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Abstract

A Geographic Information System (GIS)-based investigation into the interannual variability of sea ice concentration was
conducted in the Dumont d’Urville Sea off the Terre Adélie coastline, south of 65°S and between 139 and 146°E. Sea ice
concentration data derived from Advanced Microwave Scanning Radiometer-EOS (AMSR-E) data were analysed for the period
2003 to 2009. Sea ice concentration was found to be least variable in three regions, namely the Buchanan Bay/Watt Bay region
(143—145°E), along ~65.5°S (west of 144.5°E), and the Adélie Bank northeast of Dumont d’Urville near 66°S, 140.5°E. The
remaining areas had relatively high interannual variability, in particular the Adélie Basin (~66°S, ~ 140°E) and the outer fringe of
the Mertz Glacier Polynya (MGP). In general, higher sea ice concentration conditions were experienced in the west of the study area
(i.e., where annual fast ice recurs), and open water dominated in the MGP and in the northeast. The years 2007—2009 experienced
greater persistence of higher sea ice concentration than earlier years. This study provides a baseline for assessing changes in the
regional sea ice regime that may occur since the calving of the Mertz Glacier in February 2010.
© 2011 Elsevier B.V. and NIPR. All rights reserved.

Keywords: Sea ice concentration; East Antarctica; Interannual variations; Climatology; GIS

1. Introduction

The term sea ice describes all ice found at sea which
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remains largely stationary by forming and remaining
mechanically fixed to the shore or grounded icebergs. Sea
Ice Concentration (SIC) refers to the percentage of ocean
covered by seaice within a given area, while sea ice extent
describes the area of the ocean that s affected by seaice at
any given time (usually demarcated by the 15% ice
concentration isoline).

Sea ice covers 4—6% of Earth’s ocean surface area
and is highly variable on a wide variety of timescales
(Gloersen et al., 1992). Antarctic sea ice undergoes
a fivefold increase in extent annually from a summer
minimum of 3—4 x 10° km? (in February) to a winter
maximum of 19 x 10° km? (in September—October)
(Comiso, 2003). The annual expansion and contraction
of sea ice coverage is determined by large-scale,
climatological patterns of atmospheric and oceanic
circulation and temperature (Gloersen et al., 1992), and
is regarded as one of the largest annual geophysical
and albedo variations on Earth (Comiso, 2003).

While much attention has recently focussed on
trends in Antarctic sea ice extent and seasonality e.g.,
SCAR (2009) and Stammerjohn et al. (2008) respec-
tively, interannual variability is another key factor that
requires better understanding. Spatio-temporal change
and/or variability in sea ice coverage are sensitive
indicators of climate change and/or variability (IPCC,
2007). Sea ice also plays an important role in the
global climate system via its contribution to dense
saline water production as a result of sea ice formation
(Williams et al., 2008), which in turn is a major driver
of global ocean circulation (Rintoul, 1998). Further-
more, Kellogg (1975) predicted an amplification of
climate change effects on sea ice through sea ice-
albedo feedback (Brandt et al., 2005; Comiso, 2003).

Antarctic marine ecosystems are also strongly linked
to the seasonal variability in sea ice advance and retreat
(Massom and Stammerjohn, 2010; Smith et al., 2003;
Stammerjohn et al., 2008). Sea ice regulates the light
regime in the underlying water column (Eicken, 1992)
and provides a range of habitats for many plants and
animals that have adapted to the conditions (e.g.,
McMinn et al., 2000; Thomas and Dieckmann, 2010). Ice
algae, which can grow under and within sea ice at very
low levels of illumination (Loots et al., 2009), form
a major energetic link to higher trophic levels, including
seabirds and mammals (Arndt and Swadling, 2006;
Tynan et al., 2010). Relationships have also been
proposed between krill recruitment/abundance and sea
ice extent in the Antarctic Peninsula region (Loeb et al.,
1997), although the wider applicability of such concep-
tual models to other regions remains unclear (Massom
and Stammerjohn, 2010).

Major changes are occurring in the sea ice covers of
both polar regions. While the long-term trend for Arctic
sea ice areal extent is negative, the trend in total zonally-
averaged extent around the Antarctic continent is on the
order of 0.9 + 0.2% decade " for the period 1979—2006
(Comiso, 2003). The coincident trend in ice area is
slightly more positive at 1.6 & 0.2% decade ', related to
a positive trend in SIC of ~0.93 + 0.13% decade '
(SCAR, 2009). Substantial regional variability is
apparent, however, with decreasing trends in both the
extent and seasonality in the West Antarctic Peninsula
region (associated with rapid regional warming and
changing patterns of oceanic and atmospheric circulation
[Massom et al., 2006, 2008; Vaughan et al., 2003])
“counterbalanced” by opposing trends in the Ross Sea
sector (Cavalieri and Parkinson, 2008; SCAR, 2009;
Stammerjohn et al., 2008; Zwally et al., 2002). Such
change has important physical and biological implica-
tions, as does variability and extreme events (Massom
and Stammerjohn, 2010).

Compared to West Antarctica, relatively little is known
about recent change and/or variability in key East
Antarctic regions. One such region is the Dumont
d’Urville Sea off the Terre Adélie coast, which has been
the focus of considerable recent field research and is the
focus of this paper. The “icescape” in this region consti-
tutes a number of interlinked large-scale components
(Massom et al., 2001), comprising i) a recurrent zone of
annual fast ice; ii) an annual cover of pack ice that largely
melts back to the coast in summer; and iii) the globally-
significant Mertz Glacier Polynya (MGP). A polynya is
defined as a recurrent area of anomalously thin and/or low
concentration sea ice where, considering the climatolog-
ical conditions, high sea ice concentration levels would be
expected (WMO, 1970; Barber and Massom, 2007).

At its maximum extent, the fast ice in this region
extends ~ 100 km offshore, and from roughly the Dibble
Iceberg Tongue in the west (at ~134°E) to Common-
wealth Bay in the east (Massom et al., 2009; Fraser et al.,
Submitted for publication; Fig. 1), where it is closely
coupled to the MGP (Barber and Massom, 2007). A key
factor in the formation, recurrence and persistence of this
feature is the presence of a series of small icebergs
grounded on the Adélie and Dibble Banks offshore from
Dumont d’Urville, in waters shallower than ~400 m
(Massom et al., 2001; Giles et al., 2008; Fraser et al.,
Submitted for publication). These icebergs intercept
and trap passing pack ice and act as anchor points for fast
ice formation (by thermodynamic growth). From initial
formation (typically each April), the fast ice grows
westwards by the pack ice interception, notably by groups
of grounded icebergs in the vicinity of ~66°S, 142°E.
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Fig. 1. Fastice 8.8-year mean for the period March 2000—December
2008 (after Fraser et al., Submitted for publication), derived from 20-
day composites of NASA Terra and Aqua Moderate-Resolution
Imaging Spectroradiometer (MODIS) visible and thermal infrared
satellite imagery (details given in Fraser et al., 2010). DD is Dumont
d’Urville; CB Commonwealth Bay; and MGT Mertz Glacier Tongue.
The coastline is masked using data from Scambos et al. (2007).

A key factor affecting fast ice formation and persis-
tence offshore from Dumont d’Urville is the Adélie
Basin, which runs northwest from the station to the
continental shelf break (see Fig. 2). Fast ice is more
unstable in this region due to the lack of grounded
icebergs in this trough (Fraser et al., Submitted for
publication; Massom et al., 2009). Ephemeral fast-ice
breakouts (and subsequent re-formations) occur in this
region throughout the fast ice season, the timing,
frequency and magnitude of which are crucial for the
Emperor penguin (Aptenodytes forsteri) population at
Pointe Géologie during the breeding season (Massom
et al., 2009). Fast ice breakout here is largely related to
wind strength and direction, but may also seasonally be
affected by the presence/absence of a protective pack ice
cover (Massom et al., 2009). The fast ice largely melts
back to the coast each summer, although substantial
interannual variability occurs in the timing (Fraser et al.,
Submitted for publication; Massom et al., 2009).

The trend in sea ice extent in the Western Pacific
Ocean (90—160°E), which includes the Dumont
d’Urville Sea, is slightly positive (+0.7 &= 0.6% deca-
de_l) (SCAR, 2009). East Antarctic fast ice comprises
between 3.8% (during the winter maximum) and 19%
(summer minimum) of overall sea ice extent, and by area,
between 4.5% (winter) and 30% (summer) (Fraser et al.,
2010). The trend in fast-ice extent in the Western Pacific
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Fig. 2. Bathymetric features of the study area, where ABS is Adélie
Basin; ABK Adélie Bank; AS Adélie Sill; GVB George V Basin; MB
Mertz Bank; DD Dumont d’Urville; and MGT Mertz Glacier
Tongue. Bathymetric data are from Smith and Sandwell, (1997). The
coastline is masked using data from Scambos et al. (2007).

Ocean sector from 2000 to 2008 is slightly negative, but
not statistically significant (—0.40 4+ 0.37% year ')
(Fraser et al., Submitted for publication).

An important factor contributing to the formation and
maintenance of the MGP is the omnipresence of strong
and cold gravitational winds (katabatic winds) which
drain seawards from the high ice sheet interior via coastal
valleys to generate rapid sea ice formation and drive the
ice away from the coastal area as quickly as it forms
(Wendler et al., 1997). Together with the Mertz Glacier
tongue at ~67°S, ~ 145°E (and an associated northward
“finger” of small grounded icebergs [Massom et al.,
2001]), which until its calving in February 2010 (Young
et al., 2010) extended ~80 km into the westward-
flowing Antarctic Coastal Current to block the westward
advection of sea ice, this creates an extensive area of open
water and/or thin ice which recurs each sea ice season and
persists for extended periods (Massom et al., 2001). The
MGP switches from being a sea ice “factory” in
autumn—winter (Barber and Massom, 2007) to aregion of
enhanced melt (Massom et al., 2003) and enhanced bio-
logical production (Arrigo and van Dijken, 2003) in
spring—summer. Though the MGP accounts for only
~0.001% of the total area of the Southern Ocean covered
by seaice, itis responsible for ~ 1% of total annual seaice
production (Tamura et al., 2008). The winter ice growth
rate in the MGP (in August 1999) was estimated at
~4 cm day ' by Lytle et al. (2001). The annual average
polynya area for the period June—October (1987—1994)
was estimated to be 23,000 km? by Massom et al. (1998).
An outcome of these characteristics is that the MGP is
a major producer of Antarctic Bottom Water, and as such
makes a globally-significant contribution to global ocean
thermohaline circulation and thus climate (Bindoff et al.,
2001; Rintoul, 1998). Another contributing factor is
summer upwelling of relatively warm Modified Circum-
polar Deep Water (MCDW) onto the shelf via the Adélie
Sill. This not only enhances melting of sea ice but also
provides additional high salinity water to the shelf
(Rintoul, 1998). The MCDW mixes with the High Salinity
Shelf Water (HSSW) that is formed by brine rejection
within the MGP during sea ice formation to form Adélie
Land Bottom Water (ALBW) (Rintoul, 1998).

Prior to its calving, the Mertz Glacier tongue was the
largest in the area, with several other smaller glaciers
occurring along the coast to the west, including the
Astrolabe Glacier at ~ 140°E. Rifting of the Mertz Glacier
tongue was monitored via GPS beacons located on the
glacier from 2007 (Legrésy et al., 2010) with the expec-
tation that a major calving event would occur. The calving
created a major iceberg of dimensions ~40 x ~ 80 km,
designated C28 (Young et al., 2010), which broke into
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smaller sections in April 2010. These sections drifted
across the edge of the continental shelf by the end of that
month. Another major change to the regional “icescape”
has been the realignment and movement in the MGP
domain of vast iceberg B9B (Young et al., 2010), which
was originally grounded to the east of the Mertz Glacier
(Massom, 2003) before ungrounding in early 2010 to
possibly play a key role in the abrupt calving of the glacier
tongue. These abrupt and dramatic changes are expected
to have an effect on the size and productivity of the MGP,
with implications for the sea ice regime, marine ecosys-
tems and global currents (Kusahara et al., 2011).

The aim of this paper is to analyse SIC in the Dumont
d’Urville Sea near Terre Adélie in order to identify
mesoscale regions where the annual sea ice regime has
remained similar throughout the study period
2003—2009, and to identify areas of lowest and greatest
variability. An overarching aim is to provide key physical
information i.e., on annual sea ice coverage characteris-
tics and their variability, compatible with annually
sampled in situ species distribution data, against which to
evaluate findings within the Collaborative East Antarctic
Marine Census (CEAMARC) (www.caml.aq) and Inte-
grated Coastal Oceanography Observations in Terre
Adélie (ICOzTA) (www.koubbi @obs-vlfr.fr)  pro-
grammes. These linked programmes are working to
develop an ecoregionalisation framework and gauge and
understand the impact of climate (environmental) change
on regional biodiversity and ecosystem structure and
function. Detailed analysis of the cause of observed sea
ice variability, related to atmospheric and oceanic
forcing, is beyond the scope of this paper.

The study area of both the CEAMARC and ICO*TA
projects is located on the George V Shelf, which has an
average depth of ~500 m at the shelf break (Beaman
et al., 2010). The main bathymetric features of the shelf,
illustrated in Fig. 2, are the George V Basin, which reaches
depths of 1300 m adjacent to the Mertz Glacier, and the
Adélie Sill (~66°S, 143°E). The Adélie Bank and Mertz
Bank are located to the west and east (respectively) of the
George V Basin, and have an average depth of 200 to
250 m (Beaman et al., 2010). The Adélie Basin extends
from near the coast south of the Adélie Bank (northwest of
Dumont d’Urville, (66.5°S, 140°E)) where it reaches
depths of ~ 1000 m, to the shelf edge.

2. Datasets and methods
2.1. Sea ice concentration (SIC) data set

Variability in SIC was investigated within the area
65°—67.5°S, 139°—146°E wusing daily AMSR-E

(Advanced Microwave Scanning Radiometer-EOS)
ARTIST Sea Ice (ASI) algorithm data with a spatial
resolution of 6.25 km (Spreen et al., 2008). These data
were obtained for the period 2003 to 2009 from the
Centre for Marine and Atmospheric Sciences (ZMAW)
at Hamburg University. Details of the AMSR-E instru-
ment, which has been operating since May 2002, are
given in Heinrichs et al. (2006). The ASI algorithm uses
an empirical model to retrieve ice concentration values
between 0% and 100% (Spreen et al., 2008), with lower
frequency channels being used to filter weather effects
and to remove spurious SIC values in open water areas.
In the Geotiff file format available from ZMAW, SIC
values of 0%—100% are scaled to cell values 0 to 200. A
subsample of one Geotiff from each week was used in
the analysis. Future work may, however, benefit from
daily analyses, given that sea ice conditions can change
dynamically within a week.

The 6.25 km AMSR-E SIC dataset used in this study
represents the highest-resolution daily passive microwave
SIC data currently available; however, there are some
issues associated with their use for SIC retrieval. Micro-
wave signatures from glacial ice may contaminate coastal
cells (Spreen et al., 2008). This problem is negated, to
some extent, by our removal of cells adjacent to the coast
during processing. Low SIC values may have higher
associated uncertainties due to the efficacy of the ASI
algorithm, and cell values along the ice edge may be too
high due to unfiltered weather effects (Spreen et al., 2008).
These issues may affect retrieval of the size of relatively
ice-free features such as the MGP, and may reduce the
accuracy of identification of narrow coastal polynyas such
as that identified in Commonwealth Bay by Wendler et al.
(1997). Fraser et al. (2010) also found that the ASI algo-
rithm sometimes underestimates the concentration of fast
ice (as low as ~55% SIC for fast ice regions).

2.2. GIS spatial analysis of sea ice concentration

Mapping and map-based analysis was done using ESRI
ArcGIS ArcView 9.3. ArcView Modelbuilder was used to
enable custom design of sequences of geoprocessing tools
for easy automation and repetition of workflows. The
Spatial Analyst/Single Output Map Algebra tool applies
custom algebra expressions to all or selected cells within
the data sets. The Spatial Analyst/Cell Statistics tool
calculates statistics based upon the values of cells in the
same location in many layers. The processing completed
quickly on a variety of computer hardware.

In this study, our SIC analysis is based on the classi-
fication system of the Nautical Institute (Buysse, 2007),
whereby SIC is expressed in tenths, and is adapted from
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an original suite of seven classes (Table 1; Buysse, 2007)
to five classes (Table 2) for ease of interpretation. Each
weekly AMSR-E map was geoprocessed in ArcView
with each of five algebraic expressions corresponding to
the five SIC classes (see Table 2). This produced 52
binary maps per class per year. By annually compositing
the binary maps for each class, we produced five annual
class maps per year, each of which estimates the number
of weeks each class persisted within each
6.25 x 6.25 km cell. The number of weeks in the annual
maps for classes 2, 3, and 4 were generally very low and
showed very little variation between cells and between
years. Therefore, for the purpose of improved visualiza-
tion of spatial and temporal variability of SIC, we decided
to reduce the five SIC classes to three SIC categories
(SICCs) by compositing the annual maps in classes 2, 3
and 4. The three SICCs are as follows: 1) SICC1, 0—10%
SIC or ice-free to open water (hitherto abbreviated to the
term open water); 2) Transition, 11—79% SIC encom-
passing a broad range of sea ice conditions from very
open ice to close ice; and 3) SICCS, 80—100% SIC or
high concentration pack ice/fast ice. A seven-year
average map was produced from each of the three sets
of annual SICC maps for the purpose of visualising SIC
distribution tendencies. Standard deviations for each of
the three sets of annual SICC maps were also produced;
cell values represent the standard deviation, in number of
weeks each year, of SICC experienced during the seven-
year study period. The three SICC standard deviation
maps were then added together to determine regions of
overall low/high interannual variability of SIC.

2.3. Numerical analysis

A Multiple Correspondence Analysis (MCA)
(Legendre and Legendre, 1998; Greenacre, 2006) was
applied to annual SICC, latitude, longitude, and year data
for the purpose of finding evidence of dependence

Table 1

Sea ice concentration for navigational purposes is expressed by the
Nautical Institute in tenths, describing the amount of the sea surface
covered by ice, as a fraction of the whole area being considered
(Buysse, 2007). These categories have been simplified and adapted for
the purpose of this study as described in Table 2.

Ratio Nautical Institute nomenclature
0 Ice-free

<1/10 Open water

1/10 to 3/10 Very open ice

4/10 to 6/10 Open ice

7/10 to 8/10 Close ice

9/10 to <10/10 Very close ice

10/10 Consolidated ice/compact ice

between these data. The MCA method is an extension of
Correspondence Analysis (CA) allowing analysis of
relationships between multiple categorical dependent
variables. The MCA builds an indicator matrix (i.e.
a matrix whose entries are O or 1) to which a standard CA
is applied (Abdi and Valentin, 2007). We used the annual
number of weeks of SICC1 and of SICC5 within each grid
cell as active information (data of most interest). The
Transition category was initially included in the MCA but
was found not to affect the results and was subsequently
removed. To categorise the active information, the
complete set of values for all seven years of the study
period in all study area grids was divided into four equal
strength modalities (as much as ties in the data would
allow, considering that tied values must all be contained
within the same modality). For latitude and longitude, we
used modalities of 0.5 degrees of arc and 1.0 degrees of arc
respectively. Interpretation of the results is based on the
proximities between points in the topology.

3. Results
3.1. SICC seven-year averages

The SICC1 seven-year average map (Fig. 3a) shows
that a large number of weeks (>17 weeks) of SICC1 (i.e.
open water) occurred in: 1) the MGP region; ii) across the
north of the study region at ~65°S; and iii) in a small
region centred on 65.75°S, 139.5°E. The later corres-
ponds to the unstable fast ice region (hitherto referred to
as the “Adélie Basin” region), where breakouts occur as
a result of lack of fast ice anchor points in the form of
grounded icebergs over the Adélie Basin (Massom et al.,
2009). The regions with a relatively lower number of
weeks of SICCI (<13 weeks) were: i) an oval region in
the west centred on 66°S, 140.5°E which is covered by
fast ice for a significant portion of the year; and ii) a tail-
like region extending west from 146°E to ~ 143°E
between 65.5°S and 66°S. This “tail” region corresponds
to a feature described as the “tongue” by Massom et al.
(2001) and Barber and Massom (2007), namely
a compact “stream” of thick floes of pack ice drifting
westwards along the continental shelf break from east of
the MGT/grounded icebergs/fast ice blocking feature.

The spatial distribution in the Transition seven-year
average map (Fig. 3b) clearly shows that the MGP
experienced in excess of 18 weeks of Transition
annually, well above the seven-year Transition median
of 7 weeks across the entire study region (see Fig. 4).
Values decreased from here in a northwest direction,
with many cells west of 142°E experiencing less than
four weeks of Transition e.g., regions centred on
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Table 2

Sea ice concentration classes for our analysis were based on the Nautical Institute system of sea ice classification (see Table 1). Corresponding
AMSR-E raster cell values are in column 3, and the algebraic expressions for geoprocessing in the GIS in column 4. Column 5 lists the corre-
sponding names for the three sea ice concentration categories (SICCs) used in our study.

Class SIC AMSR-E value Algebraic expression SICC

1 0—10% 0—19 [input] < 20 SICC1

2 11-39% 20—79 [input] > 19 AND [input] < 80

3 40—59% 80—119 [input] > 79 AND [input < 120 Transition
4 60—79% 120—159 [input] > 119 AND [input] < 160

5 80—100% 160—200 [input] > 159 AND [input] < 201 SICCS

66.2°S, 141°E (corresponding with the fast ice zone
shown in Fig. 1) and between 65 and 65.5°S,
139—142°E. Two regions form exceptions to this i.e.,
at least nine weeks of Transition was experienced,
namely i) the “Adélie Basin” region, and ii) a region at
~66°S, ~142.5°E (hitherto referred to as the
“egrounded iceberg” region), located to the west of
icebergs grounded on the Adélie Bank.

The SICCS seven-year average map (Fig. 3c) shows
that the MGP region experienced less than 10 weeks of
SICCS per year, as expected for this latent-heat polynya.
Cell values increase in a westerly direction, with values
greater than 32 weeks dominating the western half of the
study area, which is seasonally covered in fastice (Fig. 1;
Fraser et al., 2010). The “Adélie Basin” and “grounded
iceberg” regions in the west have low SICCS values
(10—19 weeks). For the “Adélie Basin” region, this
reflects the instability of seasonal fast ice here due to the
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Fig. 3. Seven-year SIC category (SICC) averages for the period
2003—2009, derived from AMSR-E sea ice concentration data. Note
that the legend for each SICC is based upon the seven-year mean cell
value for that SICC. DD is Dumont d’Urville; CB Commonwealth
Bay; WB Watt Bay; BB Buchanan Bay; MGP Mertz Glacier
polynya; MGT Mertz Glacier Tongue; AB “Adélie Basin” region;
GI “grounded iceberg” region; and FIZ fast ice zone.

lack of grounding points for icebergs in deep bathymetry
(>~500 m) (Fraser et al., Submitted for publication;
Massom et al., 2009).

The box graph in Fig. 4 represents the cell values from
the seven-year average maps of SICC1, Transition, and
SICCS5 (Fig. 3). The seven-year median for SICC1 was
15 weeks annually, and the Interquartile Range (IQR)
was the smallest of the three SICC’s, indicating that
SICC1 was the least variable SICC. Most cells experi-
enced 7—23 weeks of SICCI1 annually, with outliers
experiencing values on both sides of this range. The
Transition category median was the smallest of the three
categories (7 weeks annually). The IQR shows that
Transition was slightly more variable annually than
SICC1; most regions experienced 0—22 weeks of
Transition annually, with outliers experiencing more
than 22 weeks annually. SICCS had the highest median
(30 weeks) and largest IQR. Most regions experienced
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Fig. 4. Box-plots of 7-year average annual number of weeks that
each 6.25 km-resolution raster cell experiences each SIC category.
The lower and upper bounds of the box represent the first and third
quartiles, respectively, or the interquartile range (IQR). The hori-
zontal line inside the box indicates the location of the median.
Vertical dashed lines terminate at 1.5 IQR. Individual points repre-
sent extreme values.
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12—42 weeks of SICCS5 annually, although outliers
experienced SICCS for less than 12 weeks annually.

3.2. Interannual spatial variability of sea ice
concentration

Fig. 5 shows the yearly number of weeks in each
SICC. Many weeks of SICC1 (>17 weeks annually)
consistently occur in a narrow strip on the coast east of
142.5°E and along the western edge of the Mertz
Glacier (i.e., in the MGP and along the coast to
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Commonwealth Bay). In the years 2004—2006, the
strip is longer (although not continuous) and extends
eastwards as far as 139°E to capture the polynya
identified in Commonwealth Bay by Wendler et al.
(1997). To the north of the study area, at 65°S, to
~65.5°S, is a feature of high number of weeks of
annual SICC1. However, this feature is barely visible
in 2003 and 2008, and in 2005 it is only visible to the
east of ~141°E. This feature is particularly latitudi-
nally extensive in 2004 and 2006, with open water
occurring here for longer during these two years.
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Fig. 5. Interannual spatial variability of number of weeks of SIC in three categories. Each annual SICC map shows the number of weeks during
which each raster cell experiences one SIC category. The legends are based on seven-year mean cell values (see Fig. 3). DD is Dumont d’Urville;
CB Commonwealth Bay; WB Watt Bay; BB Buchanan Bay; MGP Mertz Glacier polynya; MGT Mertz Glacier Tongue; AB “Adélie Basin”

region; GI “grounded iceberg” region; and FIZ fast ice zone.
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Maps of all years (Fig. 5) show the “tail” region as
low value SICC1 cells (<13 weeks annually) of varying
sizes that extend westwards along ~ 65.5—66°S, from
146°E, corresponding with the “tongue” (Massom et al.,
2001; Barber and Massom, 2007). The “tail” is smallest
in 2003, 2004, and 2005, and is largest in 2006—2009.
Another patch of low values of SICC1 (<11 weeks
annually) occurs in the western half of the study area in
all years, the location and size of which varies annually
(this appears to be related to the interrannual variability
in the fast ice zone). In 2003 and 2008 this patch occurs
from the coast at 139°E to ~ 141°E and extends north
to 66°S. In 2004, the patch is just visible on the western
edge of the study area south of 66°S. In 2005, it is
located north of 66°S at the western edge of the study
area, and in 2006 it is not visible at all. The largest patch
occurs in 2007 and 2009, extending from the coast
between ~140 to ~142°E (in 2007), and 139 to
~ 142°E (in 2009), northward to 65.5°S.

In 2003, the central region of the study area expe-
rienced a relatively small range in number of weeks of
SICC1 (13—15 weeks). The “Adélie Basin” region is
distinguishable in the SICC1 maps of all years as an
area of >17 weeks of SICCI, annually centred on
~66°S, ~140°E. The “grounded iceberg” region at
66°S, 142.5°E is barely distinguishable in SICC1 maps
as a region of just a few cells with higher values than
those surrounding it (except in 2009 when it is not
distinguishable at all). This feature is visible in maps of
Transition, as well as SICC1.

Maps of Transition for all years show that a large
number of weeks of Transition (>18 weeks annually)
were experienced in the MGP region, and further west
along the coast in many years (2004, 2005 and 2007).
The latitudinal extent of this phenomenon was greatest
in 2003. In all years, the western half of the study area
predominantly experienced very few weeks of Transi-
tion (<4 weeks annually), especially in 2005 (in the
north), 2008 and 2009. The “Adélie Basin” and
“grounded iceberg” regions are both visible in all years
(except 2003 and 2004 when the “grounded iceberg”
region is not visible) as small regions of high values
(>18 weeks annually) of Transition.

The MGP is visible as a region of low values (<19
weeks annually) in SICC5 maps for all years. The
latitudinal extent of this feature was largest in 2003 and
smallest in 2004, and extended westward to 139°E
during the years 2004—2006. In all years except 2005,
the “tail” in the west of the study region, at ~66.5°S,
is visible as an area of high number of weeks of
SICCS5, and extends to connect with the fast ice zone
(except in 2006 when the “tail” ends at ~144.5°E and

does not connect with the fast ice zone). The amount of
pack ice drifting into the study area from east of the
MGT varies annually; the reason for this is outside the
scope of this study but is likely due to variability in
large-scale atmospheric circulation patterns (Massom
et al., 2003). The “grounded iceberg” feature was not
visible in 2003 and 2004, and is only distinguishable in
the annual SICC maps after 2005. SIC was generally
higher in the “grounded iceberg” region during 2003
and 2004 than other years.

In the western half of the study area, the “Adélie
Basin” and “grounded iceberg” regions are distin-
guishable as small regions of low value SICCS cells
(<4 weeks annually), except in 2003 and 2004 when
the “grounded iceberg” region is not distinguishable.
Cells with much higher values (>28 weeks annually)
surround these features. A region of interannually-
variable size, which typically experiences more than
37 weeks of SICCS5, is situated between the “Adélie
Basin” and “grounded iceberg” regions. This feature is
interpreted to be seasonally-recurring fast ice of
interannually varying extent; it reached a maximum
extent in 2009, while the smallest features occurred in
2004 and 2006. In 2005, a high number of weeks of
SICC5 (>32 weeks) occurred throughout the north-
western sector of the study region. This is interpreted
as being compact pack ice, since the Fraser et al.,
(Submitted for publication) fast ice dataset does not
show particularly extensive fast ice during that year.

The box diagrams in Fig. 6 represent the cell values
for each annual SICC map. For SICC1, the four years
with the lowest medians (2003, 2007—2009) are the
same years that have the highest medians in SICCS.
The year 2003 stands out from other years because the
IQR for SICCI is very small (8 weeks). These points
are relevant to the MCA where a relationship between
the number of weeks of SICC1 and SICCS is illustrated
(see below), and the years of the study period are
grouped according to the location and annual duration
of these two SICCs.

3.3. Multiple Correspondence Analysis (MCA)

Fig. 7 shows the output of the MCA, which reduced
the multi-dimensional dataset into a two-dimensional
map, or topology, producing a summary of SIC inter-
annual variability in one graph. This plan represents
44.6% of the total information with 25.35% for the first
axis and 19.26% for the second axis. The topology is
characterized by the U-shaped curves of the SICC1 and
SICC5 modality limits increasing in opposite direc-
tions. The continuous, and generally opposite, trends
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Fig. 6. Box plots of annual SIC data in three categories (see Fig. 4
for description).

between SICC1 and SICCS5 reflect an opposite depen-
dence between these two variables i.e., on one hand,
regions with high number of weeks of SICC1 and low
number of weeks of SICCS5, and, on the other hand,
regions with the opposite pattern. These trends were
expected given that, with the exception of the MGP
region, the annual Transition phase between sea ice
extremes is generally relatively brief throughout the

Fig. 7. MCA results derived using SICC1 and SICC5 as active
information, and the year, latitude and longitude as illustrative
information. The modality limits for the active parameters, and their
corresponding labels, are listed. For enhanced interpretation a line in
order of value from smallest to largest connects the positions of the
modalities of SICC1, SICCS, latitude and longitude. Some latitude
and longitude modality labels have been omitted to draw attention to
regions discussed in Section 3.3.

study area. The positions of the years on the topology
give supplementary information about the interannual
variability of SICC1 and SICCS. The relatively close
proximity of the years 2007, 2009, and to a lesser
extent, 2008, coupled with their positions in relation to
other years and to the U-shaped curves of SICC1 and
SICCS suggests evidence of a relatively (for the study
period) high number of weeks of SICCS associated
with a relatively low number of weeks of SICC1. The
inverse “global” characteristic is shown by the posi-
tions for the years 2004, 2005 and 2006, suggesting
that sea ice concentration was lower. The year 2003
has a more intermediate position.

The positions of latitude and longitude on the
topology give supplementary information about the
seven-year spatial tendencies of SICC1 and SICCS5. The
shape and direction of the longitudinal curve suggests
that sea ice concentration was generally higher in the
west than in east of the study region. The latitudinal
curve adheres less to the U-shaped pattern described by
SICC1, SICCS5 and longitude, and suggests that sea ice
concentration was generally higher through the middle
of the study region than in the north and south.
Evidence of regional tendencies of sea ice concentration
can be gained by observing the location on the topology
of both latitudinal and longitudinal modalities together.
The region within 65.5—66.5°S and 139—142°E is
characterized by high sea ice concentration (i.e. it is the
fast ice zone). Two regions, within 65—65.5°S and
142—146°E and 66.5—67°S and 142—146°E, are
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marked by low sea ice concentration (north of the study
region, and the MGP, respectively). These regional
tendencies can also be seen in the seven-year maps of
SICC1 and SICCS (Fig. 3).

3.4. Sea ice concentration standard deviation maps

Standard deviation maps (see Fig. 8) show that SICC1
displays the least interannual variability of all the cate-
gories i.e., 1o < 3 weeks for the entire study area, except
for the coastal region west of 142°E and a few cells with
larger standard deviations. The Transition variability map
(Fig. 8b) shows that most regions experience relatively
low interanual variablity in Transtion conditions (1o < 3
weeks). However, Transition conditions in the “Adélie
Basin” and “grounded iceberg” regions, and the offshore
edge of the MGP, are more variable. SICCS is the most
variable category i.e., few cells with 1o < 2 weeks, and
many with lo < 4 weeks. The “Adélie Basin” and
“grounded iceberg” regions, the offshore edge of the
MGP and the coastal region from 139 to 142°E are more
variable in SICCS5 than other regions.

Variability of SIC conditions in general is represented
by Fig. 8d, which is derived from the sum of standard
deviations (Z¢) in SICCI1, Transition, and SICC5
(Fig. 8a—c). Fig. 8d shows that SIC is least variable
(20 < 6 weeks) in three regions i.e., the MGP region,
along ~65—65.5°S, west of 144.5°E (dipping south to
66°S between 142.5 and 144°E), and a small patch
centred on ~66°S, ~140.5°E. The latter coincides with
annual fast ice that occurs over the Adélie Bank (Fraser
et al., 2010; Massom et al., 2009), where the average
water depth is 200—250 m (Post et al., 2010). The
remaining areas were more variable from year to year. In
particular, we note high interannual variability (2o > 9
weeks) in a triangular region extending from the “Adélie
Basin” region to the coast at 139—142°E, reflecting the
interannual variability of fast ice in the region to the west
of Dumont d’Urville and above the Adélie Basin. As the
bathymetry here is too deep for the grounding of
icebergs (Beaman et al., 2010), fast ice in this region
tends to be relatively unstable (Massom et al., 2009).
Another region of high interannual SIC variability is the
“grounded iceberg” region.

The region along the line of ~66—66.5°S, east of
142°E and corresponding with the offshore edge of the
MGP, also appears in Fig. 8d as a region of high
interannual variability. This may be an indication of
variability in the size of the MGP due to wind vari-
ability (Tamura et al., 2007), and the relationship
between the development (and timing) of the “tongue”
and the size of the MGP; the increased blocking ability
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Fig. 8. Variability in SIC is derived from the total standard deviation
between years of each of the three SIC categories: a) SICCI,
b) Transition, and c¢) SICCS. d) A map of variability of SIC condi-
tions during the period 2003—2009, derived from the sum of a), b)
and c¢). DD Dumont d’Urville; CB Commonwealth Bay; WB Watt
Bay; BB Buchanan Bay; MGP Mertz Glacier polynya; MGT Mertz
Glacier Tongue; AB “Adélie Basin” region; GI “grounded iceberg”
region; and FIZ fast ice zone.

of a well-developed “tongue” leads to more open ice
conditions around a smaller polynya opening (Massom
et al., 2001).

4. Discussion and conclusions

Given the caveats outlined in Section 2.1, our study
has produced a summary of interannual variability of SIC
in the Adélie Land region, in a form that is compatible
with in situ-sampled species distribution and physical
parameter data acquired over the period 2003—2009. In
effect, our annual average SICC map data can be used as
a “baseline” parameter for ecoregionalisation and can
therefore contribute to gauging and understanding the
effects of climate variability on Antarctic marine
ecosystems. The analysis also enables identification of
regions where the combination of number of weeks of
open water and sea ice (and a broad category of states in
between) is similar each year. In the process, our study
has also identified the interannual variability in the size
and location of known sea ice features such as the MGP,
the zone of annual fast ice offshore from Dumont
d’Urville, and the “Adélie Basin” and “grounded iceberg”
regions. Our study has shown that SIC in the study area,
with the exceptions of the MGP, the “Adélie Basin” and
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“grounded iceberg” regions, is generally either extremely
low (SICC1) or extremely high (SICCS) and that the
duration of transition between the two extremes is
generally relatively brief.

A statistical analysis of trends in sea ice concentration
is beyond the scope of this research, given the short
period analysed. Nevertheless, we observe in the MCA
(Fig. 7) that the years 2007—2009 experienced more
weeks of high SIC and fewer weeks of low SIC than other
years. These findings broadly agree with the positive sea
ice extent/area trends in the Western Pacific Ocean sector
reported in other research (e.g., Cavalieri and Parkinson,
2008; Comiso, 2003; Zwally et al., 2002). However, our
study is unique in that it investigates persistence of
Antarctic SIC for the first time (Fig. 8).

Most of the fast ice zone was found to display
considerable interannual variability, particularly above
the Adélie Basin; this is consistent with the findings of
Massom et al. (2009). Interannual variability in SICC5
of >19 weeks was considerable in this region (see
Fig. 5). However, the seven-year average values of >32
weeks of SICCS5 across the fast ice zone (see Fig. 3)
exceed the findings of Fraser et al. (submitted for
publication), who found that fast ice occurred near
Dumont D’Urville Station for ~40% of the year on
average between 2000 and 2008. It must be noted here
that AMSR-E measurements cannot inherently distin-
guish between moving and fast ice, which explains, to
some extent, the discrepancy between the fast ice
average of Fraser et al. (2010) and the seven-year
SICCS average in our study. In their study of fast ice
distribution and variability in the Western Pacific
Ocean sector of Antarctica (90—160°E) for the years
2000—2008, Fraser et al., (Submitted for publication)
found a slight, but non-significant decrease in fast ice
extent. Our study indicates that sea ice concentration
conditions in the Terre Adélie region do not reflect fast
ice conditions in the broader Western Pacific Ocean
sector.

As revealed in the MCA topology (Fig. 7) and in the
seven-year average maps of SICC1 and SICCS5 (Fig. 3a
and c¢), these two SIC categories appear to be anti-
correlated. Another anti-correlation is observed in
Fig. 3 that was not detectable in the MCA - in regions
where the number of weeks of Transition is high, the
number of weeks of SICCS is low, particularly in the
MGP, “Adélie Basin” and “grounded iceberg” regions.
This highlights the significance of the Transition
category, which encompasses a large range of SIC
values (11—79% SIC). Our analysis of SIC may be
improved by increasing the number of SIC categories
to four. In that case, we would be able to make better

assumptions about SIC in the MGP, the “Adélie Basin”
and “grounded iceberg” regions, areas that experience
many weeks of Transition annually.

Another relationship between Transition and
SICCS5 can be seen in the annual SICC maps (Fig. 5).
The inverse of the relationship discussed above is
apparent i.e., areas of many weeks of SICCS5 that
experience very few weeks of Transition. This rela-
tionship is most evident (in all years) in areas of the
fast ice zone between the “Adélie Basin” and
“grounded iceberg” regions, and also in 2005 in the
northwest region of the study area. These regions can
be interpreted as areas of abrupt change, where open
water conditions convert very quickly to heavy sea ice
conditions, to effectively bypass the Transition stage.
Heavy sea ice conditions predominate for many
months, reverting very quickly to open water condi-
tions in the summer melt season.

The MCA topology identifies an area of high
number of weeks of SICC1 within 66.5—67°S,
142°—146°E coinciding with the location of the MGP.
However, no such distinction is apparent in the MCA
for the “Adélie Basin” or “grounded iceberg” regions.
This is because the latitude and longitude modalities
used in the MCA are too broad (0.5 and 1.0 degree of
arc respectively) to capture the spatial characteristics
of these small features.

In previous studies, SIC variability in Antarctica has
been largely analysed through monthly sea ice extent/
area anomalies (e.g., Cavalieri and Parkinson, 2008) and
20-day composites of East Antartic fast ice extent
(Fraser et al., Submitted for publication). Considerable
work is also being carried out on regional changes and
variability in sea ice seasonality e.g. Stammerjohn et al.
(2008), and their potential impact on phenological
relationships (Arrigo et al., 2002; Ducklow et al., 2007;
Massom and Stammerjohn, 2010). In conclusion, our
study adds an additional layer in the form of analysis of
the seasonal variability of sea ice concentration in a key
East Antarctic region. While a seven-year period is not
sufficient to make assumptions about long-term trends in
spatio-temporal patterns of sea ice concentration, it can
provide a baseline with which to compare future changes
in the sea ice regime. It is planned to extend back in time
(to 1979), albeit at a lower spatial resolution of 25 km,
using data from previous-generation passive microwave
sensors i.e. Scanning Multichannel Microwave Radi-
ometer (1979—1987) and Special Sensor Microwave/
Imager (1987—present).

While 6.25 km-resolution AMSR-E data are suitable
for investigating the overall sea ice conditions in the
region, ecoregionalisation necessitates distinction
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between ice type, age and thickness, because different
species and their life-stages are associated with different
sea ice conditions (Thomas and Dieckmann, 2010). This
will require incorporation of data from a range of addi-
tional satellite sensors, including CryoSat-2.

Future work needs to also incorporate information
on causes of observed annual variation in the spatial
distribution and concentration of sea ice within the
Dumont d’Urville Sea i.e., local and remote weather
conditions and ice features (including extreme events
e.g., Massom et al., 2006), and fixed variables such as
coastal and bathymetric features. Furthermore, the
dynamics of sea ice conditions within a region must be
contextualised by observing sea ice conditions in
neighbouring regions. In this case, the “upstream” area
(east of the Mertz Glacier) is particularly influential to
the MGP and therefore the Terre Adélie region (Barber
and Massom, 2007; Massom et al., 2001).

Subsequent analyses should also take into account
abrupt events. Such as the large calving of the MGT in
February 2010 (Young et al., 2010). Despite the
resultant shortening of the remaining tongue to ~20
km, the MGP largely appears to have returned to its sea
ice “factory” role. However a decrease in the produc-
tion of dense shelf water, with implications for climate,
is expected to occur since the “icescape” of the area
has been significantly altered (Kusahara et al., 2011;
Young et al., 2010). Major changes in the length of
the Mertz Glacier and the associated realignment and
movement of vast iceberg BOB are expected to have an
effect on the reginal sea ice regime, and plans are in
place to detect and analyse the effects by applying our
method to more recent and future data.
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