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Abstract. Supraglacial lakes (SGLs) are ubiquitous along the margins of the Greenland Ice Sheet (GrlIS) during summer. By
absorbing and storing energy and facilitating heat exchange between the atmosphere, lake water, and underlying ice, SGLs
enhance lake-bottom ablation and contribute to ice-sheet mass loss. However, this potentially important contribution remains
poorly quantified due to the lack of lake-bottom ablation observations. In this study, we estimated lake-bottom ablation of
SGLs on the GrlS and the associated melt feedback using a distributed SGL model evaluated against satellite observations.
Experiments in typical catchments reveal that the lake-bottom ablation volumes ranged from 2-6102 km? and the maximum
rate reached 160 mm day*. Lake-bottom ablation rates increased exponentially with rising air temperature and responded
more rapidly than surrounding firn/ice melt rates. Lake-bottom ablation contributed more than 30% of the lake volume
growth, and SGL melt feedbacks increased the mean catchment melt rate by 12%-19% relative to the all-ice baseline. Our
findings emphasize the critical role of lake-bottom ablation in amplifying surface melt over the GrlIS under continued climate
warming.

1 Introduction

The polar ice sheets have undergone pronounced mass loss over recent decades in response to climate warming (Hanna et al.,
2021; Otosaka et al., 2023; The IMBIE Team, 2020). Recent mass loss of the Greenland ice sheets (GrlS) is increasingly
controlled by enhanced surface melting (van den Broeke et al., 2017; Enderlin et al., 2014; Zheng et al., 2025), which
generates substantial meltwater runoff and promotes the development of extensive supraglacial hydrological systems,
including supraglacial lakes (SGLS).

During the melt season, SGLs are predominantly distributed below 1600 m elevation on the GrIS (Fan et al., 2025) and exert
control on ice-sheet stability and mass balance. Lakes may drain rapidly within hours to days through hydrofracture,
efficiently transferring meltwater and heat from the surface to the bed. Such drainage events reduce basal friction, elevate
basal water pressure, and induce transient ice uplift and ice-flow acceleration (Chudley et al., 2019; Hoffman et al., 2011;
Morriss et al., 2013; Tedesco et al., 2013). With the resulting strongly perturbed ice-sheet dynamics, this process may further

promote the formation of new englacial pathways such as crevasses and moulins and trigger cascading drainage of adjacent
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lakes (Christoffersen et al., 2018; Lutz et al., 2025). In addition, the drainage of SGLs delivers surface microbial
communities, organic and inorganic nutrients into subglacial hydrological systems, disrupting local biogeochemical
processes and altering subglacial environmental conditions (Lamarche-Gagnon et al., 2019; Musilova et al., 2017; Wadham
et al., 2010).

Beyond these impacts, SGLs play a critical role in enhancing ice ablation through their thermal effects. Owing to their lower
albedo relative to firn and bare ice, SGLs absorb more solar radiation and act as efficient heat reservoirs, intensifying
ablation at the ice-lake interface (Tedesco et al., 2012). Moreover, the stored heat buffers short-term atmospheric cooling,
allowing lake-bottom melting to persist even after surface melting ceases (Wu et al., 2025). Together, these processes
constitute a positive SGL melt feedback that accelerates mass loss from the GrIS. As Arctic warming intensifies, SGLs have
become more numerous, expanded in area, and migrated inland and toward higher elevations (Fan et al., 2025; Howat et al.,
2013). Therefore, better constraining lake-bottom ablation is essential for quantifying SGL melt feedbacks and reducing
uncertainties in the GrlS mass-loss estimates.

Although lake volumes can be derived from satellite observations (Lutz et al., 2024; Melling et al., 2024; Pope et al., 2016;
Zhou et al., 2025), it remains difficult to distinguish whether the observed volume changes originate from lake-bottom
ablation or meltwater inputs from the catchment. Consequently, the enhancement of ablation associated with SGLs, as
identified statistically by Qiu et al. (2025) for the southwestern GrlS, has not yet been quantitatively assessed. Tedesco et al.
(2012) first reported in situ measurements of lake-bottom ablation for two lakes in the western GrlS, with rates of ~6 cm/day
(110-135% higher than that of bare ice). Despite the short duration (~5 days), these data have provided crucial baseline
information for the development and improvement of SGL models. Lithje et al. (2006) demonstrated through a 30-day
simulation that lake-bottom ablation was 110-170% higher than that of bare ice. However, these advances have been
achieved using single-point measurements or one-dimensional models, leaving the spatial distribution of lake-bottom
ablation unexplored and its contribution to lake volume unquantified at the real catchment scale.

Here, we (i) apply the distributed SGL model GlacierLake_v3 to simulate lake-bottom ablation and examine its spatial and
temporal variability, (ii) explore the relationships between lake-bottom ablation and key meteorological drivers, and (iii)
quantify the contribution of lake-bottom ablation to lake volume and the associated SGL melt feedback at the catchment
scale.

2 Data and methods
2.1 Study sites

We focus on terminal lakes, a subset of SGLs with no observable outflow channels, which offer a simplified hydrological
setting. As they initially contain no water when the melt season begins, the subsequent water volume in these lakes offers a
direct estimate of cumulative upstream runoff (Yang et al., 2019). We selected three terminal lakes on the GrIS (Wu et al.,

2026), which are located in the southwestern, central-western, and northeastern basins, respectively (Figure 1a). Lake 1
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(66.896N, 48.675W) appeared in 2021, and the area and mean elevation of the corresponding catchment were ~13 km? and
1370 m. It is located ~20 km southeast of the KAN_M site from the Programme for Monitoring of the Greenland Ice Sheet
(PROMICE), where the annual air temperature is -11<C and the annual runoff is 2.1 m w.e. yr. Lake 2 (69.890N, 49.293W)
experienced warmer weather conditions (annual air temperature -6 <C) and stronger annual runoff (2.8 m w.e. yr?) in 2020,
with a catchment area of ~30 km? and a mean elevation of 1190 m. The northernmost Lake 3 (78.83N, 22.985W) was
characterized by the lowest annual air temperature (-13<C), the largest catchment (~34 km?), the lowest mean elevation (730
m), and the weakest annual runoff (1.3 m w.e. yr?) in 2021. The annual ice velocities within catchments were 146, 370, and
478 m yr!, respectively. When scaled to the melt-season duration, the associated ice displacement is limited compared to the

lake area dimensions; thus, the influence of ice flow is neglected in this study.
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Figure 1. (@) Locations of three terminal lakes (blue dots) across the Greenland Ice Sheet. (b-d) Supraglacial catchments (black
outlines) of Lakes 1-3 overlaid on Sentinel-2 imagery acquired on 31 July 2021, 2 August 2020, and 15 August 2021, respectively.
(e-g) Spatial distributions of modelled lake-bottom ablation rates from Lakes 1-3, respectively.

2.2 GlacierLake v3

The distributed SGL model GlacierLake_v3 based on energy balance and phase transition, can simulate the evolution of
terminal SGLs (Wu et al., 2026), including meltwater production, routing, loss, filling, and energy transport within
meltwater columns. We therefore used GlacierLake v3 to simulate lake-bottom ablation. The catchments of SGL were

extracted from ArcticDEM and were divided into 100100 m grids. The runoff module simulated meltwater production, and
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meltwater routing toward topographic depressions within the catchment was parameterized using Darcy’s Law for snow and
Manning’s equation for ice surface, respectively. During this process, the loss due to retention, refreezing, evaporation, and
so on was represented by the satellite-calibrated meltwater loss rate (Text Al). Accumulated meltwater progressively filled
surface depressions, and bare-ice grids are reclassified as lake grids once submerged. For these lake grids, the energy balance
is calculated, including shortwave radiation propagation, convection, and heat conduction. The model development was fully
described in Wu et al. (2026).

The lake volume from the first valid optical image was used as one of the initial conditions to better constrain the model. The
corresponding lake depth was derived following Zhou et al. (2025), in which a machine learning approach combines ICESat-
2 data with multispectral imagery and has been shown to provide higher accuracy than traditional physically based methods
relying solely on optical data. For Lake 1, model forcing variables, including air temperature, air pressure, wind speed,
relative humidity, and downward shortwave and longwave radiation, were obtained at the nearby KAN_M Station provided
by the PROMICE (Fausto et al., 2021). For Lakes 2 and 3, these variables were derived from the ERAS reanalysis due to the
absence of in-situ measurements. Precipitation and snowfall were provided by the Regional Atmospheric Climate Model
(RACMO2.3p2), specifically designed for polar applications and extensively used in the GrlS climate and surface processes
studies (Huai et al., 2022; Noé et al., 2018; Zhang et al., 2025). The data used in this study and simulation settings were
provided in Table Al and Text Al.

GlacierLake_v3 successfully reproduces the evolution of Lakes 1-3. The simulated results are in good agreement with
satellite-derived estimates (Figure Al). For lake areas, the R? values are 0.68, 0.89, and 0.89, with RMSEs of 5.5% to 8.1%.
For lake volumes, the corresponding R? values are 0.83, 0.83, and 0.95, with RMSEs ranging from 9.9% to 12%. These

results provide confidence in the model for subsequent analysis.

2.3 Supraglacial melt feedbacks

Compared to the surrounding ice-sheet surface, lake-bottom ablation rates exceed bare-ice melt rates by more than 100%,
leading to an enhanced mean melt rate within the catchment. To quantify the impact of SGLs on catchment-scale melting,

we define the enhancement in mean melt rate AM (mm day?) following Leeson et al. (2015),

MiceAicetM A
AM = Zicellice lakefllake Mice , (1)
Atotal

The first term on the right side of Equation (1) represents the area-weighted mean melting rate within the catchment in the
presence of an SGL. Here, Mic. and Mia are simulated melt rates of bare ice and lake bottom, respectively. A is the lake
area simulated by GlacierLake v3, Awta is the catchment area, and Aice = Awtal —Alake IS the remaining bare-ice area within
the catchment.

The relative strength of the SGL melt feedback is further characterized by the dimensionless index | (%), defined as,

AM

I = x 100% , 2

ice
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which expresses the fractional increase in the catchment-mean melt rate attributable to the presence of SGLs.

3 Result
3.1 Spatio-temporal patterns of bottom ablation rate

Daily lake-bottom ablation rate distributions during the simulation are presented in Figure 1e-g. Overall, the rate decreased
from the lake center toward the edge. Lake 1 exhibited relatively moderate lake-bottom ablation rates with a mean of 39.1
mm day!, and showed noticeable spatial heterogeneity near the lake edge, where locally elevated values were modelled
(Figure 1e). Lake 3 showed a similar overall magnitude (Figure 1g), but its spatial pattern more closely followed the typical
radial pattern. In contrast, Lake 2 exhibited substantially higher lake-bottom ablation rates across a larger portion of the lake
bottom (Figure 1f). The mean rate reached 67.8 mm day*, with a maximum of 85.5 mm day!, exceeding those of Lake 1 and
Lake 3 by more than 1.5 times. The lake-bottom ablation rate negative gradient from the center to the edge was also
strongest in Lake 2, markedly greater than in Lake 1 and Lake 3.

The relationship between lake-bottom ablation rate and lake depth for each grid is shown in Figure B1. For all three lakes,
lake-bottom ablation rates increased rapidly with increasing depth within the shallow range (0-5 m). Beyond this depth range,
the three lakes exhibited distinct behaviors. In Lake 1 and Lake 3, lake-bottom ablation rates reached a maximum and then
slightly decreased, gradually approaching constant values of approximately 38 mm day* and 48 mm day?, respectively. In
contrast, lake-bottom ablation rates in Lake 2 continued to increase with depth until approximately 15 m, beyond which the
rates tended to level off at around 85 mm day 2.

The time series of lake-bottom ablation rates from Lakes 1-3 in Figure 2a were derived by averaging over the lakes. Lake 2
showed the highest daily lake-bottom ablation rates (Figure 2), with a mean value of 80.4 mm day. The maximum rate
reached 159.8 mm day™ on July 2 (DOY 184), with additional pronounced peaks on July 23 (DOY 204) and on August 20
(DOY 232). In contrast, Lake 1 exhibited the lowest lake-bottom ablation rates, averaging 40.7 mm day, while Lake 3

showed comparable values to Lake 1, but experienced an extreme event reaching 128.7 mm day on July 28 (DOY 209).
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3.2 Lake-bottom ablation far more rapidly than the surrounding bare ice

The daily lake-bottom ablation rate variations with mean lake depth, net shortwave radiation, and air temperature were
examined in Figure 2b-d. For each lake, there is a significant negative correlation (r=-0.79 to -0.51, p<0.001) between mean
lake depth and lake-bottom ablation rate (Figure 2b). The increase in net shortwave radiation provides energy for the growth
of the SGL, and the lake-bottom ablation rate increases accordingly (Figure 2c). The overall relationship was highly
scattered, and a weak but statistically significant positive correlation was observed (r=0.37, p<0.001). When examined for
individual lakes, the positive correlation became stronger (r=0.44 to 0.61) and remained statistically significant.

Notably, lake-bottom ablation rate increased exponentially with air temperature (Figure 2d). Over the temperature range of -
5 to 10<T, the fitted relationship yielded a high R? of 0.91. Within the same range, the firn/ice melt rate in Catchments 1-3
also showed a significant exponential relationship with air temperature, with an R? of 0.62. However, firn/ice melt increases
much less rapidly with air temperature than lake-bottom ablation. From -5<C to 10T, the firn/ice melt rate increased from
6.7 to 44.8 mm day, while the lake-bottom ablation rate rose from 14 to 228 mm day. The difference between the two

widened from 7.3 to 183.2 mm day™.

3.3 Contribution of bottom ablation and SGL melt feedback

The relative contributions of external runoff and lake-bottom ablation to lake volume growth were quantified in Figure 3a-c.
Since the initial lake volume was prescribed at the start of the simulation, the volumes shown represent net increase relative
to the initial state. The simulation results showed that lake growth was primarily driven by external runoff (>60%), whereas
the contribution from lake-bottom ablation increased with lake expansion and exceeded 30% in late August in all three cases.
In particular, Lake 2 exhibited a markedly higher contribution from lake-bottom ablation, exceeding 40%, consistent with its
higher lake-bottom ablation rates. To further clarify the impact of SGL on the catchment scale, we calculated the enhanced
melt rate within catchments and SGL melt feedback (Figure 3d-f). The existence of the lake has led to an average increase of
2.2, 2, and 1.5 mm day? in the melting rate within Catchments 1-3, respectively, with a maximum of ~4 mm day™? in
Catchment 3. The average feedback for the three catchments was 19%, 12%, and 12%, respectively. The feedback was
mainly concentrated within 40%, while the maximum for Lakes 1 and 2 reached 138% and 92%, and these extreme values

are mainly caused by the extremely low bare-ice melt rate (<5 mm day*) due to atmospheric cooling.
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Figure 3. Lake volume (black line), external runoff (green area), lake-bottom ablation (blue area), and the contribution of lake-
bottom ablation to lake volume (orange dashed line) for Lakes 1-3 (a-c). Enhanced melt rates associated with SGL presence and
SGL melt feedbacks for Catchments 1-3 (d-f).

4 Discussion
4.1 Uncertainties

Lake-bottom ablation of SGLs has long been recognized as an important process influencing ice-sheet mass loss (Law et al.,
2020; Liihje et al., 2006; Tedesco et al., 2012). However, a robust quantitative estimation has remained limited, largely due
to the challenges of continuously resolving melt rates and their spatial evolution at the lake bottom from both in situ
measurements and satellite observations. Here, using the distributed GlacierLake v3 model, we provided the spatial and
temporal variation of lake-bottom ablation from three SGLs across distinct basins, highlighting both local meteorological
controls and catchment-scale hydrological influences. Our results bridge this long-standing gap and provide new insights

into the role of SGL-bottom ablation in modulating ice-sheet mass balance.
8
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As the lake deepens during the melt season, its albedo decreases exponentially with increasing depth, which enhances solar
energy absorption and, in principle, promotes bottom ablation. However, once the lake depth exceeds ~4 m, the reduction in
albedo becomes minimal (Wu et al., 2025), and the associated increase in absorbed energy is insufficient to offset the
concurrent reduction in total energy input from atmospheric forcing (Figure B2) in the late melt season. As a result, lake-
bottom ablation rate decreases with further increases in lake depth. It should be noted that this analysis focuses on the stage
when the lake had already formed and reached a certain size in the simulation.

Although the lake area is more strongly controlled by surface or basal topography (Lampkin and VanderBerg, 2011; Lithje
et al., 2006; Wang and Sugiyama, 2024), the fluctuations in the time-series lake-bottom ablation rate indicated that it is
significantly influenced by meteorological factors. Clear geographic contrasts among the selected lakes further support this
interpretation, despite the inability to strictly control all variables. Lake 2 occurred at a relatively lower elevation and lay
closer to the ice-sheet margin. It experienced the highest air temperature (Figure B2) and correspondingly exhibited the
strongest lake-bottom ablation, approximately twice that of Lakes 1 and 3. The lake-bottom ablation rate showed a stronger
and more statistically significant relationship with air temperature than with net shortwave radiation (Figure 2c&d).

We presented the lake-bottom ablation contribution and SGL melt feedback in Figure 3. GlacierLake v3 does not currently
incorporate rapid drainage processes, so we assumed that no rapid drainage occurred in any of the three lakes during the
simulation period. In reality, however, Lake 1 underwent a rapid drainage event on August 5 (DOY 217), when lake-bottom
ablation contributed approximately 22% to the lake volume (Figure 3a), representing a reduction of 11% compared with the
no-drainage assumption. Lake 2 also experienced partial drainage later in the simulation. The neglect of drainage events
likely led to an overestimation of lake-bottom ablation. Leeson et al. (2015) also took this into account; they performed
simulations with a bottom melt rate set at twice the ice-sheet melt rate, which provided an upper-bound estimate. This
approach revealed a 0.7%-0.8% increase in surface meltwater volume under the RCP4.5 and RCP8.5 scenarios due to lake-
bottom ablation of SGLs on the GrlS. In one-dimensional simulations, SGL melt feedback exceeded 100% (LUthje et al.,
2006; Tedesco et al., 2012; Wu et al., 2025). However, at the catchment scale, this feedback is generally below 100% and
often remains within 60% (Figure 3d-f). This difference arises because the feedback is calculated as an area-weighted
average over the firn/ice surfaces within the catchment (Equations 1 and 2), effectively representing a regional-mean
response rather than a local value.

Other limitations should be noted. The GlacierLake v3 does not account for lateral energy exchange. At present, lake
expansion is represented solely through external runoff input. Furthermore, lake-bottom ablation observations are scarce,
limiting the ability to directly validate simulated lake-bottom ablation. Instead, model performance is assessed indirectly
through comparisons of lake area and volume. Finally, the simulations are based on a limited number of lakes, and the
results may differ or remain uncertain in other regions. Future studies should incorporate rapid drainage processes and

expand simulations from individual lakes to broader regional scales.
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4.2 Sensitivity experiments

The melt rates from firn/ice and the lake bottom both increase exponentially with the rising temperature (Figure 2d).
Previous studies have shown that surface melt over firn/ice exhibits a well-documented nonlinear dependence on
temperature (Graversen et al., 2024; Thompson-Munson et al., 2024; Trusel et al., 2018). It is worth noting that lake-bottom
ablation rate increases more rapidly, suggesting a potentially higher sensitivity to temperature changes. We therefore
conducted sensitivity experiments by perturbing air temperature (T#1L<C) and downward shortwave radiation (S#10%), and
compared the relative changes in melt volume between lake-bottom ablation and firn/ice melt within the catchments (Figure
4a). Under S+10% perturbations, the relative changes in melt volume were approximately 10-15% for both lake-bottom
ablation and firn/ice melt. In contrast, under T#1L<C perturbations, lake-bottom ablation exhibited a larger response (15-30%)
than the firn/ice melt (<10%) within catchments. Because lake-bottom ablation is driven by the temperature difference
between the lake water and the underlying ice, we further examined the lake energy budget. Energy inputs include surface
shortwave absorption, shortwave penetration, and turbulent convection across the upper and lower lake boundaries. For
analysis, we grouped surface energy balance and shortwave penetration as shortwave-radiation-dominated contributions, and
upper-boundary turbulent convection as an air-temperature-dominated contribution. Shortwave radiation was the primary
energy source for Lakes 1 and 3, with upper-boundary turbulent convection providing an additional positive contribution
(Figure 4b&4d). In contrast, turbulent convection contributed more energy than shortwave radiation in Lake 2 (Figure 4c).
This is because higher air temperatures over the Lake 2 catchment (Figure B2a) enhanced upper-boundary turbulent
convection according to Equation Al, making it the dominant energy source. A similar response occurred in Lake 3, where
turbulent convection increased sharply with rising air temperature during DOY 207-211 (Figure B2a). Sensitivity
experiments further confirmed the stronger influence of air temperature on lake energy input: T+1<C produced a greater
energy increase in upper-boundary turbulent convection than S+10% (Figure 4e-4g). This helps explain why lake-bottom
ablation is more sensitive to warming than surrounding firn/ice melt. The 4/3 power dependence in Equation Al indicates a
nonlinear increase in turbulent convection with the temperature difference. Consequently, SGLs may amplify melt responses

to atmospheric warming, potentially accelerating ice-sheet mass loss under future warming.

10
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Figure 4. () Relative changes in melt volume from lake-bottom ablation (filled bars) and firn/ice melt within the catchments (open
bars) in response to perturbations in downward shortwave radiation (S £10%) and air temperature (T =1 <C). (b-d) The energy
contributions from shortwave radiation (surface energy balance and shortwave propagation) and upper-boundary turbulent
convection. Positive and negative values indicate energy input to and loss from the lake, respectively. (e-g) Responses of the two
energy contributions to perturbations in downward shortwave radiation and air temperature.

5 Conclusion

In this study, we employed the distributed GlacierLake_v3 model to simulate lake-bottom ablation in the GrIS SGLs and to
quantify its melt feedback. The mean lake-bottom ablation rate can reach 40-80 mm day?, with a maximum of 160 mm day.
The lake-bottom ablation rate exhibits an exponential amplification with air temperature (R?=0.91), with a much stronger
and more robust temperature sensitivity than the firn/ice melt rate. Meltwater surrounding SGLs within the catchment is the

primary contributor to lake volume, and lake-bottom ablation accounted for over 30% of total lake growth, indicating that it

11
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should not be neglected in SGL evolution studies. At typical catchments, the mean SGL melt feedback in summer ranges
from 12% to 19%. In extreme cases, particularly toward the end of the melt season when surface melt becomes negligible,
the feedback can be substantially amplified, exceeding 100%. The lake energy budget analysis revealed that shortwave
radiation was the primary energy source for lake-bottom ablation. However, under warmer conditions, enhanced upper-
boundary turbulent convection could exceed the contribution from shortwave radiation, highlighting the potential for
atmospheric warming to intensify lake-bottom ablation and amplify melt responses across SGL catchments. Our results
provide a quantitative assessment of lake-bottom ablation for individual lakes on the two-dimensional scale, and offer an

improved understanding of the role of lake-bottom ablation in SGL evolution and melt feedback, and ice-sheet mass balance.

Appendix A

Text Al. Model settings

The turbulent convection (Q., W m™) at upper and lower lake boundaries is as follows (Buzzard et al., 2018),

Qc(T") = sgn(T — T*)pwater CwaterJIT — T*[*2, (A1)

where T and T* are the average lake temperature and the boundary temperature, respectively. p, 4., i the density of water,

Cuater 1S the specific heat capacity, and J is the turbulent heat flux factor.

Meltwater losses during transport are represented by catchment-specific meltwater loss rates, which were calibrated using
satellite-derived lake area and volume as reference observations for 2015, 2019, and 2016 for Lakes 1-3, respectively.
Calibration involved a two-step parameter search, with R? used to evaluate the agreement between simulated and observed
lake area and volume. The optimal meltwater loss rate was selected based on the intersection of the two R? curves (lake area
and volume), ensuring a balanced fit to both variables. A finer search around the initial optimum was then performed to
refine the calibrated value. The detailed calibration procedure was described in Wu et al. (2026). These rates were then
applied to simulate lake evolution in 2021, 2020, and 2021 for Lakes 1-3, respectively. The model run started on July 21,
2021, June 27, 2020, and July 11, 2021, respectively, which correspond to the acquisition dates of the first valid image. In
the simulations, rapid drainage was assumed not to occur, and each simulation ended when the lake surface refroze. The
model was validated against satellite-derived lake area and volume, showing good agreement between the simulations and

observations (Figure Al).
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Code and data availability

The atmospheric observations are obtained from the European Centre for Medium-Range Weather Forecasts for the ERA5
reanalysis data (https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview, last access: July 17,
2025) and the Programme for Monitoring of the Greenland Ice Sheet weather station network
(https://dataverse.geus.dk/dataset.xhtml?persistentld=doi:10.22008/FK2/IW73UU, last access: July 20, 2023). The
ArcticDEM data are downloaded from https://data.pgc.umn.edu/elev/dem/setsm/ArcticDEM/strips/s2s041/2m/, accessed on

July 9, 2025. The Sentinel-1/2 images are downloaded from https://dataspace.copernicus.eu/, accessed on March 22, 2026.

The code for the GlacierLake v3 model is available at https://github.com/Jiake404/GlacierLake_v3/releases/tag/v1.0. The
data used in this study and the code for the figures are available at https://github.com/Jiake404/Melt-Albedo-
Feedback/releases/tag/v1.0.
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