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Abstract

South Georgia ( ~  54°S, 37 °W) is an island in the eastern Scotia Sea, South Atlantic that lies in the path of the Antarctic 
Circumpolar Current (ACC). The southern ACC front (SACCF), one of three major fronts associated with the ACC, wraps 
anticyclonically around South Georgia and then retro fleets north of the island. This paper investigates temporal variability in the 
position of the SACCF north of South Georgia that is likely to have an effect on the South Georgia ecosystem by contributing to 
the variability in local krill abundance.

A meridional hydrographic section that crossed the SACCF three times demonstrates that the SACCF is associated with a 
geopotential anomaly of 4.5 J kg -  1 in the eastern Scotia Sea. A high resolution (1/4° x 1/4°) map of historical geopotential 
anomaly shows the mean position of the SACCF retro flection north of South Georgia to be at 36° W, 400 km further east than in 
previous work. It also reveals temporal variability associated with the SACCF in the South Georgia region. A near-surface 
drifter provides evidence for variability in the western extent of the SACCF north of South Georgia and for the presence of 
eddies in the region. Output from a 3-year (1993-1995) high frequency wind forced run of the eddy-permitting Ocean 
Circulation and Climate Advanced Modelling project (OCCAM) model, used to investigate the frontal variability, shows two 
periods of anomalous westward extent of the SACCF north of South Georgia and associated eddy-shedding. The SACCF 
variability affects the near-surface transport of passive drifters into the region with implications for the South Georgia 
ecosystem.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

South Georgia, an island in the eastern Scotia Sea 
[ ~ 54°S, 37°W; Fig. 1(a)], experiences dramatic 
interannual variability in its ecosystem. This variabil­
ity is connected to fluctuations in the local abundance 
of Antarctic krill (Euphausia superba), the main food
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source of the higher predators that breed on South 
Georgia (Croxall et al., 1988, 1999; Boyd et al., 
1994). The krill population at South Georgia is 
believed not to be self-sustaining (Everson, 1984) 
but to be maintained instead by oceanic transport of 
krill from recognised breeding grounds upstream of 
South Georgia in the vicinity of the Antarctic Pen­
insula, the South Orkney Islands and the Weddell Sea 
(e.g. Everson, 1977; Murphy et al., 1998) [Fig. 1(a)]. 
Variability in krill abundance at one of these krill 
breeding grounds [the South Shetland Islands; Fig. 
1(a)] has been linked to recruitment failure of different 
year classes (Siegel and Loeb, 1995). It has been 
proposed that this variability is related to sea-ice 
extent and duration (Marr, 1962; Loeb et al., 1997; 
Siegel et al., 1998). Research at Bird Island, just west 
of South Georgia [Fig. 1(a)], suggests that years of 
low krill abundance in the South Georgia region can 
be related to failure the previous year to recruit 
juvenile krill into the South Georgia population (Reid 
et al., 1999a,b). Given that the South Georgia krill 
population is thought to originate to some extent from 
the Antarctic Peninsula, propagation of the variability 
at the South Shetland Islands noted by Siegel and 
Loeb (1995) across the Scotia Sea might be expected. 
However, the variability in krill abundance observed 
at South Georgia cannot be entirely accounted for by 
the krill variability at the Antarctic Peninsula. Some 
year classes that are considered strong in the Antarctic 
Peninsula region can be completely absent from the 
South Georgia area (Murphy et al., 1998), raising the 
possibility of additional sources of variability operat­
ing in the South Georgia-Scotia Sea ecosystem. One 
such source is variability in the oceanic circulation 
affecting the transport of krill into the region. This 
paper addresses this issue using ocean general circu­
lation model output, focussing on the region north of 
South Georgia.

The Scotia Sea is a relatively small basin in the 
southwestern Atlantic sector of the Southern Ocean.

It is bounded by rugged bathymetry to the north, 
south and east (by the North Scotia Ridge, South 
Scotia Ridge and the South Sandwich Island Arc, 
respectively), and is open to Drake Passage to the 
west [Fig. 1(a)]. The central basin is generally deeper 
than 3000 m with relatively few topographic features 
whereas the eastern basin has more complex bathy­
metry. South Georgia lies at the eastern end of the 
North Scotia Ridge; to its east is a deep passage 
[Georgia Passage; Fig. 1(a)] that permits exchange 
between the Scotia Basin and the Georgia Basin to 
its north.

The Scotia Sea is influenced by two oceano­
graphic regimes: the generally eastward flowing 
Antarctic Circumpolar Current (ACC) and the 
cyclonic circulation of the Weddell Gyre. Separating 
these is the Weddell-Scotia Confluence (Gordon, 
1967), a mixture of the waters from the ACC and 
Weddell Gyre with water from the shelf of the 
northwest Weddell Sea (Whitworth et al., 1994). 
The ACC is a band of large zonal transport that 
circulates uninhibited around Antarctica. It is steered 
by regional bathymetry; in the Scotia Sea, the South 
Scotia Ridge deflects the southern part of the ACC 
northwards towards South Georgia. Within the ACC 
are cores of higher velocity current associated with 
thermohaline fronts. The southern ACC front 
(SACCF) has been identified as one of three major 
fronts in the ACC by Orsi et al. (1995). Lying 
between the Polar Front and the southern boundary 
of the ACC (SB), the SACCF crosses the central 
Scotia Sea and wraps around South Georgia before 
retroflecting north of the island (Orsi et al., 1995). 
The SACCF, the SB and the waters between the two 
fronts flow very close to the western continental shelf 
of the Antarctic Peninsula. Modelling studies have 
shown the importance of these waters and the 
SACCF, in particular, for transport to South Georgia 
from the Antarctic Peninsula region (Hofmann et al., 
1998; Murphy et al., 1998).

Fig. 1. (a) Location of the study region in the eastern Scotia Sea (50-60° S, 45-30°W ). Areas shallower than 1000 m are shaded grey and the 
3000 m isobath is marked in black. Circles mark the station positions o f the subsection o f WOCE section A23 with selected stations numbered; 
diamonds mark the position of stations used in the historical geopotential anomaly analysis. Abbreviations for topographic features are as 
follows: Bí—Bird Island; SG—South Georgia; GP—Georgia Passage; SSI—South Shetland Islands; SOI—South Orkney Islands, (b) Detailed 
bathymetry of the study region from the Smith and Sandwell (1997) dataset. Isobaths from 1000 m to 7000 m in intervals of 1000 m are shaded 
in darkening shades of grey. Additional topographic features marked are as follows: MEB—Maurice Ewing Bank; SR—Shag Rocks; NGR— 
North Georgia Rise, (c) Same as b but for the OCCAM bathymetry.
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Early studies of the hydrography of the South 
Georgia region from the Discovery Investigations 
suggested that South Georgia is influenced by 
ACC water and water from the Weddell Sea (Dea­
con, 1933). The Discovery Investigations also 
revealed interannual variability in the oceanic con­
ditions around South Georgia with warm and cold 
years evident from temperature measurements 
(Harmer, 1931; Deacon, 1977). Russian investiga­
tions provided further evidence of these temperature 
fluctuations (Maslennikov and Solyankin, 1979). A 
conclusion was drawn that the area north of South 
Georgia is highly variable with some years having 
greater ACC influence (and thus being warmer) and 
others having greater contribution from the Weddell 
Sea (therefore colder). More recently, analysis of 
hydrographic surveys occupied to the northwest of 
South Georgia has related the observed oceano­
graphic variability to variability in the location of 
the SACCF north of South Georgia (Trathan et al., 
1997, 2000) with warmer waters observed when the 
SACCF is located further east.

The South Georgia shelf has its own, distinct 
water mass (South Georgia Shelf Water; Brandon 
et al., 2000). Between this water and the deeper 
oceanic waters, a shelf break front has been observed 
on the northeastern South Georgia shelf but not to 
the northwest (Brandon et al., 1999, 2000). These 
near-shore dynamics will be important for the South 
Georgia ecosystem in transporting and retaining 
material on the South Georgia shelf. However, this 
paper focuses on the SACCF to the north of South 
Georgia and its associated variability. A review of 
the South Georgia ecosystem is given by Atkinson et 
al. (2001).

The SACCF, as with the other ACC fronts, is 
identified by large horizontal density gradients 
through the water column. The northern limit of 
the front can be identified from horizontal changes 
in the properties of Upper Circumpolar Deep Water 
(UCDW), a type of the Circumpolar Deep Water that 
occupies most of the deep layers of the ACC. From 
analysis of historical hydrographic sections, Orsi et 
al. (1995) locate stations north of the SACCF by: 
potential temperature (0) greater than 1.8 °C along 
the 0-maximum of the UCDW at depths greater than 
500 m; salinity (S) of more than 34.73 along the S- 
maximum (.Smax) at depths greater than 800 m; and

oxygen content of less than 4.2 ml 1 “ 1 along the 
oxygen minimum at depths greater than 500 m. 
Stations that are south of the SACCF, on the other 
hand, are apparent from the characteristics of the 0- 
minimum ( 0 m jn) layer above the UCDW with 0<O 
°C at depths shallower than 150 m south of the 
front.

Estimates of the geostrophic velocity of the 
SACCF in the Scotia Sea are lacking. Elsewhere, 
maximum geostrophic velocities of the SACCF (ref­
erenced to the deepest common level between station 
pairs) range from 0.05 to 0.1 m s -1  at ~  140°E 
(Rintoul and Bullister, 1999) to 0.21 m s 1 at 3O U’ 
(Park et al., 2001) with a baroclinie transport of 22 
Sv at 140°E (1 Sv=106 m3 s - 1 ; Rintoul and 
Bullister, 1999). Rintoul and Sokolov (2001), in an 
analysis of six repeats of the hydrographic section 
examined by Rintoul and Bullister (1999), observe 
two branches of the SACCF with transports of 
18 ± 3 and 11 ± 3 Sv ( ± 1 standard deviation). Orsi 
et al. (1995) use a historical hydrographic section to 
calculate a baroclinie transport of approximately 15 
Sv for the SACCF in the central Scotia Sea (relative 
to 3000 m or the deepest common level, not speci­
fied). Often the SACCF is too close to the SB for the 
two to be resolved as separate features, in which 
case, an estimate of the velocity and transport of the 
combined fronts is computed. Sparrow et al. (1996) 
derive a maximum geostrophic velocity of 0.04-0.06 
m s -  1 and transport of 35 Sv from gridded historical 
data for the SACCF and SB together at 60°E. 
Further east, Heywood et al. (1999) report a max­
imum geostrophic velocity of 0.1 m s 1 and a much 
smaller transport of 10 Sv at 85°E for the combined 
features.

In this paper, we study hydrographic data and 
model output to investigate the position and tempo­
ral variability of the SACCF north of South Georgia 
[Fig. 1(b)]. We use geopotential anomaly, calculated 
from a historical dataset, to locate the mean position 
of the SACCF in the study region. Although Orsi et 
al. (1995) have defined the location of the SACCF 
in this region from historical hydrographic sections, 
the use of geopotential anomaly yields a more 
accurate result by allowing more stations to be 
included as they do not need to be part of a section. 
The characteristics of the SACCF in a numerical 
eddy-permitting ocean general circulation model are
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described. Variability of the position of the retro- 
flection of the SACCF north of South Georgia is 
examined in 3 years of high frequency wind forced 
model output and the implications of the frontal 
variability for the South Georgia ecosystem are 
discussed.

2. The SACCF in observations

2.1. Characteristics o f  the SACCF in the eastern 
Scotia Sea

Hydrographic data from a subsection of the World 
Ocean Circulation Experiment (WOCE) section A23 
(Heywood and King, 1996), conducted from RRS 
James Clark Ross, are used to establish a consistent 
definition for the SACCF in geopotential anomaly in 
the study region. We use data from the meridional 
subsection across the eastern Scotia Sea [Fig. 1(a)] 
occupied between 8 and 14 April 1995. Temperature 
and salinity were recorded with a Neil Brown Mklllb 
CTD profiler, accurate to 0.001 °C and 0.002, 
respectively.

The SACCF was crossed three times by A23 
(between station pairs 49-50, 58-59 and 60-61). 
The presence of the SACCF is evident in the 0 -S  
space of the stations [Fig. 2(a)]: stations north of the 
SACCF have a fresher (S ~  33.95) and slightly 
colder (0 ~  0.5 °C) 0mm than stations south of the 
SACCF (S ~  34.27, 0 *  0.75 °C). Note that this is 
opposite to the property indicators of Orsi et al. 
(1995), who found that the 0min is colder south of 
the SACCF and less than 0 °C (at all of the A23 
stations 0min>O °C).

The SACCF crossings are visible in the frill depth 
property sections [Fig. 3(a—d)]. North of South 
Georgia the frontal locations as defined in 0 -S  space 
are coincident with the limit of the 1.8 °C isotherm. 
South of South Georgia, the UCDW is slightly 
warmer and the front corresponds to 0>1 . 9  °C. 
The salinity of the .S'max at the frontal crossings is 
less than the indicators of Orsi et al. (1995) with S 
generally >34.71 north of the front rather than 34.73. 
Each crossing of the SACCF has an associated 
current core reaching to depths of greater than 
2000 m [Fig. 3(d)]. Maximum geostrophic velocities 
(referenced to the deepest common level between

33.8 34 34.2 34.4 34.6 34.8
Salinity
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33.8 34 34.2 34.4 34.6 34.8
Salinity

Fig. 2. 6 - S  profiles of the stations nottii of the SB along the WOCE 
A23 subsection. Stations nottii of the SACCF are black, stations 
south of tile SACCF are grey, (a) A23 data; (b) OCCAM output. 
Isopycnals of cx0 are marked.

station pairs) are 0.1 m s~ 1 in the eastward-flowing 
crossings and —0.075 m s 1 in the westward- 
flowing crossing. These values are comparable to 
the velocity calculated by Rintoul and Bullister 
(1999) at ~  140°E. The crossings of the SACCF 
have an associated baroclinie component of transport 
of 16.5, 13 and 14 Sv from north to south, respec­
tively. These concur with the 15 Sv calculated by 
Orsi et al. (1995) in the central Scotia Sea and are 
within the ranges reported by Rintoul and Sokolov 
(2001) for the two branches of the SACCF at 
~  140°E.
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Each crossing of the SACCF on A23, as deter- to 1000 dbar (these reference levels are discussed in
mined from the 0 -S  characteristics, corresponds to a the next section); Fig. 4], Part of the A23 subsection
geopotential anomaly of 4.5 J kg ~ 1 [50 dbar relative (stations 35-52) was repeated 4 years later in 1999 as
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Fig. 3 (continued).

part of the Antarctic Large-Scale Box Analysis of the 
Role of the Scotia Sea (ALBATROSS) project (Mer­
edith et al., 2001). The SACCF was crossed south of 
South Georgia (again near station 50) and as with the 
A23 data, the SACCF crossing corresponds to a 
geopotential anomaly of 4.5 .1 kg 1 (Thorpe, 2001).

Interestingly, this value agrees with the geopotential 
anomaly quoted by Veth et al. (1997) for the SACCF 
in a section at 6°W. We now use this consistent 
geopotential anomaly characteristic of the SACCF to 
map the mean position of the SACCF in the vicinity 
of South Georgia using a historical dataset.
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Fig. 3 (continued ).

2.2. Mean position o f  the SACCF in historical 
hydrographic data

Potential temperature and salinity data were 
extracted from the World Ocean Database 1998, 
compiled by the Ocean Climate Laboratory of the

National Oceanographic Data Center (Levitus et al., 
1998). We incorporated an additional station that is 
absent from the dataset in its full depth form [station 
281 (52.273°S, 41.747°W) from the RS Melville 
South Atlantic Ventilation Experiment (SAVE) cruise 
in 1989; downloaded from the Oceanographic Data



S.E. Thorpe et al. /  Journal o f  Marine Systems 37 (2002) 87-105 95

0

100

200

m

1000

E 2000 
2 
2
S 3000
2c.

4000

5000

0

100

200

$ 8

1000

E 2000 
2  
£
& 3000(U
a.

4000

5000
55 56
Latitude [ °S ]

^27.7-1

55 56
Latitude [ °S ]

Fig. 3 (continued).

Server at Scripps Institute of Oceanography, http:// 
nemo.ucsd.edu] but which appears to determine the 
western extent of the SACCF retroflection in the 
work of Orsi et al. (1995). After quality control, 
geopotential anomaly was calculated for 881 stations 
[Fig. 1(a)], covering the period of 1911-1990. We

use 50 dbar as the upper reference level to remove 
possible seasonal variation in the data following Orsi 
et al. (1995). The lower reference level is set at 1000 
dbar as many of the stations in the historical data­
base do not have measurements to a depth greater 
than this; Gordon et al. (1978) show that this is a
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Fig. 4. Geopotential anomaly (50 dbar relative to 1000 dbar) along the A23 subsection (circles) and the OCCAM section (squares). Station pairs 
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suitable reference level for the surface flow of the 
Southern Ocean compared with a level of 3000 dbar. 
Before contouring, the historical geopotential anom­
aly field was gridded with a resolution of 1/4° x 1/4°, 
based on the spatial coverage of the data points [Fig. 
i(a)].

The mean position of the SACCF in the geopoten­
tial anomaly field (as determined from the 4.5 J kg " 1 
contour; Fig. 5) shows that the front wraps around 
South Georgia, following the regional f/h  contours 
which, because the variations in ƒ  are small over the 
study region, correspond to the bathymetry [Fig. 1(b)]. 
The increased number of stations available for the 
geopotential anomaly analysis as compared with those 
used by Orsi et al. (1995) [cf. Figs. 1(a) and 2] leads to 
significant differences in the mean positions of the 
SACCF. The SACCF is almost 100 km closer to the 
southern shelf of South Georgia than in the work of 
Orsi et al. (1995) and retroflects north of the island at 
approximately 36 °W, 400 km east of the point of 
retroflection shown by Orsi et al. (1995) (Fig. 5). 
However, the closed contour rings in Fig. 5 are 
evidence for temporal variability associated with the 
SACCF representative of either shifts in the frontal 
position and/or the generation of eddies from the front. 
It is therefore possible, for example, that the SACCF 
does sometimes retroflect further west than our mean 
position shows (as shown in the following section), but 
we argue that the mean position of the SACCF 
resolved in our analysis is more representative. We 
now examine data from a near-surface drifter deployed 
in the South Georgia region as evidence for variability 
in the western extent of the SACCF retroflection.

2.3. Evidence from a near-surface drifter

Included in Fig. 5 is the trajectory of a near-surface 
drifter released as part of the WOCE/TOGA Surface 
Velocity Program in May 1996. The drifter (WMO ID 
33568, released from 54.904°S, 39.898°W), drogued 
at 15 m depth, is the only drifter to become caught in 
the circulation around South Georgia demonstrating 
the retroflection of the flow north of the island. 
Released southwest of South Georgia, the drifter is 
advected onto the island’s continental shelf and travels 
anticyclonically around the island before being 
deflected around the North Georgia Rise [cf. Fig. 
1(b)] and into the faster-moving, deeper waters. Retro­
flection of the flow occurs near 41 °W, providing 
evidence that the SACCF does at times extend beyond 
the mean position presented in Fig. 5. Because this is 
the only drifter trajectory available in this region, it can 
only provide information about the circulation at this 
one point in time. More drifters would help to elucidate 
the temporal variability associated with the flow.

The drifter has a mean speed of 0.17 m s “ \  faster 
than the geostrophic velocities derived for the SACCF 
from the A23 data. This implies that the resolution of 
the CTD stations was not high enough to accurately 
represent the frontal jet and/or that there is a signifi­
cant barotropic component of the flow so that refer­
encing to zero velocity at the deepest common level is 
not appropriate. The drifter provides evidence for 
anticyclonic eddies in the region north of South 
Georgia, becoming trapped in two. The first, in which 
the drifter spends 10 days, is encountered near the 
western flank of the North Georgia Rise. This recir-
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analysis are marked in Fig. 1(a)] and from Orsi et al. (1995; dash-dotted black line). Areas shallower than 1000 m are shaded grey. 
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positions are marked with squares along the drifter’s trajectory. The drifter data were obtained from the Marine Environmental Data Service:
http ://www.meds-sdmm.dfo-mpo. gc.ca.

dilation has dimensions of ~  13 x 33 km; the local 
Rossby radius is 0(10 km) (Houry et al., 1987). The 
second eddy, northeast of the North Georgia Rise, is 
much larger with a radius of approximately 45 km and 
detains the drifter for almost 3 months.

There are not sufficient hydrographic data avail­
able with which to investigate temporal variability 
associated with the SACCF retroflection. Instead we 
use output from a high resolution numerical global 
ocean circulation model forced with time variant 
fluxes to study the frontal behaviour.

3. The SACCF in OCCAM

3.1. OCCAM

Three years of potential temperature and salinity 
output from a high frequency wind forced run (1993- 
1995 inclusive) of the eddy-permitting Ocean Circu­
lation and Climate Advanced Modelling project 
model (OCCAM) are used to calculate geopotential 
anomaly fields to locate the SACCF. OCCAM is a z 
level, high resolution (1/4° x 1/4° in the horizontal,

http://www.meds-sdmm.dfo-mpo
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36 levels in the vertical, 20 m thick at the surface, 255 
m thick at depth) primitive equation global ocean 
circulation model based on the Bryan-Cox-Semtner 
model but includes a free surface and improved 
advection schemes. Further details of the OCCAM 
formulation can be found in Webb et al. (1998) and 
Saunders et al. (1999). The model bathymetry was 
created from the US Navy DBDB5 topographic data­
set with manual checking of the depth of key sills and 
channels (Thompson, 1995) and generally reproduces 
the main features of the regional bathymetry well [Fig. 
l(b,c)]. Following 8 years of spin up with monthly 
mean winds, the wind forcing was changed to six 
hourly reanalysed winds from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) with 
ECMWF sea level pressure applied at the model 
surface (Fox et al., 2000). Surface temperature and 
salinity were relaxed to monthly climatology (Levitus 
and Boyer, 1994; Levitus et al., 1994) with a time 
scale of 1 month. Five-day mean output fields are 
used in this analysis to remove the inertial oscillations 
that are a response to the high frequency forcing 
employed in the model (Jayne and Tokmakian, 1997).

3.2. The characteristics o f the SACCF in OCCAM

Output from the high frequency wind forced run of 
OCCAM has been extracted along the Scotia Sea 
subsection of the WOCE A23 cruise to characterise 
the SACCF in the model. Potential temperature and 
salinity were bilinearly interpolated in space onto the 
station positions [Fig. 1(a)] from the two 5-day model 
fields spanning the occupation of the Scotia Sea leg.

As in the A23 subsection, the OCCAM section 
crosses the SACCF three times [near station 48, and 
between stations 58-59 and 62-63, e.g. Fig. 3(e)]. The 
northern and southern crossings of the front are slightly 
misplaced in OCCAM compared with the hydro- 
graphic data (by two stations in each case: — 100 km 
at the northern and — 55 km at the southern crossing). 
This could be due to the smoother bathymetry in the 
model, but it could also be a meander that is not pre­
dicted by the model.

There is a general northwards warming of the near­
surface waters in the OCCAM A23 section [Fig. 3(e)], 
which means that the SACCF cannot reliably be 
detected in the 0min properties as in the A23 data 
[Fig. 2(b)]. However, the front can be identified by

characteristics of the UCDW: stations north of the 
SACCF have 6>2.5 °C at the 0-maximum [Figs. 2(b) 
and 3(e)]. The three SACCF crossings are associated 
with deep-reaching current cores [Fig. 3(h)]; the sense 
of the geostrophic velocities indicates that the front 
wraps anticyclonically around South Georgia in the 
model as in the hydrography. Maximum surface geo­
strophic velocities (relative to the deepest common 
level) in the SACCF in OCCAM are slightly faster 
than those in the hydrographic data: 0.15, — 0.08 and 
0.12 m s _ 1 for the crossings north to south, respec­
tively. The southern jet is merged with that of the SB 
found two stations to the south of the SACCF (close 
to station 46). Baroclinie transport estimates are 23, 6 
and 27 Sv, respectively, which for the northern and 
southern crossings of the front are much larger than 
the A23 values.

In accordance with the observation from the A23 
and ALBATROSS data that the SACCF is associated 
with a consistent geopotential anomaly in this region, 
each crossing of the SACCF in the OCCAM section 
corresponds to a geopotential anomaly of 4.75 J kg " 1 
(Fig. 4). This is higher than the hydrographic value of 
4.5 J kg " 1 because the waters in the OCCAM section 
are almost 1 °C warmer than those in A23 [cf. Fig. 
3(a,e)]. The geopotential anomaly signature is used in 
the following section to map the SACCF in each of 
the 5-day OCCAM fields to investigate temporal 
variability of the SACCF north of South Georgia.

4.6

^  4 . 5 -

— 4 . 4 -

■-Ë 4 . 2 -

° 4 .1 -  -

1993 1994
Year

1995

Fig. 6. Trend in minimum geopotential anomaly in OCCAM in the 
study region over the 3 years of model output (thin line). Thick line 
is the polynomial fit removed from the model geopotential anomaly. 
Tick marks represent the start of each month.
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3.3. Variability in the western extent o f  the SACCF in 
OCCAM output

Saunders et al. (1999) show there to be a linear 
warming in the global potential temperature in the 
first nui of OCCAM (forced with climatological wind 
stress from ECMWF). In the high frequency wind 
forced ran of OCCAM, the drift continues but is 
nonlinear in the region around South Georgia. This 
introduces an increasing trend in the geopotential 
anomaly (Fig. 6). We correct for this by removing a 
third-order polynomial fit to the trend (Fig. 6) before 
contouring the geopotential anomaly field to locate

the SACCF and investigate variability in the position 
of the front. This eliminates possible spurious effects 
during the 3-year run caused by using a changing 
geopotential anomaly to identify the SACCF.

The mean position of the SACCF in the South 
Georgia region in OCCAM, calculated by averaging 
all of the 5-day corrected geopotential anomaly fields 
during the 3-year period of model output, is shown in 
Fig. 7 overlaid on the mean velocity field from the 
model ran at 52.35 m (level 3 in the model). The 
location of the front as defined by the geopotential 
anomaly corresponds to a jet in the velocity field. 
South and east of South Georgia, the jet is much
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Fig. 7. Mean position and extrema of the SACCF in the high frequency wind forced run of OCCAM overlaid on the mean velocity field from the 
model run at 52.35 m (level 3 in the model). Thick solid line is the mean SACCF position over the 3 years of model output, and thin line is the 
position o f the SACCF at its minimum western extent north o f South Georgia (3 January 1993); thick dashed line is the position o f the SACCF 
at its maximum western extent (29 December 1995).
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Fig. 8. Time series of the western extent of the SACCF retroflection 
north of South Georgia. Five-daily positions are marked with circles.

stronger than north of the island. East of South 
Georgia, the current splits; the main flow heads east 
and the remainder wraps anticyclonically around the 
island with the SACCF and a decreased velocity. The 
OCCAM A23 section showed that the jet associated 
with the southern crossing of the SACCF is merged 
with that of the SB; hence, the bifurcation of the 
current observed at ~ 54° S may represent the sepa­
ration of the SACCF and SB. Also visible in the 
velocity field is the Polar Front, which follows the 
southern flank of the Maurice Ewing Bank as reported 
from observations (Moore et al., 1997; Trathan et al., 
1997, 2000).

North of South Georgia, the mean position of the 
SACCF in OCCAM is similar to that in the historical 
geopotential anomaly field (Fig. 5). South of South 
Georgia, however, the front is much further south of 
the island’s shelf in the model due to anomalous water 
masses in the central Scotia Sea in OCCAM. These 
distort the regional flow and cause a southward 
deflection of the SACCF (Thorpe, 2001).

Analysis of the 5-day positions of the SACCF in 
OCCAM shows that the SACCF is not static north of 
South Georgia in the model but undergoes zonal 
movements. The range between the minimum and 
maximum western extent of the front in the model 
output is considerable, exceeding 300 km (Fig. 7). 
The maximum extent of the SACCF retroflection in 
the model is very close to the location of the front 
presented by Orsi et al. (1995) and is similar to the

circulation illustrated by the drifter (Fig. 5). This 
suggests that the model represents the circulation of 
the ocean quite well north of South Georgia. The time
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Fig. 9. Evolution of the two westward extensions of the SACCF 
north of South Georgia: (a) 1993; (b) 1995. Frontal positions, as 
determined from the model geopotential anomaly fields, are shown 
every 10 days. Areas shallower than 1000 m are shaded grey.
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Fig. 10. The formation of an eddy from the SACCF retroflection in 
OCCAM. Each subplot shows the mean frontal position from a 5- 
day period starting at the date given. Areas shallower than 1000 m 
are shaded grey.

series of the frontal movements from the model is 
shown in Fig. 8. The SACCF extends west of South 
Georgia twice during the 3 years of model output, 
with maximum extent in June 1993 and December 
1995. These westward extensions do not appear to be 
seasonal and vary in the time taken for the front to 
advance (95 days in 1993 cf. only 35 days in 1995 to 
move — 150 km). The shape of the SACCF as it 
extends differs between occasions (Fig. 9). In 1993, 
the SACCF is initially closer to the northern shelf of 
South Georgia than in 1995 and the point at which the 
front turns eastward along the island’s northern shelf 
remains further west than in 1995. A cyclonic eddy is 
shed from the retroflection in 1993 and the SACCF 
retreats, whereas in 1995, the SACCF continues 
advancing until its path is blocked by the Polar Front, 
which deflects the SACCF northeastwards (Fig. 7).

Four consecutive snapshots of the SACCF show 
the formation of the eddy in 1993 (Fig. 10 ). Once the 
eddy is shed the front retreats rapidly, moving more 
than 130 km within 20 days. The eddy propagates 
eastwards and rejoins the SACCF a month later. The

model run ends before we can see whether an eddy is 
shed at the end of the second westward shift in the 
retroflection. There is also evidence of warm core 
eddies forming along the SACCF with the same 
dimensions (radius of 45 km) as the large eddy visible 
in the drifter trajectory [Fig. 9(a)].

3.4. Implications for oceanic transport to South 
Georgia

Particles advected in the 5-day mean time-variant 
model velocity fields (52.35 m, level 3; Fig. 11) 
demonstrate the effect of the SACCF variability north
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Fig. 11. Trajectories o f particles tracked in the 5-day mean time- 
variant model velocity fields (52.35 m, level 3 in the model) 
released on (a) 1 January 1994 and (b) 1 January 1995. Release sites 
are marked with black circles. Areas shallower than 1000 m are 
shaded grey.
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of South Georgia on transport into the region. Par­
ticles were released from the same sites close to the 
Antarctic Peninsula on 1 January 1994 and 1 January 
1995, and tracked considering only advection with a 
second order Rnnge-Kutta scheme (Press et al., 
1992). The problems with the model circulation in 
the southern Scotia Sea mentioned earlier mean that 
the particles follow a route along the South Scotia 
Ridge with many of the particles taken south of the 
South Orkney Plateau. The main difference in the 
particle trajectories occurs north of South Georgia. All 
of the particles released in 1994 remain north of the 
South Georgia shelf and have retroflected east of 
37°W. Some of those released in 1995, however, 
reach the South Georgia shelf and are advected west 
of 40 °W. The particles take about a year to cross the 
Scotia Sea and reach South Georgia. Referring back to 
Fig. 8, it can be seen that the particles that drift 
beyond South Georgia in 1995, arriving there towards 
the end of the year, correspond to a western extension 
of the SACCF. Similarly, the particles released in 
1994 that reach South Georgia towards the end of 
1994 but do not travel as far west as the later particles 
correspond to the SACCF being further east. Thus, if 
the SACCF is responsible for the advection of krill 
into the region north of South Georgia, the move­
ments in the front will contribute to the variability 
observed in the South Georgia ecosystem.

Particles were also released into the model velocity 
fields, calculated for 15 m depth by weighting the 
upper two levels of the model, at the point of deploy­
ment of the drifter discussed in Section 2.3. However, 
the particles do not behave like the drifter and are 
taken northwards between South Georgia and Shag 
Rocks [marked in Fig. 1(b)] or west around Shag 
Rocks and northwards, similar to the tracks shown in 
Fig. 11 that pass close to Shag Rocks. This is due to a 
too strong Ekman effect in the model.

4. Discussion

The use of geopotential anomaly to locate the 
SACCF allows all available historical data to be used 
in this analysis (subject to quality control), including 
data that are not part of a synoptic section. This has 
given high horizontal resolution (1/4° x 1/4° ) of the 
circulation features in the eastern Scotia Sea. The

mean large-scale circulation as illustrated by the geo­
potential anomaly field agrees with the work of 
Gordon et al. (1978), Olbers et al. (1992) and Orsi 
et al. (1995), who all use historical datasets to show 
water from the southern ACC wrapping around South 
Georgia. Only Orsi et al. (1995) have resolved the 
position of the SACCF in the study region; our 
analysis shows the mean position of the retroflection 
of the SACCF to be at about 36° W, approximately 6° 
east of the corresponding position in the work of Orsi 
et al. (1995), and the front to be much closer to the 
southern shelf of South Georgia.

Mesoscale variability in the region north of South 
Georgia is evident in the geopotential anomaly field 
and in the drifter trajectory. OCCAM demonstrates 
both zonal movement of the front and eddy-shedding 
from the retroflection north of South Georgia. Trathan 
et al. (1997) describe variability in the physical 
oceanographic characteristics in the region northwest 
of South Georgia that suggests large-scale changes in 
the position of the SACCF on monthly time scales. 
This is consistent with the OCCAM results: between 
January and February 1994 (corresponding to the 
observation period of Trathan et al., 1997), the 
SACCF moves eastward by 30 km in the model.

The generation of eddies from the SACCF is 
important for cross-frontal transfer of properties into 
the waters north of the SACCF. The waters south of 
the SACCF, influenced by the Weddell-Scotia Con­
fluence, are rich in nutrients, especially silicate; hence, 
eddies from the SACCF could be an important mech­
anism for the enhancement of local productivity 
(Whitehouse et al., 1996). The cold core eddy that 
was formed in OCCAM rejoined the SACCF after 1 
month; data from the Southern Ocean Argo program 
(a global array of temperature/salinity profiling floats; 
Roemmich and Owens, 2000) should help to describe 
the characteristics and fate of these eddies in the 
ocean.

The variability observed in the hydrographic data 
and model output of the SACCF north of South 
Georgia is likely to be significant for the marine 
predator populations breeding on the western end of 
South Georgia. The breeding success of the predators 
is linked to the local abundance of krill. If, as 
hypothesised, the SACCF and the waters south of it 
are responsible for the transport of krill into the 
region, times when the front is further east could
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mean reduced availability of krill for the predators. 
Our analysis of historical hydrographic data has 
shown the mean position of the SACCF to be much 
further east than in other work; this makes fluctuations 
in the western extent of the front much more impor­
tant in terms of delivering krill into regions accessible 
by the predators. Eddies shed from the front may also 
transport krill into the region, thus the timing and 
frequency of these events and the fate of the eddies 
may have an impact on the South Georgia ecosystem. 
The resolution of the close proximity of the SACCF to 
the southern shelf of South Georgia shows that the 
SACCF may play an important role in transport to the 
southern South Georgia region. Once material reaches 
the South Georgia shelf, on-shelf processes such as 
tides may act to retain or circulate it on-shelf. These 
processes could provide an alternative transport route 
for passive drifters to reach the western end of South 
Georgia.

Finally, a note on the dynamics of the system. The 
short period of model output, with only two occur­
rences of the large westward shift in the position of 
the retroflection, means that we cannot definitively 
determine the mechanisms for the westward exten­
sions of the SACCF and the related eddy-shedding. 
However, the wind forcing in the nui of OCCAM 
considered here is the only forcing that is not cyclical 
(recall that surface temperature and salinity are 
relaxed to monthly climatological Levitus 1994 data, 
Section 3.1). The infrequency of the large extensions 
of the SACCF retroflection suggests that there might 
be a signal in the wind stress that predisposes the front 
to move zonally. Time series of the mean zonal and 
meridional wind stress averaged over the Scotia Sea 
(50-65°S, 70-30°W ) and over the study region, 
however, show no consistent feature that corresponds 
to the westward extensions of the SACCF. This 
suggests that wind stress does not play a direct role 
in triggering the movements o f the front. To 
strengthen this conclusion, mean annual output from 
the first run of OCCAM that was forced with cyclical 
climatological monthly wind fields (Webb et al., 
1998; Saunders et al., 1999) has been examined. 
The repetitive wind forcing means that if the move­
ments of the SACCF north of South Georgia were due 
to wind forcing, the mean annual positions of the front 
should be similar since the frontal extensions should 
occur at approximately the same time and rate each

year. However, they are not, suggesting that the 
extensions of the SACCF are the result of inherent 
instability in the modelled current rather than being a 
wind forced feature. We investigated possible relation­
ships between the frontal movements and variations in 
the volume transport of the SACCF and the ACC but 
found no direct link.

The SACCF north of South Georgia, with its 
westward extensions and evidence for subsequent 
eddy shedding, appears similar to the Agulhas Current 
south of Africa. Both currents are western boundary 
currents and both follow flh contours. The Agulhas 
Current is significantly more active than the SACCF 
(shedding much larger eddies at an approximate rate 
of six per year; De Ruijter et al., 1999) but it is 
associated with a much larger transport (73 Sv; Beal 
and Bryden, 1999). Pichevin et al. (1999) assert that 
the Agulhas Current sheds eddies to balance the zonal 
momentum flux associated with the retroflecting cur­
rent. As the transport of the SACCF is much smaller 
than that of the Agulhas Current, it is likely that the 
SACCF would not need to shed eddies as frequently 
as the Agulhas Current, nor would the rings need to be 
as large. This is what we observe in the OCCAM 
output. However, the association between the SACCF 
and the Agulhas Current is speculation at this stage 
and it is possible that the dynamics governing the two 
systems are completely different. A longer time series 
of model output and more detailed studies, such as 
process models, are required to better understand the 
dynamics of the SACCF in this region.

5. Summary

Analysis of historical hydrographic data in the 
South Georgia region of the Southern Ocean has 
mapped the SACCF at high resolution. The front 
follows the local bathymetry, wrapping anticycloni- 
cally around South Georgia and retroflecting north of 
the island at ~  36°W, 400 km east of the published 
mean position of the front. The geopotential anomaly 
field revealed temporal variability associated with the 
position of the SACCF north of South Georgia, 
suggesting shifts in the frontal position and/or the 
formation of eddies from the SACCF. Both processes 
are likely to be important for the local marine eco­
system by affecting the influx of krill into the region.
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The trajectory of a near-surface drifter released south­
west of South Georgia showed that the SACCF can 
extend much further west than the mean position.

A realistically forced global ocean circulation mo­
del (OCCAM) showed the SACCF to be dynamic in 
the region north of South Georgia with large zonal 
extensions covering a range of 300 km and shedding of 
both cyclonic and anticyclonic eddies. Trajectories of 
particles tracked in the time-variant model velocity 
fields demonstrate that the frontal movements do affect 
transport into the South Georgia region and are there­
fore likely to be of importance to the South Georgia 
ecosystem. It is possible that the SACCF variability 
results from inherent instability of the modelled cur­
rent rather than direct wind forcing, but further 
research into the system is required to determine the 
frontal dynamics.
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