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ABSTRACT: The topographic map of the Atlantic part of the Austral Ocean, presents a submarine chain of
mountains with an arc form. This system connects South America with the Antarctica Peninsula, and it sur-
rounds totally the Scotia Sea, except in the West side, where the Drake Passage allows the deep water entry
from the Pacific sector via the Antarctic Circumpolar Current (ACC). The system presents mesoscale eddies 
and different active oceanic fronts, which separate the confluence and the interaction between Pacific and At-
lantic water masses with those coming from the Antarctica Peninsula. These fronts play an important role in
the global thermal equilibrium. We can distinguish from North to South the following fronts: Subantarctic,
Polar, Southantarctic and the margin of continental waters. The characteristics of the ocean circulation de-
scribed, present strong variations in the sea surface (dynamic topography), which can be detected by using al-
timetric techniques. This communication presents the results obtained from the analysis of 320 cycles of al-
timetric records from Topex-Poseidon satellite, in the surrounding area of ACC, Drake Passage and Scotia-
Arc. These measurements have been compared with in-situ measurements of the ocean dynamic, obtained in
several oceanographic campaigns developed in the zone and different borings in the Scotia Arc, Weddel Sea
and Bransfield Sea. 

1 INTRODUCTION: AN OVERVIEW OF THE 
SOUTHERN OCEAN CIRCULATION 

In contrast to the Southern Ocean (SO hereinafter), 
the Arctic sea is largely surrounded by continental 
masses, linked to the Pacific through the Bering 
Strait only about 45 m deep, and to the Atlantic via 
the Norwegian and Greenland seas. Because of this 
submarine topography, deep Atlantic waters are pre-
vented from entering these seas, and hence the only 
water masses that can enter the Arctic is through the 
shallow submarine plateau which extends from 
Greenland to Scotland. In these conditions, much of 
the Arctic ice remains locked in the sea all year 
round with its central part covered permanently with 
ice, most of the pack is several years old, and only 
about the 11% leaves annually via the strait between 
Greenland and Spitsbergen. This situation contrasts 
with SO where the limits of the ice cover shift more 
than 20º of latitude during the course of the year and 
most of the ice cover is reformed annually. In this 
ocean, with a very important seasonal ice produc-
tion, the interaction between ice and surface waters 
plays an important role in the formation of dense 
water, mainly in the polynias. 

In SO, at high latitudes, there are no land masses 
to impede flow and the westerly winds drive the 
Antarctic Circumpolar Current (ACC hereinafter) 
while the easterly winds, blowing off the ice covered 
continent, drive the Antarctic Polar Current which 
flows west in a narrow zone around most of Antarc-
tica.

North of these westerly winds, that surround the 
continent in ACC, the overlying winds are mainly 
easterlies, Ekman transport is to the left of the wind, 
and the seas slopes down towards the Antarctic con-
tinent. This sea surface slope generates a geostrophic 
slope current to the east, in the same direction of the 
wind but extending to greater depths than the surface 
wind driven layer. Below the wind driven layer, the 
density distribution is such, that in general the hori-
zontal pressure gradient force and the coriolis force 
balance and geostrophic equilibrium is maintained. 

Despite its great length, ACC has remarkably 
similar characteristics wherever it is observed. Fur-
thermore, the Subantarctic front and the Antarctic 
front persist throughout the extent of the current, al-
though the width between them is very variable. The 
isopycnic surfaces slope up towards the south and 
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the steeper their slope the greater the velocity of the 
eastward geostrophic current.

Flow within the Antarctic Polar Front Zone 
(APFZ hereinafter) is complex, with many eddies 
and meanders. The current jet associated with the 
Polar Front has been observed to meander south-
wards and capture colder water, with numerous cold 
core eddies within the frontal zone. The APFZ be-
tween the eastward flowing ACC and the westward 
flowing Polar current is a divergence of surface wa-
ter, the Antarctic Divergence (AD). This situation is 
coherent with vertical fluxes upwelling at the diver-
gences and sinking at the convergences. AD is bio-
logically one of the most productive regions of open 
ocean in the world. The nutrient rich water upwelled 
there leads to high primary productivity which sup-
ports large populations of zooplankton and bigger 
organisms. 

ACC enters into the Weddell Sea at 30º and it is 
incorporated into the Weddell Gyre, becoming 
Warm Deep Water (Gordon & Huber 1995). 

In the northern part of ACC a convergence forms 
with the southern part of the subtropical gyres, the 
Antarctic Frontal Zone, that is one of the most im-
portant source of cold deep sub-thermocline water of 
the world ocean.

Eddy generation may be also important in trans-
ferring water characteristics between oceans. Eddies 
similar to the Gulf Stream rings have been observed 
forming from the Aghulas Current which is the ma-
jor western boundary current in the southern hemi-
sphere. These eddies may be an important agent in 
the transfer of water between the Indian and Atlantic 
oceans.

In this paper, we present the results obtained by 
combining in-situ and altimeter information. We 
start with the description of the oceanographic cam-
paign developed by our group at Antarctica, show-
ing the first results obtained in the Drake Passage 
and Bransfield Sea. We continue with the Topex-
Poseidon results in the Southern Atlantic Ocean. We 
finish with the conclusions and the preliminary out-
puts of an empirical orthogonal function decomposi-
tion analysis developed in the zone. 

2 IN-SITU MEASUREMENTS: THE DRAKE 
CAMPAIGN

During the austral summer 2002 Spanish Antarctic 
campaign, our group developed the Drake Campaign 
on board of the S/V “Hesperides”, which occupied 2 
hydrographic stations, launched 14 XBT-T5 down to 
1800 m, 5 XBT-T7 down to 700 m and 3 XBT-T10 
down to 200 m across the Drake Passage, between 
February 2002, 20

th
 and 23

rd
. The hydrographic sta-

tions recorded, down to 3000 m, several oceano-
graphic parameters such as, temperature, depth, 
oxygen, salinity and fluorescence (Fig. 1). 

Throughout the cruise routine continuous meas-
urements of surface temperature and salinity were 
made by means of a SBE21 thermosalinograph. On 
route and in the stations, continuous ADCP profiles 
were obtained through a hull mounted RDI UM – 
150 150 khz narrow band system. 

In a second phase 10 CTD hydrographic stations 
were occupied in Bransfield Sea crossing from Boyd 
Strait to “Primavera Antarctic Base” in the Antarc-
tica Peninsula and from Barnard Point in Livingston 
Island to the Peninsula followed for a XBT transect 
towards King George Island (Fig. 2). Finally, eight 
XBT-T10 were used to measure temperature down 
to 200 m in Deception Island. 

The main aims of the campaign were: 
1.- To study the geographic variations of the dif-

ferent water masses present in Drake Passage, 
Bransfield Sea and Deception Island.  

2.- To verify the NOAA satellites radiometers 
formalisms, by comparing them to in-situ measure-
ments recorded in the zone. 

3.- To verify the Topex-Poseidon, ERS-2 altime-
ters by direct comparison of the geostrophic currents 
computed from altimetry and local currents simulta-
neous measurements. 

4.- To compare satellite altimeter data with gra-
vimeter continuous records. 

Figure 1. Black lines show the geographical latitude of the 
XBT and CTD casts in the Drake Passage. We can observe the 
intrusion of Antarctic Surface Water (AASW), with T<0º C, 
that clearly appears between 59º S and 62º S down to 200 m. 
This water, drops down to depths between 400 and 800 m, at 
61º S. The CTD casts (down to 2500 m), shows the presence of 
water masses that could be identified as Circumpolar Deep 
Water (CPW) between 59º S and 62º S. 
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Figure 2. The Bransfield basin is mainly occupied by water 
masses whose characteristics are dependant of the inflows from 
the adjacent seas. These inflows are mainly a relatively warm 
water: Transitional Bellinghousen influence Water (TBW: 0.5º-
3.0º C, 33.1-33.3 psu in summer), from the Bellinghousen sea, 
and a cool and salty inflow from the Weddell sea: Transitional 
Weddell influence Water (TWW: T < 0º C and 34.1-34.6 psu). 
During the summer, the TBW appears confined to a narrow 
zone along the northern part of the Bransfield, whereas the 
TWW occupies most of the basin (deep water). Eventually, 
Lower Circumpolar Deep Water, can enter in the Bransfield 
through the straits between islands, replacing the TWW in deep 
with water of T > 0º C. Both water masses are separated by a 
shallow front that can be shown in surface. In other seasons, 
another water that can be traced below TWW is the Bransfield 
Deep Water (BDW: -1º C, 34.5 psu), that probably is an isopy-
cnal mixture of Weddell Sea and WDW, entering the eastern 
part of the Bransfield basin and is modified by winter convec-
tion. 

3 THE SATELLITE ALTIMETRY LIMITS IN 
THE STUDY OF THE ATLANTIC OCEAN 
BASIN

Satellite altimetry presently provides the most pow-
erful tool to observe sea level variations globally or 
synoptically. When an altimetric satellite is tracked 
and its orbit computed with a few centimetres of ac-
curacy, and adequately corrected for all the geo-
physical effects, the altimeter would yield the global 
dynamic heights with the higher accuracy. The 
Topex-Poseidon (T-P hereinafter) satellite flies in a 
nearly circular orbit at an average altitude of 1336 
km and an inclination of 66.05º; it has a period of 
112 minutes and a ground repeat cycle of 9,9156 

days, after completing 127 revolutions. The rate of 
change for the argument of the perigee is near zero, 
to satisfied the frozen repeat orbit criteria. Orbit 
maintenance is made every three months, to keep the 
orbit ground track repeating within 1 km and the 
mean orbit eccentricity near zero. The rms radial er-
rors for T-P are inside 3-4 cm due, largely, to im-
proved gravity and non conservative force models 
(Tapley 1994; Marshall et al. 1995). T-P carries four 
independent tracking data system: Satellite Laser 
Ranging (SLR), Doppler Orbitography and Radio 
Positioning Integrated by Satellite (DORIS), GPS 
demonstration receiver and the Tracking and Data 
Relay Satellite System (TDRSS). 

Many of the problems generic to altimetry are 
magnified in the SO, for example the wave heights 
are the largest everywhere in the world, implying 
potentially large uncertainties in electromagnetic 
(EM) bias. Similarly, sea level pressure variations 
are more variable and energetic than in any other re-
gion, resulting in potentially large errors in the in-
verse barometer correction, mainly due to the uncer-
tainty in the frequency-wave number transfer 
function of the sea surface response to atmospheric 
pressure loading. Beside this, the SO is also the re-
gion where meteorological models of sea level pres-
sure and water vapour are less accurate, resulting in 
substantial errors in the model based corrections for 
atmospheric pressure loading and the dry and wet 
tropospheric range delays. Part of these source of er-
rors could be removed statistically when averaging 
sea level records over large areas to get the sea level 
variation at the cross points. 

As was indicated, an error source of particular 
concern in the SO is the EM bias. As is well known, 
this error is due to a greater backscattered power per 
unit surface area from wave troughs than from wave 
crest, thus biasing the mean sea level estimate to-
ward wave troughs. The only sea state characteristic 
measured by the altimeter is the significant wave 
height (SWH). Since EM bias tends to increase with 
wave height, it is generally expressed as a simple 
percentage of SWH. Estimates derived empirically 
from altimeter data suggest that EM bias is ap-
proximately 2% of SWH, with an uncertainty as 
large as the estimate (Gaspar & Ogor 1996). An ad-
ditional source of potential error in the altimeter 
height data analyzed is the correction for atmosphere 
pressure loading (the so-called inverse barometer 
correction). This correction is intended to adjust the 
sea surface elevation, for the static effect of the 
downward force of the mass of the atmosphere on 
the sea surface. There are two sources of errors due 
to this effect. First is the uncertainty in the fre-
quency-wave number transfer function between sea 
surface elevation and atmospheric pressure forcing. 
The generally adopted, –1cm/mbar, is an oversimpli-
fication because the exact response of the sea sur-
face to atmospheric pressure loading depends on the 
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space and time scales of the pressure field. This is a 
problem everywhere, but of special concern at high 
latitudes where atmospheric fluctuations are large 
due to the intensity of storms at these latitudes. 

4 SATELLITE ALTIMETER DATA 
TREATMENT

The satellite altimeter data analysis was reduced, in 
present study, to the T-P satellite cross points, aver-
aging the observed data surrounding each cross point 
inside a square of 1º 1º and extended geographically 
the data to the southern hemisphere between longi-
tudes 0º and 90º W. These averages decrease the 
spatial coverage but smooth the data quality. The 
time series used in this study was extended along 9 
years, from October 1992 to October 2001, includ-
ing the following data treatment criteria: at each 
cross point, it was computed the annual and seasonal 
standard deviation (std) associated to its Sea Level 
Anomalies time series. The physical interpretation of 
the std time series is related with the presence of ed-
dies and meanders passing through each cross point. 

(Fig. 3) presents the std seasonal-std annual in the 
T-P cross points, showing the turbulence adjacent to 
and within the ACC itself. These turbulences pro-
vide significant frictional forces which will help to 
balance the eastwards wind stress. Another contribu-
tion might come from the friction experienced by the 
current as it flows through the restricted Drake Pas-
sage. A further factor that might be important is the 
accumulation of water that occurs upstream of this 
restricted passage, leading to a zonal sea surface 
slope and a horizontal pressure gradient force acting 
in opposition to the wind. 

Figure 3. Flow within the APFZ is complex, with many eddies 
and meanders, with numerous cold core eddies within the fron-
tal zone. The APFZ between the eastward flowing ACC and 
the westward flowing Polar Current is a divergence of surface
water, the Antarctic Divergence. The physical meaning of high 
std values can be related with the presence of eddies and me-
anders crossing the northern part of the Atlantic circumpolar 
current convergence zone.

5 CONCLUSIONS: AN EMPIRICAL 
ORTHOGONAL FUNCTIONS ANALYSIS OF 
THE SOUTH-ATLANTIC BASIN 

The spatial and temporal characteristics of the large 
scale variability are efficiently described by an em-
pirical orthogonal function (EOF) analysis. The 
technique has proven useful in many geophysical 
applications and has previously been applied to al-
timeter sea level data in the SO. The method is based 
on decomposing the smoothed sea level variability 
as:

J
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Where Fj (xm) is the value of the jth spatial EOF 
of the sea level variability and aj(t) is the corre-
sponding amplitude time series. The EOF are the ei-
genvectors of the matrix of cross covariance. The 
variance of the amplitude time series can be shown 
to be the corresponding eigenvalues. The modes of 
variability are ordered according to decreasing val-
ues of its variance, such that the first mode accounts 
for most of the total variance and higher order 
modes account for successively smaller fractions of 
the variance. Physical interpretation of the higher 
order modes is difficult. Because the mathematical 
constraints on EOFs (orthogonality of the spatial 
patterns and zero correlation between amplitude 
time series of different modes) made the physical in-
terpretation of all but the lowest order modes, should  

be considered cautiously. 
The cumulative percentage of the variance of the 

smoothed sea level fields explained by the EOFs is 
shown by the complicated nature of SO sea level 
variability (Fig. 4). At high latitudes the first mode 
of variability accounts, in most of the area, for only 
15% of the total variance and the first three modes 
account only for the 33% of the total variance. The 
white character of EOFs spectrum, at high latitudes, 
is more likely an indication that sea level variability 
in the SO ocean is fundamentally regional, rather 
than coherent and phase locked zonal, even on the 
large space and time scales resolved by the 
smoothed data. Measurements at any particular place 
should therefore not be expected representative of 
the circulation of the SO as a whole. This calls into 
question many speculations about the Drake passage 
as a significant place to explain the circulation in the 
SO.
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Figure 4. Results of an EOF analysis in the Southern Ocean, 
both Pacific and Atlantic basins between 0º and 90º W. Analy-
sis show that at low latitudes most of the energy is presented in 
the first mode, with an annual main time component variation. 
In the Pacific, the El Niño event of 1997-1998 appears clearly 
in the first EOF time mode showing that changes in the sea 
level, to a large extent, reflects changes in the vertical heat con-
tent of the water masses allowing that altimetric analysis can 
explain much light on how heat is transported in the oceans, At 
high latitudes the cumulative percentage of the variance of the 
smoothed sea level fields explained by the EOFs shows the 
complicated nature of SO sea level variability. The first mode 
(black line) of variability accounts for only 25% of the total 
variance and the first three modes account only for the 35% of 
the total variance.  

An interesting aspect of the dominant mode of 
variability is that the regions of highest large scale 
variability do not generally occurs in coincidence 
with the mean axis of the ACC or Aghulas return 
current. Rather the strongest variability occurs at 
lower latitude, near the subtropical front. The two 
notable exceptions are the regions immediately 
downstream the Drake Passage and the region of the 
confluence of the ACC and the Aghulas return cur-
rent data about 50º S, 80ºE. 

The term seasonal cycle as use here is intended to 
refer to variability on seasonal time scales, rather 
that the more classical definition as the long term 
climatologically average annual and semiannual 
variability.
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