty  of  12- 10 -5 cm/sec, which would resul t  in a ver t ica l  
12 
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displacement of a particle by only 3 m during one month, an effect, which would not even 
be observable. 

A comparison of all these cases shows that  the positions of the sm'face divergences and 
convergences associated with the E k m a n drift current vary considerably. Thus, at the position 
of the boundary between antarctic and sub-antarctic surface water, ascending motion 
occurs when the west wind belt is shifted northwards, and descending motion when the west 
winds are south of their normal position or when the winds are weak. The Antarctic divergence 
is strongly developed when the west wind belt is north of its normal position and east winds 
blow along the Antarctic continent. The flow in the deep water  is ahvays polewards, but it is 
strengthened underneath the west wind belt and corresponds also directly to its strength. 
A northward flow of intermediate water takes place in depths between 500 and 1500 m when 
the west wind belt is displaced to the south or when the winds are weak. This discussion of the 
transverse circulation in the range of the Circumpolar Current shows clearly that the main 
features and the different branches of the circulation are quite differently developed under 
various wind conditions. Consequently, only the consideration of the influence of different 
wind Stress distributions can lead to an understanding of certain phenomena. 

6. The Antarctic Polar Front. Around the Antarctic continent a well developed front is 
usually formed at the boundary between the Antarctic surface water and the Sub-Antarctic 
surface water, indicated at the surface by a discontinuity in temperature. The position of 
this line h as been carefully determined and charted by M a e k i n t o s h [ 1946], it is usually called 
the Antarctic convergence and its position is shown in fig. 3. Along this line the Antarctic 
surface water because of its higher density is thought to sink underneath the Sub-Antarctic 
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surface water, forming the antarctic intermediate water, which spreads .northwards and is 
characterized by a salinity minimum. But D e a c o n ([1933], p. 22 i) pointed out that the Antarctic 
intermediate water has its origin in a region of intense mixing just north of this front. The 
fact that the sinking of the intermediate water, indicated by a downward bend of the iso- 
halines, occurs north of the position of the temperature front can be seen on many of the 
"Discovery" sections presented by D e a c o n [1937a]. The salinity section, given in the lower part 
of fig. 6, shows this situation clearly but it shows also that the salinity maximum extending 
southwards from the Subtropical convergence, ends very abruptly when coming into the 
range of descending motions between Stations Di 881 and Di 882. This indicates a very strong 
mixing in this area where the zonal flow of the Circumpolar Current is strongest. 

After more detailed data on the structure of this temperature front became available from 
bathythermograph observations W e x le r [1959] was able to demonstrate the existence of cold 
cores just to the south of the position of the strongest surface temperature gradient, indicating 
ascending motion. He concluded that this front is a divergent phenomenon. There can be no 
doubt about the fact that with strong west winds the drift current within the E k m a n layer 
is divergent to the south of the maximal westerlies, thus causing upwelling. On the bottom of 
the Ekman layer, in depths of about i00 m, a very well-developed temperature minimum 
exists at the bottom of the Antarctic surface water {see fig. 6, lower part). If the E k m a n layer 
is divergent due to the action of winds, patches of this water can rise to the surface, or at 
least near to it, producing the temperature pattern observed by W e x I e r. But this divergence 
neither explains the existence of a sharp temperature front, nor the formation and sinking of 
intermediate water to the north of this front. 

If one considers a pure Ekman drift current in the surface layer, flowing under the in- 
fluence of a west wind belt, the meridional motion is divergent to the south of the maximal 
westerlies and convergent to the north of them. This would explain the observations of 
upwelling to the south of the maximal westerlies, discussed by We xter ,  and the sinking of 
intermediate water to the north of them. But there would be no reason at all for the formation 
of a temperature front at the neutral point between ascending and descending motion. 

The formation of a strong water mass boundary, from here on called the Antarctic PolarFront, 
can, however, only be explained by converging motions, and S v e r d r u p  ( S v e r d r u p ,  J o h n -  
son, F l e m i n g  [1946], p. 618) pointed out that  the observed southerly component of the zonal 
flow just to the north of the front must be associated with its development. An inspection of 
charts of the surface currents, as drawn by S e h o t t  [1942, 1943], shows that  the eastward 
surface flow between the Subtropical convergence and the Antarctic Polar Front is divergent, 
thus having a northerly component in its northern, and a southerly component in its southern 
part. The reason for this divergenc6 is not yet quite clear, but it might be associated with a 
divergence of the mass transport, situated near the centre of the west wind belt, which ap- 
pears in the S v e r d r u p - type solution, given by S t o m m e 1 [1957] and discussed in section 1. This 
southward component of the surface flow just to the north of the Antarctic Polar Front leads 
S v e r d r u p  to the conclusion that  a weak thermohaline circulation might be developed which 
carries the light sub-antarctic surface water t o  the south, where it converges with the 
northward flowing Antarctic surface water. 

Another explanation of this meridional circulation, used by S v e r d r u p for the  interpreta- 
tion of the Polar Front, has been given by K. W y r t k i  [1960a] taking frictional effects into ac- 
Count. In  the frictional case the motion is no longer purely geostrophic but has a down-slope com- 
ponent. During periods of weak west winds the down-slope component of the velocity will be 
stronger than the northward drift current velocity, thus resulting in a divergence to the north 
of the strongest meridional pressure gradient and in a convergence to the south of it. This 
down-slope surface flow is certainly conditioned by the distribution of mass and by the tope- 
graphy of the sea surface, as observed in sections across the Circumpolar Current, but  it is 
effected by friction. When interpreting the Antarctic Polar Front S v e r d r u p called this circu- 
lation thermohaline, but it seems to be advisable to restrict the use of the term thermohaline 
somewhat, rather than to use it for any type of transverse circulation associated with a certain 
distribution of mass. 
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The transverse circulation within the Circumpolar Current under the influence of different 
wind distributions, as discussed in the previous section, will now enable us to relate the various 
diverging interpretations of the Polar Front to these wind patterns. Anticipating the result 
of this discussion, it can be said that all three interpretations are valid, but apply at different 
times, depending on the wind conditions. Consequently, they will be jointly used for the 
explanation of the Antarctic Polar Front and of the related transverse circulation. 

In  the case of weak west winds, fig. 10A, the E k m a n drift current will have a northward 
component on both sides of the main current. But in the range of the strongest meridional 
pressure gradient, corresponding to the axis of the main zonal current, the surface flow will 
be southwards, thus forming a convergence to the south of the main current and a divergence 
to the north. This convergence will intensify the Polar Front, and both Antarctic and Sub- 
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Antarctic surface water can mix and sink at this position. The northward-flowing Antarctic 
surface water will cause an ascent of deep water and the formation of the Antarctic diver- 
gence near the ice edge. The poleward flow of deep water and the equatorward flow of inter- 
mediate water will be weak, and the Subtropical convergence will not be very pronounced. 
This circulation pattern corresponds best to the interpretation given by S v e r d r  u p [1934] and 
W y r t k i  [1960a] and is based on a consideration of the transverse circulation near the centre 
of the main zonal current. The consequence of this explanation is that  the Polar Front has 
to be situated slightly to the south of the centre of the Circumpolar Current, and this is in full 
agreement with the observations, as shown in fig. 3. A diagram giving G.E.K. vectors along 
a section across the Circumpolar Current along 20 o E (B. M a x i m o v  [1959]) shows clearly that 
the meridional components of the motion are southwards between 490 and 51 ~ S, where the 
temperature diagram indicates the Antarctic Polar Front, thus confirming the interpretation 
given above of this front. To the north as well as to the south of this belt, the meridional 
components of the motion are north. There is a convergence at 51 ~ S near the position of the 
Polar Front and a divergence at 49 o S. 

I f  the west winds are strongly developed and in a southerly position, a circulation pattern 
results as sketched in fig. 10B. In this case, a convergence develops north of the maximal 
westerlies and a divergence to the south of them, extending right to the ice edge. The neutral 
point between ascending and descending motion will be situated south of the position of the 
Polar Front, which must move slowly north, but stays in the range of sinking motion. In  this 
ease chiefly ntarctie Asurface water will sink near the Polar Front, while the Sub-Antarctic 
surface water is just driven northward by the winds. The strong divergence south of the 
maximal westerlies draws up considerable amounts of deep water, which flows polewards 
underneath the Circumpolar Current and ascends south of it. The Subtropical convergence 
will be weakly developed. This is the circulation pattern, which D e a c on [1937a] uses for the 
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in te rp re ta t ion  of the  Po la r  F ron t .  There  is no doub t  abou t  the  fact  t h a t  the  c i rcumpolar  west  
winds cause th is  ascent  of deep water ,  and  fur ther  nor th  the  s inking of  in t e rmed ia te  water ,  
and m a i n t a i n  the  s t rong  ba roe l in i ty  of  the  ocean undernea th .  The  impl ica t ions  of  this  wind 
system on the  deep c i rcula t ion in the  ocean have been discussed b y  W y r t k i  [1960b] showing 
tha t  even the  flow of deep wa te r  has  to  be expla ined b y  the  ac t ion  of the  winds. The sub- 
marine waterfal l ,  men t ioned  b y  D e a e o n  to i l lus t ra te  the  downward  sl iding of  An ta rc t i c  
surface wate r  over  the  s teep ascent  of  the  warm deep water ,  is cer ta in ly  mos t  s t rongly  
developed a t  this  sou ther ly  pos i t ion  of  the  west  wind belt .  

A t  a no r the r ly  pos i t ion  of  the  west  wind  be l t  (fig. 10C) the  sys tem of  a divergence and  
a convergence i n  the  surface flow will  also be shif ted to  the  nor th .  Consequently,  the  Po la r  
F ron t  n m s t  come in the  range  of  d ive rgen t  motion,  and  wate r  f rom the  b o t t o m  of the  E k m a n  
layer, where a t e m p e r a t u r e  m i n i m m n  is found, can ascend. This  c i rculat ion p a t t e r n  is t h a t  
discussed b y  W e  x l e r [1959] when he gives evidence of  ascending mot ion  jus t  to the  south  of  
the Pola r  F ron t .  A t  a no r the r ly  pos i t ion  of the  west  wind  belt ,  eas t  winds  will develop near  
the An ta rc t i c  cont inent ,  causing a depa r tu r e  of  the  A n t a r c t i c  d ivergence f rom the  ice edge 
and poleward  movemen t s  of the  surface water .  A weak convergence will  develop along the  
ice edge in th is  ease, as descr ibed b y  G. K o o p m a n n  [1953]. The  po leward  flow and  the  
ascending mot ion  in the  deep wate r  will  be compara t ive ly  s trong,  while the  n o r t h w a r d  flow 
of in te rmedia te  wa te r  is in te r rup ted .  The  nor the r ly  posi t ion of the  convergence in the  E k m a n 
layer will also condi t ion  ~n in tens i f ica t ion of  the  Sub t rop ica l  convergence.  

The discussion of  these three  eases demons t r a t e s ,  how the  var ious  approaches  towards  an 
in te rp re ta t ion  of  the  An ta r c t i c  Po la r  F r o n t  can be combined  into  one general  picture ,  t ak ing  
the va r i ab i l i t y  of  the  wind  field in to  account .  There  are, however ,  some problems  in connect ion 
with the  deve lopmen t  of the  Po la r  F ron t ,  which cannot  y e t  be solved, and  the  ma in  quest ion 
seems to be, whe ther  the  Ci rcumpolar  Current  is a single s t ra igh t  current ,  or whe ther  i t  is an  
eddy sys tem,  s imi lar  to  the  Gulf  S t r e a m  south  of Newfoundland ,  or even a mul t ip le  current .  
Such a s t ruc ture  seems to be i nd i ea t ed  in b a t h y t h c r m o g r a p h  sect ions which, as W e x l e r [1959] 
points out,  show a s t reakiness  of  the  flow. I n  th is  connection,  however,  the  quest ion arises 
whether  or no t  the  Po la r  F r o n t  is a cont inuous  line, or whether  i t  d i sappears  af ter  a cer ta in  
length and is fo rmed again  a t  ano the r  posi t ion,  as seems to be the  ease wi th  the  Gulf  S t r eam 
front (W. S. yon  A r x ,  D. F.  B u m p  u s  a n d  W.  S. I ~ i c h a r d s o n  [1955]). To decide abou t  th is  
question, a two-d imens iona l  p a t t e r n  of  the  t empe ra tu r e  d i s t r ibu t ion  a t  the  surface m u s t  be 
obtained,  and  this  is p r o b a b l y  only possible b y  the  use of  a i rborn  r ad i a t i on  the rmomete r s .  
These few remarks  demons t ra t e ,  however ,  t h a t  there  are m a n y  more problems  to be solved in 
connection wi th  the  Circumpolar  Current .  
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Hydrochemische Untersuchungen im Maracaibo-See 

Von Carl See lkopf  und Luis Bosc~n F. 
Zusammenfassung. l~ach einer kurzen Beschreibung der Geographic des Maracaibo-SeeS 

werden die Ursachen, die den Salzgehalt des Sees beeinflussen, abgehandelt. Die chemische Unter- 
suchung des Seewassers an ffinf verschiedenen, welt voneinander entfernten Punkten  ergibt, dal~ 
der Satzgehalt yon S nach N stetig zunimmt. Im Zentrmn des Sees finden sich iiberraschenderweise 
ein ziemtich hoher Salzgehalt und dariiber hinaus reichlich Ammoniak mid Schwefelwasserstoff. 
Die Anwesenheit dieser beiden Substanzen l~13t an ein Massensterben yon mari t imen Lebewesen 
in dieser Gegend denken. Es werden fr/ihere Untersuchungen best~tigt,  nach denen zur Zeit der 
Zuflul3 an Sfif3wasser die Verdampfung flbertrifft. Wegen des hohen Salzgehaltes kommt eine Vet- 
wendung des Seewassers als Trinkwasser oder auch fiir industrielle and landwirtschaftlicbe Zwecke 
nicht in Frage. Der Salzgehalt hat  eine verst~rkte Korrosion der im See errichteten Kunstbauten 
(Bohrtiirme, Pmnpstationen usw.) zur  Folge, da er dariiber hinaus nocb die Entwicklung von das 
Baumaterial  angreifenden Bohrwfirmern begflnstigt. 

Hydroehemieal investigations in Lake Maracaibo (Summary). After a concise description of 
the geography of Lake Maracaibo the causes are discussed which are influencing the salinity of the 
lake's water. The chemical analysis of five water samples taken at five different widely spaced 
places of the lake shows that the salinity is increasing from south to north. The central region of 
the lake is characterized by rather high a salinity -what is surprising - and, in addition, by a high 
contents of ammonia and hydrogen sulphide. Tlle presence of these two substances suggests the 
death in masses of the maritime living beings at this region. Former investigations according to 
whiel~ the inflow of fresh water exceeds evaporation are verified. Owil~g to the high salinity the 
water of the lake is not suitable to be used as drinking water or for industrial or agricultural pur- 
poses. The high corrosion the technical constructions (boring towers, pumping stations etc.) in the 
lake are subject to, is likewise due to the high salinity which, in addition, advances the propagation 
of wood worms spoiling the building material. 

Reeherches hydrochimiques dans le Lac Maracaibo (R@sum6). Aprbs avoir donn6 une descrip- 
tion concise de la ggographie du Lac Maracaibo, on discute les causes qui influencent la salinitd de 
l 'eau du Lac. Les  analyses chimiques de einq 6ehantillons de l'eau, pris '~ grands espaces ~ cinq 
endroits diffdrents du lac, nous montrent  que la salinitd s'aecroit d 'une manigre suivie en allant 
du sud au herd. La rdgion centrale du tae est earact~risde par une hauteur assez frappante de 
salinitd et, de plus, par une grande teneur en ammoniaque et en hydroggne sulfur@. La prdsence 
de ces deux substances selnble indiquer que les 5tres maritimes ayant  vdcu ~ eet endroit ont suecombd 
en masses. Des recherehes antdrieures selon lesquelles l'afflux des eaux deuces exc~de l'dvaporation, 
se vgrifient. La haute salinit6 ne permet pas d'utiliser l 'eau du lac pour les besoins des heroines ni 
pour les besoins de l ' industrie ou de l 'agriculture. Elle est dgalement la cause d 'une forte corrosion 
des bhtiments industriels (p.e. tours de sondage, stations d'dpuisement etc.) et, de plus, elle 
eontribue ~ augmenter la propagation des vers du bois qui endornrnagent les mat@riaux de con- 
struc~ion. 


