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Abstract. Iceberg calving is the main process that facilitates the dynamic mass loss of ice sheets into the ocean,
which accounts for approximately half of the mass loss of the Antarctic ice sheet. Fine-scale calving variability
observations can help reveal the calving mechanisms and identify the principal processes that influence how
the changing climate affects global sea level through the ice shelf buttressing effect on the Antarctic ice sheet.
Iceberg calving from entire ice shelves for short time intervals or from specific ice shelves for long time intervals
has been monitored before, but there is still a lack of consistent, long-term, and high-precision records on inde-
pendent calving events for all of the Antarctic ice shelves. In this study, a 15-year annual iceberg calving product
measuring every independent calving event larger than 1 km? over all of the Antarctic ice shelves that occurred
from August 2005 to August 2020 was developed based on 16 years of continuous satellite observations. First,
the expansion of the ice shelf frontal coastline was simulated according to ice velocity; following this, the calved
areas, which are considered to be the differences between the simulated coastline, were manually delineated,
and the actual coastline was derived from the corresponding satellite imagery, based on multisource optical and
synthetic aperture radar (SAR) images. The product provides detailed information on each calving event, includ-
ing the associated year of occurrence, area, size, average thickness, mass, recurrence interval, and measurement
uncertainties. A total of 1975 annual calving events larger than 1 km? were detected on the Antarctic ice shelves
from August 2005 to August 2020. The average annual calved area was measured as 3549.1 km? with an uncer-
tainty value of 14.3 km?, and the average calving rate was measured as 770.3 Gtyr—! with an uncertainty value
of 29.5 Gtyr—!. The number of calving events, calved area, and calved mass fluctuated moderately during the
first decade, followed by a dramatic increase from 2015/2016 to 2019/2020. During the dataset period, large ice
shelves, such as the Ronne-Filchner and Ross ice shelves, advanced with low calving frequency, whereas small-
and medium-sized ice shelves retreated and calved more frequently. Iceberg calving of ice shelves is most preva-
lent in West Antarctica, followed by the Antarctic Peninsula and Wilkes Land in East Antarctica. The annual
iceberg calving event dataset of Antarctic ice shelves provides consistent and precise calving observations with
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the longest time coverage. The dataset provides multidimensional variables for each independent calving event
that can be used to study detailed spatial-temporal variations in Antarctic iceberg calving. The dataset can also
be used to study ice sheet mass balance, calving mechanisms, and responses of iceberg calving to climate change.
The dataset, entitled “Annual iceberg calving dataset of the Antarctic ice shelves (2005-2020)”, is shared via the
National Tibetan Plateau Data Center: https://doi.org/10.11888/Glacio.tpdc.271250 (Qi et al., 2021). In addition,
the average annual calving rate of 18.4 + 6.7 Gtyr~! for calving events smaller than 1 km? of the Antarctic ice
shelves and the calving rate of 166.7 £ 15.2 Gtyr~! for the marine-terminating glaciers were estimated.

1 Introduction

The ice shelves surrounding Antarctica’s coastline play an
important role in the stability of the Antarctic ice sheet and
its mass balance. Iceberg calving is a process whereby the ice
from a glacier or ice shelf frontal edge is stripped away and
enters the ocean. Iceberg calving accounts for approximately
half of the net mass loss of all Antarctic ice shelves (Rignot et
al., 2013; Depoorter et al., 2013). Enhanced iceberg calving
can indirectly lead to ice shelf instability, which accelerates
the outflow of tributary glaciers into the ocean, causing sea
level rise (Berthier et al., 2012; Furst et al., 2016; Rignot et
al., 2004). In-depth studies of the calving process are essen-
tial to accurately predict the impact of future climate change
on ice shelves/sheets and sea levels.

Model simulations and remote sensing observations are
two major tools used to study iceberg calving. The former
focus on simulating the dynamic process of a calving front
in response to atmospheric and oceanic forcings and stress
within ice sheets. Different models are used to understand
the evolution of and changes in ice shelves (Hill et al., 2018;
Lovell et al., 2017; Luckman et al., 2015; Miles et al., 2017).
The latter focus on the monitoring and quantitative assess-
ment of calved areas using remotely sensed data, which can
be assimilated into ice sheet models to further improve the
accuracy of model simulations (Massom et al., 2018; Pattyn
and Morlighem, 2020).

Research on remotely sensed iceberg calving monitoring
can be classified as having three main focuses: (1) obser-
vations of specific ice shelves or glaciers with high spatial
resolution data, e.g., long-term monitoring of the Pine Island
Glacier, Mertz Glacier Tongue, and Amery Ice Shelf (Bind-
schadler, 2002; Massom et al., 2015; Zhao et al., 2014); (2)
observations made of larger regions with lower spatial and
temporal resolution data, e.g., calving monitoring along the
Antarctic Peninsula and Ross Sea coast (Cook et al., 2005;
Cook and Vaughan, 2010; Fountain et al., 2017); and (3)
circum-Antarctic calving front observations of specific years
based on satellite image mosaics of the Antarctic coastline
(Liu and Jezek, 2004; Liu et al., 2015; Scambos et al., 2007,
Yu et al., 2019). The first two types of studies achieve the
precise monitoring of calving events in specific ice shelves
or small areas, whereas the third type quantitatively assesses
iceberg calving at the continental scale. Liu et al. (2015) ex-
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tracted 579 independent calving events for 6 years from the
Envisat (Environmental Satellite) Advanced Synthetic Aper-
ture Radar (ASAR) circum-Antarctic mosaic. The authors
obtained comprehensive, detailed iceberg calving observa-
tions at different scales through image matching and feature
tracking, which made it possible to investigate calving pat-
terns and mechanisms. Their work laid the foundation for
the subsequent exploration of the physical triggers of small
and large calving events (Medrzycka et al., 2016) and re-
vealed the “self-organized critical systems” of glaciers and
ice sheets at different calving scales (Astrom et al., 2014).

The long-term and high-precision remote sensing observa-
tion of circum-Antarctic independent calving events not only
describes the spatial and temporal features of iceberg calving
but also provides fundamental data for further investigating
calving mechanisms and estimating ice shelf mass balance in
response to climate change. In this study, we identify annual
calving events through the combination of a velocity-based
ice shelf front edge simulation and semiautomatic annual ice-
berg calving extraction. We further acquire the calved-area
outline, location, year of occurrence, area, thickness, volume,
mass, and recurrence interval of each calving event. Build-
ing on this, we develop a circum-Antarctic iceberg calving
dataset. The dataset spans from August 2005 to August 2020.
Using this product, we analyze the spatial and temporal char-
acteristics of iceberg calving for the last 15 years.

2 Data

2.1 Satellite imagery

Considering the relatively low calving frequencies measured
in August of each year (Liu et al., 2013) and the time limita-
tions of available satellite images, we define the annual calv-
ing recurrence interval as running from August of the current
year to August of the following year. We know that it is diffi-
cult to create such a circum-Antarctic iceberg calving dataset
based on a single satellite platform. To continuously moni-
tor Antarctic iceberg calving for 2005 to 2020, multisource
remotely sensed data are used in this study. We prioritize us-
ing SAR (synthetic aperture radar) images for early August
each year given that their quality is minimally affected by po-
lar nights and cloudy days. For periods and areas for which
SAR data are not available, optical images for close dates
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are used instead. Satellite images used in the development of
this product include Wide Swath Mode (WSM) images from
Envisat ASAR for 2005 to 2011 (downloaded from http://
eogrid.esrin.esa.int/browse, last access: 11 September 2021);
MODIS (Moderate-resolution Imaging Spectroradiometer)
250 m Calibrated Radiances product images (MODIS Char-
acterization Support Team, 2017) for 2012 to 2014 (down-
loaded from https://worldview.earthdata.nasa.gov/, last ac-
cess: 11 September 2021); the synthetic images of Landsat 8
OLI (Operational Land Imager) for bands 4 (630—680 nm), 3
(525-600 nm), and 2 (450-515 nm) for 2013 to 2020 (down-
loaded from https://www.usgs.gov/, last access: 11 Septem-
ber 2021); and the Extra Wide Swath (EW) mode images of
Sentinel-1 SAR for 2015 to 2020 (downloaded from https:
/Iwww.esa.int/ESA, last access: 11 September 2021). De-
tailed descriptions of these data are given in Table 1.

2.2 Supplementary datasets

Additional remote sensing data were also used to facili-
tate product development and analyses. MEaSUREs InSAR-
Based Antarctica Ice Velocity Map, Version 2 (where In-
SAR stands for interferometric synthetic aperture radar Rig-
not et al., 2011; Mouginot et al., 2012), is used to simu-
late the expansion of the ice shelf frontal edge and locate
calved areas. MEaSUREs Phase-Based Antarctica Ice Ve-
locity Map, Version 1 (Mouginot et al., 2019), and MEa-
SUREs Annual Antarctic Ice Velocity Maps 2005-2017,
Version 1 (Mouginot et al., 2017a), are used for calving
mass calculation for marine-terminated glaciers. MEaSURESs
Antarctic Boundaries, Version 2 (Rignot et al., 2013), is
used for the ice shelf delineation and spatial analysis of the
calving distribution. Two ice thickness datasets, Bedmap2
and BedMachine (Morlighem et al., 2020; Fretwell et al.,
2013), are used for calving thickness extraction and calv-
ing mass calculation for both calving from ice shelves and
marine-terminated glaciers. The Reference Elevation Model
of Antarctica (REMA; Howat et al., 2019) is used for the un-
certainty evaluation of the extracted thickness. The Antarctic
daily surface melt dataset (Picard and Fily, 2006) is used to
analyze the response of iceberg calving to ice sheet surface
melting.

Detailed descriptions of each remote sensing product used
are presented in Table 2.

3 Method

3.1 Processes of direct observation of an annual
independent calving event

An annual calving event occurs when an independent calved
area has an outline that does not overlap or is spatially adja-
cent to other calving events occurring in the same year (even
if it occurs on the same ice shelf), namely the topology re-
quires nonoverlapping and nonadjacent annual calved-area
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polygons for the specific year. Data generation involves the
following three steps: preprocessing the data, extracting ice-
berg calving, and acquiring attributes (Fig. 1). Each of these
steps is discussed in the following sections. Moreover, the
consistency of multisource satellite imagery used in moni-
toring annual iceberg calving has been validated.

3.2 Data preprocessing of the remotely sensed image

Data preprocessing involves geocoding, geometric correc-
tion, and mosaic generation. SAR images for the first 3 d of
each month of August are used preferentially to generate the
circum-Antarctic coastline mosaic for the periods of 2005—
2011 and 2015-2020. For 2012-2014, data vacancies were
filled with images of the same sensors from close dates. For
the mosaic for 2012, we used MODIS images for Septem-
ber combined with SAR images for April to facilitate detec-
tion. For 2013 and 2014, which are without SAR images,
we chose both MODIS and Landsat 8 OLI circum-Antarctic
coastline mosaics to extract iceberg calving. To reduce er-
rors due to different imaging times, we overlaid the satellite
image strictly by time order, namely images taken on a date
closer to 1 August should be on the upper layer. The pre-
processing results of the remotely sensed data are shown in
Fig. 2 and provide good coverage of the Antarctic coastline
and the frontal edges of ice shelves.

3.3 Iceberg calving extraction of independent calving
events

To create the annual iceberg calving dataset for the Antarc-
tic ice shelves, we simulated the expansion of the ice shelf
frontal edge and detected the calved areas based on satel-
lite images. It is worth mentioning again that our iceberg
calving extraction only included calving from ice shelves but
did not include marine-terminating glaciers, and the bound-
aries of ice shelves are referenced from MEaSUREs Antarc-
tic Boundaries, Version 2, released by NSIDC. We first man-
ually digitalized the ice shelf frontal line in August 2005,
2010, and 2015 as the input benchmark coastline. The fol-
lowing steps were then iterated for the extraction of each an-
nual calving cycle with the methodology divided into two
overarching tasks: velocity-based ice shelf front edge simu-
lation and semiautomatic annual iceberg calving extraction
(Qi et al., 2020).

3.3.1 Velocity-based ice shelf front edge simulation

We converted the vertices of the input coastline to obtain the
set of coastline feature points for a specific year. Based on the
velocity at the position of each coastline point, we calculated
the movement of feature points over the duration of the given
year. By lining up the moved feature points sequentially, a
new coastline was derived, namely the simulated coastline of
the next year, as shown using the yellow lines in Fig. 3.
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Table 1. List of satellite images used in the development of a circum-Antarctic iceberg calving product for 2005-2020. Last access date for

all URLs is 11 September 2021.

Satellite Sensor Product Agency Swath  Revisit Spatial res- Number of Time Data acquisition
level period olution images range
in polar
regions
Envisat ASAR L1B ESA 405km Lessthan 75mx75m 5046 Aug 2005—  http://eogrid.esrin.
(WSM) 10d Apr 2012 esa.int/browse
Sentinel-1 SAR (EW) L1 GRD ESA 400km Lessthan 20mx40m 3780 Jan 2015-  https://www.esa.
6d Aug 2020  int/ESA
Terra/Aqua  MODIS L1B NASA  2330km 1-2d 20mx40m 168 Jan 2012—  https://worldview.
Dec 2014 earthdata.nasa.gov/
Landsat 8 OLI L1GT NASA 190km Lessthan 30mx30m 15674 Nov 2013—  https://www.usgs.
16d Aug 2020 gov/

Abbreviations: ESA denotes the European Space Agency, and NASA denotes the National Aeronautics and Space Administration.

Table 2. List of other remote sensing products used in the development of a circum-Antarctic iceberg calving product for 2005-2020. Last
access date for all URLs is 11 September 2021.

Dataset Measurement  Temporal Accuracy Data Agency Data acquisition Reference
methods coverage format
(in ice shelf
areas)
MEaSUREs InSAR- InSAR 1996-2016 1-17 myr_1 450m x NSIDC https://nsidc.org/ Rignot et al.
Based Antarctica Ice 450 m data/NSIDC-0484/  (2017)
Velocity Map, Ver- raster versions/2
sion 2
MEaSUREs Phase- InSAR, 1996-2018 0.1-10m yr*1 450m x NSIDC https://nsidc.org/ Mouginot et al.
Based Antarctica speckle 450 m data/nsidc-0754/ (2019)
Ice Velocity Map, tracking raster
Version 1
MEaSUREs Speckle track-  2005-2017 1-32 myr*1 lkmx1km NSIDC https://nsidc.org/ Mouginot et al.
Annual Antarctic Ice  ing, feature raster data/nsidc-0720 (2017a)
Velocity Maps 2005—  tracking
2017, Version 1
MEaSUREs Antarc- DInSAR 1992-2015 25-250m Vector NSIDC https://nsidc.org/ Mouginot et al.
tic Boundaries, Ver- data/nsidc-0709/ (2017b)
sion 2 versions/2
BedMachine Hydrostatic 1970-2019 10m 500m x NSIDC https://msidc.org/ Morlighem et al.
equilibrium 500 m data/nsidc-0756 (2020)
raster
Bedmap?2 Satellite radar ~ 1970-2000 ~100m, bias 1lkmxlkm BAS https://secure. Fretwell et al.
and laser —13-53m raster antarctica.ac.uk/ (2013)
altimetry, data/bedmap?2/
hydrostatic
equilibrium
The Reference El- Stereo pho- 5Sep2015+ Lessthan 1m Digital PGC https://www.pgc. Howat et al.
evation Model of togrammetry  432d elevation umn.edu/data/ (2019)
Antarctica (REMA) model rema/
Dataset of daily sur- Passive mi- 1979-2018 - 25km x UGA http://pp. Picard and Fily
face melt in Antarc- crowave 25km ige-grenoble. (2006)
tica radiometer raster fr/pageperso/
(SMMR and picardgh/melting/
SSM/T)

Abbreviations: NSIDC denotes the National Snow and Ice Data Center, BAS denotes the British Antarctic Survey, PGC denotes the Polar Geospatial Center at the University of Minnesota, and

UGA denotes the Université Grenoble Alpes.
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Figure 1. Outline of our methodology. Satellite images are preprocessed to obtain the annual mosaic of the Antarctic coastline. Based on
the circum-Antarctic coastline mosaic and corresponding simulated coastline, we extracted calved areas. We then acquired attributes such as
thickness, area, volume, mass, and recurrence interval to produce an annual iceberg calving product for the Antarctic ice shelves.

Additionally, we conducted a controlled experiment on the
impact of different ice velocity products while simulating the
next-year coastline. Fifty points on the high-flowing Pine Is-
land Glacier were randomly selected as samples. We simulate
their 11-year movement using both the average ice velocity
map (Rignot et al., 2017) and MEaSURESs Annual Antarctic
Ice Velocity Maps for 2005-2017 (Mouginot et al., 2017a).
The results show that, over the 11 years, the cumulative error
between points moved under different ice velocity products
by 0.15 to 14.45 km with an average value of 3.96 km and a
standard deviation of 4.09 km. We assume that errors intro-
duced by using the average ice velocity map to simulate the
ice shelf frontal edge of different years are acceptable.

For the non-calving area, theoretically, the simulated
coastline should fit the real coastline shown in a remotely
sensed image well; however, due to the geographical bias of
images and errors of the ice velocity product, some devia-
tions between the directly obtained simulated coastline and
actual coastline may occur. Therefore, before extraction, we
first checked and rectified the simulated coastline to ensure
that it fits the actual coastline in non-calving areas. After
manual correction, the extraction results were found to be
of good accuracy.

https://doi.org/10.5194/essd-13-4583-2021

3.3.2 Iceberg calving extraction

We manually rectified the simulated coastline to ensure that,
after rectifying, it fit the real coastline shown in the cor-
responding satellite images. Then, we obtained the actual
coastline for the next year, which is shown using the red line
in Fig. 3. We extracted the enclosed area between the simu-
lated coastline and the actual coastline to acquire the calved
area (the blue area in Fig. 3). After extracting for one an-
nual calving cycle, we checked topological relations at the
continental scale for this year. We ensured that calved-area
polygons did not intersect with each other and then obtained
vectors for each calved area for the given year.

This iceberg calving extraction method employs a simple
process and broad applications. The actual coastline modi-
fied from last year’s extraction can be used as the input coast-
line of the next year’s extraction; thus, we can provide time-
continuous iceberg calving monitoring and effectively avoid
repetition and omission errors. Additionally, the semiauto-
matic operation offers incomparable precision and efficiency,
greatly reducing the post-processing workload.

3.4 Attribute acquisition of independent calving events

For individual calving events, attributes include the area,
calving scale, average thickness, mass, calving recurrence in-

Earth Syst. Sci. Data, 13, 4583—-4601, 2021
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Figure 2. Schematic showing the results of satellite imagery preprocessing. We mainly used Envisat ASAR images for 2005-2012, Landsat 8
OLI images for 2013/2014, MODIS images for 2012-2014, and Sentinel-1 SAR images for 2015-2020.

terval, and uncertainties of relevant parameters. Therefore,
the acquisition of calved area and calved mass, uncertainties,
and recurrence intervals are discussed in the following sec-
tions.

3.4.1 Calved area and calved mass

After acquiring vectors of the calved-area polygons, we
calculated their areas under polar projection. These val-
ues were then divided into four different scales: small-scale
(1-10 km?), medium-scale (10-100km?), large-scale (100-
1000 kmz), and extra-large-scale values (> 1000 kmz). We
further obtained the average thickness of each calved area
from the Antarctic ice thickness products (Bedmap2 and
BedMachine). First, we masked out the ice shelf zone thick-
ness in Bedmap2 and BedMachine. Second, we extracted the
average thickness of each calving event from the masked ice
thickness through step 1. We then checked the average thick-
ness of all calving events. For missed and abnormal values
(results show that they only account for a small proportion
of the total), we moved the polygon backward along the ice
flow to the calving front where there is thickness data cov-

Earth Syst. Sci. Data, 13, 4583-4601, 2021

erage. After that, we re-extracted the average thickness of
those calving events to make sure they are given appropriate
thickness.

Based on area and thickness, the calving mass (C) was
calculated from Eq. (1):

C=A Xﬁxpice, (1)

where A, stands for the calving area and H represents the
average thickness of the calved area. The standard value of
ice density pice = 917kgm™ was used for the calculation.

3.4.2 Uncertainty assessment

The uncertainties involved in the calculation of calving mass
based on Eq. (1) include errors of calving area measurement,
thickness extraction, and ice density. The uncertainty of the
calving area is determined by the accuracy of the extraction
method. Thickness uncertainty should be theoretically af-
fected by top surface elevation measurements and firn depth
correction; in reality, there are also uncertainties in thickness
changes with time, according to hydrostatic equilibrium as-
sumptions, and in the offsets in locations during extraction.

https://doi.org/10.5194/essd-13-4583-2021
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Figure 3. Schematic of the calved-area extraction method displaying different sources of satellite imagery used for annual iceberg calving
extraction for 2011-2016. Red lines represent the actual coastlines, yellow lines represent the simulated coastlines, and blue areas represent

the extracted calved areas.

In this section, we evaluate the main uncertainties encoun-
tered during the development of the annual iceberg calving
dataset.

Calving area uncertainty

Calving area uncertainty is mainly determined by the spatial
location biases of calved-area outlines, which are related to
both the original image resolution and the perimeter of the
calved area. The equivalent perimeter width extracted by this
method based on 75 m resolution images is 0.005 km (Qi et
al., 2020); therefore, the uncertainty of the calving area (Up)
can be calculated from Eq. (2):

Upa =0.005 x [, (2)

where [ represents the perimeter of each calving event (in
km).

Thickness uncertainty

The ice shelf thickness dataset used in this product is derived

from the hydrostatic equilibrium (Morlighem et al., 2020),

which is written as Eq. (3):

H=(s—-8—2 45, 3)
Pw — Pice

where H denotes ice shelf thickness; s is the top surface el-

evation, namely the height of the snow top; § is firn depth
correction; and py = 1027 kgm™3 is the density of seawater.

https://doi.org/10.5194/essd-13-4583-2021

Therefore, thickness uncertainty (Uz) can be evaluated
from Eq. (4):

— |v? v u 2
U= = H x Sc + 'l + Pice + Pw , (4)
n ertEt et

where H and s, represent the average thickness and average
surface elevation of the calved area, respectively; Uy, is the
uncertainty of the calved-area surface elevation; U is the un-
certainty of firn depth correction; and U, , and U, represent
the uncertainty of ice and seawater density, respectively.

For the calculations, 917kg m~3 is used for Dice>
1027 kgm™2 is used for py, and their uncertainties U,,., and
U,, are valued at Skg m~3 (Griggs et al., 2011). s, was ob-
tained from REMA with typical elevation errors of less than
1 m (Howat et al., 2019). Firn depth correction and its un-
certainty were calculated from the RACMO2/ANT regional
climate model with a ratio accounting for 8 % of the uncer-
tainty (Pritchard et al., 2012).

Calving mass uncertainty

The calving mass of our dataset is derived from three com-
ponents unrelated to and independent of each other. Thus, we
used synthetic standard uncertainty to evaluate its accuracy.
The mass deviation of a single calving event (U,) is calcu-
lated as shown in Eq. (5), and the mass deviation for the year

Earth Syst. Sci. Data, 13, 4583-4601, 2021
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cycle (Uc) can be calculated from Eq. (6):

U2 U2 U2
Ue=C x A2+—+ L, Q)
H plce

VIV

N

Uc : (©)
where C and A are the mass and area of individual calving
events, respectively; N is the number of years; and »n is the
total frequency of calving events that occurred in N years.

3.4.3 Recurrence interval

Calving recurrence means that a calving event with the same
spatial scale reoccurs at the same calving front (Liu et al.,
2015), which is usually thought to be part of the natural cycle
of advance and retreat of ice shelves. The recurrence interval
of a calving event, a measurement of the natural calving cy-
cle, is defined as the year interval between the two recurrence
calving events. To acquire this attribute, we performed the
following work. First, we got the perimeter of each calving
polygon through the “Calculate Geometry” function in Ar-
cMap. Based on that, we calculated the average perimeter of
all calving events at the same scale for 15 years. We defined
the buffer radii as half of the average perimeters at different
scales rounded upwards to the nearest integer. The specific
values used for this dataset are shown in Table 3.

Following this, we used the “Feature to Point” function
in ArcMap to get the center points of each individual calv-
ing polygon. For an input polygon, the location of the out-
put point will be determined as its center of gravity. We then
build buffers for each calving center point based on the radii
calculated in the previous steps. For each calving event, we
count the number of calving center points with the same scale
that falls into its buffer. For buffers that fall into more than
two points, the calving recurrence interval is defined as the
total number of years (15) divided by the exact number of
calving center points falling within. For buffers with only
one point, the calving recurrence interval is defined as the
greater value of time intervals between these calving events
and boundary years (2005 or 2020).

3.5 Consistency validation of multisource satellite
imagery

As mentioned above, a single satellite platform can-
not accommodate long-time-series observations of circum-
Antarctic calving events. Thus, multisource remotely sensed
data are used in this study. To check whether the results de-
rived from different sensors are similar, especially for the re-
sults derived from optical sensors and SAR, we performed
the following verification.

For the year for which we have both SAR and optical
images, we extracted circum-Antarctic annual iceberg calv-
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ing using the same method based on different sources of re-
motely sensed imagery. We chose to repeat the calving ex-
traction for 2016/2017 through Terra/Aqua MODIS imagery
and to compare it to the contemporaneous extraction results
for our dataset derived from Sentinel-1 SAR imagery. We
define area differences as the calving area obtained from
MODIS subtracted from that obtained from SAR, and we
define the calving perimeter as the calved-area perimeter ob-
tained from SAR. We then analyze the area differences of the
same calving events and calculate error-equivalent perime-
ter widths by dividing the area differences by the calving
perimeter.

3.6 Estimation of the less than 1 km? calving from the
Antarctic ice shelves

3.6.1 Estimation method

Considering the huge workload and relatively small calving
area contributing to the total calving area, we estimated the
annual calving area and mass of the less than 1km? calving
of Antarctic ice shelves using the following equations:

Apae = (a+@+6) X A, 7)

Copr = (a+@>+6) x €\ gy, ®)

where an a value of 0.22 is the ratio of the total area between
the 0.1-1km? calving and 1-10km? calving estimated by Qi
et al. (2020); A <1 «m? and A,_o,.2 are the calved area of the
less than 1 km? calving and 1-10 km? calving, respectively;
and C<1k512 and C,_jj,2 are the calved mass of the less
than 1km? calving and 1-10km? calving, respectively. We
retained the preceding three items in the expansion of the tiny
calving (with an area less than 1 km?) estimation equation.

3.6.2 Uncertainty assessment

The area uncertainty Uy_ , and the mass uncertainty

Uc_, ., of the less than 1 km? calving are calculated as fol-
lows:

UA<lkm (1 +2a+ 3a ) X Aa X A|_j0km?
(a +a’+a ) X UAHOka’ )

UC<Ikm (1 +2a+3a ) x Aa x C|_1oxm?
+ (a +d’+a ) xUc, . o (10)

where Aa of 0.05 is the standard deviation of a estimated by
Qi et al. (2020); and U A, and U¢ are the calcu-

-10km? 1-10 km2
lated uncertainties of 1— 10 km? calving.
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Table 3. Parameters used to define the calving recurrence interval.

Size Perimeter (range), km  Perimeter (average), km  Buffer radius, km
Small scale (< 10 kmz) [4.0, 45.3] 11.8 6
Medium scale (10-100 km?) [14.4, 136.2] 374 19
Large scale (100-1000 kmz) [45.4, 184.0] 93.6 47
Extra large scale (> 1000 kmz) [182.5, 479.5] 310.2 155

3.7 Estimation of the calving from the
marine-terminating glaciers

3.7.1 Estimation method

The calving rate of the marine-terminating glaciers is equal
to the ice flux along their grounding lines. Ice flux com-
prises the flux gate width multiplied by ice velocity and ice
thickness at the grounding line. The ice velocity and the
ice thickness vary considerably from grounding line posi-
tions. Therefore, the grounding line is normally discretized
to calculate the ice flux of each flux gate. The calving rate
Cmarine-terminating Of the marine-terminating glaciers is then
calculated as follows:

n
Cmarine—terminating = Z Hi xVixLiX pice, (11)
i=1

where H; is the equivalent ice thickness of the flux gate i,
V,; is the ice velocity along the ice flow direction, L; is the
fluxgate width along the ice flow direction, and pjc. is the
density of ice (917 kgm™3).

3.7.2 Uncertainty assessment

The calving mass uncertainty Uc,, ine erminaing Of the marine-
terminating glaciers is calculated as follows:

Ucmarinc-tcrminati ng = Cm‘drine-terminating

UHZ Uvz U'Ol%:e
x\/H2 o (12)

ice

where Uy and Uy stand for the uncertainties of ice thickness
and ice velocity, respectively. For the calculations, 100 m
is used for Uy (Rignot et al., 2008; Rignot, 2011), and
17myr~! is used for Uy (Mouginot et al., 2017a); a value
of 917 kgm_3 is used for pjce, and 5kgm_3 is used for its
uncertainty U, (Griggs et al., 2011).

4 Validation and uncertainty

4.1 Consistency of multisource satellite imagery

We extracted a total of 220 calving events from MODIS for
2016/2017 covering a total area of 9064.6 km?. As shown in
Table 4, both the total number of calving events and the to-
tal calved area are slightly lower than values derived from
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SAR imagery. The numbers of calving events at different
scales extracted from the two sources of satellite images are
similar. The frequency error mainly originates from small-
scale calving, although it accounts for a small percentage of
the total area. The calved area derived from MODIS at all
four scales is underestimated compared with that from SAR,
which might be a result of lower image quality for cloudy
areas.

The area of individual calving events extracted by MODIS
is generally smaller. As the calving scale increases, errors
caused by different data sources account for a lower per-
centage of the total calved area (Fig. 4a, b, c). The error-
equivalent perimeter widths generally exhibit a normal dis-
tribution with a standard deviation of 0.15km and a mean
value of —0.06 km (Fig. 4d). Based on this, the errors intro-
duced by multisource satellite data are acceptable.

4.2 Attribute uncertainties of independent calving events

We assessed the accuracy of the calved area, the calved-area
thickness, and the calved mass attributes using Eqgs. (2) and
(4)—(6).

The maximum area measurement uncertainty of a sin-
gle calving event represented in this dataset was calculated
as 30.7 km? with an annual average calved-area uncertainty
value of 14.3km? and a standard deviation of 5.1km?. The
calved-area uncertainty is mainly determined by the perime-
ter of each single calving event. In the case of the same
area, a long and narrow calving area has higher uncertainty
than a square calving area. Thickness uncertainty is mainly
attributed to firn depth correction. For individual calving
events, thickness uncertainty ranges from 1.0 to 67.7 m with
a mean value of 18.5m and a standard deviation of 9.1 m.
The calved mass uncertainty is mainly determined by thick-
ness uncertainty with a mean value of 29.5 Gt and a standard
deviation of 23.6 Gt for 15 years, and its annual percentage
fluctuates from 1.9 % to 6.0 % each year.

5 Temporal and spatial variations in Antarctic
iceberg calving

5.1 Number, calved area, and calved mass of
independent calving events

We identify 1975 annual calving events covering areas larger
than 1km? occurring in the circum-Antarctic ice shelves

Earth Syst. Sci. Data, 13, 4583—-4601, 2021
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Table 4. Frequency and area distribution of different-scale calving events derived from MODIS and SAR for 2016/2017.

M. Qi et al.: A 15-year circum-Antarctic iceberg calving dataset from continuous satellite observations

Scale MODIS SAR A(MODIS —SAR) A(MODIS — SAR)/SARTtal
Number of calving Small scale (< 10 kmz) 163 167 —4 —1.8%
events
Medium scale (10-100 kmz) 50 50 1 0.4 %
Large scale (100-1000 km?) 6 6 0 -
Extra large scale (> 1000 kmz) 1 1 0 -
Total 220 224 —4 —1.8%
Total calved area (km?) ~ Small scale (< 10km?) 511.0 563.0 —-52.0 —0.6%
Medium scale (10-100 km?) 1441.0 1478.2 -37.2 —0.4%
Large scale (100-1000 km?) 1057.9 1077.9 —20.0 —-0.2%
Extra large scale (> 1000km?)  6054.7  6141.0 —86.3 —-0.9%
Total 9064.6 9260.2 —195.5 —2.1%
Standard deviation of Small scale (< 10 kmz) 2.3 2.2 0.1 0.0
total calved area (km2)
Medium scale (10100 km?) 21.3 17.9 3.4 0.2
Large scale (100-1000 kmz) 934 91.9 1.5 0.0
Extra large scale (> 1000 kmz) 0.0 0.0 0.0 -
Total 397.2 402.8 -5.6 —1.4%
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from August 2005 to August 2020. The annual average num-
ber of calving events, the calved area, and the calved mass
are 131.7 times, 3549.1 +14.3 kmz, and 770.3 +£29.5 Gt, re-
spectively. The number of calving events, calved area, and
calved mass show high levels of year-to-year variability (Ta-
ble 5), highlighting the need for longer records to determine
long-term changes in ice shelves.

The number of calving events seemed to be stable for
the period from 2005/2006 to 2015/2016, fluctuating from
69 to 127, but it increased substantially in 2015/2016 and
fluctuated from 168 to 225 for the period from 2015/2016
to 2019/2020 (Fig. 5a). The total calved area was anoma-
lously low in 2006/2007 compared with other years. It then
increased in the following 3 years — especially in 2008/2009
and 2009/2010, during which two extra-large calving events
occurred in the Wilkins Ice Shelf and Mertz Ice Shelf. The to-
tal calved area then decreased again in 2010/2011 and fluctu-
ated in 2010/2011-2014/2015. In 2016/2017, the total calved
area increased considerably to a maximum of 9262.0 km?>
over the 15 years, during which an extra-large disintegra-
tion of the Larsen C Ice Shelf occurred. Following this, we
find the most dramatic reduction in 2017/2018, with a to-
tal calved area of 1386.3 km? reducing to a minimum dur-
ing the observation cycle. In 2018/2019, the total calved area
rose slightly to a level close to that of 2005/2006-2015/2016;
in 2019/2020, mainly contributed by the extra-large calv-
ing of Amery Ice Shelf in September 2019, the calved mass
reached the third-highest level of the 15-year observation
period. For annual calving mass, the maximum value ap-
peared in 2016/2017 at 1832.6 Gt, and the minimum value
was recorded at 332.0 Gtin 2010/2011. This fluctuating trend
of calved mass is generally consistent with that of the calved
area.

5.2 Calved area and calved mass of the less than 1 km?
calving from the Antarctic ice shelves and the
calving mass from the marine-terminating glaciers

We assessed the annual calved area and calved mass of
the less than 1km? calving from the Antarctic ice shelves
and the annual calving mass from the marine-terminating
glaciers (Table 6). We indirectly estimated an average calved
area of 92.7+27.8km? and an average calved mass of
18.446.7Gtyr! of the less than 1km? calving from the
Antarctic ice shelves. We also took the calved mass of
the marine-terminating glaciers into consideration by cal-
culating the ice flux along grounding lines, which is about
166.7 £ 15.2 Gtyr~!. Therefore, the annual average calving
rate of whole Antarctica is 955.4 +£51.4 Gtyr~!.

5.3 Calving scale of independent calving events

The annual distributions of the number, total calved area, and
total calved mass of calving events greater than 1 km? at dif-
ferent scales are shown in Fig. Sa—c. Over the 15 years, the
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cumulative numbers of calving events of small-, medium-,
large- and extra-large-scale events accounted for 72.6 %,
23.5 %, 3.5 %, and 0.3 %, respectively, and frequencies in-
creased exponentially as the scale decreased. The cumulative
calved areas of the four abovementioned different sizes ac-
counted for 9.3 %, 25.3 %, 34.7 %, and 30.6 %, respectively.
The distribution of calved mass is similar to that of the calved
area.

The number of small-scale calving events accounts for a
large percentage of total calving, especially in 2015/2016—
2019/2020. The interannual variations in the number of
small-scale calving events show obviously moderate varia-
tions. However, the area and mass of small-scale calving re-
main relatively stable and low. As the calving scale increases,
interannual variations in frequency become less significant;
in contrast, interannual variations in area and mass become
increasingly volatile. In some years, the number of calving
events increased but calved area and mass remained stable
or even decreased because more small-scale calving events
made a limited contribution to the total calved mass and area.
Thus, further studies must be conducted at different scales.

5.4 Calving recurrence interval of independent calving
events

The recurrence interval of calving provides additional quali-
tative information about the calving feature (Liu et al., 2015)
and determines the suitable observation period for identify-
ing the non-steady-state behavior of an ice shelf. For exam-
ple, following the previous calving in 1963/1964, the rift-
opening calving of the Amery Ice Shelf reoccurred in 2019,
detaching along the preexisting rifts that had been there for
decades (Li et al., 2020). Observational records spanning
many decades would be needed to determine its non-steady-
state behavior. In contrast, more frequent disintegration calv-
ing events are mainly caused by rapid basal crevasse prop-
agation, which is difficult to observe (Liu et al., 2015). The
calving front retreat associated with these frequent calving
events can be robustly identified over a short observation pe-
riod due to the shorter recurrence intervals. In other words,
the calving events with shorter recurrence intervals are more
sensitive to current climate change.

Figure 6a shows that there is no obvious relationship be-
tween the calving recurrence interval and calving scale. Two
extra-large-scale (> 1000 km?) calving events reoccurred on
the Thwaite Glacier during our observed period, indicating
its distinct retreat, while four other extra-large-scale events
from the Larsen C, Wilkins, Totten, and Amery Ice shelves
did not reoccur. Figure 6b shows that 76 % of the total num-
ber of calving events reoccurred during the observed pe-
riod (i.e., their recurrence intervals of calving are less than
8 years), which suggests that the annual calving number is
likely to be an indicator of the response of calving to climate
change. Nearly half of the calved area was contributed by
calving events with recurrence intervals longer than 8 years

Earth Syst. Sci. Data, 13, 4583—-4601, 2021
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Table 5. Annual distribution of the number of calving events, calved area, and calved mass for August 2005 to August 2020.

Year Number of calving events  Calved area (km2) Calved mass (Gt)
2005/2006 127 3372.5+14.7 755.9+16.1
2006/2007 98 1702.5£12.2 402+6.2
2007/2008 69 27753+£9.5 570.8 +24.3
2008/2009 113 4341.3+15.2 704.4+18.7
2009/2010 87 4261.5+11.6 1,001.7 +58.8
2010/2011 83 1707.6 £9.6 3324+6.4
2011/2012 95 3218.3+10.4 847.4+£50.5
2012/2013 119 2932.2+12 762.7+£37.9
2013/2014 99 2148 +10.3 562.3+25.6
2014/2015 73 2262.4 +£8.7 552.5+13.8
2015/2016 206 5584.5+21.4 1,398.8 +34.4
2016/2017 224 9260.2 £26.5 1,832.6 +94.9
2017/2018 168 1386.3+14.8 338.94+9.9
2018/2019 225 2806.4 £17.9 732.9+£23.2
2019/2020 189 5478.1£19.9 759.5+£21.3
Mean 131.7 3549.1+14.3 770.3+29.5
Standard deviation 55.5 2042.1£5.1 399.44+23.6

Table 6. Annual distribution of calved area and calved mass of the less than 1 km? calving from the Antarctic ice shelves and the calved
mass from the marine-terminating glaciers from August 2005 to August 2020.

Year Calved area of the Calved mass of the Calved mass of the

less than 1 km? calving (km2) less than 1 km? calving (Gt)  marine-terminating glaciers (Gt)
2005/2006 86.3 £25.7 21.6+7.9 163.44+15.0
2006/2007 64 +19 15.1£5.5 168.6 +15.2
2007/2008 423+12.7 92+34 156 £14.8
2008/2009 68.6 £20.4 15+£5.5 1744+ 154
2009/2010 69.8 +£20.6 15.1£5.5 164.6 +15.0
2010/2011 485+ 144 8.4+3.1 17274+ 154
2011/2012 74+22.1 16.9+6.2 166.3+15.1
2012/2013 95.9+£28.5 153+£5.6 163.44+15.0
2013/2014 73.2+£21.7 142+£52 166.3+15.2
2014/2015 43.2+12.9 8+2.9 163.8+15.1
2015/2016 144.9+43.5 28 +10.2 165.6 +15.1
2016/2017 158.2+47.7 31.2+11.4 175.74+15.5
2017/2018 129.3+39 24749 -
2018/2019 171.5+51.6 34.6+12.6 -
2019/2020 120.6 +36.6 19317 -
Mean 92.7+£27.8 18.4+£6.7 166.7+15.2
Standard deviation 423+12.8 8.1+3.0 5.54+0.2

(i.e., calving only occurred once during the observed period),
which suggests that the annual calved area is not suitable for
identifying the non-steady-state behavior of some temporar-
ily inactive ice shelves with a longer calving interval.

5.5 Spatial distribution of independent calving events

Figure 7 shows the spatial distribution of annual calving
events at different scales from 2005/2006 to 2019/2020.
Small- and medium-scale calving widely appeared in the

Earth Syst. Sci. Data, 13, 4583—4601, 2021

Antarctic Peninsula, in West Antarctica, and on Wilkes Land
in East Antarctica with interannual variations mainly found
in Queen Maud Land in East Antarctica from 2011/2012
to 2015/2016. In 2011/2012-2015/2016, small-scale calv-
ing events were largely distributed in West Antarctica and
sparsely occurred in East Antarctica. Large-scale calving
events appeared quite randomly, usually in medium-sized ice
shelf regions of the Antarctica Peninsula and West Antarc-
tica. Extra-large-scale calving events only occurred twice in

https://doi.org/10.5194/essd-13-4583-2021
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the Antarctica Peninsula, twice in West Antarctica, and twice
in East Antarctica.

Figure 8 shows the average calving rates of the different
Antarctic ice shelves from August 2005 to August 2020. We
find that the calving mass of Antarctica is mainly affected by
the iceberg calving of small ice shelves rather than that of
larger ice shelves. Of these, the cumulative calving masses

https://doi.org/10.5194/essd-13-4583-2021

of two major ice shelves, the Ronne—Filchner Ice Shelf and
the Ross Ice Shelf, are negligible over the 15-year observa-
tion cycle. The Amery Ice Shelf and the Larsen C Ice Shelf
in the Antarctic Peninsula, the third- and the fourth-largest
ice shelves in Antarctica, had a very low calving rate ex-
cept for the extra-large disintegration events that occurred
in September 2019 and July 2017, respectively. Additionally,

Earth Syst. Sci. Data, 13, 4583-4601, 2021
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Figure 7. Spatial distribution of annual calving events at different scales from August 2005 to August 2020.

some large ice shelves in Queen Maud Land show a low calv-
ing mass, while there were a few calving events along the
entire coastline in some years (Fig. 7).

In contrast, small- and medium-sized ice shelves, widely
found along the circum-Antarctic coastline, exhibit a higher
calving rate (Gtyr—!). Among them, the Thwaites Ice Shelf,
Pine Island Ice Shelf, and Getz Ice Shelf in West Antarc-
tica show calving rates of 108, 91, and 52 Gtyr~!, respec-
tively. These are followed by the Mertz Ice Shelf and Tot-
ten Ice Shelf in East Antarctica with calving rates of 52 and
35Gtyr~!, respectively. Notably, during the observation pe-

Earth Syst. Sci. Data, 13, 4583-4601, 2021

riod, we detected medium or large calving events from Tot-
ten Ice Shelf every year. It is different from calving from the
Mertz Ice Shelf that was mainly contributed by an extra-large
disintegration event covering more than 2500 km? which oc-
curred in February 2010.

6 Discussion

The annual iceberg calving dataset of the Antarctic ice
shelves (2005-2020) is the first to provide consistent and

https://doi.org/10.5194/essd-13-4583-2021
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Figure 8. Spatial distribution of average calving rate (Gt yr_l) of Antarctic ice shelves from August 2005 to August 2020.

precise calving observations with the longest time span of
15 years. It not only directly reflects the quantitative charac-
teristics and spatial distribution of Antarctic iceberg calving,
but it also provides multidimensional variables of each in-
dependent calving event. This dataset can be used as funda-
mental information for subsequent studies on ice sheet mass
balance, calving mechanisms, and their responses to climate
change.

The interpretation of calving records spanning 12 orders of
magnitude from 1 to 10'> m? has demonstrated that the prob-
ability of calving events obeys a particular pattern whether
they are small or large events — much like the Gutenberg—
Richter law for earthquakes (;\strém et al., 2014). Thus,
the fine-scale and continuous observation of calving can
be used to investigate how close particular glaciers are to
their critical point and, thus, how sensitive they may be to
near-future changes in climatic and geometric conditions.
However, finer-scale direct observation is greatly limited by
the accessibility of high-resolution remotely sensed imagery
and significant manual overhead. Our observations provide
records of calving volumes ranging from 10% to 10'2 m? from
Antarctic ice shelves.

The calved-area uncertainty of our direct observation (Qi
et al., 2020) is dependent on the spatial resolution of the im-
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agery, the uncertainty of velocity data, and the perimeter-to-
area ratio of the calved area. In the case of the same area,
a long and narrow calving area has higher uncertainty than
a square calving area. The relatively low-spatial-resolution
satellite imagery used in this work and the characteristic of a
long and narrow calving area are the main reasons that this
method is not suitable for high-accuracy calving observation
of marine-terminating glaciers. The trade-off between work-
load and uncertainty reduction is another consideration in
choosing the minimum spatial scale of calving observation.
With the calving scale decreasing from 100km?, the num-
ber of annual calving events increases exponentially, which
means that the monitoring workload also increases exponen-
tially (Qi et al., 2020). Although direct calving observation
has the minimum valid extraction area of 0.05 km? based on
75m SAR resolution images (Qi et al., 2020), it is uneco-
nomical to observe calving events of less than 1km? using
an exponentially increasing manual workload to slightly re-
duce the uncertainty of the total calving-rate estimation. This
is why, in the present work, the calving area and mass of
calving events of less than 1 km? of the Antarctic ice shelves
were estimated based on the observation-area ratio and direct
observation of 1-10km? calving events.
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Figure 9. Relationship between annual iceberg calving distribution for 2005-2020 and (a) oceanic Nifio index data from https://ggweather.
com/enso/oni.htm (last access: 11 September 2021) and (b) maximum daily ice sheet surface melting area data from http://pp.ige-grenoble.

fr/pageperso/picardgh/melting/ (last access: 11 September 2021).

The total circum-Antarctic iceberg calving rate of 955.4 &+
51.4Gtyr~!' between 2005 and 2020 observed and esti-
mated in the present study is less than the steady-state
iceberg calving fluxes of 1265Gtyr~! estimated by Rig-
not et al. (2013) and 1321 Gtyr—! estimated by Depoorter
et al. (2013). The steady-state calving flux is the calving
flux necessary to maintain an assumed steady-state calv-
ing front for a given set of ice thicknesses and velocities
along the ice front gate (Rignot et al., 2013; Depoorter et
al., 2013). Such “flux-gate” calving calculations are suitable
for the marine-terminating glaciers. Our estimated calving
rate of the marine-terminating glaciers, 166.7415.2 Gtyr~!,
is very close to that reported by Rignot et al. (2013), i.e.,
176 Gtyr—!. However, such “flux-gate” calving calculations
for ice shelves are inevitably biased as they underestimate
iceberg calving for retreating ice shelves or overestimate
it for advancing ice shelves. Our observed average calving
rate of 770.3 +29.5 Gtyr~! from calving events larger than
1 km? between 2005 and 2020 is slightly greater than the
average rate of 755 Gtyr~! between 2005 and 2011 (Liu et
al., 2015), which is contributed by two distinct high calving
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rates of 1398.8 Gtyr—! in 2015/2016 and 1832.6 Gtyr—! in
2016/2017. The average calving rate of 788.7 +36.2 Gtyr™!
of all of the Antarctic ice shelves between 2005 and 2020
is the sum of 770.3429.5Gtyr™! and the estimated aver-
age calving rate of 18.4+6.7Gtyr~! from calving events
less than lkmz, which is less than the steady-state calv-
ing fluxes of 1089 Gtyr—! estimated by Rignot et al. (2013)
and 1026 thr‘1 estimated by Liu et al. (2015). Thus, the
Antarctic ice shelves are growing in extent.

Observations show that enhanced iceberg calving events
have primarily been attributed to varying atmospheric and
oceanic conditions (Shepherd et al., 2003; van den Broeke,
2005; Scambos et al., 2009; Braun and Humbert, 2009; Liu
et al., 2015; Massom et al., 2018). Previous studies have re-
vealed that ocean-driven thinning enhances iceberg calving
and the retreat of Antarctic ice shelves based on the first
record of all icebergs larger than 1km? calving from all of
the Antarctic ice shelves between 2005 and 2011 (Liu et al.,
2015). Here, the time series of this dataset has been extended
from 6 to 15 years. The calving probability of Antarctic ice
shelves indicated by the number of calving events has ob-
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vious inter-annual variation during our observation period
(Fig. 6). Because 76 % of the calving events have recurrence
intervals of less than 8 years, the annual variation of the num-
ber of calving events probably reflects the calving response
to current climate variability. This provides an opportunity to
examine the potential associations between iceberg calving
and remote and local climate forcings.

Here, we show two examples from our preliminary anal-
ysis. First, Fig. 9c and a show the relationship between the
number of calving events and the oceanic Nifio index. Re-
motely, El Nifio leads to anomalous increases in sea surface
temperature and Antarctic ice sheet temperature. We found
that a strong El Nifio might lead to an increase in the num-
ber of calving events of Antarctic ice shelves, and there has
been intensified iceberg calving since the strong El Niflo.
Second, Fig. 9c and b show the correlation between iceberg
calving and ice sheet surface melting. Locally, atmospheric
warming intensified ice sheet surface melting, resulting in in-
creased meltwater, which may trigger the expansion of rifts
and crevasses and finally enhance iceberg calving. Based on
this dataset, we found significant positive correlations be-
tween the maximum daily surface melting area and the num-
ber of calving events (r = 0.76, p = 0.003).

7 Conclusion

The developed iceberg calving product applies a 15-year
calving distribution with year, length, area, scale, thickness,
volume, mass, recurrence interval, and measurement uncer-
tainty attributes for each calving event. The product applies
an annual temporal resolution, and its spatial resolution is set
to 1km?.

8 Data availability

The dataset, entitled “Annual iceberg calving dataset of the
Antarctic ice shelves (2005-2020)”, is stored in Shapefile
format and shared via the National Tibetan Plateau Data
Center (http://data.tpdc.ac.cn/en/, last access: 11 Septem-
ber 2021): https://doi.org/10.11888/Glacio.tpdc.271250 (Qi
et al., 2021).
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