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1 Introduction

An overview of the processing steps and convolutions used in the U-net model is shown in Supplementary Figure 1, with tables

that include the parameters chosen based on model performance.

2 U-net architecture and trainin

The U-net we implemented includes 3 down-sampling layers, and 3 up-sampling layers that were trained on 1600 images from
the Amundsen sea Embayment. The trained network takes preprocessed input images and produces images with pixel-wise
probability that the individual pixel in question includes a crevasse. These probabilities are used to create binary detection
masks using the Fl-score on independent training data. The Fl-score is a measure of the accuracy of binary classification
algorithms and was used to diagnose the precision and recall of pixel-wise crevasse classification based on a threshold
probability. The F1 can be written formally as:

TP

Fl= )

Where TP is the number of true positives, FP is the number of false positives, and FN is the number of false negatives.

3 Plotting of principal surface stress failure envelopes

Surface observations of ice motion can be used to determine strain rates and strain-rate measurements can be converted to
stress using a constitutive relation. Nye (1959) outlined the method for conversion from surface strain rates to surface stress
in one of the first applications of the constitutive relation for snow and ice. Here, we briefly summarize this calculation with
some changes in convention following the work of (Vaughan, 1993; Bindschadler et al., 1996; Veen, 1999; Alley et al., 2018)

and choose a form that is defined in terms of effective viscosity that could be used for either ice and firn.
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Assuming a two-dimensional Cartesian coordinate system, the magnitudes of the principal surface strain rates are related to

the directional surface strain rates by (Nye, 1959):

€.lsurf =
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where we have assigned the first principal strain rate as the larger principal strain rate. The measured principal surface strain
rates can then be used to calculate the principal surface stress magnitudes following Glen’s flow law (Nye, 1959; Vaughan,
1993; Veen, 1999):

Olsurf = 2nélsurf + né2surf (4)

O2surf = nélsurf + 277é25u7'f (5)

where = A~ /"e (n=1/7 is the effective viscosity of the ice, ¢, is the effective strain rate, and n = 3 is the flow law
exponent. A is the temperature (and likely flow-history) dependent creep parameter; here we set A =5.2 x 10725 s~! Pa~3,
which is appropriate for ice at a temperature of —10°C (Cuffey and Paterson, 2010). We also considered a number of con-
stitutive relations for firn (Ambach and Eisner, 1986; Ambach et al., 1993, 1995; Arthern et al., 2010; Morris and Wingham,
2014). Many of these relations depend on parameters that are unknown for this study area, namely firn density, temperature-
depth profiles, and viscosity parameters. We choose an empirically determined firn shear viscosity of 4.9 x 10° KPa-s from
measurements of polar firn in Greenland at a temperature of —10°C and density of 700 kg/m® (Haefeli, 1967). Results for
ice fluidity are shown in the text. The results assuming a firn fluidity (effective viscosity ~ 10° Pa) further reduce the inferred
effective stresses presented in Figures 7, 8 and indicate that the surface may be weaker than what is reported in this study and
in previous satellite crevasse observational work (i.e. Vaughan, 1993; Lai et al., 2020; Grinsted et al., 2023). The ovoid shape
of the failure envelopes assuming a fluidity consistent with firn remains the same (i.e. the structure remains consistent with von
Mises failure). We choose to use ice fluidity as this parameterization as it represents an upper bound on the inferred tensile
strength of the near surface.

By the von Mises failure criterion, if

2 2 2
oy < O1surf + O2surf — OlsurfO2surf (6)

then crevassing should occur, where o, is the tensile strength to ice. This failure criterion depends critically on the value for
the tensile strength of ice, which is temperature and flow history dependent. The conversion between surface strain rates and
surface stresses has a similar temperature and flow history dependence through the effective viscosity and flow law, but the

temperature relationship is somewhat better established from both laboratory and field studies.



To evaluate the applicability of analytic failure theory, we create maps of the two principal surface stresses from the surface
strain rates following the methods outlined above. We then plot crevasse locations as a function of surface stresses, where
x-axis is the first principal stress and the y-axis is the second principal stress (Fig. 7a). In this basis space, the tensile strength

50 corresponding to the von Mises failure criterion should appear as an ovaloid curve that demarks crevassed pixels from un-
crevassed pixels. We create crevasse failure maps for each quarter of data from 2015 to 2022 for Thwaites Glacier and plot
the crevasse locations in the surface stress basis space (Fig. 7a). The prominent ovaloid structure defines a clear relationship
between stress and (we have not assumed this form) is broadly consistent with expectations from the von Mises criterion. The

spread of values, however, suggests that assuming a single critical tensile strength is not appropriate.
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Figure S1. Preprocessing steps that precede U-net training and crevasse segmentation from SAR imagery. These steps transform the backscat-

ter intensity and after correcting for thermal and instrument noise we convert the backscatter intensity into a backscatter coefficient.
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Figure S2. Overview of our implementation of the U-net architecture, the validation results, and the padding scheme used to create the

crevasse area time series. The trained newtork produces images with pixel-wise probability of the presence of crevasses. These probabilities

are used to create binary detection masks using the F1-score on independent training data. The Fl-score is a measure of the accuracy of

binary classification algorithms and was used to diagnose the precision and recall of pixel-wise crevasse classification based on a threshold
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Figure S3. (a) Surface SAR and (b) worldview imagery of lower Thwaites Glacier showing backscatter signals that we use to create maps of

surface crevasses with contemporaneous spin drift signals we observe in optical imagery of the partially buried crevasse features.
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Figure S4. Same crevasse feature as shown in Supplemntary figure S3, but zoomed in to show more detail of optical imagery. (a) Surface

SAR and (b) worldview imagery of lower Thwaites Glacier showing backscatter signals that we use to create maps of surface crevasses with

contemporaneous spin drift signals we observe in optical imagery of the partially buried crevasse features.
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Figure S5. a) Radiometrically corrected reflectivity for a Sentinel-1A synthetic aperture radar image of lower Thwaites Glacier collected on
January 28, 2019. Bright quasi-linear features are associated with crevasses. Brown lines mark International Thwaites Glacier Collaboration
aerogeophyiscs flight lines collected during the 2018-2019 austral summer with an ultra-wideband (300MHz), ultra-high frequency radar
system (750MHz center frequency). Radar profiles shown in this figure were collected on February 1, 2019. Blue (b) and green (d) lines in
white boxes mark areas of images highlighted in later panels. b) Panchromatic Worldview image of the white box marked as panel (b) in panel
(a). Red colors indicate crevasse prediction likelihood (redder indicates great probability of crevasse). The blue line marks the radar profile
shown in panels (e) and (f). Black box marks inset shown in panel (c). Distance along track in the radar profile is noted by black markers with
annotation. c) Panchromatic Worldview imagery of inset of panel (c) with same markers and annotation as in the previous panel. These are
the only clearly visible crevasses at the surface in Worldview imagery for all insets in this figure. d) Panchromatic Worldview image of the
white box marked as panel (d) in panel (a). Red colors indicate crevasse prediction likelihood (redder indicates great probability of crevasse).
Green line marks radar profile shown in panel (g). Distance along track in the radar profile is noted by black markers with annotation. e)
Accumulation radar profile marked in box (b) in panel (a) and shown in panel (b). Surface crevassing onsets at 1 km along-track distance.
Between km 2.26 and 5.5 there are no visible crevasses. Surface and subsurface crevassing is notable again at km 5.5 to the end of the profile.
f) A magnified version of the previous panel showing that crevassing is seen near the surface but also deeper ( 80 m) depth, suggesting burial
during advection downstream. g) Accumulation radar profile marked in box (e) in panel (a) and shown in panel (e). Shallow subsurface
crevassing starts at 0.3 km along-track distance, but smooth layers are present above crevasses (from the surface to 10-15 m depth). Deeper

crevasses are visible in the second half of the profile ( 50 m depth).
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Figure S6. (a-b) Surface SAR and worldview imagery of the Thwaites Ice shelf showing accumulation radar flight lines (brown) with the
profiles shown below (blue). (c-d) radargram across the grounded zone. Tips of basal crevasses are identified with black arrows. Also shown
are near-surface stratigraphy draped over buried near-surface crevasses that we also image upstream. The density of these near-surface

features is visible until the surface slope of the ice sheet increases close to the grounding zone.
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Figure S7. (a-b) Surface SAR and worldview imagery of the Thwaites Ice shelf showing accumulation radar flight lines (brown) with the
horizontal positioning of radargram profiles shown in (blue). Below these maps are (c-d) images of the same radargram across the grounded
zone. (c) The first radargram shows the full thickness of the ice shelf where black arrows indicate the extent of basal crevasses.(d) The second
radargram shows the near surface where snow stratigraphy has buried near surface crevasses.
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Figure S8. (a) Von Mises Stresses shown with crevasses area (threshold outlined where crevasse probability exceeds .8) for the Amundsen

Sea Embayment. Also shown are (b) the histograms of von Mises stresses for uncrevassed regions and (c) crevassed areas for the area outlined




e — 1500 C
0km 12.5 km 25 km
1250
75°07'30"S 75°07'30"S € 1000 - |
Q
L
& 750 3
) c
S [
\ 3
! \ A g,‘ 500 I
75°06'00"S | 4 SN 75°06'00"S | .
74 A 250 | i
N\
. = = 0 |
96°48'W 96°54'W 96°48'W 96°54'W 50 75 100 125 150

von Mises Stress Criterion (kPa)

0.80 0.85 0.90 0.95 1.00
Crevsasse Probability

Figure S9. (a) Crevassed area extent using F1-score with crevassed area probability in 2015. (b) Crevassed area extent using F1-score with

crevassed area probability using F1-score in 2023. (c) Histogram of change in von mises stress criterion between 2023 and 2015 (2023-2015).
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