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ABSTRACT

Under ice measurements by seals carrying a miniaturized conductivity–temperature–depth (CTD) in-

strument fill an important gap in existing observations. Here the authors present data from an instrumented

Weddell seal that spent eight consecutive months (February–September) foraging in close proximity to the

Filchner Ice Shelf, thus providing detailed information about the evolution ofmixed layer hydrography during

the austral autumn and winter. The resultant time series of hydrography shows strong seasonal water mass

modification, dominated by an upper-ocean (0–300 m) salinity increase of 0.31, corresponding to 3.1 m sea ice

growth, and the development of a 500-m thick winter mixed layer. Observations furthermore highlight

a gradual salinity increase in a slow (3–5 cm s21) southward flow on the continental shelf, toward the site, and

suggest that the inferred ice production is better considered as a regional average rather than being purely

local. No clear seasonality is observed in the properties of the underlying Ice Shelf Water.

1. Introduction

Water mass modification at high latitudes is an im-

portant component of the Atlantic meridional over-

turning circulation (Kuhlbrodt et al. 2007). The densest

water mass in the World Ocean, Antarctic Bottom

Water (AABW), is formed around the Antarctic conti-

nental margins (Orsi et al. 1999). A major source for the

precursors of AABW is the southern Weddell Sea con-

tinental shelf (Fig. 1) where high rates of sea ice for-

mation and concurrent salinity increase during winter

produces High Salinity Shelf Water (HSSW). HSSW

contributes to AABW as it descends the continental

slope and interacts with off-shelf water masses. Because

sea ice production in the Weddell Sea is associated with

the formation of water masses of global significance, it is

important to obtain observation-based estimates of the

annual rate of ice formation. In situ observations also

serve as necessary ground truth for satellite data and are

essential for validating ocean models.

The Southern Ocean and adjacent shelf seas have

a pronounced seasonal cycle in sea ice extent, with

a maximum in September and minimum in February

(Cavalieri and Parkinson 2008). Sea ice in the southern

Weddell Sea is mainly formed locally (Nicholls et al.

2009), with production occurring in polynyas, leads, and

in themarginal ice zone. Coastal polynyas, areas of open

water or thin ice, are maintained throughout the year by

wind and tides (Foldvik et al. 2001) and represent re-

gions of locally enhanced sea ice formation. In the

southeastern Weddell Sea, polynyas frequently form

along the Luitpold Coast and along the Filchner Ice

Front (Fig. 1a; e.g., Gordon and Comiso 1988).

Coastal polynyas have a major impact on the salinity

distribution in the southeastern Weddell Sea (Markus

et al. 1998). Studies of the distribution and seasonal

change in upper-ocean salinity below sea ice are, how-

ever, limited owing to the scarcity of wintertime hy-

drography. The region is inaccessible during winter

because of sea ice cover and moorings are vulnerable to

dredging by icebergs. Model estimates, on the other

hand, suffer from coarse resolution. This leads to an

inaccurate representation of local topography and winds

(Stössel et al. 2011), which is essential for the repre-

sentation of polynyas, and hence surface buoyancy
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fluxes. Our absence of knowledge of how the mixed

layer salinity over the continental shelf evolves during

the winter is also hampering modeling efforts that use

this as their primary forcing when studying the ocean-

ography over the continental shelf, including the sub-

ice-shelf region (e.g., Jenkins et al. 2004).

Recent use of instrumented marine mammals

(Charrassin et al. 2008; Meredith et al. 2011; Williams

et al. 2011) has provided new insight into upper-ocean

variability and sea ice formation rates in Antarctic shelf

seas. In the study reported here, to elucidate the win-

tertime hydrography in the Weddell Sea, 19 Weddell

seals (Leptonychotes weddellii) were equipped with

oceanographic sensors during February 2011. Here we

focus on data from one of the seals that spent the fol-

lowing eight months foraging in front of Filchner Ice

Shelf, in an area of open water and mobile pack ice

(Fig. 1). These yield a unique time series of hydrogra-

phy from which an estimate of ice production can be

inferred. Concurrent data from the shelf to the north

also allow us to quantify the salinity increase of the

southward flowing coastal current and, thus, to assess

the role of advection in the salt budget at the Filchner

Ice Front.

2. Data

To acquire wintertime observations from the southern

Weddell Sea, 19 Weddell seals were equipped with a

conductivity–temperature–depth Satellite Relay Data

Logger (CTD–SRDL) (Boehme et al. 2009) during

February 2011. The tags were manufactured by the Sea

Mammal Research Unit, University of St. Andrews and

Valeport Ltd, United Kingdom. When in sampling mode,

temperature, conductivity, and pressure are measured

once per second as the seal ascends. For each profile, 20

temperature (T)–salinity (S) pairs are selected at a uniform

pressure interval and transmitted via the Argos satellite

system. Postcalibration was performed using concurrent

ship-based observations at the time of deployment, and

the accuracy of the postprocessed data is 0.02 and 0.0058C
for salinity and temperature (Boehme et al. 2009).

FIG. 1. (a)MODIS image (Scambos et al. 1996) showing the sea ice distribution over the southeasternWeddell Sea

continental shelf on 20 Nov 2011. The red circle shows the area where the seal was tagged and subsequently spent the

winter. (b)–(d) Satellite derived monthly sea ice concentrations [Advanced Microwave Scanning Radiometer for

Earth Observing System (AMSR-E), Spreen et al. (2008)] from 2011. The black dots show the positions of T–S

profiles from the instrumented seal. The 500-m isobath is indicated by the gray line. The low sea ice concentration

around 768S, 408W is caused by transient polynyas around the grounded iceberg A23.
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The spatial distribution of all available profiles is

shown in Årthun et al. (2012). Here we focus on results

from one seal that spent the winter over the southern

continental shelf, close to Filchner Ice Shelf (Fig. 1).

The seal remained within the immediate vicinity of the

ice front (Table 1) and did not show any apparent

seasonal bias in foraging location. The data can thus be

treated as a Eulerian time series. The profiles have an

average depth of 489 m, repeatedly reaching below

600 m (Fig. 2a).

3. Results and discussion

a. Seasonal evolution of hydrography

Figures 1b–d show the seasonal development of sea

ice extent over the southern Weddell Sea continental

shelf in 2011. In summer and early autumn (March) the

area along the Luitpold Coast is mainly ice free, while

a more closed ice pack is found farther west. During

winter (June) and spring (September) the whole Wed-

dell Sea is ice covered except for reduced sea ice

TABLE 1. Summary of data collected by the Filchner Ice Front seal. The profile interval refers to the average distance between two

profiles, while profile standard deviation (STD) is the average distance between any profile and the mean position. Note that the accuracy

of the position for each profile is O(2 km) (Boehme et al. 2009) and can therefore explain some of the variation between positions.

Start date End date Mean position Number of profiles Interval STD Mean depth Max depth

15 Feb 2011 11 Oct 2011 77.868S, 36.378W 451 4 km 7 km 489 m 932 m

FIG. 2. (a) Temporal and vertical resolution of profiles from the CTD–SRDL and corre-

sponding time series (linearly interpolated onto a 10 dbar by 1-day grid) of (b) potential

temperature, (c) salinity, and (d) potential density (s0). Tickmarks indicate the first day of each

month. Black line in (b) is the isotherm for the surface freezing point used to define Ice Shelf

Water (ISW). In (d) the black line indicates the mixed layer depth, calculated as the depth at

which s0 increases by 0.05 kg m23 from the surface. The plotted line is the 30-day running

average.
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concentrations along the coast, the latter a signature of

polynya activity. The seasonal sea ice formation is re-

flected in a cooling of the water column and a gradual

increase in salinity (Figs. 2b,c and Fig. 3). During Feb-

ruary and March the upper ocean is characterized by

a fresh (S , 34.30) surface layer and a subsurface tem-

perature maximum (T ; 21.58C). This corresponds to
the southward transport of coastal water and modified

WarmDeepWater, respectively (Nicholls et al. 2009). A

layer of colder Winter Water, a remnant of the previous

winter’s mixed layer, underlies the surface water,

whereas Ice Shelf Water (ISW), identified by tempera-

tures below the surface freezing point, occupies the

deeper layer. The upper water column gradually cools,

and during mid-March surface temperatures reach the

freezing point and surface salinities begin to increase.

There is a steady salinity increase in the upper ocean

between April and June, by which time the mixed layer

salinity reaches 34.50. The cooling and salinification in

autumn and winter are associated with the development

of an;500 m thick winter mixed layer (Fig. 2d). Except

for the shallow halocline in summer, the density gradient

at the pycnocline generally amounts to 0.1–0.15 kg m23

over 100 m, until the water column becomes homogeneous

in salinity and, hence, density in early winter (Fig. 2d).

The maximum salinity at surface freezing temperature

in winter, that is, the salinity of HSSW, is 34.64.

No apparent seasonality is observed in ISW proper-

ties. Minimum temperatures, found between 500 and

700 m, range from 22.208 to 22.248C with correspond-

ing salinities between 34.55 and 34.60. The origin of this

ISW can be found by considering the freshening and

cooling of HSSW as it interacts with the ice shelf base.

Melt water mixing lines (Fig. 3; Nøst and Foldvik 1994)

suggest that the parent water mass has a salinity above

34.70, indicating a source at the western end of the

Filchner–Ronne Ice Front. This is consistent with pre-

vious measurements at the ice front and beneath the ice

shelf (see Nicholls et al. 2009, and references therein).

b. Salinity increase from local sea ice formation
and advection

Following Charrassin et al. (2008) sea ice formation

rates can be inferred from the observed salt budget for

the upper ocean (0–300 m, Fig. 4a):

r0V0S05 r0VfSf 1 riViSi , (1)

where r05 1027 kg m23 is the density of seawater, V0 is

the initial volume of water with salinity S0, Vi is the

volume of ice formed with salinity Si 5 5 (Eicken 1992)

and density ri 5 920 kg m23; Vf 5 V0 2 Vi is the final

FIG. 3. Potential temperature-salinity (Q–S) diagram showing

the seasonal change in water mass properties. The black dashed

line is the surface freezing temperature, while green solid lines are

meltwater mixing lines (2.758C psu21) showing the trajectory of

a water parcel in Q–S space as it interacts with the ice shelf base.

FIG. 4. (a) Calculated sea ice production per unit area (bars)

inferred from the seal-derived salinity increase in the upper 300 m

(solid line, crosses show individual salinity measurements). (b) Sea-

sonal salinity evolution based on seal profiles from the northern shelf

(758–75.58S, 288–308W): July profile (open squares) from 74.88S,
25.58W. Horizontal bars indicate one standard deviation and are

drawn every 50 m based on 38 (March), 16 (June), and 3 (September)

profiles, respectively.
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volume of water with salinity Sf. Calculations are per-

formed for the period between March and September,

although surface temperatures are slightly above freez-

ing point in early March. Observed surface temperature

is, however, measured at 8 m and sea ice can still form

on a thin sublayer (Martin and Kauffman 1981). The

chosen period is also consistent with the duration of the

freezing season in the southern Weddell Sea (Renfrew

et al. 2002). The total sea ice production is 3.1 m (Fig.

4a). Production rates are highest during March to June,

values ranging from 0.43 (April) to 0.92 m month21

(June). Inferred rates during winter (July–September)

are lower (0.16–0.28 m month21), reflecting a more

consolidated ice pack. Ice formation rates are somewhat

sensitive to input parameters; for example, using a sea

ice salinity Si 5 0.31Sw (Sw: surface salinity, Markus

et al. 1998) increases our sea ice production estimate to

3.8 m. We also had to assume a depth range over which

the salinity change took place. The 3.1 m value assumes

the upper 300 m. Using, instead, the upper 350 m or

upper 400 m increases the value to 3.5 m and 3.8 m

respectively.

Calculating sea ice formation rates based on the

local salt budget from seal data assumes a negligible

influence of advection and evaporation/precipitation

on the total freshwater budget. In support of this,

Timmermann et al. (2001) found that sea ice formation

and export dominate the seasonal freshwater budget

of the inner Weddell Sea. However, low salinity water

in the Antarctic Coastal Current is a major source of

freshwater to the southeastern continental shelf (Fahrbach

et al. 1994) and, thus, needs to be considered here. The

salinity of the coastal waters remains low along the

eastern coast, east of 208W, because of the narrow

continental shelf (Fahrbach et al. 1994) and onshore

Ekman transport (Nøst et al. 2011). As a result mixed

layer salinities on the Filchner continental shelf in

summer are low (Fig. 4b). During the freezing season

water flowing onto the shelf is able to accumulate salt

as it travels southward, and Markus et al. (1998)

showed, using a simple model prescribing the coastal

current, how salt release in coastal polynyas gradually

increases the salinity of a water parcel during its drift

from north to south. This is consistent with the 0.16

difference in observed salinity in the upper 300 m in

September between the northern (34.39, Fig. 4b) and

southern shelf (34.55, Fig. 4a), and the smaller seasonal

salinity increase on the northern shelf (DS 5 0.10,

based on mean profiles shown in Fig. 4b) compared

with the southern shelf (DS 5 0.31). Spatially more

homogeneous mixed layer salinities in March (0–50 m

average 6 one standard deviation is 34.20 6 0.03 and

34.17 6 0.06 in the north and south, respectively)

indicate that this difference ismainly a result of winter ice

production.

We calculate the drift speedU that would be necessary

to account for the observed seasonal (March–September)

salinity increase in the upper 300 m (Fig. 4a) as a result

of salt input during the southward drift along the

LuitpoldCoast, representing a distanceD of about 400 km.

The total salinity change (dS/dt) can be divided into

local (›S/›t) and advective (U›S/›D, considering only

alongshelf flow) contributions. To account for the sa-

linity increase, assuming that the increase is solely a re-

sult of advection (›S/›t 5 0) and using the observed

salinity gradient between the northern and southern

shelf in winter (0.166 0.02 for June–September; Fig. 4),

the speed of the flow must be about 4 cm s21. Few

measurements of current speed exist from the southern

Weddell Sea continental shelf. Two moorings located in

the coastal current off Brunt Ice Shelf between February

2003–05 indicate a mean southward flow of 2–5 cm s21

at ;200–300-m depth (40 m above bottom, Fer et al.

2012), while an upward-lookingADCPdeployed further

south (76.48S, 29.68W, depth 301 m) between August

2007 and March 2008 yields a mean speed below 200 m

of 3 cm s21 (Fig. 5). This is in general agreement with

our inferred accumulation of salt in a slow southward-

flowing current.

FIG. 5. Satellite-derived (Tamura et al. 2011) sea ice production

(m, color axis cut at 5 m) and ERA-Interim heat fluxes (W m22,

red contour lines) between March and September 2011. The black

line is the 500-m isobath. The green square indicates the average

position of hydrographic profiles. Inset: Compass plot of velocity

data [cm s21, presented as the intensity (%) of each 208 bin] from
an upward-looking ADCP deployed southwest of Brunt Ice Shelf

(black square: 76.358S, 29.598W; depth 301 m) between August

2007 and March 2008. The figure is based on hourly averages

below 200 m with tidal signals removed using a low-pass (PL64)

filter.
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Meredith et al. (2011) argued that calculated sea ice

formation rates based on upper-ocean salinity changes in

an area influenced by advection represent a ‘‘smeared

average’’ of ice production for the upstream region, here

being the southeastern Weddell Sea continental shelf.

The average sea ice formation rate calculated from seal

data (Ip5 0.44 mmonth21) is associated with a heat loss,

Q, of 53 W m22 (Q5 riLiIp;Li5 3.343 105 J kg21 is the

latent heat of fusion of ice). This is lower than the average

(March–September) heat loss from European Centre for

Medium-Range Weather Forecasts Interim Re-Analysis

(ERA-Interim) atmospheric data for the continental

shelf east of the Filchner Depression (67 W m22, Fig. 5)

but close to the value (55 W m22) provided by Eisen and

Kottmeier (2000) for newly formed leads in the Weddell

Sea. A further comparison can be made with satellite-

derived ice production estimates from Tamura et al.

(2011, data updated to 2011), calculated on a 12.5 km 3
12.5 km grid using the thin ice thickness algorithm by

Tamura et al. (2007) andERA-Interim atmospheric data.

Estimates of sea ice production in the Weddell Sea pre-

sented in Tamura et al. (2008) agree with those of a similar

study by Drucker et al. (2011) using different sea ice

products and algorithms. For the region occupied by the

seal, satellite-derived sea ice formation between March

and September is higher than our sea ice production esti-

mate (6.9 m, Fig. 5), reflecting the large heat loss in the ice

front polynya. Along the southeastern Weddell Sea coast

(within 50 km of the coastline between 75–788S) the av-

erage ice production is 1.8 m. This is in close agreement

with a recent simulation by Stössel et al. (2011) who found

an average annual ice production along the coast of 2.2 m.

It is not straightforward to compare these estimates with

our hydrography-based estimate (3.1 m). Nevertheless, it

is worth noting that the discrepancy is consistent with ad-

ditional ice formation taking place in offshore leads (Eisen

and Kottmeier 2000) and within the ice covered region

(Nicholls et al. 2009), which is included in the observations,

but not explicitly represented in satellite-derived datasets

or sea ice models because of inadequate resolution and

forcing (e.g., Notz 2012). Comparing ice export from the

Weddell Sea and sea ice production in coastal polynyas,

Drucker et al. (2011) found that 40% of the total ice

production must occur in offshore leads, a number that is

in line with the difference in the above estimates. We

therefore consider it plausible that the inferred ice pro-

duction presented here can be considered as an average

over the southeastern Weddell Sea continental shelf.

4. Conclusions

The properties of the water masses found on the

Antarctic continental shelf are of great importance to

Antarctic ice-sheet mass balance (Pritchard et al. 2012)

and, hence, global climate. However, as a result of pe-

rennially difficult sea ice conditions in situ ocean ob-

servations are scarce, especially during winter. Here we

have presented a unique eight-month time series of

hydrography obtained from an instrumented Weddell

seal foraging close to the Filchner Ice Shelf, thus re-

vealing the seasonal evolution of water masses present

on the southern Weddell Sea continental shelf. A major

seasonal feature is a gradual increase in upper-ocean

salinity. This is interpreted as being representative of the

average ice production upstream on the continental

shelf, which is in accord with inferences from satellite

data. Sea ice production, inferred from the observed

upper-ocean salt budget, is higher than satellite-derived

estimates of ice production in coastal polynyas and

demonstrates that additional ice forms in offshore leads

and within ice-covered regions. Measurements, like

those presented here, of upper-ocean hydrography and

its seasonal change are indispensable for evaluating

numerical models trying to simulate ice–ocean in-

teraction in the Weddell Sea, which plays an essential

role in the formation of dense shelf water and Antarctic

Bottom Water.

Acknowledgments. We thank the officers and crew of

RRS Ernest Shackleton for their support during cruise

ES054, Theoni Photopoulou especially, Takeshi Tamura

for providing ice production data, and KeithMakinson for

helpful discussions. We also thank Ralph Timmermann

and an anonymous reviewer for constructive suggestions

that improved the manuscript. This study has received

support from NERC-AFI10/5.

REFERENCES
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