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Abstract Model projections suggest that the continental shelf in the southern Weddell Sea may experience a
shift from today's near-freezing temperature to a much warmer state, where warm water floods the shelf and
basal melt rates beneath the Filchner Ronne Ice Shelf increase dramatically. Today, the Filchner Trough serves
as a conduit for the southward flow of Warm Deep Water (WDW) during summer and, thus, requires continuous
monitoring of its hydrographic conditions. An extensive network of moorings was installed at key sites along
the inflow pathway from 2017 to 2021, to expand on existing mooring records starting in 2014. The moorings
complemented with under-ice profiling floats reveal two inflow pathways, where WDW enters along the eastern
flank of the Filchner Trough as well as through a smaller trough east of there. Within the observed period, 2017
and 2018 feature anomalously warm inflows. The inflow is regulated by the heaving of isopycnals over the
continental slope, and the southward propagation toward Filchner Ice Shelf is two times faster during these
warm years. Furthermore, the warm years coincide with low summer sea ice concentration, which enhances
surface stratification through increased freshwater input and modifies sea ice-ocean stresses that both act to lift
the warm water layer and increase the temperatures on the continental shelf. Finally, the recent record low sea
ice conditions around the Antarctic emphasize the importance of our findings and raise concerns regarding a
potentially increasing presence of WDW on the southern Weddell Sea shelf.

Plain Language Summary Melting of ice shelves, the floating extension of the Antarctic ice sheet,
has been linked to the flow of relatively warm water from the deep ocean into the ocean-filled cavities
underneath them. In the Weddell Sea, the shallow continental shelf is generally covered with near-freezing
water, and the large Filchner Ronne Ice Shelf in the south is presently characterized by low basal melt rates.
Here, we explore four to 7-year-long bottom-mounted mooring records of temperature and velocity from the
region and the drift trajectories of subsurface floats. We show that the water follows two pathways onto the
eastern part of the continental shelf whose relative importance varies from year to year. During years that are
warmer than average, the warm water moves more rapidly across the shelf. The warm water inflow was
especially large in 2017 and 2018 and appeared to be linked to anomalously low sea ice concentration. A
reduced ice cover and changes in the stress at the ocean surface help to bring the warm water higher up in the
water column so that it can more easily flow onto the continental shelf.

1. Introduction

The Filchner Ronne Ice Shelf (FRIS) in the southern Weddell Sea is by volume the largest of all ice shelves
fringing the Antarctic ice sheet (Fox et al., 1994). It buttresses its tributary ice streams that drain about 15% of the
entire ice sheet toward the ocean (Rignot et al., 2013). As of today, FRIS is considered as being relatively stable
(Pritchard et al., 2012; Rignot et al., 2013) with a mass balance of —124 + 66 Gt a! (Moholdt et al., 2014), which
means that the mass gained from the upstream ice flow and precipitation is roughly balanced by calving at the ice
front and melting at its base. Basal melting is determined by the transport of ocean heat into the cavity that lies
beneath the ice shelf. FRIS is considered to be in a cold cavity regime (Jacobs et al., 1992), where a wide and cold
continental shelf protects the ice shelf from the Warm Deep Water (WDW) that resides at mid-depth off the
continental shelf. However, model projections (Hellmer et al., 2012, 2017) indicate that a shift toward a warm
cavity regime is possible in the future under a high warming scenario. Warm water would then flush the con-
tinental shelf and the ice shelf cavity, leading to an up to 10 times increase in basal melt rates within less than
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50 years (Thoma et al., 2015). The magnitude and timing of the projected changes in basal melt rates are disputed
in different studies (Daae et al., 2020; Nissen et al., 2022; Siahaan et al., 2022) which highlights our limited
understanding of the processes that drive interannual variability and long term changes.

One of the main gateways of the warm water entering the continental shelf and FRIS is provided by the Filchner
Trough that intersects the shelf and connects the Filchner Ice Shelf with off-shelf waters. Inflow of warm water
onto the shelf is also occurring in the Central Trough at about 44°W (Davis et al., 2022; Janout et al., 2021;
Nicholls et al., 2008), but sea ice makes this trough nearly inaccessible and observations rely mainly on
autonomous vehicles or tagged seals. The eastern part of the Filchner Trough and the continental slope upstream
are more easily reachable by ship. In situ observations there have provided an understanding of the inflow of
warm water onto the shelf and its seasonal variability. The warm water is transported into the southern Weddell
Sea by the Weddell Gyre from the east and flows westward along the continental slope with the Antarctic Slope
Current (ASC; Ryan et al., 2016). The prevailing easterly winds push the WDW layer downward through Ekman
dynamics, creating the Antarctic Slope Front (ASF) which separates the warm ocean waters from the cold
continental shelf waters. During summer, when the easterly winds weaken and surface stratification increases, the
thermocline shoals and the WDW, or its modified version (mWDW), flows onto the shallow continental shelf at a
depth of about 400 m (Ryan et al., 2017; Arthun et al., 2012). Once on the continental shelf, the mWDW follows
the bathymetry southward along the eastern flank of the Filchner Trough toward at least 76°S (Ryan et al., 2017).
The deeper Filchner Trough is filled with cold and dense Ice Shelf Water (ISW) that lies beneath the mWDW
layer due to its high density. This ISW layer blocks the access of mWDW into the cavity beneath the 400-450 m
thick ice shelf (Daae et al., 2020; Fretwell et al., 2013), but mWDW has been observed as far south as the ice front
in 2013 (Darelius et al., 2016). While the seasonal inflow of the mWDW has been observed on the slope and on
the continental shelf, there have so far been no synchronous observations across different locations to provide a
broader view of the propagation of the inflow toward the Filchner Ice Shelf.

Drivers of the seasonality of the ASC and the slope front have been identified to be related to the zonal wind
stress, Ekman transport, sea ice concentration, and thermohaline forcing linked to warming and cooling or sea
ice production (Nufiez-Riboni & Fahrbach, 2009). The seasonality of the ASC north of the Filchner Trough is
linked to the seasonal cycle of the mWDW shoaling and deepening (Darelius, Fer, et al., 2024): When the
current is strongest, the mWDW layer deepens; when the current is weakest, the thermocline shoals. So far, time
series have been too short to analyze drivers of interannual variability of the warm water inflow onto the
continental shelf in the vicinity of the Filchner Trough. The observed presence of mWDW as far south as the ice
front in 2013 was hypothesized to be associated with generally weak easterly winds that lift the thermocline off
the continental shelf in combination with short-lived wind events that enhance the southward transport of
mWDW (Darelius et al., 2016). An exceptionally warm and prolonged inflow of warm water into the Filchner
Trough in 2017 was hypothesized to result from preceded strong sea ice melt that caused increased density
gradients across the ASF and increased instabilities that bring the WDW southward onto the continental shelf
(Ryan et al., 2020). This warm anomaly in 2017 has also been observed within a 12-year-long temperature
record below the Fimbul Ice Shelf at the Prime Meridian, 20° farther east of the Filchner Trough (Lauber
et al., 2023; Lauber, Hattermann, et al., 2024), suggesting the onset of an anomalously warm period there. The
observations in the Filchner Trough region have so far been too short to investigate the interannual variability in
mWDW flow onto the continental shelf and its potential link to processes over the continental slope.

In this study, we make use of 4 to 7-year-long synchronous mooring records on the continental slope north of the
Filchner Trough, on the Filchner Sill and on the continental shelf at 76°S to get a better understanding of the
southward propagation and the variability of the warm water flow toward the Filchner Ice Shelf. We combine the
mooring velocity observations with the trajectories of subsurface profiling floats to reveal pathways of the
southward flow of mWDW from the continental slope onto the shelf. Then, we analyze the seasonal variability of
temperature and velocity on the shelf, followed by estimates of the advection time scale of mWDW from the
continental slope toward 76°S based on the mooring records and the float trajectories. We further describe the
interannual variability of the mWDW presence observed over the continental slope and its propagation onto the
continental shelf. We then provide insights into the drivers of the interannual variability of the warm water inflow
based on sea ice and wind data as well as historical hydrographic observations and finish with a discussion.
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Figure 1. Overview map of the Filchner Trough region in the eastern part of the southern continental shelf in the Weddell Sea.
The bathymetry is from IBCSO (Arndt et al., 2013) with marked contours every 100 m. Grounded ice is shaded dark gray and
floating ice shelves are light gray. Mooring locations are marked with colored circles, historic CTD casts with gray dots, and
the deployment location of the APEX floats as diamonds. Red and blue arrows are a sketch of the circulation of relevant
water masses, mWDW and ISW, respectively. The inset in the upper left shows the location of the study site.

2. Data and Methods
2.1. Moorings

We use a network of oceanographic bottom-mounted moorings that were deployed during the WAPITI cruise on
R/V James Clark Ross in February 2017 (JCR16004; Sallée, 2018). The mooring locations are shown in Figure 1
and detailed information is given in Table 1. We use a naming of the moorings according to their location with
numbers from the shallowest to the deepest mooring. Two moorings were deployed on the upper part of the
continental slope: Mg,p.1 and Mg, (Darelius, Janout, et al., 2023, 2024). Four moorings were deployed on the
Filchner Sill: Mg, Mg, Mgz, and Mg (Steiger & Sallée, 2023), plus one mooring at the entrance to the
“Small Trough” on the eastern continental shelf: Mgy (Steiger & Sallée, 2023). We use additional three moorings
Mcs1, Mcs,, and M3 on the continental shelf over the eastern flank of the Filchner Trough at about 76°S (Janout
et al., 2022). These three moorings are operated since 2014 (Schroder et al., 2017a, 2017b, 2017c) and were
redeployed during the RV Polarstern expedition PS111 in February 2018 (Schroder, 2018; Schroder et al., 2019a,
2019b, 2019c). All moorings were recovered during the RV Polarstern-expedition PS124 in February 2021
(Hellmer & Holtappels, 2021). The moorings were equipped with current meters (ADCPs from RDI and/or
Aanderaa RCMs) and hydrographic sensors (SBE37, SBE39 and SBES6 from Seabird Electronics). We present
the hydrographic data as conservative temperature ® and absolute salinity SA using the TEOS-10 equation of
state (McDougall & Barker, 2011). Since many of the moorings only had one salinity sensor attached, we assume
a constant salinity for the calculation of conservative temperature, which induces an error of about 0.001°C. We
define ISW as water with a conservative temperature of ® < —1.9°C and mWDW as water with ® > —1.7°C. All
data are hourly averages, and we filter the temperature and velocity time series with a 2nd order low-pass
Butterworth filter with a cutoff frequency of 66 hr to remove tides. The velocity data are additionally
smoothed with a 30-day running mean. Further treatment of the data, if applied, is described in the text. In order to
produce a continuous long-term temperature record at Mg, that was redeployed with slightly different bottom
and sensor depths, we linearly interpolate the data onto a constant grid with 20 m vertical resolution.
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Table 1
Details of Moorings and Floats Used in This Study
Orig. Latitude/ Start/ Depth Depth of hydrogaphy Depth of velocity

Name Name longitude end [m] sensors [m] measurements [m]

Mg S2E17 74°51.04’S/ 23.02.2017 600 590, 567, 542, 517, 492, 467, 586:2:498"
32°05.41'W 01.03.2021 442, 417, 392, 367, 342, 317

Mg P2 74°51.04’S/ 12.02.2017 580 569+, 550, 520, 495, 470, 5707, 480"
31°22.72°W 16.02.2021 445, 420, 395, 370

Mgin P1 74°51.03’S/ 12.02.2017 548 540, 515, 490, 465, 443, 534:4:454*
31°03.72’W 16.02.2021 423, 398, 373, 348 424:16:56"

Mgin P4 74°51.00°S/ 11.02.2017 435 4287 403, 379, 430:4:366°,
30°23.01'W 15.02.2021 335, 313, 303 313%

Mgr P5 75°23.38’S/ 09.02.2017 437 430*7, 407, 382, 4317 3847 335
28°38.22'W 09.03.2021 362, 333, 323

Mgiope2 M3P 74°33.00°S/ 24.02.2017 740 716, 707*, 682, 657, 632, 484:16:52
29°54.48°'W 14.02.2021 604*, 579, 554, 529%,

503:25:353, 328*, 303

Mgiopet M6° 74°35.70S/ 24.02.2017 530 505, 496*, 471, 456, 310:8:38
29°54.9TW 13.02.2021 431%, 404, 379, 354*, 328

Mcg A252-1° 76°05.49’S/ 05.01.2014 450 430*, 332*

30°28.24'W 21.01.2016
A252-2¢ 76°05.47°S/ 22.01.2016 455 412%, 397*, 372%, 348*, 334*
30°28.19°'W 04.02.2018

A252-3  76°05.54’S/  05.022018 467 443+, 428, 403, 378, 350* 449, 349

30°28.14'W  01.03.2021

Mess A253-3  76°0274°S/  05.022018 471 443+, 423, 403, 383, 354* 453,353
31°01.42°W  01.03.2021

Mes; A254-3  75°57.68'S/  05.022018 606 578*, 553, 528, 481, 400
31°29.79°'W  02.03.2021 461, 441, 405*

Fgr P12682°  74°27.16’'S/  10.022017 400 - -
26°10.99°'W  07.01.2021

Fsu P12703°  74°51.17°S/  12.022017 400 - -
30°38.78°'W  30.10.2020

Es P12684°  76°28.38’S/  18.02.2017 250 - -

32°43.08°'W 14.01.2021

Note. The depth of hydrography sensors refers to temperature; * marks the depths with additional conductivity measurements.
The depths of velocity measurements are only given if used. The depth for the floats refers to their parking depth. *Sensor run
out of battery before recovery. ®Darelius, Fer, et al. (2024) (their M40 and Ms;3). “Ryan et al. (2017) (their Mz sy ). dRyan
et al. (2020) (their M3 5y). “Sallée et al. (2024).

2.2. Floats

During the WAPITI cruise in February 2017, Apex profiling floats were deployed at locations close to the
mooring sites. The floats carried a SeaBird SBE41 hydrography sensor, and they were positioned beneath sea ice
with the RAFOS system (Rossby et al., 1986) every six hours based on timed arrivals of signals from sound
sources attached to three of the moorings. More information on the floats and the position assignment is provided
in Sallée et al. (2024). We here use three of these floats, Fgr, Fg;;;, and Fg, that were deployed in the Small Trough,
on the Filchner Sill, and farther south on the continental shelf, respectively (Table 1). The first two floats were
parked to drift at 400 m depth, the depth at which mWDW is typically found in the Filchner Sill region. This depth

STEIGER ET AL.

4 of 23

85UB017 SUOWILOD BAIIERID) 3|qeoi|dde 8y Aq peuseAob ae Saie YO ‘8sn Jo 3| 104 ARIqIT 8UIIUO /8|1 UO (SUORIPUOO-PUR-SWBY WO A8 1M AReIq Ul |UO//SANY) SUORIPUOD pUe SWB | 84} 89S *[5202/c0/0z] Uo AriqiTauliuo 8|1 ‘@0ueld 8URI400D AQ 0020200CE202/620T OT/10p/woo A8 |im Aeiqiput|uosgndnBe//sdny wouy pepeolumod ‘TT ‘v202 ‘T6266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2023JC020700

agrees with the mean maximum temperature depth based on historic CTD profiles within the area of 20—45°W
and 73-76°S. F-¢ was parked to drift at 250 m depth to avoid it entering the ice shelf cavity.

23. CTD

We complement CTD-data from the deployment and recovery cruises (Sallée, 2018; Tippenhauer et al., 2023)
with available historical CTD data collected during summer (DJF) both by ship and instrumented Weddell Seals
over the Filchner Sill (28°30’W to 35°30°W, 74’S to 75°06’S, Figure 1) from 1979 and on. All profiles are
linearly interpolated onto a vertical 1 m grid. The number of profiles within the area of interest varies strongly
between the years (Figure 8b), and to give equal weight to each year, we calculate yearly mean profiles of
temperature and salinity.

2.4. Forcing Data

We use daily averaged sea ice concentration and zonal 10 m winds on a 0.25° X 0.25° grid from ERAS reanalysis
(Hersbach et al., 2018) and daily sea ice velocity data from the National Snow and Ice Data Center (NSIDC)
(Tschudi et al., 2019) with a 25 km X 25 km spatial resolution. We focus the surface forcing on a region over the
continental slope (slope region; similar to Ryan et al., 2020) bounded by 35°W to 15°W and 750-3,500 m depth.

The sea ice drift data are linearly interpolated onto the ERAS grid and used to calculate ocean surface stress 7 as a
weighted contribution of ice-water and air-water stresses (Dotto et al., 2018; Martin et al., 2016):

T=at, + (1 —a)7,,, (1)

where a is the sea ice concentration, 7;, = p,,c;,|4;|#; is the ice-water stress, and 7,,,, = p,cq|U,| U, is the air-water
stress, with the water and air densities of p,, = 1025 kg m™>, Pa=125kg m™, respectively, and the air-water and
ice-water drag coefficients of c;, = 5.5 X 1073 and ¢, = 1.25 x 1073, respectively. We note that the ocean ve-
locities within the ASC (at Mg,,1) are in the order of magnitude of 0.1 m s~ during summer (Darelius, Fer,
et al., 2024), that is, two orders of magnitude smaller than the wind speed, but of similar magnitude as the sea ice
drift. Unfortunately, we are not aware of available spatial fields of ocean currents that could be included in the net
surface stress calculation. Geostrophic currents from satellite altimetry data (Auger et al., 2022) are of poor quality
for the calculation of the curl and are missing over the slope in our study area.

Based on the ocean surface stress, we calculate the ocean stress curl as
curl = (kx V) -7 2)

Assuming a constant Coriolis forcing within our study region (f = —1.4 x 10™* s™"), ocean stress curl is pro-

portional to Ekman pumping with a factor of (fpa)_l. Positive values correspond to downwelling and negative
values correspond to upwelling. Coastal convergence is not taken into account, because sea ice drift data are not
available along the coast (see missing data along the coast in Figures 7i-71).

2.5. Calculation of Heat Content, Temperature Transport, Advection Times and Correlation

We calculate the heat content at the moorings as the depth-integral of the difference between the conservative
temperature and the lowest temperature found in the data, ®, = —2.24°C, according to:

H= ./ /)wcl)(@ - ®0) dz, (3)
22

where p,, = 1,027.85 kg m™? is the density, ¢, =3,991.97 (kg K) ™" is the specific heat capacity, and z, and z, are
the depths of the lower and the upper temperature sensors. Where intermediate temperature sensors failed, a linear
interpolation is used; where upper- or lowermost sensors failed, the missing data are filled with the data from the
nearest sensor. Note that the moorings only provide temperature records within the lower part of the water column
and the captured thickness varies between the moorings; the heat content is consequently underestimated,
especially during peak periods of mWDW inflow when the mWDW layer extends beyond the upper temperature
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sensor, and the magnitude of the heat content is not comparable between the moorings. We are here mainly
interested in the time variability, and we use the heat content time series for lag-correlations and advection times
between the moorings. We alternatively tested our analysis based on the temperature time series at one depth
level; the results are similar to when using the heat content time series, but are sensitive to the chosen depth level.

In addition to the heat content, we calculate the meridional temperature transport Q at each of the moorings as:
21

0= / PcpV(@ — By) dz. €y
2

The meridional velocity v presented is linearly interpolated onto the depth-levels of the temperature sensors. We
present the seasonal cycle of the temperature transport together with the seasonal cycle of temperature and ve-
locity. Because the velocity sensors ran out of battery at different times after 2 years or more, we include two full
yearly cycles (starting at the deployment time) for each of the presented moorings. To calculate the southward
heat transport on the continental shelf and toward the ice shelf, we would need the knowledge of the width of the
current, which the moorings do not provide. The temperature transport can be used as a proxy of the seasonal
variability of the southward heat transport.

The lag-correlation of the unfiltered heat content at different moorings is calculated using the normalized cor-
relation coefficient based on Sciremammano (1979). In addition to the correlation lag (Lag), we determine the
advection times “At” of the mWDW between the moorings as the time difference between the maxima of the heat
content time series, both for the climatology (mean At) and for the individual years (2017-2020). To determine
the timing of the seasonal maxima, we smooth the time series with a 30-day running mean which minimizes the
impact of short term events such as storms and waves. To calculate advection velocity, we estimate the distance
between the mooring locations as a straight line for Mg;;; /Mgy to M¢g;. Between Mgy,,.; and Mg;;; we use the
distance along the 450 m isobaths. While there is no direct connection between Mg;,,,.; and Mgy, we assume that
the variability along the continental slope north of the Small Trough is comparable to the variability at Mg, - We
calculate the advection time between Mg, (representative for the slope north of the Small Trough) and Mg
based on the mooring records, but we calculate the distance as a straight line between Mg; and the closest 450 m
isobaths on the slope north of it.

To analyze the interannual variability of the temperature measured by the moorings and to set it in context with the
forcing data, we use anomalies of the time series, for which we subtract the climatological seasonal cycle from the
full time series. The seasonal cycle is based on the available time range for the moorings and the period from 2012
to 2021 for the forcing data, unless otherwise stated.

We examine the interannual variability of isotherm depth by linearly interpolating the temperature records onto a
vertical grid of 5 m resolution. Note that in the study area, isotherms are mostly parallel to isopycnals, and changes
in the thermocline correspond to changes in the pycnocline.

3. Results
3.1. Mean Pathways of mWDW and ISW on the Eastern Continental Shelf

Previous studies within the Filchner Trough area (e.g., Arthun et al., 2012; Darelius, Makinson, et al., 2014;
Janout et al., 2021; Ryan et al., 2017) have been based on single mooring locations or snapshots from ship- or seal-
based CTD measurements to gain insight into the water masses on the continental shelf and their circulation
pathways. Here we make use of simultaneous measurements at various locations to investigate the circulation of
mWDW and ISW in the Filchner Trough region based on oceanographic moorings and profiling floats. Over the
continental slope, the time-averaged velocities from the moorings (Mgj,pe2 and Mg, ; Figure 2a) show a strong
westward flow of mWDW (more than 0.15 m s~ at its maximum), which is part of the persistent ASC (more
about its vertical structure and the seasonal variability in Darelius, Fer, et al., 2024). On the continental shelf, the
mWDW follows isobaths southward (v < 0) along the eastern flank of the Filchner Sill (Mg;;; and Mg;;») and east
of it through the Small Trough (Mgy) (Figures 2e-2g). At these shallow moorings, the presence of ISW is low or
non-existent (Figures 2j-21). Farther west, over the deeper part within the Filchner Trough (Mg;;3, Mg;;s and
Mcs3), velocities within the thick bottom layer of ISW (Figures Alc—Ald), are northward (v>0) and up to
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Figure 2. (a) Velocities from the moorings averaged within 0.1 °C temperature bins. Arrows symbolize the mean direction and
speed (see black reference vector in the upper right corner) within each temperature bin (color-coded according to the
colorbar). The full velocity records are included for each mooring, but note that the covered time period vary between
moorings (see Table 1 and Figure 3f). (b) Temperature (according to colorbar) along the float trajectories of Fgy (brown
diamond, through the Small Trough), Fg;; (green diamond, along the eastern flank), and F-g (purple diamond, within the
Filchner Trough) at their parking depths of 400, 400, and 250 m, respectively. The diamonds mark their deployment locations.
The contours in the background in (a, b) correspond to bathymetry as in Figures 1c—1g Histograms of the meridional velocity (v)
for the temperature bins within the temperature ranges of ISW (< — 1.9°C, blue) and mWDW (between —1.7°C and —0.8°C,
red) for each mooring over the sill and Small Trough from west to east. (h-1) Histograms as in (c—g) of the temperature bins
within the temperature ranges of ISW and mWDW. The histograms in (c-1) are normalized by the total number of data points
within both water masses, where the number of data points for ISW (blue) and mWDW (red) is indicated for each mooring in the
corresponding panel. In (a, c-1) we only include velocity data at the two depth sensors closest to 10 and 100 m above bottom.
Temperature is linearly interpolated onto these depths.

0.15 m s~ 1. This northward flow of waters below the surface freezing point indicates an outflow of ISW (Foldvik
etal., 2004). At Mg;», where coexisting ISW and mWDW layers are measured, the velocities are southward in the
mWDW layer and weakly northward in the ISW layer (Figures 2a and 2e).
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The mWDW is thus entering the continental shelf over shallower isobaths of the flank of the Filchner Trough and
east of it, and not through the deeper parts of the trough which is filled with northward flowing (dense) ISW. The
southward flow along the eastern flank of the Filchner Trough as seen from the moorings Mg;;, and Mgy, is also
well captured by the float Fg;;, that was deployed in February 2017 on the eastern flank of the Filchner Sill close to
mooring Mg;;; (Figure 2b, green diamond). The float first drifted northward toward the continental slope, then
turned southward to pass again mooring Mg;;; and Mg, reaching as far south as 76°30°S. The temperatures
along the float's trajectory at 400 m depth lie between —1.5°C and —0.5°C, thus, within the range of mWDW.
While this southward flow along the eastern flank of the Filchner Trough has been recorded over several years
(Ryan et al., 2017), mooring Mgy and float Fg; confirm, in addition, a southward flow of mWDW through the
Small Trough at about 27°W (Figures 2a and 2b), previously captured by ship-based transects or seals (Nicholls
et al., 2009; Arthun et al., 2012). Fgr also measured temperatures within the range of mWDW (between —1.7°C
and —0.8°C) at its drift depth of 400 m. For comparison, a third float F-g that was deployed farther south remained
within the deeper Filchner Trough, capturing mainly ISW despite its shallow drift depth of 250 m. While this float
recirculated within the Filchner Trough without leaving it, the ISW captured by the moorings over the sill is
associated with strong northward velocities, indicating the ISW overflow leaving the Filchner Trough. CTD-
sections across the eastern flank in summer 2013 suggest maximum northward flow of ISW at about 500 m
depth (Darelius, Makinson, et al., 2014, their Figure 5). The drift depth of the float might consequently have been
too shallow, its location too far west of the eastern flank for the float to be advected northward out of the Filchner
Trough with the strong ISW current, or it got caught in a long-lived eddy.

3.2. Seasonal Variability of the mWDW Inflow

We will now focus on a subset of the moorings (M1, Mgini» Mgz, Mgy ) to describe the temperature variability
of the mWDW inflow and its propagation from the continental slope onto the shelf. The mWDW is located below
a layer of colder Winter Water (WW) at all locations (Figures 3a—3d). We here use moorings over shallow depths
(<500 m) where mWDW is at the bottom. Deeper inside the Filchner Trough, cold and dense ISW is present
beneath the mWDW throughout the whole year (Figures A1b—A1d). ISW appears occasionally at mooring Mg,
(in early 2019 and 2020, Figure 3d). The seasonal shift between ISW and mWDW at this location has been
described by Ryan et al. (2017), and we here focus solely on the mWDW inflow.

Over the continental slope (Mg, 1, Figure 3a), the mWDW is present at the bottom throughout most of the year.
The temperatures show a strong seasonal cycle with warmest waters of up to 0°C in late February. There is also a
seasonal cycle in the depth of the —1.7°C-isotherm; the mWDW layer reaches up to about 370 m during austral
summer and is pushed down toward the bottom (530 m) during austral winter. The seasonal cycle in the hy-
drography above the upper part of the slope is tightly connected to the (observed) seasonal variability of the ASC
at this location (Darelius, Fer, et al., 2024) and has been suggested to be driven by seasonal changes in the winds
(/f\rthun et al., 2012) and/or upper ocean hydrography (Hattermann, 2018). The concurrent mooring records show
the propagation of the seasonal signal at the continental slope onto the shelf via the Filchner Sill and through the
Small Trough toward at least 76°S. The moorings located on the continental shelf (Mg;;1, Mgr, M¢g1, Figures 3b—
3d) capture a seasonal mWDW signal during summer; in winter the layer of mMWDW at the continental slope is too
deep to reach onto the shelf, where WW occupies the whole water column all the way down to the bottom
(Figures 3a—3d). The seasonal signal of mWDW reaches the mooring at 76°S (Mg, Figure 3d) every year in
early April, albeit with variable temperature and duration.

While the seasonal presence of mWDW often is referred to as a seasonal inflow, it is not clear whether the actual
inflow, that is, the current, is seasonal or whether it is a quasi-constant inflow that advects a seasonal signal in
temperature. The meridional velocities at the moorings Mg;;;; and Mg do show a seasonal signal with a weak
southward and occasionally reversed flow at the beginning of austral summer (November to February) followed
by stronger southward velocities from March onward (Figures 3f, 4a, 4b, 4d, and 4e). The southward velocities on
the Filchner Sill (Mg;;;) and in the Small Trough (Mgr) start increasing rapidly while the temperatures reach their
maximum, which shows an offset similar to the continental slope where temperatures decrease while the slope
current peaks (Figure 3f and Darelius, Fer, et al., 2024). The mWDW thus already appears on the continental shelf
while the southward velocities at the mooring sites are still weak. Once the temperatures reach their maximum,
southward velocities have strengthened, resulting in a maximum southward temperature transport in March
(Figures 4g and 4h). Occasionally, for example, during the strong temperature peak in the Small Trough in the
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Figure 3. Temperature time series from 2017 to 2021 at the shallowest moorings along the inflow pathway. (a—d) Hovmoller
diagrams of the temperature records from moorings (a) Mgpe1, (b) Mgy, (€) Mgy, and (d) Mg, . The gray contour marks the
threshold for the mWDW (—1.7°C). Gray shading indicates the bottom. The black diamonds on the left y-axis show the depth of
the temperature sensors, and the gray triangles on the right y-axis show the depths of the velocity measurements, with the depths
used in (f) highlighted in black. Mooring Mg, was redeployed in January 2018 at a slightly different water depth and with
different depths of the temperature sensors. (¢) Heat content (H) time series of the moorings, smoothed with a 30-day running
mean. Stars mark the seasonal peaks in heat content. Periods where the —1.7°C-isobath is above the uppermost sensor are
plotted with thin lines. (f) Velocity time series of the moorings smoothed with a 30-day running window. We show westward
velocities (-u) for Mg, and southward velocities (-v) for the other moorings at the depths given in brackets.

beginning of 2018, the temperature peak follows strong southward velocities, indicating a strengthened south-
ward transport of mWDW. Farther south at 76°S (Mcg,), the velocities and thus the temperature transport are
generally small (Figures 4c, 4f, and 4i), but increased southward velocities precede the warmer temperatures,
suggesting that the mWDW is transported here by the southward currents.
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Figure 4. Seasonal cycle of conservative temperature ® (a—c) and meridional velocity v (d—f) at the moorings Mg;;;;, Mgr, and
Mcg; - The meridional velocity is linearly interpolated onto the depth-levels of the temperature sensors and smoothed with a
30-day running mean. The black triangles on the right y-axis show the depths of the measurements. (g—i) Shows the seasonal
cycle of the meridional temperature transport Q (Equation 4) in color and for each year in gray according to the legend in (h).

3.3. Southward Advection of mWDW

Using the records from the moorings and the floats, we quantify the advection timescale of the mWDW flow from
the continental slope onto the shelf. We use the correlation lag (Lag) of the unfiltered heat content time series from
the moorings, and, alternatively, the time difference of the heat content peaks in summer between the moorings
(At) to solely focus on the mWDW inflow (Table 2). Note that there are uncertainties in the determination of the
timing of the maximum peak in the heat content given that not the whole water column is captured and due to the
high short-term variability of the heat content which we try to overcome by smoothing the time series. While At
only captures the advection of the seasonal heat content peak during summer, the Lag also incorporates the impact
of a seasonally changing current speed—and even reversed current direction (Figures 3f and Ryan et al., 2017)—,
as well as the onset of the winter convection and short-term variability. We present a time range for the advection

Distance (Dist), Lag-Correlation (Corr, Lag), Advection Times (At) and Velocities (Vel) Between the Four Moorings Ms;ype1, My, Msy, and Mg,

Moorings Floats Estimate

Dist
(km)

Corr

Lag

At (days), mean (2017, 18, Vel (cm sfl), mean (2017, 18, Dist At Vel At

(days) 19, 20) 19, 20) (km) (days) (ems™hH (weeks)

Miope1—Msin 47
Mgigpe1—Msr 78
Mgin-Mcs 135
Mgr—Mcs 90
Mgiope1~-Mcs 182

0.65
0.53
0.60
0.80
0.47

9
19
56
26
56

9(8,1,9,9) 6 (6,27, 6, 6) - - - 1
18 (11, 16, 32, 38) 5(5,5,3,2) - - - 2-5
38 (25, 32, 57, 52) 4(7,5,3,3) 167 40 5 4-8
29 (22, 17, 34, 23) 4@3,6,3,5) 92 12 9 2-5
46 (33, 33, 66, 61) 4(6,6,3,3) - - - 5-9

Note. The correlations are based on the full (unfiltered) heat content time series and the advection times on the seasonal peaks of the smoothed heat content (Figure 3e,
see Section 2). The correlations are significant on a 95% significance level, except the correlation between Mgy,,.; and Mg (in italic), which is significant on a 90%
significance level. The advection times and velocities are given for the climatology (mean) and for the individual years (2017-2020, where the “warm years” 2017 and
2018 are in bold and unrealistic values in italic). For comparison, we present the distance, Lagrangian advection time and velocity between Mg;;;—M¢g; and Mgr—M g
based on the float trajectories, where we use the times when Fg;;; and Fgr pass closest to the corresponding mooring locations. The last column shows a concluding
estimated maximum range for the advection times, based on the different methods and the year-to-year variation.
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between the different mooring sites, based on the two different calculations and year-to-year variations (last
column in Table 2). The time for the signal to reach from Mgy, t0 Mgy is about 1 week, and from Mgy, to Mgy
about 2-5 weeks (Table 2). From then on, the temperature signal propagates for about 4—-8 weeks from Mg;;; to
Mg, and about 2-5 weeks from Mgz to Mg . In total, the signal takes about 5-9 weeks from the continental slope
(Mgjoper) 10 76°S (Mcg;) via the two pathways.

Comparing the advection time At of the maximum peak year by year (Table 2) shows that there is a strong
interannual variability and that, in general, the heat content peak traveled about twice as fast in 2017 and 2018
(~0.05-0.06 ms™1) compared to 2019 and 2020 (~0.03 m s7h. Unfortunately, none of the velocity measurements
on the continental shelf cover the whole 4-year period to compare the interannual variability in the advection of the
warm water peak with the velocities measured at the moorings. The velocity measurements at Mg, cover the
period from 2018 to 2020 and confirm a stronger southward current in 2018 (0.03 m s™") compared to 2019
(0.01 ms™) and 2020 (0.02 ms™) (Figure 3f), where we used an average in depth (449 and 349 m depth) and the
time period between the heat content peak at Mg;;; and Mg;. While mean currents at Mg, are indeed stronger
during the warm inflow years, this is not the case at M;;;; and at Mgy (Figure 3). We note, however, that the seasonal
warm inflow is not aligned with the strongest southward velocities at these locations (Figure 4).

The floats Fg;; and Fgr deployed in 2017 reveal additional information on the Lagrangian pathway of the mWDW
southward toward the ice shelf (Figure 2b) and they provide another estimate of the advection timescale between
the moorings, as they passed close to the mooring locations. Float F¢; took a direct path through the Small Trough
from Mgy to Mg (along-path distance between the moorings of 92 km compared to a straight line distance of
90 km) in only 12 days (compared to 22 days advection time inferred from the heat content peak) (Table 2). The
float passed between the two moorings during a period of strong currents, with an average speed of ~0.1 m s
based on the drift speed of Fg; and the southward velocity at Mgr. The other float Fg;; that started over the
Filchner Sill took a less direct trajectory between Mg;;; and Mg, (167 km compared to 135 km) and moved
slower between the two moorings (40 days) compared to the advection time based on the heat content peak
(25 days). We conclude that the floats provide relevant information on the possible pathway and temperature
between the two moorings, but advection times cannot be inferred from float trajectories solely and require the use
of long-term observing systems such as moorings.

Both the moorings and the floats suggest two pathways of the mWDW into the Filchner Trough: over the Filchner
Sill and farther east through the Small Trough (Figures 2a and 2b). Since the moorings Mg;;; and Mg, were
deployed at similar isobaths, we assume them to be directly comparable as they are typically occupied by the same
density water. The measurements show a generally lower heat content at Mgy and less presence of mWDW during
summer (Figures 3b, 3c, and 3e). However, in 2018, the temperatures in the Small Trough reached up to 0°C
(Figure 3d), which is warmer than the temperatures recorded at the other moorings. While the heat content time
series farther south at Mg, (Figure 3e) typically follows the heat content time series at Mg;;;, the pronounced
temperature peak in 2018 resembles instead the peak at M. The records suggest that, in some years, the mWDW
turns onto the continental shelf at the opening to the Small Trough, but in other years, it continues along the
continental slope and flows into the Filchner Trough over the Filchner Sill.

3.4. Interannual Variability of the mWDW Inflow

The temperature records at all moorings along the mWDW inflow pathways (Figure 3) show a similar seasonal
cycle and interannual variability. It is apparent in the time series on the continental shelf (Mg;;;, Mgy, and M¢g1),
that the presence of mWDW in 2017 is longer there compared to the other years (Ryan et al., 2020), even per-
sisting throughout the wintertime over the Filchner Sill and within the Small Trough (Mg;;; and Mgy). All
moorings also show that the inflow in summer 2018 is the warmest within the 4-year measurement period. We
thus identify the years 2017 and 2018 as “warm inflow years.” With the 4-year long time series, we can now
investigate the propagation of the interannual temperature variability from the slope onto the shelf. The seasonal
cycle in temperature is directly linked to heaving of the isotherms over the continental slope (Darelius, Fer,
et al., 2024), but it is not clear whether interannual temperature variability is caused by anomalies in the interface
heaving, or whether it is caused by variability in the water masses present above the continental slope north of the
shelf.
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Figure 5. Hovmoller-diagram of the temperature anomaly (from the seasonal cycle) at (a) Mgj,,.» and (b) Mg, - (¢) Time
series of the —1.7°C isotherm depth (ITD) anomaly at Mgy, and Mg, , smoothed with a 30-day running mean. The ITD is
calculated through linear interpolation onto a vertical grid of 5 m resolution. (d) TS-diagram of de-seasoned daily averages at
604 m depth at Mg, and (¢) TS-diagram of de-seasoned daily averages at 431 m depth at Mg, - The different years in (d, €)
are color coded according to the legend in (d). The gray dots in (d, €) are from all sensors at Mg,,.; and Mg, and the gray
contours are isolines of density.

The temperature anomalies at the moorings Mg,,.; and Mg, over the continental slope show indeed higher
temperatures during the years 2017 and 2018, followed by generally colder temperatures during 2019 and 2020
(Figures 5a and 5b). This interannual change from a warm toward a cold period is also seen in the isotherm depth
anomaly (Figure 5c), which shows a shoaling of the isotherm within the mWDW temperature range during 2017
and the first half of 2018, followed by several periods of deepened isotherms. The interannual changes in isotherm
depth are visible at both moorings over the continental slope, but more so for My,,., compared to Mgy,,.. The
movement of the isotherm suggests that the interannual variability is caused by a heaving of the water masses over
the slope rather than a change in the water masses themselves. This is further supported by the interannual changes
within the temperature-salinity space (Figures 5d and 5Se), where the warmer temperatures in 2017 and 2018 are
associated with a movement along the mixing line between WDW and WW rather than a shift only in temperature.

As shown previously, the temperature signal propagates from the continental slope onto the shelf. The interannual
variability is consistent between the moorings (Figures 6a—6h). The extended temperature record at 76°S (Mg,
Figures 6g and 6h), covering the period 2014-2021, further shows that the summer temperatures in 2017 and 2018
were exceptionally high within this 7-year period. The mooring over the continental slope (Mg;,,.1) shows that the
mWDW was not being pushed down toward the bottom by the overlying WW during winter 2017, unlike the other
winter seasons (Figure 3a). The mWDW layer persisted throughout 2017 over the sill, and 2017 was followed by
even higher temperatures at the beginning of 2018. The warm inflow was then shut off abruptly in June 2018
associated with a strong deepening of the isotherms over the slope (Figure 5¢) and a strong increase in the slope
current velocities observed at My,,.; (Figure 3f). None of the moorings measured mWDW at the bottom during
the second half of 2018. The temperatures in the following years were slightly below the average again at all
moorings (Figures 6b, 6d, 6f, and 6h), although peak temperatures about the upper part of the slope increased in
November 2019 (Darelius, Dundas, et al., 2023). At the time of the mooring recovery in early February 2021, the
temperatures at M,,.; suggest that the 2021 inflow might be warmer than average (Figures 6a and 6b), but an
extended time series is needed to confirm this.
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Figure 6. Time series and climatology of observed bottom temperature, sea ice concentration (SIC) and zonal wind. Temperature is shown from mooring Mg, at
503 m depth (a, b), mooring Mg;;; at 403 m (c, d), mooring Mgy at 407 m (e, f), and Mg, at 404 m (g, h). SIC (i, j) and zonal 10 m wind (k, 1) are averaged over the slope
region, see Figure 7. The left panels show the daily averaged time series (black) together with the climatology (gray) and its standard deviation (gray shading). The
climatology is smoothed with a 30-day moving window. The right panels show the seasonal cycle of the climatology (gray) with its standard deviation (gray shading) and
the seasonal cycle for each year (smoothed with a 30-day running mean), color-coded according to the legend. Orange-red colors correspond to “warm inflow years” (2013,
2017,2018, 2021), and green-blue colors correspond to “cold inflow years” (20142016, 2019-2020). For clarity, the wind time series is smoothed with a 60-day moving
window instead (k, 1) and first filtered with a 30-day lowpass filter in (1). The climatology is averaged over the existing time periods for the moorings and over the period of
2012-2021 for SIC and zonal wind.

3.5. Drivers of the Interannual Variability

We now investigate potential drivers of the observed interannual variability in temperatures observed at all
moorings along the mWDW inflow pathway. The seasonal variability has previously been linked to the seasonal
changes in surface stratification (Hattermann, 2018) and the seasonality in the prevailing easterly winds (f\nhun
et al., 2012). Increased stratification in summer through the presence of a shallow upper pycnocline below the
fresh Surface Water would allow the lower pycnocline (and, thus, the thermocline) separating WW from
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Figure 7. Spatial map of southern Weddell Sea with summer (DJF) climatology and anomalies for sea ice concentration (SIC; a—d), zonal wind (e-h), and ocean surface
stress curl (i-1). The upper panels (a, e, i) show the summer climatologies for the period of 2012-2021. The anomalies are seasonal anomalies from the climatology
averaged over the years within the different periods: cold inflow period in 2014-2016 (b, f, j), warm inflow period in 2017-2018 (c, g, k) and cold inflow period 2019—
2020 (d, h, 1). The contours show the bathymetry as in Figure 1. The light gray area is ice shelf, the dark gray area is grounded ice and the white contour is the slope
region used for time-series of the forcing. (m) shows the time series of the absolute curl (with a 30-day running mean applied) as thin lines, left y-axis and the time-
integrated absolute Ekman pumping from December to February each year as thick lines, right y-axis. The curl and cumulated Ekman pumping are derived from the total
ocean surface stress (black), as well as the wind stress over ice-free areas ((1-a)z,,,, green) and the sea ice stress over ice-covered areas (az;,, red).
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Figure 8. Historic CTD profiles over the Filchner Sill for years with low SIC (red) and years with high summer SIC (blue) in summer (DJF) relative to the climatology.
(a) Location of the profiles over the Filchner Sill (see also Figure 1). (b) Number of profiles for the different years. Composites for (c) temperature and (d) salinity
profiles for low SIC years (red) and high SIC years (blue) with the standard deviation in shading. The composites are calculated from yearly averaged profiles to give

equal weight to each year.

(m)WDW to relax (as Ekman pumping would primarily affect the upper pycnocline); mWDW would hence be
found at shallower depths above the continental slope (Hattermann, 2018). Easterly winds create a southward
Ekman transport that deepens the isopycnal along the continental slope (Sverdrup, 1953) and impedes the flow of
mWDW onto the continental shelf. Previous studies have suggested that a weakening of the easterlies during
summer allows for a seasonal inflow of mWDW onto the continental shelf (/gsrthun et al., 2012) and that, for
example, the warm inflow in 2013 would be associated with weaker easterly winds (Darelius et al., 2016).

We here analyze the interannual variability of zonal wind and sea ice concentration over the continental slope, as
well as their combined effect on the ocean surface stress curl, that is, Ekman pumping. We divide the 7 years of
observations into three periods: The “cold inflow period” in 2014-2016, the “warm inflow period” in 2017-2018,
and the “cold inflow period” in 2019-2020 based on the FMA mean at Mg, (Figure Bla). Since we are interested
in the contribution of the forcing on the seasonal mWDW inflow, we focus on the summer average of the forcing,
using the 3 months preceding the warm water peak over the continental slope Mg, that is, December to
February (DJF) each year.

The winds over the Filchner Trough area are generally easterly and vary on all timescales. The 10 m zonal winds
above the Filchner Sill show a seasonal cycle in the climatology with weakening winds over the summer period
(Figure 6k), in agreement with Arthun et al. (2012). However, there is no clear link between the interannual
variability in the 7 years-long time period at Mg and the local 10 m zonal wind (Figures 6h and 61) and we find
neither significant correlation between the local 10 m wind and the temperature record at Mg, nor between their
de-seasoned time series. While the summers of 2014 and 2015 are preceded by maintained strong easterlies over
the Filchner Trough area (above 3 m s™"), the winds remain close to the climatology between mid-2015 and mid-
2017, followed again by anomalously strong easterlies before summer seasons, although less persistent than
previously. To assess their contribution to the seasonal inflow of mWDW, we focus on the DJF-averages of the
zonal winds. They do show generally weaker easterlies during 2017 and 2018 and slightly stronger easterlies in
the two following years (Figures Blc, 7g, and 7h). This signal is in agreement with the interannual variability
observed at the moorings and possibly influence the access of mWDW onto the continental shelf. However, the
positive anomalies in 2017 and 2018 are weak (Figure Blc) and the weaker easterlies along the coast during
2014-2016 should induce a warm inflow, which is in contrast to the observations from the moorings.

Sea ice typically covers the entire Filchner Trough area during winter, but the sea ice cover opens up from the east
during summer (Figure 7a), with a minimum sea ice concentration occurring in February (Figures 6i and 6;).
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February is also when the temperature peaks over the continental slope at Mg,,.;, 2 months before the tem-
perature peaks at Mg, (Table 2). The interannual variability in sea ice concentration is strikingly similar to the
temperatures at the moorings: The two warm inflow years in 2017 and 2018 are associated with anomalously low
sea ice concentration that drops far below the 10-year average, while the preceding 3 years (2014-2016) and the
following 2 years (2019-2020) are characterized by average or higher sea ice concentration (Figures B1b, 6i, and
6j). The sea ice concentration in the area was also anomalously low in 2013 when mWDW was observed to reach
the Filchner Ice Shelf front possibly linked to an exceptionally warm inflow (Darelius et al., 2016).

The shift from a period with average/high summer sea ice concentration (2014-2016) to low sea ice concentration
(2017-2018) is not only visible locally; it can be seen over the entire Weddell Sea (Figures 7b and 7c), and it
coincides with the observed Southern Ocean-wide decline in sea ice extent starting in 2016 (Eayrs et al., 2021).
Following the two warm inflow years, the sea ice concentration was again rather high during 2019 and 2020
locally over the Filchner Sill and toward the east along the coast but anomalously low over the rest of the Weddell
Sea (Figure 7d).

Sea ice may influence the thermocline depth and the warm water inflow through different mechanisms. On one
side, sea ice impacts the ocean surface stress through the difference in ice-ocean stress compared to the air-ocean
stress (e.g., Martin et al., 2016). On the other side, sea ice formation and melting influence the upper ocean
stratification as it creates a seasonal, shallow pycnocline during summer and erodes it during winter (Hatter-
mann, 2018). Ryan et al. (2020) suggested that a strong surface stratification in early 2017 led to a stronger slope
front and, thus, eddy shedding that, in turn, flattened the slope front, leading to increased transport of mWDW
onto the continental shelf.

To explore the impact of sea ice on the upper ocean stratification and the upper pycnocline, the mooring mea-
surements do unfortunately not reach high enough up in the water column. However, historic CTD measurements
over the Filchner Sill starting in 1989 provide more information on the stratification in the upper water column on
a (somewhat) longer timescale. Based on the sea ice concentration averaged over a box within 20-35°W and
73-75.5°S, we extract the years with low sea ice concentration during summer (DJF) versus the years with high
sea ice concentration relative to the multi-annual mean (1989-2021) (Figure B1). Composites of the available
CTD profiles over the Filchner Sill for these two cases show that the years with low sea ice concentration have a
fresh and warm surface layer and that it is associated with a shallower mWDW layer (320 m depth instead of
450 m depth) that can access the continental shelf more easily (Figure 8).

To analyze the combined impact of sea ice and winds on the mWDW inflow onto the continental shelf through the
ocean surface stress and thus Ekman dynamics, we calculate the ocean surface stress curl (Equations 1 and 2).
While the time series of the local surface stress curl within the region over the continental slope upstream of the
Filchner Trough has a variability on various time scales (Figure 7m), we are here interested in the drivers of the
seasonal variability of mWDW inflow. The DJF-anomalies of the ocean surface stress curl (Figures 7j, 7k, and 71)
show anomalous upwelling (negative anomaly) over the eastern part of the continental shelf and eastward along
the coast during 2017 and 2018, and anomalous downwelling (positive anomaly) during the years before and
after. The local time-integrated absolute Ekman pumping over DJF each year (thick black lines in Figure 7m),
within the slope region indeed shows upwelling in 2017-2018, and the high temperatures in 2017 and 2018 might
thus be supported by upwelling over the slope. Note that the integrated Ekman pumping calculated here reveals an
upwelling of only up to 5 m, which is an order of magnitude smaller than the vertical movement of the isotherms
measured by the moorings over the continental slope (Figure 5). However, we here only calculate the local impact
of the surface stress curl away from the coast (we do not account for coastal convergence, as the stress data do not
extend toward the coast), but the seasonal heaving is observed all along the slope south of the Weddell gyre
(Hattermann, 2018; Lauber, de Steur, et al., 2024) and possibly produced upstream of the Filchner Trough region.
Since ocean surface stress depends on winds, sea ice concentration and sea ice drift (Equation 1), both the winds
and the sea ice can cause this interannual variability in the surface stress curl. Hence, we calculate the curl of the
sea ice weighted air-ocean stress ((1 — a)z,,) and the sea ice weighted ice-ocean stress (ar;,) separately
(Figure 7m). It shows that the total ocean surface stress curl is driven by the contribution from ice-ocean stress,
that is, sea ice drift, during most of the year, but the contribution to the Ekman pumping during summer varies
from year to year, possibly depending on the timing of sea ice retreat. Specifically in the warm inflow years 2017
and 2018 in which there was little sea ice and weaker easterly winds, upwelling is almost entirely controlled by the
air-ocean stress. We note that the integration and mean over DJF are sensitive to the chosen time period and the
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chosen region. However, the reduced sea ice concentration in summer 2017 and 2018 and the Ekman-driven
upwelling are consistent over the slope in front of the Filchner Trough and upstream of it for the period pre-
ceding the warm water inflow.

4. Discussion and Conclusions

We used a network of concurrent moorings and profiling floats on the Weddell Sea continental shelf to improve
our understanding of the mWDW pathways from the continental slope onto the shelf and southward toward the
Filchner Ice Shelf. The warm water flows across the continental slope in late summer or early fall, and is
transported southward along topographically controlled pathways toward the ice shelf. Earlier studies showed that
the eastern flank of the Filchner Trough is the major mWDW pathway on the southeastern continental shelf, and
in addition our new observations highlight a second prominent pathway along the Small Trough, located in the
shallower region east of the Filchner Trough. Our data suggest that the relative importance of either pathway
changes interannually, and that the observed warm inflow in 2018 was dominated from the Small Trough-inflow.
However, the moorings only provide spatially restricted measurements and these variations might originate from
a shift of the mWDW core on the Filchner Sill and within the Small Trough. The drivers of such internannual
variability remain unclear, and could be a profitable subject of future modeling experiments. Regardless of the
mWDW pathways, the timescale to reach from the continental slope toward 76°S—nearly half way toward the
Filchner Ice Shelf front—, is about 5-9 weeks. These timescales vary interannually with nearly twice as fast
currents during the warmer years of 2017 and 2018.

While the temperature records on the Filchner Sill and in the Small Trough (Mg;;;1/Mgr) show a seasonal cycle with
warmest temperatures in January to March, the meridional velocities are weak and even northward during January
and early February (Figures 3f and 4). The southward velocities are instead strongest from March to June at Mg;;;
and from March to November at Mg, when the temperatures are lowest. This coincides approximately with the
period of maximum ASC along the upper part of the continental slope (Darelius, Fer, et al., 2024). This raises the
question of where the mWDW observed at the mooring locations during the first part of the summer season enters
the continental shelf. The floats suggest a southward flow through the Small Trough and along the eastern flank of
the Filchner Trough in February 2017, and the mooring Mg farther south at 76°S also indicates a southward flow
before the arrival of mMWDW. During the end of February and March, the velocities are indeed southward during the
period when peak temperatures are observed at Mg;;;; and Mgz, which contributes to a sharp peak in the temperature
transport. However, mWDW already present at the shallow moorings on the continental shelf before this warm
inflow is not associated with southward velocities there and must have entered the continental shelf elsewhere. For
example, the mWDW already present at Mg;;; after October 2017 seems to have its core farther west at Mg;;, at
about 500 m depth (Figure A1b), where velocities are indeed southward (not shown here).

The two warm inflow years of 2017 and 2018 are here set into context within the 2014-2021 period recorded by
the mooring Mg, at 76°S. While 7 years may not allow to quantitatively link the summertime mWDW inflow
with the driving mechanisms, our records nevertheless indicate a clear connection between sea ice concentration
and mWDW inflow (Figures 6 and B1). Previous studies that only had shorter time periods at hand (Darelius
etal., 2016; Arthun et al., 2012) focused on the weakening of easterly winds as a driver for the seasonal inflow of
mWDW and the anomalously far reach of mWDW toward the ice shelf in 2013. Based on our recent observations,
we suggest that sea ice concentration might instead be a leading driver of the interannual variability of the inflow,
or at least be important for modulating the impact of winds on the mWDW inflow. While the easterly winds are
weaker during 2017 and 2018, the reduced sea ice concentration is a more prominent feature. Historic CTD
observations over the Filchner Sill show that anomalously low summer sea ice concentration is associated with
increased surface stratification and a shoaling of the mWDW layer over the continental slope as suggested by
Ryan et al. (2020) for the 2017 inflow. In addition, early sea ice retreat over the continental slope during summer
influences the ocean surface stress through more mobile sea ice and larger exposure of the ocean surface to the
atmosphere, favoring anomalous Ekman upwelling (Figure 7k). The local Ekman upwelling is small but we argue
that it is possibly enhanced by upwelling along the coast upstream of the Filchner Trough to produce the strong
vertical movement of isotherms seen over the continental slope (Figure 5c) that promote the accessibility of
mWDW onto the continental shelf as seen in 2017 and 2018. Whether the shoaling of mWDW is primarily caused
by the increased surface stratification following the mechanism explained in Hattermann (2018) or by the changes
in the surface stress curl is challenging to disentangle given the observations at hand. Multi-year measurements of
temperature and salinity over the whole water column would help to determine changes in surface stratification
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and to quantify variations in water masses along potential density surfaces. However, both mechanisms—the
shoaling of mWDW and increased surface stratification—promote enhanced mWDW transport onto the conti-
nental shelf in 2017 and 2018. Note that the calculation of the ocean stress curl is prone to uncertainties due to
used parameterizations, a low resolution of the surface data, and the exclusion of ocean currents. The ocean
surface stress assuming a stagnant ocean is generally more negative in our study area than if we include
geostrophic currents from satellite altimetry data (Auger et al., 2022, and their extended version from AVISO,
https://doi.org/10.24400/527896/a01-2022.010), but the monthly stress anomalies from the seasonal cycle remain
similar within our study area.

Another mechanism that may drive increased mWDW inflow during years of low sea ice is through reduced
Dense Shelf Water (DSW) outflow. Low sea ice during summer can furthermore be the consequence of low sea
ice production in the region during the preceding winter and a consequent reduced HSSW or DSW production. A
modeling study by Morrison et al. (2020) suggests that the flow of warm water onto the Antarctic continental shelf
is driven by the export of DSW from the shelf, such that reduced DSW production would lead to reduced mWDW
inflow. The underlying mechanism is a lowered sea surface height during pulses of dense water leaving the shelf,
which causes a net onshore transport of warm water. Darelius, Daae, et al. (2023) showed that this mechanism is at
play in the area west of the Filchner Trough, where dense DSW is steered downslope by a ridge cross-cutting the
continental slope (Darelius & Wahlin, 2007), and that it causes a reduction in the thermocline depth of about
200 m and higher temperatures on the shelf west of the trough than east of it. Teske et al. (2024) suggested, based
on a model study, that the mechanism is important also within the Filchner Trough, and that a seasonally varying
outflow is causing the seasonal inflow. There is, however, no observed seasonality in the DSW outflow velocity
(Darelius, Strand, et al., 2014), and the seasonality in the model is likely linked to the fact that the model used in
Teske et al. (2024) lacks an ice shelf cavity, which means that the modeled dense water is HSSW instead of ISW,
and therefore more seasonal than it should be as the ISW looses seasonal signal by the long residence time in the
FRIS cavity. We note that both the dense outflow (Daae et al., 2018) and the warm inflow (Darelius et al., 2016)
have occasionally been observed to be correlated with the along-coast wind suggesting that a link between
outflow and inflow does exist. We are currently not able to quantify neither the warm inflow nor the dense
outflow, so a potential connection on interannual time-scales and the link with sea ice production is unfortunately
beyond the scope of this study.

The anomalously high temperatures on the shelf in 2017 and 2018 coincide with the onset of a “warm period”
beneath the Fimbul Ice Shelf (Lauber et al., 2023) about 20° farther east from the Filchner Trough, suggesting a
link to larger scale processes. The warming at Fimbul follows a colder period (2013-2016) and lasts at least until
the end of the published records in 2021 (Lauber, Hattermann, et al., 2024). While the seasonal variability in
thermocline height above the slope north of the Fimbul Ice Shelf is similar to that observed at mooring
Mgiope1/Mgioper (Lauber, de Steur, et al., 2024), there is only a very weak seasonality in the temperatures within the
cavity and the arrival of warm water is highly episodic and linked to cyclonic eddies (Lauber, Hattermann,
et al., 2024). It is consequently not obvious that interannual variability at the two sites is driven by similar
mechanisms, although the simultaneous onset of the “warm periods” at the two locations is striking. We note that
the season 2016-2017 was characterized by widespread anomalies in the Southern Ocean atmosphere, ocean, and
sea ice states, possibly associated with a large El Nifio event that year (Eayrs et al., 2021; Stuecker et al., 2017).

While the warm water inflow was substantially larger in 2017 and 2018 compared to the other years within the
observational period, it is unclear whether the mWDW reached the ice front in these warm inflow years. Existing
CTD observations along the ice front taken in February 2018 do not show a mWDW-signal (Janout et al., 2021),
but the mWDW would not reach the ice shelf before April or May considering the time it takes to cross the
continental shelf (Table 2; Darelius et al., 2016). The southward continuation of the warm inflow depends on
several factors such as the blocking effect of the ISW layer inside the Filchner Trough (Daae et al., 2020) and the
strength of the southward current that transports the warm water toward the ice shelf (Darelius et al., 2016). The
2013-propagation of mWDW all the way toward the ice front was explained by generally weak easterly winds that
allow the thermocline over the continental slope to relax, interrupted by strong short-term storms that enhance the
southward transport of the mWDW along the eastern flank of the Filchner Trough once it has crossed the con-
tinental slope. For the 2017 and 2018 mWDW inflows, we do not observe this clear pattern in the local winds and
instead suggest the sea ice as the main driver for the upwelling of mWDW over the continental slope. Inter-
estingly, the local sea ice concentration was also anomalously low in 2013 (Figures 6i and Darelius et al., 2016),
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suggesting that these two drivers may have acted together to bring mWDW toward the ice front. In 2017 and 2018,
basal melt rates at 40 km inside the cavity of the Filchner Ice Shelf were estimated with ApRES measurements to
be about 1-2 m yr~' (Hattermann et al., 2021; Vaiikova & Nicholls, 2022) and smaller in 2018 compared to 2017.
Hattermann et al. (2021) did not link this reduction in melt rates to mWDW inflow, but to a shift in the HSSW
origin during 2018 from Berkner mode water close to the surface freezing point to Ronne mode water that is as
cold as —2.25°C (Figures A1b—A1d). So far, mWDW has only been observed to enter the FRIS cavity west of
Berkner Island, on the Ronne side of the ice shelf (Davis et al., 2022). However, due to the lack of observations,
we cannot exclude an impact of mWDW inflow on basal melting in the northeastern part of the Filchner Ice Shelf,
where the mWDW may enter the cavity, at different locations or closer to the ice front than the existing ApRES
measurements. While satellite-derived melt rates show generally stronger melting at the northeastern part of the
Filchner Ice Shelf (Adusumilli et al., 2020; Moholdt et al., 2014) the data is not sufficient to support a potential
role of mMWDW on basal melt rates.

Appendix A: Temperature Time Series Over the Sill

(See Figure Al).
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Figure A1. Hovmoller diagrams of the temperature records from moorings (a) Mg;;1, (b) Mgin, (€) Mg, and (d) Mg;;4. The
gray contour marks the threshold for the mWDW (—1.7°C). Gray shading indicates the bottom. The black diamonds on the
left y-axis show the depths of the temperature sensors, and the gray triangles on the right y-axis show the depths of the velocity
measurements, with the depths used in Figure 2 highlighted in black.
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Appendix B: Anomaly Time Series of Temperature and Forcing Over the Filchner Sill

(See Figure B1).
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Figure B1. Monthly averaged anomaly time series of (a) 400 m temperature at Mgy, (b) sea ice concentration (SIC), (b) 10 m
zonal winds and (c) ocean stress curl over the slope of the continental shelf (see white region in Figure 7). The red and blue
horizontal bars show the summer mean (FMA for the temperature at Mg, in a and DJF for the forcing in b—d) where the color
coding symbolizes whether the summer mean would support a warm inflow of mWDW (red) or suppress it (blue).
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Mgoper https://doi.org/10.1594/PANGAEA.964715 (M6, Darelius, Janout, et al., 2024).
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1985. https://doi.org/10.1594/PANGAEA.527497, (@sterhus, 2006a),
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