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ABSTRACT

The complex export pathways that connect the surface waters of the Weddell Sea with the Antarctic Cir-

cumpolar Current influence water mass modification, nutrient fluxes, and ecosystem dynamics. To study this

exchange, 40 surface drifters, equipped with temperature sensors, were released into the northwesternWeddell

Sea’s continental shelf and slope frontal system in late January 2012. Comparison of the drifter trajectories with

a similar deployment in early February 2007 provides insight into the interannual variability of the surface

circulation in this region. Observed differences in the 2007 and 2012 drifter trajectories are related to a variable

surface circulation responding to changes in wind stress curl over the Weddell Gyre. Differences between

northwesternWeddell Sea properties in 2007 and 2012 include 1) an enhanced cyclonic wind stress forcing over

the Weddell Gyre in 2012; 2) an acceleration of the Antarctic Slope Current (ASC) and an offshore shift of the

primary drifter export pathway in 2012; and 3) a strengthening of the Coastal Current (CC) over the continental

shelf in 2007. The relationship between wind stress forcing and surface circulation is reproduced over a longer

time period in virtual drifter deployments advected by a remotely sensed surface velocity product. The mean

offshore position and speed of the drifter trajectories are correlated with the wind stress curl over the Weddell

Gyre, although with different temporal lags. The drifter observations are consistent with recent modeling

studies suggesting thatWeddell Sea boundary current variability can significantly impact the rate and source of

exported surface waters to the Scotia Sea, a process that determines regional chlorophyll distributions.

1. Introduction

The surface circulation of the northwestern Weddell

Sea impacts both local and remote ecosystem dynamics.

Boundary currents, such as the Antarctic Slope Current

(ASC) and theAntarctic Coastal Current (CC), described

below, transport Antarctic krill from spawning areas near

the coast to the Scotia Sea (Hofmann et al. 1998; Murphy

et al. 2004; Thorpe et al. 2004, 2007). Furthermore, shelf

waters around the Antarctic Peninsula and the South

Shetland Islands exhibit elevated concentrations of iron

(Fitzwater et al. 2000; Ardelan et al. 2010; Frants et al.

2012a,b) that promote biological productivity in regions

that are replete in macronutrients but limited in micro-

nutrients (Martin et al. 1990; Fitzwater et al. 2000). Ad-

vection of iron from the continental shelves of the

Weddell Sea to the Scotia Sea is a key reason for the

enhancement of surface chlorophyll in eastern Drake

Passage (Korb et al. 2004; Zhou et al. 2010; Thompson

and Youngs 2013; Wadley et al. 2014). Furthermore,

variability in these boundary currents mediates ex-

change between shelf and open-ocean waters. Changes

in the surface circulation that modify either theWeddell

Sea residence time or the flux of iron are likely to in-

fluence the timing and distribution of primary pro-

duction in the Scotia Sea.

Boundary current variability arises from either time-

dependent forcing and tidal motions or intrinsic variability

related to dynamic instabilities. Large-scale atmospheric
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forcing in the Southern Hemisphere is dominated by the

southern annular mode (SAM), which is manifested by

a strengthening and a southward shift of Southern

Hemisphere westerlies when the SAM is in its positive

phase (Marshall et al. 2004). Over the last 60 yr the SAM

index has, on top of natural variability, increased by one

standard deviation, largely because of ozone depletion

and other anthropogenic forcings (Marshall et al. 2004;

Thompson and Solomon 2002). Much of the work on the

oceanic response to the SAM has focused on the Ant-

arctic Circumpolar Current (ACC) (Hall and Visbeck

2002; Sen Gupta and England 2006; Meredith and Hogg

2006), although Simpkins et al. (2012) have linked

Antarctic sea ice extent to the SAM index as well. Re-

cently O’Kane et al. (2013) showed that variations in the

Southern Ocean zonal wind stress is dominated by their

first three empirical orthogonal functions, with SAM

captured in the first mode (33% of the variance) and El

Niño–Southern Oscillation (ENSO) expressed in the sec-

ond and third modes (17.3 and 12.1% of the variance).

Through the analysis of two surface drifter de-

ployments and a decade of surface velocity observations

from the Ocean Surface Current Analyses–Real Time

(OSCAR) product (Bonjean and Lagerloef 2002), we

conclude that changes in surface wind stress modify

the surface circulation of the northwestern Weddell

Sea. Critically, these changes are concentrated in the

Weddell Sea’s narrow boundary currents, especially the

ASC1 and the more shoreward CC. Renner et al. (2012)

first explored the dependence of surface export on at-

mospheric forcing in this region using a coupled sea ice–

oceanmodel (ORCA025–LIM2). They found that virtual

drifter trajectories released over a 43-yr period show

a negative correlation between the SAM index and travel

times to South Georgia Island. The reduced export time

during periods of increased westerlies was attributed to

a change in the surface currents, providing a tendency for

more drifters to move across the South Scotia Ridge into

the Scotia Sea, instead of through Bransfield Strait.

However, the simulated drifter trajectories were unable

to capture the strong mesoscale variability associated

with the ASC in this region (Thompson et al. 2014).

The ASC is generally found over or just offshore of

the shelf break (Gill 1973; Jacobs 1991; Whitworth et al.

1998) and can migrate onshore/offshore in response to

tidal fluctuations (Whitworth and Orsi 2006) or seasonal

fluctuations in the wind stress (Su et al. 2014). The CC,

on the other hand, is generally found over the conti-

nental shelf and is weaker than theASC. Themean flows

of the ASC and the CC move primarily along contours

of constant depth (or constant potential vorticity f/h;

Heywood et al. 2004). Together, the CC and the ASC

regulate exchange between shelf waters and the open

ocean (Nøst et al. 2011; Stewart and Thompson 2013).

Strong mean flows may provide a barrier to cross-shelf/

slope exchange, while variability in these currents offers

a mechanism to promote exchange. Lateral exchange

via mesoscale eddies may contribute significantly to the

onshore fluxes of warm Modified Circumpolar Deep

Water (MCDW) and the formation of Weddell Sea

Deep Water (WSDW; Whitworth et al. 1998; Stewart

and Thompson 2013).

In recognition of its importance as a gateway for ex-

change between the Weddell and Scotia Seas, the

structure of the ASC and the CC has been extensively

studied in this region. Heywood et al. (2004) used hy-

drographic data to determine the paths of the ASC and

CC near the South Scotia Ridge with a specific goal of

tracking the currents as they entered the complex to-

pography of the Weddell Scotia Confluence (Patterson

and Sievers 1980;Whitworth et al. 1994). TheASC closely

follows the 1000–1500-m isobaths, traveling along a to-

pographically steered route northward to the ACC.

Heywood et al. (2004) also identified a third offshore

frontal current, distinct from the ASC, and labeled it the

Weddell Front (WF). The WF follows the 3000-m isobath

around Powell basin to the south of the South Orkney

Plateau. Palmer et al. (2012) identified the ASC in a 508W
section south of the Hesperides Trough and at a 2100-m-

deep gap in the South Scotia Ridge at 61.28S, 518W and

found that the ASC travels cyclonically around the Hes-

perides Trough and flows into the Scotia Sea through

several relatively shallow gaps west of theOrkney Plateau.

Most observational studies of the CC and ASC have

relied on cross-front hydrographic sections to piece to-

gether the path of the boundary currents. Lagrangian

instruments offer a more direct representation of sur-

face export pathways, with the compromise of a reduced

suite of measurements, recording position, and temper-

ature only. In 2007, the Antarctic Drifter Experiment:

Links to Isobaths and Ecosystems (ADELIE) project

released 40 surface drifters along the World Ocean Cir-

culation Experiment (WOCE) SR04 section (Fig. 1),

(Thompson et al. 2009). The drifter trajectories revealed

strong steering by topography (Thompson et al. 2009)

and confirmed the large-scale structure of the export

pathways of the ASC and the CC proposed by Heywood

et al. (2004). Finer details of the circulation included the

merger of the ASC with the CC north of Joinville Ridge

1We note that the Antarctic Slope Front typically refers to the

subsurface water mass gradients that give rise to the frontal cur-

rent. The surface drifter data do not provide vertical information of

the water column structure. For consistency we refer to the ASC as

the strong surface current(s) found over the continental slope.
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and a subsequent divergence at the base of the South

Scotia Ridge (SSR). The trajectories also indicated the

potential for multiple routes over the SSR before merg-

ing to describe a cyclonic flow around the western end of

Hesperides Trough.

Since the ADELIE study provided only one re-

alization of the surface circulation, this motivated a re-

peat of the 2007 drifter deployment to examine the

robustness of the export pathways. The Gliders: Excel-

lent New Tools for Observing the Ocean (GENTOO)

project was conducted in January 2012 in the north-

western Weddell Sea and involved the deployment of

ocean gliders, a ship-based hydrographic survey, and

surface drifter deployments. This study will focus on the

surface drifter data, including a comparative analysis

with the 2007 ADELIE drifter trajectories. Section 2

describes the drifter data and other datasets used in our

analysis. We compare drifter trajectories and statistical

properties of the GENTOO and ADELIE deployments

in section 3. In section 4a, we present the case for a link

FIG. 1. The GENTOO study region. (top) Circles show the deployment locations of the GENTOO (2012, blue) and ADELIE (2007,

red) drifters. Deployments along transectsA andB of theGENTOOstudy are labeled. The 10% sea ice concentration line is drawn for the

date of deployment for both theADELIE (red) andGENTOO (blue) studies. Bathymetry is colored and the 500-, 1000-, 2000-, 3000-, and

4000-m isobaths are contoured. The bathymetry is from Smith and Sandwell (1997). (bottom)Depth of the deployment positions (dashed

lines) along transects A and B in 2012.
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between atmospheric wind patterns, sea ice variability,

and surface circulation in the northwestern Weddell Sea.

Discussion and conclusions are presented in section 5.

2. Data

a. Drifter data

On 24 and 26 January 2012, 40 ClearSat-15 mini-

drogue drifters were released across the continental

shelf and slope in the northwestern Weddell Sea from

the Royal Research Ship (RRS) James Clark Ross.

Figure 1 summarizes the deployment location of both

theGENTOOdrifter deployment in 2012 (blue) and the

ADELIE deployment in 2007 (red); for details of the

latter, see Thompson et al. (2009). While the ADELIE

drifters were deployed across the continental shelf and

slope to a depth of;4000m, the extent of theGENTOO

release was curtailed by the northward extent of the sea

ice edge. During GENTOO, 21 drifters were released

between depths of 475 and 2300m alongWOCE section

SR04, labeled transect A in Fig. 1, with ;5-km spacing.

The remaining 19 drifters were deployed along transect

B, with a tighter spacing of 2 km between depths of 850

and 3447m (Fig. 1). Figure 1 also shows the sea ice ex-

tent, given as the 10% ice concentration contour, on 24

January 2012 (blue) and 8 February 2007 (red).

The drifter data are archived with the Global Drifter

Program (www.aoml.noaa.gov/phod/dac/gdp.html). All

GENTOO andADELIEdrifters were drogued to a depth

of 15m as standardized during WOCE. Surface velocities

are calculated from the trajectories using 6-hourly sub-

samples following the method of Hansen and Poulain

(1996). This process includes a low-pass filter with a 38-h

cutoff to remove tidal and inertial oscillations (Falco et al.

2000). Following Niiler et al. (1995), the expected velocity,

or ‘‘slip,’’ imparted to a drifter from the surface winds is

less than 2cms21 relative to the water for wind velocities

up to 20ms21 while the drogue is still attached.

Figure 2 shows the available data from each drifter in

2012. Black dots represent Argos location fixes, while

light gray dots represent GPS location fixes; gray dots

represent a temperature measurement (cf. Table 1 in

Thompson et al. 2009). All 80 of the GENTOO and

ADELIE drifters transmitted position data via the

Argos satellite system. The Argos fixes were transmitted ap-

proximately once an hour with an accuracy of between 150

and 1000m (Lumpkin and Pazos 2007). To improve upon

this accuracy, 20 drifters in each study were also equipped

with GPS transmitters. While the GPS fixes are more

accurate, with an error as small as 25m, the available

GPS data were sparser in 2012 (Fig. 2; Thompson et al.

2009). The surface floats on themini-drogue drifters used in

2012 were smaller than the surface floats on the drifters

used in 2007, leaving them more susceptible to icing that

restrictedGPS communication (G.Williams 2012, personal

communication). All GENTOO and ADELIE drifters

FIG. 2. Summary of the GENTOO drifter data. Bars represent the time series of Argos

(black), sea surface temperature (gray), and GPS (light gray) positions. 20 of the 40 surface

drifters were equipped with GPS transmitters.
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were also equipped with a thermistor with an accuracy

of 0.18C (Hansen and Poulain 1996).

Drifter trajectories and drogue strain data were in-

spected visually to determine loss of drogue. During the

GENTOO deployment, loss of a drifter drogue typically

resulted in a loss of transmission on the same day. Portions

of drifter trajectories that occurred without a drogue are

not used in this analysis.A close examination of the causes

of drifter termination is provided inLumpkin et al. (2012).

b. Additional data

Sea ice concentrations were provided by AMSR-E

data in 2007 and SSMIS sea ice concentrations from

2012 as the AMSR-E satellite failed in late 2011. These

datasets can be found online (at www.iup.uni-bremen.de/

seaice/amsr/ and www.iup.uni-bremen.de:8084/ssmis/index.

html, respectively; Spreen et al. 2008). To complement the

velocity fields obtained from the surface drifters, we used

the OSCAR remotely sensed surface (average of 0–30-m

depth) velocity product obtained online (from http://

podaac.jpl.nasa.gov). OSCAR data are available on a
1/38 3 1/38 grid with one snapshot approximately every

5 days. This product computes global surface velocities

using sea surface height, wind, and temperature data and

was validated using Global Drifter Program surface drift-

ers (Bonjean and Lagerloef 2002; Johnson et al. 2007).

Near-surface wind stress data (monthly averaged)

were obtained from the ERA-Interim atmospheric

reanalysis (Simmons et al. 2007). ERA-Interim accounts

for the presence of sea ice by modifying the drag co-

efficient that governs the momentum transfer into the

ocean (Dee et al. 2011). While our primary focus will be

on the relationship between local wind stress curl and

the surface circulation, we will also consider larger-scale

connections with climate variability using times series

of SAM and ENSO. Our analysis employs monthly

estimates of the SAM index calculated from global ob-

servations and reported online (at www.antarctica.ac.

uk/met/gjma/sam.html; Marshall 2003). We also con-

sider ENSO variability using the Oceanic Niño Index
(ONI; from www.cpc.ncep.noaa.gov/products/analysis_

monitoring/ensostuff/ensoyears.shtml). The ONI is a 3-

month running average of ERSST.v3b sea surface

temperature (SST) anomalies in the Niño-3.4 region
(58N–58S, 1208–1708W).

3. Surface drifter analysis: GENTOO and
ADELIE comparison

a. Drifter trajectories

Figure 3 shows filtered drifter trajectories from both

theGENTOO (2012) andADELIE (2007) deployments

for the purpose of comparison. Because the ADELIE

drifters were deployed over a greater longitudinal extent

than the GENTOO drifters, in this study we focus our

comparison on drifters that share common deployment

longitudes along transect A (Fig. 3b). Immediately after

deployment in 2012, the GENTOOdrifters followed the

western boundary of Powell basin. They subsequently

split into two main cores over the 1000- and 2000-m iso-

baths along the southern boundary of the SSR (Fig. 3a).

On 20 February, the drifters shifted rapidly northward

over the SSR, crossing f/h contours. Along the northern

boundary of the SSR, topographic control resumed and

the drifters moved cyclonically around the western por-

tion of Hesperides Trough and then entered the Scotia

Sea through multiple gaps in the SSR. Afterward, the

drifters were entrained in the strong frontal currents of the

ACCand drifted eastward (Thompson andYoungs 2013).

Comparing drifter trajectories in 2007 and 2012 (Fig. 3b),

theADELIEdrifters occupied a region shoreward of the

GENTOO drifters. A stagnation point at the base of the

SSR was a key feature of the ADELIE trajectories,

which was not observed in the GENTOO trajectories.

During ADELIE, the trajectories were partitioned be-

tween those that entered Bransfield Strait, those that were

entrained in a standing eddy, and those that traveled

eastward along the SSR. In contrast to the ADELIE

trajectories, no drifters entered Bransfield Strait in 2012,

and only a single GENTOO drifter was entrained in the

standing eddy south of Clarence Island (Fig. 3b).

b. Statistics

Differences between the two drifter deployments also

extend to statistical assessments of the trajectories. Table 1

summarizes drifter statistics from both deployments as

well as subgroups of each deployment. Diagnostics used to

characterize the trajectories include (i) the number of and

time for drifters to cross 608S and (ii) the isobath, or water

column depth at a given drifter position, averaged over

time and all trajectories for each deployment. The former

is useful since all drifters that are carried north of 608S
left the Weddell Sea, and as such it represents a residence

time. The latter is a proxy for the core of the ASC. The

two drifter groups that are best suited for comparison

are the GENTOO drifters released along transect A and

the subset of the ADELIE drifters released in the same

longitude band. Comparing just these drifters, a greater

number of GENTOO drifters crossed 608S despite a more

northward sea ice extent in 2012. The GENTOO drifters

experienced a longer lifespan, although the standard de-

viation exceeds the mean. The GENTOO drifters also

have a deepermean isobath at 19106 1256mas compared

with 1496 6 1110m for the ADELIE deployment, sug-

gesting a more offshore location of the ASC in 2012.
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Comparing the deployment A subsets, the GENTOO

drifters experienced shorter residence times in the

Weddell Sea (Table 1). For ADELIE, it took 74 days for

the lone drifter to cross 608S, but for GENTOO, it took

an average of 65 6 7 days. These values are based on

a small sample size, but they do agree with the numerical

results of Renner et al. (2012). In agreement with the

complete dataset, the mean isobath of the GENTOOA

drifters is 2190 6 1297m, while the average of the

ADELIE subset is 1048 6 592m.

Drifter velocities are calculated from the filtered

drifter trajectories using a finite difference method be-

tween neighboring location fixes. Velocities are gridded

into bins of 0.48 longitude and 0.28 latitude, so that bins

are roughly square at this latitude (Thompson et al.

2009). The northern extent of the velocity grid is 608S to

avoid contamination from the substantially larger ACC

velocities. Although more refined methods of calculat-

ing the mean velocity fields exist (e.g., Koszalka and

LaCasce 2010; LaCasce 2008), the binned means are

used for simplicity. The time-mean velocity u(x) is cal-

culated from the binned velocities if the bin has greater

than four independent measurements. Residual velocity

vectors u0(x, t) are calculated as the difference between

the instantaneous velocities and the binned average:

u0(x, t)5 u(x, t)2u(x) , (1)

where u(x) is the mean velocity vector of the bin in which

u(x, t) is located (LaCasce 2008; Bauer et al. 1998).

Statistical characterization of the drifter trajectories

requires an estimate of independent velocity observa-

tions. Velocities are considered independent if they are

separated by the Lagrangian time scale T or longer.

FIG. 3. (a) Filtered trajectories of the ADELIE (2007, red) and GENTOO (2012, blue)

drifters. (b) Filtered trajectories of the GENTOO (blue) and ADELIE drifters (red) that were

deployed within the same longitude band along transect A. The 500-, 1000-, 2000-, 3000-, and

4000-m isobaths are contoured.
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Determination of T requires the calculation of the eddy

diffusivity k, which under the assumption of a homoge-

neous and stationary flow is defined as

k5 lim
t/‘

8, 8(t)[

ðt
0
R(t) dt . (2)

Here,R(t) is the Lagrangian autocovariance of the eddy

velocity, and t is the time lag (Bauer et al. 1998; LaCasce

2008; Thompson et al. 2009; Klocker et al. 2012b). The

Lagrangian time scale T is then calculated using the

eddy velocity variance s2, such that T 5 k/s2 (Bauer

et al. 1998; Falco et al. 2000). The Lagrangian length

scale L is calculated by multiplying the Lagrangian time

scale T by the root-mean-square eddy velocity. The bin-

ned velocities are then recalculated, only keeping velocity

observations separated by a time greater than T. The

Lagrangian autocovariance (not shown) exhibits the ca-

nonical negative lobe after its first zero crossing, which

artificially suppresses k if the integral in (2) is carried out

over too short a time period (Klocker et al. 2012a,b). Our

calculation of k involves an integration over a time suf-

ficiently longer than this initial negative lobe. Based on

the work of Klocker et al. (2012a), we recognize that the

deployment of only 40 surface drifters is likely to result in

eddy diffusivities with considerable error; however, this

statistical diagnostic provides a useful comparison be-

tween the ADELIE and GENTOO deployments.

The values of Tu,y, the Lagrangian length scales Lu,y,

the velocity variances s2, and the eddy diffusivities k,

calculated for GENTOO and ADELIE drifters in the

zonal u and meridional y directions, are given in Table 2.

The table also provides estimates of these statistics after

rotating velocities into local along- and across-bathymetry

components (approximately contours of f/h; see Thompson

et al. 2009). The values presented in Table 2 differ from

Thompson et al. (2009) because they are computed using

different average velocity fields. In this study, historical

drifter trajectories are not used in the calculation of the

average field, but velocities from the newGENTOOdata

are included. In both geographic and f/h coordinates, the

decorrelation time and length scales are shorter for the

GENTOO deployment. On the other hand, the velocity

variances are similar, indicating that the variability ex-

perienced by the drifters was comparable. The shorter

decorrelation scales result in weaker eddy diffusivities

from the 2012 drifters. A stronger mean flow, as in 2012,

will advect mesoscale features more rapidly along the

continental slope, which will suppress either L or the

decorrelation time scale as eddies spend less time at any

TABLE 1. Summary of drifter statistics: number of drifters, mean and standard deviation of drifter lifespan, number and percentage of

drifters that cross 608S, and mean and standard deviation of drifter residence time (time between deployment and crossing of 608S).
Statistics are calculated for all the ADELIE drifters, the subset of ADELIE drifters released within the GENTOO deployment band, the

entire GENTOO deployment and deployment along transects A and B separately. When three values are shown, the highest and lowest

are the 95% confidence intervals.

ADELIE

ADELIE

subset

ADELIE

OSCAR GENTOO

GENTOO

transect A

GENTOO

OSCAR

Total number of drifters 39 18 40 36 21 40

Drifter lifespan (days) 56 43 (47) 52 (57) 70 51 (149) 150 (150)

Standard deviation (days) 47 31 (15) 19 (24) 82 65 (0) 0.5 (7)

No. crossing 608S 3 1 (0) 0.5 (2) 11 3 (23) 28 (32)

Percentage crossing 608S 7.5% 5.6% (0%) 1.3% (5%) 28% 14% (58%) 70% (80%)

Residence time (days) 68 74 (79) 83 (88) 60 65 (111) 117 (124)

Standard deviation (days) 8 0 (0) 0.5 (3) 6 7 (19) 23 (26)

Mean isobath (m) 1496 1048 (1695) 1798 (1927) 1901 2190 (2377) 2494 (2599)

Standard deviation (m) 1110 592 (837) 921 (988) 1256 1297 (368) 456 (531)

TABLE 2. Lagrangian time T (days) and length scales L (km), velocity variances hu02, y02i (cm2 s22), where h i indicates a temporal and

spatial average, and eddy diffusivities k (106 cm2 s22). Statistics, calculated from (1) and (2), are provided for theGENTOOandADELIE

deployment as well as the combined trajectories.

Geographic Tu Ty Lu Ly hu02i hy02i ku ky

ADELIE 0.51 0.76 3.29 5.07 55.9 59.5 2.51 3.87

GENTOO 0.31 0.56 1.97 3.64 54.3 56.5 1.45 2.73

Combined 0.42 0.67 2.69 4.42 55.1 58.2 2.02 3.39

f/h Talong Tacross Lalong Lacross hu02alongi hy02acrossi kalong kacross

ADELIE 0.66 0.46 4.59 2.99 64.7 56.6 3.71 2.26

GENTOO 0.24 0.34 1.78 2.21 74.0 56.5 1.53 1.67

Combined 0.46 0.41 3.30 2.67 68.9 56.6 2.72 1.99
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given location and are less efficient mixers of tracers

(Ferrari and Nikurashin 2010). Finally, we note that the

statistical properties in geographic coordinates are more

isotropic in 2012, which is consistent with the ASC’s

offshore position and a reduction in bathymetric control.

A striking feature of the binned velocity fields, shown

in Figs. 4a and 4b, is the reduced spatial coverage of the

GENTOO drifters in 2012, in particular the absence of

drifters in Bransfield Strait or in the eastern Powell basin

(Fig. 4b). Another notable difference is that in 2012, the

drifter trajectories followed a northward path along the

western side of the Powell basin, while during 2007 a large

portion of the drifters were carried to the northwest away

from the Powell basin toward Bransfield Strait (Fig. 4).

The spatial structure of eddy kinetic energy (EKE) and

mean kinetic energy (MKE) is shown in Fig. 5, where

FIG. 4. Themean velocity field calculated from the (a) ADELIE and (b) GENTOOdrifters using a 0.28 3 0.48 grid.
(c) The mean velocity fields from the OSCAR product averaged over January to March 2007 and January to March

2012. (d) The difference in velocity between 2007 and 2012 (u2007 2 u2012), with velocities plotted if they have

a magnitude greater than 3 cm s21. Contour lines are every 1000m.
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FIG. 5. Statistical properties of the (left) ADELIE and (right) GENTOO drifter trajectories:

(a),(b) total number of observations, (c),(d) eddy kinetic energy (cm2 s22), and (e),(f) mean kinetic

energy (cm2 s22). The (g) lower and (h) upper 95% confidence intervals for GENTOO EKE. The

contour lines are every 1000m.
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MKE(x)5
1

2
(u21 y2), EKE(x)5

1

2
(u021 y02) , (3)

where overbars indicate a time average. Differences in

drifter trajectories make a direct comparison difficult;

however, both EKE and MKE are elevated over the

southern boundaries of the SSR in 2012. The transition

region between the Weddell and Scotia Seas, well re-

solved in 2012, is characterized by strong mean flows but

relatively lowEKE, as expected by a flow that is stabilized

by a steep continental slope. The highest MKE values in

2012 are found over the SSR, near a trough located at

528W.The 95% confidence intervals are computed for the

GENTOO EKE using a bootstrapping technique follow-

ing Thompson et al. (2009; Figs. 5g,h). See Thompson

et al. (2009) for the ADELIE error computations.

c. Modeled drifters

With the intention of using the OSCAR surface ve-

locity fields to explore a longer time series of Weddell

Sea surface circulation variability, we first validate the

OSCAR product against the observed drifter trajecto-

ries in 2007 and 2012. Virtual drifters were released on

8 February 2007 and 24 January 2012 and were then ad-

vected forward in time for a period of 150 days using the

OSCAR surface velocities (Fig. 6). The particle advection

scheme is the same as the one employed by Renner et al.

(2012), including the magnitude of the random white

noise added at each time step. The 2007 trajectories (red)

show a bifurcation point at 62.58S, 558W that is consistent

with the ADELIE drifter trajectories (Fig. 6). Almost all

2007 drifters released shoreward of the shelf break (500-m

isobath) are diverted into Bransfield Strait, while those

released farther offshore continue around Powell basin

and Hesperides Trough. For the 2007 deployment, the

OSCAR drifters cannot be advected for the full 150 days

because of encroachment by sea ice and subsequent loss

of OSCAR velocities. This loss of the modeled drifters is

consistent with the observed slower advection of the

ADELIE drifters and their limited export from the

Weddell Sea. The virtual drifters released in 2012 realize

trajectories that are farther offshore than in 2007.

To confirm that these differences in trajectories are

robust, we repeated the virtual drifter experiment 200

times. The addition of random noise leads to changes in

the trajectories, which allow us to present confidence

intervals: the upper and lower 5% of the various di-

agnostics in Table 1. The mean isobaths for the modeled

deployments are 17986 921m in 2007 and 24946 456m

in 2012. Some discrepancies between the modeled and

observed trajectories exist. For instance, the modeled

trajectories do not capture the cross-slope transport

onto the SSR in 2012 (Fig. 6), and therefore the average

depth is deeper than in the GENTOO drifters. Also, in

2012 the modeled drifters are not overtaken by sea ice,

which leads to a longer lifespan and a smaller standard

deviation. In 2007, the sea ice overtakes the modeled

drifters more rapidly than in the ADELIE deployment,

which reduces the lifespan compared with the ADELIE

trajectories. Despite these differences, the relative po-

sition of the ADELIE and GENTOO deployments is

maintained in themodeled drifter deployment. Thus, for

the purpose of comparing the cross-slope shifts of the

ASC, the OSCAR velocity fields can be used.

A second set of virtual drifter experiments were car-

ried out to test the sensitivity of the trajectories, and

FIG. 6. Virtual drifter trajectories advected by the OSCAR velocity fields following a release

on (red) 8 Feb 2007 and (blue) 24 Jan 2012. The drifters are advected for a period of 150 days or,

in 2007, until data loss due to sea ice encroachment. The 500-, 1000-, 2000-, 3000-, and 4000-m

isobaths are contoured. Compare with the observed trajectories in Fig. 3.
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especially differences betweenADELIE andGENTOO

deployments, to initial conditions. These perturbation

experiments used surface velocity fields from 2007 and

2012 but employed the same baseline starting positions,

which coincide with the GENTOO deployment loca-

tions on 7 February. From the baseline date and loca-

tions, each run involved a random perturbation of the

initial drifter positions in both space, a maximum of

60.058 latitude and 60.18 longitude, and time, a maxi-

mum of 62 days. We find that mean velocities over all

trajectories and the advection period vary little, ranging

from 0.200 to 0.204ms21 in 2012 and from 0.193 to

0.198ms21 in 2007. The mean isobath ranges from 2464

to 2771m in 2012 and from 1796 to 2230m in 2007. Fi-

nally, we completed an additional 125 virtual drifter ex-

periments from these same start locations but without the

spatial/temporal perturbation to determine the degree of

inherent variability. Diagnostics from the perturbation

experiments all fall within 4% of the unperturbed ex-

periments. Most importantly, neither the mean velocities

nor the mean depths of the 2012 and 2007 perturbation

deployments overlap. This indicates that differences in

the ADELIE and GENTOO trajectories represent

a physical change in the surface circulation and are not

simply related to advection by a chaotic flow.

Finally, we compared the OSCAR velocity fields for

2007 and 2012; the mean velocity and the difference in

velocities are shown in Figs. 4c and 4d, respectively. In

the latter case, only velocities that exceed 3 cm s21 are

plotted. Overall, the circulation in these 2 yr is similar,

dominated by a cyclonic flow around Powell basin.

Changes in the surface circulation are largely confined

to the regions near the shelf break, indicative of modi-

fications to the boundary currents in this region. The

major changes include a dipole located over the conti-

nental shelf near Joinville Island, indicating a strength-

ening of the CC in 2007, and a cyclonic feature at the

eastern edge of the SSR, suggesting a strengthening of

theASC south of the SSR in 2012 (Fig. 4d).We note that

narrow boundary currents will not be fully resolved in

the 1/38 OSCAR fields, so there may be additional

structure or more intense changes to the CC and ASC

that are not captured. For example, the GENTOO

drifters experience a large cross-slope advection over

the southern SSR between 18 and 23 February, which is

not captured in the remotely sensed OSCAR velocities.

4. Surface export

a. Links to environmental forcing

As summarized above, the ADELIE drifters entrained

in the ASC largely remained shoreward of the 1000-m

isobath prior to reaching the SSR. Thompson et al. (2009)

determined that the CC joined with the ASC in 2007

north of Joinville Ridge, where the continental slope

steepens. The GENTOO trajectories covered a larger

portion of the continental slope over the western Powell

basin, with two main cores along the 1000- and 2000-m

isobaths. We propose that this change in the surface cir-

culation resulted fromaweaker CC and an intensification

and offshore shift of the ASC in 2012, as compared with

2007. Here, we make use of other existing datasets to

support this claim.

Atmospheric forcing is likely to have the primary

control over variability in the surface circulation. The

most direct measure of the surface forcing is the wind

stress curl over the Weddell Sea, and we focus on the

gyre-integrated wind stress (Fig. 7a) due to the sensi-

tivity of the gyre’s baroclinic circulation to this forcing

(Gordon et al. 1981; Meredith et al. 2008). Additionally,

we consider the relationship between the surface wind

stress and larger-scale climate indices including SAM

and ENSO (Figs. 7b,c). The correlation between the

3-month running average SAM index and the 3-month

running average wind stress curl is 20.34 with a signifi-

cance of p , 0.05. Similarly, we find a correlation be-

tween the wind stress curl and ENSO (also a 3-month

running average) of 0.16 with a significance of p , 0.05.

Correlations were computed for various lags, but the

correlation is strongest at zero lag. Beyond the stronger

correlation with SAM, the primary frequency of vari-

ability in the wind stress curl matches more closely with

SAM variability, whereas ENSO variability has less

power at higher frequencies (Fig. 7).

Throughout 2012, the sea ice extent was farther

northward than in 2007 (Fig. 8). This distribution is

consistent with elevated southerly winds (not shown)

and stronger cyclonic wind stress curl during 2012, as-

suming that the sea ice distribution is responding to both

atmospheric wind forcing and advection by the surface

currents. Note that the sea ice extent is close to the

drifter positions as they traverse the SSR on 20 February

2012 (Fig. 8). The SST is another indication of envi-

ronmental conditions during the deployments. SST re-

corded from the drifters (Fig. 9) shows good agreement

with remotely sensed SST data (not shown). SST re-

corded by the drifters in 2012 (Fig. 9) suggest that sea ice

was not actively forming in the northwestern Weddell

Sea during this time, but rather was advected into Powell

basin. This provides further evidence that the cyclonic

circulation was enhanced in 2012. During 2007 (Fig. 9a),

SST is between 20.58 and 08C in the core of the CC and

ASC,with cooler temperatures over the continental shelf.

Warmer temperatures (;0.258C) are found in the per-

sistent eddy south of Clarence Island; there are only a few

drifter trajectories that consistently show temperatures
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over 08C. In 2012 (Fig. 9b), SSTwithin theASC is roughly

0.58Cwarmer. These warmer temperatures are especially

evident over the SSR, where SST values are consistently

near 18C around the Hesperides Trough.

b. Export variability from modeled drifters

Drifter data collected in 2007 and 2012 provide two

realizations of the northwestern Weddell Gyre’s surface

circulation. Agreement between the trajectories derived

from the OSCAR data and the ADELIE/GENTOO

drifter trajectories gives us confidence to explore vari-

ability in other years. While the relationship between

observed differences in the drifter trajectories and at-

mospheric forcing is suggestive of a causal link, it is

necessary to test this hypothesis using a longer time

series. In this section, we present an analysis of the

OSCAR surface velocity dataset in the years 2000, 2002,

and 2007 through 2013; use of these years is basedondata

availability. This analysis follows the work of Renner

et al. (2012); however, hereweuse velocities derived from

observational data rather than simulated velocity fields.

We note that although the OSCAR data do not resolve

mesoscale variability in this region, the observed veloci-

ties arise from interactions between mesoscale motions

and the larger-scale mean circulation.

For each experiment, virtual drifters were released on

7 February along theGENTOOdeployment lineA. The

date 7 February was chosen both to coincide with the

ADELIE deployments and because it allows for maxi-

mum OSCAR data availability. Data availability is

limited primarily by sea ice cover. Virtual drifters were

advected for a period of 45 days; 400 drifters were

deployed each year with 10 drifters released at each

GENTOO deployment location. Different trajectories

FIG. 7. (a)Map of theWeddell Gyre in which the box represents the averaging region for the

wind stress curl shown in the lower panels. The contour line is drawn at sea level. Time series of

wind stress curl over Weddell Sea compared with the (b) SAM index and (c) ENSO. The

correlation between SAM and wind stress curl is 20.34 and between El Niño and wind stress
curl is 0.16 both with p , 0.05.
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arise from the same deployment location because of the

random noise that is applied during the advection al-

gorithm.We focus on two diagnostics, the average speed

of the drifters and the mean isobath, as computed in

section 3d. Figure 10 shows the time series of the mean

speed (Fig. 10a) andmean isobath (Fig. 10b) for the 9 yr,

along with interannual variability in the wind stress curl.

In each panel, the wind stress represents an average over

a 3-month period. To account for lags between changes

in wind stress and changes in the surface circulation,

correlations were calculated at various temporal lags.

The 3-month periods plotted in Fig. 10, different for

each panel, represent the strongest correlation.

Figure 10a compares the average speed of the drifter

to wind stress curl averaged over January–March (JFM).

Over the 9 years available, the correlation is20.79, with

a significance of p , 0.05. Note that a negative wind

stress curl is associated with a strengthening of the cy-

clonic circulation of the gyre. The peak in correlation

during JFM indicates that there is little lag between the

changes in wind stress curl and the average speed of the

ASC in the Weddell Sea. This result is in agreement with

the classic picture of the ASC being a primarily wind-

driven feature (Gill 1973). An enhanced cyclonic wind

stress will lead to an enhanced sea surface height gradient

along the boundary of the Weddell Gyre and a stronger

geostrophic flow. In contrast, the average isobath of the

drifter trajectories is found to have its strongest correlation

with wind stress curl calculated over October–December

(OND), with a correlation of 0.63 with a significance of

FIG. 8. (a) Northern extent of the 10% sea ice concentration during the 2007 ADELIE

deployment on 12 February (blue), 22 February (red) and 1 April (green). (b) As in (a), but for

the 2012 GENTOOdeployment. In both panels colored dots indicate drifter positions on these

same dates. Drifter trajectories are shown as gray curves. The 500-, 1000-, 2000-, 3000-, and

4000-m isobaths are contoured. The sea ice extent was south of 648S on 12 and 22 Feb 2007.
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p 5 0.07 (Fig. 10b). This suggests that increases in the

cyclonic wind stress over the Weddell Sea lead an off-

shore shift of the ASC by a period of 2 to 5 months. The

shift of the ASC is related to the baroclinic adjustment

of the gyre circulation and therefore is not an in-

stantaneous process like the Ekman transport. The multi-

month lag is in good agreement with a recent idealized

analysis of Su et al. (2014), as discussed below.

FIG. 9. Sea surface temperature as recorded by the surface drifters from (a) 2007 (ADELIE deployment) and (b) 2012

(GENTOO deployment). The 500-, 1000-, 2000-, 3000-, and 4000-m isobaths are contoured.

FIG. 10. (a) Time series of wind stress curl averaged over theWeddellGyre during JFM (solid

curve) and the mean speed of virtual drifters (dashed curve) released in the same years and

advected by the OSCAR surface velocity product. (b) Time series of wind stress curl averaged

over the Weddell Gyre during OND (solid curve) and the average depth of the virtual drifters

(dashed curve). Correlation between JFM wind stress curl and average velocity is 20.79 with

significance p, 0.05. Correlation betweenONDwind stress curl and average depth is 0.63 with

significance p 5 0.07. The error bars shown are the 95% confidence intervals computed from

the mean standard error.
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5. Discussion and conclusions

a. Links to boundary current variability

The two drifter datasets discussed in this study offer

a first observational glimpse at interannual variability in

the ASC boundary current system in the northwestern

Weddell Sea. Variability in both the speed and position

of these currents at time scales spanning interannual,

seasonal, and shorter periods have become evident from

recent studies (Gordon et al. 2010; Jullion et al. 2010).

The coupling between Weddell Sea wind stress forcing,

fluctuations in boundary current characteristics, and

export properties to the Scotia Sea is well documented

(Gordon et al. 1981; Martinson et al. 1981). Meredith

et al. (2008) pointed out that modifications in the gyre’s

baroclinicity, related to a doming of isopycnals, could

impact isopycnal slopes and outcropping at key sills,

such as the Orkney Gap. This mechanism was proposed

to explain interannual variability in properties of deep

water exported to the Scotia Sea. The sense of the dom-

ing, specifically both an increase in baroclinic transport as

well as an offshore shift of this boundary current, is also

consistent with the drifter observations and the OSCAR

experiments described in this study.

Changes in the Weddell Gyre’s baroclinicity occur

primarily within its boundary currents. Jullion et al.

(2010) suggested that frictional processes might gener-

ate a relatively rapid response to changes in the wind

forcing. Analyzing variations in water mass properties at

theWOCE SR1b section, they found a strong correlation

with Weddell Gyre wind stress at a lag of 5 months. The

true response of the gyre would be shorter than this since

the 5 months includes advection of the signal to the SR1b

section. More recently, Su et al. (2014) considered an

idealizedWeddellGyre using a residualmean framework.

This work found that mesoscale activity at the gyre

boundary, parameterized as eddy diffusivity, makes the

dominant contribution to changes in stratification. Spe-

cifically, themodel was able to reproduce the observed lag

between seasonal changes in the wind forcing and the

temperature fluctuations related to migrating isopycnals

over the continental slope in the northwestern Weddell

Sea. Using the OSCAR data, we also recover a 2- to

5-month lagged correlation between wind stress curl and

the position of theASC, as determined by themean depth

of deployments in various years.

Together these studies suggest a sensitivity of theASC

to surface wind forcing that is summarized in Fig. 11. In

years when the wind stress curl intensifies, the cyclonic

circulation of theWeddell Sea, and in particular theASC,

accelerates, which increases the probability that surface

waters entrained in the ASC are delivered to the Scotia

Sea over the SSR. Yet, the intensification of the ASC is

also accompanied by an offshore shift of the current, such

that in years of strong wind stress curl delivery ofWeddell

shelf waters is likely reduced. This occurs because the

intensification of the ASC results in a steepening of iso-

pycnals across the boundary current and a deeper iso-

pycnal outcropping on the continental slope that shifts the

ASC away from the shelf break (Meredith et al. 2008; Su

et al. 2014). An additional effect is that a stronger mean

flow will produce a more effective barrier to cross-front

transport as lateral advection of mesoscale eddies re-

duces their efficiency to locally stir tracers. This mean-

flow suppression of mixing has been shown to be relevant

for cross-stream transport in the ACC (Ferrari and

Nikurashin 2010).

Thus, we propose that a strengthening of the cyclonic

wind stress curl results in a reduction in surface water

cross-shelf exchange in the northwestern Weddell Sea.

FIG. 11. Schematic summarizing the impact of changes in Weddell Sea wind stress forcing on the position and strength of the Antarctic

Slope Current as well as cross-shelf/slope transport properties.
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This relationship finds support in the study of Thompson

andYoungs (2013), which showed that surface chlorophyll-

a concentrations in both the Powell basin and the Scotia

Sea covary with the SAM index. In particular, chlorophyll-

a concentrations are enhanced in years of weaker SAM

index, whichwould be consistent with a weakerASC that

is located farther onshore. In this case, the ASC, which is

the primary source of iron for the Scotia Sea south of the

southern ACC front (Tagliabue et al. 2009; Wadley et al.

2014), would have greater access to the shelf where iron-

rich sediment fertilizes thewater column.AweakerASC

would also reduce the effectiveness of this current as a

barrier to cross-shelf transport due to weaker isopycnal

and potential vorticity gradients (Flexas et al. 2005). In

contrast, as the wind stress curl intensifies, the Weddell

Sea continues to inject surface waters in the Scotia

Sea, but these are less likely to contain iron-rich shelf

waters, which may limit primary productivity. This

sensitive relationship between boundary current vari-

ability and larger-scale ecosystem dynamics requires

further study and will require a careful assessment of

mesoscale processes that are often poorly resolved in

numerical models.

Variability in the drifter trajectories across the dif-

ferent years when OSCAR was available make a con-

vincing case that the large-scale surface circulation is

strongly influenced by the wind stress curl. However, it is

important to note that the OSCAR data are quite coarse

compared with the typical scale of mesoscale features in

this region, 10km or even smaller over the shelf. Much of

the finescale structure of the trajectories is not captured

by the virtual drifters. A specific example is the abrupt

transport of 10 drifters across the continental slope and

onto the continental shelf of the SSR on 20 February

2012. This motion could be related to localized processes

such as the interaction of tides with bathymetric features,

sea ice, or even large icebergs, which may lead to large

deviations in the modeled drifter trajectories.

b. Summary

The GENTOO drifter study represents the rare op-

portunity to repeat a Lagrangian experiment in a region

with limited observations of temporal variability on both

short (mesoscale) and long (interannual) scales. TheASC

and CC are critical components of the exchange of Ant-

arctic marginal water masses with the greater Southern

Ocean, and their variability is poorly understood.

Acknowledging the modified deployment strategy

enforced by the anomalous sea ice extent in 2012, drifter

trajectories between 2007 and 2012 exhibited substantial

differences. The most prominent of these changes was an

intensification of the CC in 2007 and an offshore shift and

strengthening of theASC in 2012. Both the intensification

of the ASC and its position over deeper waters in 2012

would have limited the exchange of water masses across

the shelf break in 2012 and reduced the delivery of shelf

waters to the Scotia Sea. This is supported by higher sea

surface temperatures in 2012 (Fig. 9) and a reduction in

remotely observed chlorophyll levels both in the north-

western Weddell Sea and in the southern Scotia Sea

(Thompson and Youngs 2013).

Differences in these circulation properties are linked

to atmospheric forcing, specifically the wind stress curl

over the Weddell Gyre, and are shown to hold over al-

most a decade of realizations using virtual drifters

advected by the OSCAR surface velocity product. Wind

stress curl over the Weddell Gyre correlates well with

larger-scale variability in the SAM index (Fig. 7; Jullion

et al. 2010; Renner et al. 2012) and also relates to changes

in drifter trajectory characteristics, similar to the findings

ofRenner et al. (2012). Surface circulation properties that

vary in response to wind forcing include not only the in-

tensity of the ASC, which is elevated during years of

stronger wind stress curl, but also an offshore shift of the

ASC. The benefit of using the OSCAR dataset is that

despite its relatively coarse resolution, the large-scale

velocities that are captured arise from interactions with

the smaller-scale mesoscale eddy field.

The relationship between the SAM and the Weddell’s

regional outflow is intriguing and merits further in-

vestigation, especially since the SAM has been linked to

anthropogenic forcings (Marshall et al. 2004). We sug-

gest here that an equally important result arising from

changes in surface forcing is the impact on cross-frontal

exchange that mediates the delivery of unique water

properties over the continental shelf to the open ocean

(Fig. 11). We suggest that the combination of an en-

hanced mean flow and an offshore shift suppresses ex-

change with the shelf, effectively shielding the drifters

from the colder and iron-rich shelf waters that the

ADELIE drifters traversed in 2007. This shielding is

consistent with a potential vorticity framework, with

enhanced frontal currents associated with stronger hor-

izontal potential vorticity gradients that separate shelf

and slope waters as shown by Flexas et al. (2005).

A challenge, though, is that there is ample evidence

that cross-slope and cross-shelf exchange depends on

mesoscale processes (Dinniman et al. 2011; Stewart and

Thompson 2013) that are difficult to capture in general

circulation models. Lagrangian drifters have proven to

be an effective means of observing exchange between

the Antarctic margins and the greater Southern Ocean

near the Antarctic Peninsula, and Lagrangian tech-

niques may have a broader role to play around Ant-

arctica in identifying the surface exchange of glacial

meltwater.
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