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Abstract Massive calving events result in significant instantaneous ice loss from Antarctica. The rarity and
stochastic nature of these extreme events makes it difficult to understand their physical drivers, temporal trends,
and future likelihood. To address this challenge, we turn to extreme value theory to investigate past trends in
annual maxima iceberg area and assess the likelihood of high-magnitude calving events. We use 47 years of
iceberg size from satellite observations. Our analysis reveals no upward trend in the surface area of the largest
annual iceberg over this time frame. This finding suggests that extreme calving events such as the recent 2017
Larsen C iceberg, A68, are statistically unexceptional and that extreme calving events are not necessarily a
consequence of climate change. Nevertheless, it is statistically possible for Antarctica to experience a calving
event up to several times greater than any in the observational record.

Plain Language Summary In Antarctica, massive icebergs are a consequence of calving, where
blocks of ice detach from the continent's ice shelf. The calving of these massive icebergs is a rare occurrence
with unpredictable variability, making it a difficult process to understand and statistically model. Here, we study
calving using a statistical method called extreme value theory (EVT), which is specifically designed to model
the nature of extreme events. We use EVT to statistically analyze the largest Antarctic calving events over the
past 47 years; these calving events have been recorded in satellite observations. Our results show that the risk of
experiencing a major calving event has not increased over the last 47 years, which suggests that climate change
is not necessarily responsible for the calving of these large icebergs. However, it is statistically possible that
Antarctica could generate bigger icebergs than any previously recorded. The methods used in this study could be
combined with other data sets or physical information to enhance calving models that scientists use to make
predictions about ice shelves.

1. Introduction

Iceberg calving, the detachment of ice blocks from ice sheets and glaciers, is a primary process in mass loss from
ice shelf systems in Antarctica and a major source of uncertainty in future projections of sea level rise (R. Alley
et al., 2023; Fox-Kemper, 2021; Greene et al., 2022; Rignot et al., 2013). Throughout the observational history of
Antarctica, the calving of extremely large tabular icebergs has been a striking example of modern ice sheet change
(Braakmann-Folgmann et al., 2021; Jansen et al., 2015; MacAyeal et al., 2008; Marsh et al., 2024; Orheim, 1980).
Typically, large tabular icebergs originate on ice shelves as tensile full-thickness fractures, known as rifts, that
propagate horizontally to the ice shelf front (R. Alley et al., 2023). Calving of tabular icebergs from the Antarctic
ice shelf frontal edge can indirectly compel ice shelf instabilities through a reduction in buttressing stresses and
accelerated outflow (Dupont & Alley, 2005; Fiirst et al., 2016; Rignot et al., 2004). Infrequent large calving events
dramatically alter ice flow speeds and entire ice shelf systems (Benn et al., 2007; De Rydt et al., 2019; Astrom
etal., 2021). The resulting icebergs can also freshen local surface waters and interface with extant ocean currents,
impacting the pelagic ecosystem and regional oceanography (Tournadre et al., 2016; Vernet et al., 2012).
Although ice shelf rifts can be detected before calving occurs, predicting future events remains a significant
challenge for accurately modeling future ice sheet mass loss and freshwater flux into the Southern Ocean (Stern
et al., 2016; Tournadre et al., 2016).

Despite being a dominant mechanism of mass loss on glaciers and ice sheets, the processes controlling iceberg
calving are poorly constrained due to limited observations and a wide range in the spatial and temporal variability
contributing to the production of icebergs (R. Alley et al., 2023; Bassis, 2011; Benn et al., 2007). Numerous
studies have examined the size distributions of Antarctic icebergs (e.g., Barbat et al., 2019; Orheim, 1980;
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Romanov et al., 2012; Tournadre et al., 2016) with the aim of interpreting the underlying physical processes
driving iceberg calving, risks to infrastructure, and ice-ocean interactions (Benn & Astrom, 2018; Stern
etal., 2016; Astrom et al., 2021). Typically, the size distribution of icebergs is shown to follow a standard power
law formulation with variations in parameters attributed to various environmental conditions (Astrém etal., 2021;
R. B. Alley et al., 2008; Barbat et al., 2019; Bassis, 2011; Tournadre et al., 2016).

While previous studies provide important insights into the nature and drivers of calving events, they have a
limited ability to uncover controls on and trends in major (>100 km?) calving events, which comprise 89% of the
total volume of Antarctic icebergs (Tournadre et al., 2016). Most previous work has focused on icebergs with
surface areas that are less than 10 km? (e.g., Astrom et al., 2021). This is, in large part, due to the scarcity of large
calving events and the limited temporal coverage of our observational record. Furthermore, most statistical and
analytical techniques are focused on understanding the average behavior of a process, where the highest density of
data often lies, and thus may perform poorly where there are limited observations such as the tail end, where
extreme events are located. This leaves critical gaps in our understanding of major calving events and our ability
to predict their occurrence. Although major calving events may appear symptomatic of contemporary ice shelf
instabilities linked to climate change, historical shipboard records suggest that such massive events predate the
onset of notable Antarctic ice shelf decline (Anderson et al., 2014; Headland et al., 2023). As such, it remains
unclear how extreme calving events are related to climate change, whether or not recent major calving events are
statistically anomalous, and what magnitudes of calving can be expected in the future.

The challenge of modeling extreme events with small sample sizes can be addressed with extreme value theory
(EVT). EVT encompasses a class of statistical methods used to model the tails of rare phenomena with skewed
distributions (S. Coles et al., 2001). Models within EVT are effective when there are a limited number of tail-end
observations, and they can be used to predict the occurrence of high magnitude events that are beyond the scope of
observations. For this reason, EVT has been widely used to model high magnitude earthquakes (Beirlant
et al., 2019; Dutfoy, 2019; Pisarenko et al., 2014), extreme floods and sea levels (Katz et al., 2002; Serafin &
Ruggiero, 2014; Wahl et al., 2017) and volcanic eruptions (Furlan, 2010; Sobradelo et al., 2011), among other
Earth systems. As such, we believe these examples from other dramatic Earth system events make EVT a
promising approach for studying extreme calving events.

In order to investigate how anomalous major calving events are, we use the classic annual maxima method of EVT
(Gumbel, 1958; Jenkinson, 1955) to model extreme calving events from 1976 to 2023, where the annual
maximum iceberg area is fit to a generalized extreme value (GEV) distribution. We incorporate the year as a
model covariate to determine whether the likelihood of high magnitude calving events has increased with time.
Specifically, this allows for the consideration of how extreme calving events might be impacted by warming
conditions in Antarctica due to modern climate change.

2. Data

We use the iceberg positions and estimated sizes from the National Ice Center (NIC) and Brigham Young
University (BYU) consolidated database (Budge & Long, 2018). This data set provides daily positions of iceberg
movement and estimates of iceberg size spanning from 1976 to 2023. In this database, scatterometer radars track
the positions of icebergs larger than 5 km? and include estimates of semimajor and semiminor axes lengths on
each iceberg (Stuart & Long, 2011). The iceberg surface areas are estimated from coarse resolution satellite
scatterometer data (ASCAT standard grid size is 4.45 km/pixel for SIR/AVE products (Lindsley & Long, 2010)).
The NIC supplements the data by providing positions derived from visible, infrared and radar satellite obser-
vations, helping to fill in gaps within the data set or constrain iceberg axes lengths (Budge & Long, 2018). Using
the NIC naming conventions, an iceberg is assigned a name where the letter indicates its quadrant of origin and a
subsequent running number (Tournadre et al., 2015). If an iceberg splits or otherwise disintegrates into tabular
pieces, letters are appended alphabetically to indicate pieces descendant from the original iceberg (i.e., BI5¢). The
NIC names and tracks icebergs that are at least 10 nautical miles along at least one axis (Long et al., 2002;
Stuart & Long, 2011). This convention assists us in identifying the largest annual calving events from the
Antarctic continent; we eliminate any icebergs not directly calved from the Antarctic continent before deter-
mining the largest iceberg in area from each year in the database. This process ensures that we only include
icebergs when they have recently calved thanks to sub-weekly temporal coverage within the database. While
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Figure 1. Map of the positions of the largest iceberg calving event in each year from 1976 to 2023. This map of our database
only takes into account icebergs that calved directly off of the Antarctic continent, not from calving off of an already extant
iceberg. Moreover, certain years, like 1986, contain multiple extremely large calving events with A20, A22, A23, and A24 all
>5,000 km?, so only the largest iceberg in that year is included in our database. Icebergs that appear far off the coastline are
from early years in the data set (1978, 1981, 1980, and 1983, respectively) when satellite coverage and repeat-time did not
permit identification of these large icebergs from their origin points.

coarse resolution, our data draws from a comprehensive data set that is rigorous in its methodology and ensures
we are using comparable iceberg sizes across our observation period.

We verify or amend the estimated lengths provided in the consolidated BYU/NIC database by cross-referencing
individual icebergs to their NIC press release, published studies of iceberg sizes, and other databases of iceberg
sizes when possible (Barbat et al., 2019; Brunt et al., 2011; Grosfeld et al., 2001; Hawkins et al., 1993; Hou &
Shi, 2021; Lazzara et al., 1999; Phillips & Laxon, 1995; Qi et al., 2021; Skvarca et al., 1999). In doing so, we are
able to determine the largest iceberg calved off of the Antarctic continent annually over the 47 year period from
1976 to 2023. A map showing the sizes and positions of the largest iceberg calving event from each year in this
study is shown in Figure 1. In Figure 2, the complete data set is plotted by size and year in panel a, and data from

Figure 2. Annual maximum calving events for (a) all of Antarctica and (b) Sector A between 1976 and 2023.
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only Sector A shown in panel b. This data set can be found on Zenodo and Github in this paper's repository (see
Data Availability Statement).

EVT assumes independent, identically distributed variables. As such, when performing an EV analysis on the
largest annual calving event for all of Antarctica, we assume that all calving events come from the same un-
derlying distribution. In reality, each ice shelf is its own system and may behave differently. To investigate the
role of this assumption within our results we also conduct a separate EV analysis on icebergs from Sector A (the
0 — 90W° quadrant including the Ronne, Larsen, Filchner, and Brunt ice shelves) to examine trends from one
geographic region, where the data is more likely to be identically distributed. This data set is compiled separately
and contains some icebergs that are not present in the ice-sheet-wide data set.

3. Methods

The objective of extreme value analysis is to fit an EVT model to observations in order to evaluate the likelihood
of events of varying magnitudes. There are several widely used extreme value distribution models including the
Fréchet distribution (e.g., Ramos et al., 2020), the Gumbel distribution (e.g., Cooray, 2010), and the Weibull
distribution (e.g., Rinne, 2008). These three distributions can be combined into the generalized extreme value
(GEV) distribution (S. G. Coles & Dixon, 1999; S. Coles et al., 2001), which has a probability density function of

I e R R 0 )

1 — \E+D) -
—exp (_x ”) exp {— exp (—u)}, if £=0.
c o c

GEV(x;p,0,8) =

In our case, x is iceberg size, £ is the shape parameter, u is the location parameter, and o is the scale parameter. We
solve for &, u, and o with the SciPy genextreme module using the default maximum likelihood estimation
optimization scheme. Note that SciPy uses a modified form of Equation 1 where the sign of £ is flipped. In order to
follow more widely used parameter conventions, we multiply the £ parameters by —1 before reporting them in this
manuscript. The model parameters are fit for both the total continental data set and Sector A icebergs.

In order to evaluate the model fit, we produce quantile-quantile (Q—Q) plots and probability-probability (P-P)
plots. Q—Q plots show the quantiles of two distributions plotted against each other. P-P plots show the empirical
cumulative distribution function (CDF) from the data plotted against the model CDF. If the model is a close fit to
the data, the Q—Q plot and P-P plot will follow a y = x line.

To investigate trends in calving events, we use a non-stationary GEV model (see S. Coles et al. (2001)), where y is
modeled as a linear function of time. As such, we define y as a time-dependent function of the year, ¢, as follows:

u(®) = po + pyt ()

and solve for y, and y,. We fit these parameters following the documentation described in Aengenheyster and
Reinders (2024). This allows for Equation 1 to vary over time where a changing value of u shifts the distribution.
We evaluate the significance of the nested models using the likelihood ratio test:

201, (My) = Ly (Mo))> 3. (1 — @) 3)

where the left hand side of the equation is the deviance statistic D, /; (M) is the maximum log-likelihood for the
model with the larger number of parameters, lo(M,) is the maximum log-likelihood for the model with less
parameters, and )(%, (1 — a) is the chi-square deviance statistic at significance level @. When D is larger than the
chi-square statistic, then the larger parameter model is a significantly better fit. For one degree of freedom and an
a of 0.05, the critical value of a chi-square distribution is 3.84. This means that the deviance statistic must exceed
3.84 for the more complex model to be considered a better fit at the 5% significance level.

We use the GEV models to determine return levels, z,, or expected iceberg sizes that are exceeded within a
specified time interval. In the stationary, time-invariant case, the return level is computed as:
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Table 1 ° —¢
GEYV Parameters for Time-Invariant and Time-Dependent Models p =K E[l — t=log(1 = p)} ] when £#0 Q)

Time-invariant model

Time-dependent model

where p is the exceedance probability (e.g., for a 100 years interval, p = 0.01)

Total Sector A Total Sector A

(S. Coles et al., 2001). We compute the return intervals for the stationary
# O Ho el tle R HE) model for each year up to 100 years. We determine the 95% confidence in-
1 - =17.72 —20.27 terval of the model using a bootstrapping method (Aengenheyster & Rein-
c 863.73 628.79 832.18 601.63 ders, 2024). We also compute the return levels as a function of year for both
£ 0.77 0.91 0.74 0.92 the time-invariant and time-dependent cases for 5, 10, 50, and 100 years in-
tervals. For the time-dependent formulation, Equation 4 can be modified by

substituting Equation 2 for u:
50 = () = 5[1 = {-log(1 = p) ] when ££0. 5)

4. Results

The parameters for the time-invariant and time-dependent GEV models are shown in Table 1. The Sector A model
has a smaller i and ¢ than the GEV model for the continental model, and a larger £. In the non-stationary models,
both the Sector A and continental models have a weakly negative y;, meaning that there is a slight downward
trend in iceberg size over time. The deviance statistic, D, is 3.88 and 2.19 for the continental and Sector A cases,
respectively.

Visually, both GEV distributions are a reasonable fit to the histogram of the data (Figures 3a and 3b). The Q-Q
plots have a close fit for icebergs smaller than 10,000 km?. For icebergs above this threshold, the theoretical
quantiles exceed the sample quantiles. Both PP plots have approximately linear agreement. Figure 4 shows the
return levels with a 95% confidence interval. Return levels for different return periods are given in Table 2. For the
continental case, a once in a decade calving event has a magnitude of 6,108 km?. This is approximately the size of
the Larsen C iceberg, A68, that calved in 2017 with an area of 5,800 km”. A once in a century event would have an
area of 38,827 km?, roughly the size of Switzerland and almost four times the size of B15, the largest recorded
iceberg. For Sector A, a once in a century calving event is 45,363 km?, or slightly bigger than Denmark. The
uncertainty in return levels increases sharply after a return period of 10 years with 100 years return level un-
certainties that are upwards of 100,000 km?. In the time-dependent cases (Figures 4c and 4d), return levels

decrease slightly over time by about 20 km? per year.

5. Discussion

The rare nature of large calving events makes it difficult to statistically model these extremes with traditional
analytical techniques. Instead, EVT provides an avenue for capturing the stochastic nature of large calving events
and uncovering multidecadal trends. The GEV distribution proves to be an effective model for the data, as
evidenced by its alignment with the histogram. This is further supported by the P-P plot, which demonstrates
excellent fit across the range of probabilities. While the Q—Q plot is generally supportive of the model's fit,
deviations at the highest quantiles suggest that the model may not fully capture the tail behavior. Longer records
(i.e., more data) could help to decrease these uncertainties. Nonetheless, the GEV distribution provides a robust
fit, with similar parameters for Sector A and the total Antarctic data set, indicating consistent regional and
continental calving trends. Results from the likelihood ratio test show that the time-dependent model fits
significantly better than the time-invariant model for Antarctica overall (at the @ = 0.05 level), but not for
Sector A.

Our non-stationary GEV models show no discernible upward trend in the expected annual maximum iceberg size
over time. Instead, this trend is weakly negative, and even significant for Antarctica overall. This finding suggests
that recent extreme calving events such as the break-off of A68 in 2017 are not necessarily a symptom of climate
change. In fact, A68 is statistically unexceptional when compared to the total observational record, with calving
extremes peaking between 1986 and 2000. As such, our results reveal that extreme calving events should not
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Figure 3. The GEV probability density function model fit for (a) all of Antarctica and (b) Sector A. (c) and (d) show the quantile-quantile (Q—Q) plots for all of Antarctica
and Sector, A respectively. Probability-probability (P—P) plots are shown in (e) and (f).

automatically be interpreted as a sign of ice shelf instability, but are instead representative of the natural cycle of
calving front advance and retreat.

While extreme calving events have not grown in area over the observational period, overall ice shelf area is
decreasing (Greene et al., 2022). Our results suggest that this mass reduction is primarily driven by small calving
events. It is possible that a greater frequency of small calving events contributes to a reduction in lateral drag over
time, allowing for a localized reduction in buttressing (Schoof et al., 2017). This theory could explain the slight
downward trend in expected annual maximum iceberg size over time, though additional data is needed improve
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Figure 4. The stationary return levels are plotted in (a) and (b) for the total and Sector A icebergs, respectively, with a 95% confidence interval. These plots show the
expected maximum calving event over a given time interval or return period. (c) and (d) show the expected iceberg area for 5, 10, 50, and 100 years return periods over
time. The stationary model returns are plotted with dashed lines, and the non-stationary model returns are plotted with solid lines. For example, under stationary

assumptions, a once in a century Antarctic calving event has an expected surface area of 38,827 km?.

the confidence of this trend. Nevertheless, our results suggest that the primary threat to our ice shelves is “death by
a thousand cuts” via small calving events, rather than catastrophic extremes.

While small calving events are more frequent, our GEV model indicates the potential for calving events up to
several times larger than any previously recorded. The occurrence of such a massive calving event would not
necessarily be a consequence of climate change; instead, they are possible even under stationary assumptions.
Notably, paleoclimate studies suggest that significant ice shelf collapse, on a scale greater than the maximum
observed sizes in our data set, has already occurred during the Holocene (Bentley et al., 2005). Our GEV model
serves as a crucial baseline for comparing future calving trends and assessing the statistical significance of future
calving events.

This work is constrained by available satellite observations and iceberg calving size records (Budge &
Long, 2018). As such, we are limited to < 50 years of calving data. While we lack pre-satellite era calving size
data that could be used to extend this record, sparse historical in situ evidence from the Amery and Brunt ice
shelves suggests that extreme calving events have been a longstanding feature
of Antarctica's ice shelves (Anderson et al., 2014; Fricker et al., 2002).

Table 2 Importantly, our model's accuracy will improve with the acquisition of
Return Levels for Different Return Periods, Assuming Time-Invariance additional data as our satellite record continues to expand. This work could be
Return period Total Sector A further enhanced and expanded upon by performing EVT analyses on indi-

2 2 vidual ice shelves. However, this undertaking would require a more
5 years 3,309 k 2,596 km comprehensive, self-consistent, and temporally extensive iceberg database
10 years 6,108 km? 5.247 km? than what is currently available. Our analysis could be modified to consider
50 years 22,533 km® 23,976 km>  additional observational and physical constraints. For example, the model
100 years 38,827 km? 45,363 km? could be improved by adding additional input variables, or using a physical
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model as a covariate. Moving forward, the glaciology community should continue to look toward statistical
failure theories to elucidate fracture conditions (Bassis, 2011; England et al., 2020; Weibull, 1939; Astrom
et al., 2021). For example, EVT is sometimes coupled with weakest link theory to study failure points in engi-
neering applications (Wormsen et al., 2007). This type of model could assist with parameterizing calving models
or be integrated into numerical ice sheet models as a stochastic calving framework.

6. Conclusion

This work provides the first comprehensive analysis of Antarctica's largest icebergs. While climate change has
driven mass loss from Antarctica and the thinning of Antarctic ice shelves (Gudmundsson et al., 2019; Paolo
et al., 2015; Rignot et al., 2019), our analysis shows that maximum calving size has not increased over our study
interval. Rather, extremely large calving events are likely typical of a healthy ice sheet system wherein exists a
quasi-stable cycle of calving front advance and retreat. The lack of an upward trend in annual maximum iceberg
area could be attributed to an overall increase in the number of smaller calving events, which may inhibit the
development of extremely large calving events. As such, small calving events pose the greatest threat to the
current stability of Antarctic ice shelves. Nevertheless, it is statistically possible that Antarctica could experience
calving events that are up to several times greater than any in the observational record. A comprehensive physical
model for calving processes is a complicated and as of yet unrealized endeavor in the field of glaciology.
However, EVT could enhance large numerical ice sheet models by improving calving model parameterizations,
constraining iceberg initialization, and improving size constraints of icebergs within ocean and climates models
(England et al., 2020; Huth, Adcroft, & Sergienko, 2022; Huth, Adcroft, Sergienko, & Khan, 2022). In this way,
uniting observations with stochastic models provides a path forward to better understand calving in Antarctica.

Data Availability Statement

All data used in this study can be downloaded from BYU Center for Remote Sensing of Ice Sheets (2024) and U.
S. National Ice Center (2024). Our cleaned data set and codes to reproduce the figures in this study can be found in
our Zenodo repository (Millstein, 2024). All analysis was carried out using open-source code including SciPy
functions and scripts modified from Aengenheyster and Reinders (2024).
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