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Abstract

Accounting for the evolution of Antarctic ice shelves is crucial for predicting future sea-
level rise. While their role in buttressing tributary glaciers is recognized, modeling these
complex systems has not yet achieved the accuracy of many other components of the Earth
and ice sheet systems. Modeling accurately ice shelf evolution faces challenges, particularly
with ice calving, responsible for almost half of Antarctica’s ice shelf mass losses. The existing
approaches have seen a significant increase in their complexity, making their generalization
challenging on a large scale, and they remain confined to specific cases. Even more signifi-
cant limitations arise from our limited understanding of highly nonlinear processes such as
ice shelf damage, which is inherently connected to calving but is not represented in existing
methods. The massive influx of satellite imagery data, measuring physical parameters of ice
shelves, however, opens the door to new data-driven approaches. These new methods which
have largely been underused to model calving, are based on the use of machine learning, and
allows capturing highly nonlinear processes by jointly utilizing multi-source observational
data. In this study, we employed a data-driven approach to predict calving for Antarctic ice
shelves using machine learning models. We chose to predict ice shelf calving using crucial
parameters that can influence the rate of iceberg removal from ice shelf faces. These param-
eters are summarized as: ice shelf basal melting, ice shelf thickness, ice shelf velocity, and
sea ice concentration. These were measured from space using multiple sensor remote sensing
data, which were analyzed and standardized. The standardization of the dataset includes
resampling all variables to the same spatial and temporal resolution, and the the design of an
interpolation scheme to assemble a comprehensive dataset. From this work, we assembled two
distinct datasets: a data cube incorporating spatial and temporal evolution, and a tabular
one integrating spatial information ice shelf-wise near the ice front. We then used the tab-
ular dataset to train a Random Forest model, implementing two cross-validation strategies.
The first ensured balanced data representation across folds, respecting spatiotemporal struc-
tures in the dataset, while the second involved a random split of the data. Unfortunately,
the model failed to accurately predict ice calving in both cases. We attribute this failure
to substantial information loss resulting from the spatial information reduction during the
construction of the tabular dataset. Although allowing for simpler data representation, the
failure of this simple approach suggests the exploration of data driven methods that are able
to capture the strong spatial dimension of the dataset (e.g. how changes in the grounding
line or shear margins will affect ice shelf calving). For the next steps of this project, which is
to be continued beyond the scope of this MSc thesis, we propose using the data cube to feed
more complex machine learning methods, such as a Convolutional Neural Network (CNN),
which are specifically designed to account for spatial information.
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1 Introduction

This section offers an overview of crucial elements essential for comprehending and predicting
sea level rise, focusing on the impact of cryospheric components. Subsection 1.1 emphasizes the
significance of glaciers and ice sheets in climate regulation and their pivotal role in global sea level
rise projections. In 1.2, the focus shifts to ice shelves, exploring their role in buttressing glaciers
and the dynamic interplay influencing Antarctica’s mass balance. Additionally, 1.3 delves into the
complexity of Antarctic ice shelf mass balance, highlighting the importance of basal melting and
ice calving. Subsection 1.4 reviews existing laws for modeling ice shelf calving, while 1.5 outlines

the scientific and technical objectives guiding this study.

1.1 Cryospheric components role in Sea Level Rise

Glaciers and ice sheets, often referred to as the Earth’s cryospheric components, play a significant
role in the context of our planet’s climate system. They function as critical climate regulators,
acting as vast stores of freshwater that influence regional and global climates. Moreover, they are
central to the global averaged sea level rise (SLR) projections, a phenomenon that poses profound
challenges for coastal communities and ecosystems. For those reasons, the understanding and the
predictions of glaciers and ice sheets evolution is crucial, not just from a scientific prospect but also
from a social one. According to the latest Intergovernmental Panel on Climate Change (IPCC)
release, the observed SLR between 1993-2010 has been of 3.2 + 0.4”;—?, with the largest contribution
coming from thermal expansion, which accounts for 1.1 £+ 0.3 ‘g—rrn Then, among the other sources
0.76 + 0.37 = are coming from glaciers (excluding Antarctic and Greenland ones), 0.43 + 0.11=7%
overall from Greenland and 0.27 4+ O.lln;—?‘ from Antarctica. The future contribution to sea level
rise (SLR) by each source for the year 2100 depends on the scenario adopted in the simulations.
Nevertheless, all scenarios agree that the contribution from the Antarctic region, recognized as
the largest reservoir of freshwater on Earth, will be significant and characterized by substantial

uncertainty.



1.2 Ice Shelves role in buttressing glaciers

Ice shelves are floating platforms of ice that extend to the sea, an extension of land ice which is
formed when glaciers or ice sheet flow down into the ocean surface, driven by gravity. Because of
their double exposure to air above and water below they are more sensitive to rising temperature
than glaciers, and represent therefore a good indicator of environmental change; in the Antarctic
region they cover 75 % of the coast, for a total of 1561 square kilometers. Ice shelves play a
very important role in buttressing their tributary glaciers, since they regulate the flow of the ice
which is directed to the sea: if a collapse of a ice shelf happens the ice discharged into the sea
generally experiences an acceleration, and the glacier retreats. This phenomenon was anticipated
by theoretical and pioneer studies such as the one from Weertman [1], and in the recent years
was validated by observation based studies such as the analysis on Larsen B ice shelf collapse by
Rignot [2], and also by modeling ones such as the ABUMIP one [3], where the sensitivity of 15
glaciers was analysed after the (modeled) abrupt removal of the ice shelf: in both case the ice dis-
charge from the ice shelf into the ocean increased significantly. As reminded in the last IPCC, the
incapability of the current models to reproduce the ice sheet dynamics of the Antarctic Ice sheet
is one of the main reasons which prevents to quantify SLR contribution from Antarctic glaciers,
which remains with a high uncertainty and is still far from reaching the same level of development

that exists for modeling many other components of the Farth system.

1.3 Antarctic Ice Shelf Mass Balance

The Antarctic mass balance is predominantly governed by the dynamic interplay of ice accumu-
lation and ablation processes. Accumulation involves the net deposition of snowfall, gradually
compacting into glacial ice over a specified time frame. Ablation encompasses ice loss through
basal melting, ice calving, and surface melting. Basal melting and ice calving constitute the pri-
mary loss mechanisms, defined as the quantity of ice melted at the basal part of the ice shelf and

the physical process by which ice chunks are discharged into the sea from the terminal part of ice
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Figure 1: Scheme summarising the physical processes happening in ice shelves

shelves, respectively. Surface melting represents mass loss due to melting at the ice shelf surface

from warmer air temperatures.

The first estimation of Antarctic ice shelf mass balance comprehensively covering all Antarctic ice
shelves, was conducted by Rignot in 2013 [4], who compared flux divergence, surface accumulation,
and ice thinning between 2008-2009. The analysis revealed that the main contributors to mass
loss are basal melting and ice calving, accounting for 1325+ 235% and 1089 4 139%, respectively,

while surface melting is negligible compared to the former two.

Basal melting and ice calving are recognized as primary factors contributing to the weakening of
Antarctic ice shelves. Basal melting and iceberg calving are crucial processes: by thinning the
ice shelves, or changing its surface area, these two processes are reducing the buttressing effect
of ice shelves, leading to accelerated glacier flow [5], and greater ice discharge into the ocean [2].
While surface melting’s impact on the Antarctic mass balance is generally negligible, it has been
suggested to play a role in ice shelf collapse, particularly in the Antarctic Peninsula [6]. Extreme
climatic event, such as atmospheric rivers, dramatically enhances surface melt-ponding on top of
ice shelves, which has the potential the modify the thermal regime of the ice, propagate cracks

and trigger complete disintegration, such as it has been observed for Larsen A-B.

The consequences of ice shelf weakening include collapse, as discussed earlier [2] [3], resulting in



increased ice discharge into the sea and large calving events. Notably, Pine Island Glacier exhibited
accelerated ice flow velocity after three significant ice calving events between 2017 and 2020. A
model study by Sun et al [7] aimed to understand the drivers behind this acceleration. According
to their results, while calving contributes to velocity changes, it alone does not explain the entire
acceleration. Ice shelf damage, particularly in marginal areas providing lateral support, also plays
a significant role. The increase in ice flow velocity generates stress, leading to ice shelf damage
and facilitating further calving events. They suggest those processes to be linked, since increased
calving would accelerate further ice flow velocity and therefore also the lateral ice shelf damage,
resulting in a positive feedback. An accurate estimation of ice calving is therefore necessary to

make reliable predictions of the future Antarctic mass balance, and ultimately of the SLR.

1.4 Existing ice shelf calving laws

Modeling ice shelf calving is therefore essential to predict the future changes in ice shelf mass
balance, and contribution of Antarctica to sea level rise. At the moment, a reliable predictive
mathematical formula for calving does not yet exist, and most of the attempts to model this
phenomenon have been focused on Greenland, for a limited number of tidewater glaciers [8]. In
a recent study, the Ice-sheet and Sea-level System Model (ISSM) was employed for the first time
to test and evaluate four different existing laws of calving on ten Antarctic ice shelves [9]. Each
of these calving laws was parameterized under the assumption that the current position of the ice
front is in steady state. The study aimed to find for each ice shelf the set of parameters that best
achieves this position over a simulation period of 200 years. The calving laws that were tested can

be summarized as follow:

e Crevasse-depth calving law [10]: this law is based on the presence of surface crevasses, and
predict calving events to happen based on the ability of one crevasse to separate a block of
ice from the rest of the glacier. The paper from [11] modified the calving law from Benn
et al, in order to better apply it to large floating ice shelves. In that modified version, the

authors accounted for changes in speeds between the grounding line and the middle of the



ice shelf, along with the propagation of basal crevasses.

e Von Mises stress calving law [11]: according to this law calving happens as a consequence
of loss in resistive stress, leading the ice shelf to ice flow acceleration and thinning. This
law is therefore mainly dependant on tensile stresses, frontal speed and a simple minimum

thickness threshold for calving.

e Eigencalving law [12]: in this law the calving rate is predicted according to the first-order
kinematic eigenvector, which accounts for the main direction through which ice flows. This
calving law is therefore mainly dependant on the accross and along flow strain rate on the

ice shelf.

e Minimum Thickness law: this law is a position law, simply stating that calving occurs when
the condition h < h,,;, is verified, where A is thickness and h,,;, is some minimum ice

thickness threshold settable by a model tuning.

The calving laws which performed better in reproducing the current front positions are the Von
Mises and the eigencalving ones, another indication of the primary importance of ice flow velocity
and ice stress in predicting calving events. These calving laws remains however limited for example
because of their steady state assumption and the fact that they do not include any damage criteria,
which plays a central role in calving [7]. The recent availability of massive amounts of satellite
derived products (ice front position, ice velocity, thickness...), there is the potential to reach

another level of understand of ice shelf calving, and the processes that are driving it.

While most of the studies about modeling ice shelf calving present a classical physically based
approach, the full potential of a data driven approach has not been employed in Antarctica. A
data driven approach emphasizes the utilization of extensive datasets to empower algorithms in
identifying patterns and making predictions, without explicit programming the physical laws. In
glaciology, this methodology involves employing machine learning techniques to analyze diverse
datasets, such as satellite imagery or climate records. The use of machine learning models has

significantly advanced in glaciology and earth sciences in general. Despite the challenges in inter-



preting these models, often referred to as ”black boxes,” their power lies in the ability to overcome
limiting assumptions from parameterizations, while capturing highly non-linear processes [13].
Furthermore, the development of hybrid approaches, allowing the incorporation of physical in-
formation into neural networks (”physics informed neural network”), opens the door to a higher
degree of interpretability in these methods [14] [15] [16]. Consequently, the development and the
democratization of these approaches, combined with the recent availability of large-scale datasets

from satellite remote sensing, open new possibilities to face the comprehension of ice calving.

1.5 Objectives of the internship

The scientific objective of this internship is to model iceberg calving at the front of ice shelves
in Antarctica using machine learning and investigating its spatio-temporal variability, leverag-
ing large-scale state-of-the-art remote sensing datasets. The first goal involves standardizing ex-
tensive remote sensing datasets for predicting iceberg calving. Subsequently, we will assess the
performance of two different machine learning approaches. The initial step employs a standard
supervised machine learning method, utilizing tabular observations of the ice shelves as input.
In the second step, we will evaluate a more advanced approach based on a convolutional neural
network (CNN) [17], a model well-suited for simulating data with strong spatial dependencies,
such as satellite-based observations. The technical objective of the internship can be described as

follow:

e Assembling the training dataset: standardizing complex and multi-sources ob-

servations

The initial step involves compiling two standardized, multi-variable datasets incorporating
glaciological variables from diverse sources. These datasets encompass the following variables
. ice velocity, ice calving, sea ice concentration, ice thickness, and basal melting, derived from
various satellite platforms (altimetry, radar, optical sensors, passive microwave instruments)
and model outputs. The first dataset, structured cubically, will feed the CNN. For each

variable, it consists of 2D layers containing spatial information, with the temporal axis



represented vertically. The second dataset, with a tabular shape, will feed the standard
supervised machine learning model. For each variable, it comprises a time series, where each
point is derived from the 2D layer of the cubic dataset using different extraction strategies
based on the variable. Both datasets will be validated by comparing the results with existing

scientific literature.
e Building the Machine Learning Architecture
— Modelling calving flux on a ice shelf wise base

The first standard supervised machine learning model which will be implemented is the
Random Forest algorithm [18]. As stated, its input will be the tabular dataset, and it
will be programmed to predict the integrated ice calving for each ice shelf. The choice
of this algorithm is due to its simplicity and ability to provide valuable physical insights

into the underlying processes.
— Modelling calving front position with a CNN

The subsequent goal would be to implement a CNN, which will take as input the
data cube to make spatialised prediction of the ice shelf calving front position. The
CNN'’s ability to recognize complex spatial patterns across different regions of the ice
shelf, makes it well-suited for predicting ice calving front positions. Its strength lies
in capturing intricate spatial dependencies essential for understanding the dynamics of

calving processes.

2 Data and Methods

In this section are described the datasets, the way they were treated and the structure of the
model. In 2.1 we describe the datasets in terms of resolution and measurement techniques, and in
2.2 the main problems related to their format and inter-compatibility. In 2.3 we describe the re-
scaling procedures adopted to standardize the datasets, and in 2.4 how data gaps were filled with

different techniques. In 2.5 we introduce the procedures adopted to derive the time series used to
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feed the Random Forest model, and finally 2.6 describes the model itself and of its settings.

2.1 Dataset Overview

2.1.1 Ice Thickness

The ice thickness dataset we used in our work is described in the paper by Paulo et al [19] (from
now on Paulo). This dataset merged thickness observation obtained by four European Space
Agency (ESA) satellite radar altimetry missions, spanning various time periods and technological
specifications, in order to construct a 26 years (1992-2017) dataset of ice shelves thickness, with a
3km grid resolution every 3 months. The mission datasets encompass measurements obtained from
a series of satellites: ERS-1 (1991-1996), ERS-2 (1995-2003), Envisat (2002-2010), and CryoSat-
2 (2010-2017). The initial three satellites utilized a pulsed-limited altimeter system featuring
a spatial frequency of approximately 370m. In contrast, CryoSat-2 employed a dual-antenna
Doppler/delay altimeter that operates in synthetic aperture radar interferometric mode (Sarln)
with distinct along and across track footprints of 300m and 3000m, respectively. A pulsed-limited
altimeter is a radar system that measures the time it takes for a transmitted pulse to travel to
the target and back, providing information about the surface topography. Sarln is another radar
technique that enhances spatial resolution by combining multiple radar observations, offering a
more detailed and comprehensive topography view. Surface elevation from ERS data is obtained
by using differential SAR interferometry method, which provides the difference in phase between
two acquisition of the ERS satellite during the TanDEM mode mission. The accuracy of the
measurements is strongly affected by the slope of the surface, and ranges between 10cm to 100m.
In this dataset the Ice shelf boundary definition is derived from a combination of Landsat imagery
and ICESat data [20], updated with more recent measurements from MEaSUREs v2 boundaries

[21], manually edited for significant calving events from satellite imagery.

2.1.2 Ice Velocity

The dataset used to analyse the ice flow velocity is the MEaSUREs InSAR-Based Antarctica Ice

Velocity Map Version 2, released by Nasa [21], which provides both x and y velocity components.
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The 450m spatial resolution grid extends over the whole antarctic region in stereographic po-
lar projection, and has a yearly temporal resolution. The dataset was made by combining the
measurements of 3 different sensors, one working in visible part of spectrum (Landsat-8), and two
others in synthetic aperture radars working at C-band, 5.405 GHz or 56 mm wavelength (Sentinel-
la/b and RADARSAT-2). Ice velocity is calculated by performing feature (tracking crevasses) or
speckle tracking (tracking speckle on SAR data) on optical (or radar) images of the same area,
taken at a different time. Those estimations rely on cross-correlation analysis, a technique which
involves comparing patterns in radar/optical images at different times and identifying peaks in
correlation to estimate ice movement. Recent progress in processing chains allowed to automatize
the processing, the calibration and the mosaicking of the different sources of satellites, in order to
create a product which is spatially and temporally coherent and as complete as possible. Although
this dataset represents the state of the art for ice velocity in Antarctica, there still remain many
spatial deficiencies and lapses. In particular for certain years, the dataset spatial coverage of the
Antarctic region is very limited, and vast areas remain without any ice flow velocity information.

In order to compensate these deficiencies, two other datasets were used to integrate it.

The first one was released by Mouginot et al in 2019 [22], in which they managed to obtain a 20‘;—’1’:‘
ice flow velocity resolution map of Antarctic ice flow velocity. They obtained it by combining
interferometric phase data from a series of SAR satellites acquired over 25 years, from 1992 to
2017. The SAR satellites are RADARSAT-1 and RADARSAT-2 from the Canadian Space Agency,
ERS-1, ERS-2, and the Envisat ASAR from the European Space Agency, and the Japan Aerospace
Exploration Agency. The map is obtained by mosaicking and averaging the data over the 25 years,

and therefore does not present time evolution.

The second dataset integrated into our analysis is constrained to the Amundsen Bay environment
[23]. This dataset, part of the NASA Making Earth System Data Records for Use in Research
Environments (MEaSURES) Program, comprises high-resolution digital mosaics capturing ice mo-
tion in the Amundsen Sea Embayment and West Antarctica, including the Pine Island, Thwaites,

Haynes, Pope, Smith, and Kohler glaciers. The mosaics were compiled from InSAR data collected
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during 1996, 2000, 2002, and 2006-2012 by various satellites from European and Canadian space
agencies, as well as Japanese and German aerospace agencies. The precision of this dataset varies

by region, ranging from a minimum of 6yﬂr to a maximum of 20 %
2.1.3 Basal Melting

Basal melting rates are obtained by solving the equation of mass conservation over ice shelves as

follow:
. OH
b(t) = E—I—V-(Hu)—a,
for b, the basal melt rate. %—Ij is ice thickness time derivative, V - (Hu) is ice-flux divergence, u

is velocity and a is surface accumulation rate (SMB). The dataset we used originates from the
combination of satellite radar altimetry, ice flow velocities, surface mass balance and firn models
[19]. Changes in ice thickness are estimated from radar altimetry, that estimates the ice shelf
surface elevation, and converts it into ice thickness using the hydrostatic equilibrium assumption.
The satellite that were used inside [19] are the ESA’s radar sensors ERS-1 (1991-1996), ERS-
2 (1995-2003), Envisat (2002-2010), and CryoSat-2 (2010-2017). The surface mass balance a
was obtained by calibrating observation and modelled snow density profile, while velocity u was
obtained by merging different products, such as the InSAR-based velocity [24] and, for ice shelves
where ice velocity does not changes significantly, the optical-based time-aggregated velocity of
Gardner [25]. For regions where the ice flow velocity experienced relevant changes, such as the
Amundsen sea sector, the authors integrated datas from NASA MEaSURESs project [23].

The original data are presented as netCDF files with a bi-yearly mapping of basal melting rates,
at grid cell-size of 2-km. The ice shelves fronts are dynamically moving while the grounding lines
of the ice shelves are kept fixed. This is a limitation of the dataset that may have important
consequences on the evolution of melting rates through time, since the rates of meltings are
expected to be the highest in the grounding line region. Hence, if the grounding line has migrated
tens of kilometers inland, as it was observed in the Amundsen Sea Embayment, the highest melting
values are being automatically discarded. However, since the dataset from [19] is the only one

available as such a resolution and temporal coverage, we decided to keep using it. The first pre-
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processing step was to calculate yearly averages of the spatially distributed basal melting rates
in order to be on the same temporal time scales as the calving rate dataset [26]. The second
processing step was to assemble a basal melting dataset in the form of tabular data, in order to
feed our first machine learning approach. To do this, we decided to calculate integrated values
of basal melting rates for each ice shelves. For each year, we first corrected the melt rates values
for the pixel distorsion due to polar stereographic projections [19], and summed all of the basal
melting pixels for each of the ice shelves, and finally converted the values from meters of per years

of melt to gigatons per year of melt.

2.1.4 Sea Ice concentration

The dataset employed for studying sea ice concentration, defined as the fraction of the ocean
covered by sea ice, is the NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Con-
centration Version 4 [27]. These data products are derived from observations made by the Scanning
Multichannel Microwave Radiometer (SMMR) instrument aboard the Nimbus-7 satellite, as well
as the Special Sensor Microwave/Imager (SSM/I) and Special Sensor Microwave Imager/Sounder
(SSMIS) instruments carried by the Defense Meteorological Satellite Program’s (DMSP) satellites.
Sea ice concentration is estimated through satellite measurements of brightness temperature, com-
bining the results of two GSFC-developed algorithms: the NASA Team algorithm [28] and the
Bootstrap algorithm [29]. The data cover the entire sea of the Southern Hemisphere with a spatial
resolution of a 25 km grid in polar stereographic projection, making it much coarser than the other

datasets; its time resolution is monthly.

2.1.5 Ice Calving

For the study of ice calving, the target variable of this research, we utilized the dataset produced
by Greene et al [26] (from now on, Greene et al), which we integrated with the BedMachine mask
[30]. The BedMachine mask contains the state-of-the-art bed topography/bathymetry map of
Antarctica with a spatial grid of 500m, derived using a mass conservation algorithm on airborne

radar measurements. The Greene et al dataset presents both the ice shelves’ evolving coastlines,
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with a spatial grid resolution of 240m and a temporal resolution of one year, and the yearly
cumulative ice loss due to calving for each ice shelf. The cumulative ice loss is defined as the sum
of both the mass changes attributed to annual fluctuations in the front position and the steady-
state calving rate. The coastlines were calculated by first manually mapping the fronts of ice
shelves, combining three different datasets, namely RAMP [31], MOA [32], and MODIS [32]. On
the other hand, the authors calculated the steady-state calving rate of the glacier by deriving the
ice flux at the most retreated front position, combining both velocity and thickness observations,
namely ITSLIVE [33] and MEaSUREs InSAR-Based Antarctica Ice Velocity Map version 2 [21]
for velocity, and Bed Machine v2 for thickness [34].

To generate a dataset for predicting the calving front position, we extracted the coastline positions
from the Greene et al dataset on a yearly basis. The format of the coastlines consists of datapoints
regularly spaced by 240 meters along Antarctica’s margins, which we converted into lines, poly-
gon shapefiles, and finally into raster format using tools from the Quantum GIS software. The
coastlines of Antarctica are then combined with the BedMachine mask to delineate floating ice,
grounded ice, rock outcrops, and open ocean using Python. The ice shelf area is modulated by the
Greene et al coastline dataset, with grounding line positions derived from Quadruple Differential
SAR Interferometry [35]. Similar to the basal melting product, one limitation of our approach is
in the Amundsen Sea Embayment, where our method does not account for potential grounding

line migration, which has reached several tens of kilometers in this area [36].

2.2 Dataset analysis

Although all the datasets we adopted represent the state of the art for Antarctic remote sensing
measurements, we encountered several challenges during our analysis related to their completeness

and intercompatibility. The main issues are summarized here:

e Different resolution:
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Calving front of Pine Island, 2005 1e5 Sea ice concentration in Pine Island, 2005
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Figure 2: The datasets exhibit significant variability in spatial resolution. Here we depict two
extremes: the calving front (left) and the sea ice concentration (right), with resolutions of 240m
and 25 km, respectively.

Datasets exhibit significant variability in terms of temporal and spatial resolution, necessi-
tating uniform rescaling for comparison and processing. Spatial resolution ranges from the
240m grid of the ice calving dataset to the 25 km resolution of the sea ice concentration
dataset, as illustrated in Figure 2. Temporally, they all have a yearly frequency, except for

the sea ice concentration dataset, which is updated monthly.

e Different time extension:
The time range covered by each dataset varies. For our final dataset, we selected a time

range that is common to all datasets, spanning from 2005 to 2017.

e Data coverage:
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1e5 Basal Melting in Pine Island, 2008 1e5 Ice flow velocity in Pine Island, 2008
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Figure 3: Example of two different data coverage for basal melting and ice velocity.

The regions covered by each dataset vary. For instance, basal melting and ice thickness data
are available only within the border of the ice shelf, as depicted in the left panel of Figure 3.
In contrast, ice velocity data extend also to the surrounding grounded ice, as shown in the
right panel of Figure 3. From the perspective of the CNN model, this poses a limitation for

the ice thickness dataset due to the absence of boundary conditions.

e Missing Data:
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1e5 Ice flow velocity in Pine Island, 2005
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Figure 4: The ice flow velocity dataset presents many missing data, here is reported as an example
the data coverage for the ice shelf Pine Island in 2005.

While most of the datasets are complete in terms of data, the ice flow velocity dataset
exhibits numerous gaps and lapses, as illustrated in Figure 4, especially for certain years. In
the year 2011, the majority of the ice shelves have a spatial data coverage of less than 25%

of the region, making interpretation and treatment of these data particularly challenging.

e Ice shelves geometry:
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Thickness data from Paulo dataset in Pine Island, 2008

1e5 Ice shelf mask for Pine Island, 2008
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Figure 5: The shape of the ice shelf differs between datasets. In this example, the left side shows
the ice thickness of the floating ice according to the Paulo et al dataset, while the right side
displays the floating ice shelf mask derived from the Green et al dataset. As observed, the Greene
et al dataset indicates that the ice calving front advanced between 2005 and 2008, whereas Paulo’s
dataset does not report this event.

The shapes of the areas containing floating ice are not consistent across different datasets.
In the case of ice calving, the ice shelf front position evolves every year. However, in the ice
thickness and basal melting datasets it remains constant for different years before changing,
while In the sea ice concentration one remains constant throughout the entire period we
considered. We assumed that the dataset derived by the Greene et al dataset contains the
‘true’ calving position. This assumption introduces a problem in cases where discrepancies
emerge, manifesting as mismatches in ice floating shapes between different datasets. This
anomaly arises due to ice calving events, leading to the collapse of the front, which was
not registered in the Paulo or sea ice concentration datasets. Conversely, there are regions
lacking data where, according to the Greene et al dataset, the ice front position has advanced,
but this advancement was not registered in the others, as shown in the example in Figure
5. Addressing these discrepancies is crucial for an accurate assessment of ice shelf dynamics

and understanding the impact of calving events.
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2.3 Dataset rescaling

To facilitate the comparison and processing of datasets, we adopted the resolution of BedMachine
v3 as the standard, set at a pixel size of 500 meters in a polar-stereographic projection. This
choice is justified by the widespread use of this dataset in the Antarctic modeling community,
making it a common standard for data-sharing. For datasets that were upscaled (calving front
and ice velocity), we applied average interpolation. Conversely, for datasets that were downscaled
(sea-ice concentration, thickness, and basal melting), we used bilinear or cubic interpolation. All
operations were performed using the GDAL Python library. Regarding the temporal resolution,
we opted for the coarser frequency, which is yearly. Therefore, we calculated yearly averages for

basal melting rates and sea ice concentration.

2.4 Dataset interpolation

Since we assumed that the most realistic shape of the ice shelves is derived from the Greene et al
dataset, we adapted all the other datasets to have the same regional features. To achieve this, we
used the dataset derived from Greene et al to identify regions covered by floating ice, grounded
ice, rock outcrops, and open ocean. By comparing these features with other datasets, especially

for floating ice, each grid point has two possible outcomes:

e The point is covered by floating ice in the Greene et al derived dataset but not in the others

(calving front advance was not registered in the other datasets).

e The point is not covered by floating ice in the Greene et al dataset, but it should be cov-
ered according to the other datasets (calving front collapse was not registered in the other

datasets).

For the latter case, we simply set the values of the variables outside the ice shelf to zero. However,
for the first case, we had to interpolate the values to fill the entire domain. Since each dataset
differs significantly from the others, the strategies adopted vary considerably for each dataset and

are described in the next subsections.
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Figure 6: On the left panel, the ice thickness in Pine Island extracted from BedMachine and the
floating ice mask (in white), derived from the Greene et al dataset, are shown. On the right panel,
the ice thickness from Paulo for the same region in the year 2008 is displayed. Noticeably, the
regions for floating ice in Green et al and Paulo datasets do not coincide. While Greene et al and
Paulo datasets evolve over time, BedMachine remains constant.

2.4.1 Interpolating Ice Thickness

As previously stated, the ice thickness dataset from Paulo et al includes thickness measurements
only for the floating ice of the ice shelf, which does not have the same shape as the Greene
et al dataset, as shown in Figure 6. Consequently, the boundary conditions are not defined
for ice thickness, potentially leading the CNN to misinterpret the input thickness variable. To
address this, we opted to integrate the missing information by extracting thickness data from
the BedMachine dataset. BedMachine contains ice thickness information for the entire Antarctic
region, although it is time-independent and thus presents the same background for all the years.
For each ice shelf, we decided to fill the regions covered by grounded ice, land, and ocean (according
to the Greene et al derived dataset) with thickness data obtained from the BedMachine dataset.
Simultaneously, we removed all data from the regions that, according to the Greene et al dataset,
are covered by floating ice. This process is illustrated in the left panel of Figure 6, where ice
thickness data from BedMachine is presented. The floating ice mask, derived from Greene et al

for Pine Island in 2008, is emptied of data and highlighted in white.
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Merged thickness data from bed machine and Paulo in Pine island, 2008
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Figure 7: On the left panel is reported the merging of the dataset from bed machine and Paulo
datasets, on the right one the image resulting from their interpolation.

Therefore, we filled the regions emptied of data with the ice thickness retrieved by Paulo, visible
in the right panel of Figure 6. This operation inevitably leaves some regions without any data,
as shown on the left panel of Figure 7. We decided to fill these regions by performing a linear
interpolation to guarantee a smooth transition at the interface with grounded ice. For many ice
shelves, the region to be interpolated is usually between the calving front line position according
to the Paulo dataset and the calving front line position according to Greene et al, which is usually
further out to sea. This interpolation step is more challenging since the ice shelf front thickness is
not zero but rather ends into a vertical face that can be 100 meters thick. To provide a consistent
interpolation, we calculated the average ice thickness in the terminal part by automatically delin-
eating a mask in the vicinity of the ice shelf front. To create this mask defining the floating ice
borders, we analyzed from the Greene et al dataset which regions are covered by the sea and which
ones are covered by floating ice, extracting two separate masks for them. Finally, we expanded
the sea mask by 500 m (one pixel) toward the direction of the floating ice, and created the border

mask by intersecting the sea expanded mask with the floating ice one.

To obtain the border value, we expanded the border mask by 5000 m (10 pixels) in the direction

of the floating ice shelf, creating a mask that covered the terminal part of the floating ice. We
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used this mask to calculate an average thickness value in this region, and filled the original border
mask with it. After this process, linear interpolation became possible. Although this method
presents the limitation of using the same ice thickness value for the entire ice shelf front, it offers
the advantage of not wasting but rather exploiting the local information available in the Paulo et
al dataset. The resulting interpolated ice thickness for Pine Island ice shelf in 2008 is visible in

the right panel of Figure 7.

2.4.2 Interpolating basal Melt

Basal Melting in Pine Island, 2008

Melt rate (myr)

[m/yr]

Figure 8: On the left panel is reported basal melting map from Paulo, while on the right one the
image retrived from Shean work [37]. As it is possible to notice, the basal melting at the boarder
in Paulo is very high, while this is not found in Shean.

Being derived from the Paulo thickness dataset, the basal melting dataset exhibits the same spatial
structure. Therefore, also for this dataset a manipulation is necessary to fill the entire domain.
Although the background is not as crucial as for the thickness dataset, given that basal melting is
zero outside the floating ice shelf region, this dataset presented a different challenge. We observed
that for many ice shelves, the regions close to the ice front exhibit very high values, as seen for
example in the left panel of Figure 8, where Pine Island basal melting is reported for the year

2008.

We compared the Paulo dataset with another dataset, specifically the work of Shean [37], where
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basal melting for Pine Island was estimated using a very high-resolution digital elevation model
integrated from SPIRIT imagery along with altimetry data. In the right panel of Figure 8, the
basal melting multi-year average from 2008 to 2018 by Shean is reported and it is observable that
the frontal values are not as high at the ice front. This aligns with the expected behavior for this
type of melting mode, where the melt is highest at the grounding line and decreases toward the ice
front, as CDW mixes up with ice freshwater. Such artifacts in the Paulo dataset could be due to
the coarse resolution and the rapid fluctuation of the ice front between altimetry measurements,

which could result in abnormally high thickness changes.
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Figure 9: In the upper two panel is possible to see Basal Melting for Twaithes ice shelf in the year
2010, before and after the interpolation. The two lower ones report two sections of basal melting
respectively for x = 265 km and y= 250, in the reference sistem of the ice shelf.
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To avoid artifacts in interpolating basal melting close to the ice front, we calculated the average
of the 30th percentile lowest values in basal melting rates for each ice shelf. The choice of the
30th percentile was made after trial and error tests. This value was then used as a target for
the basal melting rates that should be reached at the ice shelf front. This approach aimed to
preserve as much data as possible from the original dataset while acknowledging that the dataset
is not reliable in the terminal border of the ice shelf. We proceeded to reconstruct basal melting
in regions where data was missing, interpolating with scipy library algorithms in Python [38].
Employing a trial and error approach, we tested different types of interpolations and found the

cubic one to be the most realistic compared to others (linear and quadratic).

2.4.3 Interpolating Sea ice concentration
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Figure 10: The original sea ice concentration dataset (left) and the interpolated one (right), for
Twaithes ice shelf in 2008.

As mentioned earlier, the NOAA /NSIDC dataset containing sea ice concentration has the coarser
resolution of 25 km. Despite downscaling its resolution to 500m, the coastlines’ shape remains
approximate compared to the Greene et al-derived dataset, and numerous oceanic regions exhibit

missing data. To address this, we generated a mask for each ice shelf and year, defining the oceanic
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areas based on the Greene et al dataset. Subsequently, we applied biharmonic interpolation with
an inpaint algorithm to fill the regions with missing data [39]. Biharmonic interpolation is a
mathematical technique adept at reconstructing a continuous function from irregularly spaced
data points, proving particularly effective in scenarios with missing data. The method involves
fitting a biharmonic spline to the available data points, creating a smooth surface that faithfully

captures the underlying information.

2.4.4 Interpolating Ice Velocity

o Not nan ice velocity grid points in Crosson, 2006
1e5 Ice flow velocity in Crosson, 2006 1e5

T
S

—5.6 1

k

3

km

—5.8 1

—6.0 1

—0.2 1

0 200 400 600

[m/yr]
-1.56 -1.54 -1.52 -1.50 -1.56 -1.54 -1.52 -1.50
km le6 km le6

L

Figure 11: On the left panel is reported the ice velocity for Crosson ice shelf in 2006, on the right
one the mask highlighting in yellow the regions where datas are present, for the same image.

The Antarctica Ice Velocity Map Version 2 includes the velocity of both the floating ice and the
grounded ice, providing essential boundary conditions for ice shelf flow velocity. However, this
dataset poses challenges due to numerous data gaps, especially in the years 2005, 2011, and 2012.
During these years, many grid points lack data, resulting in spatial coverage below 25% for the
majority of the ice shelves. To maximize the utilization of this dataset and recover as much
information as possible, we devised two distinct strategies based on whether the data coverage

exceeded or fell below 25%.
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Figure 12: The left panel illustrates the interpolated ice velocity for the Crosson Ice Shelf in
2006, while the right panel displays the mask indicating the grid points that have undergone
interpolation.

e If the data coverage exceeds 25%, we employed an inpaint biharmonic algorithm for inter-
polating the missing areas within the region. The use of this algorithm ensures that the
interpolation aligns with the flow lines of the ice velocity, resulting in a more realistic out-
come compared to a simple linear interpolation. An example of this technique is illustrated
in the left panel of Figure 12, where the ice flow velocity for the Crosson Ice Shelf in the
year 2006 has been interpolated. The interpolated pixels are depicted in the right panel.

e In cases where data coverage falls below 25%, a simple interpolation is deemed insufficient for
image reconstruction due to a significant amount of missing data. Consequently, we opted
to employ a scaling technique using the comprehensive multi-year velocity dataset derived

from radar interferometry.
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Figure 13: On the left panel, the ice flow velocity of the Crosson Ice Shelf is depicted based on
the multi-year dataset. The right panel displays the averaged velocity time series for the Crosson
ice shelf, which was utilized for scaling the multi-year dataset. As previously mentioned, the
ice flow velocity dataset is significantly compromised for the years 2010 and 2011, prompting us
to interpolate the averaged ice velocity points for those years. The interpolated values are then
employed to scale the multi-year velocity image.

Multi Year Velocity Dataset Treatment: As mentioned earlier, the multi-year dataset of-
fers a static representation of ice flow velocity for the entire Antarctic region, lacking temporal
evolution. To overcome this limitation and account for the temporal aspect of ice flow, we rescaled
the dataset for years with substantial damage by considering the time evolution of each ice shelf.
This process involved extrapolating a linear trend based on the average velocity of each ice shelf,
considering only the years where the coverage exceeded 25%. The extrapolated trend was then

employed to estimate the average ice flow velocity for the damaged years.

To create a comprehensive average ice velocity time series for each ice shelf, we determined the
average velocity from the multi-year dataset for every ice shelf, treating it as a reference. Subse-
quently, we calculated the ratio between the values from the average velocity time series and the
reference value for each ice shelf, resulting in a time series of ratios. These ratios were employed

to rescale the multi-year velocity image for years with less than 25% data coverage.

In Figure 13, the unscaled multi-year ice flow velocity for the Crosson Ice Shelf is presented on
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the left panel, while the right panel illustrates the time series derived by averaging the ice flow
velocity over the entire region. The orange points indicate the estimated values derived from a
linear trend for years where data coverage was below 25%, specifically in 2010 and 2011. These

points were instrumental in rescaling the multi-year image for the respective years.

2.5 Extracting the tabular dataset

With the cubic dataset finalized, our next step involved extracting the tabular dataset by gener-
ating time series for all variables spatially integrated for each ice shelf. This tabular dataset offers

a simpler representation of the data. We employed various approaches during this process:

e Extracting variables from the front:
For ice thickness and sea ice concentration, time series points were extracted from specific
regions near the ice shelf border. Utilizing a technique similar to that employed for ice
thickness interpolation, we expanded the ice shelf border mask towards the floating ice for
ice thickness and towards the sea for sea ice concentration, obtaining values by averaging the
two variables in those regions. While this approach results in the loss of overarching trend
information for the entire ice shelf, it provides a more precise understanding of the variable’s

behavior in regions where ice calving occurs.

e Extracting 80" ice velocity percentile:
For ice velocity, instead of directly focusing on a specific region of the ice shelf, we decided to
concentrate on the grid points where the ice flow velocity is greater than the 80 percentile.
This decision was made by analyzing the ice velocity dataset and noting that the regions
where ice flows faster also experience the greatest changes in velocity, making them the most

interesting regions to study and include in the dataset.

e Extracting basal melting and ice calving from the dataset:
For basal melting, we utilized the integrated values from the basal melting time series derived
by Paulo, while for integrated ice calving, we used the Greene et al dataset, which already

contains the integrated values per glacier per year.
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2.6 Random Forest model implementation

Predicting dynamic phenomena such as ice calving, influenced by various interacting factors, de-
mands a robust and flexible model capable of capturing non-linear relationships. Among the
machine learning tools available, we chose the Random Forest algorithm [18]. The Random Forest
algorithm combines the outputs of multiple decision trees to produce a single result. Each decision
tree is a hierarchical structure of nodes and leaves that guides predictions by recursively partition-
ing data based on feature values. In this approach, each internal node represents a split of the
dataset, and each leaf node signifies an outcome. Each tree operates independently, constructed
through recursive partitioning of the data based on the values of various features. At each branch-
ing node, the tree determines the most informative feature for dividing the data by assessing the
reduction in a chosen error metric for the target variable, within the resulting subsets. The ob-
jective is to identify splits that minimize this error, creating subsets with more consistent values
for the target variable. This process continues iteratively until predefined stopping conditions are
met, leading to the formation of a hierarchical structure of nodes and leaves that collectively define
a decision path. The flexibility of decision trees enables them to capture complex non-linear rela-
tionships present in the data. However, a single decision tree is susceptible to overfitting, tailoring
itself too closely to the training data and limiting its ability to generalize to unseen instances.
Random Forest mitigates this limitation by aggregating the outputs of numerous trees. Each tree
is constructed using a random subset of the training data and a random subset of features at each
split, introducing differences among the individual trees. The final predictive outcome of the Ran-
dom Forest model emerges from the combined predictive power of the individual trees, with each
tree contributing a unique perspective on the underlying patterns within the data. Furthermore,
the interpretability of Random Forest is advantageous for discerning the relative contributions of
each variable to the predictive model, providing insights into the key factors influencing ice calving

events.

In our study, the target variable to predict is the annual ice loss due to calving events for each

ice shelf. The model utilizes basal melting, sea ice concentration, ice velocity, and ice thickness as
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Figure 14: A visualisation scheme for Cross Validation retrived from scikit-learn [40], In the
training dataset is possible to see that in each iteration a different fold is used as a test fold (in
blue), while the others as training (in green).

input features to make predictions. All data used to train, validate and test our model come from

the tabular dataset explained in section 2.5.

2.6.1 Partitioning the dataset

A crucial step in every machine learning pipeline is the implementation of cross-validation, a
statistical technique used for hyperparameter selection and to assess the performance and gen-
eralizability of a machine learning model. After dividing the dataset into training and test sets,
cross-validation partitions the training dataset into multiple subsets called folds. The model is
then trained on some of these subsets and evaluated on the remaining data within the training
set, contained in the other folds. This process is repeated multiple times, with different folds of
the training set used for training and validation in each iteration. Cross-validation helps estimate
how well a model will perform on unseen data, providing a more robust evaluation than a single
train-test split. It aids in detecting issues like overfitting and ensures that the model’s performance
is representative across different data subsets, enhancing its reliability when applied to the test

dataset.

We chose to split our dataset into folds based on groups of ice shelves. We divided our 128 glaciers
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Figure 15: In the upper panel is reported Ice shelf distribution of ice calving averaged per year,
with the percentiles reported as red lines. On the lower the Sea Ice concentration distribution
across the 10 blocks, in yellow the test block.

into 10 blocks, isolating 2 of them for the test dataset and using the remaining 8 for the training
dataset. Each block contains the entire time series of both the target and input features for 12
ice shelves. To divide the ice shelves dataset into the 10 blocks, we followed the block criterion
suggested by Robert [41]. Randomly dividing folds might have resulted in the inclusion of spatially
dependent (i.e., correlated) data in a block, violating the assumption of dataset independence. This
could potentially lead to overfitting of predictions for ice shelves in that region and hinder the

generalization to ice shelves from different regions.

As the target variable to predict is calving flux, we adopted a classification approach to categorize
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Figure 16: Location of each ice shelf in Antarctica, divided in group by color.

ice shelves based on their average annual calving emissions. This classification ensures balanced
representation across different folds in terms of data. Fach ice shelf is assigned to one of ten blocks,
resulting in each block presenting a representative distribution of average calving emissions per
year, maintaining proportional representation across deciles. This classification scheme ensures
a balanced distribution of ice shelves exhibiting varying calving rates, thereby enhancing the
representativeness of the blocks. While we classified the ice shelves based on their average annual
calving emissions, we ensured that the distribution uniformity is respected in the blocks for other
variables. Although not as strong as for the calving variable, this uniformity is maintained in the
blocks for all other variables, as evident in the lower panel of Figure 15, where the distribution of
sea ice concentration per block is depicted. Another check we performed involved examining the
geographical distribution of the ice shelves. The left panel of Figure 16 displays the map of the
entire Antarctic region, with the location of the ice shelves color-coded by group. As observed,
the block division also respects geographical diversity, with glaciers distributed evenly along the

continent’s coast.

In addition to the dataset partitioning based on the calving classification approach, we employed
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random cross-validation as a complementary strategy to establish a baseline for comparison. This
random cross-validation allowed us to assess the model’s performance under different data splits,

providing a reference point for evaluating the effectiveness of our partitioning strategy.

2.6.2 Setting the Hyperparameters: performing the grid search

In the context of machine learning, hyperparameters are external configuration settings that in-
fluence the learning process of a model [42]. They are distinct from model parameters, which are
learned from the data, and they are set by the modeler as part of the model’s architecture. The

hyperparameters that we explored in the Random Forest algorithm are as follows:

e n_estimators: The number of trees used in the model. Although increasing the number of

trees generally improves the performance of the model, it also increases computational time.

e max _depth: The maximum depth of each tree in the forest, controlling the maximum
number of levels in each decision tree. A deeper tree may capture more complex patterns

but could lead to overfitting, while a shorter one could lead to underfitting.

e min_samples_split: The minimum number of samples required to split an internal node,
controlling how finely the tree is allowed to split the data. A smaller value might lead to

overfitting.

e min_samples_leaf: The minimum number of samples required to be at a leaf node, con-

trolling the size of the leaves in the tree. Smaller values may lead to overfitting.

e max_feature: The number of features to consider when looking for the best split; it controls

the randomness of each tree. A smaller value can reduce overfitting.

We decided to explore the potentiality offered by hyperparameter tuning by performing a grid
search: a grid search is a research of the hyperparameters values which perform better on the
model, according to a specific metric chosen to evaluate it. Providing a set of model hyperpa-
rameter ranges, it performs different runs with all the possible hyperparameters combinations,

evaluating every time the model according to a provided metric, and identifying therefore the ones
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for which the model performed best. We conducted multiple iterations of grid search optimiza-
tion, initially with a broad exploration of hyperparameter space, encompassing a wide range of
values. Subsequently, in the successive iterations this exploration was refined by constraining the
hyperparameter ranges, aiming to progressively converge to the optimal combination. The metric

we adopted is the Mean Squared Error (MSE).

3 Results and discussion

In this section we will present the results and discuss them. In subsection 3.1 we analyse the input
feature trends for the case study of Pine Island, in 3.2 we compare some of the values obtained
from our dataset with other present in literature, and finally in 3.3 we analyse the output obtained

with our model.

3.1 Input features trends

After completing the tabular dataset, it is now possible to analyze the trends of each variable
for each ice shelf. Figure 17 presents an example in the case of Pine Island ice shelf, with the
correlation matrix displayed in the lower right panel. In the following paragraphs, we will describe

these trends and provide potential interpretations.

The basal melting trend shows a period of relative stability between 2000 and 2010, where the

Gt
yr

values oscillate between 90 = and 110 % It then experiences a strong and rapid decrease after
2010, dropping by around 40%, from approximately 100 % to 60 % in just two years. This is in
relatively good agreement with field measurements by Dutrieux’s work, which observed a decrease
in melting rates of 38% between 2009 and 2012 [43]. This decrease in basal melting rates in 2012

has been attributed to a strong La Nina event.

From the calving time series, three significant calving events can be identified, representing a mass
loss greater than 200 % in 2001, 2009, and 2014. Other years show relatively small negative

values, indicating that the ice shelf did not discharge ice but gained it by re-advancing.
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Pine Island variable trends
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Figure 17: Time series trends for Pine Island ice shelf and correlation matrix. In the correlation
matrix BM stands for basal melting, SIC for sea ice concentration, IV for ice velociity and IT for
ice thickness. Compared to the other ice shelves, the ones in the Amundsen bay present data from
2000, since it was possible to retrieve velocity data from [23].

The sea ice concentration trend exhibits an oscillatory pattern between 80% and 60% from 2000
to 2005, followed by another drastic decrease, dropping to a minimum of around 40% in 2010. In

the last five years, the trend has shown a moderate increase.

The 80" average percentile of ice flow velocity shows a constant increase from 2001 to 2010, when
it reaches a first peak of around 3950 % It then slows down till a local minimum of around
3500 % in 2013, followed by a rapid growth until 2017, almost reaching a value of 4200 yﬂr in that

year.

Ice thickness exhibits an almost constant decrease over the entire analyzed period. From 2000
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to 2011, the decrease is not very steep, dropping from around 265m to 245m in 2011. Then, an
abrupt fall occurs, reaching approximately 220m in just one year, remaining almost constant for
the final period of the analyzed data. Over the entire study period, the ice shelf thinned by almost

50 meters, or 17% of the ice shelf thickness in 2000, with an average ice front thinning rate of 3

m/yr.

The diverse trends depicted here highlight the high level of complexity driving ice shelf changes.
Thinning persisted throughout the study period, while basal melting rates decreased, exhibiting
a correlation of 0.8 between the two variables. This suggests that a substantial portion of the
thinning rate at the calving front may be attributed to dynamic thinning induced by a significant
increase in surface flow velocity. This trend is further evidenced by a strong negative correlation
of -0.77 between these two variables. The elevated basal melting rates observed from 2000 to 2010
align with the most substantial increase in surface flow velocity over the study period. Spatial-
temporal analysis of basal melting rates, as illustrated in Figure 8, indicates that the highest melt
rates are concentrated at the grounding line of Pine Island. The grounding line, with its high
buttressing potential [44], significantly influences surface flow velocity. This finding aligns with
Dutrieux’s work, which documented a 20% increase in basal melting rates between 1994 and 2009
[43]. Tt is noteworthy that the surge in speed followed a large calving event in 2000, suggesting
that a reduction in buttressing induced by such an event could impact ice shelf buttressing and
increase ice flow velocity. Within the same timeframe, we observed notable changes in sea ice
conditions at the Pine Island front, particularly after 2005, when sea ice coverage decreased by
approximately 50%. Changes in sea ice conditions have been highlighted as a potentially influential
factor in stabilizing glacier/ice shelf fronts, mitigating the impact of destructive ocean swell that
can lead to damage and large calving events [45]. After 2010, the frequency of calving events nearly
doubled compared to the pre-2010 period. This increase may be attributed to the continued rise
in surface flow velocity during this timeframe, which facilitated damage, throughout changes in
strain rates, especially in the shear margins [46]. Ice shelf damage has been proposed as a variable

closely linked to calving, where fractures and dislocations contribute to a higher number of iceberg
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removals from the front [7].

3.2 Comparing results with literature

To validate the datasets employed in our model, we conducted a comparison with results from

existing literature. The findings are presented in the following paragraphs.
e Ice-shelf Melting Around Antarctica, Rignot et al 2013 [4]:

The study conducted by Rignot et al in 2013 provides the initial estimation of basal melting
and ice calving for each ice shelf in the Antarctic region during the year 2007-2008. To
facilitate a comparison with our datasets, specifically the Green et al and Paulo space-
integrated datasets, we examined the Rignot dataset and identified the ice shelves common

to all datasets.

The ice calving value obtained from the Green et al dataset equals Cg, = 1032 4+ 38 %,
while the one calculated by Rignot, Cg;, is C'r; = 1081 £ 127 %, indicating compatibility

between the two.

The integrated value of basal melting BMp, obtained from the Paulo dataset for all ice
shelves shared with the Rignot dataset is BMp, = 1292 + 388 % The basal melting value
calculated by Rignot, BMg;, is BMg; = 1310 + 418 % In this case as well, the results are

compatible, with both falling within each other’s ¢ range.
e Basal Melting, Adusumilli 2020 [47]:

Another comparison was made with the work by Adusumilli, who estimated the basal melting
per year in the period 1994-2017 to be 1250 £ 50 % Our estimation for the average basal
melting per year from the Paulo dataset was 968 + 290 %, with results compatible also in

this case.
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3.3 Random Forest Output
3.3.1 Grid Search

Score per parameter

Best value of max_depth is: 5 Best value of max_features is: 2 Best valué of niin_samples_leaf is: 6

-
—500 4
—1000
w -1500 1

W p-—9-—9- il s * et TS0 S N s A duie ——--9
= —2000
—2500 4
—3000 -
—3500 4

2 4 6 8 10 2 3 6 8 10 2 3 4 5 6 7 8 9

MAX_DEPTH MAX_FEATURES MIN_SAMPLES_LEAF

Best value of min_samples_split is: 17 Best value of n_estimators is: 900

-#- test

04
-500 4
—=1000 -
—1500 +

ﬁ p - -9 SN S YN QU T I 7 S R A ——
= —=2000 -
—2500 4
—=3000 -
—3500 4

1‘4 lIS 1‘6 1‘7 lé 1‘9 2'0 260 460 560 860
MIN_SAMPLES_SPLIT N_ESTIMATORS

Figure 18: Grid Search Results, where the MSE is reported for each parameter value. The MSEs
are obtained by averaging the MSEs obtained by fixing one value of the analysed parameter and
running the model with all the possible combination of the other parameters values.

Figure 18 presents the results of the hyperparameter grid search we conducted, depicting Mean
Squared Error (MSE) variations with respect to different hyperparameter values. The graphs are
generated by fixing one hyperparameter value at a time and running the model multiple times
with all possible combinations of the other hyperparameter values. The final MSE is computed by

averaging the MSE values obtained in each run with the fixed parameter. This output represents
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the culmination of 5 grid searches, each successively narrowing the range of hyperparameters to

converge towards the optimal values, which are reported in Table 1.

Max Max Min Min Number
depth | Feature | sample Leaf | sample split | of estimator
5 2 6 17 900

Table 1: Best results of the hyperparameter grid search

From the output of the grid search, preliminary considerations can be drawn about the final model,
which will be built based on these values. The low values for max depth and max features prevent
the trees from growing too large and making many splits per node, which helps avoid overfitting
but may limit the ability of individual decision trees to comprehend complex behaviors. Regarding
the values obtained for min sample leaf and min sample split, the former avoids capturing fine-
grained patterns by requiring coarser leaves (a minimum of 6 values), while the latter prevents
node creation if there are fewer than 17 values, restricting the extension of the trees. The high
values obtained for the number of estimators, which represents the number of decision trees in the
forest, suggest that our model has the potential to understand complex dynamics by averaging

the decisions of many simple trees.

3.3.2 Model output

We therefore set the model with the best hyperparameters, trained it on the whole train dataset
and performed a model run on the test set. From figure 19, where the model calving outputs
are plotted against the calving observation, it is possible to make some consideration about the
model performance. The degree to which data points converge with the diagonal line signifies
the model’s proficiency in accurately predicting outcomes, with closer alignment indicating higher
predictive accuracy. As it is possible to observe from the graph, the scatterplot shape does not
lay along the diagonal, but presents almost an horizontal trend. To have quantitative measures of

the model performance we calculated the Root Mean Squared Error (RMSE), the Mean Absolute
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Model Evaluation
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Figure 19: Model simulations vs observations, with the colorbar indicating the point density.

Error (MAE) and the R? value, parameters which quantify model accuracy '. The latter reveals
the proportion of variance in the dependent variable that the model accounts for; a value close to
1 indicates a good fit, value near 0 indicates that the average has the same effectiveness of the
model in predicting the output, while a negative value indicates the fact that the mean is better
than the model in making predictions. The obtained -0.15 R? is indicating the fact that our model
predictions are performing worst than the average, and therefore it is failing completely to make
accurate predictions. Also, the obtained MAE of 6.5 % indicates that on average the calving value
predicted by the model is differing of 6.5 % compared to the observed value which, considering
the fact that for many glacier a calving event rarely surpasses the 10 %, is quite high. The RMSE
value of 13.35 % also underscores the model’s challenges in accurately predicting calving values.
A lower RMSE would signify better performance, but this relatively high value aligns with the
limitations highlighted by our analysis, emphasizing the model’s difficulty in capturing observed
calving variability. From all these observation we can conclude that, despite the steps taken to

complete the dataset, the decision to focus just on the region closely involved in the calving events

'If 4); is the predicted value of the i-th sample and ¥; is the corresponding true value for total n samples, the

- 2 S P20 ) — ] i1 (W= i) S _ 1Ny
estimated R” is defined as: R*(y,¢) =1 S ) where 7 = = > " i
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and the grid search the model does not succeed in predicting ice calving.

We attribute the primary reason for the under-performance of our model to the utilization of
ice-shelf-wide data. As elucidated in the introduction section, spatial information plays a pivotal
role in capturing processes occurring in distinct parts of the ice shelf that are intricately intercon-
nected. Phenomena such as ice flow acceleration at the grounding line, ice thinning, and increased
basal melting at the ice shelf front are prime examples of interconnected processes that prove
challenging to capture through a regional spatial average. These phenomena are, however, crucial

in determining the evolution of the ice shelf.

Spatially distributed datasets should be used to try to make ice calving predictions and analysis.
These spatially distributed datasets have already been processed in the first part of the internship,
and are readily available to be used for training. This opens the door to using Convolutional
Neural Networks, capable of exploiting spatial information in the dataset. Due to the limited time
available for this project, it was not possible to use them so far. The transition towards this more

complex models and richer dataset will be the main focus of the next steps of this study.

3.3.3 Feature Importance

One powerful tool provided by the Random Forest implementation is the analysis of feature im-
portance. As previously mentioned, the Random Forest model determines dataset splits based on
the variable that minimizes the Mean Squared Error (MSE) of the target variable in the resulting
subsets. The algorithm evaluates how each feature contributes to the decision-making process at
each branch, and by averaging across all the trees, it quantifies the importance of each feature.
Despite the model’s suboptimal performance, analyzing feature importance still offers valuable
insights. It is essential to note that interpreting feature importance provides insights into the
model’s key predictors but does not establish causality. Moreover, these insights are specific to

the context of our particular model, considering all its limitations.

According to the feature importance analysis, the two most influential variables affecting ice calving

predictions in our model are ice velocity, accounting for approximately 52%, and basal melting
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Feature Importance (MDI)
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Figure 20: Histogram reporting the importance of the different input features for predicting calv-
ing.

(bm), which contributes around 33% to the splits. Ice concentration and ice thickness have less

influence on the model’s predictions, accounting for approximately 8% and 7%, respectively.

It is interesting to note that the obtained results align with our expectations. Ice velocity and
basal melting play a significant role in predicting ice calving events, as the former contributes
to crevasse formation due to stress on the ice, and the latter weakens the ice shelf structure,
increasing the likelihood of calving events. We expected ice thickness to be quite relevant, given
its crucial role in assessing overall ice shelf stability. Different thicknesses also influence thermal
and mechanical properties, impacting how the ice shelf responds to external forces such as oceanic
and atmospheric conditions. While the precise role of sea ice concentration in buttressing the ice

shelf remains uncertain, its importance is acknowledged within the scientific community.

Nonetheless, it is important to interpret these results with caution, particularly due to the low

skill of the model in reproducing the observed calving rates.
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Model Evaluation
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Figure 21: Model simulations vs. observations, with the colorbar indicating the point density.
This model was cross-validated with a random split of the test data inside the folds.

3.3.4 Comparing results with the random cross-validation strategy

We employed random cross-validation as a complementary strategy to establish a baseline for
comparison with the model output. In this approach, each fold consists of randomly selected
values from the dataset, thus not adhering to the inherent spatio-temporal structures present in
the data. This randomness in fold creation allows us to assess the model’s performance under a
scenario that does not consider specific spatial or temporal patterns. It is noteworthy to emphasize
that the test set used is the same as the one for the randomly cross-validated model; otherwise,

any meaningful comparison would not be possible.

Max Max Min Min Number
depth | Feature | sample Leaf | sample split | of estimator
28 2 2 2 36

Table 2: Best results of the hyperparameter grid search for the random cross validated model

To conduct this analysis, we followed the same procedures as those applied to the Random Forest

Model, which we utilized with a cross-validation by block strategy. This involved multiple an grid
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searches to identify the optimal hyperparameters ( with last grid search results reported in Table

2), configuring the model accordingly, and evaluating its performance on the test set.

The scatterplot exhibits an almost horizontal trend, indicating that also in this case the model
is not able to make accurate predictions. Examining the quantitative evaluation parameters, we
observe that all metrics perform slightly worse than those obtained through block strategy cross-
validation, with MAE = 6.55%, RMSE = 14.25%, and R? = -0.31 (compared to MAE = 6.43%,
RMSE = 13.35%, and R* = -0.15).

However, due to the general underperformance of both models and the similarity in evaluation
parameters, it is challenging to assess if the block cross-validation strategy resulted in better
performance compared to the random one, and it is not possible to conclusively determine which

one is superior. These results should be interpreted with caution.

4 Perspectives

In our pursuit of predicting ice calving in Antarctica, we developed a comprehensive spatiotem-
poral dataset (i.e. a data cube), capturing spatial and temporal information with meticulous
standardization. In order to tackle machine learning modelling problems of increasing difficulty,
we first decided to use tree-based methods applied to tabular data. For that, we transformed the
data cube dataset into a tabular dataset by integrating all spatial distributed information for a
single point per ice shelf and year. While this dataset was simpler and it enabled the development
of a full machine learning training pipeline, the results were not satisfactory and the model was
not capable of learning from the dataset. We argue that the main reasons behind this may lay on
the large amount of data compression done when transitioning from the data cube dataset to the
tabular one. Consequently, the tabular data was so small that the Random Forest model was not
capable of learning the complex nonlinear dynamics from it. Moreover, the spatial distribution of
calving rates also carry a lot of information on the physical processes involved in it, and collapsing
all distributed data points into a single one per ice shelf might also result in a loss of physical

details in the dataset.
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Therefore, these first results based on a Random Forest model trained on tabular data hint us to
the need of using a more complex machine learning model, namely a U-Net, one of the most used
CNNs [48]. The U-Net’s proficiency in semantic segmentation, capacity to capture intricate spatial
relationships, and adaptability to multimodal datasets make it a strategic choice to address the
limitations of the Random Forest model. The phased implementation of the U-Net will involve
systematic tuning, adjusting hyperparameters like the learning rate, activation functions, and
dropout rates. Hyperparameter optimization techniques, such as grid or random search, will be
employed to refine the model’s architecture, balancing complexity and generalization, similarly to
what has been done for Random Forest. The data cube’s distributed representation of ice shelf
changes remains crucial for U-Net training, serving as a valuable asset despite time constraints
limiting immediate implementation. The optimization and training of the U-Net represent critical
steps in unraveling the complexities of Antarctic ice calving, providing a nuanced understanding
of the processes involved. We will based our initial architecture choice on previous studies using
a U-Net for different problems involving similar datasets in Antarctica (namely the UMelt model

from de Roda Husman et al. (in review)).

5 Conclusions

Ice calving remains a poorly understood physical process in ice shelves, contributing to increased
uncertainties in predicting the future evolution of ice sheets, particularly in Antarctica. Current
attempts to parameterize ice calving in models rely on classical physical equation-based methods,
which are often parametrized on a case by case basis, and do not properly capture highly non-linear
processes such as damage, which is closely linked to calving. In this study, we adopted a data-
driven approach, which has not been explored previously for predicting ice calving in Antarctica.
Our objective was to assess the potential of machine learning tools to predict complex and highly

non-linear phenomena, such as ice calving.

We first gathered, analyzed, and standardized state-of-the-art remote sensing datasets of physical

variables involved in ice calving, namely basal melting, ice thickness, ice velocity, and sea ice
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concentration. The variables extend over the antarctic ice shelves and cover the time range 2005-
2017. Dataset standardization required a significant effort, as the structure of each dataset differed
in terms of temporal and spatial resolution, ice shelf geometry, data coverage, and completeness.
Consequently, two datasets were constructed: a data cube, which included spatial information on
two dimensions and temporal information on the third dimension, and a tabular dataset derived

from the cubic one by summarizing spatial features.

Secondly, we used the tabular dataset as input features for a Random Forest model with the goal
of predicting the integrated annual ice calving per ice shelf. The model was optimized by tuning its
hyperparameters with a grid search. During cross-validation, we employed two different strategies.
Firstly, we manually divided the test dataset into folds to maintain a balanced distribution of ice
shelves exhibiting varying calving rates. Secondly, we performed a random split of the test dataset
into folds. Unfortunately, both models failed in predicting ice calving on the test set, with the

manually divided model achieving slightly better predictive results.

The primary reason for this under-performance is likely the substantial information reduction
resulting from summarizing the spatial dataset into a tabular one. This led to a loss of critical
spatial information necessary to understand ice-sheet dynamics, such as grounding line dynamics
and shear margins strain rates. Nevertheless, we believe that the machine learning approach
should not be abandoned following this initial attempt. The data cube (i.e. including a distributed
representation of ice shelve changes) is readily available for the training of a Convolutional Neural
Network. Unfortunately, due to the limited time available for this project, its implementation
was not feasible. The potential of machine learning models remains therefore to be fully exploited
in Antarctic ice calving prediction, but they could be a valuable tool to unravel the intricate
interactions among the different variables involved in the process. Predicting future ice calving is
crucial for accurately quantifying sea level rise, and machine learning stands as a complementary
force alongside traditional equation-based models, opening new frontiers to address this problem

from a different perspective.
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machine learning part :https://github. com/Moncada-Francesco-97/machine_learning_calving_

project

For the preprocessing part, a directory is yet to be established to compile the local and cluster

codes used in generating the dataset.
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