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Abstract

The intrusion of relatively warm ocean waters beneath Antarctic ice shelves is a key driver of basal melting and strongly influences
ice-shelf stability. However, previous studies investigating warm-water pathways have largely relied on single-source datasets, such
as ship-based Conductivity—Temperature-Depth (CTD) measurements, which are spatially sparse and limited to a few well-surveyed
regions. Recent advances in multi-source remote sensing datasets provide new opportunities to address these limitations. In this study,
a multi-source remote sensing—based framework is developed to identify potential pathways of relatively warm water intrusion beneath
Antarctic ice shelves and to quantify the associated basal melting. The Moscow University Ice Shelf (MUIS) is used as a case study.
Across the continental shelf, CTD observations, sub-ice-shelf bathymetry, and modeled ocean circulation are integrated to infer
potential intrusion routes. At the ice-shelf front and base, EN4 reanalysis data are used to characterize seawater properties, while
satellite-derived basal melt products are applied to analyze spatial and vertical patterns of basal melting. Results indicate that relatively
warm water is mainly concentrated at depths of 300-500 m, coinciding with bathymetric depressions that facilitate its intrusion beneath
MUIS. Enhanced basal melting occurs near the ice front and grounding line, primarily within the upper 0—500 m of the ice-shelf draft,
with an average melt rate of ~6 m yr'. The proposed framework provides a transferable approach for investigating ocean-driven

melting beneath Antarctic ice shelves.
1. Introduction

Antarctic ice shelves play a crucial role in regulating ice sheet
dynamics and global sea-level rise by buttressing inland ice
(Schodlok et al., 2016). Interactions between ice shelves and the
underlying ocean, particularly basal melting driven by relatively
warm water, are key factors influencing ice-shelf stability
(Gwyther et al.,, 2020). Understanding the mechanisms and
pathways of warm water intrusion beneath ice shelves is
therefore essential for predicting ice-shelf response to climate
change and assessing potential contributions to sea-level rise
(Zhao et al., 2025).

Previous studies have examined warm water intrusion beneath
specific Antarctic ice shelves. For instance, the Totten ice shelf
has been investigated by combining radar-derived sub-ice
topography with in situ Conductivity-Temperature-Depth (CTD)
measurements at the ice front (Greenbaum et al., 2015; Rintoul
et al., 2016). Similarly, the Shirase ice shelf has been analyzed
using multi-source datasets, including multibeam echo sounder
data, on-ice echo sounding data, hydrographic survey-based
nautical charts, and ETOPO1, to reconstruct sub-ice topography,
while shipborne CTD observations at the ice front were used to
identify potential warm water intrusion pathways (Hirano et al.,
2020). Although these studies offer important insights into basal
melt dynamics at individual ice shelves, their applicability is
constrained by the limited availability of field measurements,
leaving most Antarctic ice shelves largely unexplored (Dow et al.,
2018; Morlighem et al., 2020).

Recent advancements in oceanographic observations and high-
resolution sub-ice topography provide new opportunities for
more comprehensive investigations of ice—ocean interactions
(Morlighem et al., 2020; Rignot et al., 2013). Shipborne CTD,
seal-borne CTD (Roquet et al., 2013), Argo floats (Riser et al.,
2016), and EN4 reanalysis data now offer vertical and spatial
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coverage of ocean temperature (Good et al., 2013), enabling
identification of potential warm water pathways beneath ice
shelves. High-resolution ice thickness and sub-ice topography
from Bedmap3 allow precise determination of ice-shelf drafts
and potential sub-ice conduits for warm water intrusion
(Pritchard et al., 2025). In addition, satellite-derived basal melt
products provide information on the spatial, temporal, and
vertical distribution of ice-shelf melting (Paolo et al., 2023).
Together, the integration of these multi-source datasets enables a
physically constrained and systematic assessment of potential
warm water intrusion and associated basal melt processes (Picton
et al., 2023; Pritchard et al., 2012).

Building on these multi-source datasets, this study aims to
identify potential pathways of relatively warm water intrusion
beneath Antarctic ice shelves and to quantify the associated basal
melting by developing a multi-source remote sensing—based
framework. Using the Moscow University Ice Shelf (MUIS) as a
case study, the framework is applied to two key regions: across
the continental shelf, in situ CTD measurements, sub-ice-shelf
bathymetry, and modeled ocean circulation are integrated to infer
potential intrusion routes; at the ice-shelf front and base, EN4
reanalysis data are used to characterize seawater properties, while
satellite-derived basal melt products are employed to analyze the
spatial, temporal, and vertical patterns of basal melting on the ice
shelf itself.
2. Study Area and Data

The MUIS is a narrow ice shelf about 220 km long, fringing the
Sabrina Coast of Wilkes Land, East Antarctica (Figure 1). It is
located east of the Totten ice shelf and west of Paulding Bay,
serving as a major outlet for ice draining from the Aurora
Subglacial Basin, one of the largest subglacial catchments in East
Antarctica. The ice shelf occupies a relatively narrow coastal
embayment, with a shallow continental shelf offshore and rugged
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coastal topography inland. Its eastern section extends into the
Dalton Tongue, which protrudes into the Southern Ocean.

To investigate potential pathways of warm water intrusion
beneath the MUIS, we combined multi-source oceanographic
observations, ice-shelf basal melt data, and sub-ice topography
information. Oceanographic observations include shipborne
CTDs from the World Ocean Database (temperature +£0.005—
0.01 °C, salinity £0.002—0.01 PSU, pressure +0.5—1 dbar; https:
/lwww.ncei.noaa.gov/products/world-ocean-database) (Reagan
et al., 2023), Argo floats (temperature +£0.002—0.01 °C, salinity
+0.01-0.03 PSU, pressure +2 dbar; http://www.argo.ucsd.edu/)
(Argo, 2000), and MEOP seal-borne CTDs (temperature
+0.02 °C, salinity +£0.05 PSU, pressure +2 dbar, QC=1, indicating
the measurements passed quality control checks; http://
www.meop.net/) (Roquet et al., 2013). Additionally, the EN4
reanalysis (1960-2024, 1° x 1°; https://www.metoffice.
gov.uk/hadobs/en4/download-en4-2-2.html) (Good et al., 2013)
provides temperature and salinity fields generated by combining
quality-controlled profiles with a background field derived from
the previous month’s analysis and the 1971-2000 climatology,
serving as a reference for the study region. Sub-ice topography
and ice thickness data from Bedmap3 (500m resolution;
https://doi.org/10.5285/2d0e4791-8¢20-46a3-80e4-f5{6716025d
2) (Pritchard et al., 2024) have uncertainties of 1050 m for bed
elevation and £10-20m for ice thickness. Regional ocean
circulation was further examined using simulations from the
Regional Ocean Modelling System (ROMS) to assess potential
pathways of relatively warm water intrusion (Gwyther et al.,
2014).

Basal melt rates were obtained from high-resolution (2010-2018,
500 m; https://doi.org/10.6075/J04Q7SHT ) (Adusumilli et al.,
2020b) and long-term (1992-2017, 1920 m; ITS_LIVE NSIDC-
0792; https://doi.org/ 10.5067/SE3XHIRXQWAM) (Paolo et al.,
2024) datasets to capture spatial and temporal variability. High-
resolution melt rates were derived from CryoSat-2 altimetry,
combining ice-shelf surface height changes, ice thickness, ice
velocity, surface mass balance, and firn air content in a
Lagrangian mass balance inversion to calculate depth-resolved
meltwater fluxes. Long-term melt rates were produced by fusing
ERS-1/2, Envisat, and CryoSat-2 radar altimetry, applying
geophysical corrections, modeling firn air content and surface
mass balance, and inverting ice thickness changes using mass
conservation equations. The error of high-resolution melt rates
for the Moscow University Ice Shelfis 2.1 m/yr, while the long-
term ITS_LIVE dataset has an error of +4 m/yr.

In our analysis, these uncertainties were mitigated as follows:
only quality-controlled observations (e.g., QC=1 for MEOP)
were used; multiple observational sources were combined with
spatial averaging to reduce random noise; and both high-
resolution and long-term basal melt datasets were employed to
capture consistent spatial and temporal trends. Although the
datasets have inherent uncertainties, their magnitude is small
relative to the spatial patterns of warm water intrusion pathways
and ice-shelf basal melt features analyzed in this study. Therefore,
these uncertainties do not affect the identification of major
circulation pathways or the qualitative interpretation of warm
water intrusion processes and basal melt drivers.
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Figure 1 Study area showing the location of the MUIS along the
Sabrina Coast, East Antarctica. The background is the 2008-
2009 MODIS Mosaic of Antarctica, overlaid with mean basal
melt rates of the three ice shelves for 2010-2018. Bright red
dashed arrows indicate the circulation pathways of mCDW,
while dark red dashed arrows show potential mCDW intrusion
trough at the ice-shelf front.

3. Methodology and Results

We developed a multi-source remote sensing—based framework
to systematically investigate two key aspects of ice—ocean
interactions beneath Antarctic ice shelves: (1) potential pathways
of relatively warm water intrusion, and (2) spatial, temporal, and
vertical patterns of basal melting. The framework is designed to
integrate complementary datasets that are largely publicly
available, thereby reducing reliance on dense or site-specific field
measurements. Using this framework, the analysis is applied to
two regions: across the continental shelf, in situ CTD
measurements are used to determine the depth and temperature
of warm water, sub-ice-shelf bathymetry identifies topographic
features that may facilitate intrusion, and modeled ocean
circulation provides potential intrusion pathways; at the ice-shelf
front and base, EN4 reanalysis data are used to characterize
seawater properties, while satellite-derived basal melt products
assess basal melting across spatial, temporal, and vertical
dimensions (Figure 2).
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Figure 2. Framework for identifying potential pathways of
warm water intrusion using multi-source remote sensing
datasets.
3.1 Continental shelf

This section focuses on the continental shelf, where
oceanographic and topographic conditions jointly control the
access of relatively warm water to the sub—ice-shelf cavity. To
constrain the presence, depth range, and potential routing of
warm water toward the ice shelf, multiple complementary
datasets are examined, including hydrographic observations,
bathymetric features, and large-scale ocean circulation, which are
analyzed separately in the following subsections.

3.1.1  Oceanographic Properties

The vertical distribution of ocean temperature near the MUIS was
analyzed using in-situ CTD profiles. As shown in Figure 3, most
of the water on the continental shelf exhibits temperatures above
-1.8°C, corresponding to the local surface freezing point.
Potential warm water intrusion zones, indicated by brown boxes
in Figure 3, show surface-layer temperatures (0-300m)

averaging -1.85 °C, with a maximum of -1.7 °C. Within the warm
water layer (300-500 m), the average temperature reaches -
1.10 °C, with a maximum of -0.20 °C, consistent with the depth
range of mCDW reported by (Silvano et al., 2016). Across all
depths, the mean temperature is -1.32 °C, with a maximum of -
0.20 °C, indicating the presence of relatively warm water in this
region.
3.1.2 Bathymetry

High-resolution sub-ice topography from Bedmap3 reveals that
the MUIS region is underlain by complex bathymetry, including
a deep continental slope (~2000m), a relatively shallow
continental shelf (~500 m), and a sub—ice-shelf trough reaching
~1000 m beneath the ice base (Figure 3). This configuration
includes a retrograde bed slope (bed elevation increasing inland)
that deepens toward the grounding line. Such a retrograde slope
enhances the pressure gradient in a stratified water column,
promoting the deeper penetration of relatively warm mCDW
toward the ice-shelf base (Robel et al., 2021). Bathymetric
troughs and deep channels on the continental shelf provide low-
resistance conduits for mCDW to bypass the shelf break and
access ice-shelf cavities, as observed in multiple Antarctic
regions (Morlighem et al., 2020; Pattyn, 2018).

3.1.3  Ocean Circulation

Potential pathways of warm water intrusion are further supported
by regional ocean circulation. Simulations from the ROMS
(Gwyther et al., 2014) indicate that mCDW can access the
northeastern edge of the MUIS at the continental shelf break and
subsequently intrude beneath the ice shelf from the north (Figure
3). Persistent along-slope currents, together with mesoscale
eddies generated by interactions between the Antarctic
Circumpolar Current, coastal currents, and bathymetric features
such as ridges and troughs, enhance poleward transport and
lateral mixing of mCDW (Rintoul et al., 2001; Stewart and
Thompson, 2015). These combined topographic and circulation
features constitute the primary conditions favoring warm water
intrusion beneath the MUIS, as they facilitate the delivery of heat
to the ice-shelf base and determine the spatial distribution of
basal melting (Moffat et al., 2009; St-Laurent et al., 2013).
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Figure 3. Ice—ocean interactions in the Moscow University ice shelves. (a) Vertical sections of modelled ocean temperature (EN4
reanalysis data) along transects aligned with the 1963 ice fronts; ice draft (dashed line) derived from Bedmap3. (b) Sub-ice-shelf
cavity locations (orange lines) and in-situ temperature observations, with red indicating temperatures = -1.8 °C and blue indicating
temperatures < -1.8 °C. Warm water intrusion pathways are highlighted in light red, with the Moscow University pathway based on
literature. (c) Composite vertical temperature profiles within the boxed trough.

3.2 Ice Shelf Front and Base

To investigate potential warm water intrusion at the front of the
MUIS, we examined bathymetric and ice draft characteristics
together with seawater temperature observations from the EN4
reanalysis. Along the ice-shelf front (section AB), sub-ice
topography ranges from 300 m to 700 m, while the ice draft is
approximately 200-400 m, with a mean value around 300 m
(Figure 3). The resulting sub-ice cavity spans depths of roughly
300-700 m, suggesting that mCDW at depths exceeding 300 m
could access the ice-shelf cavity. Observed water temperatures
below 400 m, typically 50-60 m above the ice base, exceed —
0.4 °C, considerably warmer than the in situ freezing point (~—
1.8 °C), further supporting the potential for mCDW intrusion.
However, due to incomplete spatial coverage of the EN4 dataset,
these observations provide only qualitative evidence of warm
water presence beneath the ice shelf.

Spatial and temporal patterns of basal melting are shown in
Figures 1 and Figure 4. The high-resolution 2010-2018 dataset
(500 m) captures the spatial distribution of basal melt across the
ice shelf, showing elevated melt near the ice front and grounding
line, with an average rate of approximately 10 m yr!, while other
regions of the ice shelf exhibit lower rates, averaging around
3 myr'. Long-term variability was assessed using the ITS_LIVE
NSIDC-0792 dataset (1992-2017, 1920 m resolution), which
indicates that basal melt has generally remained at relatively high
levels, with an annual mean of about 6 m yr'. Five-year moving
averages reveal alternating trends: a decline from 1992 to 2000,
an increase from 2000 to 2007, a decrease until 2013, and a final
rise from 2013 to 2017, reflecting a dynamic basal melting
environment potentially influenced by warm water intrusion.

To quantify the vertical basal melting of ice shelves, two key
metrics were employed to capture distinct aspects of ice-shelf

melt processes, following the approach of (Adusumilli et al.,
2020a): the steady-state basal melt rate and the depth-resolved,
area-integrated meltwater flux. The steady-state basal melt rate
quantifies the melt rate required to maintain long-term ice-shelf
mass balance, under the assumption that there is no net change in
ice thickness. In contrast, the depth-resolved, area-integrated
meltwater flux resolves the vertical distribution of melting across
the ice-shelf base. The calculation of the steady-state basal melt
rate is given by Equation (1).

_ M)
seady = g, (V- (Hiv)) (1)
where  Wsteady= steady-state basal melt rate, the basal melt
required to maintain ice-shelf mass balance
M= time-averaged surface mass balance, calculated
from the 2010-2018 mean of MERRA-2 Hybrid precipitation
minus evaporation (Gelaro et al., 2017)
pi= ice density, taken as 917 kgm™ to convert surface
mass balance to thickness units
(V- (H;v)) = time-averaged divergence of ice flux,
obtained from (Adusumilli et al., 2020a).

Following the approach of (Adusumilli et al., 2020a), basal melt
rates from the high-resolution 2010-2018 dataset were first used
to estimate the depth of the ice-shelf base relative to mean sea
level, based on available ice thickness and surface elevation data.
Melt rates at each grid cell were then aggregated into 30 m depth
intervals, and meltwater flux for each interval was calculated in
two steps: first, by summing the basal melt rates of all constituent
grid cells, and second, by multiplying the summed melt rates by
the total area of these grid cells. This procedure produced a depth-
resolved profile of meltwater flux, directly reflecting the vertical
structure of ice-shelf melting.
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The vertical distribution of basal melting beneath the MUIS was
assessed using the aforementioned metrics (Figure 4). Melting
occurs throughout the ice-shelf base, with the highest meltwater
flux concentrated in the shallow portion of the ice-shelf draft,
around 200 m depth. Meltwater flux gradually declines with
increasing depth, decreasing to less than half of the peak by
500 m and approaching negligible values below 1500 m. The

steady-state basal melt curve closely follows the 95% confidence
interval in the upper 0-300 m, while systematic deviations appear
at greater depths. These results indicate that basal melting is
predominantly concentrated in the upper 0-500 m of the ice-shelf
draft, further supporting the potential influence of warm water
intrusion.
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Figure 4. Basal melting of the Moscow University, and Holmes ice shelves. (a) Basal melt rates of the three ice shelves during 1992—
2017 from the ITS LIVE NSIDC-0792 dataset. (b) Depth-dependent, area-integrated meltwater fluxes for 2010-2018, illustrating the
vertical distribution of melting across the ice-shelf bases. The horizontal axis scale is indicated by the solid black line. Shaded red
regions denote mean values, and dashed lines represent the 95% confidence intervals. The purple lines indicate the hypothetical
steady-state meltwater fluxes—that is, the fluxes required to maintain constant ice-shelf mass.

4. Conclusion

In this study, we developed a multi-source remote sensing—based
framework to systematically identify potential pathways of
relatively warm-water intrusion and to quantify the associated
basal melting beneath Antarctic ice shelves, using the Moscow
University Ice Shelf as a case study. By integrating
oceanographic observations, sub-ice-shelf bathymetry, ocean
circulation information, and satellite-derived basal melt products,
the framework enables a coherent assessment of both warm-
water access to the ice-shelf cavity and the resulting melt
response. The results reveal that relatively warm water is
concentrated at intermediate depths, aligned with bathymetric
depressions that facilitate its intrusion, while enhanced basal
melting occurs near the ice front and grounding line, primarily
within the upper ice-shelf draft.

The proposed framework establishes a multi-source remote
sensing-based framework for assessing warm-water intrusion
and associated basal melting beneath Antarctic ice shelves. By
progressively linking processes from the continental shelf to the
ice-shelf cavity, it maintains physical consistency while allowing
varying levels of constraint depending on regional data
availability. Although data coverage remains heterogeneous,
reanalysis products, bathymetry, and satellite-derived melt
estimates provide first-order evidence where in situ observations
are limited. Future integration of large-scale ocean state estimates
(e.g., ECCO products) and expanding hydrographic datasets will
further strengthen its regional applicability.
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