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Duringwinter, thin sea ice is formed in coastal polynias, areas of open-waterwithin a sea ice pack and important
sites of dense shelf water formation. In the Mertz Glacier polynia (138°E–147°E, East Antarctica), we examined
the effects of an extreme calving event, the last Mertz glacier calving, on the regional sea ice distribution. The
high-frequency variability of sea ice concentration was studied for years 1992 to 2011 from passive microwave
satellite data with fine spatial (6.25 km and 12.5 km) and temporal (1 day) resolutions. Our results showed that
the last calving of the Mertz glacier tongue in February 2010 greatly modified the size and shape of the polynia
with a significant westward shift in the regional ice regimes. We also identified a post-calving transition state
characterised by a 70%-decrease in polynia area from the pre-calving mean. In the eastern part of the study
area, our findings are in agreement with other studies predicting an important decrease in polynia activity. In
the western part, where the main polynia activity has shifted after the calving, the new sea ice distribution is
expected to have a major impact on local sea ice production, dense shelf water sinking, and potentially the
regional thermohaline circulation. With extreme climatic events predicted to occur more frequently,
long-term monitoring of the regional icescape could be used to evaluate the vulnerability of Antarctic physical
processes and related ecosystems.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In winter, polynias are recurrent openings within the sea ice pack
and are sites of intense air–sea-ice interactions and sea ice production
(Barber and Massom, 2007). Cold and strong katabatic or synoptic
winds drive the newly formed sea ice away, exposing more surface
water that quickly freezes (Bromwich and Kurtz, 1984; Markus et al.,
1998). Around Antarctica, coastal polynias often get formed in the lee
of fixed boundaries, such as continental coastline or glacier tongues,
that restrict regional ice movements (Massom et al., 1998). As ice
production factories, coastal polynias release large amounts of brine
leading to the formation and export of high-salinity and high-density
shelf waters, often precursor to Antarctic Bottom Water (AABW, Wu
et al., 2003). Antarctic Bottom Water is the densest water mass in the
world ocean and the most important source of the abyssal circulation
(Orsi et al., 1999). The sinking of dense shelf water drives the global
thermohaline circulation, leading to heat and material exchange
between the atmosphere and the deep ocean (Manabe and Stouffer,
1999). Latent-heat polynias near the Mertz Glacier and neighbouring
embayments (hereinafter referred to as the Mertz Glacier Polynia,
MGP) are one of the largest sources of dense water formation and sea
ice production in East Antarctica (Orsi et al., 1999; Tamura et al.,
2008; Wu et al., 2003). With satellite data, the large and persistent
c.fr (A.-C. Dragon).
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MGPhas been estimated to be over 20,000 km2 in averaged areal extent
(Massom et al., 1998), to present several areas with strong interannual
variability (Smith et al., 2011) and to have high sea ice production rates
(Lytle et al., 2001; Tamura et al., 2008). Between 142° and 146°E, the
Mertz Glacier Tongue (MGT) concurs to blocking the near-coastal
westward advection of sea ice (Fig. 1). In addition, fast/stationary-ice
forms each winter between grounded icebergs to the north of the
MGT and significantly increases the length of this barrier to near the
shelf break (Lytle et al., 2001). By projecting seaward over 160 km
from the coast, the MGT and its associated icebergs cause fast-ice to
build up on its Eastern and Northern flanks (see Fig. 1 and details in
Fraser et al., 2012) and helps in the formation of theMGPon itsWestern
flank (Massom et al., 2001).

In February 2010, an extreme event radically affected the MGP
area: the ungrounding of vast iceberg B-9B and the subsequent calving
of the MGT (Legrésy et al., 2010; Young et al., 2010). The calved glacier
tongue (berg C-28) rapidly drifted out of the area system (Fig. 1). After
the calving, the shorter Mertz tongue and a decrease in fast-ice
build-up to the north and east of theMGT drastically reduced the barrier
effect for the polynia. Anothermajor change to the regional icescape has
been the migration of iceberg B-9B across the Adélie Depression and its
grounding in Commonwealth Bay with a NNE-ward orientation during
fall 2011 (Fig. 1). Since then, parts of iceberg B-9B have ungrounded
again and drifted towards the East outside the study area. In the
short-term, these abrupt and dramatic changes were shown to impact
dense shelf water formation (Kusahara et al., 2011a,b; Shadwick et al.,
variability in an Antarctic polynia: Prior to and after the Mertz Glacier
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Fig. 1. Domain of study (red bold solid line) and regional bathymetry (after Beaman et al., 2011). Contour interval is 100 mwith thin black contour indicating the 0 m, 400 m, 800 m and
1200 m isobaths. Major features of the topography are: D'Urville Trough (DT), Adélie Bank (AB), Adélie Sill (AS), Adélie Depression (AD), Mertz Bank (MB), Commonwealth Bay (CB),
Watt Bay (WB) and Buchanan Bay (BB). Grounded icebergs to the north of theMGT are represented by black dots. Themaximum fast-ice extent (average extent before theMertz calving,
dotted green line) is from Fraser et al., 2012. The light green bold solid line is the contour of theMertz Glacier Tongue (MGT) prior to theMertz calving and the dark green bold solid line is
the one after (2010 and 2011). Also indicated in dark green is the contour of iceberg B-9B after its grounding in Commonwealth Bay. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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2013) and sea ice production (Tamura et al., 2012). Kusahara et al.
(2011a) used an ice-ocean model to show changes in regional circula-
tion and to estimate a decrease by up to 23% in the regional export of
dense shelf water. Using mid-resolution (12.5 km grid) remote sensing
data, Tamura et al. (2012) estimated a decrease of sea ice production by
14% (20%) in winter 2010 (2011) compared to the 2000–2009mean. In
previous studies, sea ice variability in Antarctica has been largely
analysed through monthly sea ice extent anomalies (Cavalieri and
Parkinson, 2008) and 20-day composites of fast-ice extent (Fraser
et al., 2012). Considerable work has been carried out on the regional
changes and variability in sea ice seasonality (e.g. Stammerjohn et al.,
2008). However, those studies need to be completed by focusing on
higher frequency variability of the MGP, since sea ice conditions can
dynamically change within a week, due to short-term variability in
winds and storms (Mathiot et al., 2012). Here, we use long-term mid-
resolution (12.5 km grid) and high-resolution (6.25 km grid) remote
sensing data from before and after the calving event to examine its
fine-scale consequences in a key Antarctic region. Our study adds an
additional layer in combining the time series of satellite-derived Sea
ice Concentration (SIC) to an innovative use of time seriesmethodology
in order to investigate the impact of an abrupt calving on intraseasonal
polynia variability. The specific objectives of ourwork are: 1) to present
the spatial distribution of intraseasonal sea ice regimes and 2) to exam-
ine these regimes' variability prior to and after the extreme event of the
regional Mertz icescape.
2. Data and methods

2.1. Study area

Our work focuses on the western part of the MGP region in the
Adélie–George V Land sector. The study area extends from 138°E
to147°E and from 65.5°S to 67.5°S. This area has rarely been included
in previous studies although it presents SIC characteristics similar to
those of the main Mertz polynia. Furthermore, the westward coastal
flow is expected to intensify the variations in sea ice distribution created
Please cite this article as: Dragon, A.-C., et al., A note on the intraseasonal
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by the disappearance of theMertz tonguemorphological barrier. Finally,
Fraser et al. (2012) focused on the east of the MGT and studied in detail
the local fast-ice distribution and its variability prior to the Mertz
calving. In thewestern part of theMGP region, the ocean bottom topog-
raphy of the Antarctic shelf is composed of two deep regions and two
plateaus (see Fig. 1, Beaman et al., 2011). To the west, the D'Urville
Trough (DT) extends from the coast at approximately 141°E toward
the northwest. Grounded icebergs over shallow bathymetry lead to
the development of polynias in their western lee at 141–142°E to the
north of DT and at 146–147°E to the north of the Mertz Bank
(Massom, 2003). To the east, the floating ice tongue of theMertz glacier
was grounded on the Mertz bank until February 2010 (Legrésy et al.,
2010; Young et al., 2010). The coastline of the Adélie–George V Land
sector is dominated by three large bays to thewest of theMertz Glacier:
Commonwealth Bay (CB), Watt Bay (WB) and Buchanan Bay (BB). Per-
sistent katabatic winds, with an average speed greater than 12 m s−1

and a temperature typically less than −16 °C in austral winter
(Roberts et al., 2001), are channelled over land by topographic depres-
sions and blow out across these three bays (Ball, 1957; Wendler et al.,
1997). Of these three coastal bays, CB and WB are characterised by
bathymetric depressions deeper than 870 m and 940 m, respectively.
BB, located at the southern extremity of the MGT, is a shallow (ca.
400 m) bay which connects directly to the Adélie Depression. The west-
ward advection blocking effect produces other open areas in the sea ice
cover on the eastern flanks of each of the three bays (Massom, 2003).
2.2. Sea ice data from 1992 to 2012

Given the paucity of in situ data, satellite products provide us with
one of the few means to investigate coherent variability over small,
medium and large spatio-temporal scales. In order to establish robust
short-term and high-resolution variability patterns in sea ice concen-
tration with sufficient reliability, a combination of two daily remote
sensing datasets was used in our analyses which cover a 21-year time
period (1992–2012). Daily brightness temperature maps for the period
April 2003–September 2011were obtained from the BremenUniversity
variability in an Antarctic polynia: Prior to and after the Mertz Glacier
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(www.iup.uni-bremen.de/seaice/amsr). Using appropriate algorithms
(ASI, Spreen et al., 2008), brightness temperatures were converted to
ice concentrations at a 6.25 km spatial resolution. The 6.25 km Ad-
vanced Microwave Scanning Radiometer-EOS (AMSR-E) dataset used
in this study provides the finest spatial resolution currently available
with daily satellite passive microwave instruments. Details of the
AMSR-E instrument, which has been operating from 19th June 2002
to 2nd October 2011, are given in Heinrichs et al. (2006). However,
there are some issues associated with SIC retrieval from AMSR-E.
Spreen et al. (2008) have shown thatmicrowave signatures from glacial
ice may contaminate coastal cells. This problem is avoided, to some
extent, by the removal of cells adjacent to the coast during processing.
In order to complement the high-resolution AMSR-E dataset for the
entire period 1992–2012, we used daily sea ice concentration maps
from Special Sensor Microwave Imager data (SSM/I, Comiso, 1999).
Since 1992, the SIC data are produced on a 12.5 km grid, taking advan-
tage of the high resolution 85.5 GHz brightness temperature maps, by
the CERSAT, Ifremer (cersat.ifremer.fr). Finally, in order to take into
account SIC data contamination by the displacements of icebergs C-28
and B-9B, three coastal delineations (i.e. masks) were used in the
study: one for data from 1992 to 2009, one for winters 2010 and 2012
(with C-28 having left the study area before 1st April 2010) and one
for winter 2011 when the iceberg B-9B was grounded in Common-
wealth Bay. For all years, missing data were replaced with the mean
value from the 6 spatio-temporal adjacent neighbourhood of the
missing pixel.

2.3. Principal component analysis of sea ice concentration data

In order to describe the local variability of the MGP winter sea ice
cover, a principal component analysis (PCA, also called empirical
orthogonal function, EOF, Lorenz, 1956) was performed on the SIC
anomalies over the study area. Such a method, conventionally used
for time series analyses, allows the systematic detection of statistically
significant and spatially coherent patterns in environmental processes.
Antarctic sea ice undergoes a large seasonal cycle, with maximum
extent in September–October and minimum extent in February
(Comiso et al., 2003). Since there are no polynia in summer because
most of the sea ice melts, we chose to focus our analyses on the winter
season that is found to largely dominate themean annual SIC variability.
Thewinter season (1April to 30 September, AMJJAS) is however chosen
wide enough to encompass the year to year contrasts in the duration
and timing of the ice season (Mathiot et al., 2012). During winter, the
polynia area is defined by sea ice concentrations less than 65%. Since
we focus on the intraseasonal variability, SIC anomalies for each pixel
were calculated by subtracting the seasonal climatology to the original
SIC dataset. A 90-day cutoff high-pass Lanczos filter (Hamming, 1989)
was then applied and actually detrended the time series. The resulting
dataset is hereinafter referred to as the SIC anomalies dataset on
which the PCA is applied.

3. Results

3.1. Sea ice regimes prior to and after the Mertz calving

Although there have been significant changes in sea ice distribution
since the Mertz calving, the changes are regionally balanced between
new areas of enhanced polynia opening and the disappearance of
major open-water features. The MGP is a persistent feature of the
winter sea ice cover in the area but its size and shape vary on short
time scales (significant partial auto-correlations for 1- to 4-day timelags
on the AMSR-E SIC anomalies dataset, Venables and Ripley, 2002). Fig. 2
shows the mean and standard deviation of the winter sea ice distribu-
tion at 6.25 km resolution based on the AMSR-E dataset prior to and
after the Mertz calving (April 2003–September 2009 and for winters
2010 and 2011). Fig. 2a shows the typical 120°-V-shape structure of
Please cite this article as: Dragon, A.-C., et al., A note on the intraseasonal
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the polynia as discussed by many authors (e.g. Massom et al., 2001).
The lowest sea ice concentrations are in the eastern part of CB and
WB and along the northwestern flank of the MGT (mean ± std:
0.23 ± 0.06, 0.18 ± 0.03 and 0.04 ± 0.03, respectively). The highest
sea ice concentrations can be associated with fast-ice (SIC N 0.7,
Mathiot et al., 2012; Fraser et al., 2012) and are mostly displayed in
the western part of the study area, especially between 140° and
142°E. Fig. 2b–c present the mean winter of sea ice distribution for
years 2010 and 2011. In early 2010, the calving of the MGT formed a
massive iceberg (C-28) departing the region shortly thereafter. The
post-calving map in 2010 (Fig. 2b) shows significant changes in the
distribution and magnitude of SIC across the region. The previous
MGP region still exists from the shortened MGT to the grounded
bergs east of the Mertz Bank but with higher sea ice concentrations
north of the former MGT (before calving: 0.47 ± 0.12; after calving:
0.52 ±0.14; t = −14.92; df = 4533; p b 0.0001) and no more typical
120°-V-shape. A polynia is also still displayed in Commonwealth
Bay although its size decreased by 61% in 2010 and then by 74% in
2011 compared to 2003–2009 (before calving: 674 km2 ± 241; 2010:
267 km2 ± 121; 2011: 163 km2 ± 114; p b 0.0001 for both t-tests
2003–2009 vs. 2010 and 2003–2009 vs. 2011). Furthermore, coastal
polynias in CB and WB are more opened at the beginning than at the
end of winter 2010. By contrast, polynias in DT and North of DT are
more opened at the end than at the beginning of winter 2010. The
icescape changed again in 2011, this time as a result of the migration
and grounding of iceberg B-9B in CB (Fig. 2c). The entire closures of
CB and WB constitute one of the major changes for winter 2011.
Polynias in DT and north of DT follow the same pattern as in winter
2010: more opened at the end than at the beginning of winter 2011.
Furthermore, in the lee of iceberg B-9B, a new but relatively weak
(SIC N 0.4) polynia region extends north along the eastern flank of the
Adélie bank from CB to the shelf break. In both winters 2010 and
2011, another polynia largely opened north of DT (open-water area
over 1400 km2) and the fast-ice extent simultaneously decreased (see
Fraser et al., 2012 for details on local fast-ice distribution). Finally, in
contrast to the polynia over the Adélie Depression which decreased in
size after 2009 (by 54% in 2010 and by 81% in 2011), new areas of low
sea ice concentration (b0.65) appeared in years 2010 and 2011 over
the area formerly occupied by the MGT.

Considering sea ice intra-seasonal variability, specific areas of the
study zone show significant changes following the Mertz calving.
Open-water areas being always associated to high variability, areas
with strongfluctuations can be identified as areas of low sea ice concen-
tration. Fig. 2d shows daily fluctuations, of the same order as the mean
(i.e. 0.31), that characterise the polynia area from 2003 to 2009. In
Buchanan Bay though, daily fluctuations present a smaller amplitude
(0.24) indicating the persistence of open-water in this bay. Fig. 2d
also displays six areas (“boxes”) with the highest sea ice variability
(N0.28) found in CB, in the coastal area west of CB, in DT, in the region
north of DT, in the entire MGT and in the lee of the grounded icebergs
north of the MGT. In Fig. 2d, significant SIC variability can be found
westward and northward from the main MGP. The contours of SIC
variability indicate that short-term polynia events, and therefore possi-
bly intense sea ice formation, may extend far westward and northward
across the whole Adélie Depression. After the Mertz calving, the same
six areas of important daily fluctuations (N0.28) are highlighted
(Fig. 2e–f) but their relative importance vary along time: one can see
a decrease of the fluctuations in the north of the MGT while there is
an increased variability north of DT. Following the major CB and WB
closures in winter 2011, very low variability, e.g. high SIC, can be
observed in both bays. Finally, Fig. 3 shows the variability in each of
the six boxes in terms of mean SIC anomalies and polynia surface. Spec-
tral analyses show no dominant time scale (not shown) and the
intraseasonal variability for five out of the six boxes (not DT) show no
significant differences in mean SIC anomalies between winters prior
to and after the Mertz calving. On the other hand, the closure of CB
variability in an Antarctic polynia: Prior to and after the Mertz Glacier
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Fig. 2. a) Mean sea ice concentration for winters 2003–2009 (AMJJAS) from AMSR-E data. b) Mean sea ice concentration for winter 2010 from AMSR-E data. c) Mean sea ice
concentration for winter 2011 fromAMSR-E data. d) Standard deviation associated to themean sea ice concentration forwinters 2003–2009. Six areas (“boxes”) of high sea ice variability
are found in Commonwealth Bay (CB), in the coastal areawest of CB (West CB), inD'Urville Trough (DT), in the regionnorth ofDT (NorthDT), in the area on theWestern flank of theMertz
Glacier Tongue (MGT) and in the lee of the grounded icebergs north of the MGT (North MGT). e) Standard deviation associated to the mean sea ice concentration for winter 2010.
f) Standard deviation associated to the mean sea ice concentration for winter 2011. To avoid sidelobe contamination, we masked the massive B-9B iceberg grounded in the study region
in winter 2011.
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(polynia surface close to 0) and the opening of polynias near DT can be
noted for winters 2010 and 2011 when the polynia surface for the
whole MGP is significantly reduced after the calving.

3.2. Spatio-temporal sea ice variability before the Mertz calving

The majority of sea ice variability prior to the Mertz calving can be
explained by three leading modes that can be paralleled with known
patterns of local sea ice regime. For the 2003–2009 winters, the leading
mode of EOF on SIC anomalies accounts for 28% of the total variance.
This mode exhibits a single pole that covers the entire MGP (Fig. 4a)
and showsmuch resemblance to the spatial distribution of the standard
deviation in Fig. 2d. The maximum variability is found around 66.75°S–
143°E and 66.5°S–146°E following a 120°-V-shape feature which is
representative of the MGP. Spatial covariability is also shown on the
first EOF between the SIC in the MGP and in CB over the Adélie Depres-
sion. The two following modes of SIC variability altogether account for
11.5% of the variances (Fig. 4b and c). According to the uniqueness
criterion described by North et al. (1982), their respective eigenvalues
are sufficiently distant from each other for these two modes to be
Please cite this article as: Dragon, A.-C., et al., A note on the intraseasonal
calving, J. Mar. Syst. (2013), http://dx.doi.org/10.1016/j.jmarsys.2013.06.0
separable (see Jonsson, 1991 for more details). The second EOF pattern
extracts a dipolar structure with a positive pole along thewestern flank
of the MGT that covaries with a negative pole in the eastern part of the
Mertz bank. The positive polewould describe the opening of the polynia
area driven by katabatic winds that also push the newly formed sea ice
into the area of the negative pole. And the negative pole would hence
correspond to sea ice accumulation that also benefit from the barrier
effect of persistent fast-ice between the grounded bergs east of the
Mertz Bank (Massom, 2003; Massom et al., 2001). Furthermore, the
third EOF presents another dipolar structure opposing coastal positive
anomalies to negative anomalies located around 66.25°S–146.5°E,
north of the MGT, and around 65.75°S–139.5°E, north of DT. The dipole
reminds the meridional component of the ice-edge variability in early
April and late September, when the regional hydrography shifts from
winter to summertime (and vice versa). In summertime, Williams
et al. (2011) and Lacarra et al. (2011) demonstrated the importance of
coastal areas, such as CB and WB, for dense shelf water formation and
showed intrusions of Modified Circumpolar Deep Water (MCDW)
over the Mertz bank and in the north of DT. Rintoul (1998) also
highlighted the impact of MCDW in the bottom melting of sea ice in
variability in an Antarctic polynia: Prior to and after the Mertz Glacier
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Fig. 3. Time series of the mean SIC anomalies for winters 2003 to 2011 from AMSR-E data in each of the 6 areas of high sea ice variability. Grey dotted vertical lines separate each winter period (AMJJAS). Also indicated in blue, the time series
of polynia area (in 103 km2) based upon the 65% ice concentration threshold. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Spatial patterns (EOF) of thefirst (a), second (b) and third (c) leadingmodes of themeanwinter (AMJJAS) sea ice concentration over 2003–2009 fromAMSR-E remote sensingdata.
The first, second and thirdmodes explain 28%, 6.3% and 5.2% of the total variance, respectively. Spatial patterns (EOF) of the first (d), second (e) and third (f) leading modes of the mean
winter sea ice concentration over 1992–2009 from SSM/I remote sensing data. The first, second and third modes explain 39.4%, 7.5% and 6.5% of the total variance, respectively. Sea ice
concentration anomalies are expressed per unit standard deviation of the corresponding PC. The PCA are performed on the domains of the figure.
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the Adélie Depression. Regarding wintertime, Williams and Bindoff
(2003) identified MCDW along the western flank of the MGT and
around the grounded icebergs north of the MGT. The dipolar structure
of the third leading mode could therefore be explained by strong
Please cite this article as: Dragon, A.-C., et al., A note on the intraseasonal
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exchange of MCDW across the region with dense shelf water formation
in coastal areas and accumulation of warmer MCDW over the Mertz
bank and northwest of the Adélie plateau. Finally, similar analyses
were performed on SIC anomalies deduced from the 12.5 km grid
variability in an Antarctic polynia: Prior to and after the Mertz Glacier
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Fig. 5. Time series of the first principal component of SIC anomalies (PC1 SIC) for winters 2003 to 2011. Time series of winters 2010 and 2011 were analysed independently when time
series ofwinters 2003 to 2009were all analysed together. Also indicated in blue, the time series of polynia area for eachwinter (in 103 km2), based upon the 65% ice concentration thresh-
old. Corresponding correlation coefficients are given for each year of study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Correlations between the first three principal components of EOF in winters 2003–2009
SIC anomalies and the area of coastal polynias, based upon the 65% ice concentration
threshold. Several areas of high sea ice variability are considered: Commonwealth Bay
(CB), the coastal area west of CB (West CB), D'Urville Trough (DT), the region north of
D'Urville Trough (North DT), the region in the lee of the grounded icebergs north of the
MGT (North MGT), the entire MGT and finally the entire study area of the Mertz Glacier
Polynia (polynia).

PC1 PC2 PC3

CB 0.57 (p.val b 0.01) 0.01 (p.val b 0.02) −0.37 (p.val b 0.01)
West CB 0.49 (p.val b 0.02) 0.16 (p.val b 0.04) −0.68 (p.val b 0.05)
DT 0.23 (p.val b 0.01) 0.09 (p.val b 0.03) −0.30 (p.val b 0.01)
North DT 0.27 (p.val b 0.01) 0.17 (p.val b 0.02) 0.14 (p.val b 0.02)
North MGT 0.79 (p.val b 0.01) −0.08 (p.val b 0.03) 0.27 (p.val b 0.01)
MGT 0.66 (p.val b 0.02) −0.72 (p.val b 0.01) 0.13 (p.val b 0.03)
Polynia 0.79 (p.val b 0.01) 0.16 (p.val b 0.05) 0.03 (p.val b 0.02)
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SSM/I data over the period 1992–2009. These allowed the identification
of 3 identical, hence robust, leading modes (Fig. 4d, e and f). Over this
long pre-calving period, the first leading mode accounts for almost
40% of the total variance when the second and third modes account al-
together for 14% of the variance.

Considering the temporal variability associatedwith regional sea ice,
the three leadingmodes of intraseasonal variability can be related to the
evolution of open-water areal extents in various topographic features of
the study zone. The time series associated with the first leading mode
(PC1, Fig. 5) exhibits no dominant time scale (auto-correlation function
not shown) and is highly correlated to the total polynia area (mean cor-
relation coefficient for winters 2003 to 2009: r = 0.79, see Table 1).
Except for two winters, the correlation coefficients are above 0.75. The
low correlation for winter 2004 (r = 0.67) may be explained by the
unusual southerly position of the ice-edge in late August. The low corre-
lation for winter 2006 (r = 0.56) may be explained by additional
open-water area in the northern part of the study zone, potentially
due to an anomalously large fast-ice extent that acted as a barrier
preventing the movement of ice in the region (Fraser et al., 2012). The
first principal component is also significantly correlated to the six
areas identified in Fig. 2d. The polynia areas in the lee of the grounded
icebergs north of the MGT, in the entire MGT, in Commonwealth
Bay and in West CB are highly correlated (resp. r = 0.79, r = 0.66,
r = 0.57 and r =0.49) to the first principal component. Furthermore,
Please cite this article as: Dragon, A.-C., et al., A note on the intraseasonal
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the principal component also presents low, but significant, correlations
with the polynia areas in D'Urville Trough (r = 0.23) and in the region
north of D'Urville Trough (r = 0.27). The PC associatedwith the second
EOF is highly correlated to the MGT (r = −0.72). The third PC is
negatively correlated to the polynia area in DT (r = −0.30), in CB
(r = −0.37) and especially the coastal area west of CB (r = −0.68).
variability in an Antarctic polynia: Prior to and after the Mertz Glacier
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The third PC is not significantly correlated to the northern DT nor to the
polynia area (Table 1).

3.3. Shift in spatio-temporal sea ice organisation after the Mertz calving

From winter 2010, our results show a regional shift in polynia
activity to the western part of the study zone with some topographic
features (CB, DT, etc.) becoming more important for sea ice formation
than the Mertz Bank, the Adélie Depression and the newly shortened
Mertz tongue. Before the Mertz calving, the mean total polynia area
was 26,119 km2 (±6863 km2), with about 22% of this surface to the
west of 142°E. After the Mertz calving, the total polynia area was
estimated to be 7822 km2 (±2178 km2) in winter 2010, with 27% of
this surface to the west of 142°E. In winter 2011, the total polynia area
reached 7872 km2 (±1942 km2), with 35% of this surface to the west
of 142°E. Globally, the post-calving polynia areas represent a ~70%
decrease compared to the 2003–2009 mean. Furthermore, the post-
calving polynia organisation seems to have shifted to the western part
of the Adélie–George V region. The shift induced by the Mertz calving
is revealed by the evolution in standard deviation distribution of winter
SIC anomalies from 2003 to 2012. Fig. 6a illustrates the standard devia-
tion from the mean SIC anomalies for winters 2003 to 2009 (AMSR-E
data) and presents three distinct areas of preferred variability in the
study zone: in the eastern part of CB, along the former northwestern
flank of the MGT (east of Mertz Bank around 66.25°S–146.5°E) and
north of DT (around 65.75°S–139.5°E). Fig. 6b shows the standard
deviation of the mean SIC anomalies for winter 2010 with AMSR-E
data. The three poles of variability (e.g. open-water areas) are located
similarly to where polynias occurred in previous winters but with mod-
ified and enlarged shapes. The westward shift of polynia activity is
further highlighted in Fig. 6c and d that present the standard deviation
of mean SIC anomalies for winter 2011 (AMSR-E data) and winter
2012 (SSMI/I data). In winters 2011 and 2012, enlarged polynia features
are revealed especially along the lee of grounded berg B-9B and in the
Fig. 6. a) Standard deviation associated to the mean sea ice anomalies for winters 2003–20
anomalies for winter 2010 from AMSR-E data. c) Standard deviation associated to the mean
to the mean sea ice concentration for winter 2012 from SSM/I data.
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vicinity of DT. Despite the Mertz calving, the area in the eastern part of
Mertz Bank in the lee of the grounded bergs remains important and is
highlighted for all winters. Using EOF analyses for winters 2010, 2011
and 2012, we found similar shifting patterns between the first leading
modes and the standard deviation distributions (not shown) but could
not find physical explanations for the second and third leading modes
of these transitory winters.

4. Discussion

During winter, thin sea ice is formed in coastal polynias, areas of
open-waterwithin a sea ice pack, where dense shelf water forms, a crit-
ical component of the global hydrographic system (Orsi et al., 2002;
Rintoul, 1998). In this study,we assessedwhether a large scale environ-
mental perturbation, represented by the occurrence of a massive
iceberg calving, had consequences on the spatio-temporal polynia var-
iations in the Adélie/George V Land sector. We showed that the calving
of theMertz glacier tongue in February 2010 greatlymodified the shape
and fine-scale variability of the polynia, with potential impact on sea ice
formation in its vicinity. Our study identifies a clear covariability
between the polynias in the Adélie Depression and in the lee of the
MGT. We also showed significant changes in the size and location of
the intraseasonal variability of known sea ice features in the area,
such as the northwestern flank of the MGT and the eastern part of
Commonwealth Bay. PCA analyses revealed that polynia variability
can partly be explained by two dipolar structures related to regional
wind and hydrographic characteristics. Prior to the Mertz calving, the
first dipolar structure associates a SIC positive pole in the northeastern
flank of the MGT to a SIC negative pole over the eastern part of the
Mertz Bank. The second structure presents an opposition between
coastal areas, where dense shelf waters form, and the waters north of
the MGT, especially at the beginning and end of winter.

Winters 2010, 2011 and 2012 present significantly smaller and
more westerly located polynia areas than years prior to the Mertz
09 (AMJJAS) from AMSR-E data. b) Standard deviation associated to the mean sea ice
sea ice anomalies for winter 2011 from AMSR-E data. d) Standard deviation associated
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calving. In the eastern part of the study area, two of the main polynias
(WB and CB) are closed in winter 2011 whereas a polynia area opens
in the western lee of the grounded berg B-9B. Spatial covariability can
still be observed though between open-water areas over the Adélie
Depression and the MGP.

In the western part of the study area, the combined effects of the
shallow Adélie bank, grounded icebergs and surrounding fast-ice
allow the opening during winters 2011 and 2012 of large polynia
areas. After the calving, the polynia is in a state of structural transition
with previous MGP region that is globally maintained from the MGT
to the grounded bergs east of the Mertz Bank, assisted by the rotated
position of B-9B before its grounding in CB. Furthermore, reduced sea
ice concentration over the Adélie Depression was partially compen-
sated by new areas of high sea ice concentration over the area formerly
occupied by the MGT. As shown in Fraser et al., 2012 (Fig. 2c) and
Tamura et al., 2012 (Fig. 3a), there was a large area of multi-year
fast-ice between 148 and 152°E that prevented the main flow of sea
ice advection in the Mertz region prior to the calving. After February
2010, this area of fast-ice was reported to be reduced by over 70%
from the 2000–2009 mean extent (Shadwick et al., 2013). More sea
ice was therefore advected into the central region where the MGT
used to be, but a polynia was maintained by the combined actions of
the 148–152°E-fast-ice to the east (see Fig. 3c in Tamura et al., 2012)
and the katabatic winds (Roberts et al., 2001).

Previous study at coastal station D-10 (near DT) showed that the
synoptic variability of the ambient atmosphere would be reflected in
the katabatic wind intensity but the wind direction would essentially
be driven by the regional topography (Parish et al., 1993). Since the
Adélie–George V Land coastline runs essentially along the 67° parallel,
a horizontal pressure gradient force directed northward altogether
acts to support the katabatic drainage off the continental ice sheet and
maintains an easterly geostrophic wind. Parish et al. (1993) have also
shown the importance of regional topographic forcing as the dominant
control mechanism of the Antarctic surface wind regime. It is therefore
expected that the disappearance of the Mertz tongue, a topographic
outlet depression, would induce local perturbation in the wind funnel-
ling from the glacial Mertz valley. Furthermore, Tamura et al. (2012)
showed that particularly cold surface air temperature and high offshore
wind speed in 2010 and 2011 should have enhanced sea ice production
and potentially reduced the calving impact on sea ice formation, hence
in the analyses. Local atmospheric processes would therefore have flat-
tened the calving impact on sea ice production but not on open-water
areal extent, leading to the observed 70% decrease in polynia area. In
addition, the non-linear link between open-water signal from SIC and
sea ice production (Renfrew et al., 2002; Williams et al., 2011) could
partly explain the observed difference between those two proxies of
complex polynia dynamics. Finally, although a moderate impact of
this single perturbing event might be found for sea ice production in
the short-term, the dynamics of the MGT and its calving events could
change in themid-term. InWest Antarctica and in the Peninsula, previ-
ous studies show an acceleration in the dynamics of glaciers that grow
(and calve) with higher frequencies (Arrigo et al., 2002; Scambos
et al., 2000). Although recent observations show differences in the
nature of the East and West Antarctic ice sheets and no trend in the
dynamics of East Antarctic glaciers (Pritchard et al., 2009), increasing
environmental variability is expected to impact the future dynamics
of the MGT and other glaciers in the Adélie Land region.

Extreme events are expected to occur more frequently due to global
climate change (Scambos et al., 2000) and such events are usually
thought of in terms of extreme values of a continuous environmental
variable (Gutschick and BassiriRad, 2010) (e.g. extreme temperatures,
precipitation levels). But they can also take the form of discrete pertur-
bations (Turner and Dale, 1998), such as the calving ofmassive icebergs
in polar regions (Arrigo et al., 2002; Chambert et al., 2012; Schoof,
2007). In western and central Ross Sea polynias, Martin et al. (2007)
showed an inhibition in sea ice production after the calving of large
Please cite this article as: Dragon, A.-C., et al., A note on the intraseasonal
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icebergs. They explained this decrease by the piling up of first-year ice
upwind of the bergs and by the generation of new polynias downwind
of the bergs. Following this abrupt change, the significant westward
shift revealed after the calving confirms other studies' suggestions
that the post-calving polynia activity, sea ice production (Tamura
et al., 2012) and associated dense water export may temporarily be in
a declining phase (Kusahara et al., 2011a,b). The changes in polynia
structure and activity could result in an increase in high salinity shelf
water in the D'Urville Trough that would potentially modify the region-
al hydrography. Dense shelf water follows topographic channels to
reach the deep ocean (Mathiot et al., 2012) and a change in the location
of deep water formation could change the associated channels and the
efficiency of the associated transport, hence potentially the global ther-
mohaline circulation. In 2012, iceberg B-9B broke up and left the MGP
region: new variations in polynia variability are therefore expected
until the MGT extension forms again and the polynia transition phase
ends.

Given the short period investigated, a statistical analysis of interannual
variability and trends in sea ice concentration is beyond the scope of
this research but it is planned to extend after 2012 and also 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 Radiometer (1979–1987) and Special Sensor
Microwave/Imager (1987–present). Future work will be devoted to
analysing local weather conditions such as thosemeasured continuous-
ly at Dumont d'Urville station since the 1950s, and fixed variables such
as coastal and bathymetric features would help in explaining the vari-
ability in the spatial distribution and concentration of sea ice in the
Adélie–George V Land sector. Finally, the analyses could benefit from
recently developed time-seriesmethodologies that allow themodelling
of directional processes, such as distance-based Moran's eigenvector
maps (Dray et al., 2006; Legendre and Legendre, 2012).With univariate
(sea ice concentration) or multivariate (sea ice concentration, produc-
tion, extent, etc.) response data, this family of methods drives analyses
addressing simultaneously several scales of variations. In this varia-
tion partitioning framework, the study of multiscale atmospheric
and physical processes would be facilitated andwould help in under-
standing how the Antarctic system might respond to future climate
change.

5. Conclusions

For 1992–2012, we examined sea ice distribution and intraseasonal
variability in the Mertz Glacier Polynia, using mid (SSM/I) and fine
(AMSR-E) spatial resolution satellite passive microwave data. To avoid
sidelobe contamination, we masked both ice shelf and, for winter
2011, the massive B-9B iceberg grounded in the study region. We esti-
mated the polynia area for years 2003 to 2011 and showed that the
Mertz calving had a strong effect on polynia structure and total area.
These fluctuations in the polynia size and shape must reflect the vari-
ability in the surface winds (Roberts et al., 2001), in the westward sea
ice advection across the field of grounded icebergs (Lacarra et al.,
2011) or in the intrusions of MCDW involved in bottom melting of sea
ice (Rintoul, 1998). After the calving, we observed the closure of several
important polynia areas where dense shelf water formation has been
documented in previous studies. A significant shift of low SIC areas to
the western parts of the study region was observed for years 2010,
2011 and 2012 that could potentially affect the regional hydrographic
processes, hence the global circulation of AABW mainly formed in the
region. Although the calving had a strong effect on polynia area that
decreased by 70%, favourable wind conditions may have reduced its
impact on regional sea ice production. Our results highlight the impor-
tance of such extreme iceberg calving for the sea ice regimes in the
neighbouring region. The investigation of an extreme event impact is
difficult, as such events occur rarely in nature. The growing number of
long-term satellite and in situ monitoring programmes should allow
variability in an Antarctic polynia: Prior to and after the Mertz Glacier
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though for improved understanding of their impact on the Antarctic
icescape.
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