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The dense water flowing out from the Weddell Sea significantly contributes to Antarctic Bottom Water
(AABW) and plays an important role in the Meridional Overturning Circulation. The relative importance
of the two major source regions, the continental shelves in front of Filchner-Ronne Ice Shelf and Larsen
Ice Shelf, however, remains unclear. Several studies focused on the contribution of the Filchner-Ronne
Ice Shelf region for the deep and bottom water production within the Weddell Gyre, but the role of the
Larsen Ice Shelf region for this process, especially the formation of deep water, remains speculative.
Measurements made during the Polarstern cruise ANT XXIX-3 (2013) add evidence to the importance of
the source in the western Weddell Sea. Using Optimum Multiparameter analysis we show that the dense
water found on the continental shelf in front of the former Larsen A and B together with a very dense
water originating from Larsen C increases the thickness and changes the ¢/S characteristics of the layer
that leaves the Weddell Sea to contribute to AABW.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The Southern Ocean is the source of the Antarctic Bottom Water
(AABW). This water mass fills most of the global ocean abyss and
thus plays a crucial role in the Meridional Overturning Circulation.
As a key feature for the global circulation, changes in the production
rates or in the main characteristics of the AABW may impact the
circulation in all oceans (e.g., Lumpkin and Speer, 2007).

The most important fraction of AABW comes from the Weddell
Sea Deep Water (WSDW) (e.g., Orsi et al., 1999). This water mass is
formed by the mixing of Warm Deep Water (WDW) with Weddell
Sea Bottom Water (WSBW) or with dense shelf waters. The
continental shelf in front of Filchner-Ronne Ice Shelf (FRIS) is
described as the main region where WSDW and WSBW are formed
(Foldvik and Gammelsred, 1988; Foldvik et al., 2004; Nicholls
et al., 2009).

Nevertheless, there is multiple evidence that the Larsen Ice
Shelf (LIS) area also contributes, at least intermittently, to WSDW
(Gordon et al., 1993, 2001; Fahrbach et al., 1995; Gordon, 1998;
Schroder et al., 2002; Nicholls et al., 2004; Absy et al., 2008; Huhn
et al.,, 2008; Jullion et al., 2013). Understanding how the WSDW
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from different sources contributes to AABW is an important step to
comprehend the changes that occur in the deep ocean (e.g.,
Azaneu et al., 2013; Purkey and Johnson, 2013).

Dense waters formed on the LIS continental shelf are found at
shallower levels of the open ocean water column than those
originated from FRIS, 1000 km further upstream (Fig. 1 in
Gordon et al.,, 2001). Because of bathymetric constraints, this
water can leave the Weddell Sea easier. The passages connecting
the Weddell Sea and the Scotia Sea are less than 3500 m deep and
restrict the flow into the Scotia Sea (Naveira Garabato et al., 2002;
Franco et al., 2007). A high variability was observed in waters able
to cross the South Scotia Ridge to produce AABW (Schroder et al.,
2002), the authors suggest that the changes were caused not only
by temporal fluctuations but also by the intermittent contribution
of dense water masses from the Larsen region.

Fahrbach et al. (1995) compared a section in front of Larsen C
and one close to the tip of the Antarctic Peninsula (AP) and
observed a freshening and warming of the deep and bottom water
found on the slope of the northern section. They argued that these
changes were caused by a mixture of LIS shelf waters with WDW.
Gordon et al. (2001) observed a fresher and more ventilated type
of WSDW (VWSDW) and WSBW (VWSBW) south of the South
Orkney Plateau both formed by the interaction between shelf
water from the Antarctic Peninsula and WSDW. The authors
suggest that the VWSBW is produced at a site more to the south
with a stronger component of WSDW than the VWSDW.
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Fig. 1. Regional map of the northwestern Weddell Sea. ANT XXIX/3 stations are marked with circles, stations mentioned in the text are colored (see label on the lower right
corner of the figure). Sections 1-3 are labeled (Sec #). The auxiliary profile obtained from the ISPOL cruise is marked as a green diamond and labeled. The location of
Robertson Trough is shown by the red line. Gray shades represent the bathymetry from Rtopo 1 (Timmermann et al., 2010), the isobaths of 400 m (dashed line), 500 m (thick
line), 1000 and 2000 m (thin lines), and 3000 m, 4000 m, 5000 m (very thin lines) are drawn. Abbreviations are Joinville Island (JI), Larsen A, B and C (LA, LB and LC,
respectively), Robertson Trough (RT), and South Orkney Island (SO). (For interpretation of the references to color in this figure caption, the reader is referred to the web

version of this paper.)

Measurements made in March 2002 on the shelf just north of
Larsen C revealed the presence of water colder than the surface
freezing point, originating from the interaction with the ice shelf
(Nicholls et al., 2004). Hydrographic data from 2004 to 2005
collected during the Ice Station Polarstern (ISPOL) drift experiment
(Hellmer et al., 2008) also showed evidence for dense water
production in this region and revealed the presence of lenses of
relatively salty and cold waters on the continental slope at a depth
of 1600 m (Absy et al., 2008). Optimum Multiparameter (OMP)
analysis using temperature, salinity, and noble gas observations
together with chlorofluorocarbons (CFCs) as age tracers supported
the hypothesis of a nearby source (Huhn et al., 2008).

In this paper we present conclusive evidence for the production of
a precursor water type of AABW in the LIS region. Besides, we
reinforce the idea that this contribution can be related to two (or
more) sources within this area. To do this, we analyzed oceanographic
data obtained during summer 2013 on Polarstern Cruise ANT XXIX/3
(Gutt et al.,, 2013); Polarstern Cruise reports can be found at http://
www.pangaea.de/PHP/CruiseReports.php?b=Polarstern.

2. Hydrographic data

The goal of the Polarstern cruise ANT XXIX/3 (January to March
2013) was to perform a multidisciplinary investigation in the area
of the former Larsen A and B Ice Shelves together with a krill
census. In addition, an extensive hydrographic and bathymetric
investigation was planned for the shelf and slope in front of the
Larsen C Ice Shelf (Knust, 2012) (http://epic.awi.de/31329/7/
ANT-XXIX_1-3.pdf). Unfortunately, the initial plans had to be
changed due to the severe sea-ice conditions (Gutt et al., 2013).

The main oceanographic goal was the investigation of dense
water production in the LIS area. Therefore, three hydrographic
sections were performed in the northwestern Weddell Sea (Fig. 1)
almost perpendicular to the continental slope to a depth of

3000 m. Although other casts were performed during the cruise,
this work mainly discusses these three sections.

The data analysis is focused on the dense waters, defined here
as all waters with a neutral density (;7) greater than 28.27 kg m 3.
This value was chosen because it was used in other works to
define the interface between WDW and WSDW (e.g., Fahrbach
et al., 2011), and also the upper limit of AABW originating from the
Weddell Sea (Orsi et al., 1999). The 5" of 28.4 kg m > was used to
separate WSDW from WSBW. Nevertheless, the names WSDW and
WSBW are misleading when used for waters found in shallow
areas, like the continental shelf. To avoid the depth association we
used the terms Neutral Deep Water (DWy") to refer to waters in
the y"-range from 28.27 to 28.4 kg m 3, and Neutral Bottom Water
(BWy") for 4" higher than 28.4kgm 3. The new terms are
especially useful to discuss the mixing processes occurring at the
shelf break and on the slope. The abbreviations used for all water
masses are summarized in Table 1.

2.1. Data quality

The hydrographic measurements during ANT XXIX/3 were
made using a SBE 911+ CTD connected to a carrousel with 24
bottles of 12 L. The sensors attached to the system were two
conductivity and temperature sensors, a pressure Sensor, one
oxygen sensor, a transmissometer, a fluorometer, and an altimeter.
More details about the sensors are found in Gutt et al. (2013).

The conductivity and temperature sensor calibrations were
performed before and after the cruise at Seabird Electronics. The
accuracy of the temperature sensors is 2 mK. The readings of the
pressure sensor have precision and accuracy better than 1 dbar.
The conductivity was corrected using salinity measurements from
water samples. [APSO Standard Seawater from the P-series P154
(K15=0.99990, practical salinity 34.996) was used. A total of 98
water samples were measured using an Optimare Precision
Salinometer OPS 006. On the basis of the water sample correction
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Table 1
Abbreviations used.

Abbreviation Meaning

WDW Warm Deep Water

mWDW Modified Warm Deep Water

WSDW Weddell Sea Deep Water

WSBW Weddell Sea Bottom Water

LABW Dense water observed on the shelf in front of Larsen A and B

LCW Dense water observed on the shelf in front of Larsen C

DWy" Neutral Deep Water; covers the WSDW and the waters on the shelf and slope with " between 28.27 and 28.4 kg m 3
BWy" Neutral Bottom Water; covers the WSDW and the waters on the shelf and slope with " values higher than 28.4 kg m—3
LW Used to refer to the Source Water Type representing an water mass ()

and sensor recalibration, salinity is measured to an accuracy of
0.002 (Schroder et al., 2013a).

The oxygen was corrected from water samples using the
Winkler method with a Dissolved Oxygen Analyzer (DOA,SIS type).
In total, 217 water samples were measured from 25 stations, which
were used to correct a small trend observed in the sensor
measurements so that the final error was 1.34 pmol kg™’
(Schroder et al., 2013b).

In addition to temperature, salinity, and oxygen, we used noble
gas measurements to reinforce the OMP results. Water samples
were taken from the CTD bottles using gas-tight copper tubes.
They were measured by mass spectrometry at the IUP Bremen
(StltenfulR et al., 2009) for helium (He) isotopes and neon (Ne)
with an accuracy of 1%.

Data from a cast (station 003-1) performed on December, 2004
during ISPOL was also considered. This station is located close to
the shelf break in front of Larsen C and covers the temperature and
salinity range necessary to produce the salty and cold WSBW
observed during the cruise (Absy et al., 2008). The ISPOL cast was
made using a CTD system carried by helicopter. The obtained
accuracies were 0.005 (salinity), 0.003 (temperature), and 3 dbar
(pressure). A Niskin bottle was used to take a water sample close
to the bottom, which was analyzed for the He and Ne concentra-
tions (Huhn et al., 2008).

2.2. Observations

The entire region was occupied by cold (§=—1.8) and fresh
(S<34.4) surface water (Antarctic Surface Water) underlaid by
slightly saltier (S =34.45) Winter Water (WW). The WDW is found
below this level at stations deeper than 1000 m. The depth of the
maximum temperature decreases with increasing distance from
the shelf break and varies between 200 and 500 m. WSDW and
WSBW are present beneath the WDW layer (Figs. 2-4).

Between the shelf break and the 1000-m isobath, the inter-
mediate and bottom layers are filled with a mixture of shelf and
ambient waters, i.e., WDW or WSDW, depending on the depth and
position in the water column. The mixing products of this inter-
action are modified WDW, DWy" (gray line in Figs. 2-4), and BWy"
(black line in Fig. 2), which is a derivative from the dense water
observed on the continental shelf along this section (Fig. 2). In
Sections 2 and 3 BWy" is not present at this shallow depth.

On the southern most section on the shelf, station 181 has the
thickest BWy" layer. Towards the shelf break (#181 to #179) this
layer gets thinner (96.9, 66.3, 49.4 m), warmer (mean ¢: —1.841,
—1.829, —1.654 °C) and saltier (mean S: 34.555, 34.555, 34.573)
while the oxygen values decline (mean O,: 296.865, 295.650,
288.813 pmol kg~ '). Station 182 is located on the northern slope
of the Robertson Trough (Fig. 1). Thus, it is shallower than the
other stations, and has a thinner BWy"-layer, which is concen-
trated on the deep portions of the trough; Robertson Trough is a
depression on the continental shelf that connects the area of the

179 178 177 176 174

182 181 180
0

0.5
0
—~ 1000
(S 05 O
~ o
< 2000 ~
+ -1
& Ao
H B
O 3000 H
&
2
0 50 100 150 200
0 34.7
34.65
—~ 1000
£ Z
- c
346 .—
S 2000 T
o H 0
8 T1 3455
3000 K
Sl 345
0 —~ 320
00
£ 1000 280 %
s 260 £
< 2000 3
% % 240 -
e 3000 ; 20
g =

Distance (km)
Zoom: lower 100m of each station (O2)

[T T T 7iT 17

Fig. 2. Section 1 measured values of potential temperature (°C, top), salinity
(middle), and oxygen concentration (pmol kg’l, bottom) as represented by the
colors. Station numbers are displayed on top of the first figure. The gray line
represents neutral density (", kg m—>) of 28.27 and the black line of 28.4. The
bathymetry corresponds to the bottom depth taken from the casts. The oxygen
concentration of the lower 100 m is shown in the lower part of the bottom figure.
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this paper.)

former LIS-B with the shelf break, and is also connected to a
channel coming from the former LIS-A region (e.g., Evans et al,,
2005). The deepest part of the depression is not connected to the
shelf break and might be a reservoir of dense water.

Waters with similar characteristics were observed in Robertson
Trough in October, 2006 (Lemke, 2009) and in February, 2009
(ATOS2), but they showed a colder and saltier bottom layer. The
differences can be caused by seasonal and interannual variability,
changes in the pulses of dense water outflow, and/or the older
measurements were made closer to the reservoir. The deep
troughs found on the continental shelf formerly covered by LIS-A
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Fig. 3. Section 2 measured values of potential temperature (°C, top), salinity
(middle), and oxygen concentration (pmol kg’l, bottom) as represented by the
colors. Station numbers are displayed on top of the first figure. The gray line
represents neutral density (5", kg m~3) of 28.27 and the black line of 28.4. The
bathymetry corresponds to the bottom depth taken from the casts. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)

and B (e.g., Arndt et al., 2013) are possible sources for these pulses
since the dense-water layer is much thicker (Graeve et al., 2013).
However, because of the bathymetric restrictions, only by mixing
with the shallower waters can the dense water leave these basins
and spill into the Robertson Trough.

Further north, in Sections 2 and 3, no BWy" was detected on the
shelf (black line in Figs. 3 and 4), providing additional evidence
that the dense water is guided to the slope by local bathymetry.
Following the shelf break downstream, part of the BWy" observed
at # 179 is converted into DWy" in Section 2 (#167-3), likely due to
further mixing with WDW. The temperature, salinity and oxygen
profiles of the DWy" from #167 (purple arrow in Fig. 5) resemble
the thin layer of fresh, cold, and ventilated water, respectively,
observed offshore in the WSDW layer at 1600 m depth (#168, blue
arrow in Fig. 5). To the south, in Section 1, a similar feature is
observed at a depth of 1000 m (#178, yellow arrow in Fig. 5).

The stations with the intrusions (#168 and #178) show the
densest bottom water sampled during the cruise. The bottom 6/S-
values are almost the same (Fig. 5) and the oxygen is the highest
observed in offshore deep waters (Figs. 2-4). These similarities
suggest that both have the same origin and are flowing
downslope.

Additional evidence that WSDW and WSBW are produced on the
northwestern Weddell Sea is the increase of the dense layer
thickness along the 1800-m isobath (#153, #168, and #177)
(Fig. 6). From Sections 1 and 2 the thickness increased from 261 to
325 m, reaching 452 m in Section 3. Comparing the vertical profiles
of the three stations, a northward freshening, cooling, and oxygen
increase can be observed below 1000 m almost down to the sea
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Fig. 4. Section 3 measured values of potential temperature (°C, top), salinity
(middle), and oxygen concentration (pmol kg~ !, bottom) as represented by the
colors. Station numbers are displayed on top of the first figure. The gray line
represents neutral density (5", kg m~3) of 28.27 and the black line of 28.4. The
bathymetry corresponds to the bottom depth taken from the casts. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)

floor (Figs. 5 and 6). High gradients are found close to the bottom
between Sections 1 and 2, but this change is followed by a warming
and oxygen reduction on the northern section (Figs. 5 and 6).

The existence of thin layers with different properties (Fig. 5),
the deepening of the densest water, and the increase of the dense
layer thickness point to a nearby source. This will be investigated
in the next section using the OMP analysis.

3. Optimum Multiparameter (OMP) analysis

OMP is a method used to determine the mixture fractions (f;) of
predefined source water types (SWT) to produce the character-
istics of an observed water particle (X,ps) (Tomczak, 1981; Mackas
et al,, 1987; Tomczak and Large, 1989; Huhn et al., 2008; Frants
et al., 2013). The method assumes a linear mixing combination of
the SWT; properties (X;) (Eq. (1)) and mass conservation (Eq. (2));
all f; should be positive.

Xobs = Zfixi (1)
D fi=1 )

The number of SWT that can be considered must be equal or
smaller than the number of conservative properties analyzed plus
one. Inverting this equation system by minimizing the deviations
between observed and computed properties (Eq. (3)) in a least
square sense yields the optimum combination of SWT fractions.
The equations are normalized by the mean and the standard
deviation of each property, and weighted; for more details see



M.v. Caspel et al. /| Deep-Sea Research I 99 (2015) 1-9 5

500

1000 -

1500 -

Depth [m]

2000 -

181 1)
2500 [

~ Ocean Data View

34.45 34.5 34.55 34.6 34.65 34.
Salinity

500 -

1000 -

1500

Depth [m]

2000 -

Ocean Data View

2500
200

250
Oxygen [umol/kg]

0 —
500 -
= 1000
g
S
Q
Q 1500
2
2000 - %
[
2500 +— — : — s
-2 -1.5 -1 -0.5 0 0.5
pot.Temperature [°C]
oy
e
e
3
s
(]
=
5
=
S
2 H
g
b
E
'2 T — g T — T T g
3445 345 34.55 34.6 34.65 34.7

Salinity

Fig. 5. Vertical profiles of salinity (top left), potential temperature (°C, top right), oxygen concentration (pmol kg’l, bottom left), and a ¢/S-diagram (bottom right) with
contours of the potential density referred to 500 m. The colors are related to different stations as shown in the top left graph, the remaining casts are shown in black. The
arrows show the location of the intrusions discussed in the text, and ‘-[’ is a reference for the three stations along the 2400-m isobath. (For interpretation of the references to

color in this figure caption, the reader is referred to the web version of this paper.)

Tomczak and Large (1989). The analysis presented here was
performed based on the OMP Package for MATLAB Version 2.0
(Karstensen and Tomczak, 1995).

Rx =Xobs - Zfixi (3)

In an ideal case all measured parameters can be reproduced
exactly, but usually there is some residual difference (Rx), which
we used to evaluate the quality of the results obtained. In this
study we considered potential temperature (@), salinity, and
oxygen as conservative parameters. Changes in oxygen due to
biogeochemical processes are expected to be small because the
study is confined to a small area and the SWTs are defined from
data obtained nearby. Nevertheless, we used a smaller weight for
oxygen, 0.3, than for the other parameters, 1.

Since this work is focused on the production of WSDW and WSBW,
the OMP analysis was applied only to dense waters, ;' greater than
28.27, found offshore of the shelf break, i.e., below the gray line and to
the right of #179 (Fig. 2), #167 (Fig. 3), and #154 (Fig. 4).

Based on the high oxygen concentrations observed at the
bottom of #181, in the northern flank of Robertson Trough, we
assume that (even) mixing with ambient water will conserve this
signal. The gas content gradually reduces as the dense water flows
down the continental slope along the bottom and mixes (lower
part of Fig. 2), reaching its minimum value at 2400 m depth. We
associate the increase in oxygen concentration further downslope,
at 2800 m (#174), with WSBW produced in the vicinity of the
Filchner-Ronne Ice Shelf and suppose that the portion of this water
that remained at shallower depth (Foldvik et al., 2004) is mixed
with the overlaying waters (WSDW and WDW) and waters coming
from the continental shelf off LIS.

Because of this evidence for a distinction between WSBW from
different sources, #174 was chosen to represent the incoming
WSBW; here, the bottom value was used to define the WSBW-
SWT (WSBWS"T) (Table 2). Hereafter, the SWT-uppercase is used
to distinguish between the water masses, which have property
values within a certain range, and the SWT with distinct 6, S, and
oxygen values.
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Table 2
Source Water Type parameters. The standard deviation of the layers representing
the Larsen waters is also shown.

SWT 6(°C) S [05] (nmol kg™ 1)
WSBWSWT —~1.185 34.629 273

WDWSWT 0.482 34.686 203

LABWSWT —1.841 +0.005 34.555 +0.003 297 +0.3304
LCWSWT —1.925 +0.001 34.640 +0.009 300

For the WDW°WT, the salinity maximum of the same profile
(816 m depth of station 174) was selected because it can linearly
mix with WSBWS"T to produce the WSDW observed at the deeper
stations (Fig. 7). Besides, as shelf water flows downslope the
mixtures with water of the salinity maximum are denser than
mixtures with water of the temperature maximum.

3.1. Larsen area contribution

We conducted the OMP analysis using WDW*"T, WSBW"T and
a third SWT that reflects the dense water observed in the Robertson
Trough, named Larsen AB Water (LABW). The LABW*"T parameters
were defined as the mean values of the BW)" layer at #181
(Table 2); as stated before, #182 suffers less influence of the LABW
because it is located on the northern slope of the Robertson Trough.
Using the three SWTs, most of the observations can be reproduced
with small Rx (Ry < 0.01, Rs < 0.005, Ro, < 7, Rmass < 0.0005). How-
ever, the densest waters observed could not be reproduced (yellow

circle in Fig. 7), making it obvious that an additional source water
mass is still missing.

As mentioned before, the deepening of this dense water
between Sections 1 and 2 suggests a nearby source, but the
unsatisfying OMP results indicate that it cannot be LABW. The
results of previous studies (Absy et al., 2008; Huhn et al., 2008)
indicate the production of WSBW in front of Larsen C. Therefore, a
fourth SWT representing the Larsen C Water (LCW) was added. A
satisfactory reproduction of all dense water characteristics was
achieved only when considering this fourth SWT.

LCWSWT characteristics were obtained from the ISPOL station
3-1, with the average of the lower 100 m used to represent
temperature and salinity (Table 2, Fig. 7). No oxygen sensor was
used during the ISPOL cruise, but some water samples collected on
the slope, were analyzed with the Winkler method (unpublished
data, David Thomas). In the region where the bottom waters were
related to the Larsen C Ice Shelf, i.e. at 1500 m depth (Absy et al.,
2008), the oxygen values were high (291-294 pmol kg~ '). Since
the waters on the slope most likely mixed with ambient waters,
we used a value of 300 pmol kg~ ! to represent LCW (Table 2).

With the addition of the Larsen Waters the results in the area
between the shelf break and 2000 m depth as well as in the bottom
layer (lower 80 m) of #169 and #152 improved in comparison to the
tests without them. Although the WSBW*YT temperature and
salinity are encompassed by the other SWTs (Fig. 7) this water mass
is needed to resolve the oxygen observations (not shown). The
residual difference (Rx) of the BWjy"-layer is comparable to the
accuracy of the measurements and the standard deviation of the
values chosen to represent LABW and LCW (Table 3), indicating that
this level was well represented in the OMP analysis.
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Fig. 7. 9/S-diagram showing the Source Water Types (SWT) used for the Optimum
Multiparameter (OMP) analysis. The values used for OMP are marked as blue
diamonds, the stations where they were measured are colored. Stations in regions
deeper than 2000 m are shown in gray and the remaining stations are displayed
black. The yellow circle shows water characteristics that cannot be reproduced
using only three SWTs, see text for more details. The dashed lines are contours of
neutral density referred to 500-m (cian) a 2000-m (light green) depth, 65°S, and
55°W. (For interpretation of the references to color in this figure caption, the reader
is referred to the web version of this paper.)

Table 3
Residual difference maximum.

Layer Ry (°C) Rs Rio,) (pmol kg™ 1) Rmass
BWy" 0.0033 0.0015 1.5 5x10°°
DWy" 0.01 0.0049 4.8 14x 107>
st. 178 —0.085 0.956 10.55 0.0275

The Ry gradually increases towards the interface with the
WDW layer, reflecting the higher variability of the lighter waters
involved in the production of DWy". The selection of the salinity
maximum to characterize WDWSYWT was essential for a good
representation of the incoming WSDW, but shallower (warmer
and fresher) or modified (colder and fresher) portions of this water
mass may also interact with the shelf waters to produce the upper
parts of WSDW layer observed on the slope. To represent all these
variations of the WDW additional SWTs would be needed, but, due
to the limitations of the method, we can use only one SWT to
represent WDW.

The consistency of the OMP results was also checked against
the tracer gases. He and Ne values from the same stations, used for
the other parameters (#181, #174, and from ISPOL), were used for
each SWT, using data from the nearest bottle. In general, the noble
gas values obtained by the OMP analysis agree with the observed
characteristics within the water column and the RX are within the
accuracy of the measurements.

Several tests were performed using different values for the
SWT properties and weight. These tests were performed to
account for the variability in the water mass characteristics,
specially concerning the LCWY", The use of data from a different
year is not ideal so we also performed the analysis using values
obtained from a cast made in 1992 (Gordon, 1998).

As mentioned before, a smaller weight was given for oxygen to
account for the differences on the oxygen mixing that might be
associated with the biogeochemical processes. The value was
chosen because it resulted on the smaller RX tests with different
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Fig. 8. Source Water Type (SWT) fractions (color shading) of the dense water layer,
y">2827 kgm~3, along the slope of Section 1 (top), Section 2 (middle), and
Section 3 (bottom). Station numbers are displayed on top of the figures, and the
SWT fractions at each station are, from left to right, Warm Deep Water SWT
(WDWWT), Weddell Sea Bottom Water SWT (WSBWS"T), Larsen A and B Water
SWT (LABWSWT), and Larsen C Water SWT (LCWS"T). The contributions are
averaged every 50 m from the bottom up. The ordinate shows the depth in m,
and the abscissa is a reference of longitude; the station is positioned where the
LABWSWT contribution is plotted. (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of this paper.)

weights. We decided to use this approach instead of the variance
method proposed by Tomczak and Large (1989) because we could
not account for the variability of LABW and LCW due to the lack of
knowledge of the source region.

Due to the large number of possible settings it is difficult to
estimate the exact errors, but the general patterns of SWT
distribution were kept in all the assessments we performed a
deeper examination. The results mentioned before and described
hereafter are the ones with the smaller RX.

3.2. Discussion

The OMP results indicate a strong influence of WDW"T on the
upper levels of the dense layer, and larger contributions of
WSBWS"T close to the bottom of the deeper stations. In Section
1 (Fig. 8, top), the LABWS"T dominates the shelf break and is also
important on the upper slope (#178), where the dense water
observed close to the bottom is represented by a mixture of
WSBW"T and LCWSYT.

In Section 2 (Fig. 8, middle), the shelf break characteristics are
represented by a mixture of WDWS"T and LABWSY. On the slope
(#168), the mean contribution of LABWS"7 is 28%, and it varies
between 10% and 45% if the water column is divided in 1-m
intervals (not shown); the influence of this SWT is high where the
fresh intrusions (thin layers) were observed. At this station (#168),
WSBWS"T s the major source water between 1760 and 1820 m
depth. Near the ocean floor (from 1820 m until 1860 m depth), it is
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Fig. 9. Composition of the dense water layer, y" > 28.27 kg m 3, along the 1800 m
isobath. The contribution of each Source Water Type (SWT) is vertically integrated
and represented by the height of the colored rectangles, Warm Deep Water SWT
(WDWSYT, red), Larsen A and B Water SWT (LABW"7, green), Larsen C Water SWT
(LCWSYT yellow) and Weddell Sea Bottom Water SWT (WSBWS"7, blue); the same
colors are used in Fig. 10. The numbers inside the rectangles correspond to the
water column thickness in meters, and the ones to the left are the contributions of
each SWT in percentage. The abscissa represents latitude and the ordinate distance
from the bottom of each cast. The corresponding station numbers are on top of the
figure. (For interpretation of the references to color in this figure caption, the reader
is referred to the web version of this paper.)

mixed with LCWS"T and LABWSYT to produce the densest water
observed.

Further to the north (Section 3, Fig. 8, bottom), no dense water
(DWy") is observed at the shelf break (Fig. 4). Next to it (#154), the
DW/" layer goes from 650 m depth down to the bottom (840 m)
and consists of a mixture of WDW-"T and LABWS"?, with small
contributions of WSBWS"T in the lower 50 m. Around 1850 m
(#153), LABWSYT is widespread in the water column than in
Section 2, WSBWSYT is attached to the bottom, and LCWS"T is
more abundant between 1700 and 1800 m.

The increase of dense layer thickness along the 1800-m isobath
is caused by an increased amount of all SWTs (Fig. 9). The presence
of LABWSYT in Section 1 can be explained by the injection of this
water mass at the southern margin of the Robertson Trough. The
total amount of this SWT in the water column increases by 31 m
from the southern to the northern section. The direct impact of
this SWT is not very strong, but it plays a major role in the
conversion of WDW to WSDW; the amount of WDWSYT in the
water column shows an increase of 72 m. Nevertheless, mixing
between the waters requires time which means that LABW
becomes more influential on its way to the north.

Still following the 1800-m isobath, the contribution of
WSBWS"T to the water column thickness expands from 19 m to
72 m between Sections 1 and 2 (Fig. 9). This addition of WSBWSWT
might come from waters carried down the slope together with
LCW. During this process part of the LCW mixes and spreads over
the water column while its densest (lower) components continue
to flow downslope until they reach the equilibrium depth.

As mentioned before, the OMP results indicate that the dense
waters originating from Larsen C reach at least the bottom layer of
#152 and #169, located at 2400-m depth. Comparing these
stations with #176, the Larsen waters seem to influence a layer
1000 m thick, since the southern cast shows higher temperature
and salinity, and lower oxygen below 1500 m than the two
stations to the north (see '-[’ in Fig. 5).

The increase of the dense layer thickness observed along the
1800-m isobath and the modifications along the 2400-m isobath
are related to the formation of WSDW. This water mass is carried
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Fig. 10. Proposed mixing scheme for the formation of Antarctic Bottom Water
(AABW). The flow of the Warm Deep Water (WDW, red line), Weddell Sea Bottom
Water (WSBW, blue line), Larsen C Water (LCW, yellow line) and Larsen A and B
Water (LABW, green line) are shown together with the main outflow paths.
Abbreviations are: Joinville Island (JI), Larsen A and B (LAB), Larsen C (LC), Philip
Passage (PP), South Orkney Island (SO), South Sandwich Islands (SS). (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)
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in the northern branch of the Weddell Gyre and might cross the
South Scotia Ridge (Gordon et al., 2001) to form AABW (Fig. 10).
The portion influenced by LABW is lighter and can leave the
Weddell Sea through Philip Passage (Palmer et al., 2012), while the
densest waters produced with LCW contributions can only cross
one of the deeper channels east of the South Orkney Plateau
(Figs. 1 and 10).

4. Summary

The production of WSDW and WSBW in the Larsen region has
been suggested by different authors (e.g. Fahrbach et al., 1995;
Schroder et al., 2002; Absy et al., 2008; Huhn et al., 2008). Here we
propose a scheme (Fig. 10) that can explain the fresh, dense water
observed at intermediate depths in the northwestern Weddell Sea
(Fahrbach et al,, 1995) as well as the cold and saltier lenses
observed in the continental slope in front of Larsen C (Absy
et al., 2008). Huhn et al. (2008) calculated a production rate of
11+0.5Sv (1Sv=10°m>s~1) of WSBW in the western Weddell
Sea, corresponding to 22% of the total production of this water
mass (3.9 4+ 1.2 Sv are produced off Filchner-Ronne Ice Shelf). In
this study, no volume estimates are presented, but we show that
the thickness of the dense layer increases by 70% in a short
distance of 200 km (Figs. 6 and 9).

The contributions of the Larsen region to WSDW and WSBW
can be noticed by changes in the properties of these water masses
passing successive transects perpendicular to the continental
slope. Other studies where the importance of the northwestern
Weddell Sea for dense water production was recognized also used
sections at different latitudes (Fahrbach et al., 1995; Gordon, 1998;
Absy et al., 2008). If only one section is analyzed, it is unlikely that
the contributions of LCW and/or the LABW are noticed, especially
if it is a section to the north where these water masses are well
distributed in the entire water column.

Jullion et al. (2013) concluded that the freshening of AABW in
Drake Passage is related to the increased glacial loss from the
Antarctic Peninsula after the breakup of Larsen A and B. No time
variability was assessed in the present work, but it is clearly
shown that in 2013 the waters from Robertson Trough reduced the
salinity of WSDW or formed a fresher version of this water mass in
Sections 2 and 3 in comparison to the WSDW coming from the
south, i.e., Section 1.

Our results also show that less diluted LCW influences regions
deeper than 1800 m, with traces reaching at least to 2400-m
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depth, accounting for the densest water that can cross the South
Scotia Ridge (Fig. 10). This is in agreement with the hypothesis of
Schroder et al. (2002) that pulses of dense water coming from a
source nearby could cause the variability observed at a mooring at
2500-m depth close to the outflow areas in the northwestern
Weddell Sea (Schréder et al., 2002; von Gyldenfeldt et al., 2002).

To fully understand the production and spreading of AABW and
its precursors the importance of the different sources must be
understood. The evidence presented here together with previous
indications clearly reveal the importance of the Larsen region.

Modelling efforts are on the way to study changes that might
have huge impacts to the western Weddell Sea like the strong
melting underneath the Filchner-Ronne Ice Shelf proposed by
Hellmer et al. (2012). The Finite Element Sea-Ice Ocean Model
(FESOM) (e.g., Wang et al., 2014) will also be used to understand
the consequences of the breakup of Larsen A and B for the
hydrography of the northwestern Weddell Sea and, thus, for the
characteristics of AABW. Nevertheless, additional hydrographic
measurements and bathymetric soundings are essential to obtain
realistic results.
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