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Abstract The Weddell Sea is of global importance in the formation of dense bottom waters associated
with sea ice formation and ocean-ice sheet interaction occurring on the shelf areas. In this context, the
Weddell Sea boundary current system (BCS) presents a major conduit for transporting relatively warm
water to the Weddell Sea ice shelves and for exporting some modified form of Wedell Sea deep and bottom
waters into the open ocean. This study investigates the downstream evolution of the structure and the
seasonality of the BCS along the Weddell Sea continental slope, combining ocean data collected for the
past two decades at three study locations. The interannual-mean geostrophic flow, which follows planetary
potential vorticity contours, shifts from being surface intensified to bottom intensified along stream. The
shift occurs due to the densification of water masses and the decreasing surface stress that occurs
westward, toward the Antarctic Peninsula. A coherent along-slope seasonal acceleration of the barotropic
flow exists, with maximum speed in austral autumn and minimum speed in austral summer. The
barotropic flow significantly contributes to the seasonal variability in bottom velocity along the tip of the
Antarctic Peninsula. Our analysis suggests that the winds on the eastern/northeastern side of the gyre
determines the seasonal acceleration of the barotropic flow. In turn, they might control the export of
Weddell Sea Bottom Water on seasonal time scales. The processes controlling the baroclinic seasonality of
the flow need further investigation.

Plain Language Summary In the Weddell Sea, large amounts of seawater are cooled to become
dense and sink, carrying signals of human-induced changes such as atmospheric carbon into the abyss
of the ocean. Understanding the variability of the ocean currents at the Antarctic continental margin is
critical because it controls both the export of the dense water formed in these areas and the access of warm
water that may melt the Antarctic ice sheet. This study investigates the structure and the seasonality of
the flow at the continental margin in the Atlantic sector of the Southern Ocean, using in situ observations
upstream and downstream of the dense water formation regions. Following the bathymetry, ocean currents
flow from East to West along the continental shelf edge. As water densifies along this path, the flow speed
changes from being maximum at the ocean surface to be maximum at the bottom. The depth-averaged
current varies with a synchronized seasonality along the continental shelf break, reaching a maximum
in austral autumn. Our analysis suggests that the winds on the eastern/northeastern margin drives the
seasonality of the depth-averaged flow along the shelf break, significantly contributing to changes in
bottom velocity near the export region.

1. Introduction
The boundary current system (BCS) in the Weddell Sea is composed of the Antarctic Coastal Current
(ACoC), the Antarctic Slope Current (ASC), and the dense water outflow confined along the Antarctic Penin-
sula eastern's shelf break (Thompson et al., 2018). The ACoC and the ASC follow the ice shelf edge and
the continental slope, respectively. They transport a mix of water masses originating from the continental
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Figure 1. (top) Interannual-mean Ekman pumping, wEk (colormap spaced by 10 m yr−1). The black dotted line marks the northern zero crossing of wEk. The
purple arrows represent the surface stress. Larsen C Ice Shelf (LIS), Filchner Ronne Ice Shelf (FRIS) and Dronning Maud Land (DML) are indicated. (bottom)
Zoom of study areas, indicating the tip of the Antartic Peninsula (AP), Kapp Norvegia (KN), and the Prime Meridian (PM). Thick lines mark the nominal
positions of the mapped sections, thin lines the positions of the 1,000; 2,000; and 3,500 m isobaths. Black arrows represent the direction and strength of the mean
barotropic flow (ubt) scaled to 5 cm s−1 (cf. legend). Positions of CTD, Argo float and seal-borne profiles are given by circles and red and green dots, respectively.

shelves and the open ocean. The continental shelf waters are the fresh waters formed on the narrow conti-
nental shelf offshore of the Dronning Maud Land (DML at 0◦E) and the dense shelf waters formed offshore
the Filchner Ronne Ice Shelf (FRIS at 50◦W) and the Larsen Ice Shelf (LIS at 60◦W). The open ocean waters

are mainly the Circumpolar Deep Water (CDW) emerging from the upwelling branch of the global overturn-
ing circulation. CDW enters the Weddell gyre around 30◦E by the Southern Indian Ridge. The ridge deflects
the Antarctic Circumpolar Current southward and generates a residual circulation, which supplies the Wed-
dell Sea with warm and salty waters (Leach et al., 2011; Park et al., 2001; Ryan et al., 2016). Once embedded
within the boundary currents, the shelf and open ocean waters are transported westward, undergo mixing,
and gradually transform into modified Warm Deep Water (mWDW), Weddell Sea Deep Water (WSDW) and
Weddell Sea Bottom Water (WSBW) (Orsi et al., 1999). Upstream of the dense water formation regions, the
BCS can be approximated as a two-layer system where the pycnocline slopes downward toward the coast
(Heywood et al., 1998; Núñez Riboni & Fahrbach, 2009). Downstream, the pycnocline forms a v-shaped front
across the continental slope and the BCS shifts from a two-layer to a three-layer system due to the presence
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of a dense plume of WSBW at the bottom (Gill, 1973; Thompson & Heywood, 2008). This along-slope change
in density regimes, that is, shifting from fresh shelf to a dense shelf (Thompson et al., 2018), determines
the structure of the baroclinic flow and the strength of the dense water outflow at the tip of the Antarctic
Peninsula (AP). In turn, this outflow contributes to feed the lower branch of the global overturning
circulation (Jullion et al., 2014).

The BCS is believed to control both the inflow of mWDW onto the southern Weddell Sea continental shelf
and the export of dense water on seasonal time scales (Årthun et al., 2012; Meijers et al., 2016; Ryan et al.,
2017). Earlier studies have investigated the seasonality of the BCS upstream and downstream of the dense
water formation regions of the Weddell Sea, independently of each other (see regions in Figure 1). Two
separate analyses of moored current meters at the Prime Meridian (PM) (Núñez Riboni & Fahrbach, 2009)
and Kapp Norvegia (KN) (Graham et al., 2013) have revealed a maximum (minimum) depth-averaged flow
strength in autumn (early summer). At both sites, the variability was associated with the seasonal cycle in
local winds and modulated both by the sea ice concentration and the thermohaline properties of surface
waters. The along-slope surface stress, which is either applied by the wind or the sea-ice onto the top ocean
layer, controls the onshore convergence of water masses via Ekman transport. The variability in surface
water properties controls the stratification, that is, the density difference between surface and deep waters.
The combination of both processes determines the cross-slope surface elevation and the density gradient
across the continental slope, setting the strength of the barotropic current and the baroclinic structure of the
flow (Hattermann, 2018; Nøst et al., 2011). The downstream advection of density anomalies also contributes
to set the baroclinic structure of the flow (Graham et al., 2013). Fahrbach et al. (2001) and Gordon et al.
(2010) separately focused on the seasonal cycle of dense water outflow at AP, using 1-year-long time series.
A synthesis of both studies reveals a maximum (minimum) transport in early winter (summer) associated
with a cold pulse of dense waters in autumn and a warm one in spring. Gordon et al. (2010) argued that these
seasonal fluctuations can be related to the summer release of shelf waters formed on the western margin due
to the weakening of the along-slope wind. However, this mechanism cannot be confirmed on seasonal time
scales (Darelius et al., 2014). Daae et al. (2018) highlighted the correlation between the variability in surface
stress and the variability in Filchner Trough overflow on shorter time scales. They explain that the outflow
of dense water in front of FRIS is partly controlled by the circulation associated with the along-slope winds.

A synoptic view of the flow structure, its evolution along the continental slope, and connection to the
large-scale forcing is still lacking. In this study we combine, in a novel approach, historical observations
from three mooring sites dispatched along the continental slope, with ship-based Argo float and seal-borne
CTD profiles. The aim is to provide an overview and consistent description of the seasonal cycle of the BCS,
upstream and downstream of the dense water formation region, that is, at PM/KN and at AP, respectively
(Figure 1). Ship-based Argo float and seal-borne CTD profiles are used to map cross-slope sections at the
three study sites and compare the interannual-mean changes in ocean properties between the study loca-
tions. Multiyear mooring-based time series are combined to consistently explore the seasonality at the three
study sites, across the continental slope. Finally, changes in the ocean are related to the spatial and tempo-
ral variability in surface stress. Section 2 describes the methods, section 3 presents interannual averages and
seasonal variations of ocean velocity, hydrographic properties, and surface stress.

2. Methods
2.1. Climatology Sections of Hydrographic Properties

The ship-based data available for the cross-slope transects of PM, KN, and AP is combined with all available
ARGO and seal-borne CTD profiles located within the vicinity of each section (Argo, 2017; Driemel et al.,
2017; Treasure et al., 2017). Optimal interpolation (OI) is applied to temperature and salinity of the collected
data sets in the planetary potential porticity (PPV = f /h) versus depth (Z) space (the data points used for the
OI are given in Figure 2). This technique is normally used to produce accurate maps of temperature and
salinity from sparse, irregularly sampled data of different accuracy (Böhme & Send, 2005; Gandin, 1965;
Reeve et al., 2016). Applying the method in the PPV -Z space ensures an optimal remapping of the data, in
the cross-slope direction, for a particular transect. CTD profiles are weighted equally as a function of time
to include enough data. Inclusion of all available profiles results in a summer bias of the interpolation when
data are sparse in winter. This bias is discussed in section 3.1.1. We assume the observed water mass to be
advected from the transect to its observed position (or vice versa) by a geostrophically balanced flow that

LE PAIH ET AL. 3 of 20



Journal of Geophysical Research: Oceans 10.1029/2020JC016316

Figure 2. T-S diagram of the data fed into the optimal interpolation (OI) at (right column) PM, (middle column) KN, and (left column) AP. The seasonal
distribution of the data observed above 1,000 m depth and used for the OI is indicated below the T-S diagrams.

follows ispoleths of PPV. Thus, the data are weighted equally along the PPV contour. In the Weddell Sea,
along-slope diabatic changes can only be neglected locally (Reeve et al., 2016). Assuming a typical barotropic
flow of 10 cm s−1 and diabatic changes occurring at the seasonal time scale (𝜏 = 80 days), we considered
all data within 350 km of each transect to be valid. Temperature and salinity sections are first estimated
in PPV-depth space at each location. Since the vertical resolution of the ship-based profiles is too high to
assimilate all the data at once, the data set is split into subdata sets corresponding to subdomains (Text S1 in
the supporting information). Considering a vertically stratified ocean, the subdata sets are selected within
constant depth-layers at PM and KN and terrain-following depth layers at the tip of the AP. While the former
coordinates provided better results in the vicinity of the thermocline depth, the latter proved to be more
performant in mapping the dense bottom layer at AP. Finally, PPV-depth estimates are remapped on to
cross-slope distance-Z space to calculate the geostrophic velocities. These velocities are defined as the depth
integral of the thermal wind balance equation. The reference level is defined by the lowest speed recorded
by the current meters across the slope, that is, at the bottom at PM/KN and at 200 m depth at AP. Details on
the OI are given in Text S1 in the supporting information.

2.2. Seasonal Variations in Temperature and Speed

Moored current meter data collected between 1989 and 2017 are compiled at the three different study loca-
tions to compare the seasonal variations of temperature and velocity upstream and downstream of the dense
water formation regions (data coverage given in Figure 3). At each study location, data from instruments
located at different depths in the water column have been compiled separately for each moorings that were
deployed across the BCS, over the 1,000; 2,000–2,500; and 3,000/3,500 m isobaths. Records collected at the
same position and within the same depth range are compiled to obtain multiyear time series divided into
uniformly sampled interval periods. Three-hourly records are resampled at 2-hourly intervals, gaps associ-
ated with the turnaround of the moorings are interpolated and, a fifth-order low-pass Butterworth filter is
applied on the interval periods to filter out frequencies higher than 1/30 days. Note that the data recorded
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Figure 3. Moored data available for seasonal analysis. Velocity, temperature, and salinity data points are plotted on top
of each other to highlight the overlapping data. The length of the velocity record is given in years (yr) at each level. The
moorings labeled red are used to estimate the barotropic seasonality along the 2,000–2,500 m isobaths. The bottom
panel shows an example of multiyear time series of zonal and meridional velocity constructed from the moored current
meters at the bottom of AP2500.

between 1990 and 1994 at AP are discarded because the mooring were then located at a slightly differ-
ent position than for the rest of the record, leading to differences in velocity regimes (Figure 3, bottom
panel). The multiyear time series are averaged monthly for all available years to deduce the seasonal cycle of
temperature and velocity at each depth. The standard error associated with the multiyear average of monthly
means is defined for each month as

𝜎err(m) = 𝜎(m)√
N

(1)

where, m is the month. 𝜎 is the monthly standard deviation of the multiyear averages and N is the effective
number of degrees of freedom. Since the decorrelation time scales (d𝜏 ) range between 20 days and 6 months,
N is also the number of years used to calculate the seasonal cycles because no two (or more) independent
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values exist within a given month of any year. Note that salinity measurements are too sparse to perform
a seasonal analysis. Finally, a piecewise cubic hermite interpolating polynomial is used to infer a continu-
ous vertical velocity profile between the instrument depths. Multiyear averages of monthly velocity profiles
are depth averaged to estimate the seasonal cycle of barotropic velocity. The seasonal cycle of barotropic
velocity is subtracted from the multiyear average of monthly velocities at the surface and at the bottom to
estimate the remaining baroclinic seasonal cycle. Hereinafter, u refers to the velocity projected onto the
interannual-mean barotropic direction while the velocity normal to this direction is not considered in this
study. The error associated with the vertical average is defined in Text S2.

2.3. Seasonal Variations in Surface Stress

Seasonal maps of surface stress are constructed to estimate the momentum transfer into the ocean. Follow-
ing Dotto et al. (2018), the surface stress is weighted as a function of the wind velocity at 10 m above sea
level (uair), the sea ice concentration (𝛼) and the sea ice velocity (uice):

𝜏wicv = 𝛼𝜏ice−ocean + (1 − 𝛼)𝜏air−ocean (2)

where

𝜏ice−ocean = 𝜌oCio|u⃗ice|u⃗ice (3)

𝜏air−ocean = 𝜌aCao|u⃗air|u⃗air (4)

𝜌a and 𝜌o are the air and the ocean density set to 1.25 and 1,027 kg m−3, respectively. Cao and Cio are the
air ocean and ice ocean drag coefficient set to 1.25 × 10−3 and 5.5 × 10−3, respectively. This formulation
assumes an ocean at rest, neglecting the stress applied by the surface currents onto the ice floes, which
might create a bias in the estimation of the surface stress in the vicinity of the BCS (Stewart et al., 2019). To
check the robustness of our results and relate them to previous studies, results obtained using the formu-
lation of Dotto et al. (2018) are compared with results from three additional methods of calculating surface
stresses: one assuming a constant drag coefficient set to 1.5 × 10−3 (𝜏w) (Armitage et al., 2018), the sec-
ond accounting for the sea ice concentration and distinguishing between skin drag over smooth floes and
form drag over floe edges (𝜏wic) (Lüpkes & Gryanik, 2015; Lüpkes et al., 2012); and the last using surface
stress output from a locally high-resolution configuration of the FESOM model (𝜏model) (Timmermann et
al., 2012). Multiyear time series of surface stresses were constructed using daily outputs of wind velocity
from ERA-Interim (Dee et al., 2011) and daily satellite observations of sea ice concentration and velocity
(Cavalieri et al., 1996; Tschudi & Maslanik, 2019). These time series were filtered with a 30-day low-pass
filter, and averaged monthly and interannualy between 1989 and 2016 to produce seasonal maps of surface
stress. The standard error associated with the calculation of the multiyear average of monthly means is given
by Equation 1. Zonal and meridional components are projected onto the along-shore direction and averaged
across the continental slope to estimate the along-slope surface stress, indicating the coastal convergence of
water masses via Ekman transport. Finally, the Ekman pumping (wEk) is used to locate the upwelling and
downwelling areas

wEk = ∇⃗ ×
(

𝜏

𝜌o𝑓

)
(5)

where f is the Coriolis force and 𝜏 is the surface stress, which differs depending on the method of calculation.

2.4. Analysis of Forcing Variability

An empirical orthogonal function analysis (EOF) was performed on multiyear average of monthly maps of
sea-level anomalies (SLA) (Armitage et al., 2018) and surface stress to assess the dominant mode of sea-
sonal variability at the surface. Because data were not available before 2011, the monthly SLA were averaged
between 2011 and 2016 instead of 1987 and 2016 for the surface stress (section 2.3). The modal decomposi-
tion is defined such that the modes are statistically independent from each other (Emery & Thomson, 2001),

Map(x, 𝑦, t) = PC1(t) × m1(x, 𝑦) + PC2(t) × m2(x, 𝑦) + 𝜖(x, 𝑦, t) (6)

where PC and m represent the monthly varying principal component and the spatial distribution of the
two first modes, respectively. 𝜖 represents the variability explained by higher modes. The domain used to
perform the EOF extends zonally from 65◦W to 60◦E and meridionally from the edge of the ice shelf to the
northern zero crossing of the Ekman pumping averaged over the years (wEk, Figure 1).
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Figure 4. Climatologic sections of mean (a) in situ temperature, (b) practical salinity, (c) potential density, and
(d) along-slope baroclinic velocities derived from the thermal-wind relation at AP, KN, and PM. The
thermal-wind-derived velocities are referenced at the bottom at PM and KN and at 200 m depth at AP. The sections are
biased toward summer at the AP (Figure 2). Points with an interpolation error larger than 0.1◦C and 0.02 practical
salinity were discarded. The mean properties measured by the current meters are plotted on top of the sections. Gray
dots: positions of the moored current meters. Colored circles: interannual-mean temperature and along-slope velocity
measured by the moored current meters. The area of the latter are proportional to the amplitude of the velocity.

3. Results
3.1. Along-Slope Changes of BCS Properties
3.1.1. Interannual-Mean State
Our reconstructed cross-slope transects show an along-slope densification of the water masses that is con-
sistent with previous findings (Fahrbach et al., 1994; Gill, 1973; Orsi et al., 1999). The stratification shifts
from a two-layer system upstream of the dense water formation regions to a three-layer system downstream
(Figure 4). To delimit the layer interfaces, we here choose the 28.1 and 28.4 neutral density contours. At PM
and KN, a subsurface density front, roughly located between 200 and 800 m over the continental slope, sep-
arates cold and fresh waters onshore from the warm and salty waters offshore (Figures 4a and 4b). At AP,
waters located onshore (offshore) of the continental slope are warmer and saltier (colder and fresher) than
at PM/KN, which results in a weaker density front. This can be observed from the shape of the 28.1 neutral
density contour, which ascends from an averaged depth (offshore depth) of 450 (200 m) at PM and KN to an
averaged depth (offshore depth) of 300 m (150 m) at AP. A third layer of dense water, not present at PM and
KN, also appears in the vicinity of the seafloor at AP (Figure 4c, neutral density contour 28.4). Accordingly,
the cross-slope density gradient is reversed in the vicinity of the seafloor at AP.
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Figure 5. Seasonal cycle of temperatures estimated at the three study sites at the 1,000; 2,000/2,500; and 3,000/3,500 m
isobaths at (a) 200 m depth, (b) middepth, and (c) the bottom. The shaded areas represent the standard error. Note the
difference in scale between the plots. Some temperature cycles are shifted along the y axis to avoid overlap with the
other cycles, with cyan colored numbers indicating the respective shift in ◦C.

In agreement with the thermal wind balance, these changes in hydrographic properties are accompanied by
changes in the vertical structure of the flow (Figure 4d). The along-slope weakening in the subsurface density
gradient and its reversal at the bottom lead to a shift in the baroclinic structure of the flow from being surface
to bottom intensified. At PM and KN, the multiyear-mean speeds recorded by the current meters ranges from
5 to 15 cm s−1 at 200 m depth, across the continental slope, and from 2 to 6 cm s−1 near the bottom. At AP,
the average current velocity is as low as 2 cm s−1 throughout almost the entire water column. The exception
occurs in the 300 m thick bottom layer of WSBW where the flow speed ranges between 6.5 to 9 cm s−1. In
addition to the changes in baroclinic shear, the magnitude of the flow speed decreases between KN and AP
(umax > 30 cm s−1 at KN and umax < 20 cm s−1 at AP, Figure 4d). The decrease in depth-averaged flow speed
is at least partly explained by mass conservation of the geostrophic current, which follows the diverging
topography. Indeed, the distance between the isobaths at AP is twice as large as that at KN: Cisewski et al.
(2011) and Heywood et al. (1998) respectively describe a boundary current of 75–100 km width at the PM
and KN, while Thompson and Heywood (2008) relate a width of 200 km at AP.
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These observations are valid, regardless of the summer bias of the data used to construct the interannual-
mean sections (Figure 2). For example, the OI does not capture the warmer temperature observed by the cur-
rent meters between July and December at 200 m depth at KN2500 and AP2500, and at 400 m depth at AP1000
(Figures 4a and 5). However, the temperature is well reproduced elsewhere and the thermal-wind-derived
baroclinic velocities are consistent with the current meter measurements (Figure 4d).
3.1.2. Seasonal Variability
The previous subsection emphasized some along-slope change of the hydrological properties of the water
masses carried by the BCS. This subsection focuses on the seasonal variability of the temperature at the
three different mooring sites. Nevertheless, at KN, the seasonal cycle of temperature could not be retrieved
because the time series were too short. On the shallower edge of the continental slope, above the 1,000 m
isobath, our data set shows no seasonality at any of the three mooring sites, except for the bottom of AP
(Figure 5, left panels). This highlights a larger sensitivity to subseasonal processes such as dense water
runoff and/or frontal meanders. Above the middle and outer edge of the continental slope (i.e., above the
2,000/2,500 and 3,000/3,500 isobaths, respectively), observations show a gradual shift toward bottom ampli-
fied seasonal variations of temperature along the slope (Figures 5, middle panels and 5, right panels), which
is consistent with the presence of dense shelf regime on the western part of the Antarctic Peninsula. At
PM and KN, that is, upstream of the dense water formation, the seasonal amplitude of temperature varia-
tions is maximum for surface waters. The seasonal cycle at 200 and 700–1,000 m depth varies in opposite
phase because the temperature sensors capture the vertical movements of the WDW layer. The latter is
characterized by a temperature maximum at 400 m depth (Figure 4a). Therefore, when it uplifts (deepens),
temperature increases (decreases) at 200 m depth and decreases (increases) at 700–1,000 m depth. Nearby
the bottom (panel c2), the seasonal cycle is weaker and in phase with the one at 700–1,000 m depth. At AP,
downstream of the dense water formation region, seasonal temperature variations are maximum at the bot-
tom (panels c2 and c3). While at 700–1,000 m depth temperature variations have no seasonality, a seasonal
cycle can still be observed at 200 m depth (panels a2 and a3) with a weaker amplitude than upstream, that
is, at PM and KN. This indicates a decoupling between the surface layer and the dense plume and a weaken-
ing of the surface seasonality along the slope. At depth, nearby the bottom, a seasonal signal is found above
the 2,000–2,500 m and 3,000–3,500 m isobaths (panels c2 and c3) with 1-month lag in the offshore direction.
This seasonal variability is comparable with the one observed at 700–1,000 m depth upstream, at PM (panels
b2 and b3), and will be discussed in section 4.4.

Despite the interannual-mean shift in density regime, the seasonal variability in velocity is mainly barotropic
along the continental slope (Figure 6). Comparing the seasonal cycles of barotropic velocity suggests that
a coherent seasonal acceleration of the barotropic flow exists along the continental slope with a time lag
between the 2,000/2,500 and 3,000/3,500 m isobaths. In fact, with the exception of the 1,000 m isobath, the
seasonal cycle of barotropic velocity is mostly in phase among all sites (Figure 6a). A maximum (minimum)
occurs in April/May (between December and February) above the 2,000–2,500 m isobath while the signal
is lagged by 1-month above the 3,500 m isobath. However, the seasonal variability above the 2,000/2,500
isobaths is not clear at AP because the amplitude of the seasonal variations progressively decreases from
7 cm s−1 at PM to 1–3 cm s−1 at AP (panel b2). The decrease in velocity is not valid along the 3,000/3,500
isobath (panel b3) because KN3500 is located near a velocity front. This velocity front is associated with an
abrupt change in topography (Figure 4d), which separates offshore and onshore water masses. As the ampli-
tude of the seasonal variability decreases along the continental slope, both the uncertainty in the seasonal
cycle and the offshore lag increases. However, the seasonal cycles remain significant at all sites.

The baroclinic velocities are defined as the difference between the absolute velocity and the barotropic com-
ponent. Theses velocities are shown at the surface and the bottom in Figures 6b and 6c, respectively. As the
baroclinic structure of the flow shifts from being surface to bottom intensified along the slope, the baroclinic
velocities shift from being larger at the surface at PM and KN to being larger at the bottom of AP. At PM,
the amplitude baroclinic velocities varies by 1–6 cm s−1 over the year (black line, Figure 6b), lagging the
barotropic signal by 1–2 months. Above the 2,000–2,500 m isobath, they reach a maximum at 200 m depth
and a minimum at the bottom in June (black line, Figures 6b2 and 6c2, respectively). Above the 3,500 m
isobath, the signal is lagged by 3 months at 200 m depth, and the variations are negligible at the bottom
(Figures 6b3 and 6c3, respectively). The data are generally not sufficient to fully assess the seasonal vari-
ability at KN. Nevertheless, it is worth noting that the baroclinic variability is enhanced between March and
June, in phase with the maximum flow speed (i.e., standard error in purple, Figures 6b2 and 6b3). At AP,
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Figure 6. Seasonal cycle of velocities estimated at the three study sites above the 1,000; 2,000/2,500; and 3,000/3,500 m
isobaths. (a) depth-averaged velocity, (b) baroclinic velocity at 200 m depth, and (c) baroclinic velocity near the bottom.
Shaded areas represent the respective standard errors. The barotropic component is defined as the full-depth average.
The baroclinic component is defined as the difference between the absolute velocity and the barotropic velocity. The
baroclinic seasonal cycle in the middle right panel (black line) is shifted by 6 cm s−1 to avoid overlap with the
other cycles.

downstream of the dense water formation region, the analysis suggests a baroclinic seasonal cycle exists
at the bottom. The signal is maximum (minimum) in April (December/January) at the 2,000–2,500 m and
3,500 m isobath (dashed line, Figures 6c2 and 6c3) and its amplitude matches the barotropic variability.
However, our conslusions are limited by the uncertainty of the baroclinic cycles, which is larger than at PM
and KN. No seasonality is observed at 200 m depth, nor along the 1,000 m isobath at all locations and depths.
3.1.3. Relation to the Surface Stress
The input of dense waters from the continental shelves is expected to be the main driver of interannual-mean
changes along slope. Nevertheless, the weakening of both the Ekman pumping and along-slope surface
stress downstream of KN (Figures 1 and 7a) can partially explain the ascent of the pycnocline depth
between KN and AP. The Ekman pumping reaches up to 100 m yr−1 east of PM, whereas it is smaller than
20 m yr−1 between KN and AP. In the BCS vicinity, the along-slope surface stress reaches up to 0.12–0.16 N
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Figure 7. Variability in surface stress. (a) Interannual-mean surface stress averaged across the continental slope within
the 100 km wide band centered on the 2,500 m isobath. (b) Seasonal cycle of Ekman pumping and surface stress
projected along-slope. The Ekman pumping is averaged over the gyre, south of the zero-crossing given in Figure 1. The
along-slope stress is averaged across and along the continental shelf break within domains A–D. Four different
estimates of surface stress are compared to represent its uncertainty. 𝜏w, 𝜏wic, 𝜏wicv, and 𝜏model are defined in the
manuscript's body in section 2.3. The standard errors associated with each product are negligible for the Ekman
pumping and less than 0.015 N m−2 for the along-slope stress.

m−2 upstream of KN, whereas it becomes negligible downstream. This implies a weakening of the down-
welling across the continental slope downstream of KN, leading the pycnocline to slope upward toward the
AP (section 3.1.1).

The seasonal variability of velocity and temperature associated with the surface stress consists of two com-
ponents: (i) The Ekman pumping averaged over the gyre, which controls sea-level anomalies and the
upwelling in the center of the gyre and (ii) the along-slope surface stress averaged across the continental
slope, which controls the sea-level anomalies and the downwelling at the coast. These components deter-
mine the across-slope gradient of sea-level and density anomalies, which sets the flow strength and the
baroclinic structure of the flow, respectively. The gyre scale Ekman pumping exhibits a seasonal cycle with
a maximum (minimum) in June (December–January), independently of the method used to estimate the
surface stress (Figure 7b, right panel). Only the magnitude differs. This cycle peaks 1–2 months later than
the depth-averaged flow strength (Figures 6a2 and 6a3). This suggests that the barotropic flow is rather con-
trolled by the surface stress or/and by the change in thermohaline properties along the continental slope
than by the gyre-scale surface stress. The seasonal cycle of along-slope surface stress differs according to the
stress formulation (Figures 7a and 7b panels A–D). Regarding 𝜏wicv, the along-slope surface stress varies by
0.03–0.05 N m−2 over the year. The seasonal cycle is indistinct upstream of PM (region A) and it reaches a
maximum (minimum) in winter (summer) downstream. Contrastingly, the seasonal signal peaks in winter
at PM, for either 𝜏w, 𝜏wic or 𝜏model. Also, the along-slope surface stress peaks in November between 20◦W
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Figure 8. Comparison between the phase of the barotropic flow (ubt) at the three study sites, the variability in sea-level
anomalies (SLA) and the variability in zonal surface stress. Panels (a) and (b) show the normalized barotropic velocity
along the 2,000/2,500 and 3,000/3,500 m isobaths, respectively. Panels (c) and (d) show the EOF analysis on sea-level
anomalies and zonal stress (𝜏wicv), respectively. The two first-principle components and their corresponding modes are
presented from top to bottom.

and 60◦W instead of peaking in winter (regions B and C on Figure 7b). Ultimately, the uncertainty in sea
ice/ocean momentum transfer is too large to directly match the local averages in seasonal surface stress with
the seasonal cycles of temperature and velocity given in Figures 5 and 6.

3.2. Coherent Seasonal Acceleration of the Barotropic Flow Along the Continental Slope

The coherent seasonal acceleration of the barotropic flow and its across-slope lag is confirmed along the
2,000/2,500 and 3,000/3,500 isobaths on Figures 8a and 8b. The barotropic signal is well captured at KN,
despite the sparsity of the data (Figure 3). In fact, the seasonal barotropic signal from our data compilation
shows a similar seasonality with data from a more recent year-long mooring deployed 350 km downstream
of our study site (Graham et al., 2013) (Figure S1). This suggests that opposingly to the baroclinic cycle,
the seasonal acceleration of the barotropic flow is consistent over the years at this study location. An EOF
analysis shows that the along-slope seasonal acceleration of the flow is also present in the variability of
SLA. The first mode of SLA, which is associated with an across-slope gradient along the slope (Figure 8c),
is in phase with the seasonal cycle of barotropic velocity along the 2,000/2,500 m isobath (r = 1 at 0 lag).
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This confirms the existence of a coherent seasonal cycle of the geostrophic flow intensity. The second mode,
which is associated with seasonal changes in the zonal gradient of SLA has a maximum correlation of r = 0.8
at 2 months lag (r = −0.1 at 0 lag). This implies that the meridional flow associated with the zonal gradient
of SLA is at least partly decoupled from the barotropic seasonal cycle.

The seasonal analysis in surface stress shows a maximum input upstream of the Prime Meridian
(Figure 7b). Except for 𝜏wicv, the surface stress increases between January and May, in phase with the
barotropic flow. Anticipating a connection between the zonal stress and the barotropic flow, we used an EOF
approach to identify the gyre-scale pattern of zonal stress. The first mode of variability shows a meridional
oscillation of the zonal winds (Figure 8d). It correlates with the seasonal cycle of barotropic flow along the
2,000/2,500 isobath with r = 0.5 at 0 lag, but their respective seasonality differs. The second mode, which
is associated with a cyclonic momentum input on the eastern side of the gyre in autumn, presents a similar
seasonal cycle with the barotropic flow along both isobaths, with r = 0.8 at 0 lag along the 2,000/2,500 m
isobath. This correlation suggests that the along-slope surface stress, which controls the cross-slope gradi-
ent of SLA on the eastern margin, relates to the barotropic seasonal cycle for all three sites. This result is
valid for all four surface stress estimates (Figure S2I).

3.3. Correlation Between the Barotropic Variability at the Tip of Antarctic Peninsula and the
Surface Stress

Our previous analysis computed seasonal cycles independently from each other and compared their vari-
ability. Such comparisons reveal if patterns covary in time but does not provide compelling evidence for
causal linkages. To test for a causal relationship between momentum input in the eastern Weddell sea and
seasonal acceleration of the barotropic flow at AP, we correlated the velocities recorded at AP with the dif-
ferent components of surface stress (Figure 9). The seasonal variability is barotropic above the dense plume
(Figure 6b2) and we chose the along-slope velocity at 750 m depth at AP2500 (u750) to monitor the barotropic
variations. This choice allowed constructing a 10-year long time series rather than 5 years by construct-
ing monthly barotropic time series. To avoid spurious correlations, a mean value was subtracted for each
2-hourly interval period. Indeed, a shift in velocity associated with a change in current meter depth would
artificially bias the correlation toward low frequencies. Finally, the records were averaged monthly to obtain
a monthly mean time series, which covers 2005 to 2015 (u750, Figure 9a).

The relationship between the cyclonic momentum input on the eastern margin of the study area and the
seasonal acceleration of the barotropic flow is confirmed for three surface stress products (Figure 9b). The
correlation between u750 and westerly winds offshore (r > 0.2)/easterly winds along the continental mar-
gin (r <−0.2) is significant for 𝜏w, 𝜏wic. For 𝜏wicv, the correlation is significant with the westerly winds only.
A significant correlation associated with the across-slope surface stress is also found on the western mar-
gin for 𝜏w, 𝜏wic, and 𝜏model (r > 0.2). However, an increase in surface stress in the offshore direction cannot
relate directly to the acceleration of the barotropic flow. 𝜏wic and 𝜏model show a significant correlation asso-
ciated with the northward stress along the western margin (r > 0.2, Figure 9c). Nevertheless, no coastline
can support the downwelling associated with the onshore Ekman transport there. The strongest correlation
between u750 and Ekman pumping (wek) is found upstream of the Prime Meridian, between 60◦S and 70◦S
(𝜏w, 𝜏wic, and 𝜏wicv, Figure 9d). This result is consistent with a summer intensification of the easterly and
westerly winds, which control the upwelling of waters offshore of the continental slope and the downwelling
associated with the easterly winds at the continental margin (Figure 8d). The ocean does not immediately
respond to the Ekman pumping and its intensification needs to last a few months to explain an acceleration
of the flow. For 𝜏w, 𝜏wic, and 𝜏wicv, even though u750 is correlated with downwelling associated with negative
Ekman pumping at AP (r <−0.2, Figure 9), no lagged correlation exists. The correlation between u750 and
the Ekman pumping persists up to 2 months upstream of 20◦E (lagged correlation in Figure S5), confirming
that the seasonal acceleration of the barotropic flow is correlated with an increase in atmospheric forcing
that slowly propagates westward in front of the eastern margin. Even though this correlation is not found
in 𝜏model, the connection between eastern atmospheric input and barotropic seasonality is found when aver-
aging the monthly variability over the years (EOF analysis in Figure S2). This suggests a larger interannual
variability in the model and also confirms the large uncertainty in ice-ocean momentum transfer. It also
confirms the large uncertainty on the momentum transfer between ice-ocean.

In summary, the correlation analysis suggests that the along-slope barotropic flow mainly responds
rapidly to a seasonal convergence of water masses associated with the surface stress on the eastern gyre.
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Figure 9. Zero lag correlation maps between monthly mean velocities observed between 2005 and 2015 at AP2500 and the different components of surface
stress. The velocity at 750 m is used as a proxy for the barotropic variations. The correlation maps are computed for four different estimates of surface stress, as
described in section 2.3. (a) Monthly mean velocity at 750 m depth. (b–d) Correlation between u750 and the zonal stress, meridional stress, and Ekman
pumping, respectively. The star shows the position of AP2500. The black contours represent 90% and 95% confidence interval.

Nevertheless, it is not possible to fully assess if this convergence of water masses is controlled by the open
ocean Ekman pumping or by the southward Ekman transport. Indeed, the spatial distribution in surface
stress depends on the momentum transfer between ice and ocean, which is partly unknown.

4. Discussion
4.1. Annual Mean Shift in Flow Regime Along Slope

Although the along-slope densification of the water masses is well established (Gill, 1973), we have pro-
vided new insight into the along-slope shift in density regime, by combining historical data from a variety
of sources from along the continental slope of the Weddell Sea. The along-slope cooling and salt enrich-
ment of the shelf waters shown in the climatological sections (Figure 4) attest the importance of the DML
and the FRIS continental shelves for shifting from a fresh to a dense shelf regime. Along the pathway of
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the BCS, modified Warm Deep Water (mWDW) exchanges properties with the less saline Eastern Shelf
Water formed along the narrow continental shelf of Dronning Maud Land, and with the High Salinity Shelf
Water (HSSW) and Ice Shelf Water (ISW) formed on the continental shelves in front of the Filchner-Ronne
Ice Shelf (FRIS) and Larsen Ice Shelf (LIS) through surface thermohaline forcing and convection (Nicholls
et al., 2009). This leads to the formation of Weddell Sea Deep Water (WSDW) and the flow of Weddell Sea
Bottom Water (WSBW) along the western continental slope. This dense water outflow may subsequently
create instabilities that foster transport of WDW onto the continental shelf as suggested by an idealized
model simulations (Stewart & Thompson, 2016). Meanwhile, the surface stress weakens downstream of KN
and, in the absence of coastline, the downwelling of lighter water at the coast associated with the Ekman
transport reduces. (Mosby, 1934; Nøst et al., 2011; Zhou et al., 2014). Therefore, the BCS dynamics change
from being directly driven by atmospheric processes along the DML coast (Hattermann, 2018; Núñez Riboni
& Fahrbach, 2009) to being dominated by continental shelf processes downstream of the FRIS. The den-
sity input from the continental shelves and the weakening of the surface stress lead the pycnocline and the
halocline to slope upward toward the AP. Also, the cross-slope density gradient, which is negative upstream
of KN, weakens at the surface and reverses at the bottom toward the AP. In the end, the along-slope shift
from a fresh to a dense shelf regime (Thompson et al., 2018) results in a reversal of interannual-mean baro-
clinic shear along the slope. Note that a number of other processes shape the boundary current system. For
instance, KN is an area of complex topography where the flow is still influenced by upstream variations
(Graham et al., 2013; Heywood et al., 1998) and the AP is an area where barotropic jets, unresolved in our
analysis, are known to exist (Stewart & Thompson, 2016; Thompson & Heywood, 2008).

4.2. Seasonal Acceleration of the Barotropic Flow

Our analysis revealed that a coherent seasonal cycle of the barotropic flow exists along the slope, with
1-month lag in the offshore direction. The seasonal cycle is captured upstream and downstream of the dense
water formation regions and its coherency is confirmed in the variability in sea-level anomalies. While an
along-slope shifts in the baroclinic structure of the flow exist, the variability observed above the dense plume
remains barotropic at AP. In fact, the barotropic cycle accounts for more than 50% of the variability in bot-
tom velocity at the 2,500 and 3,500 m isobaths (Figure 6). This suggests that most of the seasonal variability
in bottom water transport is associated with the seasonal acceleration of the barotropic flow along the slope.
However, current meter measurements are also needed at locations where the dense water outflow is the
most energetic, that is, where the bottom slope is the steepest, to quantify the seasonal transport above and
inside the dense plume.

The cross-slope phase lag between the 2,000/2,500 and 3,000/3,500 m isobaths is found at the three study
sites. However, the seasonal acceleration/deceleration of the flow is slightly offset toward winter at AP.
This suggests a weakening of the across-slope phase lag toward the Antarctic Peninsula, which can be
explained by the seasonal changes in thermohaline properties at the surface. As sea ice melts during
austral summer, the across-slope density gradient between light surface water and deep water increases
(Hattermann, 2018). Theoretically, this would modulate the cross-slope gradient of sea-level anomalies that
relates to the geostrophic flow intensity and temporally shifts the maximum depth-averaged flow strength
toward summer. Such mechanisms would be enhanced onshore and could both explain why an across-slope
seasonal lag exists along the slope and why the maximum surface stress lags the maximum bottom velocities
by few months at PM2000 and KN2500 (Figure 6). At AP, the across-slope transport of surface water associated
with the along-slope surface stress is weaker, reducing the steric contribution to the sea-level anomalies at
the coast and limiting the shift toward summer along the 2,000/2,500 isobaths. Alternatively, Núñez Riboni
and Fahrbach (2009) argued that the local modulation of surface momentum input by the sea ice explains
the lag across slope. However, the spatial uncertainty on the surface stress remains too large to comment
on their hypothesis. Seasonal changes at the gyre inflow (Cisewski et al., 2011; Ryan et al., 2016) could also
modify the seasonality across slope. However, an increase in flow speed over the continental slope might
result in an increase in flow speed, offshore of the continental slope, further downstream. Thus, it would
not explain why a phase lag remains at AP. In the end, both uncertainty on the barotropic variations and the
surface stress are too large to conclude about the cross-slope lag.
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Figure 10. Same as in Figure 9 but the 0 lag correlation is made between the deseasoned variability in velocity and surface stress (difference between monthly
averages and seasonal cycle).

4.3. Teleconnection Between the Barotropic Flow and the Eastern/Northeastern Weddell
Sea Winds

The seasonal cycle in barotropic velocity is not strongly correlated to spatial averages of surface stress and
Ekman pumping, suggesting that neither the local surface stress nor the gyre-scale Ekman pumping directly
control the barotropic fluctuations. To corroborate this statement, we investigated the spatial variability in
surface stress, using an EOF approach (Figure 8) and spatially correlating the monthly variability in surface
stress with the monthly variability in barotropic velocity (Figure 9). Both analyses relate the seasonality of
the barotropic flow with a surface momentum input on the eastern side of the gyre. This nonlocal correla-
tion suggests that a teleconnection exists between the atmospheric momentum input on the eastern side of
the gyre and the barotropic flow. This might be explained by the conservation of planetary vorticity along
closed topographic contours (Isachsen et al., 2003) and the rapid westward propagation of sea-level anoma-
lies of a few centimetres height via barotropic Kelvin-Rossby waves (Hughes & Meredith, 2006; Spence
et al., 2017). Although the significance is less clear, the patterns found in the deseasoned correlation maps are
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comparable with the seasoned correlation (Figures 10 and 9, respectively). In particular, the zonal stress and
the Ekman upwelling (downwelling) in the eastern inflow branch of the Weddell Gyre (and north of it in
the ACC) indicates an even further upstream driver (Figures 10b and 10d). This suggests that the variability
in barotropic transport is indeed connected with remote forcing. In fact, Naveira Garabato et al. (2019) has
already shown the connection between sea-level anomalies and circumpolar winds and our results support
their discussion with in situ observations. Also, the correlation between barotropic flow and surface stress
is valid, regardless of whether or not sea ice concentration/velocity were accounted for in the method used
to calculate the surface stress. This highlights that the wind is the main driver of variability, although the
sea ice significantly modulates the surface stress locally.

4.4. Baroclinic Response to Seasonal Forcing

The baroclinic variability differs at each study site, showing a larger sensitivity to local variations than for the
barotropic signal. At PM, the baroclinic variations lag the barotropic velocity along the 2,500 m isobath and
thus, the surface stress, by 1 or 3 months, as shown by Núñez Riboni and Fahrbach (2009). This time scale
is consistent with the temporal adjustment of the pycnocline slope via baroclinic instability in response to
an increase in Ekman transport modulated by thermohaline forcing (Hattermann, 2018). This also confirms
the probability of fast barotropic signals to propagate from this location. Downstream of PM, the seasonal
cycles of velocity at the surface were weak compared to the depth-averaged signal. However, at KN, velocity
records collected at the 1,500 m isobath (Heywood et al., 2012) show that the top to bottom shear varied by
15 to 20 cm s−1 between February and October 2010. It confirms that the baroclinic variations are stronger
in this region than the ones shown by our analysis (Hattermann, 2018). In fact, our study uses velocity
records at four depths over the 2,500 m isobath, offshore of the slope front. It allows for a good estimation
of the depth-averaged flow speed, but prevents us from capturing the seasonal baroclinic signal that is more
pronounced closer to the coast. The shift in flow regime discussed in section 4.1 explains the weak variability
observed at AP. As the continental slope widens, the surface stress decreases, resulting in a weaker variability
in temperature and velocity in the vicinity of the pycnocline depth (Figures 5 and 6).

The variability in baroclinic velocity and surface stress are not observed in the temperature variations at
200 m depth, which in fact, is not a good indicator for density variations. In the Weddell Sea, the horizontal
density gradient, which determines the baroclinic variations, differs from the temperature gradient because
relatively warm and salty WDW is present at intermediate depth (Figure 4). Moreover, the variations in
surface stress cannot directly relate to the temperature since it also varies seasonally as a function of the
thermohaline forcing. Below 200 m depth, the density field follows the temperature and a seasonal cycle is
captured at several locations (Figure 5, solide blue lines). This suggests that a common mechanism could
explain the baroclinic fluctuations at depth. Using an idealized two-layer model, Su et al. (2014) showed that
the gyre-scale surface stress in balance with the across-slope eddy flux triggers the seasonal oscillations of
isopycnals at AP. The authors also show that the phase of these oscillations depends on the isopycnal slope
which varies across-slope. Except for the amplitude, the solution of Su et al. (2014) is valid for any outcrop-
ping isopycnal. This could explain why a seasonal signal is observed at the different locations and depths,
and how its phase depends on the mooring location. The baroclinic seasonal response associated with
the coastal propagation of Kelvin-Rossby waves could also explain these fluctuations. However, warming
(cooling) at the subsurface associated with the propagation of negative (positive) SLA discussed by Spence
et al. (2017) on interannual time scales is not clear on seasonal time scales. In fact, the seasonal cycle of
temperature at 200 m is decorrelated from the variability in SLA. Additionally, the variations downstream
of FRIS can be controlled by the local adjustments of the flow to the surface forcing and the export of
dense water from the ice shelves (Gordon et al., 2010; Meredith et al., 2011; Wang et al., 2012; Van Caspel,
2016), explaining the maximum velocity observed at the bottom in autumn. Thus, the baroclinic adjust-
ments remain unclear. High-frequency current meters overlapping in time need to be deployed within the
slope front to estimate the along-slope propagation of the signal. Observations on the western continental
shelf are also needed to understand the variability in the dense plume and isolate its main drivers.

5. Summary and Conclusion
Past studies show that the boundary current system in the Weddell Sea contributes to both the export of
deep and bottom waters toward lower latitudes, and the flow of WDW toward the Filchner Ronne Ice Shelf
cavities. Although the seasonality along the continental slope of the Weddell Sea has been investigated before
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at specific locations, here we present a coherent understanding of the entire boundary current system. This
study combines multiplatform historical data at different locations, providing an interannual-mean view of
the boundary current system and explores its adjustment on seasonal time scales.

We confirm that the geostrophic flow reverses its interannual-mean vertical shear between KN and AP,
which is characteristic for an overturning circulation forced by the dynamics on the continental shelf. The
along-slope decrease in surface stress might also contribute to the shift in flow regime. A coherent seasonal
acceleration of the barotropic flow is observed at all sites with a maximum speed in austral autumn, associ-
ated with a coastal rise of SLA. The comparison between the SLA and the surface stress field indicates that
the barotropic flow adjusts to a momentum input on the eastern/northeastern side of the gyre. Such tele-
connection implies that changes in the surface stress field trigger a fast large-scale response in the ocean.
At the tip of the Antarctic Peninsula, the barotropic flow significantly contributes to the seasonal velocity
in the dense plume. Thus, by controlling the seasonal acceleration of the barotropic flow, the surface stress
might remotely modulate the export of dense water from the Weddell Sea on monthly time scales (Meijers
et al., 2016).

Several methods of calculation of surface stress are compared to estimate its uncertainty, either considering
the wind velocity only, accounting for the sea ice modulation of the stress, or using sea ice ocean model
output. We find large differences in local-averages at the coast. However, the relationship between barotropic
flow strength and surface stress variability on the eastern gyre is valid no matter the method. This shows
that the main driver of barotropic seasonality is the wind even though sea ice significantly modulates the
surface stress in marginal ice zones. Further research integrating the contribution of the seasonal variations
of buoyancy forcing at the continental shelf is needed to understand the seasonal baroclinic fluctuations.

Data Availability Statement

This study uses historical data collected on board of R/V Polarstern between 1986 and 2017 (Grants
AWI_PS89_01, AWI_PS96_01, and AWI_PS103_01), freely available online (https://www.pangaea.de). The
Argo float data were collected and made freely available by the International Argo Program and the national
programs that contribute to it (http://www.argo.ucsd.edu, http://argo.jcommops.org). The marine mam-
mal data were collected and made freely available by the International MEOP Consortium and the national
programs that contribute to it (http://www.meop.net).

The wind data were made freely available by the European Centre for Medium-Range Weather Forecasts,
ECMWF (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim). The sea-ice con-
centration and sea-ice drift data were made freely available by the National Snow & Ice Data Center, NSIDC
(https://nsidc.org/data/NSIDC-0051/versions/1; https://nsidc.org/data/NSIDC-0116/versions/4).
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