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Evidence of ice shelf melt in the Bellingshausen Sea !
from seal-borne observations
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Introduction

Figure 1. Ice shelf basal melt rate from Rignot et al. (2013). The circles show 
the fraction of mass loss by basal melting (black) for each ice shelf. Colors 
show the basal melt rate. Red means losing mass. 

High basal melt rate
!

Few observations

• Observations indicate a warming and freshening of the 
Southern Ocean (Gille 2008; Rintoul 2007) 

• The link between oceanic changes and increased ice shelf basal 
melt is less clear 

     In the Amundsen Sea observations show: 
• Intrusions of Circumpolar Deep Water (CDW) onto the 

continental shelf (Arneborg et al. 2012; Walker et al. 2013) 
• Evidence of mixture of ice shelf melt water and modified CDW 

on shelf (Wåhlin et al. 2010) 
We use hydrographic data in the western Bellingshausen 
Sea to detect changes of water properties as a result of 
increased ice shelf basal melt.

Data type Time # of profiles Reference

Seal 8 Apr — Aug 
2010

432 Bornemann et 
al. 2012

MEOP-CTD 
database

2006-2010 507 Roquet et al. 
2013

Southern Ocean 
Database (SODB)

Mar 1994 14 Orsi & 
Whitworth III

Data collected by Southern elephant seals 
• Instrumented with CTD-SRDLs 
• South of the Argo data and ACC, some beneath sea ice

Data descriptions

Abbot Ice Shelf

Venable  
Ice Shelf

Belgica Trough

SACCF
SBdy

80% Sea ice

Bellingshausen  
Sea

Figure 2. Map of the western Bellingshausen Sea. Dots show the locations 
of seal dives. Dots colored by months. The rest (pink, purples) are from the 
MEOP database (Roquet et al. 2013). The crosses are from SODB. The grey 
shading show IBCSO bathymetry (Arndt et al. 2013). The red lines show the 
climatological ACC fronts (Orsi et al. 1995). The dashed light blue line shows 
the 80% contour of mean April to August sea ice concentration in 2010 from 
AMSR-E (Spreen et al. 2008).
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Summary
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The Gade line (Gade 1979; Jenkins 1999) is calculated by 
!
!
!
TOCEAN and SOCEAN are the properties of the water that mixes with 
the melt water, in our case we take TOCEAN≈1.1°C, SOCEAN≈34.6 psu, 
which represents the modified CDW (MCDW) on shelf. 
 

of the stations, 58–62, were very closely spaced, and only
the temporal average of the stations is plotted in Fig. 2.

During the cruise, three time series yo-yo stations were
occupied (Fig. 1), during which the ship drifted with the ice
and CTD casts were performed every 2 h. A comparison
between the velocity measured by the LADCP (the ver-
tical average in the water column) at the yo-yo stations
and the on-shelf tidal current component, calculated
by the tide model in Padman et al. (2002), is shown in
Fig. 3. The tidal currents are generally less than 3 cm s21,
and the observed velocities are consistent with the tide
model results.

The cumulative along-channel transport of MCDW
(i.e., water with gN . 28.03 kg m23 bounded by the
thick white line in Figs. 2a–c) is shown in the bottom
panel of Fig. 3. The dashed line is the (detided) LADCP
data, and the solid line is the geostrophic transport. The
geostrophic transport was referenced to the surface; that
is, the baroclinic pressure gradient obtained from the
CTD section was used to calculate the baroclinic part
of the geostrophic velocity, and the barotropic part was

obtained from the (detided) LADCP measurements in
the surface. Figure 3 shows the sum of the barotropic
and the baroclinic part. Both LADCP and geostrophic
calculations indicate that approximately 0.3–0.4 Sv of
MCDW entered onto the central Amundsen shelf through
the western channel, which can be compared to the geo-
strophic transport of 0.25 Sv measured by Walker et al.
(2007) for the same water mass in the eastern channel.

Figure 4 shows T–S diagrams as well as oxygen con-
centration of the data from the present cruise and his-
torical data from the World Ocean Database (Boyer
et al. 2006). The historical data have been divided into
those taken in the vicinity of ice shelves (green dots in
Fig. 1) and others (pink dots in Fig. 1). Also shown in
Fig. 4 is the surface freezing temperature (red line). The
solid black line is the ‘‘Gade line’’ discussed below.

4. Meltwater mixture

When relatively warm ocean water comes into sub-
surface contact with ice, the ice will warm up until it
begins to melt. Unless the ice is freshly calved and colder
than approximately 2308C, the energy for warming the
ice to freezing temperature (i.e., the sensible heat transfer
from ocean to ice) is small relative to the energy for the
melting of the ice (i.e., the latent heat transfer from
ocean to ice). Assuming that the sensible heat transfer is
negligible relative to the latent heat transfer and that the
volume of meltwater is small relative to the volume of
ocean water (and hence the energy for warming the
meltwater is also negligible relative to the latent heat
transfer), then the ocean–meltwater mixture that results
from such a process will have temperature TP and sa-
linity SP given by (e.g., Gade 1979; Jenkins 1999)

TP(SP) 5 TOCEAN 1
LF

CP

1!
SOCEAN

SP

! "
, (1)

where TOCEAN and SOCEAN are, respectively, tempera-
ture and salinity of the ocean water prior to the melting;
LF 5 334 kJ kg21 is the latent heat of fusion for ice; and
CP 5 3.97 kJ kg21 K21 is the specific heat of water with
salinity of 34.7 psu, temperature of 18C, and pressure of
400 dbar. Equation (1) is hereafter referred to as the
Gade line. It has been plotted in Fig. 4 (black solid line)
using the characteristic T and S for MCDW: that is,
TOCEAN ’ 18C and SOCEAN ’ 34.7 psu. Water that is
a mixture between the MCDW and the ice shelf melt-
water, referred to here as MCDW–meltwater mixture,
will fall close to the Gade line.

In Jenkins (1999), the hydrographic properties of water
in the east Amundsen shelf and the effect of subsurface
glacier melting (from the Pine Island Glacier) on the water

FIG. 3. (top) Vertical mean of the along-channel velocity com-
ponent (cm s21) measured at the yo-yo stations (see Fig. 1 for po-
sitions) along with the barotropic tide from the tidal model (Padman
et al. 2002). (bottom) Cumulative along-channel transport (Sv) of
MCDW (i.e., water with neutral density exceeding 28.03 kg m23)
integrated across the channel. Negative values indicate flow toward
the ice shelves. The dashed line is detided LADCP data, and the
solid line is the geostrophic transport. Error bars show the cumu-
lative integrated standard error from the LADCP.

1430 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y VOLUME 40 Figure 4. Deep profiles of seal 8 data (solid lines), MEOP data (triangles), 
and SODB data (gray crosses). (a) Potential temperature—salinity diagram 
of the boxed region on Figure 2. Data colored by months. Gray contours 
show neutral density surfaces. (b) Vertical profiles of salinity data in the 
boxed region on Figure 2. Different colors indicate longitude bins. Solid lines 
show the mean salinity profile in each bin with one standard deviation shown 
in the shades.

(a) (b)

Figure 5. Cross-shelf sections from profiles shown on the small map. 
Potential temperatures are in colors and salinity on white contours in (a) and 
(c), geostrophic velocity referenced to bottom are in colors and neutral 
density on black contours in (b) and (d). Positive velocity means westward 
flow.

     Cross-slope sections on the shelf break show (Fig 5): 
• CDW ( UCDW θ>1.7°C, LCDW S>34.7 psu) sits right next to 

the shelf break (Fig 5a, c) 
• Modified CDW (γn≥28.0 km m-3, Whitworth et al. 1998) on 

shelf is more than 3 degrees above the freezing temperature 
• Baroclinic shelf break current is present on both sections 

(Fig 5b, d) 
• Westward shelf break current suggests the existence of 

Antarctic Slope Current in the region

    Ice shelf melt water and MCDW mixture (Fig 3): 
• Data in Belgica Trough show ice shelf melt water mixture (light 

purple and navy, Fig 3d) 
• Seal 8 profiles show similar shape to the on shelf profiles and 

most profiles in the Belgica Trough (violet, Fig 3b, c, d) 
• Insufficient data coverage to pin down the melt water source, 

but possibly from Venable or/and Abbot Ice Shelf.

    Deep water trends (Fig 4): 
• Freshening of MCDW compared to historical data 
• Data in recent years have lower salinity (Fig 4b) 
• Weak seasonal variability in deep water (Fig 4a) 
• Longitudinal trend in salinity with fresher water on the east, 

closer to the trough, and saltier water on the west, further from 
the trough (Fig 4b)

Ice shelf melt water is detected, potentially coming from the 
base of Venable or Abbot ice shelf. The ice shelf melt water 
mixture can enter the shelf break through the western boundary 
current in the trough or via small channels on the continental 
shelf. Ice shelf melt water from upstream ice shelves is likely the 
cause of the deep water freshening.  
 The modification of CDW is caused by the presence of 
Antarctic Slope Front (ASF), where mixing between Antarctic 
Surface Water (AASW), dense shelf water, and CDW occurs 
(Whitworth III et al. 1998; Jacobs and Giulivi, 2010). West of 
the Belgica Trough, we do not observe shelf water that is cold 
enough to modify CDW, which means the modification happens 
upstream. 

We thank Fabien Roquet for his help on the calibration of the 
seal data. 
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     Salinity calibration: 
• Argo float data in nearby 

regions as reference 
• Linear pressure correction 
• Salinity offset based on 

the lower CDW
(Roquet et al. 2011; Roquet, 
personal communication)

We use hydrographic data collected by elephant seals near the 
shelf break in the western Bellingshausen Sea, and find: 

• presence of the MCDW on the continental shelf; 
• presence of ice shelf melt water mixture at the shelf break 

that may come from the trough or via the shelf; 
• freshening of deep water compared to historical data that is 

likely due to increased ice shelf basal melt; 
• evidence of baroclinic shelf break current suggesting the 

presence of the ASC.

(a)

(b)

(c) (d)
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Figure 3. Potential temperature—salinity diagrams of seal data shown in 
Figure 2. The dashed lines show the freezing temperatures of sea water at 
the surface. The solid black line shows the Gade line. Gray contours show 
neutral density surfaces. (a) All data from the seal in 2010. (b) Profiles that 
lie on the Gade line, with the locations shown on Figure 2 as grey circles. 
(c) MEOP data on the continental shelf that fall on the Gade line. (d) MEOP 
data in Belgica Trough that fall on the Gade line. Three different families 
(light purple, navy, violet) are identified with their locations shown on Figure 
2.
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