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Abstract. Over recent decades, the Greenland Ice Sheet (GrIS) has lost mass through increased melting and solid ice discharge 12 

into the ocean. Surface meltwater features such as supraglacial lakes (SGLs), channels and slush are becoming more abundant 13 

as a result of the former and are implicated as a control on the latter when they drain. It is not yet clear, however, how these 14 

different surface hydrological features will respond to future climate changes, and it is likely that GrIS surface melting will 15 

continue to increase as the Arctic warms. Here, we use Sentinel-2 and Landsat 8 optical satellite imagery to compare the 16 

distribution and evolution of meltwater features (SGLs, channels, slush) in the Russell/Leverett Glacier catchment, southwest 17 

Greenland, in relatively high (2019) and low (2018) melt years. We show that: 1) supraglacial meltwater covers a greater area 18 

and extends further inland to higher elevations in 2019 than in 2018; 2) slush – generally disregarded in previous Greenland 19 

surface hydrology studies - is far more widespread in 2019 than in 2018; 3) the supraglacial channel system is more 20 

interconnected in 2019 than in 2018; 4) a greater number, and larger total area, of SGLs drained in 2019, although draining 21 

SGLs were, on average, deeper and more voluminous in 2018; 5) small SGLs  (≤ 0.0495 km²) - typically disregarded in 22 

previous studies - form and drain in both melt years, although this behaviour is more prevalent in 2019; and 6) a greater 23 

proportion of SGLs refreeze in 2018 compared to 2019. By interpreting 2019 as an analogue for a future, warmer climate, we 24 

gain an insight into how a changing climate may impact meltwater feature characteristics, SGL behaviour and ice dynamics.  25 
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1. Introduction 26 

Over recent decades, the Greenland Ice Sheet (GrIS) has undergone substantial mass loss, totalling 4,892 ± 457 Gt of ice from 27 

1992 to 2020 (Otosaka et al., 2023). This mass loss has arisen through a reduction in surface mass balance (SMB), as well as 28 

dynamic factors; with meltwater runoff now being the main contributor to ice loss (Mouginot et al., 2019; van den Broeke et 29 

al., 2016; The IMBIE Team, 2020; Hanna et al., 2024). Increased surface melt, driven by atmospheric warming, causes a direct 30 

reduction in mass through surface runoff, as well as mass loss through ice-dynamical feedback processes (e.g. Bartholomew 31 

et al., 2012; Zwally, 2002). Since the early 1990’s, the GrIS has experienced a total mean summer temperature increase of 32 

~1.7°C (Hanna et al., 2021), with a commensurate increase in surface meltwater production through an increase in melt extent 33 

as well as enhanced local melt rates (van As et al., 2012; Hall et al., 2013), and surface runoff has risen by 33-50% since the 34 

early 2000s (Trusel et al., 2018). Surface melting on the GrIS has migrated to higher elevations since 2000 (Gledhill and 35 

Williamson, 2018), and meltwater features, including supraglacial lakes (SGLs), channels and slush, have also migrated inland 36 

(Howat., et al., 2013; Tedstone and Machguth, 2022). This trend is expected to continue as the climate warms further - 37 

temperatures are predicted to increase by up to 6.6 °C by 2100 (Hanna et al., 2021) - with models suggesting that meltwater 38 

features on the GrIS will extend 110 km further inland by 2060 under extreme warming/emission scenarios (Leeson et al., 39 

2015). 40 

Supraglacial melt on the GrIS can create meltwater features by ponding in SGLs, flowing in channels, and saturating snow 41 

and firn to create supraglacial slush. SGLs generally form in late spring or early summer, enlarging in area and depth 42 

throughout the melt season as they accumulate water (McMillan et al., 2007; Sneed and Hamilton, 2007; Selmes et al., 2011). 43 

SGLs can drain rapidly in hours by hydrofracture (Das et al., 2008; Doyle et al., 2013; Williamson et al., 2018a), slowly in 44 

days to weeks via channel incision and overflow (Hoffman et al 2011; Tedesco et al., 2013), become buried in snow then 45 

persist into winter (Benedek and Willis, 2021; Dunmire et al., 2021), or refreeze at the end of the melt season (Selmes et al., 46 

2013). Moulins, often created by SGL hydrofracture events (e.g. Das et al., 2008; Tedesco et al., 2013), allow supraglacial 47 

meltwater to access the ice sheet base, where the location and timing of meltwater injection can modulate ice flow (Zwally et 48 

al., 2002; Bartholomew et al., 2010; 2012; Hoffman et al., 2011; Sole et al., 2011; Nienow et al., 2017). Once moulins have 49 

opened, they may act as surface-bed connections for the remainder of the melt season, enabling meltwater to impact ice 50 

dynamics over monthly-to-seasonal timescales (Joughin et al., 2008, Banwell et al., 2013, 2016; Hoffman et al., 2018). 51 

Supraglacial channel systems are the main way in which surface meltwater is transported as runoff across the southwest GrIS 52 

(Yang et al., 2016). Supraglacial channels may direct meltwater towards moulins and crevasses, where meltwater can access 53 

the ice sheet base and influence ice velocity (Bartholomew et al., 2010, 2012; Nienow et al., 2017), or channels can transport 54 

meltwater directly off the ice sheet and into the ocean (Yang et al., 2019). Meltwater can also travel laterally across the ice 55 

sheet surface through slush fields, which are features that have been identified on the ice sheet as early as the 1950s (Holmes, 56 

1955). Slush fields can initiate or reopen supraglacial channel routes (Miller et al., 2018; 2020; Clerx et al., 2022; Machguth 57 

et al., 2023). Refrozen slush and SGLs can create impermeable ice slabs, which inhibits water storage in the underlying firn 58 
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and, in turn, increases ice-surface runoff and ultimately contributes to global sea-level rise (MacFerrin et al., 2019; Tedstone 59 

and Machguth, 2022). 60 

As meltwater runoff is the main contributor to GrIS mass loss (The IMBIE Team, 2020), the distribution of supraglacial 61 

meltwater on Greenland has been the focus of several modelling (e.g. Banwell et al., 2012; Leeson et al., 2012) and remote-62 

sensing studies (e.g. Yang and Smith., 2013; McMillan et al., 2007; Selmes et al., 2011; Williamson et al., 2017, 2018a; Miles 63 

et al., 2017; Yang et al., 2021; Lu et al., 2021; Turton et al., 2021; Rawlins et al., 2023; Zhang et al., 2023). Previously,  the 64 

characteristics and behaviour of medium to large SGLs (i.e., > 0.0495 km²) have been studied in single melt-seasons (e.g. 65 

Williamson et al., 2017, 2018a; Miles et al., 2017). Although several multi-seasonal studies have been conducted, they have 66 

often been limited by coarse spatial resolution data and hence have ignored small SGLs (≤ 0.0495 km²) (e.g. Selmes et al., 67 

2013; Fitzpatrick et al., 2014). This approach has often been justified by the understanding that larger volumes of water are 68 

needed to hydrofracture through kilometre or so thick ice (Krawczynski et al., 2009). However, since small SGLs tend to form 69 

at the ice margin where the ice is thinner, it is possible that small SGLs may trigger hydrofracture and perturb ice dynamics in 70 

marginal areas (Williamson et al., 2018a).  71 

Supraglacial meltwater on the GrIS exists in different forms and previous remote-sensing studies have predominantly focussed 72 

on SGLs, channels and slush as separate entities (e.g. Box and Ski, 2007; Selmes et al., 2011; Williamson et al., 2017; Sundal 73 

et al., 2009; Smith et al., 2015; Greuell and Knap, 2000; Machguth et al., 2023; Tedstone and Machguth, 2022). Although 74 

there have been a handful of studies that have focussed on mapping and analysing the supraglacial hydrological system as a 75 

whole (e.g. Rawlins et al., 2023; Zhang et al., 2023; Yang et al., 2021), the vertical drainage of meltwater features through the 76 

ice sheet was not considered. Likewise, some studies included buried lakes (e.g. Dunmire et al., 2021; Miles et al., 2017), 77 

although supraglacial slush features were ignored. Despite recent research, little is known about how the distribution of all 78 

forms of supraglacial meltwater features, including SGLs, slush, and channels, differs as a whole system across fine spatial 79 

and temporal scales, and how this varies between high and low melt years. 80 

Since the distribution and dynamics of supraglacial meltwater has a profound influence on the mechanisms contributing to 81 

mass loss from the GrIS, it is therefore important to understand its evolution and distribution, especially since high melt years 82 

- presumably more conducive to surface melt and meltwater ponding - are becoming more frequent as the climate warms. In 83 

this study, we compare the distribution, evolution and morphology of all supraglacial meltwater features in the Russell/Leverett 84 

Glacier catchment, southwest Greenland, in the low melt year of 2018, to the relatively high melt year of 2019. We delineate 85 

SGL, slush and channel features using a variety of Normalised Difference Water Index (NDWI) thresholding methods tailored 86 

to each feature applied to both Landsat 8 and Sentinel-2 optical satellite imagery. Our unique dataset includes small (i.e., SGLs 87 

> 0.0018 km² and ≤ 0.0495 km²) and shallow meltwater features (i.e., slush), which are important, but have to date been 88 

overlooked in previous mapping studies, as well as the previously more commonly included, large SGLs (i.e., > 0.0495 km²) 89 

and channels (i.e., linear meltwater features > 1000 m long). We also compare the drainage dynamics and hypsometry of SGLs, 90 



4 

 

and partition SGLs into those that drain versus refreeze in the low and high melt seasons. Together, these data provide new 91 

insights into how a warming climate - where the high melt year becomes the norm - may impact meltwater throughput and ice 92 

flow, as a result of changes to supraglacial meltwater characteristics and SGL drainage dynamics.     93 

2. Methods  94 

2.1 Study area 95 

We focus on a ~5800 km² area of Southwest Greenland: the Russell/Leverett Glacier catchment (Figure 1, orange star). The 96 

surface drainage catchment is derived from the digital elevation model, ArcticDEM version 3 (Porter et al., 2022) at 1 km 97 

resolution. The catchment is land terminating and meltwater is transported from the ice sheet margin oceanward by both 98 

Watson and Isortoq proglacial rivers. The study area is well known for prevalent supraglacial hydrology features including 99 

SGLs, channels, and moulins (e.g., Bartholomew et al., 2010; Sundal et al., 2009; Smith et al., 2015; Fitzpatrick et al., 2014; 100 

Yang et al., 2021). 101 

2.2 Study years 102 

We focus on two GrIS melt seasons: the relatively low melt year of 2018, and the relatively high melt year of 2019. The 2018 103 

melt season was anomalously cold, with a summer temperature anomaly of up to -1.5 °C relative to the 2002–2016 mean 104 

(Sasgen et al., 2020). These cold temperatures in 2018 coincided with a 65-78 Gt yr−1 reduction in ice-sheet wide meltwater 105 

runoff in comparison to the 2003-2018 mean (Sasgen et al., 2020). The maximum daily extent of supraglacial melt in 2018 106 

reached 44% of the total ice sheet area, only slightly above the 1981-2010 mean of 40% (Tedesco et al., 2019). Throughout 107 

2018, ~100 Gt of mass was lost from the GrIS, a 58% reduction compared to the 2003-2018 mean of ~235 Gt yr-1 (Sasgen et 108 

al., 2020).  109 

In contrast to the 2018 melt season, the 2019 melt season was exceptionally warm, with some regions reaching a summer mean 110 

temperature anomaly of +1.5 °C relative to 2002–2016 (Sasgen et al., 2020). As a result, 2019 exhibited extremely high runoff 111 

rates, which neared the maximum recorded rate between 2002-2018 set in 2012 (Sasgen et al., 2020). Maximum daily extent 112 

of supraglacial melt in 2019 reached 60% of the total ice sheet area, greatly exceeding the 1981-2010 mean of 40% (Tedesco 113 

et al., 2019). The GrIS experienced record high rates of mass loss throughout 2019 when ~532 Gt of ice was lost; more than 114 

double that of the 2003-2018 mean and 15% greater than the prior record high melt year of 2012 (Sasgen et al., 2020; 115 

Mohajerani, 2020). 116 
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  117 

Figure 1: Maximum areal extent of all supraglacial meltwater features in (a) 2018 and (b) 2019 within the Russell/Leverett Glacier 118 
catchment derived from ArcticDEM (black outline). Slush is light blue, channels are green and SGLs are dark blue. Elevation 119 
contours from the ArcticDEM are shown in grey (m a.s.l.). Background is a true colour Sentinel-2 image acquired on 26/09/2019. 120 
Inset depicts the location of the catchment within southwest GrIS. a(i) depicts a supraglacial channel system, a(ii) shows SGLs linked 121 
with channels, a(iii) is an example of underdeveloped SGLs in the ~1600 m a.s.l. region of the catchment, a(iv) depicts slush and 122 
channels in the percolation zone (~1700 m a.s.l.). b(i) shows small SGLs close to the margins of the catchment, b(ii) highlights 123 
interconnected channels and SGLs, b(iii) shows interconnected SGLs, channel and slush, b(iv) depicts high-elevation (˜1900 m) slush, 124 
channels and the highest elevation SGL (1880 m) in our 2019 dataset. 125 
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2.3 Satellite imagery and pre-processing 126 

All available imagery from both the Landsat 8 Operational Land Imager (hereby ‘L8’) and the Sentinel-2 Multispectral 127 

Instrument (hereafter ‘S2’) sensors was acquired from 1 May to 30 September for both 2018 and 2019 melt seasons (Table 128 

S1). We initially limited the cloud cover to < 50% based on the image metadata. However, after manual inspection, it appeared 129 

that some white ice/snow was misclassified as cloud. Therefore, we manually checked all available images and included 130 

misclassified images (labelled with > 50% cloud cover) in our dataset. Images with a sun angle < 20° were discarded due to 131 

difficulties in accurately differentiating meltwater features from adjacent features under these conditions (Halberstadt et al., 132 

2020). 10 L8 images and 18 S2 images were used for 2018, and 16 L8 and 63 S2 images were used for 2019, corresponding 133 

to a mean temporal sampling of ~ 5 days and ~ 2 days in 2018 and 2019, respectively. 134 

L8 data were downloaded as Level-1T geometrically and radiometrically calibrated images in the form of Digital Numbers. 135 

The L8 Level-1T data were converted to Top-Of-Atmosphere (TOA) reflectance using individual image metadata and 136 

equations provided in the Landsat 8 Data Users Handbook (USGS, 2019). L8 bands 2 (blue), 3 (green), 4 (red) and 5 (NIR), 137 

which have a spatial resolution of 30 m, were pan-sharpened to a 15 m resolution using intensity hue saturation methods 138 

(Rahmani et al., 2010), to better match the 10 m resolution of S2 data. L8’s bands 6 (SWIR) and 10 (thermal infrared), which 139 

have a spatial resolution of 30 and 100 m, respectively, were resampled using nearest neighbour interpolation. S2 data were 140 

downloaded as Level 1-C orthorectified TOA reflectance products with sub-pixel multispectral registration. S2 bands 1 141 

(Coastal Aerosol) and 11 (SWIR) have a spatial resolution of 60 m and 20 m, respectively, and so were resampled using nearest 142 

neighbour interpolation to match the finer (10 m) resolution of bands 2 (blue), 3, (green), 4 (red) and 8 (NIR). 143 

2.4 Image masking 144 

Prior to meltwater delineation, rock and cloud masks are created and applied to each L8 and S2 image to reduce classification 145 

errors, using methods by Corr et al. (2022), which are summarised here and in Figure 2, where all threshold values are also 146 

stated. The addition of masks allowed for better separation between deep meltwater features, rocks, clouds, and shaded snow 147 

areas. For L8 images, rock masks were created using the thermal infrared band, blue band, and red band. For S2 imagery, rock 148 

masks were created by applying the Normalised Difference Snow Index (NDSI), created by Hall et al. (1995), as well as 149 

additional blue and  green filters, which applied separately, to remove snow and clouds. Clouds were masked from L8 imagery 150 

using the NDSI, Short-Wave Infrared band (SWIR), and blue band. Clouds were masked in S2 imagery using the SWIR band, 151 

SWIR-Cirrus band, and blue band. We take the threshold values for these masks directly from Corr et al. (2022; Figure 2).  152 
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 153 

Figure 2: Workflow of SGL delineation by NDWI thresholding and additional filtering on Sentinel-2 (left) and Landsat 8 (right) 154 
image scenes, following methods adapted from Corr et al. (2022). Top of Atmosphere (TOA) reflectance values are used as input. 155 
Normalised Difference Snow Index (NDSI), Normalised Difference Water Index (NDWI), NDWI adapted for ice (NDWI_ice) and 156 
additional band (B) combinations are used to mask imagery and define meltwater. The wavelengths of each numbered band are 157 
taken from the Sentinel-2 User Handbook and Landsat 8 Data User Handbook (see Data Availability section).  158 

2.5 Supraglacial lake delineation 159 

We delineate SGLs from the masked L8 and S2 imagery following Corr et al. (2022) (Figure 2). We apply the NDWI calculated 160 

from the ratio of green and NIR wavelengths (McFeeters, 1996), in addition to the NDWI adapted for ice (NDWI_ice), which 161 

utilises the ratio of blue and red wavelengths and better accounts for the supraglacial conditions of the GrIS (Yang and Smith, 162 

2013). For both L8 and S2 imagery, NDWI values > 0.24 and NDWI_ice values > 0.25 were classified as water pixels with 163 

all other pixels designated as not water (Figure 2). Our chosen threshold values are in line with those from previous studies, 164 

which typically lie between 0.15 and 0.30 (e.g., Williamson et al., 2018a; 2018b; Miles et al., 2017; Bell et al., 2017; Stokes 165 

et al., 2019; Yang and Smith, 2012). For both L8 and S2 imagery, after application of the NDWI and NDWI_ice, we 166 

implemented two further threshold values to better distinguish meltwater features from surrounding ice/snow: the green band 167 
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subtracted by the red band, and the green band subtracted by the blue band, again using the values from Corr et al. (2022) 168 

(Figure 2).  169 

After SGLs had been delineated, binary lake/non-lake masks were created from all L8 and S2 scenes. In line with similar 170 

studies undertaken in Antarctica (Stokes et al., 2019; Dell et al., 2020; Langley et al., 2016), SGLs ≤ 0.0018 km² (≤ 2 L8 and 171 

≤ 18 S2 image pixels) were removed from the binary meltwater images to account for misclassification errors. Therefore, in 172 

our study, ‘small lakes’ are defined as SGLs > 0.0018 km² and ≤ 0.0495 km². The final stage of SGL delineation was to convert 173 

binary meltwater images to polygon features.  174 

2.6 Supraglacial slush delineation 175 

Before delineating slush, we first apply rock, cloud and SGL masks to each individual L8 and S2 image. As our preliminary 176 

analysis indicated that crevasses were often confused as slush, in line with findings of Rawlins et al. (2023), we applied a 177 

crevasse mask (Chudley et al. 2021). Having applied this mask, we delineate slush using methods adapted from Bell et al. 178 

(2017) and Yang and Smith (2013). Whereas Bell et al. (2017) and Yang and Smith (2013) used just a single NDWI threshold, 179 

we use two separate NDWI and NDWI_ice thresholds to identify shallow water and slush, which is consistent with our SGL 180 

identification method (Corr et al., 2022) (Section 2.5). In our study, we found that using these two separate thresholds, with 181 

threshold values of > 0.14 and > 0.15 for the NDWI and NDWI_ice, respectively, were able to optimise identification of slush 182 

while minimising mis-classifications of other meltwater features (Corr et al., 2022). Binary slush masks were then created and 183 

converted to polygon features for analysis.  184 

2.7 Supraglacial channel delineation 185 

Supraglacial channels have different physical and spectral characteristics to SGLs, and thus we delineate channels using 186 

channel-specific methods developed by Yang et al. (2015). We extract channels based on their Gaussian-like cross-sections 187 

and longitudinal open-channel morphometry. All meltwater features are first enhanced by calculating the NDWI for the image. 188 

A band-pass filter, which is ramped between 1/200 and 1/40 m-1 (Yang et al., 2015), is then applied to remove low frequency 189 

background and high frequency noise. This is followed by applying Gabor filtering to amplify the cross-section of small 190 

channels with widths < 2 pixels. A path opening operator (with a minimum length of 20 pixels) is then implemented to produce 191 

better channel connectivity. We then remove any features < 1000 m in length to reduce classification uncertainties. A global 192 

pixel brightness threshold of 5 for lower-elevation (‘_T22WEV_’) S2 tiles and all L8 tiles, or 10 for higher-elevation 193 

(‘_T22WFV_’) S2 tiles (Table S1), out of 255 was then used to extract the channels (Lu et al., 2020; Rawlins et al., 2023). 194 

Masks were then applied to remove all features (rock, cloud, SGL, slush, crevasse) not related to channels, before delineated 195 

channel features were pologonized.   196 
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2.8 Post-processing meltwater feature polygons 197 

To account for the detection of false positives and/or negatives in the polygon features, manual enhancement was undertaken 198 

for all image acquisitions used in the study by comparing the appearance of supraglacial meltwater on true colour composite 199 

images. Polygons which incorrectly identified supraglacial meltwater were manually removed, and undetected meltwater 200 

features such as deep SGL centres and narrow channels were manually added.  201 

To calculate meltwater feature statistics from each meltwater feature polygon, the mean elevation of each individual waterbody 202 

polygon was extracted from the ArcticDEM at a 100 m spatial resolution (Porter et al., 2018). Mean ice thickness values for 203 

every meltwater feature were extracted from BedMachine Greenland v4 at a 150 m spatial resolution (Morlighem et al., 2017; 204 

2022). 205 

To evaluate meltwater channel interconnectivity, we calculated the channel drainage density of the catchment (e.g. Yang et 206 

al., 2019). For each day of available imagery, we calculated the total channel length of each channel centerline and divided 207 

this value by the area of the catchment (5800 km²).  208 

2.9 Uncertainty analysis of meltwater feature area 209 

The uncertainty associated with using a dual sensor (L8 and S2 imagery) approach is generally low in our study. We calculate 210 

that the greatest uncertainties between meltwater features delineated from the two different sensors are observed during peak 211 

season (3 July), with an R² of 0.93 and RMSE = 0.1 km² at this time (Supplementary Methods 1; Figure S1). 212 

In the absence of extensive ground truth data, it is very difficult to assess the accuracy of calculated meltwater feature areas, 213 

and this is an acknowledged challenge in the literature (e.g., McMillan et al., 2007; Sundal et al., 2009; Leeson et al., 2012; 214 

Corr et al., 2022). To provide an indicative estimate of the confidence in our meltwater delineation methods, we therefore 215 

compare our dataset to a fully manually delineated dataset, in line with the methods employed by other meltwater mapping 216 

studies (e.g. Corr et al., 2022; Arthur et al., 2021). Two ‘experts’ (i.e. glaciologists with extensive expertise in Greenland 217 

surface hydrology mapping) manually digitised meltwater features (categorised as SGLs, streams and slush based on physical 218 

appearance) from eight true colour composite S2 images spanning across the 2018 and 2019 melt seasons. In comparing the 219 

areas of the manually and automatically derived datasets, we find that the mean difference between meltwater feature area 220 

manually derived by experts and area automatically delineated in our dataset to be 0.06 km². This reflects both the uncertainty 221 

in the automated and manual mapping procedures, and with the challenges of mapping small lakes and slush. 222 

2.10 Calculating supraglacial lake depth and volume 223 

Water depth for each meltwater feature pixel was determined using the physically-based radiative transfer model used in a 224 

variety of prior studies (e.g., Sneed and Hamilton, 2007; Banwell et al., 2014; Pope et al., 2016; Williamson et al., 2018a; 225 

Macdonald et al., 2018). This algorithm calculates meltwater feature depth assuming that light penetrating a water column is 226 
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attenuated with depth (Philpot, 1989). An assumption is made that the optical properties of the meltwater features are not 227 

altered by wind-driven surface roughness or column-integrated particulate matter. The lake bottom albedo is taken to be 228 

homogenous (Sneed and Hamilton, 2007). Depth, z, is calculated using equation 1: 229 

𝑧 =
𝑙𝑛(𝐴𝑑−𝑅∞)−𝑙𝑛(𝑅𝑤−𝑅∞)

𝑔
 ,                                              (1) 230 

where Ad is lakebed reflectance, R∞ is the reflectance of optically deep water, Rw is the satellite measured reflectance value 231 

of a water pixel, and g is the attenuation coefficient rate associated with losses in upward and downward directions through 232 

the waterbody.  233 

For L8 data, depths were determined by an average of both red and panchromatic TOA reflectance values (after Williamson 234 

et al., 2018a, Macdonald et al., 2018, and Pope et al., 2016). Ad was obtained from the average reflectance of the first non-235 

water pixel surrounding each feature, determined by a single pixel (30 m) buffer around meltwater features. R∞ was determined 236 

in each individual image as the darkest open ocean pixel and if deep water was not present in an image, R∞ was taken to be 0 237 

(Sneed and Hamilton, 2007; Banwell et al., 2019; Dell et al., 2020). Following Williamson et al., (2018a) the value of g was 238 

taken to be 0.3817 for the panchromatic band and 0.7504 for the red band (after Pope et al., 2016).  239 

For S2 data, depths were determined by using the red TOA reflectance value, after Williamson et al. (2018a). Due to S2’s finer 240 

spatial resolution compared to L8, Ad was determined by the average reflectance of the first three pixels surrounding the 241 

waterbody, as opposed to just one surrounding pixel for L8. R∞ was taken to be 0, as for L8 (see above), and a g value of 242 

0.8304 was taken from Williamson et al. (2018a). 243 

For both the L8 and S2 imagery, meltwater feature volumes were then calculated by taking the sum of depths multiplied by 244 

the pixel area. We assume an uncertainty of 21.2% on these volume estimates, after Melling et al., (2023), who compared 245 

meltwater feature depth and volume determined by the same radiative transfer algorithm to those determined from the 246 

ArcticDEM, for five SGLs in the Russell/Leverett catchment. It should also be noted that this method may be less accurate in 247 

higher elevation regions due to the prevalence of slush that may alter the reflectance of surrounding pixels (Melling et al., 248 

2023). 249 

2.11 Tracking lakes through time 250 

The seasonal evolution and drainage dynamics of SGLs within the catchment were tracked using the Fully Automated 251 

Supraglacial lake Tracking at Enhanced Resolution (FASTER) algorithm developed by Williamson et al. (2018a). Using this 252 

algorithm, we created maximum meltwater extent array masks for both the 2018 and 2019 melt seasons by superimposing 253 

individual SGL masks derived from each image. We then applied FASTER to these SGL masks and used it to track changes 254 

in SGL area and volume between images, which also enabled us to detect SGL drainage events.  255 
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In addition to simply detecting SGL drainage, Williamson et al. (2018a) also used the FASTER algorithm to partition between 256 

rapid and slow SGL drainage events based on a 4-day sampling period. However, given the paucity of our data in 2018 relative 257 

to 2019, we performed an assessment of the temporal sampling that would be required in order to robustly determine whether 258 

a meltwater feature drained rapidly or slowly (Supplementary Methods 2, Figure S2). Our findings show that data with a 259 

temporal sampling of two to three days is required for such partitioning, while the typical temporal sampling of data in 2018 260 

is only five days. As such, in this study, we restrict our analysis to assessing drainage of any kind, regardless of timeframe.   261 

A SGL was determined to have drained when > 20% of its liquid volume appeared to have been lost over any time period and 262 

if it did not gain volume in any subsequent image through the melt season. An SGL was determined to have refrozen if it: 1) 263 

lost > 20% of its volume with no volume regain in subsequent imagery; 2) the mean air temperature was ≤ 0°C +/- 1°C during, 264 

and over the two days before, the volume loss event; and 3) the volume loss period lasted at least 72 hours. Mean air 265 

temperature was extracted from the RACMO 2 m air temperature data (see Section 2.12) at the centroid of each meltwater 266 

feature during, and over the two days preceding, the volume loss event. The > 72-hour event threshold duration reflects the 267 

fact that SGL refreezing does not happen instantaneously after the onset of negative temperatures. To provide some validation 268 

for our approach, we have cross referenced a subset of our refreezing lakes with two independent datasets of buried lakes 269 

acquired from SAR imagery in both years (Dunmire et al., 2021; Zheng et al., 2023) (Supplementary Methods 3, Figure S3). 270 

In addition to ‘drain’ and ‘refreeze’ SGL behaviour classes, we also include an ‘unknown’ behaviour class. A SGL is classified 271 

to have ‘unknown’ behaviour if the patterns of area and volume decline are not in accordance with that of a draining or 272 

refreezing SGL, as described above. 273 

2.12 Regional air temperature and surface melt  274 

To calculate temperature anomalies for the Russell/Leverett Glacier catchment for our melt seasons of interest (i.e. 2018 and 275 

2019), we use mean daily values of 2 m air temperature from 1958 to 2019 from the Regional Atmospheric Climate Model 276 

(RACMO2.3p2, hereafter ‘RACMO’) at 5.5 km spatial resolution and further statistically downscaled to a 1 km grid (Noël et 277 

al., 2018; 2019). We additionally use the air temperature data to partition between SGL drainage and refreezing (Section 2.11 278 

above). 279 

We also extract daily mean values of total melt (ice and snow) from RACMO throughout both 2018 and 2019 melt seasons 280 

for the catchment. RACMO performs well compared to automatic weather station data along the K-Transect (Noël et al., 2018).  281 
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3. Results 282 

3.1 Meltwater feature distribution in each melt season  283 

Our detailed mapping shows that the distribution of meltwater features differs between the 2018 and 2019 melt seasons. We 284 

compute the maximum meltwater areal coverage as a percentage of the catchment area (i.e., the total area where liquid water 285 

is observed to be present on at least one day of the melt season) to be 6.3% in 2018 and 20.8% for 2019 (Figure 1). In 2018, 286 

channels make up the largest proportion of meltwater features by area, with a cumulative maximum areal coverage of 4.5% of 287 

the catchment area, followed by SGLs (1.5%) and slush (0.3%) (Figure 1a; Table S2). In comparison, in 2019, slush covers 288 

the largest area of the catchment, with a cumulative maximum areal coverage of 12.3% of the catchment area, followed by 289 

channels (6.4%) and SGLs (2.1%) (Figure 1b).   290 

Meltwater extends from the margin to 265 km (1815 m a.s.l.) and 315 km (1920 m a.s.l.) inland in 2018 and 2019, respectively. 291 

SGLs and channels have a similar median elevation of ~ 1350 m a.s.l. in the 2018 melt season (Figure 3). In comparison, in 292 

2019, the median elevation of SGLs and channels is 1250 and 1500 m a.s.l. (~ 100 m lower and 150 m higher than 2018), 293 

respectively. Slush is concentrated over higher elevations in 2019 than in 2018 (Figure 3). The elevation range of slush in 2018 294 

is 800 – 1700 m a.s.l., whereas in 2019 slush is concentrated over a smaller range and at higher elevations of 1200 – 2000 m 295 

a.s.l. Slush features are situated at the higher elevations compared to the other meltwater features, with a maximum elevation 296 

of ~ 1600 m a.s.l. in 2018 and a higher maximum elevation of ~ 1700 m a.s.l. in 2019. In both years, SGLs also tend to be 297 

larger in area at higher elevations, coincident with lower surface slopes and thicker ice at these elevations (Figure 1; Figure 298 

S4). 299 

 300 

Figure 3: Boxplots showing the hypsometry of SGL, channel and slush features in 2018 (a) and 2019 (b). The black horizontal line 301 
represents the median value, and the edges of the box are the 25th and 75th percentiles. The whiskers are equal to the 5th and 95th 302 
percentile. 303 
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3.2 Meltwater feature evolution through each melt season 304 

3.2.1 Supraglacial lakes 305 

SGLs appear earlier in the 2019 melt season than in 2018. In 2018, SGLs first appear on 5 June (Figure 4a), whereas in 2019, 306 

they first appear approximately one month earlier on 9 May, following a ~ + 11 temperature anomaly in early May 2019 307 

(Figure 4b). In 2018, total SGL area and volume gradually increase from 5 June by 1.9 km² d-1 and 0.002 km³ d-1, respectively, 308 

until 18 June. Both total SGL area and volume then remain relatively steady until 13 July, when both peak at 40 km² and 0.05 309 

km³, respectively (Figure 4a). Both SGL area and volume abruptly decrease by 4.3 km² d-1 and 0.004 km³ d-1 from 19 to 24 310 

August 2018, coinciding with lower surface air temperatures and melt rates. 311 

Rates of increase of area and volume are slightly lower in 2019 than in 2018, at 1.1 km² d -1 and 0.001 km³ d-1, respectively. 312 

However, these rates are sustained over a longer period of time, throughout May and June, resulting in a peak area and volume 313 

that is higher in 2019 than in 2018, at 56 km² and 0.07 km³, respectively. The 2019 peak also occurs earlier in the melt season, 314 

on 20 June (Figure 4b). From then onwards, SGL area and volume decrease at an average rate of 1.1 km² d -1 and 0.001 km³ d-315 

1, respectively, throughout the remainder of the 2019 melt season, which represents a more gradual decline than in 2018. The 316 

disappearance of all SGLs occurs only slightly later in 2019 (on the 26 August), than in 2018 (on 21 August) In both melt 317 

seasons, SGLs initially form at low elevations (~1000 m a.s.l.), migrating inland to higher elevations as the melt seasons 318 

progress.  319 

Small SGLs (i.e., > 0.0018 km² and ≤ 0.0495 km²) are more abundant in 2019 than in 2018 (Figure 5). In both years, small 320 

SGLs are most prevalent at the start of the melt season at low elevations (Figure 1a (i)). In 2018, small SGLs make up 86% of 321 

all SGLs that form within the first month (June), and are situated at a mean elevation of 1040 m a.s.l. In 2019, small SGLs 322 

make up 89% of all SGLs that form within the first month (May), and are situated at a lower mean elevation of 950 m a.s.l.  323 
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 324 

Figure 4: Time series of total areas of SGLs (dark blue), channels (green), slush (light blue) and all meltwater features (grey) in (a) 325 

2018 and (b) 2019 from L8 and S2 imagery. SGL volume is given in red and channel drainage density is given in purple. Also shown 326 
is cloud cover percentage (black bars), RACMO 2 m air temperature anomaly (light green line) from the 1958 - 2019 catchment 327 
average with the spatial standard deviation (light green shading), and RACMO total daily melt (mm w.e.; light blue line) with the 328 
spatial standard deviation (light blue shading). Note that the y-axis ranges are different for the slush areas between (a) and (b). 329 

 330 

Figure 5: The total number of SGLs observed throughout the 2018 (a) and 2019 (b) melt seasons, partitioned into large (> 0.0495 331 
km²; teal green) and small (> 0.0018 km² and ≤ 0.0495 km²; aqua blue) SGLs. 332 
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3.2.2 Supraglacial channels 333 

In both 2018 and 2019, dense, dendritic drainage networks of supraglacial channels form, allowing for meltwater connectivity 334 

across the majority of the catchment towards the ice-sheet margin and proglacial area (Figure 1). In both years, channels are 335 

observed to expand up glacier from lower elevations (~800 m a.s.l.) to higher elevations (~1800 m a.s.l.) as the melt seasons 336 

progress (Figure S5). 337 

In 2018, a large channel network (~125 km²) abruptly appears on 10 June after a spike in melt, before reducing by 4.9 km² d -1 338 

until 3 July (Figure 4a). Total channel area then increases by 11.5 km² d-1 and peaks at ~ 130 km² on 13 July 2018, coinciding 339 

with peak melt. Channel area in 2018 then gradually reduces by 4.2 km² d-1 to ~ 15 km² by 10 August. We then observe a small 340 

3.2 km² d-1 increase in total channel area to ~ 45 km² on 19 August 2018, followed by a 1.1 km² d-1 reduction in total channel 341 

area by 30 September. 342 

In 2019, supraglacial channels appear earlier in the melt season compared to 2018, mirroring the observed behaviour of SGLs 343 

(Section 3.2.1). Total channel area remains low throughout most of May (~ 4 km²), but then increases at a rate of 3.6 km² d -1 344 

to reach a peak of 100 km² on 20 June (coinciding with peak maximum SGL areal extent) (Figure 4b). This peak is lower than 345 

in 2018 (130 km²) and earlier in the melt season by 23 days. After the peak, total channel area in 2019 then decreases by 4.2 346 

km² d-1 to 45 km² on 3 July, where it remains mostly steady until it begins to taper off on 24 August, reducing by 0.4 km² d -1 347 

until channel features are no longer visible by 28 September.  348 

The drainage density of the supraglacial channel network throughout both 2018 and 2019 follows a similar pattern to the total 349 

channel area (Figure 4). In 2018, the drainage density peaks in mid-June at 0.8 km km-² (Figure 4a). In 2019, the drainage 350 

density also peaks in mid-June, although at a greater value of 1 km km-² (Figure 4b). The density of the drainage network is 351 

consistently higher on average in 2019 compared to 2018, where it experiences distinct peaks and troughs. 352 

3.2.3 Supraglacial slush  353 

The evolution of supraglacial slush also differs between melt years. In 2018, the total area of slush within the catchment follows 354 

a similar trend to channels and is mostly observed as extensions of channel features in the percolation zone (~ 1500 m a.s.l.) 355 

in mid-July (Figure 1a (iv). The areal extent of slush remains low for most of the 2018 season, ranging from 0.02 km² on 6 356 

July (by 0.53 km² d-1) to a peak of ~10 km² on 25 July, which is when it reaches its maximum elevation of 1800 m a.s.l. (Figure 357 

4a). Following this peak, total slush area reduces by 0.4 km² d-1 until it reaches 0.65 km² on 19 August and then remains low 358 

until the end of the 2018 melt season.  359 

Conversely, in 2019, slush is the most dominant meltwater feature in terms of areal coverage and, unlike in 2018 where it 360 

looks like extended channels, in 2019 it is characterised as patches of dense, light blue meltwater, with poorly defined 361 

boundaries (Figure 1b (iv)). In 2019, slush first develops at ~1500 m a.s.l. in mid-June and migrates up-glacier through July 362 
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by occupying topographic lows, before stabilising in early-August at a maximum elevation of ~ 2000 m a.s.l. (i.e. 200 m higher 363 

than 2018) (Figure S5). The total area of slush remains low until it becomes established in late-June, when it increases from 364 

14.9 km² on 3 July by 15.6 km² d-1d to peak at 466 km² on 1 August which is 47 times larger than in 2018 (Figure 4b). The 365 

total area of slush then reduces in area by 19.4 km² d-1 until it ceases to be observed on 24 August 2019. 366 

3.3 Modes of supraglacial lake evolution  367 

3.3.1 Supraglacial lake drainage 368 

Of the 1011 and 1495 SGLs that form in 2018 and 2019, respectively, 43% (432) and 44% (650) are observed to drain (either 369 

rapidly or slowly) (Table 1). In both melt seasons, drainage of SGLs occurs at increasing elevations and distances inland from 370 

the ice margin as the melt seasons progress (Figures 6a and b). The total meltwater volume drained from SGLs is similar in 371 

each year (0.54 km³ and 0.50 km² for 2018 and 2019, respectively), but the drained area in 2019 is nearly double that in 2018 372 

(59 km² and 99 km², respectively) (Table 1). However, the mean SGL drainage volume is greater in 2018 than in 2019 (1.3 373 

x10-3 km² and 7.7 x10-4 km², respectively). In both years, the SGLs that drain early in the melt season are typically small lakes 374 

(Figure 6; Figure S6). For example, in 2018 and 2019, respectively, 83% and 87% of SGLs that drain in the first month of 375 

each season are classed as small SGLs (Figure 4). We also find that in 2018 and 2019, respectively, 47% and 67% of small 376 

SGL drainage events occur where the ice sheet is < 1 km thick.  377 

Drainage events in 2018 are sporadic and spread over time throughout the melt season, with most drainage occurring in July 378 

and August (Figure 7a). The greatest number of drainage events in 2018 occurs between elevations of 1200 and 1600 m a.s.l. 379 

We identify fewer occurrences of drainage at the highest elevations in the catchment, with two notable exceptions being large 380 

events that occurred on 6 and 19 August 2018 (between 1600 - 2000 m a.s.l.). In comparison, in 2019, drainage events are 381 

more frequent and concentrated in time, occurring ~ a month earlier in the season, and predominantly in June and early-July 382 

(Figure 7b). Similar to 2018, drainage frequency is greatest between 1200 and 1600 m a.s.l.; however, there is notably less 383 

volume of water that drains at the highest elevations in 2019. We identify more drainage events at low elevations in 2019 384 

compared to 2018.  385 
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Table 1: Statistics of SGLs that drain, refreeze or have unknown behaviour in 2018 and 2019. DOY is the ‘day of year’ in 2018 and 386 
2019. DOY sampling is calculated by averaging the start drainage DOY and the end drainage DOY. Percentage values are 387 
proportions of the sum of the total meltwater areas or volumes over each melt season. 388 

 389 

 390 

Figure 6: SGLs that drain, refreeze or have unknown behaviour in the Russell/Leverett Glacier catchment in 2018 (left) and 2019 391 
(right). (a) and (b) depict the timing of SGL drainage (square) and SGL refreezing (triangle) events in 2018 and 2019, respectively. 392 
SGLs of unknown behaviour are represented by small grey circles. (c) and (d) depict small (≥ 0.0018 and ≤ 0.0495 km²; black) and 393 
large (>0.0495 km²; white) SGL drainage (square) and SGL refreezing (triangle) events in 2018 and 2019, respectively. Light to dark 394 
purple gradient represents ice sheet thickness in metres. SGLs of unknown drainage/refreezing behaviour are not shown in panels 395 
c and d. 396 
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3.3.2 Supraglacial lake refreezing 397 

In 2018, 13% (129) of SGLs refreeze, corresponding to 31% of total SGL area (12 km²) and 11% of total SGL volume (0.065 398 

km³) (Table 1). In 2019, 4% (59) of SGLs refreeze, corresponding to 14% of total SGL area (23 km²) and 19% of total SGL 399 

volume (0.12 km³). On average, SGLs refreeze at higher elevations in 2018 (~1460 m a.s.l.) than in 2019 (~ 1260 m a.s.l.) 400 

(Table 1). The mean SGL refreezing elevation in 2018 is ~200 m higher than the mean drainage elevation and the average 401 

SGL refreezing elevation in 2019 is ~100 m higher than the average drainage elevation in 2019. In 2018, refreezing tends to 402 

occur at higher elevations (> 1200 m a.s.l.) over thicker ice (Figure 6c; Figure 7). In 2019, refreezing typically occurs at 403 

elevations < 1000 m a.s.l. across the catchment, as well as in the northern area of the catchment between 1600 and 2000 m 404 

a.s.l. (Figure 6d; Figure 7).  405 

 406 

Figure 7:  Time series of SGL drainage and refreeze within the Russell/Leverett catchment in a) 2018 and b) 2019, partitioned into 407 
elevation bands. From top to bottom: frequency of drainage/refreeze events (i.e., the number of features that drained or refroze); 408 
total daily area loss; total daily volume loss. The data is colour-coded based on elevation: <800 m a.s.l. (red), 800–1200 m a.s.l. 409 
(orange), 1200–1600 m a.s.l. (blue), and 1600–2000 m a.s.l. (purple). 410 
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4. Discussion  411 

By comparing meltwater features within the Russell/Leverett Glacier catchment between the high melt season of 2019 and the 412 

relatively lower melt season of 2018, we identify a clear contrast in supraglacial meltwater distribution, evolution and SGL 413 

behaviour. As Greenland’s climate warms, exacerbated by Arctic amplification and climate/ice-sheet feedback processes, the 414 

frequency of high melt years like 2019 will likely increase (e.g., Hanna et al., 2024). By examining supraglacial meltwater 415 

behaviour in 2019 - which experienced warmer temperatures than average - we can infer how the GrIS might respond to 416 

ongoing climatic change. Our study also provides an assessment of the extent to which previously poorly mapped and 417 

understudied supraglacial hydrological features (such as small SGLs and slush) may play a role on the broader en- and sub-418 

glacial systems, particularly in the context of a warmer climate. In the following sections, we discuss the principal findings of 419 

our work in the context of existing literature. 420 

4.1 Meltwater features at high elevations 421 

We observe that meltwater features tend to extend further inland to higher elevations in the high melt year of 2019 than in the 422 

lower melt year of 2018 (Figure 3). This is in keeping with previous studies which found that meltwater features tend to reach 423 

increasingly higher elevations during more intense melt years (e.g., Sundal et al., 2009; Liang et al., 2012; Luthje et al., 2006), 424 

although these studies do not include channel and slush features, which as we show, tend to form at different elevations 425 

compared to SGLs. The formation of meltwater features at higher elevations in more intense melt seasons is indicative of the 426 

substantial surface runoff present in these regions during these periods. It has been previously reported that moulins are present 427 

at higher elevation regions in our study area (> 1600 m a.s.l., e.g., Yang et al., 2021). As such, it is possible that meltwater 428 

produced at high elevations may be routed to the bed through these moulins, in turn reaching areas where the subglacial 429 

hydrological system is relatively inefficient, which  may cause temporary and localised speed up events (Leeson et al., 2015). 430 

The formation of meltwater features within the high elevation percolation zone may also result in densification of firn, reducing 431 

its meltwater storage capability and leading to enhanced supraglacial meltwater runoff (Machguth et al., 2016; Nienow et al., 432 

2017). 433 

4.2 Slush 434 

We identify that the maximum spatial extent of peak slush area in 2019 is an order of magnitude greater, and extends to higher 435 

elevations, relative to 2018 (Figures 3 and 4). This is likely due to higher rates of surface melt in 2019, especially above the 436 

equilibrium-line altitude. In previous work, the ‘slush limit’ has been used as an indicator of the visible runoff limit (e.g., the 437 

upper limit of where meltwater runoff is directed to the ocean and contributes to mass loss) (Gruell and Knap, 2000; Tedstone 438 

and Machguth, 2022; Machguth et al., 2023). Thus, the slush limit can be defined as the highest altitude in which surface 439 

meltwater is visible (Clerx et al., 2022). Our study therefore suggests that the upper visible runoff limit is higher in the 2019 440 

melt season compared to the 2018 melt season. Tedstone and Machguth (2022) found that the visible runoff area of the entire 441 

GrIS has increased by 29% from 1985 and 2020 and it is likely that projected warming may drive this limit upwards. It should 442 
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be acknowledged that although our study (and others using optical satellite imagery) can only resolve slush that is visible on 443 

the surface, it is likely that in places slush is also present only within the subsurface (Clerx et al., 2022). 444 

The refreezing of slush at high elevations may have a long-term influence on the runoff from the GrIS. Slush has the ability to 445 

create ice slabs when it refreezes, creating an impermeable barrier that restricts meltwater access to the underlying firn in 446 

subsequent years. Indeed, ice slabs that formed in Greenland’s interior after the high melt season of 2012 were shown to have 447 

persisted for five years (Culberg et al., 2021). As high melt years like 2019 become more frequent, it is likely that slush will 448 

become more prevalent, leading to the formation and expansion of impermeable ice slabs, preconditioning the ice sheet surface 449 

for greater ponding and meltwater runoff in future years. This is potentially already occurring at Humboldt Glacier in North 450 

Greenland, where a previous study identified the earlier activation of the hydrologic system and longer melt-seasons in years 451 

following widespread slush events (Rawlins et al., 2023).  452 

The presence of widespread slush, such as that observed in 2019, is likely to lower the surface albedo and hence increase solar 453 

absorption relative to ice or snow, thus influencing the surface energy balance. In our study, slush accounts for ~ 59 % of total 454 

meltwater area in our study area of southwest Greenland in 2019. In Antarctica, Dell et al. (2024) found that slush accounted 455 

for ~ 50% of total meltwater area across 57 ice shelves around the continent. As variations in surface albedo due to slush (and 456 

ponded water) are not currently accounted for within surface energy balance routines in regional climate models, Dell et al. 457 

(2024) went on to calculate that modifying the surface albedo in a regional climate model to reflect the lower albedo of surface 458 

meltwater caused snowmelt to increase by 2.8 times across a subset of five ice shelves. That finding, combined with our 459 

observations in southwest Greenland, highlight the importance of including slush when mapping supraglacial meltwater across 460 

both of Earth's ice sheets, and suggest that previous supraglacial Greenland hydrology studies that typically disregarded slush 461 

may underestimate a considerable proportion of total meltwater area. We also advocate for the development of regional climate 462 

models to account for the effect of slush on surface albedo. 463 

4.3 Interconnectivity 464 

The density and area of the supraglacial channel network provides an indication of meltwater interconnectivity across the 465 

catchment (Figure 4). Overall, we observe that the channel interconnectivity is more developed in the high melt year of 2019 466 

than in the relatively low melt year of 2018. The configuration of the supraglacial channel network has implications for both 467 

the routing of supraglacial meltwater, as well as the magnitude, location and timing of meltwater delivery to the en- and sub-468 

glacial environment (e.g. Banwell et al., 2013; 2016; Smith et al., 2021). For example, a denser and more interconnected 469 

supraglacial drainage system leads to faster and more efficient meltwater routing (Yang et al., 2018). In a warming climate, it 470 

is likely that drainage density will increase and that channel features will reach ever higher elevations (e.g., Yang et al., 2023), 471 

and thus meltwater routing will be more efficient, leading to larger and faster meltwater inputs into SGLs and moulins (Pritcher 472 

and Smith, 2019), as well as to the ice sheet margin as supraglacial runoff. A future increase in channel drainage density may 473 
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also allow for amplified interactions between supraglacial channels and thin fractures, potentially leading to a slow mode of 474 

stream-driven hydrofracture via reactivation of existing fractures, with potential implications for cryo-hydrological warming 475 

at depth and decreased ice viscosity (Chandler and Hubbard, 2022). 476 

4.4 Modes of supraglacial lake evolution 477 

We show that previously understudied small SGLs (≥ 0.0018 km² and ≤ 0.0495 km²) form and drain in both melt years, 478 

although these features are more abundant in the high melt year of 2019 (Figure 5). Small SGLs tend to form and drain earlier 479 

in each melt season, and at lower elevations, than larger SGLs. This is likely because crevassing is more prevalent at lower 480 

elevations (Das et al., 2008) and smaller surface topographic undulations in these regions (Johansson et al., 2013) inhibit their 481 

growth. This allows small SGLs to reach their maximum volumes earlier in the melt season, when they may drain earlier via 482 

overflow. Although we do not partition slow and rapid SGL drainage in this study, it is reasonable to assume that moulins are 483 

created when small SGLs drain rapidly, which may then modulate ice dynamics on intra-seasonal time scales by providing 484 

access points for meltwater runoff to reach the ice sheet base throughout the remainder of the melt season (Banwell et al., 485 

2016). Our observations demonstrating that small SGLs tend to drain earlier in the melt season is important because a) this is 486 

when the subglacial hydrological network is inefficient (e.g., Bartholomew et al., 2010), and b) early season drainage allows 487 

for extended access of meltwater to the base of the ice sheet. We have identified that small SGLs are an important component 488 

of southwest Greenland’s supraglacial hydrological system and, as they are more abundant in the high melt year of 2019, we 489 

suggest that these previously understudied features may deserve greater attention when considering the response of the ice 490 

sheet to future climate warming. Other studies that examine SGL behaviour, such as Williamson et al., (2018a) and Miles et 491 

al., (2017), restrict their analysis to SGLs larger than 0.0495 km2 on the basis that smaller SGLs are unlikely to trigger 492 

hydrofracture through 1 km thick ice (Krawczynski et al., 2009) and thus are unlikely to exert a control over ice flow. However, 493 

in our study we observe that - in both melt years - over a third of small SGLs drained where ice is thinner than 1 km thick, and 494 

thus if they did not drain slowly via overflow, it is plausible that these SGLs did in fact drain to the base via hydrofracture. If 495 

so, moulin density at these low elevations may be higher than previously reported (Banwell et al., 2016; Hoffman et al., 2018). 496 

Including SGLs smaller than 0.0495 km2 in future remote-sensing and modelling-based studies is therefore desirable in order 497 

to better understand, where, when and how much supraglacial meltwater is routed to the ice sheet bed, and the associated 498 

implications for ice dynamics. 499 

We have identified that a greater number, and larger total area, of SGLs drained in 2019 compared to 2018, however our 500 

observations show that in both years a similar total volume of water drained. Interestingly, we find that SGLs which drained 501 

in the low melt year of 2018 were typically deeper and greater in volume than those that drained in the high melt year of 2019; 502 

a finding that is in line with those of Dunmire et al. (in review). It is possible that SGLs in 2019 were unable to reach greater 503 

depths due to increased ice speeds in 2019, perhaps resulting from rapid lake drainage events in the Spring, which in turn 504 

temporarily increased local ice velocity and hence tensile stress, triggering additional rapid SGL drainages relatively early in 505 
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the melt season and thereby preventing SGLs in 2019 filling to their 2018 depths (Dunmire et al., in review). Also, the increased 506 

supraglacial channel network interconnectivity that we observe in 2019 relative to 2018 may have provided a mechanism for 507 

meltwater to overflow out of SGLs via basin-side incision, thus preventing deeper SGLs from forming in 2019.  508 

A greater proportion of SGLs refreeze in 2018 (13%) compared to 2019 (4%), likely due to cooler surface air temperatures in 509 

2018. If SGL refreezing on the GrIS becomes less common in the future, then a greater proportion of liquid meltwater will be 510 

available to drain to its base and/or be routed as supraglacial runoff towards the ocean. Additionally, open water in SGLs has 511 

a lower albedo than frozen SGLs, thereby resulting in increased melting through the positive melt-albedo feedback.  512 

In both melt years, we find that SGLs more commonly drain than refreeze, and that refreezing typically occurs at higher 513 

elevations than drainage. This is in keeping with the findings of Johansson et al. (2013), Selmes et al. (2013) and Dunmire et 514 

al (in review). The majority of the SGLs that we observe to refreeze do so at relatively high elevations (1250 to 1450 m a.s.l.), 515 

which is to be expected due to lower air temperatures, shallow surface slopes making drainage via lateral surface overflow less 516 

likely (e.g. Raymond and Nolan, 2000), and thicker ice inhibiting rapid, vertical drainage through hydrofracture (e.g., 517 

Krawczynski et al., 2009). We acknowledge that, given the temporal sampling of our dataset, it is difficult to unequivocally 518 

distinguish between SGLs that drain and refreeze, and that consequently our partitioning method has several limitations. Our 519 

method only accounts for lake surface refreezing (i.e. lakes that form a cap of ice on their surface) and not full-thickness freeze 520 

through, and it is therefore possible that liquid meltwater may still persist under the refrozen surface. This may lead to the 521 

drainage of meltwater outside of the melt season when the subglacial drainage system is more likely to be inefficient and ice 522 

flow is more sensitive to meltwater input (e.g., Benedek and Willis, 2021). Dunmire et al. (2021) found that, in southwest 523 

Greenland in the 2018 and 2019 melt seasons, 87 and 80 buried lakes were identified, respectively, and we assume that these 524 

features were likely refreezing events in our study. Finally, we note that some uncertainty in our study may exist because SGLs 525 

can lose volume through multiple mechanisms in a single melt season; for example by undergoing both partial drainage and 526 

refreezing (e.g. Gantayat et al., 2023). 527 

5. Conclusion 528 

In this study, we have compared supraglacial meltwater features in the Russell/Leverett Glacier catchment in the high melt 529 

year of 2019 and the comparatively low melt year of 2018 to gain deeper insights into how the GrIS might react to ongoing 530 

climate change. As such, this work aims to contribute to an improved understanding of how rising air temperatures and more 531 

intense melt events may impact the hydrology of the GrIS, in order to better understand future ice sheet meltwater runoff 532 

patterns, mass balance, and to assess the potential implications upon global sea level rise.  533 

As high melt years like 2019 become more common in the future, our study suggests that the GrIS may experience increased 534 

surface meltwater ponding and transport, with more interconnected supraglacial channel systems leading to efficient meltwater 535 
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flow across the surface, and potentially to the ice sheet base via moulins. Additionally, greater slush extents in these years, 536 

which lowers surface albedo and reduces surface permeability when it refreezes, may modulate ice sheet surface runoff and 537 

hence mass balance. Moreover, the formation of smaller supraglacial lakes during higher melt years like 2019 may enhance 538 

surface-to-bed connections, potentially increasing ice flow velocities. The complex relationship between meltwater drainage 539 

and melt intensity, highlighted by deeper SGLs in the low melt year as well as similar total drainage volumes in both high and 540 

low melt years, could complicate the representation of surface hydrology in predictive models.  541 

Two of the most critical aspects highlighted in our study is the widespread presence of slush and small SGLs. We suggest that 542 

these previously poorly mapped and/or under-studied supraglacial hydrological features may exert a significant impact on 543 

glacio-hydrological systems, especially in future warmer melt years. Future work should focus on understanding the longer-544 

term distribution and evolution of slush on the GrIS. To better estimate melt on the GrIS, we recommend that slush, and 545 

crucially its effect on albedo, should be incorporated into regional climate models to better improve predictions of the future 546 

behaviour of the GrIS. Additionally, better representation of these small SGLs in future remote-sensing and modelling studies 547 

will improve predictions of meltwater routing and ice sheet behaviour under climate change, which is vital for understanding 548 

the complex processes that could influence the response of the GrIS to a warming climate.  549 
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