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Abstract

An object-based method for automatic iceberg detection has been applied to
Advanced Synthetic Aperture Radar images in the Amundsen Sea Embayment
(ASE), Antarctica. The images were acquired between 1 January 2006 and 8
April 2012 under varying meteorological, oceanographic and sea-ice condi-
tions. During this time period, the icebergs were counted (average 1370 + 50)
and their surface area was estimated (average 1537.5 km?). The average surface
area was about 2.5 times larger than the annual calved area (620 km?), indi-
cating that the average iceberg age in the ASE is about 2.5 years, which was
confirmed by observed residence times based on drift tracks. Most of the ASE
icebergs were less than 1500 m long, and almost 90% of them were smaller
than 2 km?. The proportion of small- and medium-sized icebergs (84.4%) was
significantly higher than in the open ocean, where large icebergs (>10 km?)
account for nearly the whole iceberg surface area. The opposite was true for
the freshly calved icebergs in the ASE. The data indicate that the creation of
icebergs in the ASE is dominated by steady small- to medium-scale calving from
ice shelves fringing the embayment. In addition, rare calving events of giant
icebergs occur on a decadal timescale. There is also some import of icebergs
from the Bellingshausen Sea further east along the coast, in particular after
large calving events there.
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Introduction

Icebergs are an important part of the hydrological cycle in
the seas surrounding the Antarctic continent. They influ-
ence the local water circulation (Biddle et al. 2015; Stern
et al. 2015) and primary production (e.g., Smith et al.
2007; Raiswell et al. 2008; Lancelot et al. 2009; Biddle
et al. 2015; Barnes 2017). They can also have significant
impact on sea-ice formation: through iceberg melt large
quantities of freshwater are released into the near-sur-
face layer, which is a key component of sea-ice formation
(Bjork et al. 2002; Bintanja et al. 2015). The freshwater
intrusions and the cooling effect of icebergs also often
facilitate sea-ice formation, creating a mixture of icebergs

and sea ice (Jongma et al. 2009). Despite having signif-
icant influence on the environment and accounting for
a major part of the loss of the West Antarctic Ice Sheet,
icebergs are still poorly quantified. This is particularly
true in the ASE (Fig. 1), the coastal area where the most
rapidly melting glaciers are terminating and a region that
is known for the large abundance of icebergs. The West
Antarctic Ice Sheet alone contains 3.8 million km” of ice
(Fretwell et al. 2013). If this volume of ice moved into
the ocean, or melted, it would result in a global sea-level
rise of about 3.3-4.3 m (Bamber et al. 2009; Fretwell
et al. 2013). The average ice mass loss from glaciers
into the ASE has been estimated to 670 Gt yr!, about
50% of the Antarctic ice loss (Depoorter et al. 2013;
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Fig. 1 Location and bathymetry of the ASE. The bathymetry is acquired from the IBCSO database (Arndt et al. 2013). An example radar image with the

area excluded from the present analysis is presented in upper left.

Rignot et al. 2013). Two-thirds of this ice loss is due to
calving, while one-third is due to basal melt of the ice
shelves. Given that iceberg calving is such an important
mechanism by which ice is moving from the continent,
surprisingly little is known about their fate after calving.

Icebergs form either through calving at the floating ice
shelf fronts or by disintegration of larger icebergs. Once
formed, they can float away until they melt or become
stranded on topographic features. These processes occur
in the ASE. However, limitations in sample size and
methodology in previous studies have prevented these
processes from being quantified. The origin of the ASE
icebergs has not been determined nor has their movement
and residence time while in the embayment. It is appar-
ent from ASAR images that a large portion of icebergs are
stranded on shallow ridges (Mazur et al. 2017), but it is
not known how long they stay stranded or how fast they
leave the area when they become afloat. This informa-
tion is of importance in modelling sea-ice, freshwater dis-
tribution and iceberg dynamics. Previous observational
studies of icebergs are confined to open ocean (Tourna-
dre et al. 2008; Tournadre et al. 2012; Tournadre et al.
2015), to small sample sizes (e.g., Romanov et al. 2012)
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or to a study period that is too short to perform statisti-
cal analyses of the life cycle of the icebergs (Wesche &
Dierking 2015).

The objective of this work is to study, for the first time,
the life cycle of icebergs in the ASE, from their origin until
they leave the area. We use six years of ASAR images to
estimate the input of icebergs from local ice shelves, and
observe the changes of surface area, number and size dis-
tribution of icebergs during this period. Meteorological
and sea-ice data are used to explain the observed changes
and discuss the factors that control the iceberg residence
time in the ASE. Because of the resolution limitation we
focus our analyses on icebergs with surface area larger
than 0.3 km?. A few giant icebergs were observed, and
the influence of these on the distribution of the smaller
icebergs in the region as they break up is discussed.

We are utilizing Envisat ASAR radar data from 2006
to 2012 and the (object-based) identification technique
described by Mazur et al. (2017), which allows identifica-
tion of small icebergs and in all seasons. We are also using
data concerning large icebergs—longer than 10 nauti-
cal miles (18.5 km)—from the NIC going back to 1978
(http://www.scp.byu.edu/data/iceberg/).

Citation: Polar Research 2019, 38, 3313, http://dx.doi.org/10.33265/polar.v38.3313
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Data and methods

Satellite radar data

In this study, 2445 Envisat ASAR Wide Swath Mode
images (level 1b), recorded between 1 January 2006
and 8 April 2012, were analysed. Every year between
241 and 636 images were analysed (Table 1). The time
step between iceberg observations depends on the
revisit frequency of the Envisat satellite. It decreased
from approximately nine days in 2006-09 to about two
days in 2010-12. The images were acquired at C-band
(5.3 GHz) and HH polarization using the ScanSAR tech-
nique (ESA 2007). The spatial resolution of the data was
150 m x 150 m and the incidence angle varied between
17 and 43°. The images were georectified to Lambert Azi-
muthal Equal Area projection using NEST DAT 5.1 (ESA
2015) and the subset longitude 100—-135°W and latitude
70-76°S was extracted and calibrated as described by
Mazur et al. (2017): radiometric distortions caused by the
varying incidence angle were removed using the normal-
ized gamma nought coefficient () according to Rosich &

Table 1 Number of images available and analysed in different years.

Icebergs in the Amundsen Sea Embayment

Meadows (2004), and speckles were removed using an
adaptive Frost filter (Frost et al. 1982) with a kernel size
of 3x3. After filtering, the data were converted to loga-
rithmical scale (dB).

Air temperature and wind speed

The air temperature and wind data were obtained from
of a global climate reanalysis data set: the ERA-Interim
(Dee et al. 2011). The data set has global spatial coverage
from 1979 to date and is updated in nearreal time. ERA-
Interim shows the most reliable results when compared
with in situ observations at the stations around Antarc-
tica (Bracegirdle & Marshall 2012) as well as with buoys
in the Bellingshausen Sea (Bracegirdle 2013). In the pres-
ent study, daily averages of 2 m temperature and 10 m u
and v wind components for a grid size of 1° x 1° covering
the Amundsen Sea between 1 January 2006 and 8 April
2012 were used.

The average air temperature in the Amundsen Sea
during the study period was —10.1°C and values below
0°C were observed for most of the year. However, pos-
itive values were noted, mostly in the northern part, at
the turn of December and January (Fig. 2). The aver-
age wind speed was 7.5 m s™!, but it varied significantly

Year Number of analysed images during the year. There was a clear seasonal variation of
2006 247 the wind speed, with the highest values observed during
2007 346 the austral winter (June-August) and the lowest during
2008 242 the austral summer (December—February) (Fig. 3).
2009 241
2010 571
2011 636 Sea-ice concentration and drift data
2012 162 ) ) )
Total 2445 The sea-ice concentration data were daily, 6.25 x 6.25
km resolution products, provided by the University
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Fig. 2 Averaged daily and monthly air temperature in the ASE from ERA-Interim between 1 January 2006 and 8 April 2012 (Dee et al. 2011). Grey rectan-

gles separate 12-month periods starting on 1 December and ending the following calendar year on 30 November.
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Fig. 3 Averaged daily and monthly wind speed in the ASE from ERA-Interim between 1 January 2006 and 8 April 2012 (Dee et al. 2011). Grey rectangles
separate 12-month periods starting on 1 December and ending the following calendar year on 30 November.

. ing estimation
of Bremen between 1 January 2006 and 8 April 2012 Iceberg calving

(https://seaice.uni-bremen.de). The sea-ice concentra- Iceberg calving into the embayment was estimated using
tion was computed by applying the ARTIST Sea Ice algo- the method described by Liu et al. (2015). The images
rithm to brightness temperatures measured with the 89 were first aligned using feature tracking. The calved area
GHz AMSR-E channels (Spreen et al. 2008). AMSR-E (i.e., the parts that drifted away, leaving open water
was a 12-channel, six frequency, passive-microwave between the ice shelf and the iceberg) was then calcu-
radiometer system, which measured horizontally and lated by digitizing the difference between the aligned
vertically polarized brightness temperatures. It was images (Fig. 5). This procedure removes the effect of an
launched on 2 May 2002 and operated until 4 October advancing ice front and extracts only the actual calved
2011. area. The analysed images (four to five per year to cover
As the AMSR-E stopped working in October 2011 and the whole ASE) were acquired in February/March, which
the next instrument (AMSR2) has provided data since 25 were the months containing the largest number of images
January 2013, the gap has been filled by using the data for the region.
from the SSMIS. The SSMIS-based maps have lower res- The calved area was manually digitized, similar to
olution, but for compatibility reasons the University of methods described by Moon & Joughin (2008), Schild
Bremen provides them at the same grid spacing as the & Hamilton (2013) and Liu et al. (2015). An automated
AMSR-E products. method (e.g., Seale et al. 2011) would potentially be
Sea-ice drift data are monthly averages of Polar Path- quicker, but manual digitalization is usually more accu-
finder Daily 25 km EASE-Grid Sea Ice Motion Vectors, rate, and is still time efficient considering that the data
Version 2, provided by the National Snow and Ice Data set is small. The pre-processing steps of ASAR data in this
Centre from 1 January 2006 to 8 April 2012. They are study were as those carried out by Mazur et al. (2017)

derived from a wide variety of sensors, for example, so the errors resulting from resolution limitation should
AMSR-E and SSMIS, and are available at a spatial resolu-  be comparable, that is, the error of area estimation was
tion of 25 km x 25 km (Tschudi et al. 2016). between 1 and 10%, which was confirmed when com-

The study by Stammerjohn et al. (2015) shows that paring the obtained calving rates to those found from
the length of the ice season, that is, the time elapsed Landsat images (with 30 m resolution).

between the days of first sea-ice advance and retreat, has In the present study, iceberg calving was calculated
decreased in the Amundsen Sea recent decades. Yet, the from the actual area loss every year (see also, e.g., Liu et
ice season duration is still over 300 days in the ASE and al. 2015). Another method commonly used is to assume
about 250 days in the region off the continental shelf. a stationary ice shelf front and obtain the iceberg calving
The ASE was never completely ice-free during the study from the ice velocity near the front (Depoorter et al. 2013;
period (Fig. 4). Rignot et al. 2013). Both methods require information
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Fig. 4 Monthly AMSR-E (1 January 2006—4 October 2011) and SSMIS (5 October 2011-8 April 2012) mean sea-ice concentration (Spreen et al. 2008)
and monthly average sea-ice velocities (Polar Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors [Tschudi et al. 2016]) in the ASE between
1 January 2006 and 8 April 2012. Grey rectangles separate 12-month periods starting on 1 December and ending the following calendar year on

30 November.
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Fig. 5 An example of a detected calved area of the Pine Island Ice Shelf in 2011. ASAR images acquired on 8 February 2011 (grey image below) and 10
February 2012 (transparent red image) area shown (a) on their respective geographical positions and (b) aligned. The points and arrows indicate the
features the alignment was based on and the blue lines indicate the digitized area.

about ice thickness and density to get ice mass loss, which
is then calculated as the product of the area loss, the
mean ice equivalent thickness at the shelf front (Fig. 5)
and the ice density. Here we used an ice density of
917 kg m™. The actual ice thickness of ice shelves is a
combination of marine ice and a firn layer. An average ice

Citation: Polar Research 2019, 38, 3313, http://dx.doi.org/10.33265/polar.v38.3313

density is 917 kg m~>; however, the firn layer and other
impurities typically lower this value. The ice equivalent
thickness presented by Liu et al. (2015), and also used
here, is a reduced total thickness, that is, the thickness
that the ice shelf would have assuming an average ice
density 917 kg m~? for all the ice.
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Iceberg classification and characteristics

Icebergs were identified from the calibrated images using
the method described by Mazur et al. (2017), an object-
based image interpretation with segmentation and clas-
sification carried out on different scale levels. They were
distinguished based on brightness, contrast and shape
qualities using the same thresholds as Mazur et al. (2017)
used. The main advantage of this method is that it enables
identification of smaller icebergs and enables identifica-
tion during more difficult conditions. A disadvantage is
that over- or underestimates of the numbers can occur as
a result of over- or undersegmentation, and that levels of
several parameters according to typical scale, backscatter
properties, shape and so on have to be set. An example of
a classification result is shown in Fig. 6. For more details
and specific values for the various parameters, see Mazur
etal. (2017).

The detection errors were calculated based on com-
parison of manually classified icebergs with the result
of an automatic classification in different areas and sea-
sons (Mazur et al. 2017). The detection rate was 96.2%,
corresponding to 93.2% of the iceberg area. The rate of
errors in the form of “false alarms” and “misses” were 3.9
and 3.8%, respectively. However, icebergs smaller than
0.3 km? could not be efficiently detected and analysed
because of the resolution limitation (Mazur et al. 2017).
Nevertheless, a small portion of icebergs less than 0.3 km?
(around 10%) was detected. We decided not to remove
them, so they were kept in the analyses.

In conditions above freezing, icebergs might have melt
water on their surface which make them less visible on
radar images (Willis et al. 1996; Williams et al. 1999;

Fig. 6 Outlines of icebergs according to the object-based iceberg classifi-

cation algorithm, applied to ASAR image taken on 8 July 2011.
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Wesche & Dierking 2012). For this reason, all the images
from December and January for all years were manually
examined and those with suspected melt water (between
1 and 20 images each year) were deleted from the anal-
ysis (Table 1).

The ASAR images were captured somewhat irregu-
larly in space and time. Certain regions have much better
coverage than other regions and the coverage varies in
time. The data coverage for the whole study period and
in different years is presented in Fig. 7.

To quantify length, projected surface area of icebergs,
abundance and so on, the parameters are presented in
relation to the coverage in a gridded field as basis. The
probability of finding an iceberg is equal to the number
of times an iceberg was identified in a grid cell (150 m x
150 m), divided by the number of images that had cov-
erage of that cell (Mazur et al. 2017). The probability of
finding an iceberg of a certain size in a grid cell is equal
to the number of times such an iceberg was identified,
divided by the total number of images available for that
cell. Total iceberg number and surface area were obtained
by studying larger grid cells (15 km x 15 km) and adding
up all the average values for the grid cells. Length and
size distribution of the icebergs was calculated by dividing
the number of icebergs of a certain property in a grid cell
by the total number of icebergs in that cell. The resulting
histograms show the averaged length and size distribu-
tions in all grid cells.

Icebergs are classified based on their size and shape.
There are two classification systems in use: the Inter-
national Ice Patrol and the WMO systems (Willis et al.
1996). With the available resolution all icebergs detected
within this work should be classified as very large. In this
study, to differentiate between different iceberg sizes, we
classify them into small (<10 km?), medium (10-25 km?)
and large (>25 km?). Icebergs longer than 10 nautical
miles (18.5 km), which are also tracked by NIC, are called
giant herein.

The area at the mouth of the Crosson Ice Shelf and
Thwaites Ice Tongue (Fig. 1, upper left subset) always has
a large number of grounded icebergs surrounded by a
mixture of small, clustered icebergs frozen within sea ice,
only unreliably detectable with available resolution. This
area, plus the area occupied by iceberg B22A (approxi-
mately 3500 km? in size and considered as a separate ice
island), was excluded from the present analysis. Only ice-
bergs leaving these regions were counted.

Iceberg tracking

In addition, 67 icebergs, which were distinguishable on
consequent images, were manually selected and their
positions were tracked between 1 January 2006 and 8

Citation: Polar Research 2019, 38, 3313, http://dx.doi.org/10.33265/polar.v38.3313
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Fig. 7 ASAR Wide Swath Mode data coverage for: (a) all images, images taken in (b) 2006, (c) 2007, (d) 2008, (e) 2009, (f) 2010, (g) 2011 and (h) 2012, in

the ASE between 1 January 2006 and 8 April 2012.

April 2012. Based on the number of days those icebergs
were present in the Amundsen Sea during the analysed
period, their residence time in the ASE was calculated.
The iceberg drift speed was calculated based on the Euclid-
ean distance between the central positions of an iceberg
detected on consecutive ASAR images with known time
interval. The iceberg average drift speed was estimated by
dividing the total distance by the total elapsed time, simi-
lar to Collares et al. (2018) and Gladstone & Bigg (2002).
If iceberg velocity was less than 0.005 m s™', the iceberg
was considered grounded.

Citation: Polar Research 2019, 38, 3313, http://dx.doi.org/10.33265/polar.v38.3313

Iceberg mass estimation

The measured variable in this study is the projected sur-
face area of the iceberg without any information about its
three-dimensional shape. According to the WMO (2015),
icebergs can be divided into tabular, domed, sloping or
pinnacled shapes, but the majority of the icebergs in the
Southern Ocean are classified as weathered, which means
that as a result of melting and erosion processes, no regu-
lar shape can be assigned to them (Romanov et al. 2012).
Considering that the largest icebergs are the tabular ones
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and that they constitute 33% of the icebergs present
south of 70° in the Western Hemisphere (Romanov et al.
2012), it is assumed here that the icebergs have the form
of cuboids for the ice mass calculation purposes.

Although iceberg thickness can be determined from
space by using altimeter data (Jansen et al. 2007; Li et al.
2018), it cannot be measured with SAR data. According to
Bigg et al. (1997), Gladstone et al. (2001) and Romanov
et al. (2012), there is a relationship between the iceberg
length and its thickness/freeboard. Romanov et al. (2012)
observed the ratio 4:1 between length and freeboard for
weathered icebergs and the ratio 9-10:1 for the tabular
ones. Both Bigg et al. (1997) and Gladstone et al. (2001)
assumed variable thicknesses for icebergs with length up
to 500 m and constant values (250 and 360 m, respec-
tively) for the longer ones. Wesche & Dierking (2015),
who analysed icebergs longer than 753 m, also assumed
360 m as an average thickness (for comparison purposes,
they also presented the results assuming a mean iceberg
thickness of 250 m). Silva et al. (2006) also estimated
the total iceberg mass assuming an iceberg thickness of
250 m. Considering the fact that most icebergs that could
be detected in this study were longer than 500 m, the
mean thickness of the icebergs in the ASE was assumed
to be 250 m, consistent with Gladstone et al. (2001), Silva
et al. (2006), Tournadre et al. (2012) and Tournadre et al.
(2015). However, the assumption of fixed iceberg thick-
ness is very simplified.

Similar to ice shelves, the density of icebergs is not
constant and a firn layer makes it lower than the density
of pure ice. To estimate the ice mass that was present in
icebergs, Silva et al. (2006) assumed a mean ice density
of 850 kg m~>, Wesche & Dierking (2015) assumed 822
kg m~ and Tournadre et al. (2015) used the value 890 kg
m~. As the study of Wesche & Dierking (2015) is the only
work covering the ASE, we also calculated iceberg mass
based on the density 822 kg m™ for better comparability.

Results

Figure 8 shows the annual calving rate into the ASE
during the six years of study. The average was 620 km?
yr! with standard deviation + 352 km? yr! (177.9 £ 117
Gt yr'), and there was a significant increase in 2007
caused by calving of the giant iceberg B27 (with an area
of 600 km?) from Pine Island Glacier. Excluding B27 from
calculations, the standard deviation of iceberg calving
is instead 186 km? yr! (51 Gt yr'). Contributions from
individual ice shelves to the total iceberg calving is shown
in Fig. 9. Thwaites, Pine Island and Western Getz Ice Shelf
had the highest calving rates: 161.7, 172.2 and 138.7 km?
yr!, respectively.
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Fig. 8 Annual iceberg calving (black) in km? and (red) in Gt in the ASE
(2006-2011). Error bars are uncertainties based on the average relative
size error estimates according to Mazur et al. (2017).

There were on average 1370 + 50 icebergs in the
ASE, with a combined surface area of 1432.9-1731.2
km? (based on the error estimates by Mazur et al. 2017)
during the study period. Assuming an average thickness
of 250 m and an average density of 822 kg m~?, the aver-
age iceberg mass in the ASE during the study period was
316 Gt. Figure 10 shows the average size distribution of
these icebergs. Nearly all of them were small (<10 km?) or
medium sized (10-25 km?). Icebergs smaller than 2 km?
accounted for almost 90% of the iceberg population but
only about 52% of the area, while icebergs larger than 10
km? constituted less than 1% of the population by count
but up to 16% of the surface area.

Figure 11 shows the variation of iceberg count and
the combined surface area for different sizes of icebergs
over the study period. The maximum total surface area of
2777.2 km? was reached in 2008 after which it decreased
gradually to 1368.3 km? in 2011, while the number of
icebergs had a minimum value in 2009 after which it
increased again. While the surface area of small- and
medium-sized icebergs remains relatively constant—
indicating that export out of the ASE, deterioration/
melting and calving are in approximate balance for those
bergs—the observed changes in total iceberg area are
caused mainly by the largest size class and can be traced
back to two giant icebergs: in November 2007, iceberg
B27 (around 600 km? in size) calved in Pine Island Bay.
This iceberg together with iceberg B21 (around 250 km?
calved in 2001) left the ASE in 2011.

Figure 11 also shows the observed changes of the dif-
ferent size categories. The increase in icebergs >25 km?
in 2008 (visible in both number and surface area) was
followed by an increase in icebergs of small- and medi-
um-sized class in 2009 and in 2010 (Fig. 11). The reason
for this is iceberg B27 that calved in November 2007 and
then disintegrated into smaller pieces (Fig. 12). Overall,
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Fig. 12 A sequence of ASAR images taken on 7 September 2007, 21 February 2008 and 3 July 2008 showing the calving and disintegration of the B27

iceberg in the Pine Island Bay.

the values at the start of the study periods are similar to
those at the end. There is also no clear variation of small-
and medium-sized icebergs except for the decrease in
2009 for icebergs smaller than 2 km?.

Icebergs can either drift or get stranded on topo-
graphic features. Figure 13 shows the probability of find-
ing icebergs of various size classes in the ASE. Icebergs of
all sizes accumulate on shallow banks and ridges. In Pine
Island Bay, there is quite a high probability (up to 30%)
of finding large icebergs, and it is highest on pathways
along the deeper parts leading westwards in the ASE. The
average observation time for the icebergs was 681 days
and it ranged between 39 and 2265 days. The number of
observations per iceberg was on average 180 and ranged
between 16 and 631. Figurel4 shows trajectories of 67
tracked icebergs, grouped into four classes according to
their origin and the path they follow. Their average drift
speed was 0.027 + 0.044 m s™! or—disregarding icebergs
stranded or stuck in fast sea ice—0.049 + 0.046 m s™'.
Icebergs originating from the Crosson, Thwaites and
Getz ice shelves that follow the westward coastal current
(Kim et al. 2016) are shown in Fig. 14a. These icebergs
have the smallest spatial spread and the lowest average
velocity (0.04 + 0.04 m s7!'). Icebergs calved from east-
ern Thwaites and Pine Island (Fig. 14b) are the largest
group with an average velocity 0.05 + 0.05 m s™'. They
first move towards northwest, following the bathymetry
along the edge of iceberg B22A and then veer westward
after crossing the ridge separating Pine Island Trough
from Dotson Trough. Some of these take a more south-
erly route, while others cross the shelf break to the
north. Groups 3 and 4 include icebergs that originate
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from the Abbot Ice Shelf or are of external eastern ori-
gin (the Bellingshausen Sea). Part of these traverses the
shelf following a northern route (Fig. 14c) or deviates
south (Fig. 14d) along the coast, crossing the shallow
area around Burke Island. Both groups include the fast-
est icebergs with average velocities 0.07 + 0.06 m s™! and
0.06 + 0.05 m s7!, respectively.

The average drift velocity of the icebergs varied over
the year, reaching maximum in autumn/early winter
and middle spring, and minimum in summer and winter
(Fig. 15). Figure 16 shows positions of the tracked ice-
bergs for different size classes, together with their resi-
dence time in the ASE. The largest icebergs originate in
Pine Island Bay and the smaller ones are most abundant
in the region north of this bay. The smallest icebergs usu-
ally do not reside in the ASE longer than one to two year,
while the largest can remain in the basin for six years and
more, or get stranded for even longer periods (Fig. 16).

Figure 16 illustrates the two main mechanisms con-
trolling the residence time of icebergs in the ASE: the
bathymetry and sea ice. The icebergs that get stranded
have a significantly extended residence time in the basin.
For example, it took approximately five years until ice-
berg B27 left the area, and for iceberg B21 it took nine
years (based on our observations and NIC data). The
presence of sea ice and its drift speed appear to affect the
residence time of the non-stranded icebergs in the north-
ern parts, as exemplified by the coinciding drift speeds
of icebergs and sea ice (Fig. 15) and the circling motion
of the drifting ice bergs in the northeast corner (Fig. 14).
The icebergs that float normally leave the area in only a
couple of months (Fig. 16).
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Figure 17 shows the residence time of each iceberg
versus its size, based on the trajectories shown in Fig. 16.
Although there is no strong correlation between resi-
dence time and size, the longest residence times appear
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to be mostly experienced by icebergs larger than 100 km?.
Most icebergs remain in the area up to three years and
almost half for about one year (Fig. 17). The red circle
indicates icebergs that were present/grounded in the area
at the start of the study and remained present/grounded
at the end. Hence, they could have a much larger resi-
dence time than indicated in Fig. 17. Of the remaining
icebergs, about 15% were present at the start of the study
and might also have stayed longer in the area, although
the tracking always started in the vicinity of ice shelves.
The tracked icebergs all left the area before the end of the
study (except the ones circled in Fig. 17).

Discussion

The average iceberg calving in the ASE as determined
in this study (620 km? yr'/177.9 Gt yr') is somewhat
smaller than that obtained by Depoorter et al. (2013) and
Rignot et al. (2013). Liu et al. (2015) got a significantly
higher calving rate, 281.5 Gt yr~'. However, that number
includes an unrealistically large (and likely erroneous)
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Fig. 16 Residence time of 67 icebergs of different sizes: (a) <5 km?, (b) 5-10 km?, (c) 10-25 km?, (d) 25-50 km?, (e) 50-100 km? and (f) >100 km?in the ASE
between 1 January 2006 and 8 April 2012. Thin lines indicate bathymetry according to IBCSO database (Arndt et al. 2013).
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Fig. 17 Residence time of 67 icebergs in relation to their initial surface
area in the ASE between 1 January 2006 and 8 April 2012.The red circle
indicates icebergs that were present/grounded in the area at the start of
the study and remained present/grounded at the end.

annual iceberg calving from Thwaites Ice Tongue: 183 Gt
yr~' (corresponding to 600 km?). In the present study, the
calving rate for Thwaites was calculated to 50.1 Gt yr,
comparable to that obtained by Depoorter et al. (2013)
and Rignot et al. (2013). In accordance with those three
studies, Thwaites, Pine Island and Western Getz had the
highest calving rates in the area over the study period.
The number of icebergs found in the present study is
larger than previous estimates for the ASE. According to
Wesche & Dierking (2015), there were 497 icebergs in the
ASE (with a total surface area of 2189.7 km?). Their study
was limited to icebergs larger than 0.3 km?. The present
study arrives at 2 or 3 times as many icebergs even adjust-
ing for the fact that we include icebergs smaller than
0.3 km? (about 10% of the population; see Mazur et al.
2017). One possible explanation for the larger number
could be that there were more giant icebergs present, and
hence a larger potential source for icebergs in the region.
According to the NIC database, two large icebergs were
present in the ASE during the 1990s (B10 in 1992 and
B11 in 1995), and five between 2001 and 2003 (B21-
B25). Considering that most of the calving in 2001-03
occurred from the Crosson and Thwaites ice shelves, it is
possible that a portion of the icebergs on the central ridge
between 1 January 2006 and 8 April 2012 (Fig. 13) is the
grounded, disintegrated remnants of B22-B25 stranded
on the ridge. The higher number of icebergs found in the
present study compared to that in 1997 (Wesche & Dier-
king 2015) could therefore be caused by the large iceberg
calving events in 2001-03.The fact that there is no clear
variation in the number of icebergs between 2006 and
2011 might show that the system then partially adjusted
back to a steady state after the heavy calving events of
2001-03, similarly to what was observed in the open-wa-
ter region of the Pacific sector (Tournadre et al. 2015).
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This study also exemplifies the process of large icebergs
split into smaller ones (Fig. 12). This agrees with the find-
ing of Tournadre et al. (2015) that the main mechanism
responsible for disappearance of large icebergs in open
water (breakage and disintegration into small icebergs)
is also valid in the near-coastal, sea-ice covered region of
the ASE.

The ASE iceberg size distribution found in this study
agrees qualitatively with previous short-term observations
(Romanov et al. 2012; Wesche & Dierking 2015), but is
substantially different to the Antarctic-wide open-ocean
distribution given by Tournadre et al. (2015), which was
based on altimeter data from the sea-ice free region in the
Southern Ocean during 2002-2012. The main difference
is in the proportion of area covered by icebergs smaller
than 10 km? (3-4% in Tournadre et al. 2015 compared
to 84.4%) and larger than 10 km? (96-97% in Tournan-
dre et al. 2015 compared to 15.6%). This can be seen
by comparing Fig. 10b to Fig. 6b from Tournadre et al.
(2015). An explanation for the differences can be that the
data studied by Tournadre et al. (2015) include several
large icebergs calved from circumpolar coastal regions of
Antarctica that remained for a long time in the Antarctic
Circumpolar Current (e.g., pieces of B15 and C19 have
resided there for more than 10 years). Such large icebergs
form sporadically in the ASE, but represent only a small
percentage during the study period. On the contrary, ice-
bergs between 1 and 10 km? calve more often and also
tend to ground in the ASE, so they can remain in the area
for a long time.

Disregarding the giant icebergs, the iceberg surface
area in the ASE remained remarkably constant during
our study period and on average it is only 20% larger
than what was observed in 1997 (Wesche & Dierking
2015). The ice mass stored in icebergs obtained in this
study can be compared with the 450 Gt observed in the
region in 1997 (Wesche & Dierking 2015), using the same
assumptions about thickness and density. However, 193
Gt of the total 450 Gt in the study by Wesche & Dierk-
ing was stored in only one iceberg (potentially a piece
of iceberg B10). In the present study, large single calving
events, such as calving of B27, had a smaller effect on
the average because of our longer study period: six year
compared to a single observation by Wesche & Dierking
(2015). Nevertheless, both estimates are significantly
larger than estimates obtained for open water. The entire
ice-free part of the ocean around Antarctica had on aver-
age 700-800 Gt icebergs between 2006 and 2011, about
40% of which were found in the Pacific Sector (Tourna-
dre et al. 2015). Our results together with the work of
Wesche & Dierking (2015) highlight a potential limita-
tion of studies focusing only on open-water areas because
large amounts of icebergs will be missed.
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In the present study, it was seen that icebergs drift
westwards in the ASE (Fig. 14), with the tendency of
the largest icebergs to follow the trough systems on the
continental shelf (Fig. 16f). The average speed of the ice-
bergs was 0.049 ms™', which is consistent with the find-
ings of Hamley & Budd (1986) and Aoki (2003), based
on observations in East Antarctica, and those obtained in
the Weddell Sea (Gladstone & Bigg 2002; Collares et al.
2018), based on trajectories inferred from satellite images.
The seasonal variability of drift speed obtained here
(Fig. 15) is different from that obtained by Aoki (2003),
who observed a maximum iceberg drift speed in autumn
and early winter and a minimum in spring. Aoki’s results
were based on large icebergs (>1200 km?), which have
been shown to depend primarily on ocean currents (see
also FitzMaurice et al. 2016; Rackow et al. 2017). How-
ever, the icebergs observed in the present study were typ-
ically smaller than 2 km? and therefore more sensitive to
wind forcing and sea-ice drift. According to Wagner et al.
(2017), small icebergs (length <200 m) are driven 3 times
as strongly by wind than by ocean currents and this ratio
becomes less than 10% for icebergs longer than 12 km.
Figure 15 shows similarities between iceberg and sea-ice
drift velocities, which suggests that icebergs—particularly
smaller icebergs—in the Amundsen Sea were also highly
influenced by drifting sea ice. The lower drift velocities in
winter might be caused by the fact that icebergs are being
frozen in sea ice, which was also observed by Marko
et al. (1982) and Yulmetov et al. (2016) in the Arctic and
Schodlok et al. (2006) in the Weddell Sea.

An approximate estimate of iceberg residence time can
be obtained by dividing the total average iceberg area by
the average area of iceberg calving. This definition is dif-
ferent from one based on iceberg mass and the mass loss
due to calving, which needs information about iceberg
thickness and its shape below surface, which can be com-
plex and change during iceberg drift and melt (Moon et
al. 2018). The data available show that the average sur-
face area of icebergs in the ASE is 2.5 times larger than
the surface area calved into the basin per year. Assum-
ing no melting, this indicates that the average age of the
icebergs in the Amundsen Sea is about 2.5 years. This is
likely an upper estimate because only a small portion of
the icebergs smaller than 0.3 km? were counted. Never-
theless, Fig. 17 shows that a majority of the icebergs that
were tracked remained in the ASE three years or less,
which agrees qualitatively with the surface area-based
satellite estimate.

Jacobs et al. (1992), using data from 1979 to 1990,
observed a peak in number of giant icebergs in Antarc-
tica in 1986/87, while Long et al. (2002), using data from
1997 to 2001, observed an abrupt increase in 1998. The
registered increase in 1998 can be partially explained
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by the improved observation tools. Tournadre et al.
(2015), using altimeter data, and Stuart & Long (2011),
using scatterometer data, show peaks in iceberg number
between 2002-04 and 2008-2010. Those findings suggest
that large calving events in Antarctica occur on timescales
of 5-10 years.

The potential decadal periodicity of calving events
in the ASE appears to continue with a large number of
giant icebergs calved between 2010 and 2015: in 2010
the icebergs B28 and B29 calved from the Crosson or
Thwaites ice shelves. As these were grounded before
they even started to move, they have not contributed
to the analysis in the present study. After the failure of
the Envisat satellite on 8 April 2012, several giant ice-
bergs have calved in the region: B30 from Thwaites (in
2012), B31 from Pine Island (in 2013) and another five
large icebergs until 2015. The hypothesis of Jacobs et al.
(1992)—that large calving events occur regularly—is
thus confirmed in the ASE. However, the timescale
seems to be 5-10 years and not several decades. When
the large icebergs disintegrate, they also affect the popu-
lation of smaller icebergs, but in between these peaks the
population is relatively stable.

Conclusions

In this study, interannual iceberg characteristics and res-
idence time in the ASE have been studied for the first
time. The present analysis, combined with previous stud-
ies, indicates that there were no significant changes in
the amount of icebergs during the study period, and that
the iceberg population was produced by a steady stream
of calving of small- and medium-sized icebergs from the
glaciers draining into the region. Interannual variability
was caused mainly by episodic calving of giant icebergs,
either into the ASE (such as B27) or into the Bellingshau-
sen Sea and then imported into the ASE after break-up
into smaller icebergs. The observed peak in 2008-2010
was caused by the calving of B27 in November 2007 and
subsequent break-up into smaller icebergs.

The present study shows, overall, more icebergs in
the ASE than were detected in 1997 by Wesche & Dierk-
ing (2015): 1370 + 50 compared to 497. There were also
more icebergs residing on topographic ridges, particularly
the central ridge area at the mouth of the Crosson and
Thwaites ice shelves, compared to the 1997 observations.
The surface area in 2011 was smaller than in 2006, but on
average about 20% larger than in 1997 (Wesche & Dier-
king 2015). Our size distributions were similar, with most
icebergs being smaller than 1 km? However, the area
covered by differently sized icebergs was substantially
different to the open-ocean size distribution found by
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Tournadre et al. (2015), in which large- or medium-sized
icebergs accounted for most of the area.

The average iceberg surface area during the study
period was 1537.5 km?, about 2.5 times larger than the
average annual calved area (620 km?), giving an approx-
imate estimate of 2.5 years for the average age of the
icebergs in the ASE. This coincides with residence time
calculations based on drift speed, even though large ice-
bergs might get stranded and remain in the area for a
decade or more.
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