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Abstract

During Ice Station POLarstern (ISPOL, RV Polarstern cruise ANT XXII/2, Nov. 2004 to Jan.
2005) hydrographic and tracer observations were obtained in the western Weddell Sea while
drifting closely in front of the Larsen Ice Shelf. These observations indicate recently formed
Weddell Sea Bottom Water, which contains significant contributions of glacial melt water in its
upper part, and High Salinity Shelf Water in its lower layer. The formation of this bottom water
cannot be related to the known sources in the south, the Filchner-Ronne Ice Shelf. We show
that this bottom water is formed in the western Weddell Sea, most likely in interaction with the
Larsen C Ice Shelf. By applying an Optimum Multiparameter Analysis (OMP) using
temperature, salinity, and noble gas observations (helium isotopes and neon), we obtained mean
glacial melt water fractions of about 0.1% in the bottom water. On sections across the Weddell
Gyre further north melt water fractions are still in the order of 0.04%. Using
chlorofluorocarbons (CFCs) as age tracers, we deduced a mean transit time between the western
source and the bottom water found on the slope toward the north (9 £ 3 years). This transit time
is larger and the inferred transport rate is small in comparison to previous findings. But
accounting for a loss of the initially formed bottom water volume due to mixing and renewal of

Weddell Sea Deep Water, a formation rate of 1.1 £ 0.5 Sv in the western Weddell Sea is
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plausible. This implies a basal melt rate of 35 = 19 Gt/year or 0.35 £ 0.19 m/year at the Larsen
Ice Shelf. This bottom water is shallow enough that it could leave the Weddell Basin through
the gaps in the South Scotia Ridge to supply Antarctic Bottom Water. These findings
emphasize the role of the western Weddell Sea in deep and bottom water formation, particularly
in view of changing environmental conditions due to climate variability, which might induce

enhanced melting or even decay of ice shelves.

Keywords: Weddell Sea, Larsen Ice Shelf, Weddell Sea Bottom Water (WSBW) formation, Ice
Shelf Water (ISW), glacial melt water, tracer, helium, neon, CFC

1. Introduction

Antarctic Bottom Water (AABW) is the coldest and densest water mass in the world ocean.
More than 60% of it is formed in the Atlantic sector of the Southern Ocean, i.e. in the Weddell
Sea (Orsi et al., 1999), making it a key region for the deep and cold branch of the global
thermohaline circulation. At the southern and western margins of the Weddell Basin, the
precursors of AABW, Weddell Sea Deep and Bottom Water (WSDW and WSBW), are
produced by interaction of warmer mid-depth and surface water masses with different shelf
water types (see below, Fig. 3). The latter are partly generated by interaction with the Antarctic
ice shelves and are, apparently, extremely sensitive to climate variability, which affects sea ice

conditions and might alter basal melt rates or even induce ice shelf decay.

High Salinity Shelf Water (HSSW, salinities typically above 34.7 and potential temperature 0
near the surface freezing point Tf =~ -1.9°C) is formed by brine rejection during sea ice
production on the broad shelf regions of the south-western Weddell Sea during winter. It can
become dense enough to reach the bottom, as reported from the western Weddell Sea (Gordon,
1998). Moreover, HSSW can mix with Warm Deep Water (WDW, with 6 > 0°C, advected into
the Weddell Basin from the Antarctic Circumpolar Current) and Winter Water (WW, a remnant
of the winter mixed layer), to produce Weddell Sea Bottom Water (WSBW, 6 < -0.7°C). This

process is often referenced to as the Foster-Carmack process (e.g. Foster & Carmack, 1976).

Concurrently, HSSW, which flows into the caverns below the ice shelves, melts the ice from

below (enhanced hydrostatic pressure at the base lowers the freezing temperature) or at its



front. The blend of glacial melt water and HSSW, called Ice Shelf Water (ISW, with 6 below
surface freezing temperature), mixes further with WDW or mWDW (i.e. WDW modified by
WW) to produce WSBW as well. That process is usually referred to as the Foldvik process (e.g.
Foldvik et al., 1985). Further mixing with ambient water masses (Foster & Carmack, 1976) or
additions from external sources (Hoppema et al., 2001) renew Weddell Sea Deep Water

(WSDW, -0.7°C < 0 < 0°C).

WSBW is known to be formed in the southern Weddell Sea, partly in interaction with the
Filchner-Ronne Ice Shelf (FRIS). Based on observations in front of the FRIS, Foldvik et al.
(2004) described plumes of ISW flowing out from the Filchner Depression on distinct pathways
northwards down the slope into the deep Weddell Basin, or following the continental slope
westward. Using current meter data they estimate an outflow of cold water (8 <-1.9°C) of 1.6 +
0.5 Sv (1 Sv = 10° m*/s). Due to further entrainment of adjacent water they deduce a WSBW
formation rate of 4.3 = 1.4 Sv (6 < -0.8°C). However, the characteristic cold temperature of the
ISW outflow is eroded rapidly when it leaves the Filchner Depression, as can be seen on
sections across the slope west of the Filchner Depression. Further to the west, on the broad shelf
in front of the Ronne Ice Shelf, HSSW is the dominating water mass. Weiss et al. (1979) and
Nicholls et al. (2003) observed ISW also at the Ronne Ice Front, but from this source ISW
could not be traced further northward into the Weddell Basin.

Still under consideration is the capability of the western ice shelf areas along the Antarctic
Peninsula, particularly the Larsen Ice Shelf (LIS), to contribute to WSBW formation. Fahrbach
et al. (1995) report WSBW formation by mixing of deep water with a flow originating from the
shelf in front of the LIS. Weppernig et al. (1996) found evidence that this water contains
significant fractions of ISW, possibly of LIS origin. Mensch et al. (1998) calculated a total
WSDW and WSBW formation (6 < 0°C) of 5 Sv originating from the western Weddell Sea.
Nicholls et al. (2004b) report ISW formation in the western Weddell Sea by basal ice shelf
melting induced by modified WDW, pre-conditioned during winter, but not by HSSW. The
issue of glacial melt water contributions to WSBW formation in the western Weddell Sea is of
special interest, considering the decay of Larsen A and B in 1998 and 2002, respectively,
(caused by increased basal melt rates, Shepherd et al., 2003) and in view of climate variability
and increasing deep and bottom water temperatures as reported by Robertson et al. (2002),

Schroder et al. (2002), and Fahrbach et al. (2004).



Useful tools to identify glacial melt water (or ISW) are the low-solubility noble gases helium
(He) and neon (Ne) (Schlosser, 1986). Atmospheric air with a constant composition of these
noble gases is trapped in the ice matrix during formation of the meteoric ice. Due to the
enhanced hydrostatic pressure at the base, these gases are completely dissolved in the water,
when the shelf ice is melting from below. This leads to an excess of A*He = 1060% and ANe =
770% in pure glacial melt water (A stands for excess over an air-water solubility equilibrium)
(Hohmann et al., 2002). With an accuracy of 0.5% for “He measurements, melt water fractions

0f 0.05% are detectable by this method.

In ISW observed within the Filchner Depression the helium excess was about 20% (Schlosser et
al., 1990), equivalent to a fraction of roughly 1.4% pure glacial melt water (assuming a
background A*He in the adjacent water masses of about 5%). In front of the Filchner
Depression the *He excess was still as high as 10% (glacial melt water ~ 0.5%). From Ice
Station Weddell in 1992 (subsequently referred to as ISW-1), drifting east of the Antarctic
Peninsula, Weppernig et al. (1996) used *He and oxygen isotope observations to estimate the
fraction of ISW in WSBW (0 < -0.7°C). They found 15% ISW, originating from the Filchner
Ronne Ice Shelf, at the southern end (72°S) of the drift track, generally decreasing as the drift
track progresses northward. But two anomalies of elevated ISW (glacial melt water) fractions
were detected along the track. These were observed in the vicinity of Larsen C Ice Shelf
(68.5°S) and at the northern end of the Larsen Ice Shelf. Based on the previously reported ISW
outflow of 1 Sv from the Filchner Depression (Foldvik et al., 1985) Weppernig et al. (1996)
estimated a WSBW formation rate of 5 Sv, including 10% ISW of Filchner Ice Shelf origin.

Particularly at mid-ocean ridges of the deep Pacific, additional *He (and less *He) is released
into the deep water, resulting in an enhanced *He/*He ratio of about 8 times the atmospheric
ratio (Well et al., 2001). These waters contribute to Circumpolar Deep Water (Well et al.,
2003), and hence to WDW, which then has a maximum *He/*He ratio and slightly enhanced
*He values. Neon provides complementary information (Rodehacke et al, 2006). In contrast to
helium, neon has no internal sources (Well & Roether, 2003) other than glacial melt water, and
has minimum values in WDW (see below, compare Figs. 5B and 5C, and the grey arrow in Fig.
2 pointing to the “He shift off the atmospheric *He/Ne ratio particularly in the WDW range that

originates from Circumpolar Deep Water).



The chlorofluorocarbons CFC-11 and CFC-12 are age tracers due to their temporal evolution in
the atmosphere and in the ocean surface waters. They allow estimating transit times of recently
ventilated waters in the ocean interior, depicting the transport of these water masses (Weiss et

al., 1985; Bullister, 1989).

There is only limited knowledge about the western Weddell Sea and, particularly, the Larsen
Ice Shelf concerning WSBW formation processes and rates. One aim of the ISPOL experiment
(RV Polarstern cruise ANT XXII/2, October 2004 to January 2005) was to find evidence for
glacial melt water originating from LIS. A comprehensive description of the ISPOL cruise, the
drift track and the ice conditions, is given by Dieckmann et al. (2007); see also Hellmer et al.
(2006) and Hellmer et al. (2008). Absy et al. (2008) focus on the hydrography of the upper
water column and a comparison with ISW-1. Here we analyze the formation of WSBW and
quantify glacial melt water fractions by using hydrographic and tracer observations. We find
clear evidence of an ISW/glacial melt water source at the Antarctic Peninsula — most definitely
related to the LIS. This water can be traced further downstream along the slope towards the

northern tip of the Antarctic Peninsula between 1000 m and the base of the slope.

In the following sections we describe the sampling and measurement of the presented data and
the applied methods. Subsequently we analyze these observations and show how they relate to
previous observations up- and downstream of the ISPOL investigation area. Thereafter, we
deduce the fractions of the contributing water masses and the formation and export rates of

WSBW.

2. Data and Methods

The location of the ISPOL experiment is shown in Figs. 1A and 1B. Heavy sea ice conditions
during November prevented RV Polarstern to proceed further southwest and close to the
continental shelf. A canyon located further south (69.5°S), suspected to be a possible pathway
of locally formed ISW, was missed. Another canyon further towards the northwest (67°S) was
not found, presumably due to unreliable charts; CTD observations differed partly by more than
200 m from the charts (Dieckmann et al., 2007). The southern end of the ISPOL drift coincided
with an area where Weppernig et al. (1996) found enhanced ISW fractions near Larsen C

(68.5°S, 100 km east of the ISPOL drift track). Furthermore, the cruise was designed as a drift



station, with RV Polarstern permanently attached to an ice floe. Due to a slow drift with several
loops, the station drifted northwards only by a distance of 150 km during 38 days. Hence, the

Larsen C Ice Shelf front was not covered completely.
[Figure 1A, 1B]

An additional CTD system carried by helicopter complemented the ship-operated profiling
especially west of the drift track. It was equipped with a single Niskin bottle to get a water
sample from each helicopter station close to the bottom. The obtained accuracies were 0.002
(salinity), 0.002°C (temperature), and 2dbar (pressure) for the ship based CTD and 0.005
(salinity), 0.003°C (temperature), and 3dbar (pressure) for the helicopter CTD (Absy et al.,
2008).

In total, 300 samples from 29 ship casts and 20 bottom samples from helicopter stations were
analyzed for helium isotopes and neon. All samples were stored in gas-tight copper tubes and
analyzed mass spectrometrically at the IUP Bremen (Siiltenful} et al., 2007). The accuracy of
measurements is 0.01 nmol/kg or 0.5% for “He, 0.04 nmol/kg or 0.5% for Ne, and 0.2% for the
*He/*He ratio. Replicate samples gave an error of the reproducibility of 0.5% for *He, 0.2% for
Ne, and 0.1% for ‘He/*He. However, the observed scatter of the *He and Ne measurement is
larger (2% for *He and 1% for Ne within restricted density intervals). We assume that this

apparent scatter reflects true variations within the water masses.

Because uncertainties in the solubility functions of helium and neon still exist (Weiss, 1971; see
also Rodehacke et al., 2006) and because of non-linear effects, we use concentrations (nmol/kg
= 2.2414 x cm’STP/g) rather than the excess above the equilibrium concentration (e.g. A*He =
100 x (4He<)bs/4Heeq — 1) in % where 4Heeq = 1(6,S) is the solubility function of Weiss, 1971).
The helium isotope ratio (*He/*He) is expressed in the common delta notation (8°He = 100 x

(PHe/*Helobs/['He/*Helum— 1) [%]). *He components from tritium decay are presumably

negligible (Roether et al., 1998, Roether et al., 2001).

A total of 470 water samples from 29 ship casts were analyzed for CFC-11 and CFC-12. The
samples were collected into 100 ml glass ampoules after flushing them with seawater for
several minutes, and were flame-sealed under a flow of CFC-free nitrogen. The amount of CFC

degassing into the headspace was accounted for during the measurement procedure. The CFC



measurement, at [UP Bremen, used a purge and trap sample pre-treatment followed by gas
chromatographic (GC) separation using a capillary column and electron capture detection
(ECD) (Bulsiewicz et at., 1998). The accuracy of the measurement is better than 1.5% or 0.04
pmol/kg for CFC-11 and 1.5% or 0.03 pmol/kg for CFC-12 (which ever is greater). CFC

concentrations are calibrated on SIO98 scale (Prinn et al., 2000).

For comparison with the atmospheric source, the CFC concentrations are converted to partial
pressure (ppt, parts per trillion) using the solubility function of Warner and Weiss (1985). For
the southern hemisphere atmosphere we used the values of Walker et al. (2000), extended
beyond the year 2000 using values from http://gaslab/ucsd.edu/pub/cfchist and followed up by a

linear extrapolation into 2004.

We also use noble gas and chlorofluorocarbon measurements from previous cruises (Fig. 1A)
for comparison with the ISPOL data. Helium isotope, neon, and CFC measurements are
available on sections in the southern Weddell Sea (ANT XII/3, 1995, measured by the IUP
Bremen tracer group as described above); (a) following the Filchner-Ronne Ice Shelf edge, (b)
crossing the northern Filchner Depression, and (c) traversing the continental slope. While noble
gas measurements are of comparable quality to those from ISPOL, the CFC measurements are
less precise (CFC-11 = 7% and CFC-12 £ 3%, due to the first application of flame-sealed CFC
sample method). Since the ISW core in the Filchner Depression is not captured by our noble
gas measurements, we use earlier measurements of Schlosser et al. (1990). The Weddell Sea
transects from Joinville Island into the Weddell Basin (ANT XIII/3 in 1996 and ANT XV/4 in
1998; hereinafter termed JV section), also provide both noble gas and CFC measurements. All
these measurements were obtained by the IUP Bremen tracer group; since in these cases the
CFC samples were measured on board, the accuracy is better than 1% or 0.02 pmol/kg for CFC-
11 and 1% or 0.01 pmol/kg for CFC-12. All noble gas measurements performed at the IUP
Bremen were corrected for small systematic errors due to the variability of the calibration
standard. These adjustments were obtained by the analysis of crossing points of the sections.

The corrections are listed in Table 1.

[Table 1]

The ISPOL *He and Ne values are systematically higher compared to the data of previous
sections from the southern and northwestern Weddell Sea (ANT XII/3, ANT XIII/4, and ANT



XV/4). This inconsistency is believed to be caused by a calibration problem in the
measurement. Therefore, and because the ISPOL data set is fully consistent internally, we
applied an adjustment of -0.6% for *“He and -1.9% for Ne (based on a comparison between
ISPOL data and previous sections for samples with 32.50 < o; < 32.55, see Figs. 5; o) =
potential density [kg/m3] referenced to 1000 dbar). With this adjustment, the *He/Ne ratios fit to
all other observations from the Weddell Sea perfectly (Fig. 2). The helium offset from the
atmospheric ratio (grey line in Fig. 2), most apparent for all data sets in the WDW range
(indicated by the grey arrow at ANe = 3%), originates from small helium additions from Pacific
deep waters. Note, however, that these adjustments reduce the *He and Ne values, and thus, also
the deduced fractions of glacial melt water. The uncorrected data would lead to implausibly

high glacial melt water fractions.
[Figure 2]

We apply an Optimum Multiparameter Analysis (OMP; Tomczak, 1981; Tomczac and Large,
1989; Hinrichsen and Tomczak, 1993) to deduce the contributing fractions of the four source
water masses (WW, WDW, HSSW, and glacial melt water) to deep and bottom water
formation. Fig. 3 represents the mixing scheme according to the “Foldvik process” (dashed
line) and the “Foster-Carmack process” (dotted lines) in 6/S and 6/*He parameter space, and

illustrates how helium observations provide complementary information.
[Figure 3]

The OMP is based on an over-determined system of constraining linear equations. The first
equations represent the mixture of source water masses by linear combinations of the fractions
fi of the source water masses and their characteristic properties X; (like 0, S, and tracers). The
last equation ensures mass conservation. In the optimum case this results to the observed

properties Xqbs of the analyzed water mass (Eq. 1).
Xobs =2 fl Xi (1)
Inverting this equation system (minimizing the deviations between observed and computed

properties in a least square sense) yields the optimum combination of source water fractions.

The system of equations is normalized by the mean and the range each property spans to



account for their different orders of magnitude and, furthermore, it is weighted by the average

uncertainty of each property to account for the different signal-to-noise ratios.

We use the residuals R between observed and computed properties of the analyzed water mass
as a qualitative measure of the OMP. Furthermore, we test the OMP result 1) by individual
variation of each source water mass property within its respective uncertainties and 2) by
statistical variation of the properties of the analyzed water mass within their errors. The
resulting deviations are summed up by error propagation and are considered as the uncertainty

of the fractions.

Chlorofluorocarbons (CFCs) are transient tracers due to their atmospheric time evolution
(Walker et al., 2000). Atmospheric concentrations of the entirely anthropogenic CFC-11 and
CFC-12 increased almost steadily between the 1940s and the 1990s. More recently they leveled
off (CFC-12) or decreased (CFC-11). They enter the ocean by gas exchange across the
atmosphere-ocean interface. If the surface water were in equilibrium with the atmosphere and
no mixing and internal sources or sinks altered the CFC partial pressure in the ocean interior,
the “age” (i.e. the time elapsed since the water parcel has left the surface layer) would be the
time difference between the observed CFC partial pressure and the corresponding value in the
atmospheric time history (Weiss et al., 1985; Bullister, 1989). This first-order concept of

determining a transit time is termed “concentration age”.

Since surface water is generally not in equilibrium with the atmosphere (due to reduced gas
exchange by ice cover or faster downward mixing than gas transfer), the saturation, i.e. the ratio
between the observed and the equilibrium concentration, has to be considered. It is also
required to account for the apparent saturation in subsurface water masses, if they are used as
source water masses (Karstensen and Tomczak, 1998). Furthermore, if the water mass was
separated from the surface for a certain time At before it got re-involved in the inner oceanic

circulation, one can account for that delay by considering an enhanced apparent saturation (Eq.
2):

S= CFCobs / CFCatmos(tobs - At) (2)

Due to a slightly different solubility for the two CFCs and their non-uniform and non-linear

temporal evolution in the atmosphere, these apparent saturations are generally not identical and



vary in time (Beining and Roether, 1996). However, significant deviations from the true age are
more likely related to mixing (partly with tracer free water), which generally leads to an

underestimate of the real age (Sonnerup, 2001; Waugh et al., 2003).

3. Observations

Fig. 4 shows vertical sections of *He, 8°He, and CFC-12 along the main ISPOL drift track
(about parallel to the meridional 6 and S sections shown in Absy et al., 2008). The *He section
appears to be more scattered than those of 8°He and CFC-12, which is due to the lower dynamic
range of *He. However, the “He section shows increasing values towards the bottom with a
maximum in the WSBW layer (0 <-0.7°C) several 10 meters above the bottom, indicating large
glacial melt water contributions. The 8°He values have a maximum in the WDW layer (6 > 0°C
and 500 to 1000 m depth in the south with an uprising lower boundary as stations get shallower
towards the north). Towards the bottom they approach surface layer values. CFC-12 partial
pressure shows maximum values at the surface, due to its atmospheric source, and increasing
values towards the bottom, due to increasing fractions of recently ventilated (surface) water.
Extreme values of 0, “He, 8°He, and CFC-12 close to the bottom are apparent along the whole
section even in the shallower northern part, indicating a similar composition of source water

masses along the entire drift track.

[Figure 4]

Property plots versus 0 for the ISPOL cruise are displayed in Figs. 5. Observations in front of
the Filchner Depression (sub-section b and c), and downstream (JV sections west of 45°W) are
included for comparison (for locations of sections see Fig. 1A). The ISPOL WW layer is
characterized by the surface freezing point temperature (Fig. 5A). WDW temperatures and
salinities from the ISPOL site are slightly colder and fresher than those along the JV sections,
while observations from the southern Weddell Sea show warmer and fresher WDW values,

each reflecting the different distances from the WDW core and its source.

[Figure 5A, 5B, 5C, 5D, 5E]
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At the bottom, ISPOL temperatures decrease to a minimum of -1.9°C and salinities reach values
of 34.63. An evident feature is the sickle-shaped intermediate salinity minimum in the upper
layer of WSBW (-1.5°C <0 <-0.7°C, S = 34.60, indicated by the thick arrow in Fig. 5A). This
salinity minimum can be explained by admixtures of glacial melt water or entrainment of WW
(or mWDW). The reduction in salinity of about 0.04 (the difference between the intermediate
minimum and a straight line between WDW and coldest WSBW) would require an admixture
of roughly 0.1% pure glacial melt water (S = 0). The colder, deeper WSBW layer (0 < -1.5°C)
contains larger admixtures of HSSW. The ISPOL bottom water temperatures are considerably
lower than those observed during ISW-1, even where helicopter CTD stations overlap the
ISPOL drift track (ISW-1 temperature minimum around -1.4°C, data not included in Fig. 5A).
The temporal changes in bottom water 6/S characteristics are discussed in detail by Absy et al.

(2008).

WSBW along the JV section is systematically warmer and slightly saltier, causing a lifting of
the sickle-shape in the 6/S space (thin arrows, Fig. 5A). On the slope, WSBW has a minimum
temperature of -1.4°C, which indicates further exchange with WSDW. Off the slope, in the
inner basin, the bottom water is even warmer (minimum at -0.9°C), and the intermediate
salinity minimum appears to be eroded. The sickle-shaped WSBW 6/S characteristic was
previously observed by Fahrbach et al. (1995) west of the Larsen Ice Shelf and in the western
part of the JV section. They argued that the low salinity WSBW originates from the western

Weddell Sea while the higher bottom salinities originate from the south.

In the bottom layer of the Filchner Depression temperatures are below the surface freezing
point T due to admixtures of outflowing ISW plumes. Highest salinities (S > 34.65, with 0 <
Tr) represent remnants of HSSW, originating from the southwestern shelf. Temperature and
salinity data directly within the Filchner outflow (subsection b, diamonds in Fig. 5A) are
comparable with the bottom water properties observed at the ISPOL site. However, water
flowing out the Filchner Depression along the southern slope towards the west (across
subsection ¢, open circles in Fig. 5A) rapidly changes characteristics (0 > -1.65°C). Hence, the
Filchner outflow and the bottom water characteristics at the ISPOL site cannot be connected.
Therefore, an additional bottom water source exists in the western Weddell Sea that, at least
intermittently, supplies cold and dense water of different characteristics which cause the sickle-

shape in 0/S space.
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Both *He and Ne in the surface layer and in the WW layer from the ISPOL site are elevated in
comparison to air-sea equilibrium values (Figs. 5B and 5C, A*He = +3.5%, and ANe = +2%).
Such an excess can be explained by glacial melt water additions from frontal melting of shelf
ice or icebergs, while the stratification and the sea ice cover prevents equilibration with the
atmosphere. It cannot completely be caused by upwelling WDW, since Ne has a minimum in
WDW (Fig. 5C). Appart from considerable data scatter, the “He and Ne maxima in the upper
WSBW layer (0 = -1.4°C) evidently coincide with the intermediate salinity minimum (thick
arrow in Fig. 5A). The large excesses of A*He and ANe (+10% and +8% relative to air-water
equilibrium) are only achievable by the addition of glacial melt water. The coldest bottom layer
shows more moderate “He and Ne values, indicating enhanced HSSW components which carry
smaller concentrations of *He and Ne. Such a decline of helium and neon towards the bottom
was previously reported by Weppernig et al. (1996) from the southern-most ISW-1 stations,
which show a tongue of HSSW extending from the continental shelf to the lower continental

slope.

The ISPOL “He and Ne maxima in WSBW (Figs. 5B and 5C) are quite similar (Ne slightly
higher) to those in out-flowing water within the Filchner Depression (subsection b in Fig. 1A,
diamonds in Figs. 5B and 5C). However, in the ISPOL data the noble gas maximum is about
0.5°C warmer than in the Filchner outflow (coinciding with the salinity minimum at around -
1.4°C). Furthermore, west of the Filchner Depression (subsection ¢ in Fig 1A, open circles in
Figs. 5B and 5C), such high *He and Ne values are no more present. This means that both
temperature and noble gas characteristics are dispersed rapidly after the Filchner outflow turns
west along the slope. These observations provide support that the western Weddell Sea has its
own source (possibly intermittent). Along the JV section, the helium and neon values lie almost
on a straight line between WDW, WSDW, and the lower WSBW values observed at the ISPOL
site. That means that the extreme helium and neon values observed in upper ISPOL WSBW are
an effect of a strong (possibly intermittent) melt water plume and are eroded on the way

northward by further mixing with WSDW.

The ISPOL &’He data (Fig. 4B, and Fig. 5D) exceed the low values from the area around the
Filchner Depression (5°He < -2%, 6 < Ty). West of the Filchner Depression (0 > Ty) the bottom
water values are in the order of 1%, while the ISPOL bottom water values are between 1% and
2%. WW values at the ISPOL site are near to 0% and are, thus, larger than equilibrium values (-

1.8% at © = Ty); 8°He rich WDW (up to 8%) is admixed into the surface layer, while the ice
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cover prevents equilibration with the atmosphere. From these observations we deduce a WDW
entrainment of 18% into the surface mixed layer. This value agrees very well with the findings
of Weppernig et al. (1996), located 100 km east of the ISPOL site. In the vertical 8’He
distribution (Fig. 4B) it can be seen that remnants of WDW reach relatively shallow areas in the

northern part of the drift track.

CFC-12 data are displayed in Fig. 4C and Fig. SE. Surface mixed layer values reveal a well-
mixed water body with a saturation of 70% (68% for CFC-11). These are typical surface layer
values for the western Weddell Sea (e.g. Huhn et al., 2001). The CFC minimum on the WDW
(0 = 0.4°C) from our observations in the western and northwestern Weddell Sea (i.e. ISPOL
and JV sections) increases continuously from roughly 15 ppt (1996) to 25 ppt (1998) and 35 ppt
(2004), reflecting the atmospheric CFC evolution and the renewal of WDW due to the
upwelling of CFC-richer and younger WSDW. CFC values in the bottom layers are only
slightly lower than in the near-surface layers (WW) for all data sets, indicating recent

ventilation of the bottom layer.

A special feature is the low CFC-12 values (< 50 ppt) for part of the WSDW temperature range
at the Filchner and JV sections. These values are found rather more off-slope, representing the
transition into the off-slope CFC minimum in that range described by Hoppema et al. (2001).
These authors found the decrease to become prominent where the bottom depth begins to

exceed roughly 1500 m, which explains the virtual absence of the feature in the ISPOL region.

At the ISPOL site the CFC values in WSDW (-0.7 < 0 < 0°C) lie on an almost straight mixing
line between the minimum in WDW and the maximum in the lower part of WSBW. In the
upper ISPOL WSBW (indicated by the arrow in Fig. 5E), however, the CFC values are slightly
higher than according to the mixing line. This enhancement coincides with the salinity
minimum (sickle, Fig. 5a) and the noble gas maxima (Fig. 5B and 5C) noted above. It
consistently reveals the entrainment of near surface water masses (WW or mWDW) into this
layer, and demonstrates that this layer is not only a mixture of deep WSBW and WSDW. These

findings also point to a source rather near-by.

The horizontal distributions of properties in the bottom layer at the ISPOL site are shown in
Fig. 6. Anticipating a continuous flow with contributions of glacial melt water (discharged from

the western shelf or from the canyon further south indicated by bathymetry maps), one would
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expect a consistent pattern of highest “He and Ne concentrations and of lowest temperatures
(and highest densities) in the south or west with a gradient towards the north and down the
slope. But the property distributions in the bottom layer are patchy and not fully consistent, so
that only weak patterns can be recognized. This patchiness may be partly caused by the
projection of the irregular distributed observations on a regular grid, causing artificial structures
where observations are extremely sparse or dense (but not synoptic). Furthermore, for *He and

Ne the signal-to-noise ratio is low due to the small range of values.
[Figure 6]

However, the patchiness also indicates that the area is probably subject to a complex flow
pattern in space and time. Two parallel, seemingly unconnected branches of lower temperatures
seem to evolve from southwest (0 = -1.8°C) down the slope to the northeast (dashed and dash-
dotted arrows in Fig. 6). The salinity distribution shows a gradient of high (S > 34.64) to low
salinities (S = 34.61) in northeast direction with two areas of lower salinities around 55.5°W in
the south and 56.3°W in the north. These low-salinity patches roughly coincide with an almost
unbroken band of low noble-gas values (dashed line), but are not reflected by any similar
structure in the temperature distribution. A consistent feature in all property distributions is a
band, identifiable by relatively low temperatures and high noble gas values, leading from about
56°W/68°S downslope towards the northeast (dashed arrow) highlighting a likely path of

glacial melt water enriched bottom water.

4. Discussion

4.1. Shelf water contributions to deep and bottom Water observed in western Weddell Sea

For WSDW and WSBW formation we account for four parent source water masses: WW,
WDW, HSSW, and glacial melt water (see Fig. 3). We do not account for mWDW, a mixture of
WW and WDW, nor ISW, a mixture of HSSW and glacial melt water. We employ an Optimum
Multiparameter Analysis (OMP) using 6, S, *He, Ne, and the *He/*He ratio (i.e. 5°He) to
calculate the relative fraction of each of the four source water masses in the deep and bottom
water observed at the ISPOL site. We define the source water masses within limits of

temperature, salinity, and density and calculate means and standard deviations of their
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properties from the available observations. As limits we use standard values from the literature
(e.g., Carmack and Foster, 1975); if necessary, we carefully adjusted and complemented these
limits for better characterisation and distinction of the source water masses on basis of the
available observations (Fig. 5A, see also Fig. 7). The used definition limits, the characteristic
(mean) values, and their uncertainties are summarized in Table 2. CFC measurements are used

later to infer the transit times of the source water mixture.

[Table 2]

As “uncertainties” of the characteristic values in Table 2 we use the standard deviation of the
individual measurements rather than the error of the mean (the accuracy of the measurement is
mostly smaller). These generally larger “uncertainties” are used to account for the range the
parameters usually cover within the water masses (e.g., 6 within WDW). Furthermore, these
larger uncertainties better characterize the true variability within the water masses. Since ‘He
and Ne values for glacial melt water are based on measurements of the air content in meteoric
ice from different locations (Hohmann et al. 2002) we used as their uncertainties the standard
deviation of these air measurements. For weighting the OMP to account for the different signal-
to-noise-ratios of the used properties one has to apply uniform errors for each property. We use
average uncertainties of g9 = 0.1°C, €5 = 0.03, €415. = 1%, ene = 1%, €531 = 0.4% (Table 2). The
property distributions of the ISPOL data and the characteristic values of the source water

masses (within their uncertainties) are compared in Fig. 7.

[Figure 7]

The results of the OMP (separately obtained for each ISPOL data point within WSDW and
WSBW, pink dots in Fig. 7) are displayed in Fig. 8. The OMP-derived fractions of glacial melt
water in WSDW and WSBW range from around 0% to a maximum of 0.4%. These values are
small but significant. They are compatible with the rough estimate based on the intermediate
salinity minimum (see above) and well comparable to values in front of the Filchner Depression
reported by Schlosser et al. (1990) derived from *He observations alone (melt water fractions
up to 0.5%). The values are significant, in that the estimated OMP error for the melt water
fractions is only around 0.03% (see below), similar to the uncertainty in the Schlosser et al.

(1990) study (0.05%). That means that the glacial melt water is well traceable by the applied
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method. Moreover, assuming a total dense-water formation rate of 1 Sv, a melt water fraction of

0.1% corresponds to the rather considerable melt rate of more than 30 Gt/year.
[Figure 8]

A general trend of increasing melt water fractions with decreasing temperature is evident (from
0.07% in the upper WSDW to 0.12% in the lower WSBW according to a linear regression
versus 0, the solid blue line in Fig. 8). Apparently, the deviations of individual fractions from
the regression line (standard deviation of individual fractions from regression line = 0.06%) are
due to variability within the composition of the observed WSBW rather than to the uncertainty
of the determination (uncertainty of individual fractions = 0.03%, see below). However, in the
mid-range WSBW around -1.4°C, where *He and Ne are highest and the salinity has its
intermediate minimum, several individual melt water fractions exceed the trend considerably.
As expected, the glacial melt water fractions are strongly correlated with the constraining

parameters *“He and Ne (Table 3). Correlations with the other parameters are weak.
[Table 3]

Fractions of WDW decrease with decreasing temperature from almost 90% at the boundary
between WDW and WSDW (0°C) to close to zero for the lowest temperature (r = 0.95). The
regression of WDW vs. 0 represents the individual fractions quite well (mean deviation from
the regression < 1%). The WDW fractions do not reach 100% at the WDW/WSDW boundary,
since the WDW properties are not defined directly at the boundary but in the core of WDW at 0
~ 0.35°C. Additionally to the strong 0 correlation with 6 (Table 3), there is an extremely strong

correlation with 8°He.

The HSSW and WW fractions also increase, similar to the glacial melt water fractions, with
decreasing temperature. The correlation of the HSSW fractions is negative with 0, positive with
*He and Ne, and weakly negative with S. This is surprising, since salinity is the most
characteristic property of HSSW so that one would expect an increase of the HSSW fraction
with increasing salinity. However, the computed correlation in Table 3 holds for the whole
WSDW/WSBW layer. In the lowest part of the WSBW range, i.e. below the intermediate
salinity minimum (see Fig. 5A), the correlation between the HSSW fractions and salinity is

positive. This demonstrates the sensitivity of the OMP to the complexity of the water mass
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composition and, furthermore, the necessity of using different properties that provide

independent information.

The WW fractions are strongly correlated with 0, S, and 8°He. For temperatures around -1.4°C
the WW fractions show a slight maximum. This supports consistently our previous result that
the upper WSBW layer (coinciding with the local salinity minimum and “He and Ne maxima)
received larger admixtures of melt water and WW. When the melt water leaves the sub-ice
cavity, it is stratified in a relatively thin layer at mid-depth, deep enough to be separated from
the surface mixed layer to prevent the gas exchange with the atmosphere (so that additions of
helium and neon from molten ice are conserved) but shallow enough to entrain WW or

mWDW.

A measure of the OMP quality is the residuals between the observed and deduced properties:
The values obtained, Ry = 0.07°C, Rs = 0.001, Rap. = 0.007 nmol’kg, Rxe = 0.025, Rszpe =
0.33%, and Rconservation of mass = 0, are comparable or even smaller than the parameter
uncertainties (Table 2). As a further test of the sensitivity of the OMP we varied separately all
source water parameters within their uncertainties (Table 2) and the observed WSDW and
WSBW properties within their errors. By combining the resulting deviations from the unvaried
case by error propagation we get a measure of the uncertainty of the computed source water
fractions (in absolute %): glacial melt water £ 0.03, WW + 5, WDW =+ 3, HSSW + 5. Varying
only “He and Ne values of glacial melt water within their uncertainties, the glacial melt water
fractions vary in the order of 0.01 (absolute %). These uncertainties are smaller than the scatter
of the individual fractions around the temperature regression lines. Using excess A*He and ANe
instead of the concentrations “He and Ne in the OMP we get glacial melt water fractions which
are about 0.01 to 0.02 (absolute %) larger, due to the non-linearity of the solubility of the gases.
This “overestimate” is on the order of 20% (relative), similar to the 25% estimated by Hohmann

et al. (2002) for this effect.

We applied the same OMP approach for ISW as a source water mass instead of glacial melt
water and the same HSSW properties as used by Weppernig et al., 1996 (in lack of direct ISW
observations in the western Weddell Sea we use the ISW properties observed in the Filchner
Depression adopted from Schlosser et al., 1990, see Table 2). The OMP derived mean ISW
fraction in WSBW is 12%, ranging between 0% and about 45%. Not surprisingly, the HSSW

fractions are accordingly lower because ISW is a mixing product of HSSW and glacial melt
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water. These findings are fully compatible with the value found by Weppernig et al. (1996) for
the Ice Station Weddell (ISW-1) section at about 68.5°S and demonstrate the validity of our

approach.

The CFC observations agree very well with the above findings. To demonstrate this, we apply
an approach similar to Karstensen and Tomczak (1998). We reconstruct the CFC partial
pressure history in WSBW (Eq. 3), accounting for the contributing fractions of each source
water mass f; (from the regression lines in Fig. 8 for a given temperature) and their apparent
CFC saturation S; (Table 2). As a first approach we assume constant apparent saturations. The
time dependence of the reconstructed CFC history in WSBW is then given by the time

dependence of the atmospheric histories.

CFCwsgw (0,t) = CFCyur(t) -

[Sww-fww(0) + Swow fwow(0) + Sussw-frssw(0) + Siswfatacial melt water(0)]  (3)

The CFC observations (separately for potential temperature intervals -1.9°C < 0 < -1.4°C and -
1.4°C < 0 < -0.7°C in Fig. 9) are fully compatible with the reconstructed CFC histories
(calculated for 6 = -0.7°C, -1.4°C, and -1.9°C). The error of the reconstructed CFC histories
(accounting for 2 o of fractions f; and 2 ¢ of saturations S;) is in the order of 10%. A
significant temporal shift from the reconstructed time histories (i.e., an age or transit time from

the source to the area of observation) is not evident from these observations.

[Figure 9]

4.2. Export of WSBW across the JV section

On the JV section, WSBW (6 < -0.7°C) is confined to a relatively thin layer adjoining the slope

(in the following referred to as on-slope WSBW) and to a 500 m thick layer in the inner basin
(subsequently referred to as off-slope WSBW) (Fig. 10).

[Figure 10]

Rather high CFC values in the on-slope WSBW, to be observed between 1200 m and the base

of the slope, indicate a recent ventilation. Fahrbach et al., (1995) assumed the origin of this on-
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slope WSBW to be in the western Weddell Sea. As already discussed in Section 3, we conclude
that the on-slope WSBW is associated with WSBW found in front of the Larsen Ice Shelf. In
the off-slope WSBW CFC concentrations are considerably lower but still enhanced in
comparison to the water further up (i.e. WSDW). The 6 = -0.7°C boundary between WSDW
and WSBW, coinciding with a strong gradient in the CFC profiles (Fig. SE), lies below 4000 m
depth, or 500 m above the bottom of the basin. *He and Ne values increase downwards in the
water column and are highest in the deep and bottom water, but their scatter does not allow a
distinction between on- and off-slope WSBW. §°He values in the on-slope WSBW are slightly
lower than in the off-slope WSBW, which also indicates larger fractions of melt water or

recently equilibrated surface water in the on-slope WSBW.

We employ the OMP approach to derive the source water fractions for WSDW and WSBW
along the JV section, using the same source waters and their characteristic parameter values
(Table 2) as previously applied for the ISPOL analysis. The result — separated for observations
on and off the continental slope (separation at about 450 km off the shelf break) — is displayed
in Fig. 11 (analogue to Fig. 8; for comparison the regression lines from the ISPOL site are

included in Fig. 11 as thin lines).

[Figure 11]

The OMP-derived fractions of WW, WDW, and HSSW from the JV sections reach almost the
same values and the same temperature regressions for both on-slope and off-slope stations
(within their scatter). Even more, both sub-sets show almost the same trends as for the ISPOL
site (thin lines), except that they are cut off at temperatures below -1.4°C (on-slope stations)
and -0.9°C (off-slope stations) due to further mixing with water from above and further
transformation of WSBW into WSDW on the way from the source to the JV section. The
glacial melt water fractions (blue dotted and dashed lines) appear systematically smaller than at
the ISPOL site (mean melt water fractions =~ 0.04%). This shift might be an effect of the lower
*He and Ne signal-to-noise ratio further off the sources (the derived melt water fractions are
only slightly larger then their uncertainty) or of the temporal variability of the formation and the

transport of the bottom water.

To estimate a transit time for newly formed WSBW from the western Weddell Sea to the on-

slope JV section (and from the southern Weddell Sea to the off-slope JV section) we use the
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CFC-based approach as for the ISPOL data above. We reconstruct the CFC history for WSBW
(Eq. 3) with the computed source water mass fractions f; for the JV section (separately for on-
slope and off-slope WSBW from the regression lines in Fig. 11) and the related apparent CFC
saturations S; (Eq. 2). The latter are derived from observations at the ISPOL site for on-slope
WSBW and from observations in the southern Weddell Sea, i.e., in front of Filchner Ice Shelf,
for off-slope WSBW (Table 4). The reconstructed CFC-12 histories and observations from
1996 and 1998 along the JV section (west of 45°W only) are displayed in Fig. 12 for the
respective 0 ranges (-0.7 = 0 > -1.4°C for on-slope WSBW, and -0.7°C > 6 > -0.9°C for oft-
slope WSBW).

[Table 4]
[Figure 12]

The CFC age (i.e., the mean time lag between observed concentrations and the respective ones
from the reconstructed history indicated by the arrows in Fig. 12) for the on-slope WSBW is 9
+ 3 years (the same age is obtained from CFC-11). The error accounts for the uncertainties of
the saturations (Table 4) and the uncertainties of the fractions of the contributing source water

masses, leading to an uncertainty in the reconstructed CFC histories of about 10%.

With a distance of 700 km (from 69°S following the slope towards the JV section), the transit
velocity becomes 0.25 £ 0.1 cm/s, lower than from direct velocity observations. For instance,
Fahrbach et al. (2001) observed a maximum velocity on the slope across the JV section on the
order of 4 cm/s. The explanation is that, in contrast to the direct measurements, the tracer-
derived age and velocity represent the long term mean transport of a water body, in this case the
entire WSBW layer below the -0.7°C isotherm between the source (i.e. the western Weddell
Sea ice shelf region) and the point of observation (JV section on slope) including mixing of
flow trajectories (i.e. internal mixing and recirculation) and residence times (e.g. between the

basal ice shelf melting with subsequent WSBW formation and its discharge).

With a mean thickness of the WSBW layer of 400 m (-0.7°C isoline down to the bottom, Fig.
10) and an extension of this layer 350 km off the shelf break, the cross-section is 140x106m2,
yielding a total transport of on-slope WSBW of roughly 0.35 £ 0.15 Sv (the error accounts for

the transit time error of 3 years) crossing the JV section below the -0.7°C isotherm. Upward
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mixing of parts of the initially formed WSBW into the WSDW (the renewal of WSDW can be
seen in the temporally increasing CFC content also in this water body) is not considered by this
approach. The observed decrease of the steady-state tracer *He in WSBW along the slope (from
1.95 nmol/kg at the ISPOL site to 1.91 nmol/kg on the JV section) is an effect of this mixing
(1.89 nmol/kg in the ambient WSDW). We use these values to estimate the fraction (y) of the
initially formed WSBW that reaches the JV section below the -0.7°C isoline (Eq. 4).

4 4 4
Hejv-wssw =¥ "Herspor-wssw T (1-Y) "Heambient wspw 4)

We find that y = 1/3 of the initially formed WSBW arrives at the JV section (the same ratio is
obtained from the Ne decrease). The remaining 2/3 are lost upwards and are replaced by
WSDW. This corresponds to an initial WSBW formation rate in the western Weddell Sea of 1.1
+ 0.5 Sv. With this formation rate and the mean initial glacial melt water fraction of 0.1% (Fig.
8) we deduce the total melt rate at the base of the Larsen Ice Shelf to 35 + 19 Gt/year. With an
ice shelf area of roughly 100000 km* (mainly Larsen C), this corresponds to a melt rate of 0.35
+ 0.19 m/year. These uncertainties of the melt rates account for the uncertainties of the
formation rate (+ 0.5 Sv) and of the OMP derived melt water fractions (= 0.03%). However,
one has to consider the intermittent nature of the flow, so that the melt water fraction (and 7)
might be subject to even larger temporal variability, as indicated by the scatter of the single
melt water fractions (the standard deviation of the individual melt water fractions from the

regression line in Fig. 8 is about 0.06%, the total range is from 0.0% to 0.4%).

For the off-slope WSBW we get a mean CFC age of 22 £ 5 years (Fig. 12). With a distance
between Filchner outflow and JV section of about 1200 km the mean transit velocity amounts
to 0.17 £ 0.05 cm/s. Assuming a mean WSBW thickness of 500 m and a width of 1500 km
(from 350 km off the shelf break in the northwestern Weddell Sea to 100 km off Kapp
Norwegia, where the 6 = -0.7°C isoline vanishes; see Fig. 10 and compare with Fahrbach et al.,
2004) the cross-section is 750x10° m”. This yields a transport of roughly 1.3 + 0.4 Sv. If we
assume the same 2/3 loss by upwelling 3.9 + 1.2 Sv is formed in the southern Weddell Sea at
the FRIS. For the 500000 km® of Filchner-Ronne Ice Shelf, this formation rate and a glacial
melt water fraction of 0.1%, the melt rate amounts to 0.25 + 0.11 m/year or 123 + 53 Gt/year.
The uncertainties account for uncertainties of the formation rate and the melt water fraction as

described above. However, in this case the melt water fraction and y might bear even larger
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uncertainties and variability due to temporal fluctuations, so that the true range of the melt rate

is probably larger.

Our derived WSBW formation and basal melt rates are in good agreement with previous
findings. Foldvik et al. (2004) calculated from current meter data a total WSBW (0 < -0.8°C)
formation of 4.3 = 1.4 Sv associated with the flow out of the Filchner Depression. The
computed basal melt rates from Hellmer (2004) are 38Gt/year at the LIS and 120 Gt/year at
FRIS. Even if our findings bear large uncertainties, they demonstrate the capability of our
method, which is complementary to oceanographic or glacialogical estimates (Gammelsrod et
al., 1994; Foldvik et al., 2001; Joughin and Padman, 2003) and independent of direct velocity
measurements, which are difficult to carry out in this hardly accessible area. Thus, they provide

— at least — an independent estimate of WSBW formation and basal melt rates.

The WSBW formed in the western Weddell Sea (it can be identified along the JV section on the
slope up to 1200 m, see Fig. 4 and Fig. 10) is shallow enough that it might leave the Weddell
Basin towards the north through the gaps in the South Scotia Ridge to supply AABW, keeping
with trajectories of numerical floats that indicate the flow of dense water masses originating
from the Larsen Ice Shelf through Philip Passage (Schodlok et al., 2002). The off-slope WSBW
is generally too deep to follow that pathway.

5. Conclusions

One aim of the ISPOL experiment (RV Polarstern cruise ANT XXII/2, Oct. 2004 to Jan. 2005)
was to find evidence for deep and bottom water formation in the hardly accessible area of the
western Weddell Sea. Deep and bottom water formation processes and rates, particularly the
role of the ice shelves at the Antarctic Peninsula and contributions of glacial melt water as well
as basal melt rates, are rather unknown. Previous studies (Fahrbach et al., 1995, Weppernig et
al., 1996; Mensch et al., 1998) suggested that the western Weddell Sea has to be considered as a
distinct source for Weddell Sea Bottom Water (WSBW). The hydrographic and tracer
observations obtained during ISPOL revealed recently ventilated bottom water which contains
significant fractions of glacial melt water, most definitely originating from the Larsen Ice Shelf

(LIS).
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WSBW at the ISPOL site has low temperatures (0 < -1.8°C, Fig. 5A) and high noble gas
concentrations (‘He > 1.96 nmol/kg or A*He > 9% and Ne > 8.6 nmol/kg or ANe > 6% , Fig. 5B
and 5C) even at the shallow northern stations (Fig. 4), which cannot be explained by the export
of bottom water containing glacial melt water or Ice Shelf Water (ISW) from the Filchner-
Ronne Ice Shelf (southern Weddell Sea), as the low temperatures and high helium values in the
water spilling over the sill of the Filchner Depression are dispersed quickly on its way down
and westwards along the slope. ISW observed in front of the Ronne Ice Front (southwestern
Weddell Sea) does not penetrate further north (Nicholls et al., 2003), and HSSW observed in
the southwestern Weddell Sea does not carry enough “He and Ne. Our observations provide
clear evidence that the western Weddell Sea has its own, at least intermittent, source for bottom
water formation. Figure 13 provides a schematic of the flow of the water masses formed at the
two source regions and; it also includes our deduced WSBW formation and ice shelf basal melt

rates.
[Figure 13]

One consistent feature of the ISPOL profiles is an intermediate salinity minimum coinciding
with a layer of noble-gas enriched water occupying the upper part of WSBW (-1.4°C <0 < -
0.7°C), while in the deepest layer (0 < -1.4°C) noble gas values are smaller and salinity is
higher (Fig. SA — 5C). This feature is also apparent in ISW-1 profiles close to the southern
source and at the ISPOL site latitudes, but further to the east, as previously reported by
Weppernig et al. (1996). It indicates an upper bottom water layer with higher admixtures of
glacial melt water (or ISW), causing the observed high *He and Ne values, and of entrained
WW (or mWDW), increasing the CFC content in this layer (Fig. SE), contrasting with a bottom
water layer, which contains higher fractions of HSSW, represented by the highest salinities but
only slightly enhanced noble-gas and CFC values. This distinct stratification can be expected
only close to the sources, since further mixing would leads to a more homogeneous distribution
of steady-state properties in the deep and bottom waters as can be seen further of the ISPOL site

on-slope and, particularly, off-slope along the Joinville section.

At the ISPOL site, observed bottom water temperatures were significantly lower and helium
concentrations slightly higher than during ISW-1 (Gordon et al., 1993; Absy et al., 2008),
located only 100 km further to the east but 1000 m deeper. The reason could be a temporally

and spatially variable discharge of recently formed bottom water. Furthermore, one has to
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consider that ISW-1 and ISPOL were performed as drift stations above rather unknown bottom
topography (Dieckmann et al., 2007) and thus might have missed paths of bottom water or

meanders almost parallel to the slope.

The horizontal tracer distribution in the WSBW layer at the ISPOL site (Fig. 6) shows an
incoherent structure, which indicates that a single point-like source is unlikely. The patchiness
might also be related to sporadic processes instead of a steady supply of newly formed waters.
Additionally, the interaction of tides with small topographic features may further amplify small-
scale flow features. Hence, we cannot expect to observe a synoptic field representing the spread
of recently formed water masses. Instead we likely detected actual plumes or remnants of
plumes and filaments in different stages, exchanging properties with the adjacent water.
Enhanced ‘He and Ne values in the southeastern part of the ISPOL area, which are not
connected to a corresponding pattern further to the west, might be caused by the intermittent
discharge. However, this tongue of *He and Ne rich and low saline water could also be a
permanent feature, i.e., the northern extent of an outflow from a possible canyon further south,

since it is also evident in the salinity distribution of ISW-1 (Absy et al., 2008).

The estimate of glacial melt water fractions in WSBW derived with an Optimum
Multiparameter Analysis (OMP) is based on hydrographic and noble gas observations. The
derived glacial melt water fractions are small but significant (mean of 0.1% in WSBW, partly
up to 0.4%, Fig. 8). These fractions are comparable with melt water fractions in the south, i.e.
the Filchner-Ronne Ice Shelf (up to 0.5% directly in the Filchner Depression, Schlosser et al.,
1990). The derived melt water fractions are strongly correlated to the *“He and Ne values. For
our study we rely on the values in pure glacial melt water given by Hohmann et al., (2002)
(A*He = 1060% and A Ne = 770%). Since reported noble gas concentrations in meteoric ice
cover a wide range (see also Schlosser et al., 1990; Jean-Baptiste et al., 2001), helium isotope

and neon concentrations in pure glacial melt water are still worth reconsidering.

The intermediate salinity minimum observed in upper WSBW at the ISPOL site is still apparent
but weak about 700 km downstream along the Joinville section for on-slope stations. During the
northward flow WSBW gains heat (+0.5°C) and the initially high noble gas content is diluted
by mixing with WSDW. The off-slope WSBW does not show a salinity minimum. Its origin is
associated with the Filchner Depression outflow, which reaches the bottom of the deep basin

and gains even more heat (+1°C) from mixing with WSDW on its longer route.
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The CFC-derived bottom water velocities and transport rates from the western slope across the
Joinville (JV) section are small compared to previous reports. However, our results are based on
CFC concentration ages, which account for a long-term mean tracer transport. Furthermore,
mixing of newly formed WSBW with upper layers (WSDW) dilutes the CFC (and noble gas)
signal. We inferred from the reduction of the noble gas concentrations between the western
source and the JV section that 2/3 of initially formed WSBW is mixed upwards and does not
reach the JV section colder than -0.7°C.

Combining the derived transport of WSBW and the deduced upward mixing with WSDW we
find that 1.1 £ 0.5 Sv are newly formed in the western Weddell Sea by the interaction of shelf
water masses with the Larsen Ice Shelf. This bottom water is shallow enough that it could leave
the Weddell Basin through the gaps in the South Scotia Ridge and to supply the Antarctic
Bottom Water. With a mean initial fraction of 0.10 = 0.06 % pure glacial melt water this
formation rate yields a basal melt rate of 0.35 + 0.19 m/year or 35 = 19 Gt/year at the base of
LIS. Applying the same methods we found that 3.9 £+ 1.2 Sv are formed in the southern Weddell
Sea with an associated melt rate at the base of Filchner-Ronne Ice Shelf of 0.25 = 0.11 m/year
or 123 + 53 Gt/year. These WSBW formation and basal melt rates are in very good agreement
with previous findings, i.e., 4.3 = 1.4 Sv at the FRIS, Foldvik et al (2004) and 38Gt/year at LIS
and 120 Gt/year at FRIS, Hellmer (2004).

The derived WSBW composition, the formation rates, and basal melt rates bear large
uncertainties due to the uncertainties in the derived source water fractions, in the transit times
(due to uncertainties in the apparent CFC saturations of the source waters), and in the the
mixing with the overlaying deep water. Nevertheless, they provide a complementary and
independent estimate of WSBW formation and basal melt rates for the western Weddell Sea,
which are in good agreement with previous estimates. In addition, they indicate consistently
that the western Weddell Sea is an additional source for WSBW with the Larsen Ice Shelf
directly involved in bottom water formation. It is speculative that the loss of 5000 km” or 5% of
the total Larsen Ice Shelf (Shepherd et al., 2003) would imply a reduction of bottom water
formation in the western Weddell Sea. It is even more feasible that a larger ice shelf free area,
which allows more sea ice to grow and HSSW and, subsequent, WSBW to form, could

compensate the glacial melt water induced WSBW formation.
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Further investigations in the western Weddell Sea are necessary to confirm the findings to date
and to investigate the temporal evolution. So far, we have strong indications for HSSW and
glacial melt water to originate from the western Weddell Sea continental shelf, including Larsen
C Ice Shelf. The spatial structure of the flow and its temporal variability just starts to become
known. Bathymetric maps more reliable than those available for this area to date would be
extremely helpful to interpret the results and to plan further surveys. Previous cruises to the east
of the Antarctic Peninsula (in the area of Larsen Ice Shelf, i.e., ISW-1 and ISPOL) drifted
within the Weddell Gyre’s western rim, parallel to the slope. Hydrographic and tracer sections
perpendicular to the mean flow, covering the continental shelf and slope, are desirable. They
could provide a better estimate on local WSBW formation and on the relation between glacial
melt water and HSSW driven processes. Furthermore, these measurements have to be related to
the observed temporal changes of bottom water characteristics in the northwestern Weddell Sea
(Robertson et al., 2002, Schroder et al., 2002, Nicholls et al., 2004b, Fahrbach et al., 2004).
Hydropgraphic and tracer observations are always snapshots in time and space and can usually
not be conducted directly at the sources in this hardly accessible and remote area. They might
be complemented by model simulations that are validated by the available hydrographic and
tracer observations, including those of the present study. They could also improve our
understanding of the complex interaction of temporally open or sea ice covered continental

shelves, the ice shelves, and the ocean interior.
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TABLES

Table 1

A*He 5’He ANe
ANT XII/3 | +0.5% -0.4% -0.1%
ANT XIII/4 | +0.4% -0.6% +0.1%
ANT XV/4 | +0.8% -0.3% +0.3%
ISPOL -0.6% -0.0% -1.9%

Table 1: Adjustment of He isotope and Ne measurements relative to archived data sets (e.g.
CCHDO archive).
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Table 2

ww! WDW' HSSW* glacial melt | I[SW*
water3

limits 0<-1.80°C  |0>0°C 0 <-1.80 0<Te

o1 < 32.46 c1>32.5 o1 >32.71

depth > 30 m (S >34.70)
0 [°C] -1.84+0.01 [0.35+0.15 -1.934+0.02  [-2.3+03  |-2.15+0.05
S 3438 +£0.02 [34.67+0.01 [34.82+0.05 |0.00%0.00 [34.64 +0.04
*He [nmol/kg] [1.86 +£0.02  |1.88 +0.02 1.92 +0.01 257426 (2.14+0.04
Ne [nmol/kg] (8.22+0.07  [8.13+0.06 8.47 £ 0.04 89.2+£9.0 [9.19+0.1
8°He [%] -0.11+0.25 |7.15+0.63 -0.81+021 [-2.00+0.5 |-1.80+0.10
CFC-11 [ppt] |2004: 171 +5 |2004:36+12 [1995: 157 +15(0.0£0.0 |no data
(Scrc-11 [%0]) (68 £2) (14 + 4) (60 * 5)
CFC-12 [ppt] |2004:380+5 |2004: 78 £24 [1995:302+27 [0.0£0.0 |no data
(Scrc12 [%]) [(70 £2) (14+4) (60 + 5)

Table 2: Definition limits, means, and errors (standard deviations) as characteristic values and
uncertainties of source water masses used for the OMP analysis

'Defined in the western Weddell Sea, i.e., ISPOL (ANTXXII/2) data.

Defined in the southwestern Weddell Sea (ANT XI1/3, subsection c¢). CFC data refer to 1995.
Saturations S are also based on tops = 1995 and At = 0 years (Eq. 2). Accounting for a residence
time At =5 years for HSSW (Mensch et al., 1998; Nicholls et al., 2004a), the apparent
saturation becomes 63%, and for a transit time At = 3 years the apparent saturation becomes
61% (see text).

3The temperature was calculated after Millero (1978) for S = 0 and an assumed ice shelf draft of
500 dbar. “He and Ne are from Hohmann et al. (2002), who used measured air content in ice
cores and the atmospheric partial pressures of these gases. The error reflects roughly half of the
variation of the air measurements from different drilling sites. The 8’He value assumes a
constant atmospheric isotope ratio trapped in the ice matrix (unpublished results from
Siiltenful, pers. com., 2006, indicate much smaller 5*He values in gas samples from ice cores,
presumably due to fractionation, since the lighter *He isotope might escape more easily from
the ice matrix).

*Within Filchner Depression (from Schlosser et al., 1990). The ISW characteristics are included
just for completeness. The value for Ne is estimated from the helium value and the atmospheric

He/Ne ratio.
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Table 3

0 S *He Ne 5°He
wWw -0.78 -0.70 -0.23 +0.03 -0.79
WDW +0.99 +0.68 -0.33 -0.59 +0.98
HSSW -0.90 -0.49 +0.67 +0.85 -0.88
melt water | -0.24 -0.20 +0.95 +0.89 -0.21

Table 3: Correlation coefficients between OMP derived source water mass fractions and
observed properties in the analyzed deep and bottom waters. The signs indicate weather the

properties are correlated or anti-correlated.

Table 4

Sww Swpw Stssw

CFC-11 (western source for on-slope) 68 +2 % 14+4% 61+5%'
CFC-12 (western source for on-slope) 70£2 % 14+4% 61 +5%"'
CFC-11 (southern source for off-slope) 65+ 6% 9+5% 63+6 %"’
CFC-12 (southern source for off-slope) 665 % 10 £ 7% 64+6%"°

Table 4. Apparent CFC saturations S in source water masses; for “on-slope” WSBW derived
from CFC observations in the western Weddell Sea (ISPOL) and for “off-slope” WSBW
derived from observations in the southern Weddell Sea (ANT XI1/3).

'accounting for an additional transit time At = 3 years (Eq. 2)

*accounting for a residence time of 5 years (Eq. 2) within the ice shelf cavity before re-entering

the circulation and becoming involved in bottom water formation (Mensch et al., 1998;

Nicholls et al., 2004a)
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Fig. 1. Map (A) sketches the western Weddell Sea with hydrographic and tracer sections used
in this paper. The location of the ISPOL site as shown in map (B) is indicated by the rectangle
in the upper left. Small letters a, b, and c indicate subsections of cruise ANT XII/3.
Geographical features are named in italic letters. Capital letters A, B, and C denote parts of the
Larsen Ice Shelf. The dash-dotted lines indicate the ice shelf edges. Map (B) of ISPOL stations
(dots = ship stations, open circles = helicopter stations; stations with available tracer
measurements are highlighted bold; the rectangle marks stations used for vertical section in Fig.
4). Thin grey lines indicate isobaths. Note that water depths observed during ISPOL differed
widely from the available bathymetric maps, in the northwestern part CTD profiles were more
than 200 m shallower and in the southeastern part 50 m deeper. Compare also Fig. 4, and

Dieckmann et al. (2007).
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Figure 2
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Fig. 2: A*He vs. ANe from various cruises in the Weddell Sea. Red dots = ANT XII/2 (1995),
light green = ANT XIII/4 (1996), dark green = ANT XV/4 (1998), black = ANT XXII/2
(ISPOL, 2004) corrected with A*He -0.6% and ANe -1.9%. The grey line represents the addition
of atmospheric air with constant *He/Ne ratio (e.g. from bubble injection from atmosphere or
melted glacial ice). The grey arrow indicates *He addition from Pacific water (CDW)

particularly in the WDW layer.
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Figure 3
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Fig. 3. Mixing scheme for WSBW formation in (a) 0 (potential temperature) and S (salinity)
space and (b) in 0 and A*He space. Glacial melt water is indicated by the dark blue arrow
pointing to its characteristic values far outside the sketch. The horizontal grey line is the surface
freezing temperature. The two dotted lines represent the mixing of WDW with WW to form
modified WDW (mWDW) and further mixing with HSSW (Foster-Carmack process). The
dashed line represents WSBW formation by mixing of WDW with ISW or glacial melt water

(Foldvik process).
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Figure 4
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Fig. 4: Vertical sections of A: *He [nmol/kg], B: 8°He [%], and C: CFC-12 [ppt]. Used are
bottle data from stations with tracer measurements along the main ISPOL drift track (framed in
Fig. 1B) from south (left) to north (right). Isotherms of 0°C and -0.7°C mark the transitions
between WDW/WSDW and WSDW/WSBW, respectively. The deep -1.7°C isotherm is
included to mark the cold bottom layer. Selected stations (station/cast labeled on top of panel

A) are not all identical with those of Absy et al. (2008, Fig. 5).
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Figure 5SA
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Fig. 5A. 6-S diagram of bottle data from ISPOL (ANT XXII/2, black dots). Included are
observations from ANT XII/3 (sub-sections b and c¢) from stations north of the Filchner
Depression (pink) and west of it (red), and from ANT XIII/4 (light green) and ANT XV/4 (dark
green) from stations west of 45°W (see Fig. 1). Isopycnals o, = 32.50, 32.55, and 32.60, and
surface freezing temperature (Ty) are indicated by thin lines. Thick arrow indicates the sickle-
shaped salinity minimum. Thin arrows mark minimum temperatures on-slope and off-slope

along the JV section (see text).
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Figure 5B
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Fig. 5B. Same as Fig. 5A, but for 0 vs. “He. Note that due to the data scatter the data points of
the upper (from WW to WDW) and lower arm (from WDW to WSBW; cf. Fig. 5A) are not

clearly separated.
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Figure 5C
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Fig. 5C. Same as Fig. 5A, but for 0 vs. Ne. Data overlap between upper and lower arm as in

Fig. 5B.
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Figure 5D
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Fig. 5D. Same as Fig. 5A, but for 0 vs. 5’ He.
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The data of the upper and lower arm (cf. Fig. 5A)
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Figure SE
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Fig. 5E. Same as Fig. 5A but for 6 vs. CFC-12 [ppt] from different years. The solid line to the
right marks the atmospheric partial pressure for 2004. A mixing line between the ISPOL CFC
minimum and the bottom layer values is included to reveal the slightly enhanced CFC-12

values in the upper WSBW layer (thick arrow, see text).
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Figure 6
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Fig. 6. Horizontal distributions of 0, S, *He and Ne in the bottom layer. Contours of neutral
densities (not shown) are almost parallel to 6 contours. Thin black lines indicate isobaths as in
Figure 1B (water depths vary roughly between 500 m in the west and 2000 m in the east).
Included are values directly at the bottom from stations with available *He and Ne (helicopter
stations indicated by open circles, ship casts by dots). The spacing of the contour lines for *He
and Ne corresponds to the accuracy of the measurements. Areas without data are blanked. For

straight lines and arrows see text.
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Figure 7
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Fig. 7. Observed parameter distributions for the ISPOL cruise data. Pink dots are observations
within WSDW (6 < 0°C) and WSBW (0 < -0.7°C) analyzed by the OMP. The ellipses
schematically represent the characteristics of the source water masses WW (green), WDW
(red), HSSW (black), and ISW (cyan) (see Table 2) with sizes proportional to the uncertainties.
Note that the properties of glacial melt water lie outside the displayed range.
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Fig. 8. Relative fractions of source water masses (WDW = red, WW = green, HSSW = black,

glacial melt water = blue) within WSDW and WSBW vs. 0. Note that the glacial melt water

fractions are multiplied by 100. Solid lines are linear regressions.
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Figure 9
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Fig. 9. CFC-11 and CFC-12 atmospheric histories (dotted lines) and reconstructed CFC
histories according to Eq. 3 (black solid line for 6 =-1.9°C, grey for 6 = -1.4, and light grey for
0 = -0.7°C). Black circles are observed CFC values within lower layers of WSBW (-1.9 <6 < -
1.4°C) and grey x within upper layers of WSBW (-1.4 <0 <-0.7°C) from the ISPOL site.
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Figure 10
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Fig. 10. Sections of CFC-12 (partial pressure [ppt]) along the JV section of 1998 (Fig. 1A), and
combined JV sections of 1996 and 1998 for 8°He, “He, and Ne. The 0°C isotherm marks the
transitions between WDW and WSDW and -0.7°C between WSDW and WSBW. The vertical

dashed line marks the boundary between on-slope and off-slope (see text).
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Figure 11
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Fig. 11. Relative fractions of source water masses (WDW = red, WW = green, HSSW = black,
glacial melt water = blue) within WSDW and WSBW vs. 0 for JV section (analogue to Fig. 8).
Note that the glacial melt water fractions were multiplied by 100. Open circles are fractions
(solid lines the linear regressions) derived from observations in on-slope WSBW and dots (and
dashed lines) are from off-slope WSBW. For comparison the linear regressions from the ISPOL

(Fig. 8) analysis are included as thin lines.
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Figure 12
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Fig. 12. CFC-12 atmospheric history (black line) and reconstructed histories according to Eq. 3.
Blue lines based on source water fractions and CFC-12 saturations in on-slope WSBW, solid
line for 6 = -1.4°C (Ouin on-slope WSBW), dashed for 6 = -0.7 (0max WSBW). Greene lines
based on source water fractions and CFC-12 saturations for off-slope WSBW, solid line for 6 =
-0.9°C (Omin off-slope WSBW), dashed for 6 = -0.7 (Omax WSBW). Open circles are CFC-12
observations within on-slope WSBW and dots are within off-slope WSBW. Arrows indicate
time shift between observations and the atmospheric CFC-12 history (i.e., the transit times or

CFC-12 concentration ages).
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Figure 13
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Fig. 13. Schematic of water mass spreading in the southern and western Weddell Sea. Green
arrows = WSBW, thin black arrows = HSSW, and dotted black arrows = ISW. Numbers in

circles denote derived WSBW formation rates (solid) and ice shelf basal melt rates (blue

dotted).
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