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Abstract

The exchange of water masses between the shallow Weddell Sea continental shelf and
the deep ocean is of climatic importance. Firstly, on-shelf transport of warm oceanic
water masses, contributes to basal melting of ice shelves, which affects the stability of
the Antarctic Ice Sheet. Secondly, export of dense Weddell Sea shelf water, contributes
to production of Antarctic Bottom Water (AABW), which feeds into the lower limb of
the global thermohaline circulation.

This thesis considers processes related to both on-shelf heat transport, and to export
of dense shelf water. Based on a combination of idealized numerical model experiments
and observations of hydrography and current at various locations in the southern Wed-
dell Sea, the thesis discusses pathways and variability of the oceanic circulation along
the continental slope, on the continental shelf and inside the Filchner Trough (FT), a
deep trough across the continental shelf. The response to wind forcing is assessed,
along with mechanisms contributing to mixing and transformation of water masses.

The Antarctic Slope Front (ASF) protects the Weddell Sea continental shelf from
the saline Warm Deep Water (WDW) offshore. Most of the on-shore transport occurs in
the summer season, when the thermocline is shoaling at the shelf break, and through the
FT, where the sill depth is 200 m below the shelf depth. However, on-shelf transport
of warm water may also occur when dense shelf water is present on the shelf. An
isopycnal connection between the dense shelf water and the WDW offshore creates a
pathway for WDW to access the shelf without doing work against the buoyancy forces.

The southward transport of heat into the FT is sensitive to the slope current proper-
ties, and to the characteristics of the dense shelf water. The slope current is associated
with the ASF, and flows westward along the continental slope. The core of the slope
current is found to migrate shoreward onto shallower isobaths under strong wind forc-
ing, leading to different inflow regimes in the FT. In the weak wind regime, the slope
current core is located over deep isobaths, and does not interact with the FT topogra-
phy. In this regime, the southward heat transport into the FT is dominated by eddies,
and is sensitive to dense shelf water properties. In the strong wind regime, the slope
current is topographically steered southward into the Filchner sill region. However, po-
tential vorticity constraints at the sill edge force the slope current to turn and exit the
Filchner sill, without reaching the deeper part of the trough. The recirculating slope
current efficiently advects eddies out of the Filchner sill area, and limits the southward
heat transport.

A recirculation of the slope current across the Filchner sill could influence the export
of dense Ice Shelf Water (ISW) from the FT. The slope current is mainly wind-driven,
and responds to monthly scale variability in the along-slope wind stress. Here, it is
shown that the variability of the ISW overflow velocity is also connected to the up-
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stream wind stress, which could result from interaction between the ISW overflow and
the recirculating slope current.

New insight is gained regarding the ISW pathway from the Filchner Ice Shelf (FIS)
front toward the continental slope. The ISW is flowing northward as a mid-depth jet
along the eastern side of the FT. An eastward turning of the ISW across the FIS front
could be related to potential vorticity constraints associated with the large increase in
water column depth at the FIS front. The dense ISW overflows the Filchner sill and con-
tinues westward along the continental slope as a bottom intensified plume. The plume
thickness fluctuates strongly on time scales of a few days. High shear and mixing is
observed during the early stage of a thick plume event, and indicate efficient entrain-
ment of WDW, which is essential for production of AABW. The efficient mixing is, at
least partly, related to topographic vorticity waves.

In summary this thesis discusses key elements of the current circulation and its
variability in the southern Weddell Sea. The thesis demonstrates the inter-connection
between the cold water masses on the continental shelf and the warmer off-shelf wa-
ter masses. Today, the ASF is an important barrier which protects the Weddell Sea
continental shelf from the warm water off-shore. However, the stability of the ASF is
vulnerable to climate change, and is not well resolved in global climate models. This
study highlights the need for improved understanding of the processes related to the
slope front system, and the importance of the exchange and interaction between water
masses in the Filchner Trough.



List of abbrevations and water masses

• ACoC: Antarctic Coastal Current

• ASF: Antarctic Slope Front

• ENSO: El-Niño/Southern Oscillation

• FT: Filchner Trough

• FIS: Filchner Ice Shelf

• FRIS: Filchner-Ronne Ice Shelf

• RIS: Ronne Ice Shelf

• PV: Potential Vorticity

• SAM: Southern Annular Mode

• SAO: Semi-Annual Oscillation

• TVW: Topographic Vorticity Waves

Table 1: Overview of water masses and their characteristics. salinities are given for both practical
salinity units (S, PSS-78) and converted to Absolute Salinity (SA, TEOS 10) (McDougall and Barker,
2011)

Acronym Name Θ (°C) S SA (g kg−3)
ESW Eastern Shelf Water −1.9 ≤ Θ ≤−1.7d S < 34.44a SA < 34.60
WSW Western Shelf Water Θ <−1.9 34.56 < S < 34.84a 34.72 < SA < 35.00
CDW Circumpolar Deep Water Θ > 0.5c

WW Winter Water Θ ∼ −1.9 34.28 ≤ S ≤ 34.52a 34.44 ≤ SA ≤ 34.68
WDW Warm Deep Water 0 ≤ Θ ≤ 0.8 34.64 ≤ S ≤ 34.72a 34.80 ≤ SA ≤ 34.88
MWDW Modified Warm Deep Water −1.7 ≤ Θ ≤ 0.2 34.45 ≤ S ≤ 34.64d 34.61 ≤ SA ≤ 34.80

Mix of WDW and WW/ESWa,d

HSSW High Salinity Shelf Water −1.9 ≤ Θ ≤−1.7 S > 34.65d SA > 34.81
ISW Ice Shelf Water Θ <−1.9b

WSBW Weddell Sea Bottom Water Θ <−0.8oCa

AABW Antarctic Bottom Water, −0.8 ≤ Θ ≤ 0
Mix of WDW and WSBWb

a Foster and Carmack (1976a) b Carmack and Foster (1977)
c Gammelsrød et al. (1994) d Grosfeld et al. (2001)
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Outline

This thesis consists of an introductory part and four scientific papers. Chapter 1 gives an intro-
duction to the Weddell Sea circulation system and bottom water production. Objectives, data
and methods, as well as a detailed description of the idealized numerical model are provided
in chapter 2. A brief summary of the papers is given in chapter 3, before perspectives and
outlooks are presented in chapter 4. The manuscripts included in this thesis (chapter 5) are:

1. Daae, K., T. Hattermann, E. Darelius, and I. Fer, (2017) On the effect of topography and
wind on warm water inflow An idealized study of the southern Weddell Sea continental
shelf system, J. Geophys. Res. Oceans 122

2. Darelius, E., K. Makinson, K. Daae, I. Fer, P. R. Holland, and K. W. Nicholls, (2014)
Hydrography and circulation in the Filchner Depression, Weddell Sea, Antarctica, J.
Geophys. Res. Oceans 119.

3. Daae, K., E. Darelius, I. Fer, S. Østerhus, S. Ryan, (2018) Wind stress mediated variabil-
ity of the Filchner Trough overflow, Weddell Sea, J. Geophys. Res. Oceans (Accepted,
March 2018)

4. Daae, K., I. Fer, E. Darelius, Variability and mixing of the Filchner overflow plume
descending the continental slope west of Filchner Trough, Weddell Sea, Prepared for
submission to J. Phys. Oceanography
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Chapter 1

Introduction

The Antarctic continent holds the largest ice sheet on Earth. The average thickness is 2.7 km
with maximum thickness of about 4.8 km. The ice sheet takes up 90 % of the Earth’s total ice
masses, and 70 % of the fresh water content, which is equivalent to a sea level rise of more
than 60 m. In order to obtain realistic predictions on future sea level rise, it is important to
understand the underlying mechanisms which influence the Antarctic ice sheet stability, and
the interactions between the ice sheet and the ocean.

The Antarctic region is also important for the Earth’s climate through production and ex-
port of dense Antarctic Bottom Water (AABW), which feeds into the lower limb of the Global
Thermohaline Circulation (Orsi, 1999). Understanding the formation and transformation of
AABW is therefore a key to improved knowledge of the climate system, and how the climate
will respond to changes in the forcing.

This chapter provides a summary of the oceanic circulation in the Weddell Sea, with focus
on the relevant processes governing the exchange of water masses between the continental
shelf and the deep ocean.

Figure 1.1: The Antarctic continent and its surrounding ice shelves and sea ice, derived from AVHRR
data. Image courtesy: NASA/GSFC Scientific Visualization Studio
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1.1 Ice sheet stability
Glacial ice from the Antarctic Ice Sheet flows toward the coast. The equilibrium of the ice
sheet depends on the amount of accumulation of snow and the loss of ice into the sea, through
calving and melting of the ice shelves (Figure 1.2). Ice shelves, which are floating extensions
of the ice sheet, fringe the continent and contribute to buttress, or slow down the advance of
land ice into the ocean (Dupont and Alley, 2005). Recent observations of thinning ice shelves
along western Antarctica (Bellingshausen and Amundsen Sea) (Paolo et al., 2015; Pritchard
et al., 2012) raise concerns on the stability of the ice sheet in a warmer climate. Although
the West Antarctic Ice shelves cover less than 10 % of the total ice shelf area, they contribute
to roughly half of the observed ice shelf mass loss (Rignot et al., 2013). The observed ice
shelf thinning is a result of the oceanic circulation. In the Amundsen and the Bellingshausen
Sea, warm Circumpolar Deep Water (CDW), of oceanic origin, enter the ice shelf cavities
and melt the ice shelves from below. The inflow of warm water is facilitated through bottom
corrugations and troughs across the continental shelf (Arneborg et al., 2012; Moffat et al.,
2009; Walker et al., 2007).

Figure 1.2: Sketch of a typical Antarctic Ice shelf. Snow is accumulated on the surface, and is trans-
formed to ice that flows toward the coast where calving occurs. Nut more important, warm water under
the floating ice shelf contributes to thinning through basal melting. Image courtesy: H.A. Fricker,
Scripps Institution of Oceanography, UC San Diego.

The oceanic conditions in the Weddell Sea are different from those in the Amundsen and
Bellingshausen Sea (west Antarctica). In the Weddell Sea, the Antarctic Slope Front (ASF,
section 1.2) limits the on-shelf transport of Warm Deep Water (WDW), a slightly cooler and
fresher derivative of CDW (Heywood et al., 1998). The water temperatures on the continental
shelf and inside the Filchner-Ronne Ice Shelf (FRIS) cavity are close to the surface freezing
point (∼ 1.9oC) (Nicholls et al., 2009; Orsi and Wiederwohl, 2009), and the basal melt rates
are low (∼ 0.3 m yr−1, Rignot et al., 2013). However, both observations (Darelius et al., 2016;
Foldvik et al., 2001) and numerical model results (e.g. Hellmer et al., 2012) show that the FRIS
is vulnerable to changes in the mechanisms that bring warm water onto the continental shelf.
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Numerical model experiments suggest that substantial increase in the basal melt rates (up to 4
m y−1) may occur within this century (Hellmer et al., 2012; Timmermann and Hellmer, 2013).
The increased melt rates in the model study result from changes in the oceanic circulation
and in the on-shelf transport of warm water, related to future atmospheric changes. Hellmer
et al. (2017) further suggest a tipping point behavior. Once warm water flushes the Filchner
Ice Shelf (FIS) cavity, a positive melt water feedback enhances the shelf circulation and the
onshore transport of heat. In their numerical model, the process is irreversible unless they
prescribe basal melt rates back to today’s level.

This thesis is part of a large project, Inflow of Warm Deep Water on the Antarctic Continen-
tal Shelves (WARM), which aims to quantify the on-shelf heat flux and to identify the dominant
mechanisms for on-shelf heat transport. The FRIS comprises an area of 450 000 km2, and is
the largest ice shelf by volume (Fox et al., 1994). Increased oceanic heat fluxes, and basal melt
rates of the FRIS will have consequences not only for the water mass transformation and ocean
circulation in the Weddell Sea, but also for the stability of the inland ice and for the global sea
level rise.

1.2 The Antarctic Slope Front system
The Antarctic Slope Front (ASF) separates the warm and saline WDW, found at mid-depth
north of the continental slope, from the colder and fresher surface water (Gill, 1973; Jacobs,
1991). The ASF is mainly driven by the prevailing easterly winds, which lead to on-shore
Ekman transport and downwelling at the coast (Deacon, 1937; Sverdrup, 1953). The down-
welling causes a southward depression of the isopycnals toward the continental slope, which is
a characteristic feature of the ASF. A transect across the Weddell Sea continental slope, show-
ing the ASF, is presented in Figure 1.3. The transect was obtained roughly along 18°W in 2009
(Chavanne et al., 2010). In the Weddell Sea, dense water formation over the continental shelf
leads to formation of a second, on-shore part of the front, which separates the lighter offshore
surface water from the dense shelf water (Foster and Carmack, 1976a; Nicholls et al., 2009).
The combined front system, with V-shaped isopycnals over the continental slope (Gill, 1973;
Jacobs, 1991), protects the continental shelf from inflow of WDW.
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Figure 1.4: Map of the southern Weddell Sea, with bathymetry from Bedmap2 (Fretwell et al., 2013).
Colored arrows indicate the circulation pattern, where the dashed lines represent seasonal flow. The
circulation under the FRIS is from Nicholls and Østerhus (2004), and is based on measurements made
from bore-holes in the ice shelf at five sites, ship-based measurements made along the ice front, and
glaciological measurements of the ice shelf. Halley Research station is indicated by a green star, and
the black circle indicate the location of site 5, near the southern tip of Berkner Island (BI).

The on-shore Ekman transport associated with the ASF leads to increased sea surface el-
evation toward the coast, resulting in a geostrophic current westward along the slope. This
current has frequently been referred to as the Antarctic Coastal Current (e.g., Fahrbach et al.
(1992); Foster and Carmack (1976a); Gill (1973)). Here, we follow Heywood et al. (1998),
and use the term slope current to describe the current as it flows along the continental slope. A
schematic of the circulation pattern in the southern Weddell Sea, with the thick red arrow rep-
resenting the slope current, is presented in Figure 1.4. The slope current bifurcates at roughly
27oW , where the continental shelf widens. Here, the term Antarctic Coastal Current (ACoC)
refers to the slope current branch that flows southward along the coast after the bifurcation
(thin red line along the Brunt Ice Shelf, Figure 1.4).

The slope current is influenced by several forcing mechanisms such as local wind speed,
sea ice drag, wind stress curl, variability of the Weddell Gyre, and surface related processes
(Núñez-Riboni and Fahrbach, 2009). Existing estimates of the volume transport associated
with the slope current range from 7 Sv (based on year-long moored instruments, Graham et al.,
2013) to 14± 3 Sv (based on a wider transect of ship-borne hydrography profiles, Heywood
et al., 1998). The slope current responds to the seasonal variability of the wind forcing and the
sea ice drag (Fahrbach et al., 1992; Graham et al., 2013; Jensen et al., 2013; Núñez-Riboni and
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Fahrbach, 2009). The maximum current velocity is observed between May and August, when
the Ekman transport is high due to increased along-slope wind stress. This thesis discusses the
co-variability of the slope current and the wind stress further, with emphasize on the monthly
time scales (Paper III), and the on-shore migration of the slope current core under strong wind
forcing (Paper I).

The slope current crosses the Filchner Trough (FT) opening (Figure 1.4). There exist many
open questions regarding the interaction between the slope current and the FT. To what degree
is the slope current affected by the trough geometry? How much warm water associated with
the slope current is transported southward into the trough? What is the role of eddy forma-
tion through breaking topographic waves and mesoscale baroclinic and barotorpic instabilities
at the trough opening? Could the slope current be redirected southward into the trough as
suggested by Hellmer et al. (2012, 2017, Section 1.1).

Model studies indicate that the interaction between a shelf break jet, like the slope cur-
rent, and a trough across the shelf depends on the trough geometry, the stratification, and the
strength and direction of the slope current (Allen and Durrieu de Madron, 2009; Klinck, 1996;
Williams et al., 2001; Zhang et al., 2011). Although inflow of warm water into the FT oc-
curs seasonally (Section 1.3), most of the warm water carried by the slope current continues
westward along the slope. Based on an idealized model of the Weddell Sea, this thesis ad-
dresses the questions above, and study the interaction between the slope current and the FT for
different combinations of wind and water mass properties (Paper I). The results indicate that
Potential Vorticity (PV) constraints, related to the trough topography, may limit the southward
heat transport into the trough.

The ACoC branch of the slope current follows the coast line southward along the Brunt
Ice Shelf. The ACoC is fast and narrow, and contributes to renewal of the Weddell Sea shelf
waters by transporting low-salinity water onto the shelf (Heywood et al., 1998; Jacobs, 1991).
Observations of the ACoC are sparse, but strong currents at mid-depth (mean speed of 0.1
m s−1 at 194 m) are observed close to the Brunt Ice Shelf (75.81◦S) in 2003-2004 (Nicholls,
2005). This thesis describes the variability of the ACoC on both seasonal and monthly time
scales (Paper III). It is shown that increased wind stress along the continental slope leads to
an increased current speed within the ACoC. A combination of strong wind forcing and a
shallow thermocline at the shelf break could lead to increasing heat transports onto the shelf
and contribute to basal melting of the ice shelves. However, the southward extent of the ACoC
is not yet known. In order to quantify the southward heat flux associated with the ACoC, and
its contribution to basal melting, new observations are needed along the southeastern Weddell
Sea continental shelf.

1.3 Seasonal inflow of Modified Warm Deep Water
Modified Warm Deep Water (MWDW), a slightly cooled version of WDW enters the FT sea-
sonally, from January to May, when weaker wind forcing allows for a shoaling of the thermo-
cline (Årthun et al., 2012). MWDW with a core at roughly 400 m depth has been observed
along the eastern flank of the FT in several hydrographic surveys (Paper II, Årthun et al., 2012;
Carmack and Foster, 1977; Darelius et al., 2016; Foldvik et al., 1985a; Ryan et al., 2017). The
inflow is indicated by a pink, dashed line in Figure 1.4. In summer, the ISW in the FT reaches
the lower layers of the eastern shelf (flat shelf east of the FT). The southward warm inflow
is maintained by an east-west density gradient between the warm inflow and the ISW (Ryan
et al., 2017). During winter, the ISW retreats from the eastern shelf and the temperature of the
inflow decreases. This leads to a weaker density gradient and a reversed flow along the eastern
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FT.
The southern extent of the warm inflow varies from year to year. Observations near the

FIS front show that MWDW was present in 2013, but not in 2011 (Darelius et al., 2016). This
thesis presents observations suggesting that the MWDW associated with the seasonal inflow,
to some extent recirculates and returns northward away from the ice shelf cavity (Paper III).
Year-to-year variations of the southward extent of the MWDW recirculation could explain the
lack of MWDW near the FIS front in 2011. The finding has implications for monitoring and
quantifications of the southward heat flux associated with the inflow of MWDW. Either, the
recirculation of the MWDW must be quantified, or the mooring arrays must be located so far
south that recirculation is negligible.

1.4 Production and export of AABW
AABW is a mixture of cold shelf water and the warmer and more saline oceanic water masses
(CDW/WDW), which surround the Antarctic continent (Carmack and Foster, 1977). A major
part of the AABW is formed through mixing between WDW and Weddell Sea Bottom Wa-
ter (WSBW), formed in the southern Weddell Sea (Carmack and Foster, 1975a; Foldvik et al.,
2004; Orsi, 1999). WSBW consists of roughly 25% shelf water, and 70 % WDW, with the re-
mainder being surface waters (Foster and Carmack, 1976b; Weppernig et al., 1996). Estimates
of the total production of WSBW range from 2-5 Sv (Gordon, 1998, and references therein).

High Salinity Shelf Water (HSSW) is the source water mass for WSBW. HSSW is formed
over the continental shelf during winter, as a result of atmospheric cooling and brine rejection
from sea ice formation (Nicholls et al., 2009). Polynyas along the ice front maintain high
production rates of HSSW throughout the winter (Foldvik et al., 2001). The properties of the
HSSW varies with respect to the formation site. The most dense and saline version of HSSW,
is produced over the western part of the continental shelf, near the Ronne Ice Shelf (Nicholls
and Østerhus, 2001, 2004). HSSW from this region has also been referred to as Western Shelf
Water (Gammelsrød et al., 1994).

HSSW contributes to production of WSBW in two ways. HSSW produced over the western
Weddell Sea continental shelf may descend the continental slope directly (turquoise arrows in
Figure 1.4) and form WSBW through mixing with the ambient offshore water masses (Foster
and Carmack, 1976b; Gordon, 1998). Alternatively, the HSSW flows into the FRIS cavity,
where it is transformed into Ice Shelf Water (ISW) which eventually overflows the Filchner
sill, mixes with WDW, and forms WSBW(Foldvik et al., 1985b). This thesis discusses different
aspects of the ISW flow. A detailed description of the water mass transformation taking place
under the FRIS, and the ISW pathways is given below.

The freezing point of sea water decreases with depth. Deep into the cavity, the HSSW
entering from the continental shelf is warmer than the in situ freezing point. Glacial ice is
melted and entrained into the HSSW, which is transformed into Ice Shelf Water (ISW). The
ISW is potentially super-cooled, and is slightly fresher than the HSSW (Gammelsrød et al.,
1994). ISW formed under the FRIS circulates around the Berkner Island (BI) toward the
Filchner trough (FT). The coldest ISW (Θ < −2.4oC) is observed near the Berkner Island,
from bore-holes through the ice shelf (Nicholls and Østerhus, 2004). In Figure 1.4, ISW
formed from the saline Ronne-sourced HSSW (ISWRonne) is indicated by light blue arrows,
and ISW from the Berkner Bank sourced HSSW (ISWBB) is indicated by dark blue arrows.
Nicholls and Østerhus (2004) suggest that most of the ISWRonne is too dense to escape the 600
m deep FT sill, and instead recirculates under the FRIS, where it becomes fresher and lighter,
due to entrainment of more glacial melt water (dashed blue arrow in Figure 1.4).
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Darelius and Sallée (2018) and was obtained during the cruise JR16004 (Sallée, 2017)

A temperature transect along the FIS front from 2017 (Figure 1.5; reprint from Darelius
and Sallée (2018)) shows two cores of ISW between 300 and 700 m depth. The western core
consists of cold (Θ <−2.2◦C) ISWRonne, while the eastern core is slightly warmer.

Prior to this study, few observations existed from the FIS front, except from single hy-
drographic profiles obtained during summer cruises. It was assumed that the ISW emanating
from under the FIS front was flowing northward along the western flank of the FT toward the
Filchner sill (Nicholls et al., 2009). The project WARM, which this thesis is a part of, has con-
tributed to increased knowledge of the ISW flow in the FT. Rather than flowing northward
along the western side of the FT, the ISW flows northward in a mid-depth jet along the east-
ern side of the FT (Paper II). It is suggested that the ISW turns eastward and crosses the FT
upon reaching the FIS front, due to potential vorticity constraints (Paper II). Recent moored
observations near the FIS front agrees with these findings, and brings further insight to the dy-
namics of the ISW flow (Darelius and Sallée, 2018; Darelius et al., 2016). Along the western
FT a northward flowing core of ISWRonne is present seasonally, from February to May/June.
During the rest of the year, the ISW is warmer (lighter) and flows eastward along the FIS front.
The northward flow across the FIS front is suggested to be facilitated through a decoupling of
the lower part of the water column, which reduces the effect of the PV barrier (Darelius and
Sallée, 2018).

On the eastern side of the FT, the ISW is flowing northward throughout the year (Darelius
et al., 2016). Intermittent traces of ISWRonne is observed, but the dominating source salinity
of the ISW is fresher, and is more likely associated with ISWBB (Darelius and Sallée, 2018).
The ISW continues northward, and crosses the Filchner sill toward west. Estimates of the
ISW volume transport range from 0.7 Sv (Foldvik et al., 1985c) to 1.6±0.5 Sv (Foldvik et al.,
2004). The ISW spills over the Filchner sill, and veers westward under the effect of rotation.
In this thesis, the plume is referred to as the Filchner overflow plume, or just the plume. A
temperature transect across the continental slope (east of the ridge at 36°W) is shown in Figure
1.6. Here, the cold Filchner overflow plume is roughly 200 m thick, with a core near the
1300 m isobath. In addition to the westward plume pathway along the continental slope, two
northward and down-slope plume pathways are supported through topographically steering
along two ridges near 36 and 37◦W, respectively (Darelius and Wåhlin, 2007; Foldvik et al.,
2004). The Filchner overflow plume descends into the deep Weddell Sea. En route, the plume
water mixes with the ambient water masses and forms WSBW (Foster and Carmack, 1976b),
which is ultimately transformed into AABW.
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This thesis discusses several aspects of the ISW flow across the Filchner sill and along
the continental slope. Existing ISW transport estimates are discussed and compared to re-
cent observations (Paper II, Paper IV). The variability of the ISW overflow velocity across the
Filchner sill is discussed on both interannual and monthly time scales (Paper III). A somewhat
unexpected co-variability between the monthly scale ISW overflow velocity and the upstream
along-slope wind stress is presented, along with a suggested mechanism that could explain
such co-variability. New observations of the Filchner overflow plume are presented, which
indicate large fluctuations of the plume thickness and strong mixing (Figure 1.7, Paper IV).
Different mechanisms that could explain the variability are discussed, and new insight govern-
ing the plume thickness variability and mixing is provided.

1.5 Mixing and variability on shorter time scales

Mixing processes over the continental shelf break and slope are important for both water mass
transformation (section 1.4), and cross-shelf exchange of water masses over the continental
shelf and in the FT (section 1.2). This section summarizes different mixing processes, such as
internal waves and eddy-induced mixing, as well as eddy transports, which are different from
mixing as they transport water masses adiabatically, rather than mixing them.

1.5.1 Internal tides
Barotropic tidal currents can generate internal waves, known as internal tides. Internal tides
are typically generated over topographic features such as sea mounts, ridges and continental
slopes. Steep bottom slopes, such as the Weddell Sea continental slope, are favorable for
generation of internal tides. Here the bottom slope is similar to the internal wave slope from
the horizontal, known as critical slope. When the internal waves meet the sloping topography,
they are reflected, and the reflected waves interact with the incident wave, leading to enhanced
shear and turbulence (Eriksen, 1985).

In addition to having a critical slope, the southeastern Weddell Sea continental slope is
roughly co-located with the critical latitude for the semi-diurnal tidal wave (Daae et al., 2009).
Linear semi-diurnal internal tides cannot propagate freely poleward of the critical latitude.
Instead, the waves are exponentially damped (LeBlond and Mysak, 1978; Vlasenko, 2005),
which lead to thickening of the bottom boundary layer and enhanced mixing near the bottom
(Daae et al., 2009; Fer et al., 2016; Furevik and Foldvik, 1996). The Filchner Overflow plume
crosses the shelf break and continues westward along the upper continental slope. Enhanced
mixing in this region has consequences for the entrainment of WDW and the final properties
of the WSBW.

The enhanced semi-diurnal tidal currents in the southern Weddell Sea also lead to un-
certainties in estimates of volume transports across the FT based on ship-borne profiles of
hydrography and currents (Paper II). Obtaining a transect across the FT (or just parts of it)
typically takes up to 12 hours. This means that the stations within a transect are obtained at
different tidal phases. The tidal contribution to the observed currents must be removed prior
to calculating the volume transports. The detiding procedure requires careful attention, since
the transport estimates are highly sensitive to the choice of detiding scheme.
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1.5.2 Topographic vorticity waves
Conservation of PV causes trapping of waves along coastal walls or over sloping topography
(e.g. Mysak, 1980; Rhines, 1970). These waves are often referred to as coastal trapped waves,
continental shelf waves, or topographic Rossy waves, but here the term Topographic Vorticity
Waves (TVW) is used. The waves are forced by a PV gradient across the sloping bottom. The
conservation of PV is expressed by

d
dt

(
ζ + f

H

)
= 0,

where ζ = ∂v/∂x− ∂u/∂y is the vertical component of the relative vorticity, f = 2Ωsinφ is
the vertical component of the planetary vorticity (Coriolis frequency), and H is the bottom
depth. If a fluid parcel is moved upslope toward shallower isobaths, H decreases and the wa-
ter column is squeezed vertically. Conservation of PV then requires a reduction of ζ + f . If
we assume f is constant, ζ must decrease, which means that the parcel gains anticyclonic
(negative) relative vorticity. The opposite is true when a fluid parcel moves downslope toward
deeper isobaths. In the southern hemisphere, the net effect of the changes in relative vorticity
is a westward propagating wave along the sloping topography. Different modes of TVW re-
flects the dominating effects of a coastal wall or a sloping topography. Mode zero waves, are
predominantly forced by a coastal wall, and are also referred to as Kelvin waves. Mode one
waves are mainly forced by a sloping topography, whereas mode two waves are affected by
both, although the effect of the coastal wall is dominating (Wang and Mooers, 1976).

In the Weddell Sea, TVW may increase the heat exchange across the continental shelf
break and affect the dense water production rates. Observations show that excitation of zero
mode barotropic TVW at the diurnal frequency leads to enhanced eddy kinetic energy (EKE)
and mixing at the diurnal frequency (Foldvik et al., 1990; Middleton et al., 1987; Semper
and Darelius, 2017). Energetic oscillations with periods of 35 hours, 3 days and 6 days are
also observed along the continental slope. These oscillations have properties that agree with
westward propagating TVW (Jensen et al., 2013). The 35 hour oscillation is consistent with
mode one TVW where the wavelength is less than 200 km, and where the group speed and
phase speed are opposing each other, i.e. the group speed (energy) propagates eastward. The 3
and 6 days oscillations are consistent with mode two TVW, with wavelengths of 100 and 1000
km, respectively, and westward propagation of energy. Marques et al. (2014) show that TVW
may be generated by the dense Filchner overflow. Westward propagation of TVW, i.e. in the
same direction as a dense overflow, affects the mixing between the overflow and the ambient
water masses, which in turn, influence both the volume flux and the properties of the AABW
(Jensen et al., 2013; Marques et al., 2014).

Here, it is shown that alignment of counter-rotating TVW with periods of 24 and 72 con-
tribute to enhanced mixing and thickness fluctuations of the Filchner overflow plume (Paper
IV).

1.5.3 On-shelf transport by eddies
Recent studies indicate that eddies contribute largely to the on-shore transport of CDW (Hat-
termann et al., 2014; Nøst et al., 2011; Stewart and Thompson, 2016). Eddies formed by
baroclinic instability may cause overturning and mixing of the ASF, and convert the avail-
able potential energy (APE) associated with the front into EKE (Nøst et al., 2011). Eddies act
to reduce the APE in the water column as a whole. However, the APE may increase locally
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within the water column, and cause upward sloping isopycnals near the bottom. Upward slop-
ing isopycnals combined with presence of dense water on the shelf may create an isopycnal
connection between the dense shelf water and the warm CDW. The isopycnal connection fa-
vors on-shelf transport of CDW, since the CDW may flow onto the shelf along the isopycnal,
without doing work against the buoyancy force (Stewart and Thompson, 2016).

In order to obtain realistic estimates of on-shore heat transport in numerical simulations, it
is essential to have a high lateral resolution (O(1 km)) in order to resolve eddies (Hattermann
et al., 2014; St. Laurent et al., 2013; Stewart and Thompson, 2015).

This thesis studies the on-shelf transport by eddies, by means of a high-resolution idealized
model of the southern Weddell Sea (Paper I). In agreement with Stewart and Thompson (2016)
it is shown that eddy induced on-shelf transport of warm water is facilitated when dense shelf
water is present on the shelf. In addition, the on shore transport and eddy kinetic energy
responds to variations in the off shelf upper ocean density, which enhances eddy overturning
during summer.

1.6 Variability on annual and inter-annual time scales
Observations on the continental slope and on the Filchner sill show large year-to-year variabil-
ity. The variability is linked to the Weddell gyre and how it responds to large scale atmospheric
circulation patterns such as the Southern Annular Mode (SAM), the Semi-Annual Oscillation
(SAO), and the El-Niño/Southern Oscillation (ENSO). Long term variability of the ISW over-
flow from the Filchner sill is discussed in Paper III. This section introduces the large scale
atmospheric variability and its impact on the Weddell Sea circulation system.

The SAM-index is calculated from the difference in mean circumpolar sea level pressure
between 40 and 65°S. A positive SAM-index indicates a large pressure gradient which, in the
Weddell Sea, leads to increased cyclonic wind stress curl and spin-up of the Weddell gyre
(Jullion et al., 2010; Lefebvre and Goosse, 2004). Gordon et al. (2010) show that a positive
SAM-index leads to depression of the pycnocline and to enhanced export of WSBW from the
northwestern Weddell Sea. The SAM-index has been increasing since the late 1970s (Mar-
shall, 2003). The increase has been attributed to stratospheric ozone depletion and greenhouse
gas emissions (Gillett and Thompson, 2003; Polvani et al., 2011).

The annual temperature cycles in the mid-latitude ocean and the Antarctic regions are
out of phase. The phase difference causes a semi-annual poleward shift of the circumpolar
pressure trough in spring (September) and autumn (March), and is known as the SAO (Meehl,
1991; Simmonds and Jones, 1998; Van Loon, 1967). When the circumpolar through shifts
southward, the meridional pressure gradients become stronger and the surface wind stress
increases (Hurrell and Loon, 1994). The phase of the SAO is consistent from year to year,
while the SAM-index varies. Hurrell and Loon (1994) suggest that, due to the persistence
of the SAO, SAO influences the long-term mean sea level pressure more strongly than the
SAM. The SAO was particularly strong in the late 1970s, but has been declining during the
last decades. The decline is likely caused by seasonal temperature changes in connection with
SAM (Van Loon et al., 1993).

ENSO is a periodic fluctuation in sea surface temperature and air pressure across the equa-
torial Pacific Ocean. ENSO is a strong source of variability in the Pacific sector of the Southern
Ocean (Turner, 2004, and references therein). In the Weddell Sea, ENSO is mainly found to
influence the atmospheric pressure in the northwestern part, due to pressure differences on ei-
ther side of the Antarctic Peninsula (Gordon et al., 2010). During warm El Nin̂o events, the
northward wind increases in the western Weddell Sea, while cold La Niña events lead to re-
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versed winds. However, the effects of ENSO can be difficult to disentangle from the combined
effects of ENSO and SAM. When SAM and ENSO have the same sign, they tend to counter-
act each other. The variability induced by ENSO is therefore most pronounced when SAM is
in a neutral phase, or SAM and ENSO are of opposite signs (Gordon et al., 2010; Jullion et al.,
2010). In the western Weddell Sea, the export of WSBW was larger in years following warm
El Niño events (Gordon et al., 2010; McKee et al., 2011). The production of HSSW over the
western Weddell Sea continental shelf is also related to ENSO. During El Niño events, strong
northward winds increase the sea ice export and the production of HSSW (e.g. Nicholls and
Østerhus, 2004). The opposite is true in La Niña events.



Chapter 2

This study

2.1 Objectives
Processes related to the Filchner-Ronne Ice Shelf (FRIS) in the Weddell Sea are of climatic
importance. The main objective of this study has been to explore mechanisms related to the ex-
change of water masses between the continental shelf and the deep ocean. The study is based
on available hydrography and current observations from the region (Paper II-IV), and on ide-
alized numerical model experiments (Paper I). The thesis discusses mechanisms for on-shelf
transport of heat inferred from idealized model experiments (Paper I). A thorough descrip-
tion of the idealized model is given in section 2.3. The thesis further assess the variability in
the Weddell Sea current circulation on sub-seasonal time scales based on moored observations
of hydrography and current over the continental slope, over the continental shelf, and in the
Filchner Trough and Sill region (Paper III). Finally, the ISW pathway in the FT (Paper II) and
the dense water overflow and mixing processes related to formation of AABW along the con-
tinental slope (Paper IV) are being addressed. A schematic overview of the current circulation,
showing what part of the circulation is discussed in each paper is given in Figure 2.1.
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I

Figure 2.1: Schematic illustration of the current
circulation in the southeastern Weddell Sea. The
annotations indicate which papers included in
this thesis discuss the different aspects of the cir-
culation.
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2.2 Data

2.2.1 Atmospheric data
Atmospheric data are obtained from the ERA-Interim reanalysis data set with 0.75◦ resolution
(named ERA hereinafter; Dee et al., 2011). The ERA data set has a time resolution of 6 hours,
and is available from 1979 to present. Wind stress is calculated from ERA wind velocity at 10
meter above sea level and Sea Ice Concentration (SIC), following the procedure by Andreas
et al. (2010), where the drag coefficient is a function of the SIC.

Observed wind velocity from the Halley Research station (turquoise star in Figure 2.2) is
compared to the ERA dataset. The Halley record dates back to 1957, and allow for evaluation
of long-term trends as well as comparison with current observations prior to 1979 when the
ERA record starts.

2.2.2 Sea Ice Concentration
Time series of SIC from 1978 to 2017 are extracted from the National Snow and Ice Data
Center (Cavalieri et al., 1996). The data set is a satellite product generated from brightness
temperature on a 25 km × 25 km grid. While SIC from ERA is based on different datasets of
sea surface temperature prior to 2009 (Dee et al., 2011), the NSIDC SIC product is consistent
throughout the time series.

2.2.3 Moored observations
Hydrography and current velocity from 16 moored instruments form the basis of this thesis.
An overview of the mooring locations and measurement periods is given in Table 2.1, and
Figure 2.2. Here we report original mooring names. In paper II, we renamed the moorings
according to geographic locations. These names are given in brackets, where the acronyms are
as follows: the Continental Slope (CS), the Coastal Current inflow (CC), the shelf area east of
FT (ES), the Filchner Trough (FT), and the Filchner Sill (FS).

2.2.4 Ship-borne observations
Paper I is based on vertical profiles of hydrography and velocity obtained during a cruise with
RRS Ernest Shackleton in 2013. The data are collected using a conductivity-temperature-depth
(CTD, SBE9111) package equipped with down and upward-looking lowered acoustic Doppler
current profilers (LADCPs, 300 kHz RD Instruments Workhorse).

The data set from 2013 is compared with profiles obtained during cruises in 1973 (USCGC
Glacier Carmack and Foster, 1975a), 2005 and 2009(JR97 and ES033 Nicholls et al., 2009),
and single stations from the FIS front in 1977 (Foldvik et al., 1985a), 1980 (Foldvik and Gam-
melsrød, 1985), 1984, 1993 (Gammelsrød et al., 1994), 1995 (Grosfeld et al., 2001), and 2011
(JR244 Larter, 2011). The hydrographic sections and repeat time stations are indicated on the
map in Figure 2.2, and detailed information is given in Table 2.2.
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Table 2.1: Overview of the mooring records. Mooring names used in paper II are given in brackets.

Mooring Year # days Lat Lon Bottom Reference

Name deployed (°S) (°W) depth (m)

S2 (FS1) 1977 411 74◦ 40′ 33◦ 56′ 558 Foldvik et al. (1985c)

S2 (FS1) 1985 371 74◦ 40′ 33◦ 56′ 545 Foldvik et al. (2004)

S2 (FS2) 2003 747 74◦ 40′ 33◦ 28′ 597 Darelius et al. (2014a)

S2 (FS2) 2010 364 74◦ 38′ 33◦ 30′ 602 Darelius et al. (2014a)

S2E (FS3) 2014 1124 74◦ 40′ 33◦ 00′ 593

FR1 (FS4) 1995 837 75◦ 01′ 31◦ 46′ 610 Woodgate and Schröder (1998)

FR2 1995 828 75◦ 02′ 31◦ 33′ 574 Woodgate and Schröder (1998)

M787E (FT1) 2013 376 77◦ 45′ 36◦ 09′ 705 Darelius et al. (2016)

M777 (FT2) 2013 371 77◦ 00′ 34◦ 28′ 705 Darelius et al. (2016)

M775 (ES1) 2013 371 77◦ 00′ 34◦ 03′ 505 Darelius et al. (2016)

M31W (ES2) 2014 746 76◦ 00′ 31◦ 00′ 457 Ryan et al. (2017)

M1 (CS1) 2009 386 72◦ 29′ 17◦ 28′ 273 Graham et al. (2013)

M2 (CS2) 2009 386 72◦ 27′ 17◦ 38′ 487 Graham et al. (2013)

M3 (CS3) 2009 361 74◦ 31′ 30◦ 10′ 725 Jensen et al. (2013)

B3 (CC) 2003 746 75◦ 49′ 26◦ 52′ 392 Nicholls (2005)

W2 2010 362 74◦ 21′ 36◦ 1′ 1411 Paper IV

W3 2010 360 74◦ 13′ 35◦ 55′ 1844 Paper IV

Table 2.2: Overview of the CTD/LADCP sections and time series.

Name Year Start End Reference

Section 1 2013 77° 43’S, 35° 28’W 77° 43’S, 36° 19’W Darelius et al. (2014b)

Section 2 78° 05’S, 43° 25’W 77° 52’S, 41° 28’W

Section 3 77° 50’S, 43° 43’W 77° 42’S, 35° 23’W

Section 4 77° 15’S, 33° 40’W 76° 54’S, 35° 39’W

Section 5 75° 59’S, 30° 42’W 75° 50’S, 33° 15’W

Section 6 75° 50’S, 33° 15’W 75° 10’S, 31° 44’W

Section05 2005 76° 33’S, 33° 18’W 76° 41’S, 31° 57’W

Section09 2009 75° 24’S, 30° 29’W 74° 59’S, 32° 00’W

Section73 1973 77° 59’S, 43° 29’W 74° 45’S, 35° 50’W Carmack and Foster (1975b)

Time series:

TS1 2013 77° 52’S, 41° 28’W Darelius et al. (2014b)

TS2 77° 40’S, 36° 16’W

TS3 76° 00’S, 30° 30’W

TS4 75° 05’S, 30° 52’W
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2.3 An idealized model of the Weddell Sea 17

2.3 An idealized model of the Weddell Sea
Idealized models are effective tools for testing ideas and hypotheses on various processes.
By changing the driving forces systematically in different experiments, the model simulations
may provide insight on isolated effects of each driving force or a combination of different
driving forces. In addition, the cost of running idealized models are much lower than obtaining
observation data. This is especially true for the Weddell Sea region. Both the remoteness and
the severe sea ice conditions in the Weddell Sea make observations expensive and difficult.
Models cannot replace the value of observations. However, results from idealized models may
contribute to improved design of the observational surveys, especially regarding the temporal
and spatial resolution needed to resolve the different processes.

To improve the understanding of the processes which control access of warm water onto the
Weddell Sea continental shelf, a process oriented idealized numerical ocean model was set up.
Idealized model studies based on channel models have contributed to understanding of some
of the processes related to on-shelf transport (e.g. Nøst et al., 2011; Stewart and Thompson,
2015), and to the effect of canyons and trough across the continental shelf (e.g. Allen and
Hickey, 2010; St. Laurent et al., 2013; Williams et al., 2001). This study focuses on special
features regarding the Weddell Sea geometry and processes, and is motivated by questions
such as: How does the ASF respond to various wind forcing and surface water properties?
How does the transition from a narrow to a wide continental shelf affect the on-shelf eddy
transport? What is the effect of dense water formation over the wide shelf? How much warm
water enters into the FT, and is the inflow to the FT sensitive to the properties of the dense
shelf water in the deep trough?

This section gives a detailed technical description of the idealized model set-up applied in
paper I, as well as motivation and a brief summary of the different sets of model experiments.

2.3.1 The Regional Ocean Model System (ROMS)
Idealized numerical simulations are conducted using the Regional Ocean Modeling System
(ROMS, version 3.6, Shchepetkin and McWilliams, 2009). ROMS is a free-surface, terrain-
following, hydrostatic primitive equations ocean model. The momentum equations are solved
using a split-explicit time-stepping scheme, which reduce the computation cost by separating
the slow (baroclinic) and the fast (barotropic) modes. Within each baroclinic time step, a
finite number of barotropic time steps are carried out. ROMS applies orthogonal coordinates
on a staggered Arakawa C-grid. In the vertical, the primitive equations are discretized over
variable topography using stretched terrain-following coordinates (Song and Haidvogel, 1994).
Stretched coordinates allow for increased resolution near the sea bed, which is needed to study
eddy-mediated transport across the steep Weddell Sea continental slope. ROMS has various
options for advection schemes. Here, the third order upwind scheme with no explicit mixing
is applied, along with baroclinic time steps of 3 minutes, with 25 barotropic sub-steps.

2.3.2 Model grid
The interior Weddell Sea is large, with the wider continental shelf being roughly 950 × 450
km. In order to have a grid domain that is feasible to run, the model domain is reduced to 500
× 1500 km, which includes a 700 km long narrow channel upstream of the wide continental
shelf (Figure 2.3). The model geometry is simplified to represent the main features that are im-
portant for the circulation along the Weddell Sea continental slope. A 400 m deep continental
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Figure 2.3: (a) Model domain seen from above. Bathymetric contours are drawn every 100 m, yielding
a diffuse line over the steep continental slope. Arrows along the eastern boundary indicate the wind
forcing profile. The green/yellow patches indicate averaging areas for the wide/narrow shelf respec-
tively. (b) zonal transects showing the model trough geometry at the southern boundary (dark gray)
and over the trough sill (light gray) together with real trough geometry from Bedmap (blue/petrol) at
comparable distance from the sill, indicated on the map in (c). (d) Meridional transect showing the
continental shelf and slope and vertical layers (blue/white). The depth profile along the center of the
trough is drawn as a thin black line together with Bedmap topography (orange dots).
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shelf is connected to a deep ocean through a continental slope. The maximum bottom depth
in the open ocean is limited to 1700 m, which is assumed to cover the dynamically active part
of the water column. The slope steepness (α ∼ 0.016) is similar to the Crary Fan (CF) region
north of the FT, and is calculated from a hyperbolic tangent function (Figure 2.3 c-d).

In the Weddell Sea, wind and currents roughly follow the continental slope. The calcu-
lations are therefore simplified by making the continental slope purely zonal in the idealized
set-up. The continental shelf is narrow in the east (similar to the eastern Weddell Sea coast)
and widens toward west. A 125 km wide trough with a 600 m deep sill is cross-cutting the
wide shelf region. The depth and the width of the trough is similar to the FT. The trough depth
increases linearly from 600 m at the sill to 950 m at the southern boundary (Figure 2.3 d). The
side walls are symmetric with a steepness representative of the eastern flank of FT, ranging
from α ∼ 0.0043 at the sill to α ∼ 0.0109) near the southern boundary (light and dark gray
shaded areas, respectively in Figure 2.3 b).

The horizontal resolution is 1.5 km, which is required to resolve mixing by eddies (Hat-
termann et al., 2014; St. Laurent et al., 2013; Stewart and Thompson, 2015). Vertically, the
model is discretized into 30 terrain-following layers, with enhanced resolution near the sur-
face and near the sea bed. The layer thickness varies from less than 3 m in the surface layer
over the continental shelf, up to 110 m in the deep ocean interior.

2.3.3 Initialization
The shallow continental shelf is initially filled with a uniform water mass, having a salinity of
34.4 and a temperature at the freezing point (θ = −1.9oC). Over the continental slope, the
stratification is constructed from 26 conductivity-temperature-depth (CTD) profiles, obtained
across the eastern Weddell Sea continental shelf break at 17o W in 1997 (Nøst and Østerhus,
1998). WDW resides in the deep water, and the isopycnals slope down over the continental
slope, which is characteristic for the ASF (Section 1.2). Fresh surface water is removed to
obtain a typical winter stratification with a well-mixed upper layer (Figure 2.4a-c). Apart from
a geostrophically balanced current over the continental slope, the velocity fields are initially at
rest.

In the reference simulations, the trough is filled with Dense Shelf Water (DSW) with
θDSW = −2 oC and SDSW = 34.65 below shelf depth. These values fall within the range
of observed ISW properties (Figure 2.4g-i). In order to test the sensitivity to the DSW den-
sity, additional experiments were performed, where the model was initialized with higher and
lower DSW salinity (S=34.5 and S=34.8), as well as no DSW (S=34.4). All these values are
extremes compared to the available observed salinity profiles (Figure 2.4h).

2.3.4 Summer and winter climatologies
The experiments are sorted in two seasonal categories (winter and summer) to study how the
eddy transports are affected by upper ocean stratification. The seasonal forcing is applied to
the model runs through climatology fields at the open boundaries and at the surface. The winter
climatology is the same as the initialization described in section 2.3.3, with a homogeneous
well mixed upper layer. The summer climatology includes a fresh off-shelf surface layer,
and is constructed from hydrographic observations obtained by instrumented Elephant seals
(Nøst et al., 2011) (Figure 2.4d-f), as described in Hattermann et al. (2014). Over the wide
continental shelf (east of 800 km East in Figure 2.3a), the climatology is the same in the winter
and summer scenarios (i.e. always winter). In the summer scenarios, there is a linear transition
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in hydrography between the winter conditions over the wide shelf and the summer conditions
over the continental slope.

2.3.5 Atmospheric forcing
The ASF is mainly wind-driven (Section 1.2). Each set of model configurations (combinations
of water mass properties and season) were forced with a suite of westward along-slope wind
stress corresponding to wind speeds of 3, 6, and 9. The wind stress is calculated from τ =
ρairCDU2, where ρair = 1kgm−3 and the drag coefficient CD = 0.001. The reference winter
run was, in addition, forced with wind stress corresponding to 0 and 12 m s−1. The wind
field is constant north of 375 km North and decays sinusoidally toward zero at the southern
boundary (Figure 2.3a).

Sea ice is not included directly in the idealized model. The effects of sea ice are instead
mimicked by restoring the SST to −1.9oC and SSS to 34.4, with a restoring time scale of 3
days. The restoring is uniform for the winter simulations. In summer, the surface restoring
over the wide shelf is the same as for winter conditions, while the restoring toward SST=
−1.5oC and SSS= 33.7 is applied over the narrow shelf and the deep ocean. To assess how
presence of dense water over the shelf affect the on-shelf transport of warm water, experiments
with increased SSS restoring (SSS=34.5), leading to denser shelf water were conducted. A
contrasting scenario, with reduced SSS restoring (SSS=34.3) was also tested.

2.3.6 Boundary conditions
At first, the model was run as a re-entrant channel model, similar to e.g. (Hattermann et al.,
2014; Stewart and Thompson, 2015). The motivation for doing so, was to keep a fully devel-
oped eddy field along the continental slope, and to ensure a closed model domain, which is
required to separate eddy fluxes into purely rotational and purely divergent parts (Fox-Kemper
et al., 2003; Marshall and Shutts, 1981). However, the re-entrant model did not work sat-
isfactorily due to flow of DSW from the trough. In order to guarantee that changes in the
DSW properties did not lead to upstream changes in the flow (due to re-entrant water masses),
it was decided to use open boundaries in the east and in the west. The northern and south-
ern boundaries are treated as closed walls. A series of tests were performed to find a suitable
configuration for open boundary conditions and sponge zones without spurious reflections.

The open boundary conditions for the hydrography and the 3-D momentum fields are de-
fined by a radiation scheme with restoring toward the initial conditions (Marchesiello et al.,
2001). A radiation condition similar to Flather (Flather, 1976), but adjusted for staggered
grids (named Shchepetkin in ROMS) is applied for the 2-D momentum fields, accompanied
by the Chapman explicit condition for the free surface (Chapman, 1985). At all boundaries,
there is a 30 km sponge zone, where the diffusivity and viscosity increase smoothly from 1
m2s−1 in the interior to 3 m2s−1 at the boundary.

To avoid drift in the water mass properties, temperature and salinity are restored at all
boundaries using smoothly increasing relaxation time scales (Nycander and Döös, 2003). The
3D momentum is also restored to maintain the geostrophically balanced slope current. The
restoring zone is 24 km at the southern boundary, and 30 km at the other boundaries. An
extended 350 km eastern boundary restoring zone is applied for the 10 deepest layers, in order
to reduce piling up of DSW. The restoring time scale is 30 days at the western and northern
boundaries. Along the eastern boundary the restoring time scale is 60 days. To ensure that the
DSW properties do not drift over the 5 years model run, the restoring time scale at the southern
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Figure 2.4: Initial temperature (a), salinity (b) and density (c) for the idealized model over the con-
tinental slope in winter. Surface summer climatology for temperature, salinity and density are shown
in (d-f), respectively. The summer climatology is only differing from the winter condition above the
σθ = 27.7 isopycnal. Black contours in (a-f) show isopycnals at σθ = 27.7 and 27.8. Red contours in
(c) and (f) indicate the geostrophically balanced slope current. Panel (h-i) show hydrographic profiles
of temperature, salinity and density from 58 historical CTD casts in the central Filchner Trough (light
orange), as well as the model hydrography in the trough (dark orange) and over the continental slope
at 325 km N (gray dashed).
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boundary is shorter (5 days above 400 m and only 1 hour below 400 m), and a northward flux
of (∼ 1Sv) is imposed by restoring the northward velocity, Vnorth to 0.025 m s−1 below 430 m
at the southern boundary.

2.3.7 Experiments
I order to address the different research questions outlined in the beginning of section 2.3 (and
repeated below), a set of 35 experiments were conducted, where wind stress, surface stratifi-
cation (summer and winter), DSW properties and the SSS restoring value were systematically
varied. A schematic overview of the different sets of experiments and links to the research
questions is given in table 2.3.

All experiments are run in pairs of winter and summer scenarios. The model is spun up
by running for five years with continuous winter forcing and various combinations of wind,
DSW and SSS restoring. Reference scenarios are based on a DSW salinity of S=34.65 and
a Sea Surface Salinity restoring of SSS=34.4. The output after the spin-up period is used as
starting conditions for both winter and summer experiments. Each experiment is run for five
years with constant climatology. Daily averaged fields are saved for the last model year. The
southward volume transports are estimated from the daily fields prior to averaging over the
model year. Other parameters are calculated from temporal averages over the last six months.

1. How does the ASF respond to various wind forcing and seasonal surface stratification?

2. How does the transition from a narrow to a wide continental shelf affect the on-shelf
eddy transport?

3. What is the effect of dense water formation over the wide shelf?

4. How much warm water enters into the FT

5. Is the inflow to the FT sensitive to the SSS restoring or to the properties of the dense
shelf water in the deep trough?

Table 2.3: Overview of the idealized model experiments, with references to the research questions they
are designed to assess. Reference values are indicated by bold face characters

Parameter Value Res. question

Season Winter, Summer 1-5

Wind (0,12a) 3,6,9 1-5

SSS restoring 33.3, 33.4, 33.5 2, 3, 5

DSW salinity 33.4b, 33.5, 33.65, 33.8 5

a Only for winter reference runs
a No DSW, only for winter runs with reference SSS



Chapter 3

Introduction to the papers

Paper I: On the effect of topography and wind on warm water inflow - An idealized study
of the southern Weddell Sea continental shelf system

Daae, K., T. Hattermann, E. Darelius, and I. Fer (2017), J. Geophys. Res Ocean, 122(3)

Paper I investigates processes related to on-shelf transport of WDW. The results are based
on experiments with an idealized numerical ocean model (Section 2.3). The idealized model
geometry resembles the Weddell Sea Continental shelf and slope, and includes a trough similar
to the Filchner Trough across the continental shelf. A suite of experiments with varying zonal
wind speed and water mass properties are conducted.

Inflow of warm water onto the shelf is limited due the presence of the ASF. More warm
water enters the shelf during summer, when fresh surface water is present. A shallower eddy
overturning associated with the upper ocean stratification partially balances the Ekman down-
welling, such that the WDW interface is relaxed. We further show that the inflow of warm
water is sensitive to along-shelf salinity gradients. Presence of denser water over the wide
shelf favors up-slope eddy transport along isopycnals of the V-shaped slope front.

Inflow of warm water in the trough is sensitive to the wind forcing. In experiments with
weak wind forcing, the slope current is not influenced by the trough topography and crosses
the FT. The southward transport is dominated by eddies, and is highest in experiments with
denser shelf water. In experiments with strong wind forcing, the wind-driven component of the
slope current moves up-slope to shallower isobaths, and is topographically steered into the FT.
Due to PV constraints, the slope current cannot cross the sill, but is forced to turn and leaves
the trough. The recirculation of the slope current suppresses the southward heat transport by
eddies, since eddies are being advected out of the trough along with the current.

Paper II: Hydrography and circulation in the Filchner Depression, Weddell Sea, Antarc-
tica

Darelius, E., K. Makinson, K. Daae, I. Fer, P. R. Holland, and K. W. Nicholls (2014),J. Geo-
phys. Res Ocean, 119

Paper II investigates ship-born observations of hydrography and currents from the Filchner
Trough in January 2013. The northward flow of cold and dense ISW has traditionally been as-
sociated with the western flank of the Filchner Trough, but here we show that the northward
flow of ISW occurs in a mid-depth jet along the eastern flank of the trough. Numerical model
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results support the findings and further suggest that ISW flowing along the eastern coast of the
Berkner Island turns eastward and crosses the Filchner Trough upon reaching the Filchner Ice
Shelf front. The eastward turning of the ISW flow is likely a result of potential vorticity con-
straints. The ice shelf front represents a sudden change in the thickness of the water column,
and thus a potential vorticity barrier which the flow cannot cross.

A northward ISW transport of 0.2 to 1 Sv is estimated based on several transects across the
eastern side of the FT. The large uncertainties in the transports reflect the strong tidal currents
in the area, and the difficulties to remove the tidal signal from the observed current profiles in
a consistent way.

My main contribution to this paper was processing and analyzing of current records from
the lowered Acoustic Doppler Current profiler (LADCP), as well as testing and refining dif-
ferent schemes for de-tiding of the current velocity data.

Paper III: Wind stress mediated variability of the Filchner Trough overflow, Weddell Sea

Daae, K., E. Darelius, I. Fer, S. Ryan, and S. Østerhus (2018), J. Geophys. Res Ocean (Ac-
cepted March 2018)

Paper III explores the relationship between monthly scale variability of wind and current ve-
locity associated with the ISW overflow and the ASF processes in the southeastern Weddell
Sea. The paper shows that the current variability over the slope and along the ACoC path-
way is strongly linked to the along-slope wind forcing on monthly time scales. Both the slope
current and the ACoC current speed increases during periods of high along-slope wind stress.

Paper III further describes occurrence of high correlation between the ISW overflow ve-
locity in the FT and the along-slope wind stress over the continental slope upstream of the FT.
We propose that recirculation of the slope current, as described in paper I, may occur during
periods with strong along-slope wind forcing. Interaction between the wind-driven recirculat-
ing slope current and the ISW overflow could increase the ISW overflow speed and thereby
explain the co-variability of the wind and the ISW overflow. Although the existing data set is
insufficient to prove the recirculation mechanism, a few threads of evidence for the proposed
mechanism are presented. The results merit further investigation over the Filchner Sill, to im-
prove the understanding of the water exchange and the proposed interaction between the slope
current and the ISW overflow.

Paper IV: Variability and mixing of the Filchner overflow plume descending the conti-
nental slope west of Filchner Trough, Weddell Sea

Daae, K., I. Fer, and E. Darelius, manuscript in preparation

Paper IV describes the flow of ISW over the Filchner Sill and along the continental slope down-
stream, based on moored instruments. The paper demonstrates that the monthly scale plume
properties at the two sites are related, and discusses the transport of ISW over the Filchner sill
and along the continental slope. The paper further describes the characteristics of the Filchner
overflow plume. The plume thickness fluctuates strongly on daily time scales. The thick plume
events contribute with a large portion of the dense water transport. We show that the thicken-
ing of the plume, and the associated strong mixing, is related to alignment of counter-rotating
oscillations with periods of 24 and 72 hours. We discuss the source of the oscillations, and the
implications of the mixing associated with the alignment.
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Perspectives and Outlook

Based on available observations and idealized numerical model experiments, this thesis ad-
dresses key processes governing the exchange of water masses between the Weddell Sea con-
tinental shelf and the deep ocean. The thesis illustrates how the Antarctic Slope Front (ASF)
protects the continental shelf from on-shore heat transport, and hence contributes to maintain-
ing low basal melt rates in the Weddell Sea.

The ASF is forced by prevailing easterly winds (Sverdrup, 1953) and varies seasonally as
a response to the wind forcing, the Weddell Gyre, and the hydrography of the surface water
(Fahrbach and el Naggar, 2001; Gordon et al., 2010; Graham et al., 2013; Núñez-Riboni and
Fahrbach, 2009). This thesis demonstrates that the co-variability of the slope current and the
wind stress also occurs on monthly time scales. It is further shown that other parts of the
Weddell Sea circulation, including the Filchner overflow, respond to the upstream monthly
scale wind variability. Results from the idealized model experiments suggest that the slope
current core moves upslope to shallower isobaths during strong wind forcing. This shift leads
to stronger interaction between the slope current and the trough topography.

The Filchner overflow consists of ISW formed under the FRIS. Observations from the FT
are sparse, especially from the western side of the FT, where sea ice is present year-round. The
thesis presents observations suggesting that the ISW emanating from the FIS is flowing north-
ward along the eastern side of the FT as a mid-depth jet. The finding contrasts the traditional
view that ISW flows northward along the western side of the FT (Nicholls et al., 2009). The
ISW crosses the Filchner sill and veers westward along the continental slope under influence of
the Earth’s rotation (Foldvik et al., 2004). The thesis describes strong fluctuations of the Filch-
ner overflow plume thickness (Paper IV). The monthly scale variability is related to the up-
stream conditions on the Filchner sill, which is modulated by the monthly scale co-variability
between the overflow and the wind. New insight is gained concerning the sub-inertial plume
thickness fluctuations. Alignment of counter-rotating oscillations associated with topographic
vorticity waves leads to strongly increased shear across the plume interface, plume thickening
and enhanced mixing with the ambient water masses. The thick plume events contribute with
a large portion of the total dense water transport, and are important for the AABW production.

4.1 The Antarctic Slope Front response to a changing cli-
mate

The long-term variability of the ASF is related to the surface stress, which is regulated by the
strength of the easterly wind and the presence of sea ice. The Southern Annular Model (SAM)
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is a strong driver of long-term climate variability. During the past few decades, a trend toward
the positive state of the SAM is observed (Marshall, 2003; Thompson and Solomon, 2002),
which results in spin-up of the Weddell gyre and stronger easterly winds along the Weddell
Sea continental slope (Jullion et al., 2010; Lefebvre and Goosse, 2004). Based on regional Ice-
Ocean models, forced with outputs from a global climate model, Hellmer et al. (2012, 2017)
and Timmermann and Hellmer (2013) studied the ASF system in the present day climate and in
future scenarios with higher carbon emissions and a warmer atmosphere. They show that the
ASF and the slope current is vulnerable to future atmospheric changes. In their experiments,
the increased surface stress, resulting from reduction of the sea ice cover, lead to irreversible
changes to the ASF, and a southward redirection of the slope current into the Filchner Trough.
A redirection of the slope current could fill the FRIS cavity with warm oceanic water, and
strongly increase the basal melt rates.

Results from the idealized model experiments presented in this thesis suggest a slightly
different response to increased wind stress. Instead of being redirected southward, the slope
current recirculates over the trough opening due to conservation of potential vorticity. The
recirculating of the slope current effectively reduces the southward transport of warm water
by eddies, as the eddies are being advected out of the trough along with the current. The
results emphasize the role of potential vorticity conservation in the FT sill region. In order to
obtain realistic predictions of the slope current response to future climate warming, the model
resolution must be adequate to resolve the potential vorticity dynamics in the Filchner sill area.

4.2 Future freshening of the dense shelf waters

The sea ice production over the Weddell Sea continental shelf has reduced substantially during
the past 30 years, with subsequent reduction in both formation of HSSW and transport of
HSSW under the FRIS (K. W. Nicholls, P. Holland, S. Østerhus and K. Makinson, unpublished
manuscript). These changes may impact the exchange of water masses between the continental
shelf and the deep ocean.

Firstly, eddy-mediated transport of WDW (CDW) across the ASF and onto the continental
shelf is facilitated when dense water is present on the shelf (Paper I; Stewart and Thompson,
2016). The establishment of an isopycnal connection between the dense shelf water and the
WDW, creates a pathway for WDW to access the continental shelf without doing work against
the buoyancy force. This process strongly relies on the density of the shelf water. A freshening
of the dense water may weaken this mechanism for on-shelf transport of WDW. Based on
idealized model experiments conducted in this study, it is shown that a freshening of O(0.1) is
sufficient to suppress the on-shelf eddy-mediated WDW transport.

Secondly, the presence of dense ISW in the FT can reduce the southward transport of
WDW into the trough (Hellmer et al., 2012, 2017). Hellmer et al. (2012, 2017) suggest that
a combination of ISW freshening and a shallower thermocline, could reduce the ISW density
enough to allow intrusions of WDW into the FT beneath the ISW. However, the presented
strong co-variability between the Filchner overflow and the upstream wind stress, illustrates
the complexity of the water exchange across the Filchner sill. In order to assess the effect of
ISW freshening, and the proposed interaction between the ISW overflow and the slope current,
an array of moorings across the Filchner sill is needed. Several moorings were deployed on
the continental slope and in the FT in early 2017 (Sallée, 2017), and may cast light to the
processes discussed here.
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4.3 Future monitoring of the Weddell Sea

Several aspects of this study would have benefited from a better coverage of observations.
The severe sea ice conditions in 2010, when moorings were deployed on the Filchner Sill and
across the continental slope downstream (Paper IV), resulted in too few observational points
across the continental slope to capture the width of the Filchner Overflow plume. With a better
coverage of the plume, it would have been possible to estimate the volume transport of the
plume, and to better assess the mixing processes. Along with the two moorings that were
deployed on the continental slope in 2010, a third mooring, was deployed further west, on the
other side of the ridge at 36◦ W. Unfortunately, this mooring was never recovered. Despite
multiple year efforts, the sea ice conditions has prevented a recovery.

Paper III highlights a co-variability between the ISW overflow velocity and the wind stress
upstream. However, the proposed mechanism leading to the co-variability - slope current
recirculation and interaction with the ISW overflow - could not be tested firmly owing to few
joint observational sites. New observations from the Filchner sill and the continental slope,
upstream, are underway (Sallée, 2017). These data may provide sufficient coverage of the
ISW plume to study the suggested interaction with the slope current. In addition, they may
contribute with improved estimates of the ISW volume transport from the FT.

It is not an easy task to plan and conduct field campaigns to the southern Weddell Sea.
Field campaigns are typically quite expensive due to long transit times and high risks involved
with mooring deployment and recovery. Severe sea ice conditions, ice bergs threatening to
destroy the moorings, and steep topography are among the elements which limit the available
mooring locations and the vertical extent of the moorings. Although a certain region might be
accessible one year, it is never certain if, or when, the same region can be revisited to recover
the moorings. International partners (from e.g. the United Kingdom, Germany, France, and
Norway) are collaborating on field campaigns to the southern Weddell Sea. With the coming of
the new Norwegian ice breaker research vessel Kronprins Haakon, the Norwegian contribution
to the collaboration may advance, and open up for new exciting research projects.

Emerging technology may facilitate observations and monitoring of the Weddell Sea in
the near future. Several ongoing research projects in the southern Weddell Sea are testing out
available new technology. The use of autonomous vessels, such as gliders and floats, may con-
tribute to facilitate observations under the sea ice. Today, observations from large parts of the
sea ice covered Weddell Sea continental shelf are lacking. In addition to observations made
from instrumented seals (e.g. Årthun et al., 2013), floats may provide access to previously
unreachable areas. In the ongoing project WAPITI (WAPITI, 2018), several APEX profil-
ing floats have been deployed in the FT and along the Weddell Sea continental slope (Sallée,
2017). The floats can travel under the sea ice, and are equipped with hydrophones which can
communicate with sound sources attached on several moored arrays on the Weddell Sea con-
tinental shelf and slope. The floats can also be programmed to follow the bottom topography,
and hence provide new lagrangian observations of the Filchner overflow plume.

Two joint projects (the Filchner Ice Shelf System project (FISS, FISS, 2018) and the Filch-
ner Ice Shelf Project (FISP, 2018)) have made advances in monitoring of the water column
below the FIS. Moorings are deployed through hot water drilling holes at several locations
(Hattermann et al., 2017), and provide new insight into the ISW circulation and formation pro-
cesses under the ice shelf (Hattermann et al., 2018). In January and February this year (2018),
pioneering experiments with an autonomous underwater vehicle (Autosub Long Range) took
place under the FRIS (FISS, 2018), reaching a largely unknown environment. The combined
data set from the Autosub and the moorings underneath the FIS may contribute to increased un-
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derstanding of the processes controlling the water mass exchange across the FIS front, which
might change significantly in the near future.
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Paper I

On the effect of topography and wind on warm water inflow
- An idealized study of the southern Weddell Sea continental
shelf system
K. Daae, T. Hattermann, E. Darelius, and I. Fer
J. Geophys. Res. Oceans, 122 (2017)
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On the effect of topography and wind on warm water
inflow—An idealized study of the southern Weddell Sea
continental shelf system
K. Daae1 , T. Hattermann2,3 , E. Darelius1 , and I. Fer1

1Geophysical Institute, University of Bergen and Bjerknes Centre for Climate Research, Bergen, Norway, 2Akvaplan-niva
AS, High North Research Centre, Tromsø, Norway, 3Helmholtz Centre for Polar and Marine Research, Alfred Wegener
Institute, Bremerhaven, Germany

Abstract An idealized eddy-resolving numerical model, with topographic features common to the
southern Weddell Sea, is constructed to study mechanisms through which warm deep water enters a wide
continental shelf with a trough. The open ocean, represented by a 1700 m deep channel, is connected to a
400 m deep shelf with a continental slope. The shelf is narrow (50 km) in the east but widens to 300 km at
the center of the model domain. Over the narrow shelf, the slope front is balanced by wind-driven Ekman
downwelling and counteracting eddy overturning, favoring on-shelf transport of warm water in summer
scenarios when fresher surface water is present. Over the wide shelf, the Ekman downwelling ceases, and
the mesoscale eddies relax the front. Inflow of warm water is sensitive to along-shelf salinity gradients and
is most efficient when denser water over the wide shelf favors up-slope eddy transport along isopycnals of
the V-shaped slope front. Inflow along the eastern side of the trough cannot penetrate the sill region due to
potential vorticity constraints, while along the western trough flank, eddy-induced inflow crosses the sill
and reaches the ice front. The warm inflow into the trough is sensitive to the density of the outflowing
dense shelf water. For weaker winds, absence of the dense water outflow leads to a reversal of the trough
circulation and a strong inflow of warm water, while for stronger winds, baroclinic effects become less
important and the inflow is similar to experiments including dense water outflow.

1. Introduction

The observed thinning of the floating ice shelves in West Antarctica has been attributed to increased basal
melt caused by increased flow of warm (>21.98C) Circumpolar Deep Water (CDW) into the ice shelf cavities
[Pritchard et al., 2012]. Ice shelf thinning reduces buttressing of the ice sheet upstream, resulting in acceler-
ated ice flow and ice sheet mass loss [Dupont and Alley, 2005]. The ice shelf thinning is strongest in the Bel-
lingshausen and Amundsen Sea [Pritchard et al., 2012; Paolo et al., 2015], where CDW has direct access to
the ice shelf cavities [Jacobs et al., 2011].

In other regions, such as the Ross Sea and theWeddell Sea, water temperatures on the continental shelf and inside
the ice shelf cavities are close to the surface freezing point (21.98C) [Nicholls et al., 2009; Orsi and Wiederwohl,
2009], and the basal melt rates are low (� 0:13 m yr21) [Rignot et al., 2013]. Thewarm CDW (>1.258C) is decoupled
from the shelf circulation by a front system over the continental slope, often referred to as the Antarctic Slope
Front (ASF), and characterized by a southward depression of the isopycnals toward the continental slope [Gill,
1973; Jacobs, 1991]. Dense water formation over the continental shelf in the southern Weddell Sea [Nicholls et al.,
2009; Foster and Carmack, 1976], where the large Filchner-Ronne Ice Shelf (FRIS) resides (Figure 1), furthermore
leads to a second, on-shore front separating the lighter water in the north from the dense shelf water. The isopyc-
nals over the shelf break and the continental slope thus exhibit a V-shape [Jacobs, 1991;Gill, 1973].

In the Weddell Sea, the ASF impedes on-shore transport of warm deep water (WDW), a slightly cooler and
fresher derivative of CDW [Heywood et al., 1998]. However, future climate model simulations [Hellmer et al.,
2012; Timmermann and Hellmer, 2013] suggest circulation changes in which WDW will access the FRIS cavity
and increase melting from 0.2 to almost 4 m/yr within this century. The predicted increase in the flow of
WDW toward the FRIS is linked to the Filchner Depression (FD) and changes in the momentum transfer
from the atmosphere to the ocean, which causes a redirection of the slope current.

Key Points:
� PV constraints impede warm inflow
to a coastal deep trough

� Warm inflow along the trough
decreases with stronger wind

� Dense water formation increases
on-shelf transport of WDW

Supporting Information:
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The slope current is associated
with the offshore part of the ASF
[Gill, 1973] and flows westward
along the continental slope. In
the eastern Weddell Sea, where
the continental shelf is a few
kilometers wide, the slope cur-
rent coincides with the Antarctic
Coastal Current (red arrow in
Figure 1), but as the continental
shelf widens at 278W and the
coast separates from the conti-
nental slope, the current bifur-
cates into a coastal current
(orange arrow in Figure 1) and
the slope current [Whitworth
et al., 1985; Heywood et al.,
1998]. Downstream of the bifur-
cation, the Filchner Depression,
a 100 km wide and 1000 m deep
coastal trough with a sill depth
of about 600 m, crosscuts the
wide continental shelf. The FD is
filled with dense Ice Shelf Water
(ISW) that emerges from the
FRIS cavity and spills over the FD
sill at a rate of 1.6 Sv (blue arrow
in Figure 1) [Foldvik et al., 2004].

Existing climate model simula-
tions do not fully resolve the rele-
vant dynamics nor provide clear

answers on the processes being responsible for the predicted circulation changes. The on-shore heat transport
across the ASF can potentially be controlled by several mechanisms. This includes flow instability of the slope cur-
rent [Klinck and Dinniman, 2010], thermocline response to surface wind stress and near-surface hydrographic con-
ditions [Hattermann et al., 2014], mesoscale eddies [Nøst et al., 2011; Stewart and Thompson, 2015], and flow
interaction with bottom corrugations and troughs crosscutting the shelf break [Klinck and Dinniman, 2010;
St. Laurent et al., 2013]. A better understanding of these mechanisms and the interplay between them is needed
in order to improve future predictions of ice shelf-ocean interaction and ice sheetmass loss in awarming climate.

Model resolution is an important issue in studies of water exchange across the Antarctic continental slope,
where the internal Rossby radius of deformation typically is less than 10 km. High resolution is required in
order to properly resolve the steep topography and the water transport associated with mesoscale eddies
[St. Laurent et al., 2013; Stewart and Thompson, 2015], but are yet too computationally expensive to be
applied over large areas and/or time scales. High-resolution idealized models, such as the one being used
in this study, are therefore important tools to study mechanisms for on-shelf transport of warm water.

We investigate a shelf region similar to the southern Weddell Sea, using an eddy-resolving regional ocean
model with idealized topography, hydrography, and forcing conditions. The geometry represents the essen-
tial features of the region; a steep continental slope (a50:016) connecting the deep ocean (1700 m) to a
shallow (400 m) continental shelf, which is narrow in the east and opens up and widens toward the west. A
deep coastal trough (sill depth 600 m), representing the FD (Figure 1), cuts across the wide shelf (Figure 2a).
We study the slope front stability and the mechanisms which transport warm water on-shore over three
bathymetric regions (narrow shelf, wide shelf, and trough opening).

It has been hypothesized that on-shelf transport of heat across the ASF, along the Weddell Sea continental
slope, is controlled by a balance between the wind-driven Ekman overturning and a counteracting eddy

Figure 1. Map of the southern Weddell Sea. Bathymetric contours are drawn every 500 m.
The Crary Fan (CF), Filchner-Ronne Ice Shelf (FRIS), and Filchner Depression (FD) are
indicated by bold letters, and Halley Research Station is marked by a green star. The red
arrow shows the slope current, the orange arrows show the coastal current and the inflow
through the depression, while the blue arrow shows the overflow. An inset shows the
Antarctic continent, with the Weddell Sea (WS) in the top left sector.
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overturning [Nøst et al., 2011]. However, previous modeling studies have mainly focused on zonally uniform,
near equilibrium configurations [Stewart and Thompson, 2015]. We explore how this balance changes when
the shelf widens. We perform a series of sensitivity tests to study the effect of (I) the magnitude of westward
wind stress, (II) the shelf salinity, and (III) the surface hydrography.

Troughs across the continental shelf break offer pathways for shoreward transport of warm water. Observa-
tions from the FD show inflow of warm water with a core at 400 m depth along the eastern flank [Carmack
and Foster, 1977; Foldvik et al., 1985; Årthun et al., 2012] during summer, which at least occasionally reaches
as far south as the Filchner Ice Front and which appears to be wind driven [Darelius et al., 2016]. Interactions
between a shelf break jet and cross-shelf trough will depend on the trough geometry, stratification, and the
strength and direction of the flow [Williams et al., 2001; Klinck, 1996; Allen and Durrieu de Madron, 2009;
Zhang et al., 2011a].

We investigate how the southward transport of warm water in a trough, with characteristics similar to FD,
responds to changes in forcing conditions I–III above. In addition, we explore (IV) how the presence of
dense shelf water (DSW), a mixture of ISW and High Salinity Shelf Water, in the trough, and also the DSW
density, affects the WDW inflow. Hellmer et al. [2017] suggested that the density of the ISW is an important
regulator of the warm inflow. This work provides an assessment of the mechanisms they proposed.

Figure 2. (a) Idealized model configuration. The shaded transect at 850 km East marks the transition from the narrow to the wide shelf. A
125 km wide trough cuts across the wide shelf region, with a sill depth of 600 m. The depth of the trough increases linearly to 900 m at
the southern boundary. The zonal wind profile is shown with blue arrows. Potential density climatology for (b) winter and (c) summer,
with geostrophic current velocity displayed as red contours. The winter climatology is also the same as the initial condition. rh527:7 and
27.8 isopycnals are shown with black dashed contours.
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The paper is organized as follows. Section 2 introduces relevant concepts of mesoscale eddy transports and
potential vorticity constraints that are used to analyze the model results. The model results are presented in
section 3, and a discussion of the model performance and limitations is given in section 4. Finally, a summa-
ry of the main findings is provided in section 5.

2. Methods

2.1. Model Setup
We conduct idealized numerical simulations using the Regional Ocean Modeling System (ROMS, version
3.6) [Shchepetkin and McWilliams, 2009]. The model domain is 1500 km 3 500 km, with a horizontal resolu-
tion of 1.5 km, which has previously been found to be sufficient to resolve cross-shelf transport by eddies
[Hattermann et al., 2014]. In the vertical, the model is discretized into 30 terrain-following layers with
enhanced resolution near the surface and near the sea bed. The layer thickness varies from less than 3 m in
the surface layer over the continental shelf up to 110 m in the deep ocean interior.

The idealized model geometry is shown in Figure 2a, resembling the prominent features of the southern Wed-
dell Sea (Figure 1). The deep ocean is connected to a 400 m deep shelf with a continental slope, represented
by a hyperbolic tangent function. The slope steepness (a50:016) is similar to the Crary Fan region north of the
FD (Figure 1). The maximum bottom depth in the open ocean is limited to 1700 m, which is assumed to cover
the dynamically active part of the water column, while optimizing model performance, which is limited by the
barotropic wave speed

ffiffiffiffiffiffi
gH

p
. A 125 km wide trough, with geometry similar to FD, is crosscutting the continen-

tal shelf and the upper part of the continental slope. The trough deepens linearly from 600 m at the shelf break
sill to 900 m at the southern boundary. The side walls are symmetric with steepness (atrough 5 0:0043–0.0109
from the sill to the southern boundary) representative of the eastern flank of FD.

Horizontal advection of tracers and momentum are computed using a third-order upwind scheme with no
explicit mixing being applied. The model is stepped forward in time with a split-explicit scheme, using a
baroclinic time step of 3 min, and 25 barotropic substeps.

Initial and climatology hydrographic forcing (Figures 2b and 2c) are constructed from 26 conductivity-
temperature-depth (CTD) profiles, taken across the eastern Weddell Sea continental shelf break at 178W
[Nøst and Lothe, 1997], and from more than 2000 CTD profiles from instrumented southern Elephant seals
[Nøst et al., 2011]. The dataset is described in Hattermann et al. [2014] and is adapted to the idealized setup,
where we apply zonally homogeneous conditions. For our reference simulations, the trough is initially filled
with DSW with temperature hDSW5228C and salinity SDSW5 34.65. These values fall within the range of
observed DSW properties (Figure 3). At the southern boundary, we restore temperature and salinity to the
initial values. We further impose a northward flux (�1 Sv), by restoring the velocity in the deep trough to
Vnorth 5 0:025 m s21 below 430 m, to ensure that the DSW properties do not drift over the 5 years we run
the model. The restoring velocity is kept constant in all experiments, including those where DSW is absent.

A geostrophically balanced slope current, relative to the pressure level at 1700 m depth, is calculated from
the hydrographic fields and is imposed along the eastern model boundary (Figures 2b and 2c). Apart from
that, the initial momentum fields are at rest. We apply an idealized westerly wind stress over the deep
ocean with a sinusoidal decay to zero from y5 375 km to the southern boundary (Figure 2). We conduct
simulations with wind stress maxima corresponding to wind speeds of 0, 3, 6, 9 and 12 m s21. From 1957
until present, the average wind speed along the main direction (2608) at Halley Research Station is 3.6 m
s21 with a standard deviation of 6.5 m s21 [British Antarctic Survey, 2013].

We do not include sea ice in the simulations, but restore sea surface temperature (SST) and salinity (SSS) to
mimic the effects of ice. We do not consider tides in the model, but a discussion on the effects of tides is
given in section 4. Further details on the forcing and boundary conditions are given in Appendix A.

For each scenario, the model is run for 5 model years (1 year is 360 days) applying constant winter (no fresh
surface water) surface stratification, and then for 5 years applying constant summer (including fresh surface
water) surface stratification (see Figures 2b and 2c). Average fields from the last model year of winter and
summer are used for analysis of hydrography and currents as well as depth-integrated Mean and Eddy
Kinetic Energy (MKE/EKE). Eddy fluxes are computed using daily mean fields of velocity and hydrography
and are averaged over 1 year.
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In addition to the suite of reference simulations, which covers winter and summer scenarios with varying
wind forcing, a number of five sensitivity experiments were conducted, where we perturb the trough
hydrography (hDSW and SDSW, Figures 3a–3c) and the wide shelf SSS. An overview of the different experi-
ments and their short names is summarized in Table 1.

2.2. Mesoscale Eddies and Vertical Reynolds Fluxes
To diagnose the effects of eddies in on-shelf heat transport, we follow the methods outlined by Marshall
and Shutts [1981]. The steady state Eddy Available Potential Energy (EAPE) equation, neglecting sources/
sinks of heat and advection of EAPE by eddy velocity, is

v � r T02

2
1 v0T0 � rT1w0T 0 @

�T
@z

5 0: (1)

The overbar represents a time average, long compared to the eddy life time, and the prime represents the
deviation from the average. The first term is advection of EAPE by the mean flow. The second term includes

horizontal Reynolds fluxes and repre-
sents conversion of mean Available
Potential Energy (APE) to EAPE. The third
term includes the vertical Reynolds
fluxes and represents the conversion of
EAPE to Eddy Kinetic Energy (EKE).

In baroclinically unstable regions, away
from boundaries, eddies act to reduce
the large scale APE related to, e.g., geo-
strophic currents, by transferring the
APE into EKE, and hence, redistribute the
water masses toward a less energetic

Table 1. Overview of the Model Runsa

Wind Speed
x (m s21)

DSW
Salinity

Wide Shelf
SSS

Short
Name

REF 0, 3, 6, 9, 12 34.65b 34.4b WxREF
SSS Sensitivity 3, 6, 9 34.65b 34.3 WxLowSSS

3, 6, 9 34.65b 34.5 WxHighSSS
DSW Sensitivity 3, 6, 9 34.40 34.4b WxHom

3, 6, 9 34.50 34.4b WxLight
3, 6, 9 34.80 34.4b WxDense

aAll runs are in pairs of winter and summer. The stars denote reference
values. The x in the short names are to be replaced by the wind speed.

bReference value.

Figure 3. Hydrography from 58 historical CTD profiles in the central, deep Filchner Depression. Thin orange lines show profiles of (a) salinity,
(b) potential temperature, and (c) potential density from the locations marked in (d) the map. Modeled trough hydrographic profiles for the
REF experiments are shown with thick orange lines. Hydrographic profiles for experiments with perturbed trough density are shown for Light/
Dense trough water (thin gray/black lines) and for the Hom experiments with no dense DSW (black dashed lines). The thick, gray lines show
the model hydrography at the bottom over the shelf break. The temperature at the shelf break is much warmer than the trough region and
exceeds the displayed temperature range.
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state. The loss of EAPE from conversion to EKE and from advection downstream (positive term 1 and 3 of
equation (1)) leads to down-gradient transfer of heat (v0T0 < 0). Gent and Mcwilliams [1990] have suggested
that the eddy fluxes in essence work as an along-isopycnal diffusion operator which tends to make the iso-
pycnals more parallel.

In regions of eddy decay, however, the conversion to EKE is small, or even negative, which can lead to
upgradient transfer of heat [Marshall and Shutts, 1981]. Similarly, in proximity to boundaries, such as the
continental slope, the slope current is restricted to follow f/H contours due to potential vorticity conserva-
tion. Here eddies can interact with topography and cause local up-slope transport of denser water (in our
case WDW) and hence increase the APE locally [Nøst et al., 2011; Hattermann et al., 2014].

Diagnosing eddy fluxes is not trivial. Ideally, eddy fluxes can be separated into purely rotational and purely
divergent parts in order to better understand effects of mesoscale eddy activity [Marshall and Shutts, 1981].
However, Fox-Kemper et al. [2003] asserted that such a decomposition is only possible in infinite domains.
For an open-bounded finite domain, the divergent and rotational fluxes cannot be observed individually,
and without using additional constraints these fluxes and their boundary conditions cannot be uniquely
determined.

Here we use the vertically integrated, and hence uniquely determined, Reynolds fluxes that represent the con-
version of EAPE to EKE (third term in equation (1)), assuming that EAPE is essentially provided by the second
term in equation (1). Principally, the vertical Reynolds fluxes are general measures of the transient vertical
buoyancy advection and are not related to eddies or any particular mechanism. However, considering that
the constant mean model forcing does not introduce any transients, as well as assuming that the interior cir-
culation is nearly adiabatic, i.e., that the grid scale mixing should be small compared to the resolved tracer
advection, we can assume that the diagnosed covariance is mainly determined by the internal model variabili-
ty arising from instability of the forced mean flow. Then, given the temporal (1–360 day band) and spatial
(L� 1.5 km, H� 10 m) scales taken for the fluctuating terms, we are filtering for what would be a typical signal
of mesoscale eddies, although any other type of fluctuations or waves may also be present.

The total vertical flux can be written as the sum of a mean and a fluctuating part (Reynolds flux). For exam-
ple, for temperature we have

wT 5 �w�T1w0T 0 : (2)

The vertical Reynolds flux is computed as the residual between the two first terms of equation (2). We calcu-
late depth-integrated fluxes of temperature and salinity, and also a linearized density flux, using the
approximation:

w0q0 5q0ð2aw0T 0 1bw0S0 Þ; (3)

where q0 is the reference density, a is the thermal expansion coefficient, and b is the saline contraction
coefficient. The linearized density aids the understanding of which water masses are involved in the density
flux.

Negative Reynolds fluxes for density mean lowering of the APE by lifting light water or lowering dense
water. This is expected in most areas of the model, especially away from the steep topography. Positive
Reynolds fluxes for density show us where the APE is increased by, e.g., lifting dense water up-slope.

2.3. Potential Vorticity
In order to interpret the interaction of the slope current with the topography of the trough, we will follow
the procedure described by Magaldi et al. [2011], and calculate the Ertel PV according to equation (4):

PV52
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1
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We only consider the vertical component of the planetary vorticity, 2X ’ ð0; 0; 2xsin/Þ5f . We have further
applied the thermal wind balance, and neglected the vertical velocity terms [Hall, 1994]. The first term on
the right-hand side relates to stretching and compression of isopycnals. The second term is related to the
relative vorticity, f5 @v

@x2
@u
@y, and the last term is connected to tilting of isopycnals.
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The model fields have terrain-following vertical coordinates and are interpolated to regularly spaced Carte-
sian depth levels with dz5 5 m before calculation of PV. Finally, the PV is averaged within the isopycnal lay-
er rh 5 27:7227:8, which contains the warm inflow.

3. Results

We will first give an overview of the general model performance (section 3.1). We will then focus on inflow
of WDW over the shelf (section 3.2) and into the trough (section 3.3).

3.1. Model Performance
The idealized model approaches a stable state, where the total KE is no longer increasing, after 3–4 years of
spin-up for both winter and summer stratification. The circulation pattern agrees with observations in the
southern Weddell Sea. A strong, westward slope current is associated with the slope front, with current
velocities in the same range as observations from moored instruments [Fahrbach et al., 1992; Jensen et al.,
2013] and geostrophic estimates from hydrographic profiles [Heywood et al., 1998]. The slope current and
the eddy fields are fully developed �200 km from the eastern boundary. A combination of radiation and
nudging along the western boundary efficiently advects the slope current out through the western bound-
ary, and no spurious return flow is seen. In the trough, DSW flows along the eastern flank, crosses the sill to
the western flank and leaves the trough (Figures 4a and 4c). The circulation in the trough is similar to recent
observations and regional modeling of FD [Darelius et al., 2014], lending some credibility on the idealized
model configuration.

In winter scenarios, no warm water is transported onto the shelf, and the shelf water stays homogeneous
with temperatures near the surface freezing point (Figure 4a). In summer scenarios, where fresh surface
water is present, on-shelf transport of warm water causes increased bottom temperature over the shelf (Fig-
ure 4c). The warmest water (h � 21.58C) is found in the narrow shelf region, and depth-integrated EKE over
the shelf (both narrow and wide) increases by a factor of 10–100 compared to the winter conditions (Fig-
ures 4b and 4d).

Figure 4. Average temperature and velocity at shelf floor depth (390 m) for W6REF in (a) winter and (c) summer conditions. (b, d) Thirty
day averages of depth-integrated EKE during winter and summer conditions, respectively. Isobaths are shown at 450, 600, 800, and
1650 m. Boxes in Figures 4b and 4d indicate the regions for wide (yellow) and narrow (black) shelves discussed in section 3.2.1.
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For weak wind scenarios (W0REF and W3REF), the slope current flows westward, along the 850 m isobaths
(�320 km North), with a core of 0.15 m s21 (Figure 5a). Observations of current velocity across the ASF are
limited but reported long-term means range from 0.1 to 0.2 m s21 at slope depths of 400–1000 m [Fahrbach
et al., 1992; Heywood et al., 1998; Jensen et al., 2013]. In agreement with observations from Fahrbach et al.
[1992], the model also shows increasing westward transports associated with the slope current when the
wind stress increases. At 900 km East, the westward transport is, relative to W0REF, 100%, 107%, 121%, and
166%, for W3REF, W6REF, W9REF, and W12REF, respectively.

In weak wind scenarios, the core of the slope current follows the 850 m isobath until it reaches the trough
mouth region. Here the current crosses the trough mouth while shifting southward, continuing along the
600 m isobath (310 km North, Figure 5a). In scenarios with stronger wind, an additional westward wind-
driven current, associated with the Ekman circulation, develops and combines with the initial slope current,
to form a broader current with a dual core and weaker maximum velocities (Figures 5c and 5e). The north-
ern core along the 850 m isobath crosses over the trough mouth region similar to scenarios with weak
wind. The wind-driven, southern core shifts on-shore for stronger wind. At 500 km East, this core is located
over the 525 m isobath (305 km North, Figure 5c) in W9REF. The vertical structure of the current is similar
for weak and strong wind scenarios, but as the current shifts south toward shallower isobaths, the current

Figure 5. (a) Relative strength of westward slope current for five different wind speed scenarios (see legend for color interpretation) during winter stratification. The distance between
the vertical gray lines corresponds to a velocity scale of 0.2 m s21. Isobaths are shown with increments of 50 m starting at 450 m, where the thick lines correspond to the 500 and
1000 m isobaths, respectively. The black triangles indicate the locations of the vertical transects of zonal velocity shown in (b, c) 500 km East and (d, e) 900 km East. Negative velocities
are directed westward. The displayed vertical range is limited to the upper 750 m. The dashed, black lines show the isopycnals rh527:7 and rh527:8.
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takes up the whole water column and becomes barotropic. The wind-driven part of the current is affected
by the trough topography, which affects the inflow of WDW that will be described in section 3.3.

During summer (not shown), the slope current velocity exceeds the winter values near the surface, with
maximum velocity �0.3 m s21. Comparing to the respective winter wind forcing scenario, the summer
transports are 148%, 144%, and 173% for W3REF, W6REF, and W9REF. Over the narrow shelf, a westward
coastal current, related to the convergence of fresher surface water along the coast, is found in strong wind
scenarios.

In addition to the nonlinear eddy field, the model shows westward propagation of topographic waves along
the continental slope. Band-pass filtered Hovm€uller diagrams of along-slope currents (not shown) yield
waves propagating westward along the continental slope with periods of �42 h, wavelengths between 80
and 110 km, and with phase speeds between 0.55 and 0.75 m s21. We do not see wave propagation in the
trough, although other model studies indicate that waves can cause considerable onshore heat transport
within troughs [St. Laurent et al., 2013]. The waves follow the continental slope and cross the trough mouth
region. In the weak wind scenario (W3REF), when the eddy field is weak, the waves account for 95% of the
EKE in the model (calculated from EKE frequency spectra in the frequency band 38–51 h). For stronger
wind, nonlinear eddy processes and current instabilities become increasingly more important and the wave
contribution to the EKE reduces to 50% in W9REF.

To summarize, the modeled flow pattern agrees with observations in the area. The location and the
shape of the slope current depend on the strength of the zonal wind stress. A wind-driven component
of the slope current, related to the Ekman dynamics, develops for strong winds. In summer, the surface
current is stronger and the EKE level is higher over the continental shelf. In section 3.3, we will look fur-
ther into how the location of the slope current influences the inflow of WDW into the trough region.
We will also explore how the density of the DSW within the trough affects the cross-slope exchanges.
But before doing so, we examine the role of eddies for the cross-slope exchange over the narrow and
wide shelf region.

3.2. Interaction of the Slope Current and the Continental Shelf Break
3.2.1. Eddy Transports Over the Narrow and Wide Shelf Regions
In this section, we will study the balance between the wind-driven Ekman overturning and the counteract-
ing eddy overturning. We will use the Reynolds flux calculations (section 2.2) to examine the cross-slope
exchange in a narrow shelf region, and how it changes downstream, when the shelf widens. In the follow-
ing, the narrow and wide shelf regions will be referred to as narrow/wide regions. We will apply zonal aver-
ages over the narrow (yellow) and wide (black) regions identified in Figure 4c. The narrow region is
dominated by a convergence of southward Ekman transport at the coastline/ice front, whereas the down-
welling is less pronounced in the wide region, where the coastal wall is further away, and the zonal wind
stress decays gradually in the wide region (Figure 2a). We will focus on the effect of surface stratification,
which changes from winter to summer, and also comment on the effect of wind stress.

The slope current (> 0:075 m s21) occupies the water column down to �400 m, corresponding to the shelf
depth, and the location of the slope current core varies with the wind stress as described in section 3.1. In
summer, the current becomes more baroclinic with higher surface velocities. We find EKE maxima, coincid-
ing with the slope front in both regions and for both summer and winter stratification (Figures 6a–6d). The
EKE is amplified near the surface and the bottom. In summer, higher EKE is also seen near the surface over
the flat shelf and upper slope, shoreward of the front.

Being consistent with the EKE structure, the Reynolds fluxes indicate different eddy transports over the
wide and narrow shelf in the two seasons. In winter, the vertical density fluxes are always negative across
the slope front in the narrow region (Figure 6e). Eddies, dominated by the salt fluxes, act to move fresher
water up and more saline water down, suggesting that their main role is to reduce APE by balancing the
wind forcing that depresses the isopycnals in this region. In the wide region, the Ekman downwelling
ceases and eddy transports will cause a transient response of the weakly forced front, as opposed to a
quasi steady state that may be reached in the narrow region. While the integrated net eddy transport is
still negative, i.e., reducing total APE, this locally leads to positive density fluxes, as this aids to relax the
front (Figure 6f). Also, the total eddy transport is weaker, and the front approaches a more stable
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configuration with reduced vertical shear of the slope current between 300 and 325 km North in Figure
6f compared to Figure 6e.

In winter, EKE is weak over the flat continental shelf and the Reynolds fluxes vanish accordingly, with no densi-
ty gradients shoreward of the slope front. In summer, when lighter surface water is present, a second, shal-
lower front develops associated with the near-surface stratification and leads to significant downward density
fluxes over the continental shelf. As a result, the Ekman downwelling is balanced by a shallower eddy over-
turning cell, allowing the deep slope front to relax. This is evident from the vanishing temperature contribu-
tion in the Reynolds fluxes (as temperature differences between the fresh surface water and the Winter Water
are small) but can also be seen by the shoaling of the rh 5 27:7 and rh 5 27:8 isopycnals in (Figure 6d com-
pared to Figure 6b), which leads to warmer water on the shelf in summer, as seen in Figure 4.
3.2.2. Effect of Varying Shelf Salinity
In addition to changes of the surface flow convergence, the shelf water mass properties will also change as
the slope current passes from the narrow region, with the less saline Eastern Shelf Water, to the wide region,
where more saline and denser waters are observed on the shelf [Gill, 1973]. We will now analyze the effect
of along-slope salinity changes on the eddy driven transports. For this purpose, the shelf salinity is modified
by increasing/decreasing the SSS restoring value south of 250 km North over the wide shelf region. The nar-
row region is unaffected by these modifications, since the shelf, in this region, is located north of 250 km
North.

In experiments with higher shelf salinity (HighSSS), dense water is exported from the shelf (negative W 0S0 >
andW 0q0 in Figure 7f). The r5 27:7 isopycnal is lifted over the slope (Figure 7d) and forms a V-shape, which
connects the cold, dense shelf water to the warmer CDW at middepths over the slope [Stewart and Thomp-
son, 2016]. Eddies transport warm water onto the shelf (positive W 0T 0 ), and the shelf-depth temperature
increases by 0.1–0.28C (Figures 7b and 7f).

Figure 6. (a–d) Zonally averaged EKE for (a, c) the narrow and (b, d) the wide regions during (a, b) winter and (c, d) summer surface stratification and medium wind stress (W6REF). Black
contours show isopycnals with increments of 0.05 kg m23, and white contours show zonal current velocity in increments of 0.025 m s21. (e–h) Corresponding depth-integrated vertical
Reynolds fluxes (third term in equation (1)) for density (gray filled area), temperature (red), and salinity (blue, dashed). The narrow and wide regions refer to the yellow and black squares
in Figure 4c.
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In experiments with lower shelf salinity (LowSSS), we find no transport of warm water onto the shelf (Fig-
ures 7a and 7e). The shelf water advected from the narrow region is more saline, and negative Reynolds salt
fluxes indicate that eddies export this water downslope, reducing the steepness of the r527:7 isopycnal
compared to the reference experiment (Figures 6b and 7c).

The effect of changing the shelf salinity is strongest in winter scenarios, when the water mass over the shelf is
initially homogeneous. In summer, high eddy activity is connected to the surface stratification as explained
above, and the presence of fresh water over the shelf, north of 250 km North, dampens the effect of modify-
ing the water mass salinity over the southern portion of the shelf. Experiments with weaker and stronger wind
speed give similar results to the medium wind speed experiment (6 m s21) shown in Figures 6 and 7.

3.3. Warm Inflow in the Trough
Most observations of warm water entering the Weddell Sea shelf are from areas where bottom corrugations
or troughs crosscut the continental slope [Foldvik et al., 1985; Nicholls, 2003; Nicholls et al., 2008; Årthun
et al., 2012; Darelius et al., 2016]. In this section, we will study the WDW inflow in an idealized trough with
similar geometry to FD.

We will first look at the response to wind stress in the reference scenarios. We will then compare the results
to scenarios with modified shelf salinity, to see the effect of the increased shelf-depth temperatures found
in the HighSSS scenario (Figure 7b). Finally, we will study how the density of the DSW in the deep trough
affects the circulation and inflow of WDW into the trough (Hom/Light/Dense scenarios).
3.3.1. Sensitivity to Wind and Slope Current
In section 3.1, we showed that increased wind stress leads to a stronger and broader slope current. The
core of the current is also shifted toward shallower isobaths for stronger wind, and the flow is more affected

Figure 7. Winter time temperature difference between (a, b) W6LowSSS/W6HighSSS and REFSSS at shelf floor depth (390 m). The yellow and black squares mark the narrow/wide
regions, respectively. Isobaths are shown at 450, 600, 800, and 1650 m. (c, d) Zonally averaged EKE for the wide region with (c) lower and (d) higher shelf salinity. Isopycnals are shown
with black contours, and white contours show zonal current velocity, where the thicker line is U520.1 m s21. (e, f) Corresponding depth-integrated vertical Reynolds fluxes for density
(gray filled area), temperature (red) and salinity (blue, dashed). The negative salt flux peak (blue line) in Figure 7f is exceeding the axis, with a peak value of �225 3 1029 kg2 m25 s21.
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by the trough topography. In relation to the effect of trough topography and current location, we identify
three different regimes of WDW transport into the trough.

The first regime occurs for scenarios with weak wind (W0REF and W3REF). Here the core of the slope current
is following the 850 m isobath across the trough and is not affected by the trough bathymetry (Figure 8a).
A standing cyclonic vortex on the eastern side of the trough opening draws filaments of warm water south
along the eastern side of the trough (Figures 8d and 8g).

Figure 8. (a–c) Winter temperatures and current vectors in the trough region averaged over densities rh527:7227:8, and vertical sections across the trough at (d–f) 280 km North and
(g–i) 240 km North. The transect locations are indicated in Figures 8a–8c by white horizontal lines, and isobaths are shown with 50 m increments from 450 to 650 m. The21.58C iso-
therm is shown with red contours in all plots, and black dotted lines in Figures 8d–8i show the rh527:7227:8 layer.
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The second regime occurs for medium wind (W6REF) when the core of the slope current is following the
620 m isobath. At this location, the current is located at the very corner of the trough opening. The current
is deflected at the corner, but the trough topography is weak and the current crosses the trough at 300 km
North (Figure 8b). We find that in this regime, a warm inflow into the trough is caused through eddy shed-
ding, as the topographic shelf waves described in section 3.1 interact with the trough opening. From mov-
ies of the flow (supporting information I), it can be seen that the waves approximately follow the 650 m
isobath and break toward the center of the trough (�460 km East). Examination of the current and the den-
sity field shows that those waves cause undulations in the PV field that leads to eddy formation, as
described by Zhang et al. [2011b]. Being advected by the mean flow, these eddies propagate southwest-
ward across the trough mouth, and into the deep trough, causing warm inflow on the western side of the
trough (Figure 8h); a mechanism that appears to be most efficient for intermediate winds.

The third regime occurs during strong wind (W9REF and W12REF), when the trough topography interacts
more strongly with the slope current. The wind-driven component of the slope current flows along shal-
lower isobaths and is deflected southward into the trough. Due to PV constraints, the current cannot cross
the sill and leaves the trough, along the same path as the outflow of DSW from the deep trough (Figure 8c).
The slope current brings large amounts of warm water onto the sill region (Figure 8f), but only a very small
amount of this warm water is found south of the sill (Figure 8i). Similar to the second regime, topographic
waves break at the trough opening and generate eddies. However, the waves break further east, near the
500 m isobath, and the eddies are mostly being advected out of the trough by the mean current.

The flow pattern described for the three regimes above is also reflected in the time-mean PV fields shown
in Figure 9. The PV is low in the slope region for all scenarios and increases over the trough. In the eastern
sill area, weaker PV coincide with filaments of WDW inflow. At the southern edge of the sill, where the
trough starts to deepen, higher PV forms a barrier which the warm water cannot penetrate. The water col-
umn is stretched and conservation of PV leads to gain of cyclonic vorticity, which turns the flow westward
over the flat trough bottom. The flow leaves the trough roughly following the topography around the west-
ern corner of the trough. In the medium wind scenario (W6REF), the PV barrier appears to be located further
north than for the weak and strong wind scenarios (Figure 9b), and the reduced PV along the western side
of the trough agrees with more WDW inflow here.

The slope currents response to varying wind strength is similar in winter and summer. However, since the
current is wider and less stable in summer scenarios (see EKE in Figures 4 and 6d), eddies interact stronger
with the mouth of the trough, such that the first regime is absent, and we find generally more warm inflow
than during winter for the comparable wind forcing.

In order to quantify and compare the amount of WDW flowing into the trough, we estimate net mass trans-
ports, with positive numbers indicating southward transport, for water masses with h>21.58C and rh
> 27:7 across a transect at 240 km North. Transports are calculated, within the h2rh limits, from daily mean

Figure 9. Ertel PV averaged over densities rh527:7227:8 for the same wind speed scenarios as in Figures 8a–8c. Isobaths at 450–650 m
are shown on all plots with increments of 50 m, and the red contour show the 21.58C.
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fields to capture transient features, and were then averaged over the last 360 days of the respective model
run. For comparison, all estimates are normalized by the transports in the W0REF winter scenario.

Except from the increase in the medium wind winter scenario, which is related to the regime change
described above, the southward transport of WDW decreases with increasing wind (orange line in Figure
10) for both winter and summer conditions. The transports are higher in summer compared to winter. In
summer, the EKE level is higher (Figure 4d), and we also find increased temperatures for the rh > 27:7
water mass (not shown).
3.3.2. Sensitivity to Shelf Salinity and DSW Density
The southward transport of WDW in the trough increases for denser DSW (Dense) and for higher shelf salini-
ty (HighSSS) (Figure 10). The changes are large for the weak wind scenarios, where HighSSS(Dense) bring �
7ð5Þ times more WDW into the trough during winter, respectively. For strong wind, changes to the south-
ward transport of WDW are modest, potentially because the strong barotropic flow crossing the trough
mouth area prevents weaker baroclinic responses to variations in the hydrography.

In section 3.2, we showed that higher shelf salinity leads to larger Reynolds fluxes and more on-shelf trans-
port of WDW. The rh5 27:7 isopycnal was lifted and bent upward over the shelf, forming a V-shape (Figures
7b and 7d). Associated with these changes, the WDW reaches higher up in the water column near the
trough opening, and more warm water is hence transported into the trough. For LowSSS, the southward
transport of WDW is higher than the reference scenarios in winter and lower than the reference scenarios in
summer, for respective wind forcing. Consistent with this result, we find that the EKE levels and Reynolds
fluxes increase for LowSSS in winter and decrease in summer (not shown).

In weak wind scenarios (W3), the circulation in the trough amplifies for higher DSW densities and brings
more WDW into the trough (Figure 11). The southward transport of WDW is close to zero for W3Light, but is
�5 times higher in W3Dense compared to W3REF (Figure 10a). The larger density difference between the
DSW and the shelf water sets up a baroclinic flow field that favors the warm inflow (as seen in Figure 11).

When DSW is present in the deep part of the trough, the circulation in the trough is characterized by out-
flow along the eastern flank and inflow along the western flank (Figures 11i–11l). When the DSW is absent

Figure 10. Net southward volume transport across 240 km North for water masses with h>21.58C and rh > 27:7 for all scenarios, normal-
ized with respect to the W0Ref scenario. Reference scenarios are displayed with orange lines. Different DSW densities are shown with
gray-scaled circular markers ranging from white in scenarios without DSW (Hom) to gray and black for increasing DSW densities (Light/
REF/Dense). Scenarios with lower (higher) shelf salinity are shown with blue triangles (red squares).
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(homogeneous shelf and trough), a fundamental circulation change is seen in the trough. In this case, WDW
is the most dense water mass in the system and enters the shelf as a gravity current that flows along the
bottom of the trough. In the weak wind scenario (W3Hom), the density driven flow in the trough reverses
(Figure 11i) leading to warm inflow along the eastern flank. For stronger wind (W6Hom and W9Hom), the
circulation pattern is not altered, and there is only small amounts of WDW south of the sill.

Figure 11. Winter temperatures and current vectors in the trough region averaged over densities rh527:7–27.8 for (a–d) four different DSW densities. Vertical sections of (e–h) tempera-
ture and (i–l) mass transport across the trough at 240 km North. The transect location is indicated by white horizontal lines in Figures 11a–11d. The 21.58C isotherm is shown with red
contours in Figures 11a–11h, and black dashed lines in Figures 11d–11l show isopycnals, with increments of 0.1.
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4. Discussion

As discussed in section 3.1, our idealized model reproduces the main circulation pattern observed over the
continental slope in the Weddell Sea and in FD. The comparison of the different model scenarios has identi-
fied several processes that interact to control the access of WDW to the continental shelf and into the
trough.

Observations from moored instruments on the Weddell Sea shelf show that warm inflow occurs during the
summer season when the thermocline depth is shallower than during winter [Årthun et al., 2012]. Semper
and Darelius [2016] found changes in thermocline depth on the order of 200 m between winter and sum-
mer, upstream of FD, on the narrow continental shelf. Modeled transport of WDW toward the shelf is low
for both seasons (summer/winter). We find that the establishment of an upper eddy overturning cell in
summer leads to a relaxation of the ASF isopycnals at depth. Since it can be assumed that this process
occurs over the entire eastern Weddell Sea, this will lead to a larger shoaling of the thermocline (as
observed) than seen in our model results, where the thermocline depth is fixed at the eastern boundary.
This is consistent with Hattermann et al. [2014] and Zhou et al. [2014] who find larger thermocline displace-
ments as a response to surface hydrographic forcing in a periodic (and hence infinite) domain. Running the
model with a more realistic summer climatology would likely increase the on-shelf transport of WDW. The
increased southward transport of WDW we find during summer scenarios is linked to a dynamic response,
rather than to changes in the depth of the thermocline.

Eddy-mediated transport of WDW to the wide continental shelf is most efficient when dense water on the
shelf (HighSSS) is transported offshore, creating V-shaped isopycnals across the continental slope. The result
agrees with Stewart and Thompson [2016], who find that the establishment of an isopycnal connection
between the dense shelf water and the CDW, creates a pathway for CDW to access the continental shelf
without doing work against the buoyancy force. For the other scenarios, the main role of eddies is to bal-
ance the wind-driven downwelling, which influence the thermocline depth and the temperature of the
WDW interacting with the trough topography.

The trough, with characteristics similar to FD, contributes to southward transport of WDW in the model. We
identify three flow regimes, related to the degree of interaction between the slope current and the trough
topography. The response to concurrent effects of mean PV conservation and eddy shedding at the trough
opening, is different in the three regimes, and leads to a nonlinear relationship between the wind speed
and the southward transport of WDW (Figure 10). In the weak wind regime, there is no interaction between
the slope current and the trough topography, and the southward transport of WDW is dominated by
eddies. In the medium wind regime, the core of the slope current is located at the edge of the trough open-
ing and is only weakly affected by the topography. However, this regime seems to be optimal for southward
transport of WDW by eddies along the western side of the trough. We associate the eddy formation to the
blocking of westward propagating topographic waves at the trough opening, as described by Zhang et al.
[2011b]. The waves propagate westward along the continental slope, supported by the PV jump along the
slope. In the strong wind regime, the flow pattern resembles that described by Williams et al. [2001], for a
shelf break jet flowing over a wide channel topography. The current is deflected southward into the trough
but crosses the trough due to PV conservation (compensating vortex stretching and the gain of relative vor-
ticity). The southward transport of WDW is low, but filaments of warm water are transported south along
the eastern flank of the trough. Similar to the medium wind regime, eddy formation due to topographic
waves and PV undulations occur, but the eddies form closer to the eastern side of the trough, and seem to
be efficiently advected out of the trough by the mean current. Movies showing the propagating waves and
eddy formation are included in the supporting information.

In summer, the southward transport of WDW in the trough is higher than for winter scenarios with similar
forcing. The thermocline response is small (< 50 m), as described above, but we do find higher tempera-
tures within the density layer rh 527:7227:8, which leads to larger inflow within the h2rh limits in Figure
10. Furthermore, the EKE level is higher during summer and the southward transport by eddies formed
through instabilities in the slope current and breaking of continental shelf waves at the trough mouth is
higher. Observations of topographic Rossby waves along the continental slope of the Weddell Sea [Jensen
et al., 2013; Semper and Darelius, 2016] also show more wave activity and higher EKE in the summer season,
compared to the winter season.
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Hellmer et al. [2012] suggested that stronger atmospheric stress from a reduced sea ice cover, combined
with lower DSW densities can cause a redirection of the slope current into FD, bringing large amounts of
WDW into the ice shelf cavities and increasing the basal melt rates. Our process oriented model does not
support such a scenario. Instead, we find that for strong wind, the WDW cannot penetrate the sill due to PV
constraints, and the WDW leaves the trough regardless of the DSW density. In experiments with lighter
DSW the trough circulation is weaker, and less WDW is transported south. For weak wind, however, we find
strong southward transport of WDW when DSW is absent (W3Hom), and the circulation in the trough
reverses (Figure 11a), supporting the tipping point behavior suggested by Hellmer et al. [2017].

The changes in warm water properties and circulation in the trough and their effect on the ice shelf system
merit further studies. In this respect, the idealized numerical model results encourage further experiments
on the tipping point behavior and sensitivity to suggested future changes in sea ice production, DSW
source waters, and imposed fluxes of DSW at the southern model boundary.

In scenarios with strong wind, we find a convergence of the southward transport of WDW. The barotropic
flow, steered by the PV conservation, over the trough sill dominates the flow pattern, and modifications of
the hydrographic forcing have little effect. In scenarios with weak wind, we find large differences in the
southward transport of WDW, where higher salinity on the shelf (HighSSS) and higher DSW density (Dense)
favor southward transport of WDW.

Inclusion of tides is beyond the scope of this study. Our focus has been to study isolated forcing mecha-
nisms. Nevertheless, including tides would increase the general level of mixing along the slope, as the
upper continental slope is suggested to be a generation site for semidiurnal internal tides, which are
trapped by the critical latitude and dissipate their energy along the bottom [Fer et al., 2016]. Enhanced
near-bottom tidal mixing at the M2-frequency could also affect the stability of the slope front and the
amount of warm inflow over the shelf.

Darelius et al. [2016] suggested that certain combinations of wind (storm events), sea ice concentration,
shelf salinity, and summer preconditioning of the slope front and stratification favor on-shelf transport of
WDW. They specifically point to the importance of the wind. Warm water, which is episodically lifted onto
the outer shelf during summer, can be advected south by the wind-driven coastal current. The southward
transport of warm water increases during storm events with wind from NW (favors southward water trans-
port). In this study, we only consider the effect of constant wind forcing. During constant winter or summer
forcing, the effect of storms, or a seasonal hydrological cycle, on the inflow will be the subject for a future
study.

5. Conclusions

This study presents results from an eddy-resolving, idealized high-resolution ocean circulation model that
resembles the circulation in the southern Weddell Sea shelf and slope region, including the interaction of
the coastal current with the Filchner Depression.

Warm inflow over the continental shelf is limited by the presence of the ASF. In agreement with Stewart
and Thompson [2016], we find that on-shelf transport of CDW mainly occurs when dense water formation
over the shelf connects the density surfaces between the oceanic CDW and the cold shelf water, and the
CDW can access the shelf without doing work against the buoyancy forces.

We find more warm water on the shelf when fresh surface water is present (summer scenarios). A shallower
eddy overturning associated with the upper ocean stratification partially balances the Ekman downwelling,
such that the WDW interface is relaxed. Future predictions suggest that a warmer and wetter atmosphere
will generally lead to a freshening of the upper ocean. Also, reduced sea ice production will weaken the
convection, allowing upper ocean stratification to persist during winter. Both effects will favor more warm
water onto the shelf through a relaxation of the thermocline.

We study the ASF balance in a transient configuration that includes along-shelf changes of the shelf width.
Reduced Ekman downwelling over the wide shelf, compared to the narrow shelf, affects the Reynolds fluxes
but does not impose large changes on the cross-slope exchange unless along-flow variations of the shelf
water density are included.
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Southward transport of warm water in the trough is controlled by several processes: (I) the thermocline
depth, regulating the temperature of the water at the depth of the trough sill, (II) the interaction between
the slope current and the trough topography, (III) eddy formation through breaking topographic waves at
the trough opening, and (IV) density of the water masses in the trough and on the shelf region upstream
of the trough. In our results, (II) is dominant for high wind speed, where we find low southward transport of
warm water in all scenarios as the WDW will not cross the sill. (III) is important in scenarios with medium
wind speed (6 m s21), causing high transports of warm water into the western side of the trough. For weak
and medium wind speed, the inflow is also sensitive to (IV), with greater inflow for denser DSW and for
more saline shelf water upstream. The seasonal changes in the depth of the thermocline are small in the
model, but the temperature at shelf depth (390 m) increases in summer, and we conclude that the higher
trough inflow in summer is a combined response of the processes (I–III).

The sensitivity experiments based on our idealized model have provided new insights on the response of
the warm inflow to changing atmospheric forcing and to modifications of DSW properties. Hellmer et al.
[2012] and Timmermann and Hellmer [2013] suggested a future scenario where the slope current is redir-
ected southward along FD, as a consequence of more mobile sea ice and higher momentum transfer
between the atmosphere and the ocean. Hellmer et al. [2017] further describe a tipping point behavior,
where a warm water flushing of the ice shelf cavity leads to a melt water feedback that enhances the
shelf circulation and the southward transport of warm water along the trough. Our results suggest a
slightly different response to increased wind stress, where the wind-driven part of the slope current is
directed southward along the trough opening, but conservation of PV causes the current to turn at the
sill and leave the trough. The current is strong and barotropic and reduces the southward transport of
warm water by eddies, as the eddies are being advected out of the trough along with the current. This
mechanism occurs for strong wind scenarios regardless of the density of the DSW in the trough. Instead,
we find an optimal configuration for medium strength wind forcing, where warm inflow related to eddy-
shedding appears to be most efficient. In the simulation with weak wind and no DSW present in the
trough (W3Hom), we find a reversed circulation pattern in the trough and increased warm inflow.
Although we do not include ice shelves or fresh water input from basal melting, the results support the
suggested tipping point behavior. If the DSW production is cut off, a continuous inflow of warm water
occurs along the bottom of the trough, reaching the southern boundary of the model. However, we did
not find similar results in scenarios with stronger wind. Our work therefore emphasizes the need for fur-
ther studies of these processes and how they are affected by transient changes in the wind pattern and
the DSW properties.

Appendix A: Model Boundary Conditions and Surface Forcing

The northern and southern boundaries are treated as closed walls. Along the eastern and western open
boundaries, we apply a radiation boundary scheme with restoring toward the initial hydrography and 3-D
momentum fields [Marchesiello et al. 2001]. For the 2-D momentum, we apply a radiation condition similar
to Flather [Flather, 1976], but adjusted for staggered grids (named Shchepetkin in ROMS) and for the free
surface we apply Chapman explicit conditions Chapman [1985]. We restore temperature, salinity, and veloci-
ties at all boundaries, using smoothly increasing relaxation time scales [Nycander and D€o€os, 2003]. An over-
view of the restoring zones and time scales is given in Table A1. At all boundaries, we apply a 30 km
sponge zone, where the diffusivity and viscosity increase smoothly from 1 m2 s21 in the interior to 3 m2 s21

at the boundary.

In order to reduce piling up of cold
and saline DSW overflow west of the
trough (downstream), we increased
the restoring zone for temperature
and salinity in the 10 deepest terrain-
following layers west of 350 km East.
At the shelf break, this corresponds to
water depths below 400 m, increasing
to 1300 m over the deeper ocean.

Table A1. Restoring Zones and Inverse Time Scales

East West North South
Deep
West

Deep
Trough

T,S
Restoring zone (km) 30 30 30 24 345 24
Time scale (days) 60 30 30 5 30 1/24

U,V
Restoring zone (km) 30 30 30 24
Time scale (days) 60 30 30 5

Journal of Geophysical Research: Oceans 10.1002/2016JC012541

DAAE ET AL. WARM INFLOW OVER THE WEDDEL SEA SHELF 2639



In the deeper part of the trough (>400 m), a reduced restoring time scale maintains the property of the
DSW in the southern trough.

We restore SST and SSS to mimic the effects of sea ice. The restoring time scale is 3 days. For winter simula-
tions, we restore to SST521.98C and SSS5 34.4 over the whole domain. For summer simulations, we keep
the winter conditions over the wide shelf but restore to SST521.58C and SSS5 33.7 over the narrow shelf
and deep ocean.

The wind stress is calculated from s52qairCDU
2, where qair5 1 kg m23 and the drag coefficient CD50:001.

We apply an idealized westerly wind stress, with smax52qairCDU
2
max over the channel and sinusoidal decay

to zero from y5 375 km to the southern boundary (Figure 2a).
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Abstract Cold and dense ice shelf water (ISW) emerging from the Filchner-Ronne Ice Shelf cavity in the
southwestern Weddell Sea flows northward through the Filchner Depression to eventually descend the con-
tinental slope and contribute to the formation of bottom water. New ship-born observations of hydrogra-
phy and currents from Filchner Depression in January 2013 suggest that the northward flow of ISW takes
place in a middepth jet along the eastern flank of the depression, thus questioning the traditional view with
outflow along the western flank. This interpretation of the data is supported by results from a regional
numerical model, which shows that ISW flowing northward along the eastern coast of Berkner Island turns
eastward and crosses the depression to its eastern side upon reaching the Filchner ice front. The ice front
represents a sudden change in the thickness of the water column and thus a potential vorticity barrier.
Transport estimates of northward ISW flux based on observations ranges from 0.2 to 1.0 Sv.

1. Introduction

Cold ice shelf water (ISW) emerging from the Filchner-Ronne Ice Shelf (FRIS) in the southern Weddell Sea
(see Figure 1) flows northward through the Filchner Depression and crosses its sill to eventually descend
the continental slope and contribute to the formation of Weddell Sea deep and bottom water [Foldvik et al.,
2004]. These cold, dense water masses leave the Weddell Sea, e.g., through gaps in the South Scotia ridge,
and are major contributors to Antarctic Bottom Water (AABW) formation [Orsi et al., 1999].

The outflow of ISW—commonly referred to as the Filchner overflow—was discovered in 1977 [Foldvik et al.,
1985a] and the flux of cold ISW across the sill has been estimated to 1.660.5 Sv (1 Sv � 106m3 s21) resulting
in 4.361.4 Sv Weddell Sea Bottom Water [Foldvik et al., 2004]. After crossing the Filchner sill, the relatively
dense ISW forms a gravity plume that flows westward along the continental slope, partly being steered
downslope by two ridges cross cutting the slope [Darelius and Wåhlin, 2007]. The outflow has been moni-
tored sporadically since 1977 and continuously since 2009 with a mooring at the sill (S2, see Figure 1) and
the data reveal a seasonal signal in the temperature and salinity of the outflowing water. The seasonality is
partly caused by admixture of high salinity shelf water (HSSW) from the Berkner Bank [Darelius et al., 2014].

HSSW is formed through cooling of modified warm deep water (MWDW) and additional brine rejection from
sea ice formation during winter [Nicholls et al., 2009] and it enters the FRIS cavity west of the Berkner Island and
through the Ronne depression (see Figure 1). The depression of the freezing point with increasing pressure
allows the HSSW (h5Tf,surface) which is here in contact with ice at great depth (the grounding line is as deep as
1800 m) to be transformed into potentially supercooled (h <Tf,surface) ISW: it is cooled, as its heat is used to melt
ice, and freshened, as it mixes with the fresh melt water. Since a given amount of heat is associated with a
given amount of freshwater, the HSSW-ISW transformation will cause the hS-characteristics (S is salinity) of the
water to change along a straight line in hS-space; the Gade line [Gade, 1979; Jenkins, 1999]. The gradient of the
Gade line is 2.4–2.8�C depending on the amount of heat conduction into the ice [Nicholls et al., 2009]. The
source salinity can be found by extrapolating the Gade line to the point where it intersects the surface freezing
point. Following this argument, the HSSW precursor to the overflowing ISW has been found to originate at the
Berkner Bank, while the ISW resulting from the slighty more saline Ronne HSSW-inflow is too dense to escape
across the Filchner sill and is forced to recirculate within the cavity [Nicholls et al., 2001].

The Filchner Depression is filled with ISW up to a depth of about 200–300 m [Carmack and Foster, 1975],
above which is found winter water or, along the coast, eastern shelf water (ESW). The circulation in the
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upper layer in the depression region is described by Nicholls et al. [2009] and sketched in the upper inset of
Figure 1. Just east of the depression the Antarctic slope current branches off to form a coastal current carry-
ing ESW onto the shelf. Below the surface layer, there is a summer inflow of MWDW toward the ice shelf
[Årthun et al., 2012], which reaches the Filchner ice front in late summer or early winter [Foldvik et al., 1985b;
Årthun et al., 2013]. While basal melt rates below FRIS are low (0.2–0.34 m yr21) today [Nicholls et al., 2009;
Rignot et al., 2013], numerical modeling suggest that they will increase significantly (to 4 m yr21) in a
warmer future as changing wind and ice conditions cause more warm water to flow onto the shelf [Hellmer
et al., 2012]. Based on hydrographic data and geostrophic calculations from the first scientific cruises to the
region (USCGC Glacier 1968–1973), Carmack and Foster [1975] inferred a cyclonic gyre circulation at depth
in the depression. Accordingly, the flow of ISW from the FRIS cavity toward the Filchner sill is commonly
believed to follow the topography on the western side of the Filchner Depression [see e.g., Foldvik and
Gammelsr�d, 1988; Foldvik et al., 2001; Nicholls et al., 2001] although there are no direct observations of the
flow as the western part of the depression is often ice-covered even during summer. In this paper, we pres-
ent detailed sections of hydrography and velocity obtained during a cruise to the Filchner Depression in
January 2013 that question the traditional view of the circulation within the depression, and suggest that
the core of the ISW outflow is located above the eastern flank of the depression. The observations are com-
pared to results from a regional numerical model, which supports our interpretation of the data.

2. Data and Methods

Data were collected in the Filchner Depression during ten days, 1–11 January 2013, onboard RRS Ernest
Shackleton. The obtained data set includes vertical profiles of hydrography and velocity from 116 casts with
a conductivity-temperature-depth (CTD, SBE9111) package equipped with down and upward-looking low-
ered acoustic Doppler current profilers (LADCPs, 300 kHz RD Instruments Workhorse). Stations were

Figure 1. Map of the study region showing the position of the CTD-sections (labeled lines) and time series (labeled yellow stars) occupied
in 2013 (red), 2009, 2005, and 1973 (black) and of the moorings Fr1 (green circle), Fr2 (blue circle) and S2 (magenta circle). Isobaths (Bed-
map) [Fretwell et al., 2013] are shown every 100 m (gray lines) with every 500 m in dark gray. Land and grounded ice is shown in dark gray
and floating ice shelves (from Bedmap) in light blue. The position of the ice shelf front (or heavily ridged fast ice in the east) observed dur-
ing the cruise is included (thin gray line). The upper inset shows the location of the study area (red box) and the Ronne ice shelf (RIS), the
Filchner ice shelf (FIS), Berkner Island (BI), Filchner Depression (FD), Ronne depression (RD) and Berkner Bank (BB). The limits of the model
domain are indicated by dashed, red lines. The blue arrows show the path of the coastal current/Antarctic slope current and yellow arrows
show inflow and circulation below FRIS, from Nicholls et al. [2009]. The blue star shows the location of Site 5. The lower inset shows the
location of the region (red box) shown in the upper inset.
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occupied along six sections: one along the Filchner ice front, one on the western and four on the eastern
flank of the depression, and in addition time series (12–14 h long) were obtained at four locations, see Fig-
ure 1. The CTD was equipped with double conductivity and temperature sensors and a single oxygen sensor
(not shown) which were calibrated by the manufacturer directly after the cruise. In addition, water samples
for monitoring of the conductivity sensor were collected using two Niskin bottles attached to the CTD-
rosette. The CTD system included an altimeter, allowing for data collection to within 10 m from the bottom.
Positions from a Garmin handheld GPS were incorporated directly into the data stream, while data from the
positioning system of the ship were recorded separately.

The velocity profiles are calculated at 8 m vertical resolution using the inverse method [Visbeck, 2002]
constrained by navigation from the GPS and bottom tracking by the LADCP. The error velocity is typically
3 cm s21. The coordinate system at sections 4–6 and time series 3 and 4 were rotated locally (see Table 1),
in order to align the y axis with the isobaths, and velocities are henceforth referred to as along and cross
slope. Positive along-slope flow thus has a northeastward direction, i.e., flow toward the sill of the Filchner
Depression.

Tides in the region are relatively strong (up to 10–15 cm s21) and transport calculations based on the
LADCP profiles are highly sensitive to errors related to detiding. Attempts were made to detide the LADCP
profiles using (1) the tidal model results from the CATS2008b (an update to the circum-Antarctic inverse
barotropic tidal model described by Padman et al., [2002]), while correcting for errors in the bathymetry of
the tidal model using observed depths and conserved volume flux (i.e., u05umodelhmodelh21

observed , where h is
the depth and u the tidal current) and (2) harmonic fits to the depth-integrated observed velocities (i.e., vol-
ume flux per unit width) at sections and time series, see Appendix A. Observations from the upper and
lower 150 m of the profiles were neglected to remove boundary layer effects, as were stations with strong
currents above the slope. It is not obvious to draw a conclusion regarding what detiding routine is more
correct, see further discussion in Appendix A, and transport estimates are therefore given as an interval
spanning the results given by the different detiding procedures. Velocity sections shown in Figures 2, 5, and
7 are detided using CATS.

In addition to the CTD and LADCP data collected during the cruise, sections obtained in the depression in
2005 (JR97) [Nicholls et al., 2009] and 2009 (ES033) [Nicholls, 2009], at the Filchner ice front in 1973 (USCGC
Glacier) [Carmack and Foster, 1975] and single stations from 1977 [Foldvik et al., 1985a], 1980 [Foldvik et al.,
1985c], 1984, 1993 [Gammelsr�d et al., 1994], 1995 [Grosfeld et al., 2001], and one station from 2011 (JR244)
[Larter, 2011] are included in the analysis. Records from �500 m depth at moorings Fr1 and Fr2 [Foldvik
et al., 2004] deployed south of the sill in 1995–1996 (see Figure 1 for location) are also included. The data
from 1973 have low (10–100 m) vertical resolution.

The transports are calculated using the detided along-slope component of the current velocity. The sections
are divided into segments centered at each station and the width of each segment corresponds to half the
distance from adjacent stations. For the first and last station segments, the width is set equal to either side
of the station. The21.9�C isotherm is taken as the upper boundary for the ISW in transport calculations. To

Table 1. Information on CTD/LADCP Sections and Time Series Occupied During Cruise ES060, 2013a

Stations Start End Time (UTC) Duration (h) Angle B (�) StaT

Section 1 6–10 77�430S, 35�280W 77�430S, 36�190W 3/1 01:30 5 28
Section 2 12–21 78�050S, 43�250W 77�520S, 41�280W 3/1 20:40 9 28
Section 3 29–61 77�500S, 43�430W 77�420S, 35�230W 5/1 3:50 43 28
Section 4 70–80 77�150S, 33�400W 76�540S, 35�390W 7/1 20:50 12 37 73–78
Section 5 90–102 75�590S, 30�420W 75�500S, 33�150W 9/1 9:10 12 25 93–97
Section 6 103–109 75�500S, 33�150W 75�100S, 31�440W 10/1 3:50 6 0 105–107
Time Series
TS1 23–28 77�520S, 41�280W 4/1 13:40 10 28
TS2 62–69 77�400S, 36�160W 7/1 02:00 13 28
TS3 81–89 75�600S, 30�300W 8/1 17:30 13 25
TS4 110–116 75�050S, 30�520W 10/1 13:10 12 0

aFor location of the sections and time series, see Figure 1. b is the angle that the coordinate system is rotated to be aligned with the
slope and StaT ares the stations included in the transport estimate (see section 3.2.1., stations are also marked in Figure 6). Time gives
the time the first stations in the section/time series was occupied and dates are given in the format day/month.
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limit the error introduced by erroneous detiding, only stations with a baroclinic northward flow are
included. The stations included in the transport calculations are given in Table 1 and marked in Figure 5.

The geostrophic shear is calculated using the dynamic height anomaly approach in the Gibbs Seawater
Oceanographic Toolbox [McDougall and Barker, 2011]. Data from the upper 25 m at each station were
ignored to remove surface effects and errors, i.e., the reference level of no motion was effectively set to
25 m. Given the uncertainty in detiding of the LADCP (see Appendix A), absolute geostrophic currents were
not calculated. The method gives profiles of relative velocity only above the depth of the shallowest of the
two CTD stations used to obtain the profile. In a section across a sloping bottom the geostrophic transport
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Figure 2. Sections of (a) Potential temperature (color) and isopycnals (labeled black lines) referenced to surface pressure, (b) salinity, and (c)
meridional velocity (cm s21) observed in January 2013 across the Filchner Ice Front (section 3). Mean, modeled sections of (d) potential tem-
perature (color) and isopycnals (labeled black lines) and (e) meridional velocity at 78�S. Section of (f) Potential temperature (color) and isopyc-
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in what is often referred to as the ‘‘bottom triangle,’’ i.e., the area closest to the bottom, is not included
unless profiles are somehow extrapolated. This has not been done and transport in the bottom triangle is
hence ignored.

The observations are compared with results from an isopycnic coordinate ocean circulation model (MICOM)
[Bleck et al., 1992] applied to a region including the FRIS cavity and the Filchner Depression (see Figure 1) and
adapted to include a thermodynamically active but static ice shelf as well as tidal forcing [Holland and Jenkins,
2001]. Following Jenkins et al. [2004] the model is forced by restoring the surface salinity over the open ocean
to an annually repeating seasonally and spatially varying field [Makinson et al., 2011] which is designed to rep-
resent the effect of sea ice growth and decay. With the largest tides around Antarctica found in the southern
Weddell Sea, the model is also forced along its northern and eastern boundaries by restoring the surface ele-
vations to those predicted by the CircumAntarctic Tidal Simulation (CATS) [Padman et al., 2002] utilizing 10
tidal constituents. In the vertical, the model consists of 15 isopycnic layers and a surface mixed layer (with a
freely evolving density) while the horizontal resolution increases from 12.5 km in the north to 4.5 km in the
south. Explicit vertical mixing in the model occurs through mixed-layer entrainment or detrainment, see Hol-
land and Jenkins [2001] for details. After a 13 years spin up, seven years of model data are available as monthly
mean fields. The data fields are interpolated to depth coordinates and averaged to a time mean field. The sea-
sonality in the modeled ISW circulation is small and results including only summer months are similar. For fur-
ther details on the model setup the reader is referred to Makinson et al. [2011].

3. Results

3.1. The Filchner Ice Front
3.1.1. Observations
Section 3 was occupied along the entire Filchner ice front at a distance of about 6–30 km from the ice front.
Fast ice on the eastern side of the depression forced the ship to move farther north to finish the section.
Potentially supercooled ISW is found at depth across the entire Filchner Depression. On the eastern side of
the depression, the ISW resides below 300–400 m depth, separated from the ESW above it through rela-
tively sharp gradients in both salinity and temperature (Figures 2a and 2b). The eastern flank is further char-
acterized by low temperatures (down to 22.2�C) in a distinct layer between 350 and 600 m depth. On the
western side of the depression, vertical gradients—with the exception of the surface thermo and halocline
located at about 50 m depth—are much weaker, and there is little trace of ESW. The internal Rossby radius,
k5ðgDqhÞ1=2ðq0f Þ21, where g is gravity, Dq5 0.1 kg m23 the density difference between ESW and the
ambient water, h5100–300 m the thickness of the ESW layer and f the Coriolis factor, is about 2–4 km. A
coastal current carrying ESW westward along the ice front would hence be trapped south of section 3, since
the stations were occupied >6 km from the ice front. As discussed below, the ice front section from 1973
which was occupied 1–3 km from the ice front (A. Foldvik, personal communication, 2014) does show a
300–400 m thick layer of ESW below a thin layer of surface water.

Unlike the two stations occupied at the ice front in 1993 [Gammelsr�d et al., 1994; Nicholls et al., 2001] the
ISW observed in 2013 does not in general fall on one Gade line, but appears to be a layered mixture of ISW
with different source salinities, see e.g., station 32 in Figure 3a. While the larger part of the water column
can be expected to have source salinities between 34.68 and 34.70, there are a few cold intrusions (e.g., on
station 45, see Figure 3a) indicating higher source salinities. Below the temperature minimum, there is a
tendency for stations on the eastern side of the depression to be shifted about 0.05�C downward in hS-
space compared to the western stations (i.e., for the same salinity water is 0.05�C colder in the east than in
the west). This corresponds to an increase in source salinity of about 0.02.

The lowest temperatures are typically observed 100–300 m above the bottom, and bottom temperatures
are generally lower (by about 0.1�C) on the eastern side than on the western side of the depression (Figure
2a). The ISW is by definition potentially supercooled, i.e., its temperature is below the surface freezing point
hðzÞ < Tf ðS; 0Þ. In a few locations on the western flank of the depression, especially in section 2 (not shown)
we also observed water that was in situ supercooled (i.e., TðzÞ < Tf ðS; zÞ, Figure 2a). These locations are
characterized by upward doming isotherms and low temperatures in the surface but they do not necessarily
coincide with locations of flow directed away from the cavity. No in situ supercooled water was observed
on the eastern flank, possibly because the fast ice forced us to place stations further away from the ice front.
In situ supercooled ISW in the vicinity of an ice front have been observed previously by e.g., Fer et al. [2012].
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The velocity field at the front is characterized by high variability with lateral length scales of about 10 km
and amplitudes reaching 20 cm s21 (Figure 2c), possibly related to instabilities or meanders in a potential
(but unobserved) coastal current. Ignoring these mesoscale features, which can be expected to vary in time
and space, we note that isopycnals generally are bowl-shaped below about 27.85 kg m23, while shallower
isopycnals deepens from west to east, especially above the eastern flank, i.e., below the southward flowing
ESW. The shape of the isopycnals along the ice front indicate a weak (relative geostrophic velocities on the
order of a few cm s21) cyclonic circulation of the densest water in the depression, as suggested by Carmack
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Figure 3. hS-diagram showing (a) data from the Filchner Front in 2013 (section 3) where ‘‘eastern’’ stations are colored dark gray and ‘‘west-
ern’’ stations light gray, (b) the same data but zoomed in on the ISW, and (c) selected historic stations occupied in the vicinity of the front
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and Foster [1975]. On the east-
ern flank, there is the potential
for a northward undercurrent
below the southward coastal
current, which, if present,
would be shadowed by the
strong mesoscale variability.

3.1.2. Numerical Model
The modeled ice front section
(78�S, Figures 2d and 2e), with
the exception of the mesoscale
variability, shows features simi-
lar to the observations. The
depression is filled with ISW up
to 50–100 m, with a deepening
of the thermocline on the east-
ern side due to the presence of
the southward flowing coastal
current and ESW. The isopyc-

nals show the same bowl shape as the observations at depth, and the same eastward deepening at shal-
lower depth. The associated velocity field manifests the deep cyclonic circulation, i.e., outflow on the
western flank and inflow on the eastern flank, as identified by Carmack and Foster [1975], and supports the
idea of a northward flowing undercurrent on the eastern flank as suggested by the tilting isopycnals in the
observations. Mean velocities are on the order of a few cm s21 giving a total northward transport of 1.0 Sv,
about 0.2 Sv of which returns southward within the deep cyclonic circulation. The model thus has a net
northward flow of ISW of 0.8 Sv.

3.1.3. Comparison With USCGC Glacier Section From 1973
The observations warrant a closer comparison with e.g., the ice front section obtained by USCGC Glacier in
1973 [Carmack and Foster, 1975, Figure 4]. Comparing Figure 2f with Figures 2a and 2b, one notes the
following:

(A) The lowest temperatures were observed on the western side in 1973 (and in 1980, 1995) [Foldvik et al.,
1985c; Grosfeld et al., 2001] and on the eastern side in 2013 (and in 1993) [Gammelsr�d et al., 1994].

(B) Densities below 400 m were higher in 1973 than in 2013. The 27.90 kg m23 isopycnal was found at
around 500 m depth in 1973 while it is generally about 50 m above bottom in 2013. No densities above
27.95 were observed in 2013.

(C) The density at sill depth (600 m) was 27.90 kg m23 in 1973 and 27.85 kg m23, i.e., about 0.05 kg m23

lighter less dense in 2013.

Differences in the upper layer—e.g., the density and the upper limit of the ISW—are most likely related to
seasonality and to differences in the distance between the section and the ice front and possibly also to the
shape of the ice front itself, which was pointed in 1973 (the stations shown in Figure 1 follows the position
of the ice front) while it was relatively straight in 2013.

The comparison suggests changes in the Filchner Depression hydrography that would directly influence the
properties of the ISW flowing over the sill and ultimately the deep water masses formed. Figure 3c shows
data collected from stations occupied in the vicinity of the Filchner ice front during the period 1977–2013,
suggesting that the changes are the result of interannual variability rather than a long-term trend. Large
changes in the FRIS-circulation linked to the southern annular mode (SAM) and HSSW production on the
Berkner Bank have been suggested by Timmermann et al. [2002] for example, and observations from the ice
shelf cavity show interannual variability [Nicholls and Østerhus, 2004].

Figure 4 shows the bottom salinity observed in 2013. The highest bottom salinities—reaching up to
34.71—were observed at the deepest stations at 76–77�S (sections 4 and 5). At the ice front (sections 1–3)
bottom salinities were generally lower with the highest values occurring in the deep, central part of the
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depression and at relatively shallow (400–700 m) depths on the western flank of the depression, adjacent
to Berkner Bank. The large difference between section 2 and section 3 on the western flank of the depres-
sion suggests high temporal and/or spatial variability here. Extrapolating the HSSW-ISW mixing line from
stations at the eastern flank (sections 4–6) to the surface freezing point gives a HSSW salinity of 34.72 (Fig-
ure 6b), while the western stations in section 3 suggest slightly less saline HSSW.

The observations are consistent with those presented by [Carmack and Foster, 1975] and with HSSW formed
on Berkner Bank entering the depression and circulating cyclonically along its rim, but not yet having
reached the ice front. Observations in 1995 show HSSW presence at the eastern side of the ice front [Gros-
feld et al., 2001].

3.2. Sections on the Eastern Flank
3.2.1. Observations: Section 4–6
Figure 5 shows the observed hydrography and currents at sections 4–6 on the eastern flank of the depres-
sion. The Filchner Depression is filled with ISW up to 100–300 m depth, with the interface depth generally
being shallower toward the south. There are clear intrusions of MWDW (h>21.7 �C, S <34.6) [Foster and
Carmack, 1976] at section 6, which are found at shelf-level (400–500 m) in the east and at shallower levels—
above the ISW—in the depression. The MWDW signal at section 5 is similar but weaker, and at section 4
there is no trace of MWDW. The MWDW intrusions and the erosion of its properties between sections 5 and
6 are evident in hS-space (Figure 6a). Focusing on the ISW, the stations can be divided into two main
groups: an eastern group where the hS-relation aligns with a Gade line (slope 2.4) with a source salinity of
34.70 for 34.64 <S <34.68 and a western group where temperatures in the same salinity range are about
0.05�C higher (Figures 6b and 6c). In addition, there exist a number of ‘‘mixed’’ stations, with ‘‘eastern’’ water
at the bottom and ‘‘western’’ water above. The ‘‘eastern’’ and ‘‘western’’ water correspond to water found in
the east and the west at the Filchner ice front (Figure 6b). For salinities above 34.68, and more so on the
deeper western stations, the hS-relation deviates from the Gade line suggesting admixture of HSSW [N�st
and Østerhus, 1998] with a salinity of about 34.72 (Figure 6b).

As observed in the eastern part of section 3 at the ice shelf front, the depth of the densest isopycnals
(r> 27.85 kg m23) in section 4–6 generally increase westward, while the depth of the lighter isopycnals
decrease westward. The steeply sloping isopycnals at middepth are associated with a relatively strong—
maximum observed velocities are 30–40 cm s21—outflow of ISW located near the 600 m isobath (see Fig-
ure 5). The northward transport of ISW above the slope is estimated from the detided LADCP data to be
0.3–0.9, 0.6–1.0, and 0.2–0.3 Sv at section 4–6 respectively. On the shallow shelf in the east, the currents are
generally weak with southward flow of ESW and warmer MWDW along the bottom. Currents in section 5
suggest a surface intensified eddy toward the center of the depression (32.25–33�W). Sections 4 and 5
show relatively strong (5–10 cm s21) barotropic currents with northward flow above the slope and south-
ward flow in the western part of the section and consequently a large barotropic shear. The direction of the
flow agrees with the phase of the tidal currents at the time of occupation and are potentially related to tides
(see discussion and alternative detiding procedures in Appendix A). Figures 5g–5i show the relative geostro-
phic currents estimated from the observed hydrography and the thermal wind equation. The strong (up to
20 cm s21), northward baroclinic current above the slope agrees well with the shear in the observed abso-
lute currents. The baroclinic transport of ISW over the eastern flank of the depression estimated from the
geostrophic shear is 0.4, 0.6 and 0.3 Sv at sections 4–6 respectively.

3.2.2. Observations: Sections From 2005 and 2009
Hydrographic sections across the eastern flank of the Filchner Depression have also been occupied in 2005
and 2009 (Figure 7, see Figure 1 for location). They show similar characteristics as the sections discussed
above: (A) The depression is filled with ISW up to about 300 m depth, (B) The depth of the shallow isopyc-
nals (r <27.85 kg m23) tilt upward away from the slope while dense isopycnals tilt downward, and (C)
MWDW is found at a depth around 350 m in the east and above the ISW, around 250 m depth, in the
depression. In addition, the detided LADCP section from 2009, shows an outflow above the 550 m isobath
at about 30.9�W.

3.3. Circulation in the Model
Figure 8 shows the modeled mean velocity across three sections: one in the cavity, south of the ice front,
one north of the ice front (roughly corresponding to section 3 in ES060) and one perpendicular to the ice
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front (see inset in Figure 9 for location). Within the cavity at 78.5�S (Figure 8a) approximately 0.9 Sv of ISW
flows northward toward the ice front along the eastern side of Berkner Island while there is a weaker 0.3 Sv
inflow on the eastern side of the cavity. The core of the northward flow is located between the 27.85 and the
27.90 kg m3 isopycnal with velocities on the order of 5 cm s1, while the core of the inflow is slightly denser.
North of the ice front (Figure 8b), the core of the northward flow has shifted to the eastern side of the depres-
sion, where it is centered between the 27.80 and the 27.85 kg m3 isopycnal, beneath the southward flowing
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coastal current and over a denser southward undercurrent. Apart from the relatively strong currents in the
east, there is a general slow northward motion across the larger part of the depression.

The section normal to the ice front (Figure 8c) shows a relatively narrow zone of high shear separating the
westward flowing coastal current from an eastward flowing core of ISW that resides just south of the ice front.
By the time the shallower coastal current reaches 39.9�W, its density has been changed significantly through
mixing along the length of the ice front and no longer has ESW characteristics. The eastward flow of ISW is
located just south of the ice front and extends from the ice shelf base at about 500 m down to 900 m depth.

The transport across the sections shown in Figure 8, divided in density classes, is shown in Figure 9. We
note that (A) the density of the northward flowing water has significantly decreased between the two zonal
sections (78.5�S and 77.9�S), suggesting intensive mixing at the ice front (B) north of the ice front, the north-
ward transport on the eastern and western side is of roughly equal magnitude (Figure 9b) (C) northward
flowing ISW with densities equal to the main northward flow observed in the cavity (27.90 kg m3, 78.5�S)
are observed mainly on the western side of the depression (77.9�S west) suggesting minimal mixing as it
crosses this part of the ice front, (D) the fresher and lighter ESW (< 27.77 kg m3) in the coastal current,
which is prominent in eastern part of the section north of the ice front (77.9�S east), has disappeared in the
section perpendicular to the ice front (39.9�W) as a result of the intense mixing along the ice front, (E) the
deep southward flow has a slightly greater density resulting from the input of HSSW originating from Berk-
ner Bank, and (F) the southward flow at 78.5�S south of the ice front, which does not include any ESW, is
roughly two times larger than the southward transport north of the ice front (77.9�S) meaning that about
half of the recirculating water remains within a cyclonic gyre that straddles the ice front.

North of the ice front, the middepth outflow of ISW flows northward, gathering into a focused current that
occupies the water column from about 300 m to 600 m depth along the eastern flank of the depression
until reaching the Filchner Sill. The modeled velocity field agrees well with the mean currents observed at
mooring Fr1–2 and explains why, contrary to what was expected from the traditional circulation scheme,
no northward flow was observed at Fr2 (Figure 10).

3.4. Potential Vorticity and Ice Front Dynamics
The draft of the ice shelf is about 400–600 m at the ice front [Lambrecht et al., 2007], and compared to the
total water depth of up to 1200 m the ice front represents a large step in the thickness of the water column
(H) and a discontinuity in the fH21 contours (Figure 11a), suggesting that the ice front constitutes a
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potential vorticity (PV) barrier.
The components of the Ertel
potential vorticity [Pedlosky,
1986] were calculated using the
mean velocity and density fields
while neglecting the vertical
velocity component. The PV field
is dominated by the planetary
stretching term, slightly modi-
fied at the ice front by the rela-
tive vorticity term while the
tilting term is negligible. A sim-
pler expression for the PV,
(ðq22q1Þq21

0 fH21
q , where Hq is

the thickness of the layer delim-
ited by the q1 and q2 isopycnals)
also gives a PV-field similar to
that depicted in Figure 11b,
which shows the Ertel PV-field at
the 27.87 kg m23 isopycnal,
which is within the density class
with maximum eastward flow at
39.9�W. A region with constant
Ertel PV extends along the east-
ern side of Berkner Island, bifur-
cating at the ice front with one
branch crossing the ice front
along the western flank (i.e., no
cross ice front gradient in Ertel
PV) and the other branch
extending eastward, running
parallel to the ice front. Along
the eastern part of the ice front,
where the core of the northward
flow is observed, there is a
strong cross ice front Ertel PV
gradient.

4. Discussion

New, detailed in situ observa-
tions from the Filchner Depres-
sion and results from regional
numerical modeling using
MICOM suggest a circulation
pattern that challenges—or at
least complements—previously
proposed circulation schemes

from the region [Foldvik and Gammelsr�d, 1988; Foldvik et al., 2001; Nicholls et al., 2001]. A revised circulation
pattern is presented in Figure 12. The core of the northward flowing ISW which eventually crosses the Filch-
ner sill and contributes to bottom water formation is found along the eastern flank of the depression and
not—as previously proposed—along the western flank (Figure 12). Below the outflow, there is a relatively
weak cyclonic circulation, as observed by Carmack and Foster [1975]. Previous circulation schemes are based
on interpretation of very limited data sets in which the relatively narrow current above the eastern flank
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was not captured. The revised
circulation scheme proposed
here results directly from
improved station coverage and
insight gained from the regional
modeling, giving a better under-
standing of the system, rather
than to a change in the physical
system itself. The new circulation
scheme also agrees well with
the existing mooring observa-
tions (Fr1–2, Figure 10) and pre-
vious hydrographic surveys
(Figure 7).

The transport estimates based
on the LADCP sections are
highly sensitive to the detiding
and the uncertainty in the trans-
port estimates are relatively
high. Unfortunately, the current
data set and the available tidal
models do not allow for a better

quantification of the transport and current strength. A northward flow along the eastern flank of the depres-
sion is however present in all sections from 2013 as well as two sections from 2005 and 2009 and its exis-
tence is not compromised by detiding errors. While the difference in transport between sections 4 and 5 is
within the error bars, the transport at section 6 near the sill is significantly lower. This might be related to
temporal variability, but it is also possible that the section did not capture the entire outflow. As suggested
by the modeled currents in Figure 10, the outflow in the vicinity of the sill occurs on both sides of the
Depression with comparable magnitude. At the location of section 6 however, the flow in the model is still
concentrated on the eastern flank.

The northward flow of ISW is thus occurring on the eastern and not, as previously thought, on the western
side of the Depression. This means that the dense water to a higher degree is in contact with lighter ESW,
but also with the seasonal inflow of warm MWDW [Årthun et al., 2012] compared to an outflow situated on
the western flank of the Depression. The seasonality of the outflow observed at the sill is however not
related to the admixture of ESW or MWDW, but to HSSW from the Berkner Bank [Darelius et al., 2014]. While
it is beyond the scope of this study, the presence of a northward flow of ISW along the eastern flank is likely
to influence the dynamics of the inflow of warm MWDW toward the cavity.
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Figure 10. Modeled mean currents at 460 m depth (black lines). The velocity scale is given
in the upper left corner. The mean current observed at Fr1 (480 m depth) and Fr2 (450 m
depth) [Foldvik et al., 2004] is shown as red arrows and the red line indicates the location of
section 6.
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The deep cyclonic circulation
can be expected to entrain the
HSSW descending into the
depression from the Berkner
Bank [Carmack and Foster,
1975; N�st and Østerhus, 1998]
and carry it into the FRIS cavity
(as schematically shown by
the thin red lines in Figure 12).
This is observed in the numeri-
cal model. The observations
from January 2013 show—
much like the observations
from 1973—that the bottom
salinity north of the ice front
(section 4) is higher than the
bottom salinity at the ice front,
suggesting that a seasonal
pulse of HSSW from the Berk-
ner Bank has descended into
the Depression but not yet
reached the Filchner ice front.
The seasonality of the HSSW
drainage into the depression
is supported by CTD-profiles
obtained between 75 and
76�S above the eastern flank
of the depression: profiles
from February to April 2011
show presence of HSSW while
profiles obtained in May–Sep-
tember the same year do not
[Darelius et al., 2014]. With a
length scale of about 200 km
and velocities of a few cm s21,
the advective time scale for
the flow of HSSW in the

Depression would be on the order of 2–7 months. Seasonal pulses of HSSW entering the depression can
thus be expected to be ‘‘flushed out’’ before the arrival of next season’s HSSW. This is in accordance with
the results by N�st and Østerhus [1998] suggesting that the residence time for water in the Filchner
Depression is shorter than two years.

Results from the numerical model imply that part of the northward flow of ISW, which follows the western
flank of the depression within the cavity, shifts over to the eastern flank while following the Filchner ice
front across the depression. The draft of the ice front is about 400–600 m [Lambrecht et al., 2007], and com-
pared to a total depth of the depression of about 1000 m, it represents a significant and sudden change in
the thickness of the water column. We thus hypothesize—supported by Figure 11—that the behavior of
the ISW in the ice front region is governed by vorticity dynamics, and that part of the ISW is unable to
cross the step in topography but is forced to follow the ice front eastward. The situation is to a large extent
analogue (but up-side down) to a coastal current encountering a sudden change in bathymetry—an escarp-
ment—upon which it bifurcates in two branches, one leaves the coast to flow parallel to the escarpment
and the other continues along the coast [see e.g., Carnevale et al., 1999; Cenedese, 2005]. The ice front has
previously been suggested to act as a PV-barrier to HSSW inflow [see e.g., Grosfeld et al., 1997]. A region of
constant Ertel PV (Figure 11b) extends northward along the eastern side of Berkner Island and divides in
two: one part continuing northward along the western flank of the depression, one part flowing eastward
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parallel to the ice front. It was shown in Figure 9 that water leaving the ice shelf cavity along the eastern
flank of the depression is exposed to intensive mixing at the ice front (since the density of the northward
flow north of the ice front is reduced compared to the flow within the cavity) and the Ertel PV signal is lost.
The absence of a continuous Ertel PV-field across the ice front does not mean that water is not crossing the
ice front. On the western side of the depression Ertel PV-contours cross the ice front, and the model results
show northward flow of unmodified cavity water (i.e., water north of the ice front has similar density and
Ertel PV as water within the cavity).

The observations suggest that the depression in 2013 was filled with ISW having variable source salinities
and Figure 3 suggests even larger variability in source salinity on interannual timescales. For example, the
very cold ISW observed at the ice front in 2011—which suggests source salinities of 34.75 – is not seen in
2013, when source salinities are lower (34:68234:7) and temperatures higher. The large differences
between 2011 and 2013 support the finding by N�st and Østerhus [1998] that the residence time of the ISW
in the Filchner Depression is shorter than two years. Differences in source salinities can be due to either (A)
spatially variable sources, i.e., a shift from source water originating from Berkner Bank to water originating
from the Ronne Depression and/or (B) temporal variability of source waters from one location, due either to
seasonal or interannual changes in ice production and preconditioning. It seems likely that the small vari-
ability observed between and at stations in 2013 is due to (B), especially when taking into account that the
ISW emanates from several different deep, high melt, locations (and thus different paths and residence
times) of melt below FRIS [Holland et al., 2007; Makinson et al., 2011] while the larger interannual variability
e.g., between 2011 and 2013 would be caused by (A). CTD-profiles obtained through access holes drilled
southwest of Berkner Island (Site 5, see large inset in Figure 1) in 1999 [Nicholls et al., 2001] show a two lay-
ered structure with high (34.77) source salinity ISW at the bottom and lower source salinity (S534.66) water
at the top. The high source salinity water originates from the Ronne Depression [Nicholls et al., 2001] and
corresponds to the ISW found in the Filchner Depression in 1977, 1993, and 2011 while the low salinity
source water originates from the Berkner Bank and corresponds more closely to the ISW filling the depres-
sion, e.g., in 2013 and partly in 1995. Interestingly, the two stations occupied at the western side of the ice
front in 1995 show Ronne source water, while the two western stations are dominated by ISW originating at
the Berkner Bank [Grosfeld et al., 2001] suggesting an ongoing transition from Ronne source water, which
dominated the water column in 1993, to Berkner source water, which dominated the Filchner outflow in
1998 [Nicholls et al., 2001]. The changes observed in the Filchner Depression suggest a reorganization of the
circulation beneath FRIS, which is likely to be linked to atmospheric forcing as proposed e.g., by Timmer-
mann et al. [2002], but its origin and the mechanisms involved is beyond the scope of this study. Changes
in the circulation beneath FRIS can be expected to influence the circulation in the depression, and conse-
quently the volume flux and properties of the Filchner overflow and the bottom waters generated.

Appendix A: Detiding of LADCP Velocity Profiles

Tidal currents in the Filchner region are relatively strong (10–15 cm s21) and transport estimates based on
LADCP velocity profiles are highly sensitive to errors in detiding. Attempts were made to detide the LADCP
profiles using (1) the tidal model results from the CATS2008b (an update to the circum-Antarctic inverse
barotropic tidal model described by Padman et al. [2002]) and (2) harmonic fits to the depth-integrated

Table A1. Northward Transport of ISW Across Sections 4–6 Calculated Using Different Detiding Procedures

Detiding

ISW flux (Sv)

Section 4 Section 5 Section 6

1 CATS2008b 0.9 1.0 0.3
2a Time seriesa 0.7
2b Time series1 Section, excluding stations with strong currentsb 0.9
2c Time series1 Section, excluding stations with very strong currentsb 0.6
2d Section, excluding stations with strong currentsc 0.7 0.3
2e Section, excluding stations with very strong currentsc 0.3 0.2

aIncluding constituents M2, M4, S2.
bIncluding constituents M2/S2/M4/K1/O1.
cIncluding constituents M2.
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observed fluxes. Observations from the upper and lower 150 m of the profiles were neglected to remove
boundary layer effects, as were stations with strong currents above the slope. Harmonic analysis were car-
ried out including stations from time series and/or sections (see Table A1). Figure A1 shows the observed
depth integrated fluxes and tidal predictions from TS3 and section 5, which were occupied consecutively,
and two examples of detided currents.

In general, predictions from the tidal model (CATS2008b) agree well with the time series, especially for TS 1
and 3 where the rms error is <1.5 cm s21. However, when predictions from the tidal model were applied to
the sections, or when the harmonic fits derived from the time series are extrapolated and used to detide a
nearby section, the residual depth integrated currents are relatively strong (up to 10 cm s21) above the
slope and in the deeper part of the depression. The currents are in phase with the tides, suggesting that
tidal currents here are stronger than predicted by the model. When combining stations from the time series
and the nearby section in harmonic analysis, the tidal predictions for the time series appear less good
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(Figure A1a). The occupation of sections 4 and 5 are ‘‘in phase’’ with each other: it took roughly 12 h to
occupy the sections (Table 1) and tidal currents were directed northward above the slope and southward in
the deeper part of the depression during the occupation of both sections.

Estimates of northward transport across sections 4–6 were calculated as outlined in section 2 using the dif-
ferent detiding procedures and the results are presented in Table A1. Transport estimates in section 3 are
given as an interval using the lower and upper transport estimate from Table A1. Figures presented in sec-
tion 3 are detided using the tidal model.
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Abstract12

The Filchner Trough (FT) is a key site for exchange of water masses between the Wed-13

dell Sea continental shelf and the deep ocean. Cold and dense Ice Shelf Water (ISW), a14

precursor for Antarctic Bottom Water, flows north along the FT and overflows the Filchner15

Sill. Although access of warm water to the Weddell Sea continental shelf is limited due to16

the presence of the Antarctic Slope Front, southward transport of warm water is facilitated17

through the FT. We use moored current meters from the Filchner Sill region to show that the18

monthly scale variability of the ISW overflow is connected to the variability of the along-19

slope wind stress upstream. Periods with significant correlation between the wind and ISW20

overflow are characterized by (I) wind directed along the continental slope, (II) high ISW21

overflow speed, and (III) high variability in the 16-64 day period band for wind and cur-22

rent. We propose that a recirculation of the slope current, associated with the Antarctic Slope23

Front, may occur in the FT during periods of strong wind-forcing, and that such recirculation24

could explain the correlation between the wind stress and the ISW overflow. We further show25

that an increased wind stress along the continental slope leads to an increased current speed26

within the slope current and the Antarctic Coastal Current, with possible implications for the27

on-shore heat transport.28

1 Introduction29

The southeastern Weddell Sea is a site of climatic importance, where exchanges of wa-30

ter masses between the shallow continental shelf and the deep ocean occur. In deeper layers,31

cold and dense Ice Shelf Water (ISW), formed through interaction between High Salinity32

Shelf Water (HSSW) and the Filchner-Ronne Ice Shelf cavity, exits the Filchner Trough (FT,33

map in Figure 1) and contributes to the formation of Antarctic Bottom Water [Foldvik et al.,34

2004; Darelius et al., 2009], which is an important driver of the global thermohaline over-35

turning circulation. In the upper layers, Warm Deep Water (WDW), a slightly cooler and36

fresher derivative of the Circumpolar Deep Water [Heywood et al., 1998], enters the shelf37

and may contribute to increasing the mass loss of the floating ice shelves through basal melt-38

ing [Hellmer et al., 2012]. At present climate, the water temperature on the Weddell Sea39

shelf is low (near freezing point) and the ice shelf melt rates are low compared to e.g., the40

Amundsen Sea [Pritchard et al., 2012; Rignot et al., 2013].41
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The access of WDW onto the shelf is limited by the Antarctic Slope Front (ASF),42

which separates the WDW from the cold and fresh Eastern Surface Water [Gill, 1973; Ja-43

cobs, 1991].The ASF is largely wind-driven. The slope current, associated with the ASF, car-44

ries WDW westward along the continental slope. On interannual time scales, the variability45

of the slope current is connected to the wind-driven Weddell gyre [Gordon et al., 2010], and46

on seasonal time scales the slope current corresponds well with easterly wind along the con-47

tinental slope [Fahrbach et al., 1992; Graham et al., 2013]. Maximum slope current trans-48

port is found during austral winter (May to July) when the wind forcing is strong and the49

slope current is barotropic [Núñez-Riboni and Fahrbach, 2009].50

Modified Warm Deep Water (MWDW, θ > −1.7◦C), a slightly cooled version of51

WDW, crosses the shelf break and enters the continental shelf seasonally (January to May)52

[Årthun et al., 2012; Ryan et al., 2017], when weaker wind forcing allows for a shoaling of53

the thermocline. Recent observations near the Filchner Ice Shelf (FIS) front [Darelius et al.,54

2016] show that when WDW is present on the shelf, strong wind from northeast can advect55

this water mass southward toward the FIS front. Furthermore, numerical modeling results56

[Hellmer et al., 2012; Timmermann and Hellmer, 2013; Hellmer et al., 2017] predict that the57

slope current carrying warm water could be redirected southward, in the near future.58

The cross-shelf FT plays a key role in facilitating the transport of MWDW toward the59

FIS. Warm water (θ > −1.9◦C), with a core at 400 m depth, is observed along the eastern60

flank of the FT in several hydrographic surveys [Carmack and Foster, 1977; Foldvik et al.,61

1985a; Årthun et al., 2012; Darelius et al., 2014a; Ryan et al., 2017]. Interactions between a62

shelf break jet and a cross-shelf trough depend on the trough geometry, stratification, and the63

strength and direction of the flow [Williams et al., 2001; Klinck, 1996; Allen and Durrieu de64

Madron, 2009; Zhang et al., 2011]. Results from an idealized numerical model, showed that65

the inflow of warm water in the FT strongly depends on the wind forcing, due to associated66

changes in the slope current [Daae et al., 2017]. A sketch of the slope current based on the67

idealized model results for weak and strong wind forcing is given in Figure 2. During weak68

winds, the slope current crosses the FT opening, and the water exchange between the slope69

and the FT is dominated by eddies. During strong winds, a shoreward, wind-driven branch70

of the slope current is steered south into the FT, bringing warm water into the region. Due to71

potential vorticity constraints near the southern sill edge (where the FT is getting deeper), the72

current recirculates and exits the FT toward the west.73
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Here, we explore the connections between wind and current circulation associated with74

the ISW overflow and the ASF processes in the southeastern Weddell Sea on a monthly time75

scale. We use several year-long current records from moored instruments on the continental76

slope and shelf region, as well as from the FT (Figure 1).77

We present new findings of a high correlation between the ISW overflow from FT and78

the along-slope wind upstream. We propose a mechanism that could explain such high cor-79

relation. If the wind-forced slope current recirculates at the mouth of the FT, as suggested by80

the idealized model results [Daae et al., 2017] (Figure 2), interactions between the slope cur-81

rent and the ISW overflow could increase the overflow speed. Although the existing data set82

is insufficient to prove the mechanism, we present measurements at different locations which83

are consistent with the proposed recirculation of the slope current.84

101

2 Data and Methods102

2.1 Atmospheric data103

Atmospheric data are obtained from the ERA-Interim reanalysis data set with 0.75◦104

resolution [Dee et al., 2011] (named ERA hereafter). The ERA data set has a time resolution105

of 6 hours, and is available from 1979 to present. We extract ERA wind velocity at 10 meter106

above sea level (mabsl). Wind stress is calculated following the procedure by Andreas et al.107

[2010], where the drag coefficient is a function of the Sea Ice Concentration (SIC). We use108

the SIC available in ERA to be consistent with the data set and grid for wind velocity. The109

coordinate system for wind stress is rotated, with the along-flow component directed toward110

245°, roughly along the continental slope. Hereafter, this wind direction is referred the as the111

along-slope wind.112

At monthly time scales, the pressure system governing the winds over the Weddell Sea113

is larger than our study region, yielding a similar wind pattern in the FT and over the con-114

tinental slope. To illustrate this, a video of 15 days low-passed mean sea level pressure and115

wind vectors from 1995 is included in SI. We expect that the wind driven slope current vari-116

ability affects the on-shelf transport of water, and possibly the recirculation in the FT. Thus,117

we compare observed current speed to mean along-slope wind stress from an area over the118

continental slope, upstream of the FT, from 10-30°W and 69-75°S, limited by the 3500 m119

isobath and the coastline (indicated by the red line in Figure 1). We refer to this region as120
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Figure 1. Map showing the Southeastern Weddell Sea (WS) bathymetry and the mooring locations. Color

coding and mooring names refer to Continental Slope (CS, red), Coastal Current (CC, orange), Eastern Shelf

(ES, green), Filchner Trough (FT, blue) and Filchner Sill (FS, purple). Squares indicate mooring records

of two to three years duration, while circles indicate year-long records. Colored arrows from each mooring

location show vector mean currents. At FS1 and FS2 we show mean currents from 1977/2010, respectively.

At ES1-2 the current direction changes seasonally, and we show two vectors, representing mean currents dur-

ing inflow and cross-flow periods. The star on the Brunt Ice Shelf shows the location of the Halley Research

Station. ERA upstream Wind and SIC are extracted from the region bounded by the red line and the coast.

Additional SIC is extracted from the Filchner region delineated by the yellow dashed line.
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a)  Weak wind regime b)  Strong wind regime

Figure 2. Sketch of the circulation over the Filchner Sill from idealized numerical simulations [Daae et al.,

2017] (a) with weak wind along the slope, and (b) with strong wind along the slope. The continuous yellow

arrows indicate the background slope current. During weak wind, the slope current flows across the FT open-

ing, and eddies carrying moderately warm water (-1 to -1.5°C) enter the FT on its eastern flank. In the strong

wind regime, a wind-driven slope current (red arrow) adds to the background current. We refer to this current

as the Recirculating Slope Current (RSC). RSC circulates over the Filchner sill region, and leaves the Sill

along with the dense Filchner overflow (blue arrow).
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the upstream region hereafter. Maps of correlation between along-flow current speed and121

wind speed (not shown), showed highest correlation for the continental slope region up-122

stream along 245°, and support our choice of area and direction of wind stress used in further123

analysis.124

The first current record from the Filchner Sill is from 1977, when neither ERA data125

nor SIC is available. To include this data set in our analysis, we instead compare the current126

speed with observed alongslope (245°) wind speed from the Halley Research station [British127

Antarctic Survey, 2013], located on the Brunt Ice Shelf (star in Figure 1). 15 day low-passed128

along-slope wind speed from ERA (upstream region) and Halley agree well (R = 0.82,129

above the 99% confidence limit, see section 2.4 for description of low-pass filtering and cor-130

relation analysis). For current records where ERA is available, correlations between the cur-131

rent speed and the ERA wind stress/Halley wind speed are similar.132

There is a bias in the ERA and Halley time series. Low-passed, along-flow mean wind133

speed from Halley and ERA (1979 to 2017) are 3.3 and 1.9 m s−1, respectively. However, we134

focus on the variability of the wind, and the difference in mean wind speed should not impact135

the results. To facilitate comparison of results from moorings on the Filchner Sill, all figures136

from these locations show results for both Halley wind speed and ERA wind stress.137

Correlation between current speed and wind from Halley is performed using wind138

speed, and not wind stress, since SIC is not available for all record years. From ERA data,139

correlations with current speed were similar using either wind speed or wind stress. We140

therefore assume that correlation values obtained using the Halley wind speed is represen-141

tative for wind stress.142

The sampling interval for Halley data was 3 hours prior to 1986, and then increased to143

1 hour. Short periods of missing data are linearly interpolated prior to frequency analysis and144

low-pass filtering.145

2.2 Sea Ice Concentration146

Time series of SIC from 1978 to 2017 are extracted from the National Snow and Ice147

Data Center, Cavalieri et al. [1996]. The data set is a satellite product generated from bright-148

ness temperature on a 25 km × 25 km grid. While SIC from ERA is based on different datasets149

of sea surface temperature prior to 2009 [Dee et al., 2011], the NSIDC SIC product is con-150
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sistent throughout the time series. We calculate daily (every two days prior to July 1987)151

mean SIC for the upstream area (same as for ERA wind), as well as for the Filchner region152

(marked by red/yellow in Figure 1, respectively). Mean summer SIC is calculated for the pe-153

riod Dec-Feb every year. The year 1988 is left out of the summer mean calculation due to154

missing SIC data in December 1987 and January 1988.155

2.3 Moored Instruments156

We analyze current records of one to three years duration from 14 moored instruments157

in the southern Weddell Sea (Figure 1). To facilitate the reading and the discussion of the158

moorings, we rename the moorings according to their locations: the Continental Slope (CS),159

the Coastal Current inflow (CC), the shelf area east of FT (ES), the Filchner Trough (FT),160

and the Filchner Sill (FS). An overview of the current records and measurement depth used161

in this document is given in Table 1. Mooring names used in earlier publications are given162

in brackets. A complete table of the moorings with available depths and instrument types is163

given in the SI.164

The coordinate system at each mooring is rotated to the main flow direction, calculated165

from vector averaged currents (see Table 1). For moorings where the current changes sea-166

sonally (ES1-2 and FT1-2), we rotate the coordinates according to the bathymetry, roughly167

correspond to NE direction. The current along this direction is referred to as outflow. The168

defined along-flow direction at each current meter, is given in Table 1.169

At the Filchner Sill, mooring records are available from three locations. The earliest170

record is from 1977 at FS1 and the latest record covers 2014 to 2016 at FS3. We omit three171

mooring records in this study. At FS1, we omit the 1987 record, since a large, stranded ice-172

berg caused circulation changes of HSSW in the Filchner region [Nøst and Østerhus, 1998;173

Grosfeld et al., 2001; Darelius et al., 2014b]. At FS2, we omit current records from 2009,174

where the data set is incomplete, and from 2014, where the current meter is higher up in the175

water column compared to the other FS moorings. The mooring FS4 is located just south of176

the Filchner Sill (see map in Figure 1), but is included in the FS group.177

Potential densities (σΘ) on the continental slope are calculated according to TEOS-178

10 [IOC et al., 2010], using Absolute Salinity, and Conservative Temperature. Otherwise,179

we use potential temperatures referenced to surface (θ), since joint salinity measurements180
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required to calculate Conservative Temperature, do not exist for all measurement depths and181

records.182

2.4 Low pass filtering, correlations, and wavelet analysis190

Wind and current data are low-pass filtered using 15 days moving Hanning windows191

[Lilly, 2017]. The data series are zero-padded at each end to display data for the whole time192

series. We choose to study 15 day low-passed data in order to filter out the high-frequency193

variability such as tides, continental shelf waves, and short storm events.194

Time series of correlation coefficients are calculated using moving windows of low-195

pass filtered along-slope ERA wind stress, or Halley wind speed, and current speed. For196

each window we calculate normalized correlation and significance, following Sciremammano197

[1979], while allowing for up to 7 days lag. The method requires more than 10 degrees of198

freedom (dof). Dof is a function of the auto-correlation of each data series, and is high when199

the variability within each time series is high. For CS1-3, dof is too low to calculate running200

correlations. For CC, we obtain > 10 dof using window lengths of 150 days, and for FT1-201

2 we obtain > 10 dof for window lengths of 120 days. Moorings at ES and FS have higher202

internal variability and yield > 10 dof for window lengths of 100 days.203

Significance levels are denoted by upper superscripts (i.e. R = 0.699 means that R is204

above the 99% significance level). In Table 1, correlation coefficients which do not exceed205

the 90% significance level are denoted by NS (Non-Significant).206

Complex wavelet transforms, Xω , are computed for daily low-passed along-slope wind207

and the along-flow current speed using the Morlet wavelet. The wavelet basis is normal-208

ized to have energy power equal to one at all scales, and we apply zero-padding to prevent209

wraparound effects. The wavelet power is the modulus of the complex wavelet transform,210

|Xω |. It shows when energetic oscillations take place, and at what time scales they appear.211

The wavelet amplitude, which we will study here, is the real part of the wavelet transform,212

Re(Xω), and is a useful measure when we compare two time series. Whereas the wavelet213

power only shows when, and at what frequencies energetic oscillations occur, comparison of214

positive and negative states of the wavelet amplitudes from two time series can tell us when215

the two oscillations are in or out of phase [Cooper and Cowan, 2008].216
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Table 1. Overview of the mooring records. Original mooring names are given in brackets. Correlation coef-

ficients between the along-slope wind stress upstream of FT (see map in Figure 1) and the along-flow current

speed from each mooring are given in column nine. Most current records cover roughly one year of data. In

order to compare correlation coefficients between the records, we divide time series from moorings covering

more than two years into sets of single years, including 13 months of data, from January to January. The

significance level which is exceeded for the normalized correlation coefficients are indicated by superscripts.

Non-significant correlations are marked by superscript NS.

183

184

185

186

187

188

189

Mooring Year # days Lat Lon Dir Bottom Current R Lag Reference

Name (°S) (°W) (◦) depth (m) depth (m) wind/curr. (days)

FS1 (S2) 1977 411 74◦ 40′ 33◦ 56′ 314 558 533 0.5299
a 1.00 Foldvik et al. [1985b]

FS1 (S2) 1985 371 74◦ 40′ 33◦ 56′ 322 545 520 0.3395 0.75 Foldvik et al. [2004]

FS2 (S2) 2003 747 74◦ 40′ 33◦ 28′ 294 597 497 0.05NS 7.00 Darelius et al. [2014b]

2004 0.2490 0.00

FS2 (S2) 2010 364 74◦ 38′ 33◦ 30′ 281 602 577 0.13NS 0.00 Darelius et al. [2014b]

FS3 (S2E) 2014 1124 74◦ 40′ 33◦ 00′ 296 593 580 0.2890 2.25

2015 0.15NS 0.75

2016 0.12NS 0.25

FS4 (FR1) 1995 837 75◦ 01′ 31◦ 46′ 326 610 484 0.4799 0.75 Woodgate and Schröder [1998]

1996 0.2690 0.00

1995 829 336 257 0.3499 0.5

1996 0.3395 0.5

FT1 (M787E ) 2013 376 77◦ 45′ 36◦ 09′ 17 705 486 0.32NS 7.00 Darelius et al. [2016]

FT2 (M777) 2013 371 77◦ 00′ 34◦ 28′ 35 705 382 0.14NS 7.00 Darelius et al. [2016]

ES1 (M775) 2013 371 77◦ 00′ 34◦ 03′ 35 505 434 0.32NS 7.00 Darelius et al. [2016]

ES2 (M31W ) 2014 746 76◦ 00′ 31◦ 00′ 45 457 437 -0.06NS 7.00 Ryan et al. [2017]

2015 -0.17NS 6.50

CS1 (M1) 2009 386 72◦ 29′ 17◦ 28′ 245 273 224 0.6999 0.50 Graham et al. [2013]

CS2 (M2) 2009 386 72◦ 27′ 17◦ 38′ 238 487 224 0.4395 0.75 Graham et al. [2013]

238 400 0.4699 0.50

CS3 (M3) 2009 361 74◦ 31′ 30◦ 10′ 301 725 220 0.5495 5.50 Jensen et al. [2013]

315 400 0.3590 7.00

CC (B3) 2003 746 75◦ 49′ 26◦ 52′ 158 392 194 0.6099 3.25

2004 0.4799 1.75 Nicholls [2005]

aCorrelation with Halley along-slope (245°) wind speed.
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3 Results217

In this section we first present the variability in the atmospheric forcing and the SIC218

(Section 3.1). We then describe the relation between wind and current at different geographic219

locations, starting with the ISW overflow from the Filchner Sill and Trough, and continuing220

with the eastern shelf (section 3.3),and the regions upstream of the Filchner area (section 3.5221

and section 3.6). The implications of the results are discussed in section 4.222

3.1 Atmospheric forcing and Sea Ice Concentration223

Figure 3 shows the along-slope wind speed anomalies from ERA and Halley from224

1960 to present. The year-to-year variability is large in both data series, with standard de-225

viations of 0.51 m s−1 for Halley and 0.73 m s−1 for ERA, from one year low-passed along-226

slope wind in the period 1979 to 2016. In the Halley data series, which covers more than five227

decades we also find multi-decadal variability.228

The upstream wind (averaged over the region marked by red lines in Figure 1) is mostly236

directed along the continental slope (toward 245 ◦ ), but for some years, there is pronounced237

cross-flow wind (toward NE) during austral summer (Figure 1 in SI).238

The upstream region is mostly covered with sea ice (SIC> 0.8) between May and Oc-239

tober. There is large interannual variability for the summer (DJF) SIC, ranging from ice-free240

conditions (SIC < 0.2) to full sea ice cover (SIC ∼ 0.8). The mean summer SIC is 0.3, and241

the minimum SIC is found in mid-February (Figure 3b). In the Filchner region (marked by a242

yellow line in Figure 1), there is generally higher SIC throughout the year, compared to the243

upstream region. The period with full sea ice cover lasts longer (April to November), with a244

mean summer SIC of 0.6.245

The variability of the summer SIC in the Filchner region is likely connected to the246

wind. We find high summer SIC (DJF) following strong along-slope wind in the preceding247

months (OND), which could indicate sea ice drift into the region. The correlation between248

the OND wind and the summer SIC in the Filchner region is R = 0.699 (not shown).249
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3.2 Ice Shelf Water overflow from the Filchner Trough and Sill250

Here we present 15 days low-passed time series of ISW overflow from the Filchner251

Trough and Sill region, starting with the moorings located on the sill (FS1-3), followed by252

mooring FS4 just south of the sill, and moorings farther south in the FT (FT1-2).253

Several current meter records are available between 1977 and 2017. We identify pe-254

riods of significant positive correlation between upstream along-slope wind and overflow255

current speed in all records. The correlation varies largely from year to year (Table 1). The256

ISW overflow speed has also large interannual variability, seen both from consecutive years257

at one mooring deployment (e.g. FS2 in 2003-2004 or FS3 (Figure 5)), and from different258

deployments at the same location (FS1 and FS2).259

The highest correlation between wind and ISW overflow is found at FS1 in 1977, with260

a correlation coefficient of R = 0.5299 (Table 1). Analysis over 100 days moving windows261

indicates high correlation from February to August (Figure 4b). In this period we find that (I)262

the wind is mostly directed along the slope, (II) the overflow speed is high, (III) there is high263

variability in the 16-64 day period band for wind (Halley) and current wavelet power, and264

(IV) the along-slope wind speed anomaly is particularly high, compared to other years (see265

square in Figure 3). The strong wind is persistently directed toward southwest, and agrees266

with the conditions for recirculation of the slope current in the idealized model results of267

Daae et al. [2017] (Figure 2b). The correlation ceases in September, when the wind direc-268

tion shifts toward north at Halley (Figure 4a-b), and both wind speed and current overflow269

speed are reduced.270

Wavelet amplitudes from Halley wind speed and FS1 overflow speed (Figure 4c,d)271

are similar between February and August, with coinciding red and blue patches (positive272

and negative numbers). When the correlation ceases in September, the energetic oscillations273

from the Halley wind speed record shift toward longer time scales, and the current variability274

in the 16-64 day period band weakens.275

The characteristics I to III are typical for most periods with high correlation between284

upstream wind and ISW overflow speed on the Filchner Sill. Figures of each mooring at285

FS1-2 is presented in the SI.286

Mooring FS3 recorded the longest time series from the Filchner Sill, covering three287

years of data, from early 2014 to early 2017. The vertical extent of the ISW layer (θ < −1.9◦C)288
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at FS3 varies through the year, being thicker from September to January when ISW sur-289

rounds both temperature sensors (584 m/485 m, Figure 5c). The depth of the ISW layer does290

not seem to affect the periods of correlation, as we find significant correlation both during291

periods of thick ISW layer (e.g. October-December 2014) and thin ISW layer (e.g. April-292

June 2015, Figure 5b). Similar seasonal variability in the ISW layer thickness is also ob-293

served on the shelf east of the FT [Ryan et al., 2017](Figure 7), where it is accompanied by294

changes in the current direction.295

Wavelet amplitudes from FS3 overflow speed and upstream ERA wind stress (Figure296

5d-e) show highest agreement in 2014, consistent with the higher correlation coefficient this297

year (Table 1). From October 2015 to July 2016, there is weak correlation between overflow298

speed and wind. The wavelet amplitude for FS3 overflow is very low during this period, and299

the structure differs from the structure of the wind stress wavelet amplitude. From April to300

July 2016 (austral winter), the overflow speed is very high, and the ISW layer is thick. This301

could be a result of changes in the flow of ISW from under the FIS, but is not a seasonal fea-302

ture, as it is not observed in 2014 or 2015. The SIC is anomalously high from December303

2014 to January 2015 (austral summer). However, we do not see any changes in the tempera-304

ture or current records linked to this anomaly.305

At FS4, just south of the Filchner sill, a 28 month long record is available. We find an315

overall agreement between the FS4 overflow speed and the upstream wind stress (Table 1316

and Figure 6b). Near the bottom, and up to 378 m, there is ISW (θ < −1.9 ◦C) throughout317

the year [Foldvik et al., 2004]. Analysis over 100 day moving windows shows high corre-318

lations between the overflow speed at 484 m and the upstream wind stress in 1995 to 1996.319

The windows with significant correlation are typically centered in periods with warm water320

present at 257 m (thick horizontal bars in Figure 6b). The warm water at 257 m, combined321

with strong along-slope wind, is suggestive of a RSC as sketched in Figure 2b. During pe-322

riods of high correlation, we also find a good match between positive and negative (red and323

blue) patches of the wavelet amplitudes for wind stress and overflow speed (Figure 5d-e).324

Oscillations with 16-64 days periods occur in both time series in 1995, while also longer pe-325

riod oscillations (64-90d) match in 1996.326

The running correlation drops below the 95% significance level during austral summer,327

from December 1995 to February 1996. In this period, there is cold water high up in the wa-328

ter column, and the SIC is low in the upstream area (Figure 6c). Wavelet amplitude patterns329
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(Figure 6d-e) indicate that the oscillations in wind stress and overflow speed are out of phase.330

When the wind stress is weak, the overflow speed is anomalously high, with high variability331

at the shorter time scales (< 16 days), indicating current variability driven by other mech-332

anisms than we study here. The results are similar to the observations from FS3 during the333

austral summer from December 2015 to February 2016.334

The year 1997 stands out: the temperature maximum at 257 m is missing, suggest-337

ing that the seasonal inflow of MWDW was absent that year. Furthermore, we find ISW338

(θ < −1.9 ◦C) at all depths, summer SIC are anomalously high in both the upstream and339

the Filchner area, the wind forcing is weak, and there is no correlation between the upstream340

wind and the overflow at 484 m (Figure 3 and Figure 6). Weak wind, and cold water at the341

upper instrument are consistent with the weak wind regime, as illustrated in Figure 2a, where342

no recirculation of the slope current occurs.343

Further south in the FT (FT1-2), correlations between outflow speed and wind stress344

are not significant for full records (Table 1). At FT1, analysis over 120 day moving win-345

dows indicates one longer period of significant correlation from February to May 2013, when346

warm water (θ > −1.9◦C) is present, and the wavelet amplitude patterns indicate similar347

oscillations in the period band 32 to 64 days (Figure 6 in SI). At FT2, there is only a short348

period with significant correlation (first part of February 2013), when the wavelet amplitudes349

from ERA wind stress and FT1 outflow are similar in the period band 16 to 32 days (Figure 5350

in SI). During the rest of the time series, the wavelet amplitudes appear to be out of phase.351

3.3 The eastern shelf352

Here we present data from moorings on the upper eastern flank of the FT (ES1) and on353

the flat shelf, east of the FT (ES2), where a strong seasonality in both hydrography and circu-354

lation is observed [Ryan et al., 2017]. Inflow of Modified Warm Deep Water (MWDW) oc-355

curs from January to June, when the thermocline at the shelf break is shallow [Årthun et al.,356

2012; Darelius et al., 2016].357

Two moorings on the shelf (green markers in Figure 1) show similar seasonal flow pat-358

terns, with presence of warm water during the inflow phase [Ryan et al., 2017] (Figure 7).359

A thorough discussion of the seasonality on the shelf is given in Ryan et al. [2017]. The two360

mooring records from consecutive years are not co-located (separated by 132 km).361

–17–



Confidential manuscript submitted to JGR-Oceans

W
in

d
5 m s -1a)

b)

-0.1

0

0.1

0.2

0.3

ER
A

 a
lo

ng
-s

lo
pe

 (2
45

 o
) w

in
d 

st
re

ss
 (N

 m
-2

)

-0.05

0

0.05

0.1

0.15

FS
4 

ov
er

�o
w

 s
pe

ed
, 4

84
m

 (m
 s

-1
)

0.2
0.4
0.6
0.8

Se
a 

Ic
e 

Co
nc

.

-1.9
-1.7
-1.5
-1.3

θ 
(o

C)

c)

16 

32 

64 

128

Pe
rio

d 
(d

ay
s)

e) FS4

Apr95
Jul95

Oct95
Jan96

Apr96
Jul96

Oct96
Jan97

Apr97

16 

32 

64 

128

ERA Wind stress FS 4

d) ERA

257 m
484 m

Figure 6. Same as Figure 5,but for the FS4 overflow speed (purple). Temperatures in c) are from 484 m

(dark purple) and 257 m (light purple). We omit wind speed from Halley.

335

336

–18–



Confidential manuscript submitted to JGR-Oceans

At ES1, the mean current is directed southward from January to July. We find signif-362

icant (> 95%) positive correlation with wind stress from late March when the SIC reaches363

0.8, to July when the current changes direction. In this period, warm water (θ > −1.9 ◦C)364

surrounds the mooring, and correlation between wind and current on shorter (2-5 days)365

timescales are observed [Darelius et al., 2016]. At ES2 the pattern is similar, although the366

correlations are weaker in 2014 (90% − 95% significance) compared to 2015. The weak cor-367

relation can possibly be explained by large variations in wind direction in 2014, compared368

to 2013 and 2015, and the strong minimum in 1y low-passed wind speed (turquoise star in369

Figure 3). In 2015, the inflow period extends beyond July, and we find positive correlations370

both in March to July, when warm water is present, and in September to November when the371

mooring is surrounded by ISW.372

At both moorings, negative correlations occur when the mean current is directed north-378

wards and ISW is present (Figure 7a-b). We also note high along-slope wind speed during379

spring (OND) 2013 and 2014, and high SIC in the succeeding summers (2014 and 2015), a380

relation which is described in Section 3.1.381

3.4 Recirculation of MWDW in the Filchner Trough382

Moorings on the eastern shelf (ES1-2) show flow of MWDW (θ > −1.7◦C) toward the383

FIS cavity during summer and autumn [Darelius et al., 2016; Ryan et al., 2017]. MWDW is384

also commonly observed in the FT in summer hydrographic sections, typically overlaying the385

ISW [Nicholls et al., 2009; Darelius et al., 2014a; Foldvik et al., 1985a].386

Observations from FT2 and FS4 show that the MWDW observed here flows north-387

ward, following the ISW toward the sill (Figure 8). At these locations, the mean velocity has388

a northward component for all temperature ranges. At FT1, the low-passed temperature at389

475 m depth does not exceed the −1.7◦C threshold for MWDW. MWDW is found in the up-390

per temperature sensors from 375 to 425 m [Darelius et al., 2016], but current records do391

not exist in this depth range. However, the warmest water at 475 m flows northward similar392

to what we find at FT2. At ES1, on the eastern flank of FT, the warmest water flows south-393

ward toward the FIS, while water with temperature below −1.7◦C is directed toward east and394

northeast, toward the FT.395

The observations suggest that the MWDW flowing southward above the shallower iso-401

baths and on the continental shelf in the east, to some extent recirculates and returns north-402
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ward, away from the ice shelf cavity. The recirculation of MWDW is not to be confused with403

the RSC, described earlier, but could link the current variability in the FT to the wind and404

current variability observed over the continental shelf break.
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(b) ES1 with velocity (θ) from 434 m (455 m) depth, (c) FT2 from 382 m (355 m) depth, and (d) FT1 from

486 m (475 m) depth. The colors indicate number of observations in each temperature bin, and the velocity

scale is given in panel (d). The ellipses show the standard deviation of the de-tided velocity in the x- and
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3.5 Processes along the continental slope406

Three moorings (CS1-3) from the continental slope in 2009, are situated within the407

ASF (red markers in Figure 1). Away from the surface layer, the current is bottom-intensified.408

Since we are interested in slope-shelf interactions, we select current records from depths409

roughly corresponding to the shelf depth (approximately 250 m at CS1-2 and 400 m at CS3).410
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In 2009, the slope current is strongly related to the along-slope wind stress. The high-411

est correlation is found at CS1 (R = 0.6999 using full records, Table 1). At CS3, close to the412

FT opening, the correlation is depth-dependent, with higher correlation at 220 m depth com-413

pared to 400 m. At 400 m depth, the correlation is highest during March to July, when the414

current speed is high, the pycnocline is deep, and the wind and current wavelet amplitudes415

for oscillations with 16-64 day periods are large, indicating a more energetic driving force416

(Figure 9).417

The SIC in 2009 (not shown) is similar to the SIC in 2003 and 2004 (Figure 10c), with418

high values (SIC > 0.8) from March to November.419

The wavelet amplitudes for wind and current (Figure 9d-f) have similar patterns, with425

strong power at low frequencies (period, T> 64 days) throughout 2009. The oscillation426

patterns for T > 16 days, and the alternating positive/negative amplitudes (red/blue patches)427

coincide in time, indicating that the oscillations are in phase. The wavelet amplitudes on the428

period band 16 to 64 days indicate more energetic oscillations from March to July, when the429

current speed is high. In this period the slope current is also more barotropic [Núñez-Riboni430

and Fahrbach, 2009] and the volume transport is higher [Graham et al., 2013].431

3.6 The Antarctic Coastal Current432

The slope current bifurcates around 27°W [Heywood et al., 1998]. The ACoC branch433

is directed southward, and roughly follows the coast of the Brunt Ice Shelf. Existing current434

data from CS and CC are from different time periods. Hence, we cannot assess directly how435

the upstream ASF affects the ACoC. However, the CC current data set comprises more than436

two years of recorded current, and therefore enables analysis of the year-to-year variability437

and possible connections to the ASF.438

The current variability at CC, is largely wind-driven (R = 0.5799, Figure 10, Table439

1). The wind and current correlation is higher in 2003 compared to 2004. This is opposite440

to what we find at FS2, where the correlation with wind is highest in 2004. Correlations ob-441

tained from 150 days moving windows exceed the 95% confidence limit continuously from442

May to December 2003 (horizontal bars in Figure 10b). In 2004, the running correlations are443

significant in several shorter periods.444
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Wavelet analyses of current speed and wind stress reveal two differences between the455

first and the second deployment year (Figure 10d-e). Firstly, the spectral energy is distributed456

differently. In 2003, the total energy for both wind and current is weaker than in 2004. Most457

of the energy is at low frequencies (T> 64 days), although power is also seen in the 16-32458

day period band around September. In 2004, strong oscillations are found at all displayed459

frequencies (T∼ 8 − 128 days), and could be the result of strong storm activity. We note a460

strong storm event in May 2004, associated with high wavelet power at all frequency bands461

(Figure 10d). The storm event lasts approximately 10 days with associated along-slope wind462

speed above 10 m s−1 throughout the event, and a maximum of 25 m s−1. Secondly, the463

wavelet amplitudes for wind and current are in phase for all frequencies in 2003, i.e. posi-464

tive/negative amplitudes (red/blue patches) occur at the same time, while this is only true for465

oscillations with T < 64 days in 2004. In February 2004, when there is low SIC and a warm466

surface layer (Figure 10c), low frequency oscillations (T > 64 days) appear in both time se-467

ries. However, the oscillations are not in phase. This could explain the reduced correlation,468

despite the strong 16-64 day period oscillations present in both time series.469

4 Discussion470

The southeastern Weddell Sea is a remote region where observations are scarce. The471

data set compiled and presented in this study are from moorings deployed at various key lo-472

cations, but typically in different years. The lack of concurrent sampling limits our ability to473

link mechanisms of forcing to circulation patterns. Nevertheless, important insight is gained474

from the analysis with implications on the regional circulation patterns and the response to475

wind forcing at monthly time scales.476

The slope current has previously been shown to respond to the seasonal cycle of the477

wind forcing along the continental slope [e.g. Fahrbach et al., 1992; Núñez-Riboni and Fahrbach,478

2009; Graham et al., 2013]. Sverdrup [1953] suggested that the on-shore Ekman transport,479

associated with wind from the east, builds up a pressure gradient toward the coast that leads480

to a stronger slope current. Here, we show that a similar relation exists on monthly time481

scales. We find significant positive correlations between the monthly scale along-slope wind482

variability and the along-flow current variability on both the continental slope and along the483

Brunt Ice Shelf, in the ACoC pathway (Figures 9-10).484
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The ACoC crosses the shelf break where the continental shelf widens up around 27°W485

(see Figure 1). During periods of high along-flow wind speed, the ACoC speed is also high.486

This could indicate a higher water exchange between the continental slope and the shelf, but487

cannot be confirmed with only a single observation point. The amount of heat transported488

by the ACoC depends on the water masses associated with the transport. The majority of489

the heat is carried by solar heated surface water that accumulates along the coast [Sverdrup,490

1953]. At CC, we observe warm water in the upper layer during summer (Figure 10c). How-491

ever, this water is likely too light and located too high up in the water column to enter the ice492

shelf cavity. Closer to the bottom at CC (194 m), the temperature increases slightly during493

summer, and both the current speed and the correlation with wind stress is weaker. This is494

likely related to a strong cross-flow wind speed component (towards NW). Cross-flow wind495

is common during summer, but does not occur every year.496

The low-frequency wavelet amplitudes for wind stress and CC current shifts out of497

phase from summer 2004, and throughout the year (Figure 10d-e). During summer, the SIC498

is low and the wind stress is weak. Although the record at CC do not cover the full summer499

season in 2003 and 2005, it indicates a seasonal signal in temperature, with higher tempera-500

tures during summer in all years. The summer conditions are therefore similar in 2003 and501

2004, and can not explain why the low-frequency wavelet amplitudes shift out of phase in502

2004, and not in 2003.503

Darelius et al. [2016] suggested that the seasonal inflow of MWDW in the FT is a two-504

step process. Firstly, warm water is lifted onto the shelf, and secondly, warm water present505

on the shelf can be transported south during favorable wind conditions (wind toward south-506

west). If MWDW comes into contact with the ice shelf, enhanced basal melting is expected.507

The MWDW flowing southward along the eastern flank of the FT is observed to recircu-508

late and return northward in the FT (Figure 8). This inflow and recirculation of MWDW509

occur seasonally, and is not to be confused with the recirculation of the slope current in the510

sill area. The southward extent of the MWDW inflow recirculation may vary from year to511

year. MWDW was observed at FT1-2 in 2013, but was absent near the FIS in 2011 [Dare-512

lius et al., 2016]. This could be explained by differences in wind forcing in 2011 and 2013.513

Dense water masses present on the shelf could also affect the southward transport of MWDW.514

In March to July, when the warm inflow is observed at ES1-2, the ISW layer does not reach515

the eastern shelf [Ryan et al., 2017]. The thickness of the ISW layer could explain the sea-516

sonality of the flow direction in ES1-2. While a thin ISW layer allows southward flow of517
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warm water, a thick layer could block the southward flow, and aid a westward redirection of518

the current. In order to quantify and monitor the southward heat flux in the FT and on the519

eastern shelf, one has to quantify the recirculation of MWDW, or place the moorings so far520

south that the recirculation occurring south of the mooring array is negligible.521

In the FT and over the Filchner sill, we find unexpectedly strong correlation between522

the dense ISW overflow speed and the along-slope wind stress on monthly time scales. This523

connection implies that changes in the atmospheric circulation could affect the production524

rates of Antarctic Bottom Water, through changes in the overflow properties, and associated525

mixing rates with ambient water masses.526

Wang et al. [2012] showed that, on seasonal scales, the Filchner export responds to527

onshore density anomalies caused by wind-induced variation of the isopycnal depression at528

the coast, with a lag of about one month. The observed variability of the overflow in the FT529

and sill reported here, responds to wind variability on the continental slope with no, or very530

short lags (less than 7 days). The mechanism for this co-variability is different from the one531

described by Wang et al. [2012].532

We do not have sufficient data to calculate the volume transport of the ISW overflow.533

The observed current speed variability could result from changes in the shape and/or position534

of the overflow current. Since we do not have simultaneous observations from the continen-535

tal slope and the overflow we cannot verify a link between the slope current and the overflow,536

or that recirculation of the slope current occurs. However, we do find higher correlations in537

periods when there is strong along-slope wind, combined with the presence of warm water538

(MWDW) in the upper water column (e.g Figure 6), which could indicate that recirculation539

occurs [Daae et al., 2017]. In 1997 (FS4), there is no indication of recirculation when the540

wind speed and its variability is weak, consistent with the modeled weak wind regime in541

Daae et al. [2017]. At FT1-2 we only find short periods of correlation between wind and542

outflow speed. This indicates that either (I) the influence of monthly scale wind variability543

does not reach this far south, or (II) the wind forcing was not sufficient to drive a strong recir-544

culation, as observed at FS4 in 1997. We suggest that (I) is the most likely reason, since the545

along-flow wind speed was high during most of the year (2013).546

At FS1-4 we find large year-to-year variability in the correlation between wind and547

current speed for both consecutive years from multi-year deployments (FS2 in 2003-2004548

and FS3 in 2014-2016), and for deployments at the same location in different years (FS1 and549
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FS2). In addition to the interannual variability in the wind-forcing (Section 3.1), the Filchner550

Sill area is affected by several forcing mechanisms such as continental shelf waves [Middle-551

ton et al., 1982; Jensen et al., 2013; Semper and Darelius, 2017], tides [Pereira et al., 2002;552

Fer et al., 2015], SIC, and variability in the outflow of cold, dense, shelf water from under-553

neath the FIS. Variability related to these mechanisms could be affecting the recirculation554

of the slope current. It is therefore likely that recirculation, and hence the link between ISW555

overflow speed and along-slope wind stress, is strongest in periods when the wind forcing at556

low frequencies is the dominating source of variability.557

In several mooring deployments at FS1-4 we find significant correlation between wind558

and current speed during autumn, which ceases during winter. Although the results are not559

conclusive, this could indicate that recirculation of the slope current is strongest when the560

slope current is strong and barotropic (March to June, Section 3.5, [Núñez-Riboni and Fahrbach,561

2009]). Other mechanisms such as continental shelf waves, weaker wind forcing, or a cross-562

flow wind direction could also influence the slope current and recirculation.563

The highest correlation between the along-flow wind and outflow speed at the Filch-564

ner sill is found at FS1 in 1977. Here, the along-flow wind forcing is strong, and we find565

high anomalies for both 1 and 10 year low-pass filtered Halley wind speed (Figure 3a). In566

the past few decades, atmospheric conditions in the southern high latitudes have been chang-567

ing [Thompson and Solomon, 2002]. The Southern Annular Mode (SAM) is thought to be568

the primary driver of such longterm climate variability [Thompson and Wallace, 2000].569

The SAM-index is calculated from the difference in mean sea level pressure (mslp) between570

40-65°S. A positive SAM-index is connected to a stronger cyclonic wind stress and spin-571

up of the Weddell gyre. Since the late 1970’s, the SAM index has been increasing [Mar-572

shall, 2003], likely as a result of stratospheric ozone depletion and greenhouse gas emissions573

[Gillett and Thompson, 2003; Polvani et al., 2011]. We find no significant correlation be-574

tween the SAM-index and the along-flow wind speed (245°) at Halley or in the continental575

slope region. However, the effect of SAM is most pronounced in multi-decadal time scales,576

and the period we are studying might be too short to evaluate the effect of SAM directly. We577

do find a weak longterm wind variability in 1980-90, when the SAM index is close to zero578

(not shown), but instead of increased wind speed since the 1970’s, we note a long-term weak-579

ening of the along-flow wind speed from 1977 to 2010 (Figure 3a).580
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In addition to the SAM, the Semi-Annual Oscillation (SAO) affects the annual cycle of581

pressure and wind in the high southern latitudes. SAO results from differing annual cycles582

of temperature in the mid-latitude ocean and the Antarctic regions [Van Loon, 1967; Meehl,583

1991; Simmonds and Jones, 1998]. SAO causes a poleward shift of the circumpolar trough584

in spring (September) and autumn (March), with associated higher meridional pressure gra-585

dients and surface wind stress [Hurrell and Loon, 1994].The amplitude of SAO is highest586

between 55 to 65°S [Large and Loon, 1988]. Unlike SAM, the phase of SAO is consistent587

from year to year, and is therefore thought to influence the longterm mslp more strongly than588

SAM at high latitudes [Hurrell and Loon, 1994]. The SAO was particularly strong in the589

late 1970’s, but has since been declining, likely caused by seasonal temperature changes in590

connection with SAM [Van Loon et al., 1993; Marshall, 2003]. The observed longterm neg-591

ative trend in along-slope wind speed at Halley (Figure 3) is consistent with the reduction of592

SAO. We speculate that the high correlations between wind and overflow at the Filchner Sill593

at FS1 in 1977 could be connected to strong SAO, and the reduced correlations found in later594

records, could partly be caused by decreased effects of SAO. However, the current data set595

is not sufficient to test whether the wind-current correlation is affected by the variability in596

SAO.597

5 Conclusions598

Observations of ocean currents and temperature from 14 moorings in the southeast-599

ern Weddell Sea are analyzed. We find significant correlation between the ISW overflow600

speed in FT and the along-slope wind stress over the upstream continental slope, which could601

have implications for the production rates of AABW. During strong northeasterly winds, we602

identified current records consistent with the recirculation of the slope current (RSC) at the603

mouth of the FT, as shown in the idealized numerical model results of Daae et al. [2017].604

We suggest that the RSC could explain the correlation between the wind stress and the over-605

flow, however, in order to firmly establish whether recirculation of the slope current occurs,606

an array of moored instruments is needed over the Filchner Sill, covering both the RSC and607

the ISW overflow.608

The variability in the slope current and the ACoC is strongly wind-driven on monthly609

time scales. Few measurements of the ACoC exist, and the amount of heat transported onto610

the shelf by the ACoC is still unknown. Our findings show that an increased wind stress611

along the continental slope leads to an increased current speed within the ACoC. Strong612
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wind forcing, coinciding with a thin thermocline could therefore lead to large heat transports613

onto the shelf and contribute to basal melting of ice shelves. Similarly, the seasonal inflow614

and recirculation of MWDW to the eastern shelf is partly wind driven. Long-term changes615

in the atmospheric forcing can alter the present situation characterized by weak and seasonal616

MWDW inflow, and possibly increase the heat transport onto the shelf region.617
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ABSTRACT

Antarctic Bottom Water (AABW) feeds into the lower limb of the global
thermohaline circulation, and is therefore important for the Earth’s climate. A
large fraction of AABW is produced in the Weddell Sea, where it is formed
through mixing between the cold and dense shelf water masses and the warm
and saline off-shelf water. We present observations of the Filchner overflow
plume from one mooring on the Filchner sill and from two moorings over
the continental slope downstream of the Filchner Trough. The monthly scale
plume properties at the two sites are related, with high correlation in density.
Over the continental slope, the plume thickness fluctuates strongly between
less than 25 m and more than 250 m. Observations of elevated temperature
variance, high shear, and high Froude numbers at the plume interface imply
high mixing rates and entrainment of ambient water masses. Shear spikes
are associated with an alignment of counter-rotating oscillations with periods
of 24 and 72 hours. The clockwise 24-hour oscillation is related to diurnal,
barotropic tidal currents and topographic vorticity waves, while the counter-
clockwise 72-hour oscillation is related to vortex stretching or topographic
vorticity waves.
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1. Introduction26

Antarctic Bottom Water (AABW) feeds into the lower limb of the global thermohaline over-27

turning circulation (Orsi 1999), and is therefore an important driver of the Earth’s climate. Recent28

studies indicate that the AABW has freshened during the past 30 years, and that this freshening29

contributes to a substantial fraction of the global sea level rise (Purkey and Johnson 2013; Jul-30

lion et al. 2013). A better understanding of the underlying mechanisms which lead to AABW31

freshening, could therefore be a key to improved predictions of the global sea level rise.32

A large fraction of the AABW originates from the Weddell Sea region (Figure 1), and is formed33

through processes occurring over the continental shelf, under the Filchner-Ronne Ice Shelf (FRIS)34

and along the continental slope (Foldvik and Gammelsrød 1988). Over the continental shelf, cold35

and saline High Salinity Shelf Water (HSSW) is formed through atmospheric cooling and brine36

rejection from sea ice formation (Nicholls et al. 2009). The HSSW sinks down and enters the deep37

FRIS cavity, where it interacts with the ice shelf base (melting and mixing) and forms Ice Shelf Wa-38

ter (ISW, Θ<−1.9◦, Gammelsrød et al. 1994). A plume of ISW flows northward along the eastern39

flank of the Filchner Trough (FT), and overflows the Filchner sill (Foldvik et al. 2004; Darelius40

et al. 2014a). We refer to it as the Filchner overflow plume, or just the plume. The Filchner41

overflow plume veers westward under the effect of rotation and follows the continental slope. A42

hydrographic transect collected across the continental slope in 1999 illustrates the bottom-attached43

plume (Figure 2). The transect is indicated by a red line on the map Figure 1, and was originally44

presented in Foldvik et al. (2004, hereafter F04). In this snap-shot, the plume is roughly 45 km45

wide and up to 500 m thick, and flows westward along the continental slope. Between the cold46

surface water and the plume, there is a 500 m thick layer of Warm Deep Water (WDW), a slightly47

cooler and fresher derivative of Circumpolar Deep Water (Heywood et al. 1998). In addition to48

the westward flowing plume, two northward and down-slope plume pathways are topographically49

steered along ridges across the continental slope near 36 and 37◦W (F04, Darelius and Wåhlin50

2007).51

The Filchner overflow plume descends into the deep Weddell Sea. En route, the plume entrains52

ambient water masses and forms Weddell Sea Bottom Water (WSBW), which is ultimately trans-53

formed into AABW (Carmack and Foster 1977) through mixing with WDW. The production rates54

of WSBW depends on the degree of mixing along the Weddell Sea continental slope. F04 esti-55

mated an ISW flux of 1.6±0.5Sv (1 Sv= 106 m3 s−1) over the Filchner sill. Based on an estimated56

mixing and WDW entrainment factor of 2.7, F04 obtained a WSBW production of 4.3± 1.4 Sv57

along the continental slope.58

Several processes contribute to the variability of the ISW overflow. A seasonal signal is observed59

in the hydrographic properties of the ISW, but not for the overflow velocity (Darelius et al. 2014b).60
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On monthly time scales, the ISW overflow is influenced by monthly scale atmospheric forcing61

(Daae et al. 2018). In years with strong wind stress along the continental slope, the Filchner62

overflow velocity is positively correlated with the along-slope (toward 245◦) wind stress, upstream63

of the FT (area marked by yellow lines in Figure 1).64

On shorter time scales (12 hours to one week), internal tides and Topographic Vorticity Waves65

(TVW) along the continental slope, contributes to enhanced Eddy Kinetic Energy (EKE) and mix-66

ing. The upper continental slope is favorable for generation of internal waves (Robertson 2001),67

and is roughly co-located with the critical latitude for the semi-diurnal internal tidal waves (Daae68

et al. 2009). High mixing rates are therefore expected in the area, and are confirmed by obser-69

vations (Daae et al. 2009; Fer et al. 2016).TVW (Platzman et al. 1981), also known as coastal70

trapped waves, are trapped by a coastal wall or a sloping topography due to conservation of poten-71

tial vorticity (Rhines 1970; Mysak 1980). In the Weddell Sea, excitation of barotropic TVW at the72

diurnal frequency leads to enhanced EKE and mixing at the diurnal frequency (Middleton et al.73

1987; Foldvik et al. 1990; Semper and Darelius 2017). High EKE is also observed in association74

with lower frequency (sub-inertial) quasi-regular oscillations over the continental slope (Darelius75

et al. 2009; Jensen et al. 2013). The properties of these oscillations (with periods of 35 hours,76

72 hours and 6 days) are consistent with westward propagating TVW (Jensen et al. 2013). Based77

on numerical simulations, Marques et al. (2014) show that dense overflows, such as the Filchner78

overflow plume, may generate TVW with properties agreeing with the observed oscillations.79

This study focuses on processes controlling the variability and mixing of the the Filchner over-80

flow plume, and their implications for the production of AABW. We present new datasets of hy-81

drography and current velocity from one mooring located at the Filchner Sill (S2) and two moor-82

ings (W2 and W3) located on the continental slope, roughly 80 km downstream of the Filchner sill83

(Figure 1). We study the characteristics and variability of the Filchner overflow plume from daily84

to monthly time scales, with focus on the shorter time scales. We show that the monthly scale85

variability is associated to variability from the Filchner sill region, while shorter term variability86

is related to energetic oscillations with periods of 24 and 72 hours.87

2. Data and Methods88

a. Moored Instruments89

Yearlong data sets of current, temperature and conductivity from three locations at the continen-90

tal shelf and slope of the southern Weddell Sea are collected using moored instrument arrays. The91

moorings were deployed in February 2010 and recovered in February 2011. One mooring (S2)92

was deployed on the Filchner sill at 602 m depth. Two moorings, W2 and W3, were deployed on93
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the steep continental slope (α = 0.03) at the 1411 and 1844 isobaths. W2 and W3 are separated94

by 16 km, and are located along the ISW pathway roughly 80 km downstream of S2 (Figure 1).95

The moorings were equipped with Sea-Bird Electronics temperature (SBE39) and conductivity96

and temperature recorders (SBE37 Microcat), single point current meters (Aanderaa recording97

current meter (RCM-7/8/Seaguard) and acoustic Doppler current profilers (ADCP, RD-Instrument98

(RDI) 300 kHz Sentinel and 75 kHz Longranger). The details of the moorings are given in Table99

1. The RCMs averaged 50 evenly distributed samples per hour. The RDI ADCPs sampled an100

ensemble of 30 pings collected in burst mode for the first 60 seconds every 20 minutes. The data101

return from the current profilers varies. We exclude data from depth bins where the data return102

is below 80%. The current profilers depleted batteries in December 2010. One of the RCM7103

instruments (W2 at 84 mab) has a gap in the data series between June 16 and August 11, 2010.104

It is not clear why the instrument did not return any data in this period, but data before and after105

this gap is of good quality compared to adjacent instruments. The moorings were relatively stable106

within the water column, with maximum draw-downs of 7/12/22 m at W2/W3/S2, respectively.107

We calculate Absolute Salinity (SA), Conservative Temperature (Θ) and potential density anoma-108

lies referenced to 1000 dbar (σ1) according to TEOS-10 (IOC et al. 2010). The observations cover109

the 600 to 1800 m depth range, hence σ1 is the relevant density. The salinity time series are cor-110

rected for sensor drift.The range in salinity is generally small (∼ 34.65−34.88 g kg−1 at W2/W3111

and ∼ 34.54−34.87 g kg−1 at S2). Salinity measurements at 28 mab at W2 and at 70 mab at W3112

are corrected with a small offset of +0.012 and -0.013 g kg−1, respectively, using the records from113

the adjacent instruments and ISW properties as a reference.114

b. Transport density, Td115

Transport estimates of the Filchner overflow plume are sensitive to the threshold values defining116

the cold water, and to the vertical integration of velocity. The presented data set is limited to117

one mooring over the Filchner sill, and two moorings across the continental slope. Instead of118

speculating on the width of the plume at each mooring, we report transports per unit width, also119

referred to as transport density (Td).120

The current and hydrography data are interpolated to common 5 m vertical bins. The current121

data from 25 mab is linearly extrapolated to zero at the bottom. Td is calculated using the along-122

flow component (following the main current direction) observed at 25 mab (299◦ at S2, 256◦ at123

W2, and 291◦ at W3).124

ISW is the dominating water mass at S2. From Θ−SA diagrams (Figure 3a), we find that ISW125

typically has σ1 > 32.55 kg m−3, and we use this value as a threshold for the dense water plume126

at S2. At W2 and W3 there is a strong temperature gradient across the plume interface. We define127
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the Filchner overflow plume by a threshold temperature of Θ < 0◦C, which is commonly used to128

define AABW (Foster and Carmack 1976). The plume thickness (Hp) is then the height of the 0◦129

C isotherm. The choice of threshold temperature affects the estimated plume thickness. At W2,130

a threshold temperature of −0.5◦C would give a 40 m reduction of the mean plume thickness,131

compared to having a threshold of 0◦C. However, the plume is generally warmer and thinner at132

W3 compared to W2. By using a threshold of Θ = −0.5◦ C the plume would only be captured at133

W3 for 50% of the time. In order to capture the plume thickness and plume variability at W3, we134

therefore choose the Θ = 0◦C threshold. With this threshold, the plume is captured 92% of the135

time , and the plume thickness variability is better resolved.136

We exclude the current data from 84 mab at W2 because of a 56 day gap in the current time137

series (Section 2a). Including this instrument decreases Td at W2 by approximately 20%. Td is138

therefore overestimated, but here we focus on the variability rather than the exact value.139

The current profilers at both W2 and W3, stopped recording in December 2010. In order to get140

rough transport density estimates for the remaining record, we rely on the point current meters,141

and use the time mean currents from the profilers. A constant upper level current will reduce the142

variability of Td . However, a substantial part of the transport variability is related to the bottom143

current, and this variability is still captured in the time series.144

c. Filtering analysis145

Most figures and calculations are based on hourly averaged data. In addition, we study variabil-146

ity at different time scales using various low-pass and high-pass filters. Where a filter is applied,147

the cut-off period is given in the text. Low-pass filters are calculated over moving Hanning win-148

dows (Lilly 2017). The monthly scale variability is studied using a 15 days low-pass filter, which149

removes high-frequency variability such as tides, TVW, and short duration storm events. Shorter150

filters of 13 hours or 24 hours are used to smooth the time series and reduce the semi-diurnal to151

diurnal tidal signal. High-frequency temperature anomalies associated with the plume interface at152

W2 and W3 are obtained from 5 minutes temperature records, high pass filtered at 1 hour cut-off153

frequency.154

d. Bulk shear, Sb155

The bulk shear at W2 is calculated from Sb = ∆U/H, where ∆U is the velocity difference be-156

tween the upper and lower layer, and H is the vertical distance between the layers. Here, we apply157

a constant H = 361 m. The lower layer velocity is represented by the velocity at 25 mab, and the158

upper layer velocity is calculated from the vertically averaged current between 376 and 396 mab159
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from the upper RDI Longranger. To remove semi-diurnal tidal signals, we smooth the velocity160

data using a 13 h low-pass filter prior to calculation of Sb.161

e. Internal Froude number, Fr162

The Internal Froude number, Fr= ∆U/
√

g′Hp, compares the current speed and the phase speed163

of a long interfacial gravity wave in a two-layer system. Here, ∆U is the velocity difference164

between the two layers, Hp is the height of the lower (plume) layer, and g′ = g∆ρ/ρp is the165

reduced gravity in a two-layer system, where g is the gravitational constant, ∆ρ is the density166

difference of the two layers, and ρp is the lower layer density.167

At W2, ∆U is the same as for bulk shear. At W3, the upper layer velocity is calculated from168

vertically averaged velocities between 252 to 272 mab. We estimate ∆ρ from potential density169

referenced to 1000 dbar (σ1). σ1 from the lower layer is represented by observations at 28 mab,170

while the upper layer density is kept constant with σ1 = 32.52 kg m−3 at W2 and σ1 = 32.53 kg171

m−3 at W3. These values are representative of the ambient water density at each mooring. Hp is172

defined as the height of the 0◦C isotherm.173

3. Results174

In this section we first present observations of the Filchner Overflow plume over the Filchner175

sill and along the continental slope downstream. We look at monthly scale variability at the three176

moorings and estimates of Filchner Overflow transports density (Td , Section 3a). We then present177

shorter time series of variability in the plume thickness at W2 and W3, and describe typical thick178

plume events (Section 3b). Shear and mixing across the plume interface at W2 is presented in179

Section 3c. The implications of the results are discussed in Section 4.180

a. The Filchner Overflow plume181

A thick layer of ISW is observed at S2, on the Filchner sill (Figure 4c).The ISW flows toward182

298◦, and reaches the upper instrument level (176 mab) 65% of the time. Intrusions of lighter water183

masses (σ1 < 32.5 kg m−3) are observed at 104 and 176 mab (Figure 3 and 4c). The intrusions are184

often accompanied by low transport values, which could indicate that the flow of ISW over the sill185

is deflected by the presence of the lighter water masses. The hydrographic properties of the ISW186

layer at S2 varies seasonally (Darelius et al. 2014b). Minimum temperatures are normally found187

in September-October, and maximum temperatures in April-May. In 2010, the seasonal signal is188

different at the upper (176 mab) and lower instruments (25 and 104 mab). While the seasonality at189

176 mab agrees with earlier observations, we observe continuous cooling and freshening near the190

bottom from July 2010 until the record ends in February 2011 (not shown). At low temperatures,191
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salinity dominates the density. The most dense ISW is observed near the bottom, in April-May,192

when SA > 34.85 g kg−1. In the same period, warmer and lighter water masses are present higher193

in the water column, leading to maximum vertical density gradients.194

The Filchner overflow plume is observed to flow along the continental slope at both W2 and195

W3 (Figure 3-4). The mean temperature at 25 mab at W2 (W3) is −1.35◦C (−0.65◦C), and ISW196

is present 20% (3%) of the time, respectively. A seasonality in bottom temperature is found at197

both W2 and W3, with minimum in September-October, and maximum temperatures in April-198

May. The seasonality agrees with earlier observations (F-moorings) from the same region in 1998199

(Darelius et al. 2014b). We do not observe a seasonal signal in plume velocity, but the seasonality200

in temperature leads to a weak seasonality in the plume transports (through change of plume201

thickness), with an amplitude of 1 m2 s−1.202

WDW (Θ > 0◦ C) is the dominant water mass in the upper layer. WSBW is present at all203

instruments, indicating mixing and entrainment of WDW into the Filchner overflow plume (F04).204

The mean plume thickness (Hp) is 137 m at W2 and 100 m at W3. The plume reaches the upper205

instrument at W2 (287 mab) at several occasions (Figure 4b).206

F04 estimated the transport of cold water in roughly the same area as our moorings (from 1998207

over the continental slope, and from 1985 across the Filchner sill, see the locations on the map208

in Figure 1). A comparison with our measurements is possible after converting their total volume209

transports to transports density (Td), using available parameters in their Table 4. This is necessary210

because we have fewer moorings, and both the location and the vertical resolution is different. At211

F04’s F2 and F3, located in the vicinity of W2-3 we obtain Td = 27 and T = 26m2 s−2, respectively,212

similar to our estimate of Td = 24m2s−2 at W2. Over the deeper part of the continental slope, the213

transport is weaker, with Td = 7m2s−2 at W3 (1844 m isobath) and Td = 1m2s−2 at F4 (1984 m214

isobath).215

At the sill, Td from S2 and S3 in 1985 in F04 are 9 and 15m2s−2, respectively. These values are216

smaller than our estimate of Td = 23m2s−2 at S2. However, the location of S2 in this study is 13217

km east of that in 1985. The S2 mean current velocity at 25 mab in this study is roughly twice218

that in 1985 (0.17m s−1 compared to 0.08m s−1). At S2, the instrumentation and measurement219

depths are similar in 1985 and 2010. A calculation using the method identical to F04 yields220

Td = 34m2s−2 at S2 in 2010, approximately 50% larger than our estimate based on interpolated221

currents described in section 2b.222

The monthly scale plume variability at W2 is connected to the upstream variability at S2. There223

is an agreement between the Td at S2 and W2 (Figure 4d). We compute normalized correlation224

coefficients following Sciremammano (1979), and denote significance levels by superscripts (i.e.225

R = 0.699 means that R is above the 99% significance level). The correlation between Td at S2 and226
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W2 is R = 0.3295. The relation is stronger in March to July (R = 0.5195), when the along-flow227

bottom currents are highly correlated (not shown). The highest correlation between S2 and W2 is228

found for density, σΘ, with R = 0.6399 between W2 (25 mab) and S2 (177 mab), with a lag of 4.75229

days, which agrees with an advection time scale of 5.5 days, estimated from the mean overflow230

velocity at S2, and a distance of 80 km. Further downstream, at W3, the density correlation with231

W2 is high (R = 0.6299), but the correlation with S2 is weaker (R = 0.3390), indicating substantial232

mixing between S2 and W2.233

b. Thick plume events234

At W2, the plume thickness fluctuates between less than 25 m (lowermost instrument) and more235

than 287 m (uppermost instrument at W2) over typical time scales of 1 to 3 days. We detect 240236

events when the plume thickness exceeded 100 m during the 362 day record, yielding an average237

time interval of ∼ 36 hours between subsequent thick plume events. Figure 5 shows details of238

hydrography and currents in June, when strong variations in the plume thickness were observed239

at all three moorings. The thickest plume event at W2 occurs on 18-19 June, with a minimum240

temperature of Θ = −1.79◦ C at 287 mab, the uppermost extent of the mooring. A similar cold241

event occurs two days later at W3, with minimum temperature Θ =−1.23◦ C at 190 mab (Figure242

5a-b). Elevated temperature variance is associated with the passage of thick plume events, as seen243

in the high-passed records from multiple levels (Figure 5, red lines), and is suggestive of rapid244

mixing with the ambient (Cenedese and Adduce 2008). Just before, and during the early stage245

of the thick plume events, Froude numbers exceed unity (Figure 5d), which indicates entrainment246

and mixing with the ambient water masses (Turner 1973).247

Ensembles of plume events are extracted from the data set as segments of ± 24-hour records,248

centered at the time of maximum Hp. Ensembles of the thickest plume events at W2 (Hp >250 m)249

and W3 (Hp >160 m), constructed from 20 and 22 events, are shown in Figure 6. At both sites,250

the plume is skewed. The coldest and densest water near the bottom appears before the time of251

maximum plume thickness. The plume characteristics are more pronounced at W2 compared with252

W3. The plume extends higher up in the water column, the plume interface is steeper, and there253

is a vertical shear between the plume and the upper layer. W2 velocity anomalies tend to rotate254

clockwise from westward to eastward, with a downslope direction during periods of maximum255

plume thickness (black vectors in Figure 5b and 6). At W3, current vectors rotate during some256

distinct plume events (e.g. June 2), but this is not a general feature.257
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c. Shear across the plume interface at W2258

We will now look at details of the plume events and the bulk shear at W2. We focus on the259

period 20 March to 15 April 2010, when large bulk shear and fluctuations in plume thickness are260

observed (Figure 7).261

We decompose the current velocity into clockwise (CW) and counterclockwise (CCW) rotating262

components with periods of 24 and 72 hours, using complex demodulation over 7 days moving263

windows (Emery and Thomson 2001). In the following, we denote the sense of rotation with either264

CW or CCW followed by a subscript indicating the period in hours, e.g. CW24 is the clockwise265

rotation with a period of 24 hours.266

Near the bottom, the Filchner overflow plume flows westward (257◦) with a mean speed of267

0.27ms−1. Above the plume (385 mab), a mean current of 0.11m s−1 is directed northwest268

(320◦). Both layers are strongly influenced by oscillations with periods of 24 hours (diurnal tides)269

and 72 hours (TVW). On average, approximately 10% and 25% of the total variance is explained270

by the 24- and 72-hour oscillations, respectively.271

The bulk shear, Sb, is dominated by the variability in the bottom current, with a mean bulk shear272

direction toward 253◦. Events with S2
b elevated above background values occur in pulses. We273

define a shear spike event by ∂S2
b/∂ t > 1×10−11 s−3. From March 20 to April 15, we identify 21274

spike events associated with a thickening of the Filchner overflow plume (marked by red circles in275

Figure 7). During the shear spike events, there is a tendency of alignment of two counter-rotating276

oscillations, the upper layer CW24, and the bulk shear CCW72. Alignment occurs in 16 of the 21277

shear spike events shown in Figure 7d. Alignment of CW24 and CCW72 is expected every 36 hour,278

and is consistent with the observed time interval between two events. Throughout the full record,279

we observe 279 shear spike events, and roughly 70% of those show such alignment.280

4. Discussion281

Here we discuss mechanisms for variability at different time scales, and their implications for282

the production of AABW. We first discuss the low-frequency variability, and then continue with283

the short-term variability and possible mechanisms of the 72-hour oscillation.284

a. Variability on monthly to interannual time scales285

The monthly scale variability of the Filchner overflow velocity is related to the upstream along-286

slope wind stress (area indicated by yellow lines in Figure 1, Daae et al. 2018). The relation287

varies from year to year, depending on the wind forcing along the slope. In 2010, when data from288

W2 and W3 are available, the relation between wind stress and overflow velocity at S2 is weak.289

However, there is significant correlation between the upstream wind stress and the along-flow290
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bottom current at W2 (R = 0.4195), suggesting a wind influence on the bottom current, similar291

to what is observed in the slope current, upstream of the FT (Fahrbach et al. 1992; Graham et al.292

2013; Daae et al. 2018).293

Strong monthly scale variability in both dense water hydrography and Td is observed at the294

Filchner sill (S2) and on the continental slope downstream (W2 and W3). The variability in hy-295

drography and Td at W2 and W3 is linked to the upstream conditions at S2 (Section 3a). The296

highest correlation is found between σ at 176 mab at S2 and at 25 mab at W2 (R = 0.6399). The297

relation could be a direct result of the internal plume variability. In addition, a similar response to298

the seasonal heaving of the Antarctic Slope Front thermocline (Årthun et al. 2012; Darelius et al.299

2016) at the two sites, could enhance the co-variability of the plume density, and contribute to the300

observed seasonality of Td at W2. In a model study, Wang et al. (2012) found a seasonal signal in301

the Filchner shelf water export rate, resulting from onshore propagating density anomalies related302

to wind-forced isopycnal depression at the coast. We do not observe such seasonality in Td or the303

overflow velocity at S2. However, the total ISW transport is not resolved, as our study is based304

on only one moored array. Additional observations across the ISW plume is needed to assess the305

seasonality of the plume.306

Wang et al. (2012) show that the seasonality of the Filchner export rate affects the WSBW307

transports in the western Weddell Sea. However, the Filchner overflow is not the only source308

of WSBW in the western Weddell Sea. Export of HSSW from the central and western part of309

the continental shelf contributes largely to the observed WSBW near the South Orkney Islands310

(Foldvik et al. 1985; Gordon et al. 2010). Gordon et al. (2010) suggest that seasonality of the311

HSSW export rate, associated with regional winds and Ekman transport, is the main source of the312

WSBW seasonality observed in the western Weddell Sea.313

b. Source of oscillations314

Oscillations with periods of 24 and 72 hours dominate the current variability at W2. The 24-315

hour oscillation is a result of strong diurnal tides and excitation of barotropic TVW (Middleton316

et al. 1987). The properties of the 72-hour oscillation is also consistent with TVW (Jensen et al.317

2013). However, the high energy levels at this frequency could also result either from eddies318

moving through the region, or from instabilities generated locally within the plume. Laboratory319

experiments (Lane-Serff and Baines 2000) and idealized numerical model experiments (Wang320

et al. 2009) suggest that vortex stretching in the Filchner overflow plume, would lead to eddies321

with periods of about 3 days. Other mechanisms known to induce instability are (i) roll waves and322

(ii) baroclinic instability.323
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(i) Roll Waves: The observed thick plume events resemble the expected signal from internal324

roll waves. High Froude numbers (FR> 2), which is the necessary criterion the development of325

roll waves (Fer et al. 2002; Swaters 2003), occur frequently (Figure 5d and 7b), especially in the326

first part of the records (March to July). However, the period of the plume events are subintertial327

(1-3 days), while roll waves are expected to occur at superinertial frequencies. Swaters (2003)328

report roll waves with periods around 2 hours. The role of bottom friction over the Weddell sea329

continental slope is also smaller than the rotational effect. The bottom friction term CD|ub|ub/Hp330

and the Coriolis term f ub, calculated using a drag coefficient of CD = 0.003 (a typical value331

for energetic overflows, calculated from microstructure measurements in the Faroe Bank Channel332

overflow, Fer et al. 2010), with ub the velocity at 25 mab, Hp the height of the 0◦C isotherm333

and f the Coriolis parameter, gives an average ratio of Coriolis to friction terms of approximately334

19. Although the value of CD might be underestimated and the velocity at 25 mab might not335

be representative for the bottom current, the results indicate that the effect of rotation is more336

important than the effect of bottom friction. We conclude that the thick plume events are not a337

result of roll waves.338

(ii) Baroclinic instability: Moorings W2 and W3 are located on a steep continental slope, with339

a slope of 0.03. Over sloping topography, baroclinic instability on a plume interface can lead340

to development of alternating cyclonic and anticyclonic eddies (Tanaka and Akitomo 2001). The341

sloping topography has both a stabilizing effect due to the topographic β effect, and a destabilizing342

effect due to steepening of the inclination of the isopycnal surface. Unstable waves occur more fre-343

quently on steep slopes, where the destabilizing effect overcomes the stabilizing effect. However,344

the eddy transport velocity decreases as the slope steepens (Tanaka 2006) and the duration of the345

development stage reduces. According to Tanaka (2006), baroclinic instabilities over the Weddell346

Sea continental slope reach a mature stage after 16 days. We infer a similar time scale using a two-347

layer linear instability model (Reszka et al. 2002) with a continuously stratified upper layer and348

parameters representative of the Weddell Sea slope. No combinations of plume thickness, plume349

width or slope steepness gave periods shorter than 20 days. Furthermore, growing baroclinic in-350

stabilities require a substantial vertical phase shift (Spall and Price 1998). Eddies formed from351

growing baroclinic instabilities are stronger within the dense bottom layer than within the fluid352

above. Vertical coherence and phase at W2, calculated for three frequency bands (24h, 35h and353

3d) show relatively small vertical phase shifts for the cross-slope velocity component (2−6◦/100354

m) for all frequency bands, referenced to 396 mab. Our observations are therefore not suggestive355

of baroclinic instability, but agree with Darelius et al. (2009) who suggest that TVW or vortex356

stretching are more likely causes of the 72-hour oscillation.357
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c. Alignment of oscillations with 24 and 72 hour periods358

Shear spiking may trigger the development of shear instabilities and contribute to diapcynal mix-359

ing. Shear spiking is a significant source of turbulent kinetic energy production across the seasonal360

thermocline in shallow stratified shelf seas (Rippeth et al. 2009; Burchard and Rippeth 2009), near361

the sea bed in Arctic shelf seas (Lenn et al. 2011), and at the base of the oceanic mixed layer362

(Brannigan et al. 2013). We typically find that the upper layer CW24 and the plume layer CCW72363

are aligned during shear spike events. Associated with these shear spikes, we observe enhanced364

temperature variances, high Froude numbers, and a thickening of the plume, which indicate strong365

mixing and entrainment of ambient water (Cenedese and Adduce 2008). The thick plume events366

following the shear spikes contribute significantly to the dense water transport density, Td , along367

the continental slope. By excluding the lower part of the plume in the Td estimates, we find that368

the portion of the plume which is thicker than 75/100/150 m contributes with 38/23/7% of the total369

Td at W2, and 20/10/2% of Td at W3, respectively.370

Alignment of the CW24 and the CCW72 oscillations does not explain all the detected shear spikes.371

In theory, the CW24 and the CCW72 oscillation are aligned every 36 hour, which agrees with the372

observed average time interval between two thick plume events. However, along the Weddell Sea373

continental shelf, presence of TVWs with a similar period (∼ 35 hours) are observed (Jensen et al.374

2013). These waves may interfere with the alignment of CW24 and CCW72 studied here, and could375

explain why not all shear spikes occur during alignment of CW24 and CCW72.376

d. Revised transport estimates at the Filchner sill377

F04 estimated a cold shelf water transport of 1.6 ±0.5 Sv over the Filchner sill based on two378

moorings from 1985 (see map in Figure 1). Three year-long records exist from the westernmost379

mooring site, S2 (1977, 1985, and 1987). The mean overflow velocities are similar in all these380

records (Darelius et al. 2014b; Daae et al. 2018). The S2 mooring location was shifted roughly381

16 km eastward in 2003, 2009, and 2010. The new S2 location is just between the S2 and S3382

sites from 1985 (see map in Figure 1). Observations from the new S2 location roughly indicate383

a doubling of the overflow velocity (Darelius et al. 2014b). The difference in overflow velocity384

could be explained by increasing ISW transport since 1987. However, it is more likely that the385

new S2 site is located closer to the core of the ISW flow, and that the velocity therefore is higher.386

If this is the case, the transport estimates made by F04 could be underestimated, since they do not387

include the high velocities in the core of the ISW flow. If we estimate the transport of cold water at388

the new S2 site using the same method as F04, and assigning a width of 65 km (as they do for their389

S2), we obtain a transport of 2.2 Sv. This is 0.5 Sv more than their estimate from the combined S2390

and S3 moorings with a total width of 137 km391
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Our method for estimating transport densities, Td (see section 2b), gives significantly lower392

values compared with F04’s method. The discrepancy could be related to the ISW threshold393

and/or to the vertical extrapolation. Firstly, at cold temperatures, the density mainly depends on394

salinity. Salinity was not observed in 1985. While we estimate the vertical extent of ISW based395

on density, F04 were relying on temperature, which could lead to differences. Secondly, we do396

not extrapolate the currents vertically. We interpolate toward zero velocity at the bottom, and do397

not include parts of the water column situated above the upper instrument. However, applying the398

same temperature-based ISW threshold as F04 we found no change in Td at S2 (Td = 23 m2 s−1 in399

both cases). We therefore conclude that the vertical interpolation is causing the discrepancy.400

The transport estimates across the continental slope (W2 and W3) compare well with those by401

F04 (F-section). However, keeping in mind the discrepancy in transports estimated from the two402

methods at S2, we cannot say whether or not the Filchner overflow transport is similar in 1998 and403

2010.404

e. Formation of AABW in a changing climate405

Production of AABW depends both on the source water masses (HSSW and ISW) and on the406

entrainment of WDW during the descent along the continental slope (Gill 1973; Orsi 1999). The407

AABW has become fresher since the 1980’s (Purkey and Johnson 2013). The freshening is most408

pronounced in the south Pacific and the south Indian ocean, where the freshening corresponds to409

roughly half the recent mass loss of the West Antarctic Ice Sheet. Although the freshening of410

AABW from the Atlantic sector is weaker, freshening of the AABW exported from the Weddell411

Sea is significant (Jullion et al. 2013). Atmospheric-forced ice shelf collapse, deglaciation, and412

sea ice changes on the eastern side of the Antarctic Peninsula are suggested to be the main source413

of AABW freshening (Jullion et al. 2013). Another possible source to freshening is changes in414

the sea ice production and export over the continental shelf. During the last 30 years, the sea415

ice production over the Weddell Sea continental shelf has substantially reduced, with subsequent416

reduction in both formation of HSSW and transport of HSSW under the Filchner-Ronne Ice Shelf417

(K. W. Nicholls, P. Holland, S. Østerhus and K. Makinson, unpublished manuscript). In turn, this418

leads to a freshening of the Filchner overflow plume and also fresher AABW.419

Our study suggests that high shear and mixing across the Filchner overflow plume interface420

is related to alignment of counter-rotating oscillations with periods of 24 and 72 hours. This421

mechanism may be important for the entrainment of WDW and the production of AABW. The422

sensitivity of this mixing mechanism to ISW freshening is uncertain. While the 24-hour oscillation423

is related to tides and TVW, which are independent of the ISW density, the 72-hour oscillation is424

associated with vortex stretching or TVW from the Filchner overflow plume. The amplitude or425
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frequency of the oscillation may change if the ISW freshens. Given that the ISW freshening is426

moderate, the 72-hour oscillation can be expected to persist in the future. However, if the Filchner427

overflow transport is reduced, the thickness and pathway of the plume along the continental slope428

may change, which could in turn, lead to changes in the mixing mechanisms and production rates429

of AABW.430

5. Conclusions431

We present observations of hydrography and current from three moorings located along the432

pathway of the Filchner overflow plume in the southeastern Weddell Sea. The monthly scale433

plume variability over the continental slope (mooring W2) is related to upstream conditions over434

the Filchner sill (mooring S2). A strong variability in plume thickness is observed along the435

continental slope on shorter time scales (1 to 3 days). The thickness of the plume varies from less436

than 25 m to more than 287 m. Shear spikes are observed during the early stage of the plume437

thickening, and may contribute to enhanced mixing and entrainment of ambient water masses.438

The shear spikes are associated with alignment of clockwise (CW) and counterclockwise (CCW)439

rotating oscillations with periods of 24 and 72 hours, respectively. CW24 is related to diurnal tides440

and Topographic Vorticity Waves (TVW), while CCW72 could either result from vortex stretching441

of the dense plume (Lane-Serff and Baines 2000; Darelius et al. 2009; Wang et al. 2009) or from442

westward propagating TVW (Jensen et al. 2013).443

In addition to shear spikes, we observe high temperature variance, and high Froude numbers,444

which also indicate enhanced mixing. Mixing and entrainment are important for the production of445

WSBW, which is ultimately transformed into AABW. Provided that the suggested mixing mech-446

anism between ISW and WDW is invariant to a moderate freshening of the ISW, future changes447

in WSBW properties will depend on processes controlling the formation of dense shelf water over448

the continental shelf.449
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TABLE 1. Overview of the moorings on the Filchner sill (S2) and over the continental slope downstream

(W2-3). Parameter T is temperature, C is conductivity, P is pressure, V is horizontal velocity and W is vertical

velocity.

597

598

599

Mooring Time (UTC) Position Record Bottom Height Parameter Instrument Sampling

Name (in/out) (lon/lat) days Depth (m) (mab) rate (min)

S2 13 Feb 2010 33o30′10′′W 362 612 25 T,V RCM-7 60

16:13 74o38′3′′S 362 26 T,C,P Microcat 5

362 104 T,V RCM-7 60

11 Feb 2011 362 105 T,C Microcat 5

16:43 362 176 T,V RCM-7 60

362 177 T,C,P Microcat 5

W2 17 Feb 2010 36o1′13′′W 362 1411 25 T,V RCM-7 60

21:00 74o21′41′′S 362 28 T,C Microcat 5

362 50 T,C,P Microcat 5

14 Feb 2011 362 63 T,P SBE39 5

08:06 274a 84 T,V RCM-7 60

362 94 T,C,P Microcat 5

362 138 T SBE39 5

362 181 T,C,P Microcat 5

299-303b 198:4:234 T,V,W RDI Sentinel Down 20

362 257 T,C Microcat 5

362 287 T,C,P Microcat 5

319 296:4:396 T,V,W4 RDI Longranger Up 20

W3 16 Feb 2010 35o55′18′′W 360 1844 25 T,P,V Seaguard 20

13:00 74o13′6′′S 360 28 T,C Microcat 5

360 70 T,C,P Microcat 5

14 Feb 2011 360 82 T SBE39 5

12:50 360 93 V RCM-8 60

360 109 T,C,P Microcat 5

360 160 T,C Microcat 5

360 190 T,C,P Microcat 5

262-304b 223.5:4:271.5 T,V,W RDI Sentinel down 20

360 277 T,C,P Microcat 5

a Missing data between 16 June 2010 to 11 August 2010. b Shorter time series at the deepest cells.
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LIST OF FIGURES600

Fig. 1. Map showing the Southeastern Weddell Sea (WS) bathymetry, circulation and the mooring601

locations. The slope current is indicated by a thick red arrow, where the thinner arrows show602

the Antarctic Coastal Current and the seasonal inflow into the FT. The turquoise arrows show603

the overflow of ISW from the FT and possible pathways identified by F04. ERA upstream604

Wind is extracted from the region bounded by the orange line and the coast. The lower605

inset shows a zoom-in of the region bounded by black, dashed lines. Colored arrows from606

each mooring location show vector mean currents at 25 meter above bottom (mab), with a607

corresponding scale arrow in the lower left corner. Black dots refer to mooring locations in608

F04, and the red line indicate a Conductivity-Temperature-Depth (CTD) transect obtained609

in 1999 during the curise ANT XVI/2. . . . . . . . . . . . . . . . . 24610

Fig. 2. Conservative Temperature (Θ, colors), and density anomalies (σ1, contours) across the con-611

tinental slope, obtained from cruise ANT XVI/2 in 1999 (Fahrbach and el Naggar 2001).612

The transect was originally presented in F04. Here, the temperature is converted to con-613

servative temperature, Θ, and the horizontal axis represent latitude instead of distance. The614

section (shown in red on the map in figure 1) is obtained roughly along a northeast oriented615

ridge. However, two profiles (station 97-98) are obtained closer to the ridge, where the616

isobaths curve toward northwest. To account for the shallower isobaths at these stations,617

compared to the isobaths along a straight section line, we have shifted their latitudinal po-618

sition. Station number, and the real latitudes are shown with black annotated triangles. The619

shifted latitudes of station 97-98 are shown with white triangles. The W2 and W3 moorings620

are overlain in this snapshot of observations for context. . . . . . . . . . . . 25621

Fig. 3. Θ− SA diagrams for (a) S2, (b) W2, and (c) W3. Contours of density anomalies are refer-622

enced to 1000 dbar (σ1). The red dashed lines indicate the freezing temperature of sea water.623

26624

Fig. 4. 24 hour low-passed time series of Conservative Temperature, Θ, at (a) W3, and (b) W2, and625

(c) potential density anomaly referenced to 1000 dbar, σ1 at S2. Contours of the 15 day626

low-passed Θ = 0◦C isotherms at W2 and W3 (purple lines) and the σ1 = 32.65 kg m−3
627

isopycnal at S2 (black line) are drawn on top. Time series of 15 days low-passed (d) plume628

transport density, Td , and (e) Froude number at W2 (blue), W3 (orange), and S2 (black). The629

black dashed boxes indicate the period shown in Figure 5, and the red dashed boxes indicate630

the period shown in Figure 7. . . . . . . . . . . . . . . . . . . 27631

Fig. 5. Time series of hourly averaged Conservative Temperature, Θ, at (a) W3, and (b) W2, and (c)632

potential density anomaly referenced to 1000 dbar, σ1 at S2. Vectors of current anomalies633

(black) are shown from selected depths, with scales indicated by black horizontal bars. High-634

passed temperature anomalies at (a) W3 and (b) W2 are shown in red, with scales indicated635

by red vertical bars. (d) Time series of the Froude numbers (Fr), calculated from the along-636

flow component of the current velocity at W2 (blue) and W3 (orange). . . . . . . . 28637

Fig. 6. Ensembles of (a,c) Conservative Temperature and (b,d) current anomaly and density during638

thick plume events at W2 (H > 250 m, left panels) and W3 (H > 160 m, right panels). . . . 29639

Fig. 7. (a) Time series of Conservative Temperature, Θ, (colors), high-passed Θ anomalies (thin, red640

lines), and current vector anomalies (black) at W2. (b) Bulk shear squared (S2
b) between 25641

mab and 388 mab. (c) Time derivative of the bulk shear squared, and (d) direction of CW24642

in the upper layer (black) and the CCW72 in the bulk shear (orange). Red circles show peaks643

in ∂S2
b/∂ t above a threshold of 2× 10−11 s−3, and the gray shading indicate the duration644

(width at half-prominence) of each spike event. . . . . . . . . . . . . . 30645
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FIG. 1. Map showing the Southeastern Weddell Sea (WS) bathymetry, circulation and the mooring locations.

The slope current is indicated by a thick red arrow, where the thinner arrows show the Antarctic Coastal Current

and the seasonal inflow into the FT. The turquoise arrows show the overflow of ISW from the FT and possible

pathways identified by F04. ERA upstream Wind is extracted from the region bounded by the orange line and

the coast. The lower inset shows a zoom-in of the region bounded by black, dashed lines. Colored arrows

from each mooring location show vector mean currents at 25 meter above bottom (mab), with a corresponding

scale arrow in the lower left corner. Black dots refer to mooring locations in F04, and the red line indicate a
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FIG. 2. Conservative Temperature (Θ, colors), and density anomalies (σ1, contours) across the continental

slope, obtained from cruise ANT XVI/2 in 1999 (Fahrbach and el Naggar 2001). The transect was originally

presented in F04. Here, the temperature is converted to conservative temperature, Θ, and the horizontal axis

represent latitude instead of distance. The section (shown in red on the map in figure 1) is obtained roughly

along a northeast oriented ridge. However, two profiles (station 97-98) are obtained closer to the ridge, where

the isobaths curve toward northwest. To account for the shallower isobaths at these stations, compared to the

isobaths along a straight section line, we have shifted their latitudinal position. Station number, and the real

latitudes are shown with black annotated triangles. The shifted latitudes of station 97-98 are shown with white

triangles. The W2 and W3 moorings are overlain in this snapshot of observations for context.
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FIG. 3. Θ− SA diagrams for (a) S2, (b) W2, and (c) W3. Contours of density anomalies are referenced to

1000 dbar (σ1). The red dashed lines indicate the freezing temperature of sea water.
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