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Abstract

Ice shelves regulate the flow of the Antarctic ice sheet toward the ocean and its contribution to
sea-level rise. Accurately monitoring the basal and surface melting of ice shelves is therefore
essential for predicting the ice sheet’s response to climatic warming. In this study, we utilize
Sentinel-1A synthetic aperture radar satellite imagery combined with shipboard measurements
of water temperature and salinity to investigate the presence of surficial meltwater plumes
along the Antarctic coastline. Our approach reveals a strong correlation between areas of pro-
nounced low radar backscatter extending from ice shelves and significant decreases in water tem-
perature and salinity, suggesting meltwater-enriched ocean waters. We propose that the low radar
backscatter signature of meltwater outflows is caused by stable stratification of the upper water
column, driven by density contrasts from buoyant, low-salinity meltwater and surface current
shear that reduce Bragg scattering waves. The resulting smooth water surfaces were observed
adjacent to the surface expression of deep basal channels, documented in a helicopter survey
along part of the Bellingshausen Sea ice edge. We present high-temporal resolution satellite
radar as a tool for identifying meltwater release from beneath ice shelves, capable of all-weather,
day-and-night imaging.

1. Introduction

Antarctica plays a critical role in Earth’s climate system. In recent decades, the Antarctic ice
sheet has experienced significant mass loss (Shepherd and others, 2018; Otosaka and others,
2023), contributing to rising sea levels (Cazenave and others, 2018) and impacting ocean cir-
culation dynamics (e.g. Gunn and others, 2023; Li and others, 2023) and climate patterns (e.g.
Bronselaer and others, 2018). Currently, the dominant mechanisms through which ice is lost
from the Antarctic ice sheet are the calving of icebergs and basal melting of its ice shelves
(Paolo and others, 2015; Greene and others, 2022) which serve as conduits for over 80% of
Antarctic ice sheet flow into the Southern Ocean (Rignot and others, 2013). Ice shelves are
floating extensions of the Antarctic ice sheet that fringe the continent’s coastlines; they act
as buttresses which regulate ice discharge by restraining the flow of grounded ice from the
interior to the ocean where it ultimately contributes to sea-level rise (Scambos and others,
2004; Dupont and Alley, 2005; Gudmundsson, 2013; Fürst and others, 2016).

Satellite-derived Antarctic ice-shelf thickness assessments reveal extensive thinning in West
Antarctica (Pritchard and others, 2012; Paolo and others, 2015, 2023), driven by widespread
intrusions of warm Circumpolar Deep Water onto the continental shelf (Rignot and others,
2019), elevating basal melt rates (Schmidtko and others, 2014) and contributing to grounding-
line retreat (Rignot and others, 2014). Recent research has highlighted the potential for
enhanced Antarctic meltwater production to slowdown ocean circulation and increase incur-
sions of Circumpolar Deep Water onto the continental shelf in a feedback that could exacer-
bate Antarctic ice losses (Gunn and others, 2023; Li and others, 2023). These findings
underline the importance of monitoring and understanding meltwater dynamics from
Antarctic ice shelves.

A distinctive feature of many ice shelves characterized by high rates of localized basal melt-
water flux is the occurrence of longitudinal basal channels expressed on the ice-shelf surface
(Rignot and Steffen, 2008; Le Brocq and others, 2013; Sergienko, 2013; Alley and others, 2016).
These channels are pathways for basal meltwater flux and commonly originate near the
grounding line, stretching for several tens of kilometers along the general flow direction of
the ice. The presence of basal channels may stabilize ice shelves by concentrating melting
within a narrow zone, thereby preventing widespread contact of warm water with the ice-shelf
base and decreasing average melt rates across the entire ice shelf (Gladish and others, 2012;
Millgate and others, 2013). However, basal channels can also contribute to ice-shelf fracture
and can initiate calving and retreat events, which in some circumstances can reduce ice-shelf
stability (Rignot and Steffen, 2008; Vaughan and others, 2012; Sergienko, 2013; Dow and
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others, 2018; Alley and others, 2019). The formation of basal
channels influences the distribution and flow of basal meltwater,
thereby affecting melt rates and patterns, which are important
variables that control ice-shelf stability (Alley and others, 2024).

Remote-sensing approaches, such as satellite-based observa-
tions, offer valuable tools for estimating meltwater discharges
from Antarctic ice shelves over vast spatial scales (e.g. Fricker
and others, 2021). However, most remote-sensing studies monitor
long-term trends in ice mass loss, glacier flow acceleration and
grounding-line retreat, providing only indirect estimates of sub-
glacial meltwater contributions to the ocean (e.g. Depoorter and
others, 2013; Adusumilli and others, 2020; Rignot and others,
2022; Stokes and others, 2022; Schmidt and others, 2023). Some
studies associate meltwater discharge with persistent sensible-heat
polynyas, which are detectable using thermal (e.g. Mankoff and
others, 2012; Savidge and others, 2023) and microwave (e.g.
Markus and Burns, 1993) sensors. In contrast, in situ measure-
ments, such as conductivity–temperature–depth (CTD) profiles,
directly capture the physical properties of the water column,
including salinity and temperature, allowing for a more accurate
detection and quantification of meltwater discharges (e.g.
Jenkins and others, 2018).

Direct observations of meltwater discharges often rely on the
detection of sediment plumes in the vicinity of glaciers.
Sediments are eroded from the underside of glaciers and trans-
ported by meltwater, creating turbid plumes visible in optical sat-
ellite imagery. While the detection of sediment plumes in optical
satellite imagery is a common method for identifying meltwater
discharges from glaciers and ice sheets (e.g. Lewis and Smith,
2009; Tedstone and Arnold, 2012; Hudson and others, 2014),
its applicability is limited for Antarctic ice shelves. Unlike the
Greenland ice sheet, where much of the ice margin terminates
through tidewater glaciers that are grounded and actively erode
sediment (i.e. no floating extension), Antarctic ice shelves typic-
ally melt within the ice-shelf cavity or from sources well upstream
of the grounding line (e.g. Rignot and others, 2013). Furthermore,
the volumes of sediment-laden subglacial meltwater produced in
Antarctica are likely limited compared to environments such as
Greenland where surface meltwater can access the bed and sig-
nificantly enhance erosion rates (Cowton and others, 2012).
Consequently, meltwater discharges from Antarctic ice shelves
may not always involve substantial sediment transport, making
the detection of meltwater discharges by searching for sediment
plumes inefficient. Additionally, the use of multispectral imagery
in the Antarctic region is challenging due to factors such as fre-
quent cloud cover (e.g. Zhu and Woodcock, 2014; Malek and
others, 2017), limited daylight hours during the Austral winter,
and the presence of atmospheric aerosols, such as dust, sulfates and
sea salts (e.g. Kaufman, 1984), which can hinder the visibility and
interpretation of meltwater features. These limitations necessitate
the exploration of alternative remote-sensing techniques with appro-
priate ground-truthing to improve meltwater detection and enhance
our understanding of its impact on Antarctic ice shelves.

A powerful alternative to multispectral satellite imagery is syn-
thetic aperture radar (SAR) technology which allows for all-
weather and day-and-night imaging (Ulaby and others, 1981).
SAR can provide observations at a reliable temporal resolution,
making it particularly valuable for monitoring remote areas and
regions with frequent cloud cover such as Antarctica. It has pro-
ven particularly effective in analyzing ice flow dynamics in
Antarctica (Rignot and others, 2011, 2022) and Greenland
(Joughin and others, 2010; Sundal and others, 2011), as well as
for studying meltwater stored in lakes on the surface of ice shelves
(Dirscherl and others, 2021; Li and others, 2021). SAR has also
been utilized for detecting sea slicks and assessing physical prop-
erties of the ocean surface, which are otherwise difficult to

evaluate (Gade and others, 1998; Gurova and Ivanov, 2011;
Alpers and others, 2017).

In this paper, we assess the potential of C-band SAR data to
identify meltwater discharges from beneath Antarctic ice shelves
as they enter the open ocean. Through analyses of SAR imagery
and in situ measurements of water temperature and salinity
obtained during two ship-based expeditions in 2022 and 2023,
we observe distinct meltwater discharges from two different ice
shelves in Antarctica. Our results demonstrate the potential of
SAR to identify meltwater release from beneath ice shelves. In
addition, a helicopter survey of channels on the Venable Ice
Shelf supports results inferred from satellite data and provides
first-hand context of the morphology of these features that are
most often viewed only from space.

2. Methods

During two geoscientific research cruises aboard RV Polarstern in
2022 and 2023 (expeditions PS128 and PS134), we conducted
opportunistic analyses to identify meltwater discharges from ice
shelves. Three study sites were examined: (1) Atka Bay off
Ekström Ice Shelf of Dronning Maud Land, East Antarctica, (2)
Ronne Entrance southwest edge of the George VI Ice Shelf in
the eastern Bellingshausen Sea Embayment, West Antarctica
and (3) Venable Ice Shelf in the western Bellingshausen Sea
Embayment (Fig. 1). We investigated anomalies initially identified
in SAR imagery with ship-based thermo-salinity measurements
and helicopter aerial imagery.

2.1 Detection of meltwater from signatures in SAR imagery

SAR uses microwave pulses emitted from an airborne or space-
borne platform to create images of the Earth’s surface by analyz-
ing the phase and amplitude of the reflected signal. It has the
advantage of all-weather and day-and-night imaging capabilities.
RV Polarstern expeditions receive almost daily SAR imagery from
the TerraSAR-X satellite, provided directly by the German
Aerospace Center, and Sentinel-1A satellite images for assessing
sea-ice conditions. Sentinel-1A operates in the C-band frequency
with a noise equivalent sigma zero of −22 dB. Historical
Sentinel-1A SAR data are available on Copernicus Open Access
Hub (https://scihub.copernicus.eu/). Each image received during
RV Polarstern expeditions PS128 and PS134 was calculated to
normalized radar backscatter (sigma nought), applying the stan-
dardized formula of SAR Level-1 Radiometric Calibration:

value(i) = |DNi|2
A2
i

(1)

Here, value(i) is the calibrated backscatter value, DNi is the digital
number from the SAR image and Ai is the sigma nought value
from the calibration Look-Up Table, which applies a range-
dependent gain. To convert these values to decibels (dB), the fol-
lowing transformation was applied:

Sigma Nought (dB) = 10× log 10(Sigma Nought) (2)

The images were then visually inspected for anomalies in back-
scatter characteristics – indicating changes in surface properties –
with particular attention paid to areas of low radar backscatter, a
potential indicator of sea slicks that can arise from upwelling of
relatively cool ocean water (e.g. Kozlov and others, 2012;
Gurova and others, 2013). Identification criteria included plume-
like, elongated low backscatter features extending from the
ice-shelf front. We focused on areas with broad, consistent
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reductions in backscatter over larger regions (several kilometers),
suggesting potential patterns that may be associated with melt-
water presence rather than random variability. From this, a short-
list of sites both traversed by the RV Polarstern and suspected of
containing meltwater was established. Sigma nought-corrected
radar backscatter values were averaged (mean) within 100 m
along the shiptrack at positions where the ship crossed areas of
low radar backscatter features emanating from ice shelves. To
determine significant changes within the radar signal time series,
changepoint detection was applied using the Pruned Exact Linear
Time (PELT) algorithm (Killick and others, 2012; Killick and
Eckley, 2014).

2.2 Measurement of water properties

Our shipboard data analysis focused on identifying anomalous
cold and fresh water that could indicate the presence of melt-
water (e.g. Jenkins, 1999; Pan and others, 2019). Water tempera-
ture and salinity were measured at a resolution of 1 s using two
SBE21 thermo-salinographs and two auxiliary SBE38 tempera-
ture sensors, providing temperature measurements with an
accuracy of ±0.001°C and conductivity with an accuracy of
±0.001 S m−1 (Sea-Bird Scientific, USA). The sensors are part

of an underway seawater flow-through system situated 11 m
below the water surface on the ship’s keel. The data were
resampled by calculating the mean of 1 min intervals and any
statistical outliers were removed. Sensor drift was also adjusted
(Hoppmann and others, 2023a, 2023b). Salinity was calculated
from the measured temperature, conductivity and pressure
according to the PSS-78 Practical Salinity Scale (Hoppmann
and others, 2023a, 2023b). Water temperature and salinity
were then converted to conservative water temperature and
absolute salinity in accordance with community standards
using the Gibbs SeaWater oceanographic toolbox (McDougall
and Barker, 2011). Positioning data were sourced from two
Trimble SPS855 GPS receivers stationed on the ship’s bridge,
each paired with a Trimble Zephyr Model 2 Rugged Antenna
(Trimble, USA) on the antenna deck above. The recorded data
were then examined for the periods when the ship crossed the
areas of suspected meltwater, as identified in the SAR imagery
(Section 2.1). Additionally, wind speed and wind direction
data were recorded via an Ultrasonic Anemometer Sonic 2D
situated on the foremast at 39 m above sea level. Changes in
these parameters can indicate if observations of surface water
properties might be wind-influenced and otherwise falsely
interpreted.

Figure 1. Overview map. Study areas are marked by red boxes. Background image is the International Bathymetric Chart of the Southern Ocean (IBCSO Version 2;
Dorschel and others, 2022).
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2.3 Helicopter survey of basal channel morphology and surface
meltwater characteristics

To investigate and describe the morphology of the surface expres-
sion of basal channels and the characteristics of their expelled
meltwater, a helicopter survey was conducted on 24 February
2023 along the face of Ferrigno and Fox ice streams and the
Venable Ice Shelf in Ellsworth Land, West Antarctica (Fig. 1).
Photographs taken in regular intervals with a Canon EOS 7D
Mark II camera with a 50 mm f1.4 lens from the helicopter pro-
vided a unique opportunity for conducting detailed observations
of the surface expression of basal channels, including their
morphology, dimensions and their correlation with fractures on
the ice shelf. GPS coordinates were recorded simultaneously to
provide the location of each image. Additionally, anomalies in
the surface water near the outflows of the basal channels – such
as unusual coloration, turbidity or patterns of flow not typical
of the surrounding water – were documented, aiming to link
observations in SAR imagery with assumptions about meltwater
properties and their radar backscatter characteristics.

3. Results

3.1 Site 1: Atka Bay off Ekström Ice Shelf

On 26 January 2022, expedition PS128 (Tiedemann and Müller,
2022) traversed Atka Bay, located to the north of the Ekström
Ice Shelf in Dronning Maud Land, East Antarctica during a seis-
mic survey. Sea ice and icebergs were almost completely absent
from the bay during the survey (Fig. 2). The measuring period
in Atka Bay lasted from 01.00 to 06.30 UTC, during which the
ship maintained a consistent speed of 4.7 knots (over ground),
covering a distance of ∼45 km.

Sentinel-1A SAR imagery captured on 25 January 2022 at
21.00 UTC reveals an area of distinctive low backscatter extending
from the eastern side of the Ekström Ice Shelf, following a curved
path northeastward for ∼40 km (Fig. 2a). The imagery was
acquired in Extra Wide Swath (EW) beam mode 3 with horizon-
tal–horizontal polarization and processed as a Ground Range
Detected (GRDM) image. The incidence angle range was
32.65–39.66° and the range and azimuth resolution are 20 and
40 m, respectively. During the survey, the low radar backscatter
structure was crossed twice, at distances of ∼15 and ∼29 km
along the shiptrack. Here, sigma nought-corrected radar backscat-
ter values, quantifying the radar energy reflected back to the sen-
sor, dropped significantly – as determined by the PELT algorithm
(Supplementary Fig. 1) – from ∼−22 to −35 dB (Figs 2b, c).

Over the initial 15 km along the shiptrack (102min), the water
temperature and salinity remained stable, with means of −1.50°C
(std dev., σ = 0.01°C) and 33.85 g kg−1 (σ = 0.007 g kg−1), respect-
ively. A non-parametric Mann–Whitney U test (Mann and
Whitney, 1947; Wilcoxon, 1992) reveals that both parameters
experienced statistically significant reductions ( p < 0.001) when
entering the area of low radar backscatter extending from the
Ekström Ice Shelf at ∼15–20.5 km along the shiptrack (Figs 2
and 4). Here, water temperatures decreased to a mean of
−1.56°C (σ = 0.04°C), and salinity to a mean of 33.79 g kg−1

(σ = 0.02 g kg−1). After the ship exited the area of low radar back-
scatter (Fig. 2b), water temperature and salinity returned to
higher mean values of −1.47°C (σ = 0.01°C) and 33.82 g kg−1

(σ = 0.007 g kg−1), respectively. The ship entered the area of low
radar backscatter for a second time between 29 and 33.5 km
along shiptrack, and water temperature again decreased to a
mean of −1.56°C (σ = 0.08°C). During this interval, the mean sal-
inity was 33.83 g kg−1 (σ = 0.02 g kg−1), though a significant low of
33.77 g kg−1 was recorded (Fig. 2c). Both parameters then returned

to their prior stable values. Wind direction and speed remained
consistent throughout the measurement period (Fig. 2d).

3.2 Site 2: Ronne Entrance off George VI Ice Shelf

During a bathymetric survey on 21 January 2023, expedition
PS134 (Gohl, 2023) traversed the Ronne Entrance – the broad
southwestern entrance of the George VI Sound in the south-
eastern Bellingshausen Sea, West Antarctica (Fig. 1). The measur-
ing period spanned from 02.48 to 07.54 UTC, during which the
ship maintained a mean speed of 7.8 knots (over ground), travers-
ing 74 km. From ∼20 to 74 km the ship’s course followed the
southern extension of the George VI Ice Shelf, keeping a mean
distance of ∼7 km from the ice-shelf front (Fig. 3). Sea ice and ice-
bergs were almost completely absent from the bay during the sur-
vey and hence did not influence the measurements of water
properties.

Sentinel-1A SAR imagery captured on 22 January 2023 at
07.23 UTC displays an area of low radar backscatter near a
grounded ice mass adjoining the George VI Ice Shelf, extending
∼13 km outward (Figs 3a, d). The imagery was acquired in
EW4 and EW5 modes with horizontal–horizontal polarization
and processed as a GRDM image. The incidence angle range
was 37.84–46.97° and the range and azimuth resolution are 20
and 40 m, respectively. During the survey, the structure of low
radar backscatter was crossed from ∼22 to 32 km along the ship-
track. Along this segment of the shiptrack, radar backscatter
values decreased significantly – as determined by the PELT
algorithm (Supplementary Fig. 2) – by ∼8–10 dB (Fig. 3b).
Unfortunately, the temporally closest SAR image available depicts
a swath of sea ice covering the area from ∼34 to 46 km along the
shiptrack. This sea ice was not present during the observation per-
iod; however, due to the opportunistic nature of this study, there
was no flexibility to navigate this area at a different time or under
alternative conditions, necessitating the use of the closest available
Sentinel-1A SAR imagery that corresponds with the time of the
crossing.

Throughout the measurement period, water temperatures
ranged from 0.34 to 1.73°C and salinity levels from 32.13 to
33.03 g kg−1. These fluctuations were notably more pronounced
than those recorded in Atka Bay. For the first 22 km along the ship-
track, the mean water temperatures were 1.16°C (σ = 0.33°C), while
the mean salinity was measured at 32.71 g kg−1 (σ = 0.22 g kg−1).
Both parameters experienced statistically significant reductions
( p < 0.001) when entering the area of low radar backscatter extend-
ing from the George VI Ice Shelf at ∼22–32 km along the shiptrack
(Figs 3 and 4). Here, mean water temperatures dropped to 0.65°C
(σ = 0.09°C) and mean salinity to 32.38 g kg−1 (σ = 0.04 g kg−1).
Beyond 32 km along the shiptrack, water temperature and salinity
levels had mean values of 1.12°C (σ = 0.29°C) and 32.75 g kg−1

(σ = 0.17 g kg−1), respectively (Fig. 3b).

3.3 Site 3: Venable Ice Shelf

Expedition PS134 (Gohl, 2023) traveled along the front of
Venable Ice Shelf on 24–25 February 2023, tracing a route roughly
parallel to the ice-shelf front at a distance of 2.6–20 km from the
ice margin (Supplementary Fig. 3). Numerous icebergs were
located all along the ice shelf, necessitating a survey track further
away from the ice-shelf front. Although Sentinel-1A SAR imagery
from 23 and 25 February 2023 showed no distinct low radar
reflectivity areas (Supplementary Fig. 3), a helicopter survey pro-
vided insights into meltwater processes at the ice-shelf front,
offering context for interpreting observations at other locations.

The helicopter reconnaissance flight surveyed 190 km along
the face of Ferrigno and Fox ice streams and the Venable Ice
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Shelf (Fig. 5). Notable glaciological observations are plotted in
Figure 5a. During a year of record low summer minimum sea-ice
extent (Gilbert and Holmes, 2024), the calving front of the
Venable Ice Shelf was one of the few places in the
Bellingshausen Sea where remnants of sea ice remained, largely
clustered in local embayments or within rifts between the ice-shelf
front and recently calved icebergs. Other regions of the ice-shelf
front also contained large arch-like geometries, presumably

arising from basal crevassing or wave erosion action that may
have been enhanced by the absence of sea ice, which plays a dam-
pening role in wave action on the face of ice shelves (Christie and
others, 2022) (Fig. 5b).

Satellite images reveal that the Venable Ice Shelf contains at
least seven surficial expressions of basal channels extending up
to 38 km inland from the ice-shelf front (Fig. 5a). Four of these
channels were confidently identifiable during the helicopter

Figure 2. SAR and in situ data of Atka Bay. (a) Sentinel-1A SAR imagery of Atka Bay from 25 January 2022 at 21.00 UTC, showing a distinct feature of low radar
backscatter extending ∼40 km northeastward of the Ekström Ice Shelf. The study area is outlined in red. (b) The study area showing the ship’s survey track (black
line); water temperature data are represented to the right of the ship’s track and salinity data to the left, relative to the ship’s heading indicated by a white arrow.
(c) Plots of radar backscatter signal, absolute salinity and conservative water temperature along the survey track. Segments coinciding with the low radar back-
scatter feature evident in (a) and (b) are highlighted. (d) Wind data plotted against the survey track.
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survey. Using the 8 m resolution Antarctic DEM (ESRI, 2020) to
measure the width of the channels (with the channel edges
defined as the point at which slope gradients exceed 1°), we esti-
mate that the channels were between 1032 and 1345 m wide at the
ice-shelf front, with an average width of 1180 m. Viewed obliquely
from the helicopter, it was apparent that the channels were char-
acterized by a significant deviation in surface elevation compared
to the remainder of the ice shelf (Figs 5c–e), with the ice-shelf sur-
face reducing from ∼50 m above the waterline to a minimum of
∼12 m at the deepest point of the channel cross section. The
channel cross sections were frequently asymmetric. In addition,
several of the channels terminated in semicircular embayments
set back by several hundred meters from the main ice-shelf

front (Figs 5c, e). Some channels were also associated with rifts
opening perpendicular to the channel flanks (Fig. 5f).

The water properties in front of some of the channels also dif-
fered in character to the majority of the water in front of the
remainder of the ice shelf. Most notably, at distances of
∼30–40 m in front of the terminus of some of the largest basal
channels some regions of the water surface were characterized
by ribbons of a smooth, highly reflective water with a gloss-like
texture (Figs 5f, g and Supplementary Fig. 4). These ribbon-like
features spanned a width of ∼10–50 m and differed in surficial
appearance from both the turbulent and ruffled texture of areas
of water disturbed by winds, and from calmer areas of water shel-
tered in the lee of katabatic winds directly adjacent to the ice shelf.

Figure 3. SAR and in situ data from Ronne Entrance. (a) Sentinel-1A SAR imagery of Ronne Entrance from 22 January 2023 at 07.32 UTC, showing the ship’s survey
track (black line); water temperature data are represented to the right of the ship’s track and salinity data to the left, relative to the ship’s heading indicated by a
white arrow. (b) Plots of radar backscatter signal, absolute salinity and conservative water temperature along the survey track. The segment coinciding with a
distinct low radar backscatter feature extending ∼13 km outward from the George VI Ice Shelf is highlighted. (c) Wind data plotted against the survey track. (d)
Zoomed-in section of the study area within the red square of (a), with enhanced contrast to better distinguish features. The dashed black line represents the
ship’s survey track. A red arrow identifies the area of low radar backscatter.
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4. Discussion

4.1 Signatures of meltwater discharge in radar imagery

Using SAR-based observations and in situ measurements of water
properties acquired immediately offshore of two Antarctic ice
shelves, our findings suggest a correlation between areas of low
radar backscatter in SAR imagery and the discharge of meltwater
from beneath Antarctic ice shelves. The significant reductions in
salinity and water temperature for the sites at Atka Bay and the
Ronne Entrance align well with the presence of low radar back-
scatter areas observable in the closest available SAR imagery to
our field observations.

Radar backscatter can be influenced by a multitude of factors
including surface roughness, dielectric properties of the medium
and the incidence angle of the radar signal. SAR imagery can

capture signatures of atmospheric and oceanic processes that
affect the generation and modulation of short surface waves
known as Bragg waves. This is because lower wind stress results
in smoother surfaces and areas of relatively low radar backscatter
as the radar’s microwave pulse is reflected away from the sensor
(e.g. Phillips, 1988; Kudryavtsev and others, 2005; Elyouncha
and others, 2021).

Sea surface temperature boundaries have been observed to
drive changes in the stability of the air–sea interface, which can
also cause low radar backscatter in SAR imagery (Kozlov and
others, 2012; Gurova and others, 2013). Cold upwelling water at
the ocean surface often creates sea surface temperature boundaries
and cools the overlying air, enhancing the stability of the marine
atmospheric boundary layer by limiting vertical mixing through
an increased atmospheric density contrast and more stable

Figure 4. Comparative boxplot of water temperature (top) and salinity (bottom) measurements for Atka Bay (left) and Ronne Entrance (right). Red boxes represent
measurements outside the low radar backscatter areas, as marked in Figures 2 and 3. Blue boxes represent measurements within these low backscatter areas. Each
boxplot shows the median (central line), interquartile range (box) and whiskers extending to the smallest and largest values within 1.5 times the interquartile range
from the quartiles. Outliers, if present, are displayed as diamonds outside the whiskers.
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temperature stratification (Friehe and others, 1991; Beal and
others, 1997). Additionally, current shear in oceanic water, caused
by differing flow velocities, can disrupt the energy transfer needed
to maintain or generate larger waves, leading to low radar back-
scatter (Johannessen and others, 1996). The differences in water
density and surface tension then create areas of the sea surface
that are smoother than the surrounding water (e.g. Ermakov
and others, 1992; Garabetian and others, 1993).

Similarly, the relatively cold, low-salinity upwelled water pro-
duced from the basal melting of ice shelves, being more buoyant
than the surrounding sea water, can stabilize the temperature gra-
dient within the marine atmospheric boundary layer at the air–sea
interface, reducing vertical mixing. The lower salinity meltwater
further enhances this stability by increasing the density contrast,
lowering surface density and promoting vertical stability within

the upper water column. When this buoyant meltwater plume
interacts with surface water of varying current speeds or direc-
tions, it can induce shear and modulate wave propagation
(Fig. 6). The stratified and stabilized surface layer, along with
the potential for increased nutrient loading from the meltwater
(Arrigo and others, 2015), can furthermore stimulate phytoplank-
ton growth and accumulation (Smith and Nelson, 1985; Ducklow
and others, 2013), potentially creating a smooth biogenic surface
film (e.g. Gade and others, 1998; Gade and others, 2013). These
stabilizing effects reduce wind stress and decrease Bragg scattering
waves, leading to lower radar backscatter (Fig. 6). When not influ-
enced by strong winds and currents, these distinct water masses
can be detected in SAR imagery (Figs 2 and 3).

For the visibility of these effects in SAR imagery, low and con-
sistent wind speeds are generally required to clearly observe the

Figure 5. Observations made during the helicopter
survey of Venable Ice Shelf. (a) Overview map dis-
playing the GPS track of the helicopter survey
along the face of the Venable Ice Shelf and the
Fox and Ferrigno ice streams and associated glacio-
logical observations. (b) Arches observed along the
face of Venable Ice Shelf. (c–f ) Photographs of the
surface expression of basal channels present on
the Venable Ice Shelf, exhibiting substantial surface
lowering compared to the surrounding ice-shelf sur-
face (d), semicircular embayments at the channel
terminus (c, e) and transverse rifts opening adjacent
to the channel (f). (g) Ribbons of glossy water.
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wave-dampening effects without interference from stronger
atmospheric disturbances (Handler and others, 2001; Kozlov
and others, 2012). Fortunately, wind speed and direction data
did not vary considerably for either Atka Bay or Ronne
Entrance (Figs 2d and 3c). Both wind speed and direction did
change along the Venable Ice Shelf transect however, which
alongside the non-concurrent SAR image for the time of the tran-
sect and the complex cover of icebergs, may provide a possible
explanation why no distinct low radar reflectivity areas were
detected at this location (Supplementary Fig. 3).

In addition, as upwelling meltwater remains confined to the
area adjacent to the ice margin, both temperature and salinity dif-
ferences decrease with distance, leading to a reduction in current
shear and stratification at the air–sea interface. Consequently,
with increasing distance from the ice, it should become more

difficult to assess meltwater-induced low radar backscattering.
Determining the spatial scales over which such signatures in
SAR can occur solely from meltwater plumes is difficult.
However, at the most convincing site at Atka Bay, the low radar
backscatter structure extends distinctly for ∼40 km. Hence, it
can be assumed that such structures, similar to other
upwelling-induced low radar backscatter, can extend for many
tens of kilometers at least.

It is important to note that the appearance of specular radar
reflection on water surfaces can be influenced by other factors
that contribute to wave dampening, such as current shear in
front of eddies (Johannessen and other, 1996; Karimova, 2012;
Gade and others, 2013) as well as disturbances from wind and
rain (Melsheimer and others, 1998). However, in the examples
presented here, wind speed and direction remained constant,

Figure 6. Proposed mechanism to account for the reduced radar backscatter signature of meltwater outflows. (a) 3-D representation of an ice shelf undergoing
basal melting and the resultant differing radar reflection of meltwater and sea water. (b) 2-D cross section for the area within the red square in (a), showing the
interface between cold, fresh meltwater and warmer, saltier sea water, along with the corresponding radar reflection.
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and no rain or snowfall occurred. In the case of detecting specular
radar reflection adjacent to ice shelves, katabatic winds can cause
rough, wind-disturbed water surfaces away from the lee of the ice
shelf. Therefore, it is important to consider local topography and
the radar backscatter pattern when analyzing an ice-shelf prox-
imal environment purely from a remote-sensing perspective.
Moreover, the formation of a thin grease ice cover at the water
surface can cause decreased radar backscatter compared to sur-
rounding areas of open water due to its smooth surface and the
dampening effect on waves caused by the physical barrier posed
by the ice (e.g. Clemente-Colón and Yan, 2000; Kodaira and
others, 2021). Such an effect would be more likely within polynyas
and other areas of relatively calm water. No grease ice was
observed during the observation periods at the three selected sites.

4.2 Basal channel observations

The Venable Ice Shelf experienced the most pronounced thick-
ness reduction of any ice shelf in Antarctica between 1994 and
2012 (Paolo and others, 2015). The surficial depressions visible
on its surface reflect the hydrostatic relaxation of the overlying
ice due to the formation of relatively large basal channels beneath
the ice shelf (Le Brocq and others, 2013; Alley and others, 2022).
Previous work has demonstrated that these basal channels occur
where plumes of buoyant meltwater melt troughs into the ice-
shelf base (e.g. Le Brocq and others, 2013; Drews, 2015; Alley
and others, 2016; Alley and others, 2022; Alley and others,
2024). The largest channels are frequently associated with high
basal melt rates – especially those directly influenced by modified
Circumpolar Deep Water (e.g. Alley and others, 2016). This asso-
ciation has been strengthened in the case of the Venable Ice Shelf
channels by Alley and others (2024), who report that several
channels have become straighter over time, suggesting that they
are likely moving toward a form of steady state driven by ocean
warming. The development of basal channels can also concentrate
the thinning and structural weakening of ice shelves, affecting
their stability (Dow and others, 2018; Alley and others, 2019).

Our helicopter-based observations support many previous
inferences made from satellite-based measurements such as sub-
stantial reductions in the ice-shelf surface height (typically from
50 to ∼12 m above the waterline) (Figs 5c–e), and their associ-
ation with enhanced transverse fracturing (Fig. 5f) (Dow and
others, 2018; Alley and others, 2019). We speculate that the cur-
rent semicircular embayment-like form of several of the channel
outlets – set back by several hundred meters from the main ice-
shelf front (Figs 5c, e) – reflects part of the lifecycle of this
enhanced ice-shelf transverse fracturing, whereby greater ice-shelf
thinning and melting lead to embayment formation, exposing the
flanks of the embayment to greater mechanical weakening,
enhanced fracturing and more frequent calving events (Alley
and others, 2019). Additionally, cross sections of channels on
the surface of the Venable Ice Shelf (Figs 5c–e) exhibit steeper
slopes on the Coriolis-favored side, aligning with previous obser-
vations that Coriolis deflection leads to higher basal melt rates and
asymmetric melt patterns of basal channels in Antarctic ice
shelves (Sergienko, 2013; Alley and others, 2016, 2024).

The ribbons of smooth, highly reflective water observed close to
the outlet of several, but not all, channels (Figs 5a, c, f, g and
Supplementary Fig. 4) are too small to be adequately captured in
Sentinel-1A SAR imagery. However, we speculate that these glossy
water surfaces may represent smaller-scale examples of our pro-
posed mechanism for the lower radar backscatter over relatively
fresh water, indicating meltwater presence: a smooth water surface
layer stabilized by temperature and salinity contrasts with the sur-
rounding ocean water. The areas of glossy water were associated
with some of the largest basal channels, where theory suggests

that higher melt rates are more likely (Alley and others, 2016);
this hypothesis is supported by water temperature and salinity mea-
surements made in a nearby transect by RV Polarstern, as these
areas had the lowest water temperature and salinity readings during
the transect (Supplementary Fig. 3). We also rule out wind stress as
a possible causal factor as the ribbons were observed at a distance
from the ice-shelf front, and the intervening water surface had a
different texture. A high meltwater flux could produce such a
thin melt-enriched surface layer, which induces current shear and
exhibits different physical properties than the surrounding water.
It follows that the glossy, smooth water surfaces likely represent
areas where meltwater upwelling is strongest. Less vigorous upwell-
ing in the surrounding areas and the presence of relatively fresh,
meltwater-enriched water on larger scales may therefore be analo-
gous to what we observe as the low radar backscatter signature. We
note, however, that our hypothesis to explain the small ribbon-like
water textures present in front of some channels requires further
testing – likely involving direct water sampling of similar features –
to accurately validate.

4.3 Implications and future directions

Our findings indicate the potential of SAR data as an approach to
identify meltwater discharges from beneath Antarctic ice shelves.
SAR technology offers all-weather and day-and-night imaging
capabilities, making it a potentially valuable tool for monitoring
meltwater dynamics in Antarctica. However, because wind, pre-
cipitation, sea ice and current shear in front of eddies can also
affect radar backscatter (Johannessen and others, 1996;
Melsheimer and others, 1998), thorough contextual analysis and
additional data are crucial when using SAR imagery to study
meltwater dynamics in Antarctica. It is also crucial to consider
that radar backscattering is influenced by the specific parameters
of the radar image. Higher frequencies, like X- and C-bands, cap-
ture detailed textural features that can indicate meltwater presence
but are more susceptible to atmospheric disturbances (e.g. Xie and
others, 2019). Polarization also affects detection, with horizontal
polarization providing stronger returns from smooth water sur-
faces, and vertical polarization better detecting rough surfaces
and texture changes. Furthermore, the incidence angle impacts
sensitivity to surface features; lower angles enhance detection
with stronger backscatter, while higher angles result in weaker sig-
nals and greater sensitivity to geometric and dielectric properties
(e.g. Topouzelis and others, 2016; Chen and others, 2022).

In addition to remote-sensing techniques, it is also important
to undertake in situ target sampling – such as CTD measure-
ments – of water properties from meltwater discharges in
Antarctica. This will not only contribute to improving under-
standing of the processes captured in the geological record relat-
ing to meltwater expulsion (e.g. the sedimentary deposits of
meltwater plumes; Lepp and others, 2022; Clark and others,
2024) but will also enable a better quantification and correlation
of the detected radar signatures with meltwater properties. To
advance our understanding further, future research should priori-
tize expanding the application of radar-based meltwater detection
techniques to more ice shelves, ideally with temporally concurrent
sampling of water mass properties. Once fully established,
machine learning techniques could then utilize SAR data to pro-
vide unsupervised monitoring of the export of basal meltwater at
an ice-sheet-wide scale. Long-term observations would help to
establish comprehensive meltwater databases for Antarctic ice
shelves, detect trends, understand interannual variability and
assess the impact of climate change on meltwater dynamics.
Such data will be important in refining models, validating other
remote-sensing techniques, and providing a baseline for future
comparative studies.
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Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2024.71.

Data. Continuous thermo-salinograph measurements from PS128 and
PS134 are available online at https://doi.org/10.1594/PANGAEA.952425 and
https://doi.org/10.1594/PANGAEA.964292, respectively (Hoppmann and others,
2023a, 2023b).
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