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Abstract

The processes governing iceberg calving from ice shelves remain poorly understood. Recent stud-
ies suggest that anomalous atmospheric moisture transport events – atmospheric rivers – can act
as triggers for calving. These conclusions, however, were based on studies of case studies of indi-
vidual icebergs or ice shelves, making it difficult to determine if this relationship remains appar-
ent when considering a wider set of calving events and ice shelves. Here, we assemble an
Antarctic-wide catalog of tabular iceberg calving events to evaluate whether a significant correl-
ation exists between calving and enhancement of total and meridional integrated vapor transport
(IVT), a measure of atmospheric moisture transport. We find that ∼80% of the calving events in
our study occur when metrics of IVT are less than the 90th percentile of their monthly climatol-
ogies. However, the remaining ∼20% of calving events that occur during periods with short-term
enhanced IVT exhibit a statistically significant correlation. The results, however, are regionally
dependent, with a statistically significant correlation between enhanced IVT and calving in the
Antarctic Peninsula and none in the Amundsen Sea Embayment. This suggests that, although
enhanced IVT is not a primary control on the iceberg calving process, enhanced IVT may
play a role in triggering calving events under certain conditions.

Introduction

Freely floating ice shelves surround much of the Antarctic ice sheet, where they serve as the
primary sources of ice mass discharged into the ocean (Dupont and Alley, 2005). Antarctic
ice shelves also provide a buttressing stress on grounded ice (e.g. Dupont and Alley, 2005;
Goldberg and others, 2009; Gagliardini and others, 2010; Gudmundsson, 2013; Miles and
others, 2022) that reduces mass flux across ice-shelf grounding lines. Buttressing from ice
shelves therefore slows dynamic discharge from the Antarctic ice sheet and stabilizes it
from irreversible retreat associated with marine ice sheet and, potentially, marine ice cliff
instability (Bassis and Walker, 2011; Pollard and others, 2015; DeConto and Pollard, 2016;
Edwards and others, 2019; Garbe and others, 2020; Bassis and others, 2024).

Mass loss from ice shelves can decrease their ability to buttress upstream ice (Paolo and
others, 2015; Rignot and others, 2019). The process of mass loss from ice shelves is primarily
controlled by a combination of basal melting and iceberg calving (e.g. Liu and others, 2015).
Observations currently show roughly equal magnitudes of basal melt and iceberg calving con-
tributions to the total mass loss from the entire Antarctic ice sheet (e.g. Depoorter and others,
2013; Liu and others, 2015; Greene and others, 2022), although the partition between the
amount of mass lost to basal melt and calving is highly variable between ice shelves (Liu
and others, 2015; Davison and others, 2023). Currently, mass loss due to surface melt is
small over most Antarctic ice shelves (Kuipers Munneke and others, 2012; Lenaerts and others,
2019). However, surface melt has been implicated in the hydrofracture-related explosive col-
lapse of the Larsen B Ice Shelf, which occurred unexpectedly in 2002 following a period of
melt pond formation (van den Broeke, 2005; Glasser and Scambos, 2008; Banwell and others,
2013).

Although surface and basal melting are directly controlled by both atmospheric and
oceanic forcing, the overall processes controlling iceberg calving remain poorly understood
(e.g. Lazzara and others, 1999; Walker and others, 2015, 2021; Benn and others, 2022; Alley
and others, 2023; Bassis and others, 2024). Unlike the spectacular disintegration of the
Larsen B Ice Shelf, the calving process from most ice shelves occurs through the initiation
and propagation of rifts – fractures that penetrate the entire ice shelf thickness, which can
propagate on timescales up to decades (e.g. Bassis and others, 2008; Walker and others,
2013; Lipovsky, 2020). Rift-propagating processes contribute to the calving of tabular icebergs
when they result in the separation of an area of ice from the rest of the shelf (Lazzara and
others, 1999; Joughin and MacAyeal, 2005; Kenneally and Hughes, 2006; Indrigo and others,
2020). Tabular icebergs, which can exceed hundreds of kilometers in length, remove mass
near-instantaneously from the Antarctic ice sheet (Lazzara and others, 1999; Joughin and
MacAyeal, 2005) and are the primary mode of calving from ice shelves (Fricker and others,
2002; Bassis and others, 2008, 2024).

The tabular iceberg calving process has traditionally been thought to be primarily con-
trolled by the internal stress within the ice shelves (Robin, 1979; Bassis and others, 2008;
Amundson and Truffer, 2010; Humbert and Steinhage, 2011; Bassis and Jacobs, 2013;
Walker and others, 2015; Indrigo and others, 2020). However, studies have also indicated
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external stress from tidally-induced currents (Legrésy and others,
2004; Lescarmontier and others, 2015) and pulses of ocean swell
(MacAyeal and others, 2006; Bromirski and others, 2010;
Sergienko, 2010) as triggers for calving. Alternatively, unusually
large sea surface slopes have also been hypothesized to induce
rift propagation on Antarctic ice shelves (Mayet and others,
2013; Francis and others, 2021). However, the physical connec-
tion between these environmental triggers can be difficult to iden-
tify, as Bassis and others (2008) demonstrated that the stresses
imposed on the ice are associated with many of these environ-
mental forcings is much smaller than the internal stresses within
the ice.

Recently, tabular iceberg calving events from the Larsen A, B
and C ice shelves, the Amery Ice Shelf, the Brunt Ice Shelf and
the Conger Ice Shelf have been linked to unusually strong pole-
ward atmospheric moisture transport (i.e. atmospheric rivers;
Francis and others, 2021, 2022; Laffin and others, 2022; Wille
and others, 2022, 2024). In particular, Wille and others (2022)
found that 60% of calving events from the Larsen A, B and C
ice shelves were triggered by atmospheric rivers. It is, however,
unclear if these findings generalize to other ice shelves in other
regions. These atmospheric moisture transport extremes also cor-
relate with many other potential triggers, including sea ice clear-
ing and large sea surface slopes (Massom and others, 2018; Dziak
and others, 2019; Francis and others, 2021, 2022; Wille and
others, 2022, 2024). Moreover, the warm and moist atmospheric
conditions and radiative effects associated with atmospheric rivers
are directly related to surface meltwater formation on the ice
shelves, which could make ice shelves more vulnerable to
hydrofracture-induced collapse (Turton and others, 2020; Clem
and others, 2022; Laffin and others, 2022; Wille and others, 2022).

Determining the potential relationship between the timing of
iceberg calving events and enhanced atmospheric moisture trans-
port, however, remains challenging. Although some calving events
may coincide with elevated atmospheric integrated vapor trans-
port (IVT), it is possible that this relationship is spurious, result-
ing in false correlations. This is especially true for regions where
enhanced atmospheric moisture intrusions occur relatively often
compared to the frequency of calving events. Moreover, although
studies of individual ice shelves can avoid some of the issues
around false attribution, they may not reveal heterogeneous
behavior of ice shelves in different glaciological or climatological
regimes. For example, the Antarctic Peninsula is located relatively
far North compared to the Amundsen Sea Embayment, with
some ice shelves experiencing surface melt (van den Broeke,
2005; Kuipers Munneke and others, 2018). By contrast, the
Amundsen Sea Embayment ice shelves are located in regions
with cold atmospheric conditions compared to the Antarctic
Peninsula and experience little surface melt (Trusel and others,
2013). Both the Antarctic Peninsula and Amundsen Sea ice
shelves, however, are located in regions where previous studies
have documented synoptic-scale conditions that favor enhanced
moisture transport (Nicolas and Bromwich, 2011; Wille and
others, 2021; Swetha Chittella and others, 2022). Studies further
provide evidence that elevated atmospheric moisture transport
might trigger calving from the Antarctic Peninsula (Laffin and
others, 2022; Wille and others, 2022).

Here, we seek to expand upon results from previous case stud-
ies and work focused on calving from the Antarctic Peninsula by
examining if links between enhanced moisture transport and calv-
ing hold across a broader set of events from all Antarctic ice
shelves. We use this extended dataset to see if there are regional
differences in sensitivity to atmospheric moisture transport,
and to determine when atmospheric moisture transport exhibits
a statistically significant correlation with the timing of iceberg
calving.

Data and methods

We first constructed a catalog of iceberg calving events, focusing
on large ‘tabular’ icebergs with a characteristic length much larger
than the ice thickness (e.g. Lazzara and others, 1999; Budge and
Long, 2018). We then examined the monthly climatology of
total and meridional moisture transport over each Antarctic ice
shelf with a tabular iceberg calving event. This monthly climat-
ology allowed us to assess the number of calving events that
were preceded by enhanced moisture transport over each individ-
ual shelf. Finally, we tested if the relationship between enhanced
moisture transport and the timing of iceberg calving is statistically
significant using a bootstrap (Efron, 1979). We describe each step
in this process in more detail below.

Catalog of tabular iceberg calving events

US National Ice Center named tabular icebergs
To construct our catalog of tabular iceberg calving events, we used
the US National Ice Center (USNIC; usicecenter.gov) press releases.
These press releases document new icebergs, including the location
of where the new iceberg was first sighted, as well as the date of first
sighting, the size and the ice shelf from which the iceberg detached.
We use USNIC press releases that document all icebergs sighted
between November 2013 and December 2023 with a longest side
length >7 nautical miles or a total area >20 nautical miles squared
(https://usicecenter.gov/Products/AntarcIcebergs). This detection
method excludes the many smaller icebergs that can detach from
ice shelves and glaciers, allowing us to focus on the processes gov-
erning the detachment of large tabular icebergs that feature prom-
inently in the calving cycle of most ice shelves (Alley and others,
2023; Bassis and others, 2024).

MODIS image analysis of calving event timing
Determining the timing of iceberg calving required more informa-
tion than we could attain from the USNIC press releases alone,
both because they are issued after a calving event occurs and the
reported timing of iceberg detachment is limited by the weekly tim-
ing of press releases. To more precisely identify the timing of ice-
berg detachment, we additionally examined satellite images from
the Moderate Resolution Imaging Spectroradiometer (MODIS)
instrument. We accessed images of iceberg calving viewed by the
MODIS instruments from the Aqua and Terra satellites (Xiong
and Barnes, 2006) using NASA WorldView (worldview.earthdata.
nasa.gov). The Aqua and Terra satellites view the same point on
Earth ∼3 h apart (Crosson and others, 2012), therefore we had
two images available for each day from 2013 to 2023. MODIS vis-
ible images have been previously used to determine calving event
timing (e.g. Wille and others, 2022). Here, we examined MODIS
images using the true-color visible imagery (0.45–0.67 μm wave-
length; 500m spatial resolution) during seasons with available sun-
light (approximately October through April) over the iceberg or ice
shelf. For seasons without sufficient sunlight (approximately
April through October), we used the MODIS infrared channels
(10.780–11.280 μm wavelength) to distinguish between the ice
shelves, icebergs and ocean. The MODIS infrared brightness tem-
peratures allow for detection of the icebergs, but have lower spatial
resolution than the visible channels (1 km). However, because we
were only focused on tabular icebergs that are much larger in
size than 1 km2, the lower resolution in the infrared does not affect
our ability to detect iceberg calving detachment events.

We determined the timing of iceberg calving by combining the
information from MODIS and USNIC press releases in the fol-
lowing way, illustrated in Figure 1: we first examined the
USNIC press release (Fig. 1a) for a date and the location to
begin viewing the MODIS visible and/or infrared images over
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the iceberg (Fig. 1b). We then obtained the MODIS imagery of
the same scene for the previous day, and re-centered the image
on the iceberg to account for drift in the open ocean waters
(e.g. Fig. 1c). We repeated this process, stepping back 1 d and
re-centering the image on the iceberg (e.g. Fig. 1d), until the ice-
berg appears to be attached to an ice shelf (Fig. 1e). We identified
the first day of images that show the detachment of the iceberg
from the shelf as the ‘calving event’ and the day of the image as
the time of the event. An important caveat to our method is
that our catalog was determined using the date when icebergs
start to drift away from their parent ice shelf, which may occur
after some time after rifts first isolate an iceberg, especially if ice-
bergs are surrounded by fast ice or melange (e.g. Schlemm and
Levermann, 2021; Alley and others, 2023). Cloudy conditions
may also obscure the view of the ice surface in both visible and
infrared images. This introduced an uncertainty in the calving
event timing that is equal to the number of days in a cloudy per-
iod during iceberg detachment. This uncertainty was <2 d for 29
of the 41 events (70% of the calving events) and up to 5 d for 12 of
the events (30% of the calving events).

Catalog of tabular iceberg calving events
To focus on the atmospheric drivers of calving, we removed ice-
bergs from our catalog that formed through fragmentation or

fracture of existing floating icebergs (e.g. England and others,
2020). For the same reason, we also removed the entries for ice-
bergs that detached due to collisions between ice shelves and
already-floating icebergs. This removed two iceberg detachments.
Additionally, following previous case studies that argued that the
cumulative effect of moisture transport was the trigger for calving
(e.g. Francis and others, 2021, 2022), we then examined running
averages of atmospheric variables over 7 and 28 d prior to each
calving event (see next section for details). Consequently, if an
iceberg calved from the same ice shelf in the 28 d prior to an iden-
tified event, we removed the iceberg that calved later from the
catalog to preserve the independence of the 28 d running average.
This method removed one iceberg from the Conger Ice Shelf
(C-38) and one from the Pine Island Ice Shelf (B-36) from the
catalog. Finally, if multiple icebergs detach from the same ice
shelf on the same day, we consider them as a single calving
event. We made these decisions to avoid the potential to overesti-
mate the influence of atmospheric drivers if multiple calving
events are correlated with the same atmospheric event. We
found that the statistical significance of our results, however,
was insensitive to these omissions.

Our final catalog included 41 tabular iceberg calving events over
a total of 23 ice shelves. We noted that 13 calving events came from
ice shelves located in the Amundsen Sea Embayment (defined as

Figure 1. An example of the process used to determine iceberg calving dates. (a) Example showing an image of icebergs A-70 and A-71 from 7 January 2021 pro-
vided by the USNIC press release for the icebergs issued on 8 January. (b) The same scene viewed by MODIS, including the Larsen D Ice Shelf. (c) MODIS image of
the Larsen D Ice Shelf on 12 November 2020, 8 d before calving, which was used as part of the sequence that tracked the icebergs from 7 January 2021 back to the
calving date. (d) MODIS image on day of calving icebergs A-70 and A-71 (and smaller unnamed icebergs). (e) MODIS image of the ice shelf 1 d prior to the calving
event. In this panel, indications of the outlines of the ice shelf areas that will calve into icebergs A-70 and A-71 are shown.
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the Pine Island, Thwaites, Dotson and Getz ice shelves), and eight
calving events came from Antarctic Peninsula ice shelves (defined
as the Larsen C, D, F and George VI ice shelves).

Atmospheric moisture transport analysis over Antarctic ice
shelves

ERA5 reanalysis
To assess atmospheric moisture transport over Antarctic ice
shelves prior to the calving events in our catalog, we examined
variables using the ECMWF fifth-generation atmospheric
reanalysis (ERA5; Hersbach and others, 2020). ERA5 has a spatial
grid of 0.25◦ resolution, and we used a 3 hourly temporal reso-
lution. We focused here on the vertically IVT, a common measure
used to quantify moisture transport. IVT measures the flux of
water vapor through a column of the atmosphere, which depends
on the water vapor content of and wind speed through the col-
umn. IVT therefore can be expressed in units of kg m−1 s−1.
Very high values of IVT in a narrow enough region are tradition-
ally used to characterize atmospheric rivers (e.g. Gimeno and
others, 2014; Wille and others, 2019). Because atmospheric mois-
ture originates in the tropics and is then transported poleward,
atmospheric river detection has often focused on the intensity
of poleward-directed IVT (the meridional component of IVT,
e.g. Wille and others, 2019). The zonal component describes east-
erly or westerly-directed IVT, and accounts for moisture transport
events that are not purely in the poleward direction. Some studies
(e.g. Bozkurt and others, 2022) use total IVT, which is equal to
the magnitude of the IVT vector and is calculated from the
sum of the squares of the zonal and meridional components of
IVT. To account for the different definitions, we adopt both
metrics of IVT to investigate the influence of water vapor trans-
port on iceberg calving from ice shelves. We calculate the total
IVT from the zonal (IVTU) and meridional components of the
IVT vector (IVTV), both obtained from the ERA5 reanalysis.
We calculated the total IVT, or the magnitude of the IVT vector
(denoted IVTT) from the components according to
IVTT =

���������������������
(IVTU)2 + (IVTV)2

√
. In addition to IVTT, we examined

IVTV, which is linked to the strength of moisture transport across
the midlatitudes toward the polar regions, both poleward and
equatorward (Bozkurt and others, 2018; Nash and others, 2018;
Shields and others, 2022). Both IVTT and IVTV have been used
to characterize atmospheric rivers over Antarctica (e.g.
Gorodetskaya and others, 2014; Adusumilli and others, 2021;
Terpstra and others, 2021; Wille and others, 2021; Gorodetskaya
and others, 2023; Maclennan and others, 2023; Rendfrey and
others, 2024).

Averaging IVT over ice shelves’ bounds
To evaluate the atmospheric moisture transport conditions over
the ice shelves preceding calving events, we used the ice shelf
bounds from Mouginot (2017) for the ice shelves in our catalog.
Changes in ice shelf area from the years 2007–09 included in the
study of Mouginot (2017) are relatively small for ice shelves
included in our study and do not affect the ERA5 points included
in the ice shelf bounds. We then computed the spatial average of
total IVT (IVTT) and the meridional IVT (IVTV) for every 3 h
time step available in the ERA5 data. To do this, we selected
the ERA5 grid points that are contained within each ice shelf’s
respective boundary (Fig. 2a). We then used those gridpoints to
compute the spatial average of IVTT and IVTV over each ice
shelf. Because there is a large range of sizes among the ice shelves,
the number of ERA gridpoints per ice shelf varies. The latitudes
and longitudes corresponding to the ERA5 gridpoints used for
each ice shelf are given in Excel Table S2 in the Supplementary
material.

Short-term and long-term temporal IVT averages
We next calculated 7 and 28 d running averages of the variables
for each 3 h time step in the ERA5 climatology after we averaged
the variables spatially within the ice-shelf bounds. We chose the 7
d rolling mean for each ice shelf as a ‘short-term’ timescale to
align with the 5 d cumulative IVT analyzed by Wille and others
(2022); however, we included two additional days to account for
the uncertainty in our calving event date estimation methodology.
We chose a 28 d rolling mean for the ‘long-term’ influence based
on case studies of iceberg calving from the Brunt and Amery ice
shelves (e.g. Francis and others, 2021, 2022). We denote the 28 d
running average of IVTT and IVTV with the variables IVTT

28 and

Figure 2. Steps of the described method displayed graphically for the 7 November
2020 calving event from Larsen D as an example. (a) ERA5 gridpoint selection within
the bounds of the Larsen D Ice Shelf. (b) A time series of IVTT7 prior to the example
calving event. (c) An example of the November climatology of IVTT7 from 1979 to 2023
for the Larsen D Ice Shelf. The Y-axis values correspond to the number of occurrences
for each binned value of IVTT7 in November months between 1979 and 2023. Vertical
lines show the 90th percentile of the November IVTT7 distribution for 1979–2023 and
the value of IVTT7 for the example calving event.
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IVTV
28, respectively. Similarly, we denote the 7 d running average

of IVTT and IVTV with the variables IVTT
7 and IVTV

7 (see
Fig. 2b for an example of IVTT

7 before a calving event). We also
analyzed 14 d running averages, but results from the 14 d averages
were similar to the 7 and 28 d and did not provide additional
insight. We generally refer to the results of these computations,
IVTT

28, IVT
T
7 , IVT

V
28 and IVTV

7 , as the metrics of IVT. We also
more specifically refer to IVTT

28 and IVTV
28 jointly as the 28 d

metrics of IVT, and likewise the IVTT
7 and IVTV

7 as the 7 d metrics
of IVT.

Statistical significance of correlations

Climatology and definition of enhanced IVT
We first determined the climatology of our four metrics of IVT
over as long of a period available from the ERA5 reanalysis,
which is between 1979 and 2023. The climatologies were com-
puted independently for each ice shelf and for each month.
Because IVT does not follow a normal distribution, we created
histograms of the metrics of IVT for each of the monthly cli-
matologies for each ice shelf. We used monthly climatology to
be consistent with previous studies (e.g. Wille and others, 2022,
2024). It is possible to instead determine extreme events based
on the annual climatology. This results in fewer calving events
that are identified as coincident with extreme IVT and reduces
the statistical significance of the association. We then defined
‘enhanced IVT’ with respect to each of our four metrics of IVT
(IVTT

28, IVT
T
7 , IVT

V
28 and IVTV

7 ) as any value that exceeded the
90th percentile of the monthly climatology for each ice shelf
(Camuffo and others, 2020) (an example of an event with
enhanced IVTT

7 is illustrated in Fig. 2c). We then counted the
number of calving events in the catalog that have enhanced IVT
for the four metrics for each ice shelf (IVTT

28, IVT
T
7 , IVT

V
28 and

IVTV
7 ).

Estimating the statistical significance between IVT and calving
events
To test the possibility that the timing between calving events and
IVT is coincidental, we performed a bootstrap analysis (Efron,
1979). The bootstrap seeks to determine the probability that
enhanced metrics of IVT are associated with calving events simply
by random chance. We estimated this probability as follows: for
each calving event in our catalog, we used a random number gen-
erator to choose a date from the same month and ice shelf loca-
tion as the observed calving event between 1979 and 2023. We
called this a ‘synthetic event’. One iteration of this process pro-
duces 41 synthetic events drawn from the same ice shelves (and
months) as the observed set of calving events. We then computed
the four metrics of IVT for each synthetic event in the synthetic
set to determine which (if any) of our metrics for IVT are
enhanced. This provides a synthetic catalog of calving events
where a fraction of the synthetic calving events are associated
with one or more of our metrics for enhanced IVT purely by
chance. We then repeated this process for 10 000 iterations to pro-
duce 10 000 sets of 41 synthetic events.

To estimate the probability that the observed association
occurred purely by chance, we compared the number of observed
calving events with enhanced metrics of IVT against the fraction
of our synthetic sets that contained an equal or greater number of
synthetic calving events with enhanced metrics of IVT. We did
this calculation separately for each of our four metrics of IVT.
For example, if our catalog had ten calving events and three of
those calving events were associated with enhanced IVTV

7 , we
would calculate the fraction of synthetic sets that have three or
more calving events with enhanced IVTV

7 . If the fraction of syn-
thetic events was, say, 20%, then there is a 20% chance that the

three events observed were associated with enhanced IVTV
7 by

random chance alone. We defined statistical significance using
the standard 95% confidence interval (Wilks, 2011). Hence, we
considered the relationship between enhanced IVT and the timing
of calving events to be statistically significant if an equal or greater
number of synthetic events associated with enhanced metrics of
IVT than calving events occurs in 5% or fewer of our 10 000 itera-
tions. An important caveat is that our bootstrap assumed metrics
of IVT could be treated as stationary stochastic processes. If cli-
mate change has led to more frequent or more intense moisture
transport in more recent decades, as some studies suggest (e.g.
Espinoza and others, 2018; Payne and others, 2020), our boot-
strap could slightly overstate the significance of enhanced IVT.

Study regions

We applied our bootstrap to the entire, Antarctic-wide, catalog of
calving events. However, given the different glaciological and cli-
matological environments experienced by ice shelves across the
Antarctic ice sheet, it is possible that certain regions – or ice
shelves – are more sensitive to enhanced moisture transport
than others. For this reason, we also performed the bootstrap
for calving events in two regions of interest: the Amundsen Sea
Embayment and Antarctic Peninsula. Ice shelves in these two
regions have sufficient calving events for regional statistics, but
also experience climate forcing from both the ocean and atmos-
phere. The Amundsen Sea Embayment experiences colder atmos-
pheric conditions in its southerly location (Rignot, 2002; Trusel
and others, 2013), while the more northerly Antarctic Peninsula
ice shelves experience warmer near-surface air temperatures,
which can cause widespread surface melt (Costi and others,
2018; Kuipers Munneke and others, 2018).

Results

Iceberg calving event timing

Our catalog of tabular calving events includes 41 events from 23
ice shelves. Calving events occurred during each month of the
year and from different portions of the Antarctic ice sheet
(Fig. 3). The largest number of events occurred during Austral
summer (14 in December, January, February), whereas the fewest
occurred during Austral winter (five in June, July, August). We
see nine events during March, April and May and ten events dur-
ing September, October and November. The majority of ice
shelves in our catalog experienced two or fewer calving events;
only the Pine Island (seven events), Larsen D (five events), Getz
(four events) and Ninnis (three events) ice shelves experienced
more than two events. The tabular icebergs in our catalog range
in size from ∼70 up to 7000 km2 in surface area at the time of
calving. Excel Table S1 in the Supplementary material contains
the calving dates, their respective ice shelves, the size of the ice-
bergs and the location of the iceberg at detection, as well as a
link to the original USNIC press report.

Are calving events associated with enhanced values of 28 d
IVT?

We first examined the two 28 d metrics of IVT (IVTT
28 and IVTV

28)
to determine if the timing of the calving events in our catalog are
associated with longer-term synoptic scale forcing from IVT.
Figure 4 shows the fraction of calving events from each ice shelf
that are coincident with enhanced 28 d metrics of IVT. We find
that 35 of the 41 (85%) calving events occurred during times
when neither 28 d metric of IVT was enhanced. Conversely, we
find that, for both IVTT

28 and IVTV
28, 6 out of the 41 (15%) calving
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Figure 4. Calving events per ice shelf with the fraction of events that have enhanced 28 d IVT, shaded in orange, for (a) total IVT magnitude, IVTT28, and (b) merid-
ional IVT, IVTV28. The radius of each circle is proportionate to the total number of calving events from the ice shelf associated with it. The total number of calving
events from each ice shelf is listed beside the label for each circle. The numbers in each orange region are the counts of events with enhanced IVTT28 or IVT

V
28. The

total number of calving events is shown boxed in the lower left corner.

Figure 3. Number of calving events in the catalog in each month. The number of calving events in the Amundsen Sea Embayment (in orange) and Antarctic
Peninsula (in blue) are presented along with the number of calving events from all other regions of Antarctica (in gray).
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events did occur when the metrics of IVT were enhanced. The
calving events with enhanced 28 d are primarily located at the
Larsen D, Getz, Pine Island, Vigrid and Baudouin ice shelves.
However, despite the similarity in total numbers of events asso-
ciated with the enhanced 28 d metrics of IVT, there are slight dif-
ferences in the calving events that are identified as being
associated with enhanced IVTT

28 and IVTV
28. For example, the calv-

ing event from the Baudouin Ice Shelf is associated with enhanced
IVTV

28, but not IVT
T
28, whereas the calving event from the Vigrid

Ice Shelf has enhanced IVTV
28, but not IVT

T
28. This indicates that

there is some sensitivity in our results to the metrics used.

Are calving events associated with enhanced 7 d IVT?

We next analyzed the relationship between calving and enhanced
IVTT

7 and IVTV
7 (Fig. 5). Similar to the 28 d metrics of IVT, the

majority of calving events are not associated with enhanced 7 d
metrics of IVT (32 out of 41 or 78%). However, we see a larger
number of calving events that are associated with enhanced 7 d
metrics of IVT (9 out of 41) compared to the 28 d metrics of
IVT (6 out of 41). We again see slight differences between the
calving events associated with enhanced 7 d metrics of IVT.
Here, the Larsen C and Ninnis ice shelves have calving events
associated with enhanced IVTV

7 , but not IVTT
7 , whereas the

Ekstrom and George VI ice shelves had a calving event associated
with enhanced IVTT

7 , but not IVT
V
7 . Overall, the ice shelves that

had calving events associated with enhanced IVTT
7 or IVTV

7 are
similar to those that had calving events associated with enhanced
IVTT

7 or IVTV
7 , with the exception of calving events from the

Ekstrom and Amery ice shelves that are associated with enhanced
7 d but not 28 d IVT. Hence, the 7 d metrics of IVT results in
more calving events associated with enhanced IVT from a larger
number of ice shelves than the 28 d metrics of IVT.

Is the association between enhanced IVT and calving events
statistically significant?

Despite the fact that most calving events are not associated with
enhanced values of any of our four metrics of IVT, we do find
that 6 or 9 of the 41 calving events are correlated with one or
more metrics of enhanced IVT (depending on the metric used).
To determine if these numbers of events are statistically signifi-
cant, we performed a bootstrap on the calving events in our cata-
log (see also the description in the Methods). When our bootstrap
is applied to all calving events in our catalog, we find no statistic-
ally significant relationship for the 28 d metrics of IVT (Table 1).
However, we do find a statistically significant relationship for the
7 d metrics of IVT, with a probability of spurious correlation <2%.
Hence, even though only 9 of the 41 events were associated with
enhanced 7 d averaged metrics of IVT, this amount of events is
unlikely to be caused by random chance and the correlation is
statistically significant. This relationship is broadly consistent
with Wille and others (2022), but applies to a wider set of ice
shelves that span most of the Antarctic ice sheet.

Regional sensitivity to enhanced IVT

To determine if there are regional differences in the relationship
between the metrics of IVT and iceberg calving, we separately
applied our bootstrap to the calving events in the Antarctic
Peninsula and the Amundsen Sea Embayment. These two regions
experience contrasting meteorological and glaciological environ-
ments, and are the only regions that have enough events in our
catalog to perform statistical tests. Our bootstrap shows that
none of our metrics of IVT have a statistically significant relation-
ship with calving events from the Amundsen Sea Embayment

(Table 1). However, we do find a statistically significant relation-
ship for the Antarctic Peninsula that mirrors that of our
Antarctic-wide bootstrap: the 28 d metrics of IVT show no statis-
tical significance, but we do see a statistically significant relation-
ship between calving and both 7 d metrics of IVT.

Sensitivity to IVT threshold

It is possible that our results are sensitive to our chosen 90th per-
centile threshold that defines when metrics of IVT are considered
‘enhanced’. To test this, we performed additional tests where we
varied the threshold from the 80th to 95th percentiles (see
Table 2). The sensitivity test bolsters our previous results: we
find that for the ice-sheet-wide and the Antarctic Peninsula boot-
strap both of our metrics of 7 d IVT remain statistically significant
for thresholds that range from the 80th to 90th percentiles. For
the Amundsen Sea Embayment, there is no consistent pattern
of statistical significance for any threshold that we examined,
although there are isolated metrics and thresholds that show sig-
nificance. For example, IVTT

28 is the only metric statistically sig-
nificant at the 85th percentile threshold, but IVTT

28 is not
statistically significant for any other threshold we examined.
Similarly, IVTV

28 for the Amundsen Sea Embayment was signifi-
cant for the 95th percentile, but no other threshold. This suggests
that our metrics of IVT show sensitivity to the choice of percentile
threshold.

Discussion

Most calving events are not triggered by atmospheric moisture
transport

Contrary to recent studies that suggest that extreme moisture
transport acts as a trigger for calving (Francis and others, 2021,
2022; Wille and others, 2022, 2024), most of the calving events
in our catalog are not associated with enhanced metrics of IVT
(defined as the 90th percentile). This suggests that, at the very
least, enhanced moisture transport is not a necessary condition
to trigger tabular iceberg calving. Nonetheless, we do see a statistic-
ally significant fraction of calving events that are correlated with the
7 d metrics of IVT.

We also see regional differences in the statistical significance of
the correlation between enhanced metrics of IVT and the timing
of iceberg calving. For instance, the Antarctic Peninsula appears
to show a relationship with statistical significance for both of
the 7 d metrics of IVT, a result that holds whether we set the
threshold for enhancement at the 85th or 90th percentile. This
result is consistent with previous studies that show how extreme
moisture transport over the Antarctic Peninsula was coincident
with the rapid disintegration of the Larsen A and B ice shelves
(Laffin and others, 2022; Wille and others, 2022). This pattern
of statistical significance contrasts with our findings for the
Amundsen Sea Embayment ice shelves, which do not appear to
exhibit any consistent pattern showing a statistically significant
correlation for any metrics of enhanced IVT. The discrepancy
between these two regions is broadly consistent with ocean-driven
retreat in the Amundsen Sea Embayment (Kimura and others,
2017; Nakayama and others, 2019).

It is possible that the regional differences between the
Amundsen Sea Embayment and Antarctic Peninsula ice shelves
extend to other ice shelves. However, the scarcity of calving events
from the other ice shelves examined precludes a meaningful stat-
istical analysis for most other regions unless we entertain geo-
graphically broad groupings, like all ice shelves that fringe the
East Antarctic ice sheet. Given the difference between the
Amundsen Sea Embayment and Antarctic Peninsula, however,
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it seems likely that conditional factors that differ between regions –
and perhaps individual ice shelves – that may result in greater
sensitivity of tabular calving to enhanced IVT in some circum-
stances. Extending the time frame of our analysis to earlier than
our 2013 start date could reveal additional regions that may be
sensitive to enhanced IVT. On the other hand, because we com-
pute monthly percentiles of the metrics of IVT from 1979 to 2023,
trends in IVT over Antarctic ice shelves due to climate change
may cause our study to overstate the statistical significance of
the association of enhanced metrics of IVT with iceberg calving
(Payne and others, 2020; Maclennan and others, 2023).

Attribution of calving triggers from case studies can be
misleading

Our results also emphasize that caution is needed when evaluat-
ing statistical significance without physical mechanisms to link
calving to specific choices of both metrics of IVT and thresholds
on it. Previous studies linked calving events from the Amery,
Brunt and Conger ice shelves to elevated conditions of anomalous
atmospheric moisture transport (Francis and others, 2021, 2022;
Wille and others, 2024). However, in our work, each of the calving

events from those ice shelves corresponded to 7- and 28 d metrics
of IVT that ranged from the 80th to the 89th percentiles, and were
therefore not associated with enhanced IVT. This indicates that
the moisture transport conditions over the ice shelves prior to
their calving events examined by the case studies detailed in
Francis and others (2021, 2022) and Wille and others (2024)
are high (above the 80th percentile), but not particularly rare
occurrences. Wille and others (2022) identified an atmospheric
river prior to the July 2017 calving event from the Larsen C Ice
Shelf, which in our study corresponded to enhanced IVTV

28 and
IVTV

7 . Our results suggest that the connection between iceberg
calving and atmospheric rivers found for the Antarctic
Peninsula by Wille and others (2022) is limited to that region.
Moreover, we found some metrics of IVT that resulted in isolated
calving events being identified as coincident with ‘enhanced’
metrics of IVT, but no statistically significant relationship when
applied to a larger set of calving events. Finally, because tabular
calving typically has a much longer recurrence interval than
enhanced IVT at the thresholds we examined, most incidences
of enhanced IVT over the ice shelves we examined are not coin-
cident with calving. This suggests that correlation between calving
and IVT we observed may have little predictive power. For
instance, as we decrease the percentile threshold, we also observe
a much larger number of enhanced IVT events that are not asso-
ciated with any calving event. For example, the Ronne Ice Shelf
saw at least 80th percentile IVTT

7 92 times from 2013 to 2023,
compared to 49 instances of 90th percentile IVTT

7 over the
same ice shelf. This is still much more frequent than the number
of calving events from the Ronne Ice Shelf, which occurred only
once in the study period. Therefore, while enhanced IVT may be
significantly correlated with the timing of calving for a minority
of the calving events, it still may have low predictive power in
determining when iceberg calving events occur. This is consistent
with the fact that, at least at the 90th percentile, ∼80% of calving
events are not associated with any enhanced metrics of IVT. As
we decrease the threshold, the number of events associated with
metrics of IVT increase, but so do the number of instances

Table 1. Number of calving events in the catalog that have enhanced IVTT and
IVTV, both for Antarctic-wide events, and those from the respective Amundsen
Sea Embayment and the Antarctic Peninsula regions

Antarctic-wide
(41 events)

Amundsen Sea
Embayment
(13 events)

Antarctic Peninsula
(8 events)

28 d 7 d 28 d 7 d 28 d 7 d

IVTT 6 (30%) 9 (2%) 3 (14%) 3 (14%) 2 (23%) 3 (4%)
IVTV 6 (25%) 9 (2%) 2 (29%) 3 (13%) 3 (8%) 3 (4%)

The probability of spurious correlation between real events and enhanced metrics of IVT is
given in parentheses beside each count. Reported probabilities are rounded to the nearest
integer percentage. Percent values below 5% (i.e. those considered significant at the 95%
level) are bolded.

Figure 5. Calving events per ice shelf with the fraction of events that have enhanced 7 d IVT, shaded in orange, for (a) total IVT magnitude, IVTT7 , and (b) meridional
IVT, IVTV7. The radius of each circle is proportionate to the total number of calving events from the ice shelf associated with it. The total number of calving events
from each ice shelf is listed beside the label for each circle. The numbers in each orange region are the counts of events with enhanced IVTT7 or IVTV7. The total
number of calving events is shown boxed in the lower left corner.
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when IVT exceeds the threshold without a simultaneous calving
event.

It is also possible that, although enhanced IVT itself has little
predictive power, the correlation with calving is statistically sig-
nificant because IVT covaries with other environmental variables
that may have a more direct mechanical connection to the calving
process. For instance, enhanced IVT is connected with warm air
advection and consequently anomalously high temperatures,
which can result in surface melt (Bozkurt and others, 2018;
Wille and others, 2019; Adusumilli and others, 2021; Djoumna
and Holland, 2021; Gorodetskaya and others, 2023). Enhanced
IVT is also associated with conditions that result in higher
wind speeds, sea surface slopes and sea ice clearing, which have
also been hypothesized to impact iceberg calving (Arthur and
others, 2021; Francis and others, 2021, 2022; Wille and others,
2024). Our study can only determine if the observed correlation
between enhanced metrics of IVT and calving is statistically sig-
nificant and does not inform us about the potential causal
mechanisms that link enhanced IVT to calving.

Our methodology can be extended to other environmental
triggers

The methodology we applied here can be applied to a variety of
potential triggers. For example, Table 3 shows the results of our
bootstrap applied to the 10 m wind speed and 2 m atmospheric
temperature using a 90th percentile threshold. We see no statistic-
ally significant correlation between calving and wind speed.
However, we do see a statistically significant correlation with 2
m temperature. Here we see that all calving events that have
enhanced IVT also have enhanced 2 m temperature. At first
glance, the connection between calving and atmospheric tempera-
ture is not surprising given the link between surface melt and
hydrofracture (Scambos and others, 2000; van den Broeke,
2005; Robel and Banwell, 2019). However, the correlation we
see is apparent through analysis of synoptic- to up to weekly-scale

variations of temperature. This diverges from current theory
which suggests sensitivity of ice shelves to surface melt and hydro-
fracture requires longer-term depletion of firn-air content
(Kuipers Munneke and others, 2014; Machguth and others,
2016; Robel and Banwell, 2019). Given the potential for biases
in ERA 2m temperatures, and the fact that the correlation
between calving and temperature may also not be causal, we
view this connection between 2 m temperature and calving as it
appears here as speculative. Nonetheless, it illustrates that we
can begin to perform more systematic attribution studies given
a large enough catalog of icebergs.

Conclusions

We investigated the extent by which enhanced atmospheric water
vapor transport over Antarctic ice shelves is correlated with tabu-
lar iceberg calving events by examining metrics of IVT derived
from ERA5 reanalysis. We found that a majority of calving events
(∼80%) are not associated with any of our metrics of enhanced
IVT. However, the fraction of tabular iceberg calving events that
had enhanced metrics of 7 d IVT occurred at a greater frequency
than would be expected solely from the climatology if no relation-
ship existed. This correlation was statistically significant when
applied either continent-wide or to the Antarctic Peninsula spe-
cifically. The relationship was insensitive to specific definitions
of the 7 d metric or threshold used to define ‘enhanced’. By con-
trast, we saw no statistically significant correlation between
metrics of enhanced IVT and ice shelves in the Amundsen Sea
Embayment, suggesting that triggers for iceberg calving are, not
surprisingly, regionally-specific.

Antarctic ice shelves are expected to become more vulnerable
to atmospheric air temperature extremes through the 21st century,
particularly in ice shelves in typically dry regions (Gilbert and
Kittel, 2021; van Wessem and others, 2023). Furthermore, atmos-
pheric rivers in the future are expected to become more frequent
and intense (Payne and others, 2020; Maclennan and others,
2023). Therefore, it is likely that we will see more icebergs that
detach during periods when enhanced atmospheric moisture
transport is occurring. However, because calving events occur
much less frequently than any of our enhanced metrics of IVT,
it seems unlikely IVT is the primary driver of calving events.
Instead, it seems more likely that when ice shelves evolve into a
state where rifts nearly isolate an iceberg, the timing of the final
calving event shows increased sensitivity to modest levels of
IVT. This would imply that, although the mechanical impact of
enhanced IVT, sea slope, winds and other variables is small
most of the time (e.g. Bassis and others, 2008), as ice shelves
become more fractured and rifts come closer to isolating icebergs,
these variables become more important. If this is the case, then as
ice shelves continue to evolve under future climate warming, we
are likely to see more ice shelves preconditioned to be more

Table 2. Number of calving events that have IVTT and IVTV that exceeds the 80th, 85th, 90th and 95th percentiles for those in the Amundsen Sea Embayment and the
Antarctic Peninsula

80th 85th 90th 95th

28 d 7 d 28 d 7 d 28 d 7 d 28 d 7 d

Amundsen Sea Embayment
IVTT 6 (3%) 3 (50%) 4 (14%) 3 (31%) 3 (14%) 3 (14%) 2 (8%) 2 (13%)
IVTV 5 (8%) 4 (25%) 5 (2%) 3 (32%) 2 (28%) 3 (13%) 2 (8%) 3 (2%)

Antarctic Peninsula
IVTT 3 (20%) 5 (1%) 3 (12%) 5 (0%) 2 (23%) 3 (4%) 2 (8%) 1 (33%)
IVTV 6 (0%) 4 (6%) 3 (14%) 4 (2%) 3 (8%) 3 (4%) 1 (50%) 2 (6%)

The probability of spurious correlation between real events and enhanced metrics of IVT (as defined at each percentile threshold) is given in parentheses beside each count. Reported
probabilities are rounded to the nearest integer percentage. Percent values below 5% (i.e. those considered significant at the 95% level) are bolded.

Table 3. Number of calving events that have enhanced 2m temperature and 10
m wind speed for each in the catalog, both Antarctic-wide, and for the events
from ice shelves surrounding the Amundsen Sea Embayment, and the Antarctic
Peninsula

Antarctic-wide
(41 events)

Amundsen Sea
Embayment
(13 events)

Antarctic
Peninsula
(8 events)

28 d 7 d 28 d 7 d 28 d 7 d

2m temperature 15 (0%) 11 (0%) 7 (0%) 4 (4%) 2 (47%) 3 (5%)
10 m wind speed 7 (11%) 3 (79%) 1 (69%) 1 (73%) 1 (68%) 1 (69%)

The probabilities of spurious correlations between real events and enhanced 2 m
temperature and 10 m wind speed are given in parentheses beside each count. Reported
probabilities are rounded to the nearest integer percentage. Percent values below 5% (i.e.
those considered significant at the 95% level) are bolded.
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sensitive to enhanced IVT or other environmental forcing.
However, it is the processes governing preconditioning that will
control the future stability of ice shelves.

Tabular iceberg calving is a sporadic process on Antarctic ice
shelves that can have minimal impact on the mass balance of the
Antarctic ice sheet at the present (Fricker and others, 2002;
Bassis and others, 2024). However, if the mass removed by the calv-
ing event reduces the buttressing force on the Antarctic ice sheet
due to the ice shelf, accelerated mass flux across the grounding
line of the ice sheet can increase discharge into the oceans
(Dupont and Alley, 2005; Gudmundsson and others, 2019;
Marsh and others, 2024). The increased mass flux into the ocean
can raise the net contribution of the Antarctic ice sheet to the
rate of sea-level rise. However, increased atmospheric water vapor
transport and more frequent atmospheric river landfalls across
the ice sheet can increase the amount of snowfall, effectively offset-
ting mass losses through the ice shelves (Wille and others, 2021;
Davison, 2023; Maclennan and others, 2023; Park and others,
2023; Rendfrey and others, 2024). Furthermore, although we have
found that connection between enhanced IVT and calving is, at
best, weak, it is possible that there is a stronger connection with
ice shelf rift propagation that precedes calving. Alternative methods
to describe change on the ice sheet, for example, the detection of
crevasses and their evolution described in Li and others (2024)
could be applied in conjunction with analysis of enhanced atmos-
pheric water vapor transport in future work. However, our study
remains limited to assessing correlation and still cannot determine
causality, which requires a physical mechanism linking atmos-
pheric extremes to calving or rift propagation. The diverging poten-
tial consequences of enhanced atmospheric moisture transport on
Antarctic surface processes therefore remains a large source of
uncertainty in projections of Antarctic ice sheet mass balance
and, consequently, future rates of sea-level rise. Further investiga-
tion of the physical processes linking enhanced atmospheric mois-
ture transport to surface conditions on Antarctic ice shelves may
contribute to reducing such uncertainty.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2024.94.
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