w N

Vo] 00 NO Uuib

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28

29
30

31

32

Non-peer reviewed EarthArXiv preprint

Decadal Evolution of Supraglacial Hydrology on the Nivlisen Ice Shelf:
From Localized Ponding to Spatially Synchronized Hydrofracture Forcing
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Abstract

Understanding the mechanical response of Antarctic ice shelves to surface meltwater is
critical for evaluating their structural stability. This study presents 11 austral summer seasons
(AS 2015-2016 to AS 2025-2026) assessment of supraglacial melt pond dynamics and their
mechanical implications for the Nivlisen Ice Shelf grounding zone using Landsat-8/9 imagery
combined with in-situ validation from the 44th Indian Scientific Expedition to Antarctica
(ISEA-44). Supraglacial melt pond depths were retrieved from multispectral imagery and
integrated into an Euler—Bernoulli flexural framework to estimate bending stresses, hydrostatic
forcing, and the resulting stress intensity factors (Kiotal) across a network of ten major ponds.
Two prominent hydrological events were identified: an extreme localized ponding episode in
2017 (maximum depth 6.92 m) and a spatially extensive meltwater event in January 2026
characterized by high thickness normalized energy (E, = 97.81 MJ m™). Field validation using
a Keller DCX-22 pressure transducer indicates that satellite retrievals underestimate pond
depth by approximately 27.6% due to spatial averaging within 30 m pixels over concave pond

bathymetry. Despite this conservative bias, calculated stress intensities reach up to 0.61 MPa
m'/2, exceeding the commonly reported fracture toughness range for glacier ice (0.1-0.4 MPa
m'/?). These results suggest that episodic supraglacial melt ponding can generate stress
conditions favorable for hydrofracture initiation in the Nivlisen grounding zone sector. The
study demonstrates the value of combining long-term satellite observations with field

validation to assess the evolving mechanical vulnerability of Antarctic ice shelves.

Keywords: East Antarctica, Nivlisen Ice Shelf, Hydrofracture, Supraglacial melt pond, Stress

intensity factor.
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1. Introduction

Ice shelves are floating extensions of the Antarctic Ice Sheet that play a critical role in
regulating the discharge of grounded ice into the ocean. By exerting a buttressing force on
upstream glaciers, ice shelves slow the flow of inland ice and thereby help stabilize the
Antarctic Ice Sheet. When ice shelves weaken or collapse, this buttressing effect is reduced,
allowing glaciers to accelerate and potentially increasing contributions to global sea level rise
(Morlighem et al., 2019; T. A. Scambos et al., 2004). One of the processes increasingly
recognized as a key driver of ice shelf instability is the formation and drainage of supraglacial
meltwater ponds and lakes. These surface water bodies can influence the mechanical stability
of ice shelves by promoting fracture propagation through hydrofracture processes (Banwell et

al., 2013; Bell et al., 2018).

Supraglacial melt ponds form when surface meltwater accumulates in topographic depressions
on glaciers or ice shelves during the austral summer melt season. The occurrence and
distribution of these lakes are controlled by surface energy balance, local topography, snow
permeability, and the presence of pre existing fractures (Jonathan Kingslake, 2017; Stokes et
al., 2019). Satellite observations have revealed widespread seasonal development of
supraglacial melt ponds across both the Antarctic and Greenland ice sheets, with increasing
evidence that their spatial extent and frequency are sensitive to climatic variability and
atmospheric warming (Arthur et al., 2020; Langley et al., 2016; Murugesan et al., 2023). In
Antarctica, supraglacial melt ponds have been observed across several ice shelves in East and
West Antarctica, including the Amery, Shackleton, Roi Baudouin, and Larsen ice shelves
(Arthur et al., 2020; Bell et al., 2017; Geetha Priya & Venkatesh, 2024). These lakes can store
significant volumes of meltwater and may persist for extended periods before draining

suddenly through fractures.

The mechanical influence of supraglacial melt ponds on ice shelves arises primarily from two
mechanisms. First, the weight of ponded water imposes a vertical load on the ice surface,
generating flexural stresses within the ice shelf. Second, when water infiltrates surface
crevasses, the hydrostatic pressure of the water column can drive crack propagation through
the ice. This process, known as hydrofracture, occurs when water pressure within a fracture
exceeds the resisting stresses of the surrounding ice and allows the fracture to propagate
downward through the ice column (Alley et al., 2005; Veen, 1998). Hydrofracture has been

implicated as a key mechanism in the disintegration of several Antarctic ice shelves, most
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notably the collapse of the Larsen B Ice Shelf in 2002, where extensive surface meltwater

ponding preceded rapid structural failure (Ayeal et al., 2003; T. A. Scambos et al., 2000) .

The propagation of fractures in ice is commonly analyzed using the framework of linear elastic
fracture mechanics (LEFM), in which the stress intensity factor (SIF) describes the magnitude
of stress concentration at the tip of a crack (Anderson, 2017). Fracture propagation occurs when
the applied stress intensity exceeds the fracture toughness of the material, denoted as (Kic).
Laboratory and field measurements indicate that the fracture toughness of glacier ice typically

lies in the range of approximately 0.1-0.4 MPa m'?

, depending on temperature, grain size, and
loading conditions (Rist et al., 2002; Schulson, 2011). In the context of supraglacial hydrology,
the total stress intensity acting at a crevasse tip may arise from multiple sources, including
bending stresses generated by pond loading, hydrostatic pressure from water filling the
crevasse, and the opposing lithostatic stress associated with the weight of the overlying ice

column.

Recent studies have highlighted the importance of understanding the coupling between
supraglacial hydrology and fracture mechanics in determining the structural stability of ice
shelves. Observational analyses have documented rapid drainage of supraglacial melt ponds
through hydrofracture, demonstrating that meltwater can penetrate through hundreds of meters
of ice within short timescales (Banwell et al., 2013; Lai et al., 2020). Numerical modelling and
remote sensing studies further suggest that increasing surface melt under a warming climate
could enhance hydrofracture susceptibility across several Antarctic ice shelves (Bell et al.,
2018; Pollard & Deconto, 2016). These findings underscore the need for quantitative
assessments of the mechanical forcing generated by supraglacial meltwater and its potential to

initiate fracture propagation.

Despite these advances, relatively few studies have combined observations of supraglacial melt
pond geometry with fracture mechanics based calculations to evaluate the stress intensities
generated by meltwater loading. Such analyses are important for determining whether
supraglacial melt ponds generate stresses capable of exceeding the fracture toughness of ice
and thus triggering hydrofracture. In this study, we investigate the fracture mechanical
implications of supraglacial melt pond loading by quantifying the gravitational potential energy
(GPE) associated with meltwater ponds and evaluating the resulting SIF acting on surface
fractures. By integrating satellite derived pond geometry with physically based calculations of

bending stresses, hydrostatic water pressure and lithostatic resistance, this work provides a
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process-based assessment of the hydrofracture potential of supraglacial melt ponds and their

implications for the structural stability of Antarctic ice shelves.
2. Study Area

The study is carried out on the Nivlisen Ice Shelf (NIS), located in Central Dronning
Maud Land (cDML), East Antarctica, in the vicinity of the Schirmacher Oasis along the
Princess Astrid Coast (Figure 1). cDML is a climatically and logistically well documented
sector of East Antarctica and hosts several long-term glaciological and geophysical
observations, making it particularly suitable for process oriented studies of ice ocean

atmosphere interactions and ice shelf stability (K. Mahalinganathan et.al, 2011).

A total of ten supraglacial melt ponds were selected on the NIS and labelled P1-P10. All ponds
exhibit irregular polygonal planform geometries and have end-to-end (maximum Feret)
diameters exceeding 250 m. This minimum diameter threshold of 0.25 km follows previous
hydrofracture and surface melt studies, which indicate that lakes of this linear scale are more
likely to contain the water volume necessary to generate mechanically significant water loading

or sustained fracture propagation (T. A. Scambos et al., 2000).

The distance of each pond from the grounding line was calculated as the shortest perpendicular
distance from the pond centroid to the nearest mapped grounding line. The selected ponds are
situated between 242 m (P9) and 2,791 m (P1) from the grounding line, thereby sampling a
mechanical gradient across the near-field sector of the ice shelf (Table 1). This configuration is
specifically designed to investigate hydrofracture processes ranging from the high flexure
grounding line (P9) to the outer limit of the grounding zone’s mechanical influence (P1), rather

than the freely floating interior of the shelf.

NIS in ¢cDML was selected because multiple supraglacial melt ponds occur within a few
kilometres of a well defined grounding line, enabling a focused assessment of hydrofracture
under strong grounding zone bending stresses. In addition, this study is uniquely supported by
in-situ pond water depth and hydrostatic pressure measurements acquired during ISEA-44
(November 2024-January 2025) with logistics provided by National Centre for Polar and
Ocean Research (NCPOR) under the Ministry of Earth Sciences (MoES), Government of India
(Gol), which allows direct physical constraint of co-incident satellite based hydrofracture
modelling, ensuring that the simulated fracture mechanics are validated against real time

bathymetric and pressure states.
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Figure 1. Study area map showing the location of selected 10 supraglacial melt ponds on the

NIS, cDML, East Antarctica. (Base map- Landsat-8 imagery acquired on 28-01-2020)

Table 1. Distance of supraglacial melt ponds from the grounding line and corresponding local

ice thickness derived from BedMachine v2.

S.no Pond Latitude, Longitude Distance to the grounding line tllﬁzliillecsz

D (m) (m)
1 P1 -70.582477,12.054874 2791 519
2 P2 | -70.626066,12.129485 1979 655
3 | P3 | -70.683820,12.093088 1007 639
4 P4 | -70.732944,12.016636 725 583
5 P5 | -70.729622,11.759308 651 393
6 P6 | -70.718715,11.755004 1161 409
7 P7 -70.713614,11.736857 1337 390
8 | P8 | -70.729676,11.335885 2296 446
9 P9 -70.694339,11.112440 242 317
10 | P10 | -70.640898,10.829409 1238 348
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3. Data used
3.1 Satellite imagery and pond mapping

We analyzed 11 austral summer seasons (AS 2015-2016 to AS 2025-2026) using 19
cloud free scenes from Landsat-8 Operational Land Imager (OLI), Landsat-9 OLI2. Scenes
were filtered for a maximum of 20% total scene cloud cover, with manual inspection conducted

to ensure all 10 target pond locations were cloud free in the selected acquisitions (Table 2).

The dataset distribution varies from one scene per season in the early study period to four
scenes per season in later years (Table 3). This multi temporal approach captures the ponds at
various stages of the melt cycle from November through February. In Table 3, "undetected
pond IDs" refers specifically to cloud obscuration or extensive fresh snow cover preventing a
clear observation of the ice surface, this distinction is critical to avoid underestimating pond
frequency in the presence of seasonal weather patterns (Arthur et al., 2020; Geetha Priya et al.,
2022). To delineate pond boundaries and estimate depth, we utilized the Blue (band 2) and Red
(band 4) 30 m resolution bands. Specifically, we calculated the Normalized Difference Water
Index for ice (NDWIice) using both bands for robust surface water masking, while the Red band
was utilized for the radiative transfer model (RTM) for water depth estimation, following the
optimized single band approach for supraglacial melt ponds on East Antarctic ice shelves.
Sentinel-1 SAR imagery (C-band) from February 2015 onward was examined to assess the

persistence of supraglacial drainage structures across austral summer seasons.
3.2 Ice thickness and BedMachine integration

Ice thickness (H) for each pond centroid was extracted from the BedMachine Antarctica
v2 dataset (Morlighem et al., 2019). While BedMachine provides a 500 m gridded product,
thickness values were extracted using bilinear interpolation to derive thickness values
specifically at the pond centroids, minimizing discretization artifacts that arise when applying

a 500 m regional grid (BedMachine) to 250 m scale surface features.

We assigned a single, time invariant thickness value and grounding line position to each pond
for the duration of the study period. This assumption of stationarity is justified by the
glaciological stability of the NIS, which is characterized by slow flow velocities and negligible
multi year thickness changes in cDML (K. Mahalinganathan et.al, 2011; Morlighem et al.,
2019). Interannual thinning and grounding line migration in this sector are significantly smaller

than the inherent vertical uncertainty of the BedMachine product and the 30 m horizontal



Non-peer reviewed EarthArXiv preprint

165  resolution of the satellite imagery used for pond mapping. Consequently, these variations are
166 treated as secondary to the high frequency hydrostatic and flexural stresses that drive seasonal
167  hydrofracture, allowing for a consistent spatial baseline across the study period (Banwell et al.,

168 2013).

169  Table 2. Landsat scenes used for supraglacial melt pond analysis, including satellite platform,

170

product level, acquisition date, scene ID, path and row.

S.No | Satellite Date Scene_ID Path Row
1 | Lco8 | 01-01-2016 LC08—L161$&§25%3E§2360101—202 167 | 110
2 | Lcos | 21-12-2017 LCO8—L2SREESZi}gzﬁ3§71221—2020 167 | 110
3 | LCO8 | 04-02-2017 LCO8—L25R3%326525¥§70204—2020 167 | 110
4 | LCos | 24-122018 LC08—LZSREESE{g%f¥§81224—ZOZO 167 | 110
5 | LCO8 | 28-01-2020 LCOS—LZSRﬁigzi}gz§3500128—2020 167 | 110
6 | LCO8 | 13122000 | NCOLESRASINE ISR 167 | 10
7| Loos | 10012021 | FOOEESRANILIIIMONALE ] 167 | 10
8 | LCO8 | 14-11-2021 LC08—L25R3ﬁ§;iggzﬁgflll14—2021 167 | 110
9 | LCO9 | 24-12-2021 LC09—L2SRziggi}giﬁgfllzz4—2023 167 | 110
10 | LCO9 | 25-11-2022 LC09—L161§££ZEE;:§2521125—202 167 | 110
11 | LCo9 | 27-12-2022 Lcog—L161§£§25E8:§2521227—202 167 | 110
12 | LCO9 | 28-01-2023 LC09—Lletiiﬁéﬁgg:ﬁgf30128—202 167 | 110
13 | LC08 | 21-02-2023 Lcos_L1cygaéggi%%:ﬁgfsozzl_zoz 167 | 110
14 | LCO9 | 30-12-2023 Lc09_|_1c;T3_112%%g:2T02231230_202 167 | 110
15 | LCO8 | 01-07-2024 LC08—Lthﬁﬁg;i%%:ﬁgf40107—202 167 | 110
16 | LCO8 | 24-02-2024 | CLESRIPIID MO 167 | 10
17 | LCO8 | 09-01-2025 LC08—LlGIﬁﬁgif%%:ﬁgf50109—202 167 | 110
18 | LC09 | 19-12-2025 Lcog—LZSRiéinigzﬁgf51219—2025 167 | 110
19 | LCO9 | 06-01-2026 LCOQ—L2SRzﬁig%}gz§25601°6—2°26 165 | 110
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Table 3. Temporal record of satellite observations and visibility of supraglacial melt ponds

during the study period.

Year Date Undetected Pond IDs
AS 2015-2016 01-01-2016 P1,P6
AS 2020-2021 13-12-2020 P5P6
AS 2020-2021 14-01-2021 P1P5
AS 2021-2022 14-11-2021 P1P3,P5P6,P10
AS 2022-2023 25-11-2022 P1P10
AS 2022-2023 21-02-2023 P 1,P5
AS 2023-2024 12-11-2023 P1P 10
AS 2023-2024 30-12-2023 P1P5,P 10
AS 2023-2024 07-01-2024 P1,P 10
AS 2023-2024 24-02-2024 P5,P 10

4. Methodology: Satellite preprocessing and melt-pond depth retrieval

The hydrofracture analysis was carried out for ten supraglacial melt ponds on the NIS,
located near the Schirmacher Oasis, using multisensor satellite observations and a two-

dimensional LEFM framework (Figure 2).

Surface reflectance Landsat-8, 9 scenes acquired during 11 austral summers were
radiometrically and atmospherically pre processed. Melt pond depths (h) were retrieved
following the RTM (equation 1) together with the NDWI;c. formulation (equation 2) and
threshold values reported in the same study (Arthur et al., 2020; Geetha Priya et al., 2022).

h= [In(Ay-Rg)-In(Rw-Rq)] (1)

C

__ (Blue bandreflectance — Red bandreflectance )

NDWI, ., =

)

(Blue bandrefiectance + Red bandrefiectance )

Where, Ay is the average reflectance around pond boundary, Rq is the deep water reflectance

(~0), Ry 1s the shallow water reflectance, c is the attenuation coefficient.

Additionally, NDWI;c. thresholded rasters were converted to pond polygons in QGIS (Quantum
Geographic Information System) and used to mask the corresponding depth rasters. Zonal
statistics were then computed for each pond to obtain area, maximum depth, mean depth, and
pixel integrated water volume. To ensure bathymetric consistency across the 30 m resolution
grid, anomalous depth outliers were identified via the depth standard deviation and removed

prior to selecting final maximum depth values. The derived pond geometries and bathymetric
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profiles serve as the primary inputs for the hydrofracture modelling framework, integrated with

the crack depth scenarios described below.
4.1 Pre-existing crevasse assumption

In this study, the terms crevasse, crack, and fracture refer to the same surface initiated
tensile discontinuity within the ice column. A pre existing near-surface crevasse is assumed to
exist beneath each supraglacial melt pond. Observational and theoretical studies show that
supraglacial melt ponds often occupy mechanically weakened or pre fractured zones and may
activate near surface crevasses during hydrofracture initiation (Banwell et al., 2013; T.
Scambos et al., 2009). The repeated formation of the same ponds across multiple austral
summers in our dataset suggests the presence of persistent structural weaknesses, supporting

this assumption.

As the subsurface geometry cannot be directly observed, the crack configuration is prescribed
following first order fracture mechanics treatments (Veen, 1998). We assume the crevasse
initially exists as a dry fracture. When a pond forms above it, water is assumed to infiltrate and
hydraulically connect with the crevasse. This converts the feature into a water filled fracture
where the net stress intensity (Kiol) 1s determined by the superposition of hydrostatic water
pressure and the ambient glaciological stress field, specifically the bending induced tensile

stresses characteristic of the grounding zone.

To evaluate the sensitivity of hydrofracture potential to these combined stresses, three crack-
depth scenarios were considered: 10 m, 20 m, and 30 m. These represent (i) typical penetration
of dry crevasses, (ii) deeper penetration approaching the firn ice transition and (iii) a depth at
which water filled fractures may become mechanically unstable under the influence of flexural

loading and hydrostatic head, following first order analyses (Veen, 1998).
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Figure 2. Process Flow

5. Hydrofracture modelling framework
5.1 LEFM formulation and plane strain assumption

A two-dimensional (2D) LEFM framework under plane strain conditions was used to
evaluate the stability of the ten irregularly shaped melt ponds. This formulation is physically
justified because observed pond diameters (>250 m) are an order of magnitude larger than the
prescribed crack depths (10-30 m), allowing the central cross-section to be treated as effectively
infinite in the out-of-plane direction (Krawczynski et al., 2009). The characteristic pond radius
(r) is calculated from the area equivalent diameter (Des) (Equations 3-4) and used to define the
lateral extent of the hydrostatic load. The 2D plane strain assumption provides a conservative
estimate of the SIF by neglecting the three-dimensional "clamping" effects of a finite circular
pond perimeter (Veen, 1998). LEFM is adopted in preference to viscous or viscoelastic
formulations because the timescale of hydrofracture is significantly shorter than the Maxwell
relaxation time of ice, such that the material response during loading is appropriately described

as brittle elastic (Cuftey, 2011; Veen, 1998).

10
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5.2 Grounding line flexure and bending stresses

Although the study region lies approximately 50-90 km upstream of the calving front,
all analysed ponds are located close to the southern grounding line (242-2,791 m). The ice shelf
is therefore approximated as a clamped Euler-Bernoulli elastic beam within the grounding line
flexure zone, where semi diurnal tidal deflections of approximately 1.5 m exert a first order
control on the stress state of the ice shelf (G. Holdsworth, 1969; Vaughan, 1995). Due to the
large flexural rigidity, small vertical deflections are amplified into significant surface tensile

stresses at the grounding line hinge.
5.3 Material properties

To represent localized conditions near the Schirmacher Oasis, we adopted a depth
averaged ice density (p;) of 850 kg m™ and a Young’s modulus (E) of ~9 GPa (Nimmo, 2004;
Sinharay, 2022). This density represents the depth integrated mean of the meteoric ice column,
accounting for the suppression of deep firn by katabatic wind scouring (Humbert et al., 2009).
The resulting stiff, brittle near-surface ice column is critical for assessing fracture initiation.
The adopted E value lies within the upper range for polycrystalline ice consistent with Ground
Penetrating Radar (GPR) and stratigraphy data from local blue ice areas (BIAs) (Cuffey, 2011;
Sinharay, 2022). This depth averaged approach ensures a robust estimate of lithostatic

overburden pressure (P;) and resulting SIFs.

5.4 Hydraulic loading and stress-intensity formulation

For each pond, meltwater mass (M) and hydrostatic pressure (Py) were calculated using
a freshwater density of 1000 kg m~. The hydraulic driving force is governed by the total head,
the sum of maximum retrieved pond depth hmax and the prescribed crack depth z. This total
head determines the hydrostatic SIF Kywater (Veen, 1998). Bending stresses or are incorporated
using a static bending coefficient C = 0.15. This formulation enables the explicit coupling of
satellite derived bathymetry with ice geometry from BedMachine Antarctica v2 (Arthur et al.,
2020; Morlighem et al., 2019; Murugesan et al., 2023). For each pond and crack depth scenario

(10 m, 20 m, and 30 m), the formulations summarized in Table 4 adapted from established

11
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studies were used to compute hydrostatic pressure at the pond bottom and crack tip, GPE and
E,, along with surface load (q), flexural rigidity (Df) and flexural length (lf). Fracture stability

was evaluated using the SIFs due to water loading (Kwater), bending (Kpend), and lithostatic

pressure (Kiitno), which were summed to obtain the total SIF (Kiota).

Table 4. Summary of governing equations used to derive hydraulic, mechanical, and fracture

parameters within the supraglacial melt pond hydrofracture framework.

N86 Parameter Governing Equation Where
1 Hydrostatic Pressure at Pond Bottom Pb = p,, g hmax g=9.81ms?
(kPa) Rnax- Maximum pond depth
. . _ z - crack depth (assumed 10
2 I(-II()F/)ir)ostatlc Pressure at Crack Tip Pw =py, 9(z + hpay) M), oy - Maximum pond
depth
; _ 6Mpgay M- Maximum bending
3 | Bending Stress (Pa) Or =2 moment, H - ice thickness
Mmax = quz _
4 Maximum Bending Moment (N) If 1 < lf = Mypqy = 0.15q7%; I d ﬂsurfacie Iloadth
If 1 2 lp = Mgy = 0.15q 2 7 - Hiexuratieng
5 Gravitational Potential Energy (J) GPE = p,gVz
P, - hydrostatic pressure at
L P pond bottom,
Edrive= GPE £ .
6 Driving Hydrofracture Energy (J) d G (Pw) P, — hydrostatic pressure at
crack tip
7 Thickness-Normalized Energy (J m™) En= E‘”%
8 Ice Overburden Pressure (kPa) P= pigz p; -ice density (850 kg m™),
9 Surface load (Pa) q = Pw Jhmean Hmean - mean pond depth.
o _ EHP E - Young’s modulus (9x10°
10 | Flexural Rigidity (Nm) Dr= ma—my Pa), v - Poisson’s ratio (0.30)
11 | Flexural Length (m) s = (D_f)z Dy - flexural rigidity
Pwd
12 | SIF from Bending (MPa mt/2) Kbend = 1.12 07 \z oy - bending stress,
Kuwater = [ 1.12(pw 9 hmax) + .
13 | SIF from Water Pressure (MPa m12) 2 Rimax - Maximum pond depth
T
(2)pw 9(2)| Vrz
SIF from Lithostatic Pressure 2
14 (MPa mt'2) Kiitho = [(E) pigz] Vrz
Kpena - SIF from bending,
Combined Stress Intensity Factor _ Kyater- SIF from water
15 (MPa m22) Kuoar= Kpena + Kwater = Kiitno pressure, Kj;eno- SIF from
lithostatic pressure
6.Results

This section presents the morphometric, hydraulic and mechanical findings for the ten
supraglacial melt ponds. Following the methodology established in Section 4, all parameters
were evaluated across three crack depth scenarios (10 m, 20 m, and 30 m). This sensitivity

framework allows for a direct comparison between the initial fracture state (10 m) and

12



280
281
282

283

284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

311

Non-peer reviewed EarthArXiv preprint

progressive hydrofracture scenarios (20-30 m), illustrating the shifting balance between
lithostatic overburden and hydrostatic driving pressure. These results are detailed across

Sections 6.1-6.6.
6.1 Morphometric and bathymetric characteristics of supraglacial melt ponds

Across 11 AS seasons, the ten analysed supraglacial melt ponds exhibit pronounced
spatial and temporal variability in surface area, depth, and water volume (Table 5; Figure 3).
Individual ponds were detected between 11 observations (P1) and 19 observations (P2, P4, P8,
and P9), reflecting differences in seasonal persistence as well as occasional cloud or snow
obscuration in the satellite record. Mean pond surface areas vary substantially between ponds,
ranging from 0.33 km? (P6) to 1.20 km? (P2). The largest individual pond recorded during the
study period occurred at P2, which reached 1.53 km? on 9 January 2025. Several other ponds
exhibit consistently large extents, particularly P3, P4, and P8, which maintain mean surface
areas exceeding 0.75 km? throughout the observation period. These observations indicate that
the NIS hosts multiple large and persistent supraglacial melt ponds capable of storing
substantial meltwater. Maximum pond depth (hmax), retrieved using the RTM varies
considerably among ponds and between seasons. The mean of the seasonal maximum depths
for individual ponds ranges from 0.93 m (P3) to 1.49 m (P5). The deepest individual water
column in the dataset occurs at P10, reaching 6.92 m on 4 February 2017. Other episodically
deep ponds include P9 (5.43 m on 6 January 2026) and P4 (4.33 m on 28 January 2023),
demonstrating that significant deepening events can occur even in ponds that are not among
the largest by area. Meltwater storage volumes (V) show strong inter pond variability. Mean
pond volumes range from 0.13x10° m* (P10) to 0.38x10°% m? (P4). The largest individual water
volume recorded in the dataset occurs at P4, which reached 1.48x10° m® on 21 December 2017,
followed by P8, which stored 1.26x10°m® on 6 January 2026. These mean and maximum
volumes represent statistics computed from all individual satellite observations available for
each pond. Spatially, ponds with the largest areas and volumes occur across the grounding zone
sector (242-2,791 m downstream of the hinge). While large ponds such as P2, P3, P4, and P8
are characterized primarily by extensive surface area and storage capacity, smaller pond such
as P10 which functions as a steep sided "well" or "moulin-like" feature can develop
episodically deep water columns. This highlights the importance of local pond geometry in

controlling meltwater accumulation on the NIS.
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Figure 3. Temporal evolution of supraglacial melt pond geometry over eleven austral summers:

(a) area and volume, (b) maximum and mean depth, and (c) area-equivalent radius.

Table 5. Morphometric and bathymetric characteristics of supraglacial melt ponds on the NIS
during the study period.

Mean Max Mean Max Mean Max
S.no Pond ID Area Area hmax (M) | hmax (m) Volume Volume

(km?) (km*) " - (km*) (km*)
1 P1 0.52 0.78 1 3.18 0.14 0.31
2 P2 1.2 1.53 0.95 3.37 0.31 0.63
3 P3 1.14 1.52 0.93 3.48 0.34 1.07
4 P4 0.77 1.48 1.38 434 0.38 1.48
5 P5 0.53 0.91 1.49 3.54 0.24 0.78
6 P6 0.33 0.62 1.18 3.92 0.16 0.59
7 P7 0.65 0.87 1.1 2.68 0.22 0.55
8 P8 0.78 1.07 1.27 4.2 0.26 1.26
9 P9 0.41 0.58 1.27 5.43 0.14 0.49
10 P10 0.45 0.69 1.3 6.92 0.13 0.63
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6.2 Derived hydraulic and geometric properties

Using the geometries derived for the ten ponds (2015-2026), area equivalent radii (r)
were computed for each observation to serve as the lateral scale for water loading in the LEFM
formulation (equations 3-4). The radii range from 157 m (for P6 on 14 January 2021) to 697 m
(for P2 on 9 January 2025) (Table 6). Because these diameters are significantly larger than the
assumed crack depths (10-30 m), the conditions for the plane strain approximation are satisfied
(Veen, 1998).

Meltwater mass (M), derived using a freshwater density of 1000 kg m3, varies from 1.05 x 10*
kt (for P5 on 12 November 2023) to 1.48 x 102 kt (for P4 on 21 December 2017). This mass
serves as the surface load for calculating flexural stresses. The total hydraulic head (Hw) acting
within the fracture is defined as the sum of maximum pond depth and crack depth (Hw = hmax
+ z) (Krawczynski et al., 2009; Veen, 1998). For the 10 m baseline, Hw ranges from 10.04 m
(for P2 on 13 December 2020) to 16.92 m (for P10 on 4 February 2017). At 30 m depth, Hw
increases to a maximum of 36.92 m. These water columns generate substantial hydrostatic
pressures. The pressure at the pond base (Py) varies between 0.35 kPa (for P2 on 13 December
2020) and 67.93 kPa (for P10 on 4 February 2017). At the crack tip, pressure (Pw) increase
systematically with depth. For the 10 m scenario, Pw ranges from 98.45 kPa (for P2 on 13
December 2020) to 166.03 kPa (for P10 on 4 February 2017) as shown in Figure 4. For the 20
m and 30 m scenarios, pressure increase to 196.55 to 264.13 kPa and 294.65 to 362.23 kPa
respectively. The peak pressure consistently occurs at P10, reflecting its role as a deep
hydrostatic "well." These values provide the boundary inputs for the stress intensity analysis

in the following sections.
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340 Figure 4. Temporal variability of (a) meltwater mass and (b) hydrostatic pressure at the crack
341  tip (z= 10 m hydraulic head).

342  Table 6. Min/max hydraulic and geometric parameters for melt ponds P1-P10

S.no Min Pond Max Pond
Parameter value D Date value D Date
1 Area-equivalent 14-01- 09-01-
pond radius I57m 1 P61 gy | 69Tm 1 P2 s
2 1.05 x 12-11- 1.48 % 21-12-
Meltwater mass 10" kt P5 2023 10° kt P4 2017
3 Hydraulic head (10 13-12- 04-02-
m crack) 10.04m | P2 2020 16.92m | P10 2017
4 Hydraulic head (20 13-12- 04-02-
m crack) 20.04m | P2 2020 2692m | P10 2017
5 Hydraulic head (30 13-12- 04-02-
m crack) 30.04m | P2 2020 36.92m | P10 2017
6 Hydrostatic
13-12- 67.93 04-02-
pressure (pond 0.35kPa | P2 2020 Pa P10 2017
base)
7 Crack-tip pressure 98.45 P 13-12- 166.03 P10 04-02-
(10 m crack) kPa 2020 kPa 2017
8 Crack-tip pressure | 196.55 P 13-12- 264.13 P10 04-02-
(20 m crack) kPa 2020 kPa 2017
9 Crack-tip pressure | 294.65 P 13-12- 362.23 P10 04-02-
(30 m crack) kPa 2020 kPa 2017
343
344
345
346
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6.3 Flexural and mechanical response to supraglacial melt pond loading

The mechanical response of the NIS was quantified using surface water loads, bending
moments (Mmax), and bending stresses (cf) derived for individual observations between 2015
and 2026 (Table 7; Figure 5). These parameters define the elastic flexure induced by the
hydrostatic weight of ponded meltwater.

6.3.1 Surface loading and bending moments

Surface loading spans nearly two orders of magnitude across the dataset. The lowest
load occurs for P5 (202 Pa on 12 November 2023), while the highest reaches 1.55 x 10 Pa (for
P6 on 6 January 2026) reflecting extensive supraglacial meltwater accumulation. Several
seasons exhibit particularly strong mechanical forcing. For example, the AS of 21 December
2017 shows elevated loads across multiple ponds, including P4 (1.50 x 10* Pa) and P5 (1.04 x
10* Pa).

This variability is mirrored in the maximum bending moments (Mmax), which reflect seasonal
meltwater production and pond geometry. The smallest moment was recorded at P5 on 12
November 2023 (4.93 x10° N), whereas the largest historically occurred at P4 on 21 December
2017 (6.93 x 108 N). The 6 January 2026 event marks a significant intensification of mechanical
forcing compared to the relatively stable 2020-2025 period, with bending moments reaching
5.92 x 10® N at P8 and 4.99 x 108 N at P3. These 2026 values represent a sharp intensification
of mechanical forcing compared to the relatively stable years of 2020-2025, signalling a return
to conditions that favor structural instability.

6.3.2 Bending stress and spatial rigidity

The bending moments (of) translate into surface tensile stresses that contribute to
fracture initiation. Across all observations, of remains below the typical tensile strength of
glacier ice (approximately 0.7-1.0 MPa), but fluctuates significantly. The maximum bending
stress in the dataset occurs at P9 on 24 December 2018 (3.77 x 102 MPa). While 2018 produced
the single highest localized stress, the 6 January 2026 season represents a more spatially
extensive event; several ponds simultaneously experienced elevated stresses, including P8
(1.78 x 102 MPa) and pond P9 (1.37 x 107 MPa). This spatially coherent loading affects a
larger portion of the shelf surface simultaneously, which may be more critical for overall
stability than isolated maxima.

These responses are governed by the shelf's elastic properties. Flexural rigidity varies between
2.63 x 10% Nm (for P9 on 6 January 2026) and 2.32x10'" Nm (for P2 on 1 January 2016),

reflecting spatial differences in ice thickness and stiffness. The corresponding flexural length
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ranging from 1280 m (P9) to 2205 m (P2) remains constant for each pond location, confirming
that the mechanical sensitivity of each pond is pre determined by its glaciological position
relative to the grounding line.
6.3.3 Mechanical implications for stability

The extreme ponding events of December 2017, 2018 and January 2026 represent peak
periods of mechanical forcing. While the 2017 event produced the largest bending moments
(structural deformation), the 2018 event maximized localized bending stress (fracture risk).
Crucially, the 2026 event demonstrates a widespread mechanical response across ponds P3,
P6, P7, P8, P9, and P10 (Table 7). Although individual bending stresses remain an order of
magnitude below the failure threshold for intact ice, such repeated seasonal loading
progressively modifies the local stress field (Banwell et al., 2013; Veen, 1998). When these
flexural stresses are coupled with high internal water pressures, as seen in the 2017 and 2026
seasons, the conditions for hydrofracture initiation and the reactivation of dormant surface

fractures are significantly enhanced.
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Figure 5. Mechanical response to supraglacial melt pond loading over eleven austral summers:

and (d) flexural rigidity

5

, (¢) maximum bending moment

(a) surface load, (b) bending stress

and flexural length.
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Table 7. Mechanical parameters associated with supraglacial melt pond loading.

S.no Parameter Min value Pond Date Max Pond Date
ID value ID
12-11- 1.55 x 06-01-
1 Surface load 202 Pa P5 2023 10 Pa P6 2026
) hﬁi’;ﬁ‘i’ﬁm 493 x10° | 12-11- 693 | o, 21-12-
g Nm' 2023 10° N m™ 2017
moment
) 1.54 x 10 28-01- 3.77 x 24-12-
3 | Bending stress MPa P1 2020 10> MPa P9 2018
Flexural 2.63 x 1016 2.32 x
4 rigidity Nm P9 All dates 10" Nm P2 All dates
5 | Flexural length 1280 m P9 All dates 2205 m P2 All dates

6.4 Energetic potential for hydrofracture

The energetic potential for hydrofracture was assessed by comparing the GPE stored
within supraglacial melt ponds with the lithostatic resistance (Pi) imposed by the ice
overburden. Three representative crack depth scenarios were considered: 10 m, 20 m, and 30
m, corresponding to overburden pressures of 83.39 kPa, 166.77 kPa, and 250.16 kPa,
respectively (Table 8; Figure 6).

6.4.1 Gravitational Potential Energy

The calculated GPE values relative to the crack tip span over two orders of magnitude
across the observational record. The minimum recorded energy occurs at P5 on 12 November
2023, where the GPE reaches 1.03 x 10* MJ (10 m), 2.06 x 10*°MJ (20 m) and 3.10 x 10° MJ
(30 m). In contrast, the largest energetic event is observed at P4 on 21 December 2017, when
the GPE reaches 145.08 x 10° MJ (10 m), 290.15 x 10* MJ (20 m) and 435.23 x 10* MJ (30
m). These values represent the maximum meltwater energy storage observed in the dataset and

highlight the significant mechanical loading imposed by large supraglacial melt ponds.

Other high energy episodes are also evident. On 14 November 2021, P2 reached 107.97 x 103
MJ (10 m), indicating a major meltwater accumulation event. Similarly, the 6 January 2026
event produced elevated energies across several ponds, including P8 with 123.83 x 10> MJ and
P3 with 104.55 x 10°* MJ under the 10 m scenario. These events demonstrate that large energy
storage episodes recur throughout the observational record and can involve multiple ponds

simultaneously.
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6.4.2 Effective and thickness normalized driving energy

The driving energy (Eaiive) represents the fraction of stored GPE available for fracture
propagation after overcoming ice overburden pressure and mechanical resistance. To reveal the
true intensity of this hydraulic forcing while filtering out the influence of variable shelf

geometry, we utilize the E,, measured in MJ m™.

Under the 10 m thickness scenario, Edrive ranges from a minimum of 4.18 MJ (for P5 on 12
November 2023) to a maximum of 35.33 x 10* MJ (for P8 on 6 January 2026). While minimum
values remain nearly identical across three crack depth scenarios (approximately 4.19 MJ at
P5), the peak Earive values scale with thickness, reaching 41.22 x 10> MJ (20 m) and 43.64 x
10> MJ (30 m) during the January 2026 event at PS.

The thickness normalised energy follows a similar trajectory. For the 10 m scenario, E, ranges
from a negligible 1.06 x 102 MJ m™ to a peak of 79.21 MJ m™" at P8 on 6 January 2026. For
thicker ice conditions (20 m and 30 m), these peak intensities increase to 92.39 MJ m™ and
97.81 MJ m™ at P8 on 6 January 2026 respectively. Notably, the 6 January 2026 event produced
elevated driving intensities across the pond network simultaneously under the 10 m scenario,
En reached 53.40 MJ m™ (P9), 42.23 MJ m™" (P3), and 33.86 MJ m™! (P6). This synchronicity
suggests that high magnitude energetic forcing is not restricted to isolated ponds but occurs as

a system wide response.

6.4.3 Energetic implications for system wide stability

The 6 January 2026 event represents the most spatially extensive energetic forcing
episode observed in the record. While the 21 December 2017 peak at P4 reflects an extreme
energy concentration within a single large pond, the 2026 event is characterized by multiple
ponds simultaneously reaching high E, values.
This spatial coherence suggests that meltwater loading was distributed across the pond network
rather than localized to a single pond. Consequently, the 2026 melt season represents the
strongest system wide hydrofracture forcing episode in the dataset, with multiple supraglacial
melt ponds approaching their maximum energetic potential. Such conditions substantially
increase the likelihood of widespread fracture initiation and propagation across the NIS,

emphasizing the critical role of pond scale meltwater dynamics in controlling ice shelf stability.
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492
493  Figure 6. Temporal evolution of gravitational potential energy, hydrofracture driving energy
494  and thickness-normalized energy.
495
496  Table 8. Energetic parameters governing hydrofracture potential of supraglacial melt ponds.
497
S.no Parameter 10m 20m S0m Pond ID & Date
crack crack crack
1 Maximum Absolute 145.08x 290.15x 435.23% P4 — 21 Dec
GPE 103 MJ 108 MJ 108 MJ 2017
> | Minimum Absolute 1.03x 10 | 2.06x 10% | 3.10x 103 P5—-12 Nov
GPE MJ MJ MJ 2023
Maximum Driving 5 5 5
3| hydrofracture energy 35.33x 10° | 41.22x10° | 43.64x10° | g 0g 1an 2026
MJ MJ MJ
(Edrive)
Minimum Driving
4 hydrofracture energy 4.18 MJ 4.19 MJ 4.19 MJ PS— 12 Nov
2023
(Edrive)
Maximum Thickness
5 | normalized 79'21,1MJ 92'3?1MJ 97'81,1MJ P8 — 06 Jan 2026
m m m
energy(En)
6 r':g':;:::ﬁ;g dT:r'gr(”ess 1.06 x 102 | 1.07x 102 | 1.07x 102 | P5—12 Nov
) 9y MJ m! MJ m-! MJ m! 2023
n
498
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6.5 Fracture mechanics: Stress intensity and hydrofracture Potential

The fracture potential associated with supraglacial melt pond loading was evaluated
using SIFs representing bending stresses (Kvend), hydrostatic water pressure (Kwater), lithostatic
resistance (Kiimo), and the resulting combined stress intensity (Kiowi). Representative stress
intensity values for major supraglacial melt pond events are summarized in Table 9, while the
highest values across the full dataset are identified in Tables 10-12.
6.5.1 Bending induced stress intensity

Flexural loading from pond water produces bending stresses within the ice shelf that
contribute to crack tip stress intensity. The largest bending event in the dataset occurred on 24
December 2018 at P9, where Kyenda 10 m reached 0.2365 MPa m*/2 (Table 10). This value is
substantially larger than other bending events and reflects an extreme flexural response caused
by localized pond loading. Other high Kyena €vents include P8 on 6 January 2026 (0.1119 MPa
m’2) and Pond 10 on 4 February 2017 (0.0911 MPa m1/2),
These results indicate that bending stresses can become significant when large supraglacial
melt ponds impose concentrated loads on the ice shelf surface. However, the largest bending
stresses generally occur at individual ponds rather than across multiple ponds simultaneously.
6.5.2 Hydraulic forcing from meltwater

Hydrostatic water pressure within crevasses produces the largest stress intensity
contribution in many events (Banwell et al., 2013; Veen, 1998). The strongest hydraulic forcing
occurs during the 4 February 2017 event at P10, where Kyawer 10 m reached 0.8204 MPa m?/2
(Table 11). Additional high hydraulic forcing events occur at P9 on 6 January 2026 (0.7286
MPa m?/2) and P4 on 28 January 2023 (0.6610 MPa m*/2). Elevated values are also observed

during the 09 January 2025 melt event at P8 (0.6524 MPa m1/2).
Unlike bending stresses, which tend to peak at individual locations, the 6 January 2026 event
produced elevated Kwaer Values across several ponds simultaneously, indicating a spatially
distributed meltwater forcing episode.
6.5.3 Combined stress intensity and fracture propagation

The combined SIF (Kiotl) represents the net crack tip forcing produced by supraglacial
melt pond loading after accounting for the resisting effect of the overlying ice. In this
formulation, the total stress intensity is obtained by combining the bending induced stress
intensity (Kvena) and the hydrostatic water pressure contribution (Kyater), While subtracting the

lithostatic resistance of the ice (Kiimo) as given in Table 4.
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The lithostatic term Kiimo represents the compressive stress exerted by the weight of the
overlying ice column, which acts to resist fracture opening. In this study, Kiimo iS calculated
based on the assumed crack depth and remains constant for a given thickness scenario. For the
10 m crack depth case shown in Table 9, Kiimo = 0.299 MPa mt/2, This resisting stress partially
offsets the bending and hydraulic contributions, meaning that fracture propagation occurs only
when the combined forcing from Kyend and Kwater €XCeeds the lithostatic resistance of the ice.

The largest combined stress intensity occurs during the 4 February 2017 event at P10, where
Kiotat 10 m reached 0.6124 MPa m*/2 (Table 12). Other major events include P9 on 6 January
2026 (0.5155 MPa m'/2) and P8 on the same date (0.4527 MPa m/2), Additional high combined
stress intensities occur during the 9 January 2025 melt event at P8 (0.4273 MPa m*/2) and 28

January 2023 at P4 (0.4091 MPa m'’2) (Figure 7). These events represent the most
mechanically favorable conditions for fracture propagation within the observational record.
6.5.4 Comparison with ice fracture toughness

To assess whether these stress intensities are sufficient to initiate fracture propagation,
the calculated values were compared with the fracture toughness of glacier ice (Kic).
Experimental studies typically report Kic values in the range of approximately 0.1-0.4 MPa
m2 for glacier and ice shelf ice (Lai et al., 2020; Veen, 1998). Stress intensities exceeding this
range indicate conditions under which crack propagation becomes mechanically feasible.
Several events identified in Tables 9-12 exceed or approach this threshold. The 4 February
2017 P10 event (Kol = 0.612 MPa m1/2) clearly surpasses the upper bound of typical fracture
toughness. Similarly, the 6 January 2026 events at P8 and P9 (K. = 0.453 and 0.516 MPa

m’2) exceed the fracture toughness range. Even the bending dominated 24 December 2018

event at P9 (Kl = 0.384 MPa m*/2) approaches the upper limit of this threshold.
6.5.5 Implications for hydrofracture development

The stress intensity analysis indicates that hydrofracture forcing on the NIS arises from
the combined effects of localized flexural loading and meltwater driven hydraulic
pressurization. Early extreme events in the record are typically associated with individual
ponds generating strong bending stresses, whereas more recent events show simultaneous
hydraulic forcing across multiple ponds, particularly during the 6 January 2026 melt episode.
When stress intensities exceed the fracture toughness of ice, downward crack propagation
becomes mechanically favorable, increasing the likelihood that supraglacial meltwater ponds

may trigger hydrofracture within the ice shelf.
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563  Table 9. SIFs for major supraglacial melt pond events on the NIS, including contributions from
564  bending (Kbend), hydrostatic water pressure (Kwater), lithostatic resistance (Kiimo) and the
565  resulting total SIF (Kiota) evaluated at a crack depth of 10 m.

Kwater Ktotal
S.no | Event Pi)ll)ld Date (MK;E;':II/) (MPa (MPa
pa m7 m'%) mY%)
Extreme 04-02-
1 | hydrostatic | P10 0.0911 0.8204 0.6124
. 2017
forcing
Extreme 24-12-
2 | flexural P9 0.2365 0.4469 0.3844
: 2018
bending
Regional 09-01-
3 melt event P8 2025 0.0740 0.6524 0.4273
System-
4 | wide pe | 20011 0539 0.6355 0.3904
. 2026
forcing
System-
5 | wide pg | 060 0.1119 0.6399 0.4527
. 2026
forcing
Maximum 06-01-
6 | fracture P9 0.0860 0.7286 0.5155
: . 2026
Intensity
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S.no/Ra Date Pond | Kbend10 m (MPa | Koend 20 m (MPa | Kbend 30 m (MPa
nk ID m1/2) m1/2) m1/2)
24-12-
1 2018 P9 0.2365 0.3345 0.4097
06-01-
2 2026 P8 0.1119 0.1583 0.1939
04-02-
3 2017 P10 0.0911 0.1289 0.1578
21-12-
4 2017 P5 0.0889 0.1258 0.1541
06-01-
5 2026 P9 0.0860 0.1216 0.1490
21-12-
6 2017 P4 0.0768 0.1086 0.1330
09-01-
7 2025 P8 0.0740 0.1046 0.1281
09-01-
8 2025 P6 0.0643 0.0910 0.1114
14-11-
9 2021 P7 0.0633 0.0895 0.1096
06-01-
10 2026 P7 0.0626 0.0885 0.1084
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Table 11. Leading Kvater values among analysed supraglacial melt ponds

S.no/ Date Pond | Kwater 10 m (MPa | Kwater 20 m (MPa | Kwater 30 m (MPa

Rank ID m*?) m'?) m'2)
1| 0402y 0.8204 1.7174 27859

2017

2 | Do | P9 0.7286 15876 26269
3| 00| pa 0.6610 1.4921 25099
4 0296233' P8 0.6524 1.4798 2 4949
5 056(2)(15' P8 0.6399 1.4621 2.4732
6 | oor | Po 0.6356 1.4561 24658
7 0246%' P9 0.6130 1.4241 2.4267
8 22101§ P5 0.6121 1.4228 24251
9 026(')2613' P3 0.6083 1.4176 2.4186
10 056(2)(13' P2 0.6015 1.4079 2.4068

Kiena (MPa m'?)

Kuater (MPa m'?)

Kioal (MPa m'?)

01-01-2016
04-02-2017

21-12-2017

28-01-2020

13-12-2020

14-11-2021
27-12-2022
28-01-2023

14-01-2021

=]
-4
"

Pond ID
N P1 W P2 BN P3 BN P4 BN PS5 BN PG NN P7 BN P8 0 P9 BN P10

21-02-2023
12-11-2023
07-01-2024

09-01-2025

19-12-2025
06-01-2026

Figure 7. SIFs associated with supraglacial melt pond loading: (a) bending-induced (Koend),
(b) hydrostatic water pressure-induced (Kwater) and (¢) combined (Kiotal) Over eleven austral

Summers.
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Table 12. Leading Ko values among analysed supraglacial melt ponds.

Kitotat 10 m Ktotal 20 m Ktotal 30 m
S.no/Rank Date Pond ID k|imo(:f8.r2990 klitho(=f(()).r8458 klithogi).r553s
Mpa m"?) Mpa m'?) Mpa m'?)
1 04-02-2017 P10 0.6124 1.0005 1.3898
2 06-01-2026 P9 0.5155 0.8634 1.2220
3 06-01-2026 P8 0.4527 0.7746 1.1132
4 09-01-2025 P8 0.4273 0.7386 1.0692
5 28-01-2023 P4 0.4091 0.7130 1.0377
6 21-12-2017 P5 0.4020 0.7028 1.0253
7 06-01-2026 P6 0.3904 0.6865 1.0053
8 24-12-2018 P9 0.3844 0.6780 0.9949
9 06-01-2026 P3 0.3553 0.6368 0.9445
10 09-01-2025 P6 0.3475 0.6258 0.9310

6.6 Structural persistence, Hydrological activation, and Energy-driven melt channel
transition

Multi-temporal optical (Landsat-8/9) and Sentinel-1 SAR (Synthetic Aperture Radar)
analysis indicates that the supraglacial melt channel over the NIS is governed by a persistent
structural framework with episodic hydrological activation. Sinuous meltwater pathways
observed in optical imagery (cerulean veins) correspond to melt channel structures consistently
identifiable in Sentinel-1 SAR data from February 2015 onward. The analysis is restricted to
AS seasons from 2015 to 2026, corresponding to the availability of Sentinel-1 SAR
observations. The recurring presence of three melt channels in SAR indicates a stable,
structurally controlled melt channel template.
In contrast, optical expression is temporally variable. On 6 January 2026, only two melt
channels are clearly visible, whereas a third melt channel becomes observable on 12 January
2026. Given its persistence in SAR across multiple years, this melt channel represents a pre
existing pathway that becomes hydrologically active under increased meltwater availability,
rather than a newly formed feature.
A further transition is observed on 21 January 2026, when a localized, circular to elliptical dark
feature appears at a junction within the network and persists through mid February. This feature
is not identifiable in prior years (2015-2025) in either optical or SAR datasets, indicating a
transient, event specific melt channel feature associated with enhanced melt conditions. Its
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position at a flow convergence point suggests localized concentration of hydraulic head within
the network.

Selected melt ponds analysis were reliably derived only up to 6 January 2026, when pond
geometries remain well defined and the system is storage dominated. Beyond this date, ponds
exhibit blurring, drainage, snow burial, and contraction, preventing robust delineation. This
loss of discrete pond geometry reflects a transition from localized energy storage to distributed
drainage, rather than a data limitation.

The timing of this transition coincides with (i) activation of the third melt channel and (ii)
emergence of the localized drainage feature (Figure 8), indicating a threshold response to
increasing meltwater energy. Once storage capacity is exceeded, meltwater is redistributed
through the pre existing channel network, enhancing connectivity and concentrating flow at
nodal points.This redistribution is likely enhanced over low permeability ice surfaces, where
limited firn storage promotes rapid surface routing along structurally controlled pathways.
This progression from confined storage (< 6 January) to network activation and nodal
concentration (> 6 January) has direct mechanical implications. Concentration of meltwater at
junctions increases local hydraulic head and promotes stress amplification along pre existing
fractures, creating favorable conditions for incipient hydrofracture or crack propagation, even
where no through penetrating fracture is yet detectable. Thus, peak energy conditions drive a
transition from passive storage to active redistribution, increasing the likelihood of localized
structural weakening.

Overall, the system exhibits a two-tiered behavior, a persistent structural drainage template
(observed in SAR since 2015) and a transient, energy controlled hydrological response
(observed in optical data during 2026). This decoupling demonstrates that enhanced meltwater
energy can activate dormant pathways and generate localized stress concentrations, providing

a mechanistic link between surface hydrology and early-stage ice shelf destabilization.
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Figure 8. Time series of a localized drainage feature (LDF) derived from Landsat-8/9 optical
imagery (path 165/166, row 110), illustrating initiation, channel evolution, and melt channel
(MC) formation between January and February 2026; sinuous supraglacial meltwater pathways

appear as cerulean vein features in optical imagery.

7. Discussion
7.1 Synoptic drivers: localized ""wells" vs. network wide loading

The evolution of the NIS hydrological regime is defined by a transition from isolated
geometric anomalies to large scale synoptic synchronization. Historically, literature has
focused on "moulin-like" features as the primary drivers of hydrofracture. Our data confirms
this in 2017, where P10 functioned as a steep sided "well," reaching an extreme depth of hmax
=6.92 m. This localized peak produced a hydrostatic pressure bulb (67.93 kPa) comparable to
the precursor volumes observed before the 2002 Larsen B collapse (T. A. Scambos et al., 2000).
However, the January 2026 event introduces a more dangerous modality. Rather than localized
depth in a single "well," we observed a simultaneous expansion across extensive ponds like P2,
P3, P4, and P8. This network wide pulse, yieldinga E, = 97.81 MJ m1, mirrors the synoptic
"melt-pulses” that destabilized the Conger Ice Shelf in 2022 (Walker et al., 2024). While P10
represents a point source threat, the 2026 synchronization represents a perforated hinge line
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across the entire grounding zone, a signature of the intensified Atmospheric River (AR) activity
now dominating East Antarctic shelf dynamics (Onz et al., 2024).
7.2 The "Firn-poor"* paradox and tidal priming

Nivlisen exhibits a mechanical vulnerability that exceeds the classic Peninsula models.
In the Larsen B and Wilkins systems, a decades long depletion of the firn layer preceded
collapse (Glasser & Scambos, 2008). In contrast, Nivlisen’s status as a BIA means it operates
with near-zero Firn Air Content (FAC) (Stevens et al., 2024; Veldhuijsen et al., 2024)
With a depth averaged density of 850 kg m= , the NIS behaves as a non-porous, brittle slab
(Humbert et al., 2009). In "firn-rich™ shelves, up to 50% of meltwater is sequestered in pores,
dampening crack tip stress (Melchior Van Wessem et al., 2018). At Nivlisen, the hydrostatic
loads we measured peaking at Kwater = 0.8204 MPa m'/2 are transmitted with 100% efficiency
to the ice skeleton. This loading is further aggravated by tidal fatigue. As demonstrated by
Macayeal et al., (2015) & R.T. Walker et al., (2013), cyclic tidal bending within the flexural
hinge (< 3 km from the grounding line) "primes" the ice with micro fractures. This effectively
lowers the fracture toughness (Kic) threshold, making our recorded Kiota Of 0.61 MPa mi/2 a
definitive driver for through cutting rifts.
7.3 Cascading instability: Nivlisen’s tipping point

The synchronization of high stress intensities in 2026 suggests the NIS has reached the
threshold for Lake Induced Chain Reactions (LICR). When extensive ponds like P8 (0.4527
MPa m'’2) and P9 (0.5155 MPa m'’2) exceed the 0.4 MPa m'/2 threshold simultaneously, the
"mechanical safety bridges" between ponds fail.
This transition from the isolated "well" mechanics of P10 to the network scale stress of 2026
mirrors the cascading drainage events that led to rapid fragmentation in the Antarctic Peninsula
(Bevan et al., 2020; Lhermitte et al., 2020). Without a firn "sponge" to arrest crack propagation,
the "wedge effect” of synchronized surface water becomes the dominant mass loss mechanism.
As modeled by Winkelmann et al., (2026), East Antarctic shelves are no longer "stable"
outliers, our numerical results show that Nivlisen is now susceptible to the same non-linear
disintegration patterns that claimed the Wilkins and Larsen B shelves (Banwell et al., 2013; T.
A. Scambos et al., 2000).
7.4 Scope and limitations

While this assessment provides a robust decadal perspective, the results are subject to
six specific constraints: (1) Temporal resolution, where the 16 day Landsat repeat cycle may

miss transient peak meltwater signals, (2) Model dimensionality, as the 1D Euler-Bernoulli
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framework simplifies lateral stress transfers, (3) Spatial averaging, which ISEA-44 validation
identified as a 27.6% negative bias in satellite depth retrievals, (4) Oceanic coupling, as the
exclusion of basal melt (0.2—-1.5 m yr') neglects the structural weakening caused by ice
thinning, (5) Material properties, specifically the assumption of a constant 850 kg m density,
and (6) Flexural rigidity, as our purely elastic treatment neglects potential viscoelastic
deformation during prolonged ponding (Lindb&ck et al., 2015). By acknowledging these
factors, we emphasize that our reported stress intensities are conservative lower bounds,
ensuring that the identified threats to the NIS are reported with high confidence and zero
overestimation.

7.5 Field validation and scale constraints (ISEA-44)

To evaluate the reliability of the Landsat-8, 9 retrieval algorithm, in-situ validation was
conducted during the ISEA-44 in January 2025 (Field photograph Figure 9 and Table 13). Due
to logistical and safety constraints, a representative melt pond near the grounding line was
selected for instrumentation. Although this pond's diameter was < 250 m (excluding it from the
primary 11 year time series), its location within the same glaciological sector provides a robust
proxy for sensor performance.

Continuous 15 minute monitoring using a Keller DCX-22 Pressure Transducer Assembly
(PTA) on 9 January 2025 recorded a peak hydrostatic head of 1.63 m (160 mbar). After
temporal aggregation and averaging to synchronize with the satellite overpass, the coincident
30 m Landsat pixel yielded a depth of 1.2 m (11,542.9 Pa). This 27.6% underestimation is
attributed to spatial averaging, the PTA measures the water column at a single point, whereas
the satellite integrates depth across a 900 m?2 footprint. Despite this offset, the high degree of
temporal correlation indicates that satellite derived data provides a reliable, albeit conservative,

basis for monitoring hydraulic loading.
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Figure 9. Field deployment (-70.7722, 11.8772) of PTA during ISEA-44 (January 2025) over

a supraglacial melt pond near the grounding line.

Table 13. Field validation metrics obtained on 9 January 2025.

Field .
Metric Measurement IEZT;ZE[_ES (E;gff_erFeir:lzg) Assessment
(PTA)
Hydropressure 16,000 Pa 11’?,:2'9 44571 pa | Tressure EIID? =446
Pond Depth 1.63m 1.18 m —0.45m Depth bias = —0.45 m
Absolute Depth o - 0.45m MAE (single point) =
Error 0.45m
Relative Depth — — — 27.6% underestimation
Error

7.6 Comprehensive uncertainty analysis and error propagation

The assessment of hydrofracture potential involves a multi source uncertainty budget.

To ensure the reliability of our findings, we account for observational and parameter

uncertainties using a first order Root Sum Square (RSS) framework as in equation (5):

— 2 2
OKtotar = \/ Oobs T Oparam

()
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7.6.1 Observational uncertainty (6obs)

The primary observational variance stems from the 30 m pixel averaging identified
during ISEA-44. Our validation shows a depth underestimation of 0.43 m (27.6%). At the 2017
peak depth of h = 6.92 m, this corresponds to a stress intensity uncertainty of +0.048 MPa m*2,
Because the satellite derived pressure (115.4 mbar) is consistently lower than the field
measured pressure (160 mbar), this error is treated as a systematic negative bias. Consequently,
our Kiotal Values are reported as conservative lower-bounds.

7.6.2 Material parameter sensitivity (6param)

Uncertainty in ice density (p; = 850 + 42.5 kg m3) influences the lithostatic overburden
(Kiitho). Sensitivity analysis reveals that a 5% shift in density alters Kiotar by only £0.015MPa
m*2, Even when compounding this with the depth uncertainty, the aggregate RSS error remains
approximately + 8.2%. Crucially, our peak stress intensity (0.61 MPa m*?) remains robustly
above the fracture toughness threshold (0.1-0.4 MPa mY?), ensuring the mechanical verdict is
statistically sound.

7.6.3 Structural and temporal considerations

While a specific numerical value for structural uncertainty (1D vs. 2D modeling) was
not estimated in this study, it is acknowledged that 1D Euler-Bernoulli models typically
provide a simplified representation of hinge zone flexure. However, by ignoring the
"perforation effect” of multiple synchronized ponds, the 1D approach likely underestimates the
total shelf fragility. Furthermore, the low RMSE (0.32 m) between the 15 minute PTA field
data and satellite overpasses indicates that the temporal synchronization of the study is highly
reliable, effectively capturing the seasonal hydraulic pulses.

8. Conclusion

The NIS has entered a period of structural instability. Our 11 year assessment proves
that the era of isolated, "safe" surface melting has ended, replaced by synchronized events that
mechanically overwhelm the grounding zone.

The evidence is twofold, first, the 2026 event proves the shelf is vulnerable to regional scale
hydraulic loading. Second, our ISEA-44 validation confirms that these risks are being
systematically underestimated by remote sensing alone. Because Nivlisen lacks a protective
firn buffer, it is hypersensitive to the intensifying moisture transport hitting the East Antarctic
coast. We conclude that the NIS is currently a high risk sector for lake induced hydrofracture.
Without urgent, high resolution monitoring of these "wedge-like" ponding events, the eventual

disintegration of this hinge zone may occur with little further warning.
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