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The presence and storage of meltwater on Antarctic ice shelves has implications for ice-shelf stability and collapse, while meltwater on grounded tributary glaciers, if able to access the bed, could affect their dynamics. Given the significance of Antarctica’s ice shelves for grounded ice contributions to global mean sea levels, there have been many efforts to map their meltwater extents, whereas far fewer efforts have been made to map water on Antarctica’s grounded ice. Most previous mapping has used optical imagery, which is limited to mapping surface water on cloud-free days during the austral summer. Conversely, research into the prevalence of wintertime and shallow subsurface meltwater storage is scarce. Here, we analyse synthetic aperture radar (SAR) backscatter time series between 2015 and 2021 for a selected number of large, late- and early-summer meltwater bodies on George VI Ice Shelf (GVIIS) and surrounding glaciers through intervening winters. Variable rates of surface or shallow subsurface freeze-through and melt onset are identified, alongside two locations where meltwater appears to have been stored throughout the 2019 winter. One of these sites, a large shallow subsurface meltwater body on grounded ice, appears to have retained liquid water throughout all 6 years, including during winter. This site would be valuable for further exploring how surface and shallow subsurface meltwater bodies may influence Antarctic glacier dynamics through drainage to the bed.
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1 INTRODUCTION
The Antarctic Ice Sheet is experiencing increasing rates of mass loss and, in turn, enhanced contributions to sea-level rise, with an average loss of 92 ± 18 Gt yr−1 between 1992 and 2020 (Otosaka et al., 2023) and a 5.2-mm contribution to sea level between 2003 and 2019 (Smith et al., 2020). On the Antarctic Peninsula, amplified rates of atmospheric and ocean warming (Siegert et al., 2019; Smith et al., 2020) have contributed to the full or partial collapse of its peripheral ice shelves (Scambos et al., 2000; Cook and Vaughan, 2010; Banwell et al., 2013), thereby reducing the buttressing of grounded ice (Dupont and Alley, 2005; Fürst et al., 2016) and enhancing grounded ice discharge to the ocean (Rignot et al., 2004; Wuite et al., 2015). Across the Peninsula, several collapse events have been attributed to the development of extensive surface hydrological networks, which act as a load on the ice-shelf surface and encourage ice flexure and fracture (e.g., Scambos et al., 2000; Glasser et al., 2009; Banwell et al., 2013; Banwell et al., 2019; Banwell et al., 2024; Banwell and MacAyeal, 2015; Bell et al., 2018). Given the significance of this meltwater for ice-shelf stability, it is important that the full extent of each ice shelf’s hydrological network is characterised (Arthur et al., 2020a).
Surface and shallow subsurface hydrological networks on grounded ice have the potential to enhance glacier flow if they deliver water, via crevasses or moulins, to the base of the glaciers, as occurs around the margins of the Greenland Ice Sheet (Bartholomew et al., 2010; Sundal et al., 2011; Banwell et al., 2016; Poinar et al., 2019). To date, there have been no direct observations of surface or shallow subsurface water reaching the bed to influence the ice flow of Antarctic glaciers, but indirect observations on the Peninsula suggest that it is a possibility (Tuckett et al., 2019; Boxall et al., 2022a; 2024; Wallis et al., 2023). Given this, it is also important to characterise hydrological networks across glaciers feeding ice shelves (Bell et al., 2018).
In attempts to document spatiotemporal variations in ice-shelf hydrological networks, and, in a few instances, those on grounded ice, many studies have mapped surface lakes during summer melt seasons, when the polar day allows for optical imagery acquisition and when the majority of surface melting occurs (e.g., Kingslake et al., 2017; Stokes et al., 2019; Arthur et al., 2020b; Halberstadt et al., 2020; Moussavi et al., 2020; Tuckett et al., 2021; Dell et al., 2024a). Studies of summer meltwater storage have also increasingly used synthetic aperture radar (SAR)-based methods to map surface meltwater, enabled by microwave sensitivity to liquid water (e.g., Liang et al., 2021; Dirscherl et al., 2021a; Zhu et al., 2024). This is because, unlike optical sensors, SAR can image the ice sheet surface even under cloudy conditions and at night, expanding spatial and temporal coverage of meltwater extents. Liang et al. (2021) implemented a co-orbit normalisation technique using Sentinel-1 (S1) images to produce monthly melt extent products across all Antarctic ice shelves. A similar approach was later used to map meltwater extents across Greenland (Hu et al., 2022). In north-east Greenland, Shu et al. (2023) used state-space modelling of S1 backscatter time series, informed by optical imagery and climate model output, to map melt and other surface facies. Recent advances have used deep learning methods, such as convolutional neural networks, which are able to identify and extract spatial patterns from large amounts of SAR imagery; these have been used to resolve summer meltwater patterns on the surface of Antarctic ice shelves at temporal resolutions of up to 12 h (de Roda Husman et al., 2024) and spatial resolutions of up to 10 m (Dirscherl et al., 2021a; Zhu et al., 2024).
It is increasingly acknowledged, however, that water may be stored in subsurface water bodies (Dunmire et al., 2020; Scambos et al., 2022) and that surface or subsurface water bodies may continue to grow and shrink during winter (Kuipers Munneke et al., 2018; Spergel et al., 2021; Li et al., 2021). Although previous studies on the Greenland Ice Sheet have used SAR to identify winter lake drainage events (Schröder et al., 2020; Benedek and Willis, 2021; Maier et al., 2023) and potential over-winter meltwater persistence (Lampkin et al., 2020; Law et al., 2020; Schröder et al., 2020; Dunmire et al., 2021; Zheng et al., 2023; Zhu et al., 2023), comparatively little research has been conducted on winter meltwater dynamics in Antarctica (e.g., Kuipers Munneke et al., 2018; Dunmire et al., 2020). The persistence of meltwater storage into winter months may present further potential for lake drainage via hydrofracture, with important implications for ice-shelf stability (Scambos et al., 2000; Banwell et al., 2019; Dunmire et al., 2020) or glacier flow (Maier et al., 2023). It may also lower the surface albedo or alter the internal energy budget of the ice shelf or glaciers (Jakobs et al., 2021; Amory et al., 2024), encouraging meltwater ponding during subsequent summers (Spergel et al., 2021) or allowing ice to deform more readily (Ranganathan et al., 2023).
Of the current Antarctic Peninsula ice shelves, George VI Ice Shelf (GVIIS) shows especially widespread surface meltwater ponding; in 2019/20, it showed the greatest melt extent in 32 years, with total surface meltwater covering ∼15% of the northern ice shelf at the height of summer (Banwell et al., 2021). With such extensive summer meltwater storage, it is likely that many meltwater bodies do not drain or refreeze completely by the start of the winter, particularly in high-melt years. There is potential, therefore, for meltwater storage to persist into winter. Although its compressive flow regime provides stability, full-scale collapse of GVIIS would remove a significant buttressing force to Palmer Land glaciers, which could contribute up to 8 mm of sea-level rise by 2100 (Schannwell et al., 2018). Studying the prevalence of winter meltwater storage on GVIIS and its tributary glaciers is therefore particularly important for assessing potential ice-shelf instabilities, grounded ice discharge, and ice sheet mass loss (Trusel et al., 2015; DeConto and Pollard, 2016; Lai et al., 2020; Gilbert and Kittel, 2021; Mottram et al., 2021). Although previous studies have quantified summer surface meltwater extents across GVIIS (LaBarbera and MacAyeal, 2011; Banwell et al., 2021; Dirscherl et al., 2021a; Dell et al., 2024a), investigations into the over-winter persistence of surface and shallow subsurface meltwater storage are lacking.
Here, we examine the extent to which meltwater is stored on or near the surface of GVIIS and its tributary glaciers during winter months between 2015 and 2021, contributing to a greater understanding of the seasonal evolution of meltwater storage. We identify times and locations where meltwater is visible at the end of one summer and/or the beginning of the next in optical and/or SAR satellite imagery, before using SAR imagery to examine the extent to which meltwater storage persists in these areas throughout the intervening winters.
2 STUDY AREA
GVIIS is the second largest ice shelf on the Antarctic Peninsula, with an area of ∼23,500 km2 (Rignot et al., 2013; Banwell et al., 2021) (Figure 1). Located on the western Peninsula between Palmer Land and Alexander Island, it calves along two ice fronts: Marguerite Bay in the north and Ronne Entrance in the south. These fronts are separated by ∼450 km of ice shelf and have undergone retreat since the late 20th century (Lucchitta and Rosanova, 1998; Holt et al., 2013; Holt and Glasser, 2022). Ice inputs to the ice shelf are mostly from Palmer Land and, to a lesser extent, Alexander Island (Boxall et al., 2022a), resulting in compressive flow, heavy ice foliation, and fracturing along its western grounding line (Hambrey et al., 2015). Ice thickness varies with ice flow, reaching ∼600 m in its centre and decreasing to ∼100 m at its two calving fronts (Morlighem et al., 2020).
[image: ]FIGURE 1 | Meltwater storage on George VI Ice Shelf (GVIIS). (A) Sentinel-2 image mosaic of a northern section of GVIIS on 19 January 2020, with the ice-shelf grounding lines shown in red. Inset shows the location of GVIIS on the southwest Antarctic Peninsula, using imagery from the Landsat Image Mosaic of Antarctica (Bindschadler et al., 2008). Red line demarcates the GVIIS boundary, which includes grounding lines and calving fronts; boundary data are from Dell et al. (2024b) and include ice shelf grounding lines from Gerrish et al. (2020), which were modified using the Making Earth System Data Records for Use in Research Environments (MEaSUREs) v.2 database (Mouginot et al., 2017). Blue box shows the area over which meltwater bodies were sampled (see Figure 2). (B) Examples of “flow-line” lakes formed parallel to the direction of ice flow and wind-induced “ribbon” lakes. (C) “Travelling” lakes formed near the western grounding line. (D) Doline with surface meltwater at its centre.As elsewhere on the Peninsula, GVIIS experiences high summer surface melt rates associated with warming atmospheric temperatures (Morris and Vaughan, 2003; Scambos et al., 2003). This surface melting is located predominantly on the northern GVIIS, whereas accumulation dominates the southern part of the ice shelf (Trusel et al., 2012; Banwell et al., 2021). Net ablation, however, is largely ocean driven, with high basal melt rates (up to 6 m yr-1) linked to the south-to-north circulation of warm Circumpolar Deep Water beneath the ice shelf (Smith et al., 2007; Smith et al., 2020; Jenkins and Jacobs, 2008; Adusumilli et al., 2020). Seasonal variations in both surface melt rates above the ice-shelf grounding lines and Circumpolar Deep Water incursions to the grounding lines have been suggested as potential contributors to the observed summer speed-up and winter slowdown of glaciers feeding the ice shelf (Boxall et al., 2022a; Boxall et al., 2024).
Extensive summer surface ponding on the northern GVIIS has been observed since the 1940s and is attributed to the region’s low firn air content (Fleming et al., 1938; Wager, 1972; Pearson and Rose, 1983; Reynolds and Hambrey, 1988) (Figure 1A). Four surface lake types have been identified. First, the dominant “flow-line” lake type forms in surface undulations sculpted by ice flow units, lying parallel to the ice flow direction (Reynolds, 1981) (Figure 1B). Second, depressions formed by prevailing winds are often filled by smaller, ribbon lakes which reappear in similar locations each year due to the compressive ice flow which limits advection (Reynolds, 1981; Arthur et al., 2020b; Banwell et al., 2021) (Figure 1B). Third, “travelling” lakes migrate along the western grounding line, developing in deep pressure ridges formed by westward ice flow (LaBarbera and MacAyeal, 2011) (Figure 1C). Finally, dolines, with a central basin below the average height of the surrounding shelf and an encircling annular ring elevated above it, are sites of former drained lakes that may still fill and drain on an annual basis (Banwell et al., 2024) (Figure 1D).
3 DATA AND METHODS
3.1 Summer melt products
To identify sites of potential overwinter meltwater storage, we started with three summer meltwater extent products that were generated using machine learning classification of satellite images from Landsat 8 (L8) [produced using the methods of Dell et al. (2021)], Sentinel-2 (S2) [Dirscherl et al. (2021b), as described in Dirscherl et al. (2021a)], and S1 [Dirscherl et al. (2021c), as described in Dirscherl et al. (2021a)]. Each dataset we used is a bimonthly (1st–15th and 16th–end of month) time series of rasters, showing surface meltwater bodies for the six summers between 2015 and 2021. The L8 product shows areas of ponded water and slush and was generated using a random forest classifier, trained on surface classes identified by k-means cluster analysis (Dell et al., 2021). We used the original ponded water classifications of Dell et al. (2021) and discarded their slush classifications. The L8 images used had a solar angle >20° and a cloud cover <40%, and were masked for cloud and cloud shadows using the Landsat 8 Quality Assessment Bands prior to classification. Further information on the methods used to generate the L8 product is provided in Dell et al. (2021). The S2 product was also generated using a random forest classifier, this time trained with spectral information from S2 bands and spectral indices, alongside variables derived from a TanDEM-X digital elevation model (Dirscherl et al., 2021a). The classifier was applied to preprocessed level-1C S2 images with <75% cloud cover and distinguished between water and non-water pixels (Dirscherl et al., 2020; Dirscherl et al., 2021a). Finally, the S1 product was generated using a convolutional neural network trained using image patches from manually labelled S1 scenes (Dirscherl et al., 2021a). The S1 images used were acquired in ground range detected (GRD) format, interferometric wide (IW) swath mode, and HH polarisation. This dataset excludes subsurface lakes that are located beneath a thick ice layer but does not preclude shallow subsurface water bodies covered by a thin layer of ice, slush, or snow (Dirscherl et al., 2021a, Dirscherl et al., 2021d). The full methodologies used to produce the S2 and S1 datasets are provided in Dirscherl et al. (2021a). The L8 product includes surface lakes across GVIIS up to the grounding lines, whereas the S2 and S1 products also extend up to ∼25 km above the grounding lines. The L8 data extend from November to February, whereas both Sentinel datasets also include March of each year.
The L8 product was resampled from 30 m to 10 m pixel resolution using nearest-neighbour resampling to match that of S2, before the two products were merged to produce a combined “optical lakes” product, which we refer to as “S2L8.” The Sentinel-1 product, referred to as “S1,” is derived from SAR at 10 m resolution. Examples of the derivation of each dataset are shown in Supplementary Figure S1.
Merging the two surface lake extents from L8 and S2 imagery helped compensate for data loss caused by cloud cover in the individual datasets (Dell et al., 2020), as well as for lake pixels that may have been omitted by either classifier. In this respect, it is more likely to overestimate rather than underestimate lake pixels. As the L8 lake products were only available up to February of each summer, surface lake extents for March were derived from S2 images only; in this respect, fewer late summer lakes may be identified than early summer lakes.
3.2 Selection of meltwater bodies for winter analysis
We used the S2L8 and S1 datasets described in Section 3.1 to identify meltwater bodies that were most likely to show evidence for over-winter meltwater presence and persistence. Such water bodies were identified in three ways, producing three groups: i) those that were present at the start of summer (1st–15th November), which may, therefore, have contained water during the previous winter; ii) those that were present at the end of summer (16th–31st March), which may have held water during the subsequent winter; and iii) those that were present at both the end of one summer and the beginning of the next summer, which, arguably, may show the greatest likelihood of containing water throughout the intervening winter. The L8, S2, and S1 products described in Section 3.1 have reported classification accuracies ranging from 70% to 95%, with potential limitations in areas of cloud shadow and radar shadow (Dell et al., 2021; Dirscherl et al., 2021a). Therefore, to help with water body identification, optical and SAR images were also inspected manually to exclude false-positive water bodies that appeared to be misclassifications of shadow or variations in surface topography (Fu et al., 2020).
To derive groups i and ii (meltwater bodies present at the start and end of the summer, respectively), we selected the three largest water bodies in the relevant half-month period, across the S2L8 and the S1 datasets; potential meltwater bodies with an area below 0.01 km2 were excluded. As subsequent analysis of winter meltwater body evolution relied on the examination of SAR backscatter changes (Section 3.3), meltwater body selection was restricted to those present within the same S1 relative orbit (in this case, relative orbit 169) to reduce backscatter variations associated with different SAR look angles (Benedek and Willis, 2021).
For group i, due to the exclusion of smaller meltwater bodies and potential misclassifications, no meltwater bodies were sampled for November 2015, and only one suitable meltwater body was identified in November 2016. Thus, group i consists of a sample of 13 meltwater bodies. For group ii, there were no large water bodies for late March 2016, giving a total of three water bodies from each of the remaining 5 years. Thus, group ii is a sample of 15 meltwater bodies.
Most end-of-summer water bodies (13 of 15) were identified from the S1 dataset, except for late March 2020 when extensive surface ponding was visible in the S2L8 dataset. Many of the largest water bodies present in late March 2020, at the end of the record-breaking 2019/20 melt season (Banwell et al., 2021), comprised multiple lakes, formed in ice-surface undulations and joined by overspilling at their edges. This included the largest water body spanning approximately half of the width of GVIIS, covering an area of ∼20 km2. These “joined lakes” were not chosen for analysis because averaging SAR backscatter across their large areas would mask the local variations in meltwater refreezing, drainage, or persistence that we are interested in. Instead, the three largest “single lakes” were chosen for March 2020.
To identify meltwater present at the end of one summer and the beginning of the next (group iii), all possible combinations of the S2L8 and S1 datasets were used to identify areas where meltwater storage occurred at both times. The resulting pixel clusters do not represent the full extent of the water bodies they were part of during either late March or early November but show only where meltwater was present during both periods. Hence, they were not filtered by area (as was done for groups i and ii). Only four such sites were identified across the 6-year period, meaning that group iii is a sample of four meltwater bodies.
Of the 32 meltwater bodies identified above, one appeared across multiple years (Section 4.3) and appeared in more than one of the three groups. This was one of the four meltwater bodies identified in group iii (i.e., it was present at the end of one summer and the beginning of the next), which also appeared repeatedly in group i (in November 2016, 2018, 2019, and 2020) and in group ii (in March 2018, 2019, and 2021). To avoid repetition, this water body was analysed as part of group iii only; four more lakes were chosen for November of the repeating years, and three more lakes were chosen for March of the repeating years (in each case, the next, fourth largest water body) to maintain 13 water bodies in group i and 15 in group ii. One meltwater body appeared as one of the three largest water bodies during both the start and end of the 2017/18 melt season; this was analysed twice to investigate both early- and late-summer meltwater dynamics (sites N3 and M5). In total, 32 water bodies were sampled due to their potential for over-winter meltwater presence or persistence (Figure 2; Supplementary Table S1).
[image: ]FIGURE 2 | Locations of the meltwater bodies analysed for over-winter persistence on the northern George VI Ice Shelf (GVIIS; Figure 1A). Red dots show sites classified as meltwater in either November (N1–13) or March (M1–15), or both March and the following November (B1–4). Lake locations are superimposed upon a mosaic of two Sentinel-1 images (23 and 26 July 2019). The surrounding images show a selection of the meltwater bodies sampled, from Sentinel-1 (N3, N8, N12, M7, M9, B3, and B4), Sentinel-2 (M11 and M12), and Landsat 8 (N10) imagery; red polygons delineate the area that was classified as meltwater in optical or SAR imagery, and the area over which mean backscatter was calculated. Grounding lines are shown in black and are from Dell et al. (2024b). Sentinel data courtesy of Copernicus/European Space Agency (2024); Landsat 8 imagery courtesy of the US Geological Survey.3.3 Sentinel-1 backscatter analysis
For the 32 meltwater bodies identified in Section 3.2, winter S1 backscatter signatures were analysed in Google Earth Engine (GEE; Gorelick et al., 2017). Water is identifiable as low backscatter caused by the absorption of microwaves or, in the case of open water that is clear of ice, the specular reflection of the microwave signal away from the sensor (Ulaby et al., 1986). As meltwater refreezes, volume scattering increases due to bubbles within the refrozen ice, causing an increase in backscatter (Miles et al., 2017; Spergel et al., 2021). Thus, SAR backscatter patterns between March and November can be used to deduce the rates and timings of water refreezing, melt onset, and the likelihood of overwinter meltwater storage (Li et al., 2021).
The S1 images used for analysis were GRD in IW swath mode and HH polarisation, at 10 m pixel resolution. They had been preprocessed in GEE through the application of orbital information, thermal noise removal, radiometric calibration, and terrain correction (Gorelick et al., 2017). As discussed in Section 3.2, the selected S1 images were filtered to those from relative orbit 169.
Time series of the mean and standard deviation of backscatter were calculated from all of the pixels representing each meltwater body. Mean backscatter signatures were compared to the mean baseline backscatter of the surrounding ice surface during the same time period (Benedek and Willis, 2021; Li et al., 2021). This was necessary to distinguish changing meltwater storage within each meltwater body from that occurring across the surrounding ice, as ice surfaces undergo a seasonal cycle in SAR backscatter associated with melting and refreezing (Freer, 2020; Liang et al., 2021). The area over which mean baseline backscatter was calculated was defined by a rectangular buffer zone, with each edge extending 5 km from the northernmost, easternmost, southernmost, and westernmost tips of the meltwater body. Different buffer zone distances were tested to assess their influence on mean baseline backscatter values. Mean backscatter was insensitive to buffers ≥5 km, and so this value was used. Within each buffer zone, rock outcrops were masked using the rock outcrop dataset from the Scientific Committee for Antarctic Research Antarctic Digital Database (Cooper et al., 2020) as these often show very high or low backscatter values, depending on the SAR look angle (Schellenberger et al., 2016). For each winter, shapefiles of total summer meltwater extent (derived by stacking all optical- and SAR-derived meltwater extent maps from the previous summer) were used to mask areas within the bounding rectangles where meltwater or refreezing signatures in other meltwater bodies may have biased the baseline mean.
4 RESULTS AND INTERPRETATION
4.1 Meltwater bodies present in early November
For the 13 meltwater bodies present in early November, the S1 backscatter timeseries reveal three broad types of behaviour (Figure 3). First, for one meltwater body, backscatter decreased simultaneously with and by similar amounts to background backscatter, beginning in early November, with no evidence of an earlier decrease (Figure 3, site N10). Second, for four meltwater bodies, backscatter decreased simultaneously with but by a greater amount than background backscatter, again beginning in early November or late October; although some showed fluctuations in backscatter during the previous winter, meltwater body backscatter values did not deviate consistently from the baseline until late October to early November (Figure 3, sites N3, N4, N12, and N13). Finally, for eight meltwater bodies, background backscatter decreased from early November, but meltwater body backscatter started to decrease earlier (Figure 3, sites N1, N2, N5–9, and N11). Although backscatter in most of these meltwater bodies began to decrease during late winter (September to October), there was some variation within this group in the magnitude and timing of winter backscatter decrease. For example, although backscatter began to decrease as early as May–June in one case (N1), meltwater body and baseline errors at this site continued to overlap throughout the winter, whereas meltwater body backscatter at another site (N8) began to deviate from the baseline as early as August with no overlap in calculated errors.
[image: ]FIGURE 3 | Time series of mean Sentinel-1 backscatter during the previous winter for sites where meltwater was identified during early November in either optical (“S2L8”) or SAR (“S1”) images. Each panel corresponds to a different meltwater body, N1–13, shown in Figure 2. Mean backscatter is shown for the corresponding water body in blue and the surrounding ice shelf (“baseline”) in grey. Shaded regions show ±1 standard deviation. Each panel is labelled with the relevant melt season (e.g., 2019/20 corresponds to meltwater bodies observed in early November 2019). Dashed vertical lines marked on panels N8, N10, and N12 correspond to the dates of the satellite images shown in Figures 6, 4 and 5 respectively.Images from an example of the first case are shown in Figure 4 (site N10 in Figures 2, 3). The similarity of the meltwater body and baseline backscatter signatures between April and October 2019 implies that any water at this site from the previous summer remained frozen throughout the winter. The subsequent decrease in baseline backscatter in November is likely associated with the widespread onset of melt (as also found in Luckman et al., 2014; Freer, 2020; Johnson et al., 2020; Li et al., 2021), representing increased microwave absorption by wet snow (Ulaby et al., 1986). Mean lake backscatter decreased to ∼3 dB below the baseline mean in early November, although with substantial overlap in their calculated errors. Nonetheless, there is a visible difference between what appears to be the lake surface and the surrounding snow/ice in coincident optical imagery (Figure 4), suggesting that the decrease in backscatter represents microwave specular reflection from the lake surface (Ulaby et al., 1986; Luckman et al., 2014).
[image: ]FIGURE 4 | Spatiotemporal evolution of a meltwater body and the surrounding ice-shelf surface in the winter of 2019 and early 2019/20 melt season. Meltwater body (red polygon; site N10 in Figure 2) was present in the first half of November 2019 in optical (S2L8) imagery. Optical images shown (7/11/19 and 23/12/19) are from Landsat 8. Grounding line (black line) is from Dell et al. (2024b).Images from an example of the second case are shown in Figure 5 (site N12 in Figures 2, 3). As with the first case, the water body and baseline backscatter signatures suggest that any water froze over winter and melt onset occurred in November. The enhanced backscatter decrease in the water body compared to that in the surrounding area (lower by ∼6 dB) implies that water accumulated preferentially at this location at the beginning of the melt season. The fact that water was not visible in optical imagery suggests that it accumulated only in the shallow subsurface (cf. Miles et al., 2017; Dunmire et al., 2020).
[image: ]FIGURE 5 | Spatiotemporal evolution of a meltwater body and the surrounding ice-shelf surface in late winter and early summer of 2020/2021. Meltwater body (red polygon; site N12 in Figure 2) was present in the first half of November 2020 in Sentinel-1 imagery. Optical image shown (14/11/20) is from Sentinel-2. Grounding line (black line) is from Dell et al. (2024b).Figure 6 shows images from an example of the third type of winter-to-early-summer backscatter evolution (site N8 in Figures 2, 3). It shares many of the same characteristics as for the second case (Figure 5), again suggesting shallow subsurface water storage. In this case, however, water body backscatter decreased gradually during late winter (from late August to late September), with no corresponding decrease in baseline backscatter. Water body backscatter remained below that of the background until late November, after which both water body and background backscatter decreased to similar intensities. S1 imagery shows that a small patch of low backscatter developed at the site from late August, yet surface meltwater was not visible in optical imagery until late December (Figure 6). Surface meltwater ponding was visible in mid-January 2020 as a “moat” surrounding the original water body identified by S1 image classification (Figure 6). In late January, the original water body was still not visible in optical imagery but continued to be identifiable in S1 imagery as a patch of low backscatter, as did the surrounding ponded surface “moat” (Figure 6). Collectively, this suggests that meltwater began to accumulate in the shallow subsurface during late winter but only began to accumulate on the surrounding ice surface later in the summer.
[image: ]FIGURE 6 | Spatiotemporal evolution of a meltwater body and the surrounding ice-shelf surface from late winter 2019 to mid-summer 2020. Meltwater body (red polygon; site N8 shown in Figure 2) was present in the first half of November 2019 in Sentinel-1 imagery. Landsat 8 image is from 27/12/19; Sentinel-2 image is from 19/1/20. Grounding line (black line) is from Dell et al. (2024b).4.2 Meltwater bodies present in late March
From the 15 late-summer water bodies analysed, we again identify three types of behaviour. First, in three instances, water body and baseline backscatter increased almost simultaneously during late summer, with water body backscatter reaching a winter value ∼2–5 dB below that of background (Figure 7, sites M2, M3, and M11). Second, on seven occasions, baseline backscatter increased in late summer and quickly reached a new winter value, as for case 1, but water body backscatter increased more gradually over 2–8 months, eventually attaining levels ∼2–6 dB below baseline (Figure 7, sites M4–M9 and M15). Included in this group is site M5, which reached near-baseline backscatter values in April–May; however, backscatter began to decrease again in June, perhaps suggesting that subsequent melt onset occurred towards mid to late winter. Finally, on five occasions, baseline and water body backscatter showed similar late-summer increases to those observed in case 2, but water body backscatter reached winter values approximately equal to or greater than baseline (Figure 7, sites M1, M10, and M12–M14).
[image: ]FIGURE 7 | Time series of mean Sentinel-1 backscatter during subsequent winters for sites where meltwater was identified during late March in either optical (“S2L8”) or SAR (“S1”) images. Each panel corresponds to a different meltwater body, M1–15, shown in Figure 2. Mean backscatter is shown for the corresponding water body and the surrounding ice shelf (“baseline”). Shaded regions show ±1 standard deviation. Each panel is labelled with the relevant melt season (e.g., 2019/20 corresponds to meltwater bodies observed in late March 2020). Dashed vertical lines marked on panels M7 and M12 correspond to the dates of the satellite images shown in Figures 8, 9, respectively.The first case is interpreted as a marked reduction in surface melting and rapid onset of freezing towards the end of the melt season, with water body backscatter quickly approximating background intensities due to the relatively rapid freeze-through of a shallow water body (Liang et al., 2019; Freer, 2020; Li et al., 2021). The fact that water body backscatter remained just below background values may be due to reduced volume scattering at the refrozen water body surface compared to the surrounding snow/firn (Luckman et al., 2014).
Images from an example of the second case are shown in Figure 8 (site M7 in Figures 2, 7). The water body is visible in SAR imagery in February but not in optical imagery, suggesting that meltwater was present only in the shallow subsurface (Miles et al., 2017; Dunmire et al., 2020). Compared to the first case, the more gradual evolution of the water body backscatter from low to high values may be interpreted as the slower rate of freeze-through of a deeper water body (Antonova et al., 2016).
[image: ]FIGURE 8 | Spatiotemporal evolution of a meltwater body and the surrounding ice-shelf surface from late summer to the following winter of 2019. Meltwater body (red polygon; site M7 shown in Figure 2) was present in the second half of March 2019 in Sentinel-1 imagery. Optical image shown (17/2/19) is from Sentinel-2.Figure 9 shows images from an example of the third case (site M12 in Figures 2, 7). The meltwater body is visible as a surface lake in optical and SAR imagery during late March 2020. The ∼10 dB difference between lake and baseline backscatter at this time is likely explained as enhanced microwave absorption and/or specular reflection from the lake surface (Ulaby et al., 1986). As with the second case, the relatively slow evolution of water body backscatter is interpreted as slow freeze-through, which is supported by the late March optical image showing a large and seemingly deep lake; relative lake depth is inferred from the darker blue at its centre compared to surrounding visible meltwater (Figure 9). The fact that water body backscatter increased to above background levels may have been linked to the internal structure of the refrozen ice (Freer, 2020) or the lake’s position within a high compressive zone near the north-western grounding line, which contributes to snow grain size variations (Ulaby et al., 1986; Suhn et al., 1999; Holt et al., 2013). Alternatively, this may be due to the formation of an ice lid at the surface of the meltwater body, with higher backscatter values produced at the ice–water interface (Spergel et al., 2021).
[image: ]FIGURE 9 | Spatiotemporal evolution of a meltwater body and the surrounding ice-shelf surface from late summer to the following winter of 2020. Meltwater body (red polygon; site M12 shown in Figure 2) was identified in the second half of March 2020 in Sentinel-1 imagery. Optical image shown (23/3/20) is from Sentinel-2. Grounding line (black line) is from Dell et al. (2024b).4.3 Over-winter meltwater persistence from late March to early November
Four potentially persistent meltwater bodies were identified, present at the end and the beginning of successive melt seasons (Figure 10). At two of these sites, backscatter increased to near-baseline values (∼1–4 dB lower than baseline) over the winter (Figure 10, sites B1 and B2), suggesting that meltwater froze after late March but accumulated in the same locations again the following November (Johansson and Brown, 2012; Arthur et al., 2022).
[image: ]FIGURE 10 | Time series of mean Sentinel-1 backscatter during intervening winters for sites where meltwater was present during the second half of March and the first half of November of consecutive melt seasons, identified from either optical (“S2L8”) or SAR (“S1”) images. Each panel corresponds to a different meltwater body, B1–4, shown in Figure 2. Bottom panel shows mean Sentinel-1 backscatter across all winters during the study period for site B4. Mean backscatter is shown for the corresponding water body in blue and the surrounding ice shelf (“baseline”) in grey. Shaded regions show ±1 standard deviation. “S2L8” and “S1” denote the satellite imagery from which meltwater bodies were identified, in March (left) and November (right). Each panel is labelled with the year in which the meltwater body was observed, except for site B4, which was observed in multiple years. Dashed vertical lines marked on panels B3 and B4 correspond to the dates of the satellite images shown in Figures 11, 12, respectively.In the remaining two meltwater bodies (Figure 10, sites B3 and B4), mean backscatter remained lower than the surrounding baseline backscatter by up to ∼9 dB throughout the winter. At site B3, an optical image from late January 2019 shows a snow-covered water body with visible surface meltwater nearby (Figure 11). SAR images of the site from late March, late October, and early November show a small expansion of the low-backscatter area, suggesting that the feature was part of a larger water body which had grown by the start of the 2019/20 melt season (Figure 11). The circular shape of the overall feature is indicative of a doline, a depression in the ice-shelf surface caused by lake drainage (Mellor, 1960; Warner et al., 2021; Banwell et al., 2024); the pattern of low backscatter at the centre of the feature suggests that shallow subsurface water remained in the deepest part of the doline basin during the winter.
[image: ]FIGURE 11 | Spatiotemporal evolution of a meltwater body and the surrounding ice-shelf surface throughout the winter, from late summer 2018/19 to the following summer of 2019/20. Meltwater body (red polygon; site B3 in Figure 2) was present in the second half of March 2019 and the first half of November 2019 in Sentinel-1 imagery. Optical image shown (28/1/19) is from Sentinel-2. Grounding line (black line) is from Dell et al. (2024b).At site B4, mean water body backscatter values remained lower than the baseline mean by ∼3–12 dB during every summer and winter between 2015 and 2021 (Figure 10). Meltwater was detected at this site in March and November of both 2018 and 2019 using S1 imagery (Dirscherl et al., 2021a). Optical imagery of this site in late January 2019 reveals a snow-covered water body with water visible around its edges (Figure 12A), like that observed at site B3 (Figure 11). By early March 2019, the area was entirely snow-covered, and surface water was no longer visible (Figure 12A). Despite this, low SAR backscatter remained in the area throughout late summer, the following winter, and into September 2019 (Figure 12A). Therefore, evidence suggests that the surface meltwater visible in late January 2019 was part of a larger shallow subsurface water body, which persisted through the winter, insulated by overlying ice and snow (Dunmire et al., 2020). Alternatively, the reduced backscatter relative to the background may be attributed to variations in local topography due to the site’s position within a surface depression (Suhn et al., 1999). Nonetheless, meltwater was visible in optical imagery during mid-summer in four other melt seasons (Figure 12B), suggesting that the persistent low backscatter represents a relatively large perennial water body.
[image: ]FIGURE 12 | Spatiotemporal evolution of a meltwater body and the surrounding ice-shelf surface. Meltwater body (red polygon; site B4 shown in Figure 2) was detected from its presence in both the second halves of March 2018 and 2019 and in the first halves of November 2018 and 2019 in Sentinel-1 imagery. (A) Sequence of Sentinel-2 optical images and Sentinel-1 backscatter images of the meltwater body and surrounding ice-shelf surface from mid-summer 2018/19 to early summer 2019/20. (B) Sentinel-2 images of the meltwater body in the summers of 2017, 2018, 2020, and 2021.5 DISCUSSION
Of the 32 meltwater bodies analysed, the majority showed no or limited evidence of meltwater persistence throughout the winter. Most water bodies observed in late March had largely disappeared by May of the same year, and although most meltwater bodies present in early November showed earlier decreases in SAR backscatter, comparison to baseline backscatter values suggests that the majority had formed either at or just prior to the start of summer. Backscatter changes in these meltwater bodies were gradual, suggesting that meltwater accumulated slowly near the start of summer and froze at the end of summer. This is consistent with most previous observations of Antarctic supraglacial lake dynamics (Johansson and Brown, 2012; Langley et al., 2016; Arthur et al., 2020b; Tuckett et al., 2021) but contrasts with a smaller number of studies in Antarctica (Dunmire et al., 2020; Trusel et al., 2022) and Greenland (Miles et al., 2017; Benedek and Willis, 2021), where large, anomalous, sudden, and sustained increases in backscatter were inferred to be indicative of lake drainage events. Although we have identified a doline-like feature (Figure 11), typically indicative of past and/or current vertical lake drainage (Stephenson and Fleming, 1940; Reynolds, 1981; Banwell et al., 2024), our backscatter timeseries show no evidence for such drainage events in this or any of the other sampled meltwater bodies.
The duration of meltwater freeze-through into the winter varied between the sampled meltwater bodies (Figures 7–9). This is likely a function of water body volume, local variations in climate and snow properties, and the amount of refreezing that had already occurred during the melt season (Law et al., 2020; Spergel et al., 2021). Although exact dates of lake cessation were not determined, most of the meltwater bodies had comparable freeze-through durations to that of a large ephemeral surface lake observed on the Amery Ice Shelf in 2017, where freeze-through lasted >60 days and extended into late April/early May (Spergel et al., 2021). A small number of water bodies (Figure 7, sites M4–M9 and M15) underwent longer periods of freeze-through lasting until June–August, which is likely indicative of greater water volumes (Antonova et al., 2016).
Late-winter backscatter signatures of meltwater bodies identified in early November suggest that the onset of meltwater storage may have begun as early as August prior to the 2019/20 melt season (site N8, Figures 3, 6). Early summer optical imagery showed no evidence of surface water in these locations, suggesting that water accumulated in the shallow subsurface during the winter (cf. Miles et al., 2017; Bevan et al., 2018) but did not sufficiently saturate the firn column to initiate surface ponding (van Wessem et al., 2023). Wintertime surface melting events, inferred from C- and Ku-band radar scatterometry, have become increasingly frequent across the Antarctic Peninsula over recent decades (Zheng et al., 2020), likely driven by warm, föhn winds (Kuipers Munneke et al., 2018; Wiesenekker et al., 2018; Turton et al., 2020; Laffin et al., 2021) and possibly associated with atmospheric rivers (Maclennan et al., 2023).
Over-winter meltwater persistence was identified in two meltwater bodies (Figures 11, 12). Like the above, one of these bodies (Figure 11) is inferred to have been present in the ice-shelf’s shallow subsurface during the 2019 winter. Such instances of winter subsurface meltwater storage could have provided a foundation for earlier firn saturation and surface albedo lowering in the following melt season, contributing to greater surface ponding (Leeson et al., 2020; Jakobs et al., 2021; Amory et al., 2024). This is consistent with the large surface lake extents observed during the 2019/2020 summer (Banwell et al., 2021). Although GVIIS is thought to be relatively resilient to hydrofracture due to its compressive flow regime (Holt et al., 2013), extensive surface ponding may cause areas of its eastern grounding zone to become vulnerable (Figure 4 of Lai et al., 2020). Thus, enhanced winter meltwater storage could cause GVIIS to become increasingly vulnerable to oceanic and atmospheric drivers of instability (Smith et al., 2020; Gilbert and Kittel, 2021).
Although the first persistent meltwater body we identified was located adjacent to and downstream of the eastern grounding line, the latter was located in a surface depression on Ryder Glacier (Figure 12). Comparison of grounding line products (Rignot et al., 2016; Mohajerani et al., 2021; Boxall et al., 2022b; Dell et al., 2024b) suggests that this water body was ∼2–2.5 km upstream of the grounding line. Evidence suggests that this was a perennial shallow subsurface water body, with surface water visible only during the mid-summer. The presence of surface water may reflect the saturation of a surface snow layer above an ice-covered subsurface lake, or the exposure and melting of the ice layer itself (cf. Johansson and Brown, 2012; Schröder et al., 2020). The fact that the water body did not freeze through completely during any of the six winters in our study period suggests that it was deep enough to remain liquid, likely enabled by glacier surface topography and insulation from a thin surface ice layer (Dunmire et al., 2021).
The persistence of this latter meltwater body could have implications for the flow of grounded ice to GVIIS (Boxall et al., 2022a; Boxall et al., 2024). Links between surface and shallow subsurface meltwater storage and ice flow are well established on the Greenland Ice Sheet (Zwally et al., 2002; Bartholomew et al., 2010; Tedesco et al., 2013; Poinar et al., 2019) and valley glaciers (Mair et al., 2002; Rippin et al., 2005), where meltwater inputs from surface streams, lakes, and firn aquifers to the subglacial hydrological system cause increases in basal water pressure and subsequent glacier acceleration (Schoof, 2010). Although observations of these relationships on the Antarctic Ice Sheet are much less prevalent (Tuckett et al., 2019; Rott et al., 2020; Wallis et al., 2023), evidence for the persistence of meltwater storage on Ryder Glacier supports the possibility of such processes occurring (Bell et al., 2018). Indeed, Boxall et al. (2022a) found seasonal variability in the flow of Ryder Glacier and other Palmer Land and Alexander Island glaciers, with the greatest seasonal velocity anomalies detected close to glacier grounding lines. These flow variations were attributed by Boxall et al. (2024) primarily to surface forcing via meltwater inputs, mediated by ocean-driven ice-shelf thinning, with ice flow acceleration occurring 0–1 month after increases in surface meltwater extent. With minimal surface ponding observed upstream of the GVIIS grounding line, they suggested that meltwater may access the glacier bed through the growth of englacial water stores such as crevasses, eventually triggering hydrofracture (Boxall et al., 2024). Sites of persistent meltwater storage, particularly those that are close to crevasse fields, such as the meltwater body observed on Ryder Glacier (Figure 12), may show higher potential for the initiation of hydrofracture. If this were to occur, subsequent inputs of surface meltwater to the glacier bed may contribute to glacier flow variability which, in turn, could have significant implications for the stress patterns and stability of the ice shelves they feed (Holt and Glasser, 2022).
6 CONCLUSIONS
Through analysis of winter SAR backscatter patterns, we have found that meltwater bodies on GVIIS persisted into winter in relatively few locations between 2015 and 2021. Most of the meltwater bodies underwent gradual freeze-through at the end of the summer, with no lake drainage events observed. Patterns of meltwater onset showed greater likelihood of winter meltwater presence, with over half of sites identified in November showing backscatter patterns suggestive of meltwater accumulation, typically in the shallow subsurface, prior to November. Although in most cases these meltwater bodies formed near to the start of the summer, one site accumulated water as early as August, showing evidence for winter melt events that may have been driven by föhn winds (Kuipers Munneke et al., 2018; Wiesenekker et al., 2018; Turton et al., 2020; Laffin et al., 2021). Close to the eastern grounding line, another site showed evidence of shallow subsurface meltwater storage persisting throughout the 2019 winter. Earlier firn saturation and surface albedo lowering in such areas could enhance summer surface melting, encouraging the growth of larger lakes (Jakobs et al., 2021; Dell et al., 2024a). This would increase the vulnerability of such areas to hydrofracture.
A perennial shallow subsurface lake was identified on Ryder Glacier, upstream of the grounding line, with surface meltwater visible at the height of five out of six melt seasons. Such meltwater persistence could have implications for the delivery of surface water to the base of Antarctic glaciers, and locations of such persistence may be hotspots of glacier flow variability (Tuckett et al., 2019; Boxall et al., 2022a; Boxall et al., 2024; Wallis et al., 2023). The resulting variations in glacier flow may have significant implications for future ice-shelf stability (Holt and Glasser, 2022).
Examination of SAR imagery has revealed meltwater body persistence into the early winter due to the slow freeze-through of deep summer lakes and meltwater accumulation in the late winter due to winter melt events. In two locations, our analysis has revealed long-term meltwater persistence throughout one or more winters. Furthermore, SAR imagery has revealed meltwater storage in shallow subsurface locations, a finding that could not have been determined using optical imagery alone. Collectively, we hope that our findings provide impetus for future research into winter meltwater storage on Antarctic ice shelves and help in planning for future field-based investigations into the hydrological and dynamic implications of surface and shallow subsurface meltwater bodies on Antarctic ice shelves and glaciers.
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