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Abstract The Filchner Trough (FT) is a key site for exchange of water masses between the Weddell Sea
continental shelf and the deep ocean. Cold and dense Ice Shelf Water (ISW), a precursor for Antarctic Bot-
tom Water, flows north along the FT and overflows the Filchner Sill. Although access of warm water to the
Weddell Sea continental shelf is limited due to the presence of the Antarctic Slope Front, southward trans-
port of warm water is facilitated through the FT. We use moored current meters from the Filchner Sill region
to show that the monthly scale variability of the ISW overflow is connected to the variability of the along-
slope wind stress upstream. Periods with significant correlation between the wind and ISW overflow are
characterized by (I) wind directed along the continental slope, (II) high ISW overflow speed, and (III) high
variability in the 16–64 day period band for wind and current. We propose that a recirculation of the slope
current, associated with the Antarctic Slope Front, may occur in the FT during periods of strong wind forc-
ing, and that such recirculation could explain the correlation between the wind stress and the ISW overflow.
We further show that an increased wind stress along the continental slope leads to increased current speed
within the slope current and the Antarctic Coastal Current, with possible implications for the on-shore heat
transport.

1. Introduction

The southeastern Weddell Sea is a site of climatic importance, where exchanges of water masses between
the shallow continental shelf and the deep ocean occur. In deeper layers, cold and dense Ice Shelf Water
(ISW), formed through interaction between High Salinity Shelf Water (HSSW) and the Filchner-Ronne Ice
Shelf cavity, exits the Filchner Trough (FT, map in Figure 1) and contributes to the formation of Antarctic
Bottom Water (AABW) (Darelius et al., 2009; Foldvik et al., 2004), which is an important driver of the global
thermohaline overturning circulation. In the upper layers, Warm Deep Water (WDW), a slightly cooler and
fresher derivative of the Circumpolar Deep Water (Heywood et al., 1998), enters the shelf and may contrib-
ute to increasing the mass loss of the floating ice shelves through basal melting (Hellmer et al., 2012). At
present climate, the water temperature on the Weddell Sea shelf is low (near freezing point) and the ice
shelf melt rates are low compared to, e.g., the Amundsen Sea (Pritchard et al., 2012; Rignot et al., 2013).

The access of WDW onto the shelf is limited by the Antarctic Slope Front (ASF), which separates the WDW
from the cold and fresh Eastern Surface Water (Gill, 1973; Jacobs, 1991). The ASF is largely wind-driven. The
slope current, associated with the ASF, carries WDW westward along the continental slope. On interannual
time scales, the variability of the slope current is connected to the wind-driven Weddell gyre (Gordon et al.,
2010), and on seasonal time scales the slope current corresponds well with easterly wind along the conti-
nental slope (Fahrbach et al., 1992; Graham et al., 2013). Maximum slope current transport is found during
austral winter (May–July) when the wind forcing is strong and the slope current is barotropic (N�u~nez-Riboni
& Fahrbach, 2009).

Modified Warm Deep Water (MWDW, h>21.78C), a slightly cooled version of WDW, crosses the shelf break
and enters the continental shelf seasonally (January–May) (Årthun et al., 2012; Ryan et al., 2017), when
weaker wind forcing allows for a shoaling of the thermocline. Recent observations near the Filchner Ice
Shelf (FIS) front (Darelius et al., 2016) show that when WDW is present on the shelf, strong wind from north-
east can advect this water mass southward toward the FIS front. Furthermore, numerical modeling results
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(Hellmer et al., 2012, 2017; Timmermann & Hellmer, 2013) predict that the slope current carrying warm
water could be redirected southward, in the near future.

The cross-shelf FT plays a key role in facilitating the transport of MWDW toward the FIS. Warm water
(h>21.98C), with a core at 400 m depth, is observed along the eastern flank of the FT in several hydro-
graphic surveys (Årthun et al., 2012; Carmack & Foster, 1977; Darelius et al., 2014a; Foldvik et al., 1985a;
Ryan et al., 2017). Interactions between a shelf break jet and a cross-shelf trough depend on the trough
geometry, stratification, and the strength and direction of the flow (Allen & Durrieu de Madron, 2009; Klinck,
1996; Williams et al., 2001; Zhang et al., 2011). Results from an idealized numerical model showed that the
inflow of warm water in the FT strongly depends on the wind forcing due to associated changes in the
slope current (Daae et al., 2017). A sketch of the slope current, based on the idealized model results, for
weak and strong wind forcing is given in Figure 2. During weak winds, the slope current crosses the FT
opening, and the water exchange between the slope and the FT is dominated by eddies. During strong
winds, a shoreward, wind-driven branch of the slope current is steered south into the FT, bringing warm
water into the region. Due to potential vorticity constraints near the southern sill edge (where the FT is get-
ting deeper), the current recirculates and exits the FT toward the west.

Here we explore the connections between wind and current circulation associated with the ISW overflow
and the ASF processes in the southeastern Weddell Sea on a monthly time scale. We use several year-long
current records from moored instruments on the continental slope and shelf region, as well as from the FT
(Figure 1).

We present new findings of a high correlation between the ISW overflow from FT and the alongslope wind
upstream. We propose a mechanism that could explain such high correlation. If the wind-forced slope cur-
rent recirculates at the mouth of the FT, as suggested by the idealized model results (Daae et al., 2017) (Fig-
ure 2), interactions between the slope current and the ISW overflow could increase the overflow speed.
Although the existing data set is insufficient to prove the mechanism, we present measurements at differ-
ent locations which are consistent with the proposed recirculation of the slope current.

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 2–3 years duration, while circles indi-
cate year-long records. Colored arrows from each mooring location show vector mean currents. At FS1 and FS2 we show
mean currents from 1977 and 2010, respectively. At ES1–2, the current direction changes seasonally, and we show two
vectors, representing mean currents during inflow and cross-flow periods. The turquoise 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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2. Data and Methods

2.1. Atmospheric Data
Atmospheric data are obtained from the ERA-Interim reanalysis data set with 0.758 resolution (Dee et al.,
2011) (named ERA hereafter). The ERA data set has a time resolution of 6 h, and is available from 1979 to
present. We extract ERA wind velocity at 10 m above sea level (mabsl). Wind stress is calculated follow-
ing the procedure by Andreas et al. (2010), where the drag coefficient is a function of the Sea Ice Con-
centration (SIC). We use the SIC available in ERA to be consistent with the data set and grid for wind
velocity. The coordinate system for wind stress is rotated, with the along-flow component directed
toward 2458, roughly along the continental slope. Hereafter, this wind direction is referred to as the
alongslope wind.

At monthly time scales, the pressure system governing the winds over the Weddell Sea is larger than our
study region, yielding a similar wind pattern in the FT and over the continental slope. To illustrate this, a
video of 15 days low-passed mean sea level pressure and wind vectors from 1995 is included in the supple-
mentary material. We expect that the wind-driven slope current variability affects the on-shelf transport of
water, and possibly the recirculation in the FT. Thus, we compare observed current speed to mean along-
slope wind stress from an area over the continental slope, upstream of the FT, from 108W–308W to 698S–
758S, limited by the 3,500 m isobath and the coastline (indicated by the red line in Figure 1). We refer to this
region as the upstream region hereafter. Maps of correlation between along-flow current speed and wind
speed (not shown), showed highest correlation for the continental slope region upstream along 2458, and
support our choice of area and direction of wind stress used in further analysis.

The first current record from the Filchner Sill is from 1977, when neither ERA data nor SIC is available. To
include this data set in our analysis, we instead compare the current speed with observed alongslope (2458)
wind speed from the Halley Research station (British Antarctic Survey, 2013), located on the Brunt Ice Shelf
(star in Figure 1). Fifteen day low-passed alongslope wind speed from ERA (upstream region) and Halley
agree well (R 50:82, above the 99% confidence limit, see section 2.4 for description of low-pass filtering
and correlation analysis). For current records where ERA is available, correlations between the current speed
and the ERA wind stress/Halley wind speed are similar.

There is a bias in the ERA and Halley time series. Low-passed, along-flow mean wind speed from Halley and
ERA (1979–2017) are 3.3 and 1.9 m s21, respectively. However, we focus on the variability of the wind, and
the difference in mean wind speed should not impact the results. To facilitate comparison of results from

Figure 2. Sketch of the circulation over the Filchner Sill from idealized numerical simulations (Daae et al., 2017) with (a)
weak wind along the slope, and (b) with strong wind along the slope. The continuous yellow arrows indicate the back-
ground slope current. During weak wind, the slope current flows across the FT opening, and eddies carrying moderately
warm water (21 to 21.58C) 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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moorings on the Filchner Sill, all figures from these locations show results for both Halley wind speed and
ERA wind stress.

Correlation between current speed and wind from Halley is performed using wind speed, and not wind
stress, since SIC is not available for all record years. From ERA data, correlations with current speed were
similar using either wind speed or wind stress. We therefore assume that correlation values obtained using
the Halley wind speed is representative for wind stress.

The sampling interval for Halley data was 3 h prior to 1986, and then increased to 1 h. Short periods of miss-
ing data are linearly interpolated prior to frequency analysis and low-pass filtering.

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 3 25 km
grid. While SIC from ERA is based on different data sets of sea surface temperature prior to 2009 (Dee et al.,
2011), the NSIDC SIC product is consistent throughout the time series. We calculate daily (every 2 days prior
to July 1987) mean SIC for the upstream area (same as for ERA wind), as well as for the Filchner region
(marked by red/yellow in Figure 1, respectively). Mean summer SIC is calculated for the period December–
February every year. The year 1988 is left out of the summer mean calculation due to missing SIC data in
December 1987 and January 1988.

2.3. Moored Instruments
We analyze current records of 1–3 years duration from 14 moored instruments in the southern Weddell Sea
(Figure 1). To facilitate the reading and the discussion of the moorings, we rename the moorings according
to their locations: 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). An overview of the current records and measurement
depth used in this document is given in Table 1. Mooring names used in earlier publications are given in
brackets. A complete table of the moorings with available depths and instrument types is given in the sup-
porting information.

The coordinate system at each mooring is rotated to the main flow direction, calculated from vector aver-
aged currents (see Table 1). For moorings where the current changes seasonally (ES1–2 and FT1–2), we
rotate the coordinates according to the bathymetry, roughly correspond to NE direction. The current along
this direction is referred to as outflow. The defined along-flow direction at each current meter, is given in
Table 1.

At the Filchner Sill, mooring records are available from three locations. The earliest record is from 1977 at
FS1 and the latest record covers 2014–2016 at FS3. We omit three mooring records in this study. At FS1, we
omit the 1987 record, since a large, stranded iceberg caused circulation changes of HSSW in the Filchner
region (Darelius et al., 2014b; Grosfeld et al., 2001; Nøst & Østerhus, 1998). At FS2, we omit current records
from 2009, where the data set is incomplete, and from 2014, where the current meter is higher up in the
water column compared to the other FS moorings. The mooring FS4 is located just south of the Filchner Sill
(see map in Figure 1), but is included in the FS group.

Potential densities (rH) on the continental slope are calculated according to TEOS-10 (IOC et al., 2010), using
Absolute Salinity, and Conservative Temperature. Otherwise, we use potential temperatures referenced to
surface (h), since joint salinity measurements required to calculate Conservative Temperature, do not exist
for all measurement depths and records.

2.4. Low-Pass Filtering, Correlations, and Wavelet Analysis
Wind and current data are low-pass filtered using 15 days moving Hanning windows (Lilly, 2017). The data
series are zero-padded at each end to display data for the whole time series. We choose to study 15 day
low-passed data in order to filter out the high-frequency variability such as tides, continental shelf waves,
and short storm events.

Time series of correlation coefficients are calculated using moving windows of low-pass filtered alongslope
ERA wind stress, or Halley wind speed, and current speed. For each window, we calculate normalized corre-
lation and significance, following Sciremammano (1979), while allowing for up to 7 days lag. The method
requires more than 10 degrees of freedom (dof). Dof is a function of the auto-correlation of each data series,
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and is high when the variability within each time series is high. For CS1–3, dof is too low to calculate run-
ning correlations. For CC, we obtain >10 dof using window lengths of 150 days, and for FT1–2 we obtain
>10 dof for window lengths of 120 days. Moorings at ES and FS have higher internal variability and yield
>10 dof for window lengths of 100 days.

Significance levels are denoted by upper superscripts (i.e., R50:699 means that R is above the 99% signifi-
cance level). In Table 1, correlation coefficients which do not exceed the 90% significance level are denoted
by NS (Nonsignificant).

Complex wavelet transforms, Xx, are computed for daily low-passed alongslope wind and the along-flow
current speed using the Morlet wavelet. The wavelet basis is normalized to have energy power equal to one
at all scales, and we apply zero-padding to prevent wraparound effects. The wavelet power is the modulus
of the complex wavelet transform, jXxj. It shows when energetic oscillations take place, and at what time
scales they appear. The wavelet amplitude, which we will study here, is the real part of the wavelet trans-
form, Re(Xx), and is a useful measure when we compare two time series. Whereas the wavelet power only
shows when, and at what frequencies energetic oscillations occur, comparison of positive and negative
states of the wavelet amplitudes from two time series can tell us when the two oscillations are in or out of
phase (Cooper & Cowan, 2008).

3. Results

In this section, we first present the variability in the atmospheric forcing and the SIC (section 3.1). We then
describe the relation between wind and current at different geographic locations, starting with the ISW

Table 1
Overview of the Mooring Records

Mooring
name Year # days

Latitude
(8S)

Longitude
(8W)

Dir
(8)

Bottom
depth (m)

Current
depth (m)

R wind/
curr.

Lag
(days) Reference

FS1 (S2) 1977 411 74
�

400 33
�

560 314 558 533 0:5299a 1.00 Foldvik et al. (1985b)
FS1 (S2) 1985 371 74

�
400 33

�
560 322 545 520 0.3395 0.75 Foldvik et al. (2004)

FS2 (S2) 2003 747 74
�

400 33
�

280 294 597 497 0.05NS 7.00 Darelius et al. (2014b)
2004 0.2490 0.00

FS2 (S2) 2010 364 74
�

380 33
�

300 281 602 577 0.13NS 0.00 Darelius et al. (2014b)
FS3 (S2E) 2014 1124 74

�
400 33

�
000 296 593 580 0.2890 2.25

2015 0.15NS 0.75
2016 0.12NS 0.25

FS4 (FR1) 1995 837 75
�

010 31
�

460 326 610 484 0.4799 0.75 Woodgate and
Schr€oder (1998)1996 0.2690 0.00

1995 829 336 257 0.3499 0.5
1996 0.3395 0.5

FT1 (M787E ) 2013 376 77
�

450 36
�

090 17 705 486 0.32NS 7.00 Darelius et al. (2016)
FT2 (M777) 2013 371 77

�
000 34

�
280 35 705 382 0.14NS 7.00 Darelius et al. (2016)

ES1 (M775) 2013 371 77
�

000 34
�

030 35 505 434 0.32NS 7.00 Darelius et al. (2016)
ES2 (M31W ) 2014 746 76

�
000 31

�
000 45 457 437 20.06NS 7.00 Ryan et al. (2017)

2015 20.17NS 6.50
CS1 (M1) 2009 386 72

�
290 17

�
280 245 273 224 0.6999 0.50 Graham et al. (2013)

CS2 (M2) 2009 386 72
�

270 17
�

380 238 487 224 0.4395 0.75 Graham et al. (2013)
238 400 0.4699 0.50

CS3 (M3) 2009 361 74
�

310 30
�

100 301 725 220 0.5495 5.50 Jensen et al. (2013)
315 400 0.3590 7.00

CC (B3) 2003 746 75
�

490 26
�

520 158 392 194 0.6099 3.25 Nicholls (2005)
2004 0.4799 1.75

Note. Original mooring names are given in brackets. Correlation coefficients between the alongslope 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 2 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 indi-
cated by superscripts. Nonsignificant correlations are marked by superscript NS. aCorrelation with Halley alongslope
(2458) wind speed.
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overflow from the Filchner Sill and Trough, and continuing with the eastern shelf (section 3.3), and the
regions upstream of the Filchner area (sections 3.5 and 3.6). The implications of the results are discussed in
section 4.

3.1. Atmospheric Forcing and Sea Ice Concentration
Figure 3 shows the alongslope wind speed anomalies from ERA and Halley from 1960 to present. The
year-to-year variability is large in both data series, with standard deviations of 0.51 m s21 for Halley and
0.73 m s21 for ERA, from 1 year low-passed alongslope wind in the period 1979 to 2016. In the Halley data
series, which covers more than five decades, we also find multidecadal variability.

The upstream wind (averaged over the region marked by red lines in Figure 1) is mostly directed along the
continental slope (toward 2458), but for some years, there is pronounced cross-flow wind (toward NE) dur-
ing austral summer (Figure S1 in the supporting information).

The upstream region is mostly covered with sea ice (SIC> 0.8) between May and October. There is large
interannual variability for the summer (DJF) SIC, ranging from ice-free conditions (SIC< 0.2) to full sea ice
cover (SIC � 0.8). The mean summer SIC is 0.3, and the minimum SIC is found in mid-February (Figure 3b).
In the Filchner region (marked by a yellow line in Figure 1), there is generally higher SIC throughout the

Figure 3. (a) Yearly low-passed wind speed anomaly toward 2458 measured at Halley (filled, dashed turquoise) and from
ERA averaged in the upstream area (black). The thick turquoise line shows 10 years low-passed wind at Halley, where the
period after 2012 is omitted due to filter edge effects. (b) Summer Sea Ice Concentration from the Upstream area (red)
and the Filchner area (yellow) indicated in Figure 1. Years with available current moorings are indicated by gray shading,
and corresponding mooring names. The square marks a period of high Halley wind speed discussed in section 3.2, and
the turquoise star marks the low wind speed in 2014 discussed in section 3.3.
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year, compared to the upstream region. The period with full sea ice cover lasts longer (April–November),
with a mean summer SIC of 0.6.

The variability of the summer SIC in the Filchner region is likely connected to the wind. We find high sum-
mer SIC (DJF) following strong alongslope wind in the preceding months (OND), which could indicate sea
ice drift into the region. The correlation between the OND wind and the summer SIC in the Filchner region
is R 5 0:699 (not shown).

3.2. Ice Shelf Water Overflow From the Filchner Trough and Sill
Here we present 15 days low-passed time series of ISW overflow from the Filchner Trough and Sill region,
starting with the moorings located on the sill (FS1–3), followed by mooring FS4 just south of the sill, and
moorings farther south in the FT (FT1–2).

Several current meter records are available between 1977 and 2017. We identify periods of significant posi-
tive correlation between upstream alongslope wind and overflow current speed in all records. The correla-
tion varies largely from year to year (Table 1). The ISW overflow speed has also large interannual variability,
seen both from consecutive years at one mooring deployment (e.g., FS2 in 2003–2004 or FS3, Figure 5), and
from different deployments at the same location (FS1 and FS2).

The highest correlation between wind and ISW overflow is found at FS1 in 1977, with a correlation coeffi-
cient of R50:5299 (Table 1). Analysis over 100 days moving windows indicates high correlation from Febru-
ary to August (Figure 4b). In this period we find that (I) the wind is mostly directed along the slope, (II) the
overflow speed is high, (III) there is high variability in the 16–64 day period band for wind (Halley) and cur-
rent wavelet power, and (IV) the alongslope wind speed anomaly is particularly high, compared to other
years (see square in Figure 3). The strong wind is persistently directed toward southwest, and agrees with
the conditions for recirculation of the slope current in the idealized model results of Daae et al. (2017) (Fig-
ure 2b). The correlation ceases in September, when the wind direction shifts toward north at Halley (Figures
4a and 4b), and both wind speed and current overflow speed are reduced.

Wavelet amplitudes from Halley wind speed and FS1 overflow speed (Figures 4c and 4d) are similar
between February and August, with coinciding red and blue patches (positive and negative numbers).
When the correlation ceases in September, the energetic oscillations from the Halley wind speed record
shift toward longer time scales, and the current variability in the 16–64 day period band weakens.

The characteristics I–III are typical for most periods with high correlation between upstream wind and ISW
overflow speed on the Filchner Sill. Figures of each mooring at FS1–2 is presented in the supporting
information.

Mooring FS3 recorded the longest time series from the Filchner Sill, covering 3 years of data, from early
2014 to early 2017. The vertical extent of the ISW layer (h<21.98C) at FS3 varies through the year, being
thicker from September to January when ISW surrounds both temperature sensors (584 m/485 m, Figure
5c). The depth of the ISW layer does not seem to affect the periods of correlation, as we find significant cor-
relation both during periods of thick ISW layer (e.g., October–December 2014) and thin ISW layer (e.g.,
April–June 2015, Figure 5b). Similar seasonal variability in the ISW layer thickness is also observed on the
shelf east of the FT (Ryan et al., 2017) (Figure 7), where it is accompanied by changes in the current
direction.

Wavelet amplitudes from FS3 overflow speed and upstream ERA wind stress (Figures 5d and 5e) show high-
est agreement in 2014, consistent with the higher correlation coefficient this year (Table 1). From October
2015 to July 2016, there is weak correlation between overflow speed and wind. The wavelet amplitude for
FS3 overflow is very low during this period, and the structure differs from the structure of the wind stress
wavelet amplitude. From April to July 2016 (austral winter), the overflow speed is very high, and the ISW
layer is thick. This could be a result of changes in the flow of ISW from under the FIS, but is not a seasonal
feature, as it is not observed in 2014 or 2015. The SIC is anomalously high from December 2014 to January
2015 (austral summer). However, we do not see any changes in the temperature or current records linked
to this anomaly.

At FS4, just south of the Filchner sill, a 28 month long record is available. We find an overall agreement
between the FS4 overflow speed and the upstream wind stress (Table 1 and Figure 6b). Near the bottom,
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and up to 378 m, there is ISW (h<21.98C) throughout the year (Foldvik et al., 2004). Analysis over 100 day
moving windows shows high correlations between the overflow speed at 484 m and the upstream wind
stress in 1995–1996. The windows with significant correlation are typically centered in periods with warm
water present at 257 m (thick horizontal bars in Figure 6b). The warm water at 257 m, combined with strong
alongslope wind, is suggestive of a RSC as sketched in Figure 2b. During periods of high correlation, we also
find a good match between positive and negative (red and blue) patches of the wavelet amplitudes for
wind stress and overflow speed (Figures 5d and 5e). Oscillations with 16–64 days periods occur in both
time series in 1995, while also longer period oscillations (64–90 d) match in 1996.

The running correlation drops below the 95% significance level during austral summer, from December
1995 to February 1996. In this period, there is cold water high up in the water column, and the SIC is low in

Figure 4. (a) Halley wind vectors, and (b) Halley along-flow wind speed and FS1 overflow speed in 1977. The horizontal
bars in Figure 4b indicate periods of correlation between wind and current speed above the 95% significance level, identi-
fied from 100 days moving windows. The thick bars indicate the center point of each moving window, and the thin lines
indicate the time span of the moving windows. Time series of the wavelet amplitudes (real part of the complex wavelet
transform (Re(Xx)) of (c) along-flow Halley wind speed, and (d) FS1 overflow speed. The color scale ranges from 27 to 7,
and the thick black line in Figure 4d show the cone of influence from edge effects. Vertical ticks on the horizontal time
axis are placed on the 15th day of the month throughout this manuscript.
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the upstream area (Figure 6c). Wavelet amplitude patterns (Figures 6d and 6e) indicate that the oscillations
in wind stress and overflow speed are out of phase. When the wind stress is weak, the overflow speed is
anomalously high, with high variability at the shorter time scales (< 16 days), indicating current variability
driven by other mechanisms than we study here. The results are similar to the observations from FS3 during
the austral summer from December 2015 to February 2016.

The year 1997 stands out: the temperature maximum at 257 m is missing, suggesting that the seasonal
inflow of MWDW was absent that year. Furthermore, we find ISW (h<21.98C) at all depths, summer SICs
are anomalously high in both the upstream and the Filchner area, the wind forcing is weak, and there is no

Figure 5. (a) Halley and ERA wind vectors. (b) Along-flow wind speed at Halley (turquoise) and wind stress from ERA (gray
shade) together with FS3 overflow speed (purple) in 2014–2017. The horizontal bars in Figure 5b indicate periods of corre-
lation between wind and current speed above the 95% significance level, identified from 100 days moving windows. We
include Halley wind speed to show the similar results. (c) Temperature at 585 m (dark purple) and 485 m (light purple),
and SIC averaged over the upstream slope area (red), and the Filchner area (yellow), according to Figure 1. The shading of
the temperature curves highlights the freezing point of sea water at atmospheric pressure (h5 21:9�C). Time series of the
wavelet amplitudes (real part of the complex wavelet transform (Re(Xx)) of (d) along-flow ERA wind stress, and (e) FS3
overflow speed. The color scale ranges from 27 to 7, and the thick black line in Figure 5e show the cone of influence
from edge effects.
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correlation between the upstream wind and the overflow at 484 m (Figures 3 and 6). Weak wind, and cold
water at the upper instrument are consistent with the weak wind regime, as illustrated in Figure 2a, where
no recirculation of the slope current occurs.

Further south in the FT (FT1–2), correlations between outflow speed and wind stress are nonsignificant for
full records (Table 1). At FT1, analysis over 120 day moving windows indicates one longer period of signifi-
cant correlation from February to May 2013, when warm water (h<21.98C) is present, and the wavelet
amplitude patterns indicate similar oscillations in the period band 32–64 days (Figure 6 in SI). At FT2, there
is only a short period with significant correlation (first part of February 2013), when the wavelet amplitudes
from ERA wind stress and FT1 outflow are similar in the period band 16–32 days (Figure 5 in supporting
information). During the rest of the time series, the wavelet amplitudes appear to be out of phase.

3.3. The Eastern Shelf
Here we present data from moorings on the upper eastern flank of the FT (ES1) and on the flat shelf, east of
the FT (ES2), where a strong seasonality in both hydrography and circulation is observed (Ryan et al., 2017).

Figure 6. Same as Figure 5, but for the FS4 overflow speed (purple). Temperatures in Figure 6c are from 484 m (dark pur-
ple) and 257 m (light purple). We omit wind speed from Halley.
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Inflow of Modified Warm Deep Water (MWDW) occurs from January to June, when the thermocline at the
shelf break is shallow (Årthun et al., 2012; Darelius et al., 2016).

Two moorings on the shelf (green markers in Figure 1) show similar seasonal flow patterns, with presence
of warm water during the inflow phase (Ryan et al., 2017) (Figure 7). A thorough discussion of the seasonal-
ity on the shelf is given in Ryan et al. (2017). The two mooring records from consecutive years are not colo-
cated (separated by 132 km).

At ES1, the mean current is directed southward from January to July. We find significant (>95%) positive
correlation with wind stress from late March when the SIC reaches 0.8, to July when the current changes
direction. In this period, warm water (h<21.98C) surrounds the mooring, and correlation between wind
and current on shorter (2–5 days) timescales are observed (Darelius et al., 2016). At ES2 the pattern is simi-
lar, although the correlations are weaker in 2014 (90–95% significance) compared to 2015. The weak corre-
lation can possibly be explained by large variations in wind direction in 2014, compared to 2013 and 2015,
and the strong minimum in 1 year low-passed wind speed (turquoise star in Figure 3). In 2015, the inflow
period extends beyond July, and we find positive correlations both in March–July, when warm water is pre-
sent, and in September–November when the mooring is surrounded by ISW.

At both moorings, negative correlations occur when the mean current is directed northward and ISW is pre-
sent (Figures 7a and 7b). We also note high alongslope wind speed during spring (OND) 2013 and 2014,
and high SIC in the succeeding summers (2014 and 2015), a relation which is described in section 3.1.

3.4. Recirculation of MWDW in the Filchner Trough
Moorings on the eastern shelf (ES1–2) show flow of MWDW (h<21.78C) toward the FIS cavity during sum-
mer and autumn (Darelius et al., 2016; Ryan et al., 2017). MWDW is also commonly observed in the FT in
summer hydrographic sections, typically overlaying the ISW (Darelius et al., 2014a; Foldvik et al., 1985a;
Nicholls et al., 2009).

Figure 7. Same as Figure 6, but for ERA wind stress and current outflow speed at ES1 (light green) in 2013, and ES2 (dark
green) in 2014–2015, both at 435 m depth. In Figure 7b, horizontal bars at the top, indicate running windows with posi-
tive correlations above the 95% significance level, while horizontal bars at the bottom indicate negative correlations. SIC
in Figure 7c is averaged over the upstream slope area (red), and the Filchner area (yellow), according to Figure 1.
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Observations from FT2 and FS4 show that the MWDW observed here flows northward, following the ISW
toward the sill (Figure 8). At these locations, the mean velocity has a northward component for all tempera-
ture ranges. At FT1, the low-passed temperature at 475 m depth does not exceed the 21.78C threshold for
MWDW. MWDW is found in the upper temperature sensors from 375 to 425 m (Darelius et al., 2016), but
current records do not exist in this depth range. However, the warmest water at 475 m flows northward
similar to what we find at FT2. At ES1, on the eastern flank of FT, the warmest water flows southward toward
the FIS, while water with temperature below 21.78C is directed toward west and nothwest, toward the FT.

The observations suggest that the MWDW flowing southward above the shallower isobaths and on the con-
tinental shelf in the east, to some extent recirculates and returns northward, away from the ice shelf cavity.
The recirculation of MWDW is not to be confused with the RSC, described earlier, but could link the current
variability in the FT to the wind and current variability observed over the continental shelf break.

3.5. Processes Along the Continental Slope
Three moorings (CS1–3) from the continental slope in 2009, are situated within the ASF (red markers in Fig-
ure 1). Away from the surface layer, the current is bottom-intensified. Since we are interested in slope-shelf
interactions, we select current records from depths roughly corresponding to the shelf depth (approxi-
mately 250 m at CS1–2 and 400 m at CS3).

In 2009, the slope current is strongly related to the alongslope wind stress. The highest correlation is found at
CS1 (R 5 0:6999 using full records, Table 1). At CS3, close to the FT opening, the correlation is depth-dependent,
with higher correlation at 220 m depth compared to 400 m. At 400 m depth, the correlation is highest during
March–July, when the current speed is high, the pycnocline is deep, and the wind and current wavelet ampli-
tudes for oscillations with 16–64 day periods are large, indicating a more energetic driving force (Figure 9).

The SIC in 2009 (not shown) is similar to the SIC in 2003 and 2004 (Figure 10c), with high values (SIC> 0.8)
from March to November.

Figure 8. Mean velocity as a function of temperature in bins of 0.18C intervals) at (a) FS4 257 m depths, (b) ES1 with veloc-
ity (h) 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 plot (d). The ellipses show the
standard deviation of the detided velocity in the x directions and y directions.
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The wavelet amplitudes for wind and current (Figures 9d–9f) have similar patterns, with strong power at
low frequencies (period, T> 64 days) throughout 2009. The oscillation patterns for T > 16 days, and the
alternating positive/negative amplitudes (red/blue patches) coincide in time, indicating that the oscillations
are in phase. The wavelet amplitudes on the period band 16–64 days indicate more energetic oscillations
from March to July, when the current speed is high. In this period, the slope current is also more barotropic
(N�u~nez-Riboni & Fahrbach, 2009) and the volume transport is higher (Graham et al., 2013).

3.6. The Antarctic Coastal Current
The slope current bifurcates around 278W (Heywood et al., 1998). The ACoC branch is directed southward,
and roughly follows the coast of the Brunt Ice Shelf. Existing current data from CS and CC are from different
time periods. Hence, we cannot assess directly how the upstream ASF affects the ACoC. However, the CC
current data set comprises more than 2 years of recorded current, and therefore enables analysis of the
year-to-year variability and possible connections to the ASF.

The current variability at CC is largely wind-driven (R 5 0:5799, Figure 10 and Table 1). The wind and current
correlation is higher in 2003 compared to 2004. This is opposite to what we find at FS2, where the correla-
tion with wind is highest in 2004. Correlations obtained from 150 days moving windows exceed the 95%
confidence limit continuously from May to December 2003 (horizontal bars in Figure 10b). In 2004, the run-
ning correlations are significant in several shorter periods.

Wavelet analyses of current speed and wind stress reveal two differences between the first and the second
deployment year (Figures 10d and 10e). First, the spectral energy is distributed differently. In 2003, the total
energy for both wind and current is weaker than in 2004. Most of the energy is at low frequencies (T> 64
days), although power is also seen in the 16–32 day period band around September. In 2004, strong

Figure 9. Time series of (a) Wind velocity from ERA Interim, (b) 15d low-passed along-flow ERA wind stress and along-
flow current speed at CS1 (red solid line) and CS3 (red dashed line), and (c) potential density, rH ,at CS1–3 in 2009. Time
series of the Real part of the complex wavelet transform (Re(Xx)) of Figure 9d alongslope wind speed, (e) along-flow cur-
rent speed at CS1, and (f) along-flow current speed at CS3. The color scale ranges from 27 to 7, and the thick black lines
in Figures 9e and 9f show the cone of influence from the edge effects.
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oscillations are found at all displayed frequencies (T � 8–128 days), and could be the result of strong storm
activity. We note a strong storm event in May 2004, associated with high wavelet power at all frequency
bands (Figure 10d). The storm event lasts approximately 10 days with associated alongslope wind speed
above 10 m s21 throughout the event, and a maximum of 25 m s21. Second, the wavelet amplitudes for
wind and current are in phase for all frequencies in 2003, i.e., positive/negative amplitudes (red/blue
patches) occur at the same time, while this is only true for oscillations with T< 64 days in 2004. In February
2004, when there is low SIC and a warm surface layer (Figure 10c), low-frequency oscillations (T> 64 days)
appear in both time series. However, the oscillations are not in phase. This could explain the reduced corre-
lation, despite the strong 16–64 day period oscillations present in both time series.

4. Discussion

The southeastern Weddell Sea is a remote region where observations are scarce. The data set compiled and
presented in this study are from moorings deployed at various key locations, but typically in different years.
The lack of concurrent sampling limits our ability to link mechanisms of forcing to circulation patterns.

Figure 10. Time series of (a) ERA wind velocity, and (b) 15 day low-passed along-flow ERA wind stress (gray shade) and
inflowing current speed at CC (orange). The horizontal bars in Figure 10b indicate periods of correlation between wind
and current speed above the 95% significance level identified from moving windows of 150 days. The thick bars indicate
the center point of each moving window, and the thin lines indicate the time span of the moving windows. (c) Sea Ice
concentration from the slope (indicated by red curve in Figure 1) and potential temperature at 194 m (orange line) and
114 m (light orange shade). The temperature axis is cut at 21.58C to increase the resolution of the lower temperature sen-
sor. The upper temperature reach a peak of 21.268C during late February 2004. Real part of the complex wavelet trans-
form (Re(Xx)) of Figure 10d alongslope ERA wind speed, and (e) inflowing current speed at CC. The thick black line in
Figure 10e shows the cone of influence from edge effects.
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Nevertheless, important insight is gained from the analysis with implications on the regional circulation pat-
terns and the response to wind forcing at monthly time scales.

The slope current has previously been shown to respond to the seasonal cycle of the wind forcing along
the continental slope (e.g., Fahrbach et al., 1992; Graham et al., 2013; N�u~nez-Riboni & Fahrbach, 2009). Sver-
drup (1953) suggested that the on-shore Ekman transport, associated with wind from the east, builds up a
pressure gradient toward the coast that leads to a stronger slope current. Here we show that a similar rela-
tion exists on monthly time scales. We find significant positive correlations between the monthly scale
alongslope wind variability and the along-flow current variability on both the continental slope and along
the Brunt Ice Shelf, in the ACoC pathway (Figures 9 and 10).

The ACoC crosses the shelf break where the continental shelf widens up around 278W (see Figure 1). During
periods of high along-flow wind speed, the ACoC speed is also high. This could indicate a higher water
exchange between the continental slope and the shelf, but cannot be confirmed with only a single observa-
tion point. The amount of heat transported by the ACoC depends on the water masses associated with the
transport. The majority of the heat is carried by solar heated surface water that accumulates along the coast
(Sverdrup, 1953). At CC, we observe warm water in the upper layer during summer (Figure 10c). However,
this water is likely too light and located too high up in the water column to enter the ice shelf cavity. Closer
to the bottom at CC (194 m), the temperature increases slightly during summer, and both the current speed
and the correlation with wind stress is weaker. This is likely related to a strong cross-flow wind speed com-
ponent (toward NW). Cross-flow wind is common during summer, but does not occur every year.

The low-frequency wavelet amplitudes for wind stress and CC current shifts out of phase from summer
2004, and throughout the year (Figures 10d and 10e). During summer, the SIC is low and the wind stress is
weak. Although the record at CC do not cover the full summer season in 2003 and 2005, it indicates a sea-
sonal signal in temperature, with higher temperatures during summer in all years. The summer conditions
are therefore similar in 2003 and 2004, and cannot explain why the low-frequency wavelet amplitudes shift
out of phase in 2004, and not in 2003.

Darelius et al. (2016) suggested that the seasonal inflow of MWDW in the FT is a two-step process. First, warm
water is lifted onto the shelf, and second, warm water present on the shelf can be transported south during
favorable wind conditions (wind toward southwest). If MWDW comes into contact with the ice shelf,
enhanced basal melting is expected. The MWDW flowing southward along the eastern flank of the FT is
observed to recirculate and return northward in the FT (Figure 8). This inflow and recirculation of MWDW
occur seasonally, and is not to be confused with the recirculation of the slope current in the sill area. The
southward extent of the MWDW inflow recirculation may vary from year to year. MWDW was observed at
FT1–2 in 2013, but was absent near the FIS in 2011 (Darelius et al., 2016). This could be explained by differ-
ences in wind forcing in 2011 and 2013. Dense water masses present on the shelf could also affect the south-
ward transport of MWDW. In March–July, when the warm inflow is observed at ES1–2, the ISW layer does not
reach the eastern shelf (Ryan et al., 2017). The thickness of the ISW layer could explain the seasonality of the
flow direction in ES1–2. While a thin ISW layer allows southward flow of warm water, a thick layer could block
the southward flow, and aid a westward redirection of the current. In order to quantify and monitor the south-
ward heat flux in the FT and on the eastern shelf, one has to quantify the recirculation of MWDW, or place the
moorings so far south that the recirculation occurring south of the mooring array is negligible.

In the FT and over the Filchner sill, we find unexpectedly strong correlation between the dense ISW over-
flow speed and the alongslope wind stress on monthly time scales. This connection implies that changes in
the atmospheric circulation could affect the production rates of Antarctic Bottom Water, through changes
in the overflow properties, and associated mixing rates with ambient water masses.

Wang et al. (2012) showed that, on seasonal scales, the Filchner export responds to onshore density anoma-
lies caused by wind-induced variation of the isopycnal depression at the coast, with a lag of about 1 month.
The observed variability of the overflow in the FT and sill reported here, responds to wind variability on the
continental slope with no, or very short lags (less than 7 days). The mechanism for this covariability is differ-
ent from the one described by Wang et al. (2012).

We do not have sufficient data to calculate the volume transport of the ISW overflow. The observed current
speed variability could result from changes in the shape and/or position of the overflow current. Since we
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do not have simultaneous observations from the continental slope and the overflow we cannot verify a link
between the slope current and the overflow, or that recirculation of the slope current occurs. However, we
do find higher correlations in periods when there is strong alongslope wind, combined with the presence
of warm water (MWDW) in the upper water column (e.g., Figure 6), which could indicate that recirculation
occurs (Daae et al., 2017). In 1997 (FS4), there is no indication of recirculation when the wind speed and its
variability is weak, consistent with the modeled weak wind regime in Daae et al. (2017). At FT1–2, we only
find short periods of correlation between wind and outflow speed. This indicates that either (I) the influence
of monthly scale wind variability does not reach this far south, or (II) the wind forcing was not sufficient to
drive a strong recirculation, as observed at FS4 in 1997. We suggest that (I) is the most likely reason, since
the alongslope wind speed was high during most of the year (2013).

At FS1–4, we find large year-to-year variability in the correlation between wind and current speed for both
consecutive years from multiyear deployments (FS2 in 2003–2004 and FS3 in 2014–2016), and for deploy-
ments at the same location in different years (FS1 and FS2). In addition to the interannual variability in the
wind forcing (section 3.1), the Filchner Sill area is affected by several forcing mechanisms such as continen-
tal shelf waves (Jensen et al., 2013; Middleton et al., 1982; Semper & Darelius, 2017), tides (Fer et al., 2015;
Pereira et al., 2002), SIC, and variability in the outflow of cold, dense, shelf water from underneath the FIS.
Variability related to these mechanisms could be affecting the recirculation of the slope current. It is there-
fore likely that recirculation, and hence the link between ISW overflow speed and alongslope wind stress, is
strongest in periods when the wind forcing at low frequencies is the dominating source of variability.

In several mooring deployments at FS1–4, we find significant correlation between wind and current speed
during autumn, which ceases during winter. Although the results are not conclusive, this could indicate that
recirculation of the slope current is strongest when the slope current is strong and barotropic (March–June,
section 3.5, N�u~nez-Riboni & Fahrbach, 2009). Other mechanisms such as continental shelf waves, weaker
wind forcing, or a cross-flow wind direction could also influence the slope current and recirculation.

The highest correlation between the alongslope wind and overflow speed at the Filchner sill is found at
FS1 in 1977. Here, the alongslope wind forcing is strong, and we find high anomalies for both 1 and 10 year
low-pass filtered Halley wind speed (Figure 3a). In the past few decades, atmospheric conditions in the
southern high latitudes have been changing (Thompson & Solomon, 2002). The Southern Annular Mode
(SAM) is thought to be the primary driver of such long-term climate variability (Thompson & Wallace, 2000).
The SAM index is calculated from the difference in mean sea level pressure (mslp) between 408S and 658S.
A positive SAM index is connected to a stronger cyclonic wind stress and spin-up of the Weddell gyre. Since
the late 1970’s, the SAM index has been increasing (Marshall, 2003), likely as a result of stratospheric ozone
depletion and greenhouse gas emissions (Gillett & Thompson, 2003; Polvani et al., 2011). We find no signifi-
cant correlation between the SAM index and the alongslope wind speed (2458) at Halley or in the continen-
tal slope region. However, the effect of SAM is most pronounced in multidecadal time scales, and the
period we are studying might be too short to evaluate the effect of SAM directly. We do find a weak long-
term wind variability in 1980–1990, when the SAM index is close to zero (not shown), but instead of
increased wind speed since the 1970’s, we note a long-term weakening of the alongslope wind speed from
1977 to 2010 (Figure 3a).

In addition to the SAM, the Semi-Annual Oscillation (SAO) affects the annual cycle of pressure and wind in
the high southern latitudes. SAO results from differing annual cycles of temperature in the midlatitude
ocean and the Antarctic regions (Meehl, 1991; Simmonds & Jones, 1998; Van Loon, 1967). SAO causes a
poleward shift of the circumpolar trough in spring (September) and autumn (March), with associated higher
meridional pressure gradients and surface wind stress (Hurrell & Loon, 1994). The amplitude of SAO is high-
est between 558S and 658S (Large & Loon, 1988). Unlike SAM, the phase of SAO is consistent from year to
year, and is therefore thought to influence the long-term mslp more strongly than SAM at high latitudes
(Hurrell & Loon, 1994). The SAO was particularly strong in the late 1970s, but has since been declining, likely
caused by seasonal temperature changes in connection with SAM (Marshall, 2003; Van Loon et al., 1993).
The observed long-term negative trend in alongslope wind speed at Halley (Figure 3) is consistent with the
reduction of SAO. We speculate that the high correlations between wind and overflow at the Filchner Sill at
FS1 in 1977 could be connected to strong SAO, and the reduced correlations found in later records, could
partly be caused by decreased effects of SAO. However, the current data set is not sufficient to test whether
the wind-current correlation is affected by the variability in SAO.
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5. Conclusions

Observations of ocean currents and temperature from 14 moorings in the southeastern Weddell Sea are
analyzed. We find significant correlation between the ISW overflow speed in FT and the alongslope wind
stress over the upstream continental slope, which could have implications for the production rates of
AABW. During strong northeasterly winds, we identified current records consistent with the recirculation of
the slope current (RSC) at the mouth of the FT, as shown in the idealized numerical model results of Daae
et al. (2017). We suggest that the RSC could explain the correlation between the wind stress and the over-
flow, however, in order to firmly establish whether recirculation of the slope current occurs, an array of
moored instruments is needed over the Filchner Sill, covering both the RSC and the ISW overflow.

The variability in the slope current and the ACoC is strongly wind-driven on monthly time scales. Few meas-
urements of the ACoC exist, and the amount of heat transported onto the shelf by the ACoC is still
unknown. Our findings show that an increased wind stress along the continental slope leads to an
increased current speed within the ACoC. Strong wind forcing, coinciding with a thin thermocline could
therefore lead to large heat transports onto the shelf and contribute to basal melting of ice shelves. Simi-
larly, the seasonal inflow and recirculation of MWDW to the eastern shelf is partly wind-driven. Long-term
changes in the atmospheric forcing can alter the present situation characterized by weak and seasonal
MWDW inflow, and possibly increase the heat transport onto the shelf region.
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