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Kurzbeschreibung

Kaiserpinguine (Aptenodytes forsteri) briiten in der Antarktis auf dem an der Kiiste verankerten Mee
reis (Festeis). Aufgrund des Klimawandels ist das Meereis in vielen Regionen des Kontinents erhebli
chen Verdanderungen ausgesetzt. Um die mégliche Gefdhrdung einer Kaiserpinguinkolonie in der
Atka-Bucht (Ostantarktis) beurteilen zu konnen, wurden die Verdnderungen der lokalen Ausdehnung
des Festeises fiir den Zeitraum 2010/11 - 2014/15 mit Hilfe von Satellitenbildern untersucht. Die
Ausdehnung des Festeises wurde fiir jeden Monat von September bis April im Untersuchungszeit
raum raumlich erfasst. Wahrend dieser Zeit bricht das Festeis von Dezember bis Januar auf und er
reicht sein Minimum im Februar und Mérz bevor die Bucht im April wieder zufriert.

Bis zur Saison 2010/11 konnte weder eine signifikante Abnahme noch ein Anstieg der Eisbedeckung
anhand der verfiigharen Daten festgestellt werden. Danach wurde ein deutlicher Anstieg der Eishe
deckung verzeichnet. Ob es sich hierbei um ein klimatologisches Signal oder um die Auswirkungen
eines singuldren Ereignisses, dem Stranden eines grof3en Eisberges, welcher den nérdlichen Teil der
Akta-Bucht von August 2012 bis Juli 2013 blockierte, handelt, miissen die Beobachtungen kommen
der Saisons zeigen.

Die Analyse des raumlich-zeitlichen Musters offenbarte die Existenz einer robusteren Zone im Siid
westen der Atka-Bucht. Das Festeis bricht hier spéater in der Saison auf und friert bereits friiher wieder
zu.

Durch die raumliche Erfassung der Flachen die von den Pinguinen seit 1984 als Brutgebiete genutzt
wurden, stellte sich heraus, dass die Kolonie iiberwiegend die robustere Zone nutzt, selbst wenn die
gesamte Bucht eisbedeckt ist.

Soweit die verfiigbaren Daten eine Aussage erlauben, wurde kein Anzeichen dafiir gefunden, dass
die Kaiserpinguinkolonie in der Atka-Bucht durch eine verdnderte Dynamik des Festeises kurzfristig
bedroht wird.

Abstract

Emperor penguins (Aptenodytes forsteri) breed on Antarctic landfast sea ice in regions dramatically
impacted by climate change. To assess endangerment of an emperor penguin colony in Atka Bay
(East Antarctica), local extent changes of landfast sea ice have been studied for the period 2000/01
2014/15 aided by satellite images.

Landfast sea-ice extent was measured for each month from September to April in the above study
period. In Antarctica, ice breaks up from December to January, reaching its minimum in February
and March; the bay freezes again in April. No significant year-to-year ice-coverage trend was record
ed by the available data until season 2010/11. Later a distinct increase of ice coverage was recorded.
Observations of future seasons will show whether this increase is an indication of changing climato
logical conditions or a singularity caused by a large grounded iceberg that blocked the northern part
of the bay from August 2012 to July 2013.

Analysis of the spatio-temporal pattern revealed the existence of a robust ice zone in the southwes
tern part of Atka Bay. In robust zone, landfast sea ice breaks up later in the season and forms earlier.

By delineating the area used by the penguins as breeding site since 1984 it was found that the colony
predominantly uses the robust zone even if the whole bay is frozen.

Available database evidence does not support short-term threat to emperor penguin colony of Atka
Bay due to changing dynamics of landfast sea ice.
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1 Introduction

Emperor penguins (Aptenodytes forsteri) breed on Antarctic landfast sea ice, which is dramatically
impacted by climate change in many regions of the continent. Within the context of Antarctic sea ice,
the study analyses the dynamics of landfast sea ice in Atka Bay of east Antarctic. Finally, the study
assesses impact of possible sea-ice changes on the emperor penguin colony breeding in the area.

1.1 The Antarctic seaice

Sea-ice cover in the Antarctic is trending positively (increasing), in contrast to the Arctic, as demon
strated in passive microwave data obtained since late 1970s (Zwally 2002; Parkinson and Cavalieri
2012; Schneider et al. 2012). This increasing trend applies both to sea-ice extent and to sea-ice area,
two parameters that describe quantity of sea ice. Although increase of sea-ice area can be seen as
more significant than the increase of extent (Liu 2004). The extent refers to the summed area in a
certain region with a sea-ice concentration of at least 15% whereas sea-ice area refers to the actual
amount of ice, which is explained by the product of sea-ice extent and sea-ice concentration.
(Parkinson and Cavalieri 2012).

Ice coverage trends differ from region to region. The increasing trend of sea ice cannot be noted for
the whole Antarctic continent, however, and the Antarctic Peninsula presents a particular exception.
Here, both a decrease of sea-ice extent and area can be observed, in a local regional context that is
also experiencing increasing temperature. Not only the Peninsula shows the trend of a decreasing
sea-ice extent and area; similar results are obtained in the Bellingshausen and Amundsen Sea. In
each month of the studied season (September to April) the same negative ice (not temperature) trend
can be observed (Parkinson and Cavalieri 2012). Nevertheless, the negative ice trends of these re
gions can be considered exceptions in the Antarctic context as a whole. West and east Antarctic re
gions present generally opposing trends: The western part (including the peninsula) presents a
warming trend combined with a decrease of sea ice. In the east, nine out of thirteen stations show a
cooling trend over the years that can be linked to the increasing sea-ice extent and area (Vaughan et
al. 2003). The Ross Sea is an example where not only an increase of sea-ice extent and concentration
is recorded, but also ice-season duration (Schneider et al. 2012).

The Weddell Sea also shows a positive trend. Except for the northwestern part, an increase of sea-ice
concentration could be observed from 1979-2013 (Turner et al. 2015a). Along the eastern coast ice
increase is about 2.5% per decade (Teschke et al. 2015; Schwegmann 2012). Particularly during the
summer months a large increase can be noticed with an increasing trend of sea-ice concentration of
15% or more per decade (Teschke et al. 2015).

Observations show that the minimum value of Antarctic ice extent in February has decreased over the
last years whereas the maximum value in September has increased (Comiso & Nishio 2008). Since
1979 the annual maximum extent of sea-ice ,,has increased by 1% per decade“ (Reid et al. 2015,

p. 99). The largest trend of sea ice increase around the continent can be observed in autumn (March
— May) and the smallest in summer (December — February). The largest increases have been meas
ured in the years 2003, 2008 and 2013 (Turner et al. 2015). An absolute maximum of sea-ice extent
was recorded on 30th of September 2013 as a result of a steady above-average growth of sea-ice ex
tent and area during the whole year (Reid et al. 2015).

These observed trends in sea-ice evolution do not reflect global climate models. Global-model simula
tions predict a loss of sea ice in the 21st century, with reductions between 10% and 50% of sea-ice
concentration in winter and between 33% and a total loss of sea ice in summer (Sen Gupta et al.
2009). Present global models are characterized, above all, by significant uncertainty (Arzel et al.
2006). Turner et al. (2013) state that climate models generally fail to correctly predict Antarctic sea
ice evolution. Climate-model simulations show a decrease of sea-ice extent and area, demonstrating
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the incompleteness of the models. Another remarkable point is that results obtained by different
models do not coincide with each other. Simulated responses of sea ice to a CO2-increase show a
large range and “it appears that the warming response and the sea-ice response are not uniformly
related in the current generation of climate models, and the range in this relationship amongst mod
els reflects an underlying lack of ability to correctly model the complex inter-related feedbacks within
the climate system, some of which involve sea ice” (Flato 2004, p. 240). This leads to the assumption
that those models lack of some key processes that influence the sea-ice evolution (Hoppmann et al.
2015b). Bintanja et al. (2013) for example consider the accelerated basal melting of the ice shelves as
a key factor, leading to the increasing sea ice.

As different models failed to correctly predict the sea ice evolution in the past and present, it cannot
be expected that they will provide reliable future projections.

1.2 Antarctic landfast sea ice

Landfast sea ice is a subclass of fast ice. Fast ice is defined as “sea ice which forms and remains fast
along the coast, where it is attached to the shore, to an ice wall, to an ice front, between shoals or
grounded icebergs” (WMO 2014, p. 6). Landfast sea ice is fast ice that is held stationary (fast) by be
ing attached to coastal features (e.g., the shoreline, glacier tongues, and ice shelves) (Fraser et al.
2012).

Antarctic landfast sea ice is significant for both climatic and ecological reasons: First, and important
for the focus of this study, it plays a crucial role in the life cycle of emperor penguins and Weddell
seals (Massom et al. 2009). Furthermore, landfast sea ice is closely associated with coastal polynyas,
which have far-reaching consequences in terms formation of Antarctic Bottom Water (AABW) and
hence the global thermohaline circulation (Fraser et al. 2012).

In comparison to sea ice as a whole, relatively little is known about larger-scale aspects of Antarctic
fast-ice distribution and variability in space end time (Fraser et al. 2012). Nihashi & Ohshima (2015)
investigated the connection between landfast sea ice and polynya and showed that the change in
fast-ice extent, which is particularly vulnerable to climate change, causes dramatic changes in the
polynyas and possibly AABW formation that can potentially contribute to further amplification of
climate change. Kim et al. (2015) found that the residence time of fast ice was much shorter in the
West Antarctic than in the east. Fraser et al. (2012) investigated the quantitative extent of landfast
sea ice in East-Antarctica between 2000 and 2008 and found a statistically significant in-crease of
1.43 % per year. Regionally, there is a strong increase in the Indian Ocean sector of East-Antarctica
(20°E to 90°E) of 4 % per year.

An important driver for ice dynamics in the Antarctic is the forming of platelet ice. It forms and grows
in super-cooled water, which originates from ice shelf cavities Platelet ice is a direct indicator of
ocean/ice-shelf interaction, and the amount of basal ice-shelf melt might be reflected by the volume
of ice platelets found below landfast sea ice (Langhorne et al. 2015).

The high variability of ice platelets strongly influences the spatial and temporal variability of fast-ice
mass balance in Atka Bay. Hoppmann et al. (2015b) found at this location an average platelet-layer
thickness of 4m by December 2012, with local maxima of up to 10 m and an average ice-volume frac
tion in the platelet layer of 25%.
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1.3 Landfast sea ice and emperor penguins

It is difficult to estimate the total number of emperor penguins living in the Antarctic. Distances of
concerned breeding habitats to research stations hamper access. Existing satellite images are often
not clear enough to distinguish between penguins, shadows and guano (Fretwell et al. 2012). Also,
questions remain whether all colonies have been detected (Fretwell and Trathan 2009, Ancel et al.
2014). Fretwell et al. (2012) assume a total number of emperor penguin colonies of 46. In 2009, they
estimated the number of individuals of every colony, resulting in the aggregate estimate of 595,000
adult emperor penguins (Fretwell et al. 2009). By 2014, 52 colonies were identified (Fretwell & Tra
than quoted by Ancel et al. 2014).

Figure 1: Schematic representation of key dates in the emperor penguin annual
breeding cycle at Pointe Géologie, Adélie Land
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Massom et al. 2009 (after Jouventin et al. 1995)

Breeding sites can be located throughout the whole coastline of the Antarctic continent (Fretwell et
al. 2012). Breeding and raising offspring, foraging and moulting take place on landfast sea ice
(Jenouvrier et al. 2009; Jenouvrier et al. 2014). Emperor penguins’ life cycle depends strongly on the
characteristics of the sea ice and investigations on the breeding behavior of a colony in Adélie Land
(Jouventin et al. 1995; Massom et al. 2009, see Figure 1) show that emperor penguins get together in
breeding colonies after the formation of fast ice in March/April. After laying eggs in mid-May, male
penguins remain in order to incubate the eggs, while the females leave for feeding and come back to
supersede the males in late July when the eggs hatch. Males and females alternate parental roles as
the chicken grows and its créche stage begins after about 50 days during which they are fed by both
parents. In December/January the penguins finally depart the colony with surviving chicks.
Breeding patterns in Adélie Land apply in principle to other emperor penguin colonies of the
Antarctic as well, with minor local variations.

Since breeding takes place completely on landfast sea ice, emperor penguin populations are sensitive
to sea-ice changes potentially resulting from climate change. More dense and extensive sea ice is de
trimental for penguin breeding because of longer foraging trips. Predicted sea-ice decline is also de
trimental because of breeding habitat loss. Sea-ice conditions projected by coupled climate models
would indicate a dramatic decrease of emperor penguin population. Global population estimates for

10
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2100 are 19% lower compared to 2009, with a temporary peak in 2048. Threat is very diverse for
different colonies. The colony of Atka Bay is assessed to a conservation status of “Quasi-extinct” in
2100. (Jenouvrier et al. 2014)

In this case “emperor penguins will have to adapt, migrate or change the timing of their growth stag
es” to avoid foreseeable extinction like Jenouvrier et al. (2009, p. 1844) stated for a colony in Terre
Adélie. Since 2009 a few breeding colonies have already been observed on ice shelves instead of sea
ice during breeding season. One of them was the colony at Atka Bay, even though the sea ice there
has been stable (Fretwell et al. 2014; Zitterbart et al. 2014).

2 Methods and Data

2.1 Study area

Located at the eastern part of the Weddell Sea, the Atka Bay (70°36’S, 8°08’W) has an extent of about
20 x 30 kilometers. The annual averaged temperature is -16.1°C at Neumayer Station, the German
wintering research station, situated about 6 km to the west of Atka Bay. The coldest month is July
with a mean temperature value of around -23°C, a minimum value of around -45°C and -3°C being
the maximum temperature. December and January are usually the warmest months with a mean
temperature of around -3°C, and a range from -20°C to +5°C in December (from -23°C to 3°C in Janu
ary) (Konig-Langlo and Loose 2007). The dominant winds are easterlies. Storms with wind speeds
above 30 m per second are common; the average is 9 m per second (Kénig-Lango and Loose 2007).
The mean wind speed increases from January (7 m per second) until August, reaching a peak of 11 m
per second. This shows clearly that the winter with its monthly mean wind speed close to/above 10 m
tends to be much windier than the summer (van den Broeke et al. 2010). In 2012, the windiest day
was August 6, with a speed of 34 m per second measured. In the same year the most windless months
were April and July (Hoppmann et al. 2015b). The direction of weaker winds usually has a southerly
wind component (Kléwer et al. 2013). Precipitation, usually snow, can be expected in all months.
The mean annual accumulation rate is about 340 mm water equivalent. During summer, drizzle and
rain are also possible. On average, the sun shines 1430 hours annually (K6nig-Langlo and Loose
2007).

The Atka Bay is mostly covered with fast ice that forms between March and April, growing until De
cember, and then reaching its maximum thickness. The break-up of the sea ice usually takes place
between December and January as a consequence of factors like changes in water and air tempera
ture and wind conditions. The fast ice of Atka Bay is of importance for emperor penguins as it is the
breeding ground for one large colony (Hoppmann et al. 2013; Kénig-Langlo et al. 1998). Measure
ments from 2013 indicate that the temperature of the sea water was “below the surface freezing point
between April and November 2013, with a minimum in late May” (Hoppmann et al. 2015b, p. 1715).
The freezing point most of the time was at -1.87°C increasing to -1.85°C in May when the salinity was
lowest. The sea water temperature was measured at a depth of 155 m at PALAOA (Perennial Acoustic
Observatory in the Antarctic Ocean) at Atka Bay and varied between -1.75°C and -1.85°C (7 day run
ning mean) from December-February and between -1.85°C and -1.95°C from March-November
(Hoppmann et al. 2015b). Particularly, because of the measuring depth it is only of limited transfera
bility to the near surface conditions at Atka Bay. However, more data have not been available.

This study defined the concrete area of investigation as a rectangle 30 x 20 kilometers (Figure 2). If
reduced by the shelf ice covered area, the study site has a total of 470 square kilometers.

11
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Figure 2: Atka Bay and study area
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Background image Landsat 7 (15 Jan 2011); by courtesy of NASA GSFC & USGS

2.2 Satellite imagery
2.2.1 Landsat

Landsat satellites have continuously acquired remote sensing data of the earth’s surface from 1972
until present time. Eight Landsat satellites (Landsat 6 didn’t reach orbit) were sent to space over this
period and two are still operational (Figure 3). Each satellite is equipped with a sensor possessing
different spatial and spectral characteristics (Table 1). The first satellites only had a ground resolu
tion of 60 m (actually 79 x 57 m pixels but resampled to 60 m) and only 4 spectral bands (3 bands in
visible spectrum and 1 in near-infrared). Later satellites increased the ground resolution (30 m) and
the spectral resolution with up to 8 spectral bands (4 bands in visible spectrum, 1 near-infrared band
and 3 SWIR bands for Landsat 8). This high spectral resolution allows a fast and easy discrimination
of ice and clouds in the image with the band combination of blue - SWIR 1- SWIR 2 (Landsat 7 = 357,
Landsat 8 = 467; USGS 2015).
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Figure 3: Landsat mission characteristics
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Table 1: Landsat satellites basic sensor characteristics
SECHC Sensors used in this | Ground resolution  Spectral resolution*

study of multispectral
bands [m]*

Landsat 1-5 MSS 60 4 bands (VNIR)
Landsat 4-5 ™ 30 4 bands (VNIR)
Landsat 7 TM+ 30 6 bands (VNIR+SWIR)
Landsat 8 OLlI 30 8 bands (VNIR+SWIR)

*without thermal and PAN band

2.2.2 Terra - MODIS

Both, Terra (launched December 1999) and Aqua (launched May 2002) satellite are equipped with
the MODIS sensor (Moderate Resolution Imaging Spectroradiometer). They have a very high repeti
tion rate of 1 or two 2 days. Of the total 36 available spectral bands this study utilized only 7 which
are combined in the “Surface Reflectance product” offering the highest ground resolution available at
Atka Bay. From 2000 until 2012 only the product “MOD09GA” is available with a ground resolution
of 500 m. For the period since Mai 2012 it was possible to get datasets with 250 m ground resolution
(MODO09GQ). Both Surface Reflectance products provide 7 spectral VNIR-SWIR bands comparable of
those of Landsat. In this study only MODIS data from Terra were used as its image archive reaches 2
years more in the past by reason of its earlier start (Vermote et al. 2011).

2.2.3 ALOS - PALSAR

Radar data from the Advanced Land Observing Satellite (ALOS) acquired with the PALSAR (Phased
Array type L-band Synthetic Aperture Radar) instrument were used in the study if appropriate images
were available. The satellite was launched in January 2006 and stopped working May 2011. Both the
Fine-Mode data with 12.5 m and the ScanSAR-Mode data with 100 m ground resolution were used.
The main advantage of the PALSAR instrument is its independence from weather or sunlight condi
tions because the Microwave L-Band (1270 MHz) used by the sensor is able to interpenetrate even
heavy cloud cover (Japan Aerospace Exploration Agency 2015).

13
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2.2.4 ERS -SAR

ERS-1 and ERS-2 are almost identically constructed European remote sensing satellites. ERS-1 has
been operating from 1991-2000 and ERS-2 from 1995-2005. At both satellites a synthetic aperture
radar (SAR) collected data at the C-band (5.6 cm) allowing data acquisition independent from cloud
cover and sunlight. In the study only a few georeferenced quicklooks of ERS-2 images had been used
(Attema et al. 2000).

2.3 Available data

To assess the dynamics of landfast sea ice at Atka Bay, different satellite platforms were used. If
available, Landsat imagery was the primary data source. In many cases a dense cloud cover pre
vented the use of an image, occasionally the Scan Line Corrector failure (NASA, National Aeronautics
and Space Administration 2011) did likewise for some of the Landsat 7 ETM+ images. The chosen
temporal resolution is one dataset per month. The period May to August were excluded from the
analysis as almost no imagery was available during the polar night and the coverage of the study area
by fast ice could be assumed as 100 %. If more than one analyzable image was available, that one
was selected which is the closest to the 15t of the month. Synthetic Aperture Radar (SAR) imagery
from ALOS-PALSAR system was used as secondary data source, with the advantage of being able to
interpenetrate even heavy cloud cover. The third data source was the MODIS sensor on board of the
Terra (EOS AM-1) satellite. Due to its high repetition rate and its high spectral resolution, which al
lowed a good distinction of clouds and ice, these data helped to fill the gaps. Therefore it was possi
ble to get information for every month from season 2000/01 to 2014/15. For the years before MODIS
data were available, a proposal was submitted to the European Space Agency (ESA) to get access to
SAR data of the ERS-1/2 missions. The proposal was not answered until the completion of this report.
As without these data the gaps were to large, the analyses were only done for the mentioned period
(Table 2).

Table 2: Satellites which data was available for this study

2014/15 | L8* L8 Terra L8 Terra Terra Terra Terra
2013/14 | Terra Terra L8 L8 L8 L8 Terra Terra
2012/13 | Terra Terra L7 L7 L7 L7 L7 Terra
2011/12 | Terra Terra L7 L7 L7 L7 L7 Terra
2010/11 | Terra Terra L7 L7 L7 Terra L7 Terra
2009/10 | Terra Terra L7 L7 L7 L7 L7 Terra
2008/09 | ALOS Terra L7 L7 L7 L7 Terra Terra
2007/08 | ALOS ALOS ALOS L7 L7 L7 L7 Terra
2006/07 | Terra Terra Terra L7 Terra L7 L7 Terra

2005/06 | Terra Terra Terra Terra Terra Terra Terra Terra
2004/05 | Terra Terra Terra Terra Terra Terra Terra Terra
2003/04 | Terra Terra Terra Terra Terra Terra Terra Terra

2002/03 | Terra Terra L7 L7 L7 Terra Terra Terra
2001/02 | Terra Terra Terra L7 Terra Terra Terra Terra
2000/01 | Terra Terra L7 L7 Terra Terra Terra Terra
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1999/00 L7 L7 L7 Terra
1996/97 L5 L5
1995/96 ERS ERS
1994/95 ERS
1989/90 L4 L4 L4
1987/88 L5 L4 L4 L4 L4
1985/86 L5 L5 L5
1984/85 L5 L5 L5 L5
1975/76 L2
1974/75 L2
1973/74 L1 L1
*L = Landsat

2.4 Delineating of landfast sea ice

The delineating of landfast sea ice was done by help of a Geographic Information System (GIS). The
outlines of the ice where captured from the satellite images. In this study, only the landfast sea ice
(fast ice that is attached to the shore, in this case the ice shelf) was considered (see chapter 1.2). Fast
ice that is frozen to icebergs or mobhile sea ice is not the objective of this study and was therefore not
delineated. The area of landfast sea-ice extent was calculated by using the GIS and for calculating the
relative area the coastline of the bay and the outline of the study area (see Figure 2) were used as ref
erence.

To make the difference between ice and open water as clearly visible as possible a certain band com
bination was applied for Terra and Landsat images. This band combination used the bands Blue
SWIR 1- SWIR 2 to allow a clear discrimination of clouds (white color) and ice (red color) which oth
erwise look very similar (both white) at the standard RGB band combination. This was required since
in many images clouds were present near or over the study area.

Main reason for preferring manual delineation to automatic or semi-automatic classification methods
was the more precise an efficient identification of polynyas. Their reflection signature in many cases
is very close to that of sea ice. Therefore structural and textural differences had to be used to distin
guish both features. This particularly is the case for Terra images due to coarse spatial resolution.

2.5 Emperor penguin colony

The population size of the emperor penguin colony of Atka Bay was for the first time examined by
Hempel & Stonehouse (1987) which stated a number of 8000 chicks in Oct/Nov 1986. Van Franeker
et al. (2010) counted 11,000 chicks and 1,200 adults on 14 December 2007. Latest numbers were
presented by Fretwell et al. (2012) with a population estimate of 9657 breeding pairs for 2009. .

To examine the impact of the seasonal fast-ice alterations at Atka Bay, the location of the colony was
derived from the same satellite images as used for the fast-ice detection. Because of the relative small
size of the penguin colony it was only visible in the Landsat images. According to the approach of
Pfeifer et al. (2013) the guano covered areas have been manual delineated.

The focus of this study was not on the absolute size of the colony but on the distribution of the area
where penguins have been present during the breeding period. Thus, not only the current position of
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the penguins was included but also older guano stains that indicated a longer stay of penguins at the
area. This implies, that the delineated area not only represents the position of the colony at the mo
ment of image recording but, depending on the weather conditions (snow, wind) possibly also the
positions of days or weeks before.

Figure 4: Detail of the emperor penguin colony at the Atka Bay (WorldView-2 bands 832) (3
Sept 2012)

WorldView-2, 50 cm ground resolution, © Digitalglobe 2012
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3 Results

3.1 Totalice coverage

The extent of the landfast sea-ice cover in Atka Bay depends on the strength of winds and ocean cur
rents offshore and as well on the interaction with frequently passing icebergs (Hoppmann et al.
2015). Besides this, seasonal changes are significant. The observation window of this study ranges
from the austral spring (September) to the beginning of austral autumn (April). Figure 5 shows the
landfast sea-ice cover of Atka Bay in percent of the total area. In September, the mean value of the
landfast sea-ice cover in the study area is 84%. The ice cover still grows until October and reaches its
maximum in this month (91.7%). Satellite images show, that a coastal polynya is frequently devel
oped in that time that separates the landfast sea ice from the mobile sea ice north of Atka Bay. Start
ing in November, the mean fast-ice cover is slowly decreasing during November and December. In
January, the break-up of the fast ice is accelerating and reaches minimum mean values in February
and March (16%).

Figure 5: Total landfast sea-ice cover of Atka Bay in percent
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Figure 6 shows the distribution of the data for each month. The first month of a season considered in
this study is September and shows a medium statistical diversion. The median (394 km?) is still lower
than for the next month, because the ice cover is still growing in this month of early austral spring.
Furthermore, as seen in the satellite images, there is often a coastal polynya in the northern part of
the bay, which is formed by katabatic winds blowing from the ice shelf (Heinemann et al. 2013).

The statistical diversion of the landfast sea-ice cover is lowest in October and November. Here, in the
austral spring, the highest ice coverage is observed (median of about 415 km2). Short whiskers in
Figure 6 indicate a low statistical dispersion. There is just one “mild” outlier in October 2001 with
321 km2 ice cover. In December and January, at the beginning of the austral summer, the median
values of ice coverage in Atka Bay decrease (368 and 308 km? respectively) while the dispersion of
values increases. In December 2011, the bay was still completely covered with fast ice, and in De
cember 2010 it has been already broken-up until 72 % of the area was ice free. In January, the varia
bility of fast-ice cover is even higher than in December. The values are ranging from 445 km2 in Janu
ary 2013 to completely ice free conditions in 2009 and 2011. In February (median 37 km2) and
March (median 30 km?2), the landfast sea-ice cover of Atka Bay reaches its lowest values. In February,
in 6 of 15 considered years, no landfast sea ice was in the bay. But there are three “mild” outliers in
February, regarding the years 2012, 2013 and 2015, where landfast sea-ice cover still had an area of
up to 410 km2,

In April, the refreezing of the ice cover is starting and the highest statistical diversion of the ice cov
ered area can be found in this month. The median ice cover in April is 247 km2, with a minimum val
ue of 42 km2 in 2009 and maximum value of 444 km2 in 2014. Obviously, the timing of refreezing is
very different.

Figure 6: The seasonal development of landfast sea-ice cover at Atka Bay
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As shown in Figure 7, the temporal evolution of the fast-ice cover of Atka Bay can be separated into
two sections. Firstly, from 2000/01 to 2010/11 there is no significant trend in the mean landfast sea
ice cover of the considered months. A local minimum of the seasonal mean values occurs in the sea
sons 2003/04 to 2005/06, where the lowest values of mean ice coverage are found. This is particular
ly clear in November, December and January, where the ice coverage is distinctly lower as in the oth
er years (Figure 8). Beginning from 2011/12, there is a distinct increase of the mean values of the
landfast sea-ice cover. This trend is particularly noticeable in February and March (see Figure 8).
Here, from 2000 to 2011, only in five years a minor fast-ice cover (less than 20 %) remains in the
Bay. From 2012 to 2015 (in March from 2013 to 2015) there is always a certain amount of fast ice in
Atka Bay, which survived the last summer and became second year ice. From August 2012 to July
2013, a large grounded iceberg (B15G, about 15 km diameter) blocked the northern part of Atka Bay.
As a consequence, ice dynamics in the study area was at least partly controlled by this blocking situa
tion. The fast ice survived the summer and became thick second-year sea ice in 2013. The minimum
ice cover in season 2013/14 was 152 km2 (33 %) in February 2014. In the next season the minimum
ice cover occurred again in February, but with much higher values (376 km2/ 82 %). Because of the
short period of distinct higher fast-ice coverage and the lack of suitable meteorological and oceano
graphic data it can only be speculated, whether the reason for the larger ice cover is the thicker multi
year landfast sea ice, as a result of the blocking situation or of changing climatological or oceano
graphic conditions.

Figure 7: Temporal evolution of the mean landfast sea-ice cover at Atka Bay
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The iceberg dislodged itself in August 2013 and drifted away westward with the coastal current
(Hoppmann et al. 2015b, JGR). In September 2010, there was another large iceberg north of Atka
Bay, but it did not ground and drifted westward with the coastal current in a few days (Hoppmann et
al. 2011). From 2000 to now, there is no indication of more blocking situations by icebergs from the
satellite images. The trend of an increasing ice cover is in coincidence with Reid et al (2015) who
found a record maximum sea-ice extent in Antarctica for 2013. But this record for the whole sea ice of
Antarctica is hardly comparable to the conditions of a single bay as used in this study.

19




UBA Texte - Dynamics of landfast sea ice of Atka Bay, Antarctica

Changes of fast-ice cover of Atka Bay by months
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3.2 Spatial distribution

To analyze the spatial distribution of landfast sea ice in Atka Bay an additive overlay of the deli

neated monthly ice cover was performed. Figure 9 shows the results for the seasons 2000/01 —

2014/15 with dark blue colors symbolizing zones with rare and light colors for zones with frequent

ice coverage. The number of months with landfast sea-ice coverage varies considerably from 19 up to

108 of 120 months in total. It is not surprising, that the inner parts of the bay are more often ice cov
ered than the zones that are closer to the open waters of the Southern Ocean. But another feature
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characterizing the spatial pattern of the ice dynamics is revealed by this data too: The zones with the
highest numbers of months with coverage of landfast sea ice are to be found in the southwestern part
of Atka Bay.

Figure 9: Total frequency/density of the fast-ice for the seasons 2000/01 - 2014/15 (120
months)
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Figure 10 illustrates the spatio-temporal pattern of fast-ice cover distribution differentiated by
months. It shows that the ice cover in most seasons is consolidated throughout September, October
and November, where it usually has its highest amount of coverage. In this phase there is some varia
tion in the ice cover close to the Southern Ocean where more dynamics of polynyas and leads can be
assumed. Later, in December and January, more and more break-ups of the landfast sea ice occur
predominantly in the northwestern part. It can clearly be seen, that February and March are the
months with the least ice coverage. Likewise it can be seen, that in these months the highest proba
bility of fast-ice occurrence is in the southwestern part of Atka Bay. The pattern for April shows the
highest variation of ice coverage, but again a distinct concentration of fast ice in the southwestern
part is visible. This leads to the hypothesis, that the building up of sea ice in this part as well benefits
from the strong easterlies, which were already mentioned above.
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Figure 10: Frequency/Density of the fast-ice cover per month for the seasons 2000/01
2014/15 (120 months)
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The spatio-temporal patterns over the observation period are displayed in Figure 11. The different
extends of the landfast sea ice of all studied years are grouped by months. It can be seen that the red
dish colors, displaying the last years, are predominantly arranged close to the northern part in prox
imity of the open sea. In difference yellow and greenish lines tend to run more in the inner part of
Atka Bay. This observation matches with a general increase of fast ice extent during that years pre
sumably triggered by the occurrence of a huge iceberg blocking the entrance of the bay in 2012/13
(see chapter 3.1). Like in this example the data reflect the same temporal dynamic that was already
shown in Figure 8 and the spatial variation displayed in Figure 10. Additionally, it can be seen that
the general spatial pattern does not change by time. In any case the ice cover of the southwestern
part seems to be the most stable, while the northern and northeastern section are the first parts that
break up and the last ones that freeze again.
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Figure 11: Borders of the fast-ice cover per month for the seasons 2000/01 - 2014/15
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3.3 Penguin breeding site

An emperor penguin colony is located at the south-western part of the Atka Bay (see chapter2.5 &
Figure 12). Depending on the quality of the satellite image it was not possible to determine the posi
tion of the penguin colony for all time steps. In total the location of the colony could be delineated at
25 images (see Figure 17). Due to the method of delineating the area (see chapter2.5) the sizes for
the single years are not comparable. However the comparison of the colony positions revealed a noti
ceable change to more and more northern positions (Figure 13). In two of the images it was even dis
covered that the penguins found a way to climb up the Ekstrom Ice Shelf (Figure 14 & Figure 15).
Only one of these occurrences has already been reported before (Zitterbart et al. 2014). Remarkably
the climbing up the ice shelf seemed not to be forced by loss or threat of the breeding site on the fast
ice, as its ice cover appeared to be intact in both cases. Observations of Zitterbart et al. (2014) indi
cate that formation of flat snow ramps due to larges snow accumulation allows transition to the ice
shelf (Figure 16). However, the majority of the indi-viduals seem to prefer the sheltered lee sides of
the embayments that were formed by large cracks in the ice shelf as described by Harris et al. (2015).
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Figure 12: Investigation area with the maximum extent of the emperor penguin colony in dif
ferent years
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Figure 13: Location/Position of the emperor penguin colony during the investigation period

Background image RGB WorldView-2, 50 cm ground resolution, 03 Sep 2012 © Digitalglobe 2012
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Figure 14: Probable guano stains and/or emperor penguins at the top of the shelf ice west of
the main emperor penguin (RGB; 15 m ground resolution; 7 Dec 2013)

Background image Landsat 8; by courtesy of NASA GSFC & USGS

Figure 15: Probable guano stains at the top of the shelf ice west of the main emperor penguin
colony (RGB; 15 m ground resolution; 14 Oct 2014)
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Background image Landsat 8; by courtesy of NASA GSFC & USGS

Figure 16: Flat snow ramp allowing the transition from sea ice to shelf ice

The fast ice of Atka Bay usually breaks up during January/February while it freezes again in
March/April. Hence the period in between gives the limits of the penguin breeding season. To ex
amine the stability of these limits the ice-free months at the breeding were analyzed. For this purpose
a convex hull was formed by use of all available determined breeding site positions (Figure 13). As
the study focuses on fast ice the ice shelf portion was clipped off this area. Comparing the thus de
fined historic breeding area with the spatial distribution of the ice cover (Figure 9 & Figure 10) it is
striking, that obviously the penguins had chosen the area with the highest probability of long lasting
solid ground.
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Figure 17: Occurrence of landfast sea ice at penguin breeding area
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The distribution of ice-free months at the breeding area is displayed in Figure 17. The same data
grouped by seasons and grouped by months are shown in Figure 18 and Figure 19. It indicates that
the area in most of the studied seasons was free of landfast sea ice in February (10 times) and March
(9 times). At two seasons it broke up already in January. Only at one time the ice cover did not form
until April. The maximum extend of the ice-free period can reach up to four month (2008/09) while
in the most cases it lasts for two months. No clear trend to a more frequent early break-up could be
found. Contrariwise, the ice at breeding site was not broken off at all during the last 3 seasons. The
timing of the ice formation did not show any trend as well.
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Figure 18: Number of seasons without ice cover at the emperor penguin breeding site of Atka
Bay per month (seasons 2000/01-2014/15)
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Figure 19: Months per season without cover at the emperor penguin breeding site of Atka Bay
(2000/01-2014/15)
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4 Discussion

The temporal evolution of the landfast sea-ice cover in Atka Bay of the seasonal period considered in
this study (September to April) reveals no significant trend from 2000/2001 to the austral summer
2010/2011. In this period, the mean values of ice coverage vary between 44 and 68% (201 and 310
km?2) (see Figure 7). Starting with the season of 2011/2012, the mean landfast sea-ice coverage of
Atka Bay is distinctive higher than in the previous years (75 %; 347 km?2). The ice dynamics of the
next season (2012/2013) is characterized by the presence of a large grounded iceberg in the northern
part of Atka Bay, which might have prevented the break-up of the sea ice. As described in chap

ter 3.1, in the next season of 2013/2014, when the iceberg has drifted away, the sea ice became
thicker second-year ice that probably hampered the break-up of the landfast sea ice again
(Hoppmann, 2015a). But in the last season considered in this study (2014/2015), again the landfast
sea ice of Atka Bay did not break up completely. Because of the short time of significant higher mean
ice coverage it is not possible to figure out the reason for this signal. In the season before the blocking
event a higher mean value of landfast sea-ice cover was recorded. This and the fact that the ice did
not break up completely in 2014/2015 could be an indication, that other processes than only the
blocking are involved. It remains unclear whether the observed signal of mean landfast sea-ice cover
in Atka bay is just the result of the blocking by an iceberg or the beginning of a long term trend of
increasing ice cover as it was found by Reid et al. (2015) for the sea ice around the Antarctic conti
nent.

Global climate model simulations fail to predict Antarctic sea ice evolution correctly since they pre
dict a distinct loss of sea ice in the 21st century (Sen Gupta et al. 2009) in contrast to the field obser
vations (e.g. Reid et al. 2015). This mismatch is an indication that key processes are missing in the
implementation of the models (Turner et al. 2013). It obviously lacks a deeper understanding of the
processes that force sea ice dynamics. One important piece of the puzzle might be the interactions
and feedback processes between the sea-ice cover and the Antarctic ice shelves (Bintanja et al. 2013,
Hoppmann 2015a). As described in chapter 1.2, the accumulation of platelet ice underneath the sea
ice is one aspect of these shelf ice/sea ice interactions. According to Hoppmann et al (2015a) 20% of
the basal melt volume of Ekstrom Ice Shelf is refrozen as ice platelets trapped under Atka Bay land
fast sea ice. The accumulation and incorporation of platelets leads to an overall contribution to first
year sea ice mass of about 50% in Atka Bay.

The most remarkable feature of the spatio-temporal dynamics of the landfast sea-ice cover of Atka
Bay is the occurrence of a relatively robust zone in the southwestern part of the bay. In this area the
ice breaks up later in the season and forms again earlier than in other parts (Figure 9 & Figure 10).
The cause for this stability should be supposed in the greater ice-thickness compared to other zones.
Hoppman et al. (2015a) already found this skewed distribution of ice-thickness by measurements
along an east-west profile in the central part of Atka Bay. He considered two processes as main caus
es. First, predominant strong easterly winds that push the ice towards the ice shelf edge in the west.
Second, sea water enters Atka Bay from northeast and cools during its westward way across the bay.
Additionally, localization of the robust zone may be explained by the distance to the open ocean in
the north where higher kinetic disturbances by stronger currents, passing icebergs and coastal poly
nyas occur.

The analyzed period is too short to make a confident prediction on the development of the breeding
area of the Atka Bay penguin colony. But considering the development of the landfast sea-ice cover in
the period 2000/01 — 2014/15, there are no indications of a shortened breeding-season area by ear
lier break-up or later freezing. In short term actually a prolongation of the potential breeding season
seems possible. Even if the condition of the landfast sea ice gets worse for the emperor penguins, it
appears possible, that they are able to change their breeding area to the shelf ice where they already
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have been recorded on satellite images. Zitterbart et al. 2014 state that it is not yet clear if changing
climate will facilitate the way up the ice shelf by building up more flat snow ramps. Irrespective of
that, it seems likely that the center of the colony will remain at landfast sea ice close to the edge of
the ice shelf where topography gives more shelter.
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