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Concurrent superimposed ice formation and
meltwater runoff on Greenland’s ice slabs
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Rivers and slush fields on the Greenland Ice Sheet increasingly develop in loca-
tions where the accumulation zone hosts near-impermeable ice slabs. However,
the divisionbetween runoff versus retention in these areas remains unmeasured.
We present field measurements of superimposed ice formation onto slabs
around the visible runoff limit. The quantity of superimposed ice varies by
proximity to visible surface water and the surface slope, highlighting that melt-
water canflow laterally before refreezing.Weuseheat conductionmodellingand
radar observations of autumnwetness to show that in our field area in 2022, 65%
of superimposed ice formed during summer and the rest during autumn in the
relict supraglacial hydrological network. Overall, 84% of melt around the visible
runoff limit refroze. Ice-sheet-wide we estimate that slabs refroze 56 gigatonnes
of melt (26-69 gigatonnes according to slab extent) between 2017 and 2022.
Slabs are thus both hotspots of refreezing and emerging zones of runoff.

In the accumulation area of the Greenland Ice Sheet where the surface is
underlain by firn,meltwater generally percolates into thefirn pore space
where it refreezes in-situ, and therefore does not run off. Surface mass
balance (SMB) modelling indicates that in the past several decades 40-
50% of ice-sheet-wide melt has refrozen in the firn1–3. This makes firn an
important buffer against future sea level rise4,5. However, in the last three
decades surfacemeltinghas increasedmorequickly thanaccumulation6.
In the lower accumulation area the firn pore space has decreased
anomalously as a result of intense meltwater percolation and
refreezing4,7, leading to metres-thick near-impermeable ice ‘slabs’
forming just below the ice sheet surface8,9. Meanwhile, the visible runoff
area—the area drained by surface river networks—has expanded by 29%
in the past four decades, with concomitant increases in the elevation of
the visible runoff limit10. This expansion has mainly occurred along the
ice sheet’s western and northern flanks in areas now underlain by ice
slabs11. According to synthetic aperture radar observations, ice slabs are
estimated to underlie ~150,000 km2 of the ice sheet, though they may
occupy as little as ~60,000 km2 or as much as ~220,000 km2 (ref. 12).

In-situ hydrological observations around the runoff limit on topof
an ice slab show that surface meltwater percolates through the over-
lying snowpack and firn then flows laterally through a slush matrix on
top of the ice slab before it reaches a surface stream or river. This
matrix is up to several decimetres thick and supports flow speeds
ranging from 1.3 to 15.1 m h-1 (ref. 13)—roughly three orders of magni-
tude slower than subsequent open river flow of 1–3 m s-1 (ref. 14). A
slushmatrix on top of a cold ice slab is therefore a potential source for
superimposed ice formation onto the slab surface as itswet pore space
gets refrozen from the bottom up15.

On the Greenland Ice Sheet, studies of refreezing have generally
focused on vertical infiltration and refreezing in porous firn above the
runoff limit7,16,17, sometimes considering decimetre-scale horizontal
flow fingers18. Field measurements north of Jakobshavn Isbrae during
the 2000s were suggestive of slow water migration at depth beneath
multiple ice layers but in the absence of ice slabs, indicative of a gra-
dient between complete refreezing and complete runoff5,19. Measure-
ments of superimposed ice formation specifically have predominantly
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been made elsewhere such as Svalbard20,21 or the Canadian Arctic
e.g. 22,23. Thickening of Greenland’s ice slabs during years in which they
supported surface river development can be observed in repeat air-
borne radar measurements11, yet the contribution of refreezing in ice
slab areas to SMB has not been quantified.

Here we present measurements of superimposed ice formation
(hereafter SIF)on topof ice slabs on theK-Transect (67 °N), south-west
Greenland, acquired during two years in which the visible runoff limit
intersected the area. We estimate the impact of SIF on net water dis-
charge from the hydrological catchment and on SMB. Then, in con-
junctionwith vertical heat flowmodelling and synthetic aperture radar
observations of sub-surface wetness, we make an assessment of the
importance of SIF to SMB across all regions of the ice sheet underlain
by ice slabs.

Results
Superimposed ice formation depends on near-surface
water flow
Wemeasured SIF in the 2021 and 2022melt seasons through repeat in-
situ observations at stakes located 1760–1825 m above sea level (a.s.l.)
(Fig. 1a-c; Methods; Suppl. Fig. 1), more than 200 m higher than the
long-term equilibrium line altitude of ~1550 m a.s.l24. The average

surface slope is ~0. 3°13. Across the elevation range spanned by our
study area, melt derived from a surface energy balance model forced
by in-situ observations25 was relatively uniform, with 0.33–0.46 m w.e.
in 2021 and 0.26–0.33 m w.e. in 2022 (Methods). In 2017 the area was
underlain by an ice slab with an average thickness and standard
deviation of 8.7 ± 3.9 m11. The area developed surface slush fields and
rivers or linear drainage pathways suggestive of runoff every summer
between 2011 and 2023 except 2017 and 201810.

Between April/May 2021 and 2022 (hereafter ‘2021’) we measured
SIF at three sites (FS1–3), and between April/May 2022 and 2023 (here-
after ‘2022’) wemademeasurements at eleven sites along two transects.
One transect was perpendicular to the main visible drainage pathway
through the area (and co-located with the line of summer hydrological
measurements by ref. 13) while the second transect was normal to the
first and ran west-east, parallel to the general surface slope.

SIF was spatially heterogeneous and corresponded with the
locations of surface water presence near to the peak of the melt
season and the surface slope, as follows (Fig. 1d). (i) Considering the
largest measurements of SIF (BH0, BH1, FS2 in 2021), all were located
within tens of metres of a major river or linear drainage pathway and
on very shallow slopes. (ii) The other sites with relatively high SIF
(FS1, BH5, 3u3) were further away from linear drainage pathways and

Fig. 1 | In-situmeasurementsof superimposed ice formation (SIF) in south-west
Greenland. a ArcticDEM42 with contours (m a.s.l.) every 30m.White lines show the
expected surface river network according to hydrological terrain analysis (Meth-
ods). Measurement sites FS2 and 3u3 are shown by crosses. The automatic weather
station KAN_U, used for surface energy balance modelling, is shown by the white
circle. Red line delineates the surface hydrological catchment of FS2. Black lines
showmaximum visible runoff limits according to Copernicus Sentinel-2 imagery in
2021 (dotted) and 2022 (dashed). White box shows location of panels b and c.

b–c In-situ measurements of SIF are indicated by red circles, size proportional to
quantity (m w.e.), overlaid on Copernicus Sentinel-2 NDWIICE showing the max-
imum surface hydrology extent in that particular year (Methods). Contours every 2
m; the 1760 and 1790 m a.s.l. contours (panel a) in bold. b Scene acquired on 23
August 2021. c Scene acquired on 10 September 2022,with enlargedpanel of north-
south transect. d For each SIF measurement site, the Euclidean distance to the
nearest surface water, including slush fields, versus the measured SIF. Colour
indicates slope angle (So; degrees). Source data are provided in Source Data files.
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did not necessarily have surface water nearby. At FS1 there was 0.21
and 0.21 m w.e. SIF in 2021 and 2022 respectively, even though a
slush field was only visible nearby in 2021. Similarly, site 3u3 also
recorded substantial SIF in 2022 despite being 4 km away from
visible surface water, but Sentinel-2 imagery from recent high-melt
years (e.g. 2019, 2023) shows that 3u3 lies within a few hundred
metres of the axis of the same linear drainage pathway which flows
past FS2. We therefore interpret the larger SIF at these sites as indi-
cative of a higher local water table as the near-zero slope is conducive
to ponding of water supplied by sub-surface flow inside the snow-
pack from the surrounding area13. (iii) Considering the remaining
measurements with less SIF (C1/C2, 122, FS3, 231, FS2 in 2022), all
were located at least hundreds of metres away from visible surface
water, i.e. more distal to themain drainage axis of the catchment, and
all (apart from FS2) had steeper slopes compared to the other mea-
surement sites. The role of a steeper slope in reducing SIF is parti-
cularly evident at site 231.

Considering only measurements from 2022 and excluding those
sites proximal to a linear drainage pathway (BH0 and BH1), average SIF
was 0.16 ± 0.05 m w.e. ( ± 1 standard deviation; n = 9). These sites had
an average climatological surface mass balance (cSMB) calculated
from repeat firn cores (Methods) of 0.53 ± 0.06 m w.e., of which SIF
constituted 30± 9%. In comparison, BH0 andBH1hada larger cSMBof
0.77 ± 0.09mw.e. yr-1 (n = 2), of which SIF constituted 72 ± 3 %. Asmelt
is near-uniform across the area of our observations, these measure-
ments reinforce that meltwater for SIF is supplied not only by local
melt production but also by lateral water flow.

Ice slab cold content determines summertime SIF
We now focus on themechanisms of SIF onto the ice slab’s uppermost
surface. We installed a 12 m thermistor string in a borehole at FS2 in

May 2022, suspended from a mast frozen into the sub-surface (Meth-
ods). It recorded the warming of the overlying snowpack during the
early melt season, becoming isothermal on 6 July which enabled
meltwater delivery to the ice slab surface (Fig. 2a, b).We thenobserved
subsequent ice slab warming to at least 6 m depth, indicating
refreezing of the surface water on to the top of the slab surface which
warmed the slab below as latent heat is released.We term thismode of
SIF ‘bottom-up’ as the cold content comes from the underlying slab
(Fig. 3, Summer).

To calculate how much SIF can occur during summer, we mod-
elled SIF potential as a 0 °C slush matrix refreezing onto a cold
impermeable ice slab due to heat conduction, a purely thermal
approach that assumes infinite and instantaneous melt availability
(Methods). We initialised our model with the vertical temperature
profile measured on 6 July, the first day that the ice slab surface
reached0 °C.Wemodelled SIF and the slab temperature profile for the
duration of the melt season, assuming a constant 0°C at the slab
surface.

Our calculations yield 0.15 m w.e. summer bottom-up SIF by the
end of the 2022 melt season on 18 Sep (Fig. 2c), agreeing well with
our measured total 0.16 ± 0.05 m w.e. yr-1 SIF away from surface
hydrological features. Calculated temperature profiles show overall
good agreement with measurements (Fig. 2d), with a slight warm
bias: at the end of the melt season on 18 September, the modelled
temperature profile was on average 0. 4°C warmer than observed.
The observed 18 September profile was reproduced most closely by
the model on 3 September, which suggests that the model over-
estimated SIF by 0.02 m w.e., perhaps due to continuing to simulate
SIF during the melt hiatus in late August 2022. Nonetheless, overall
ourmodel reproduces the observed seasonal slab warming driven by
latent heat release during SIF. These results are evidence that away

Fig. 2 | Ice slab warming and superimposed ice formation (SIF) at FS2.
a Measurements of air temperature (T) and b sub-surface temperatures. Upper
surface of the ice slab in May 2022 shown by white line. Arrows correspond to
measured temperature profiles shown in panel d. Temperature (T) measurements
are spaced every 0.15m in the vicinity of the upper slab surface and are shown until
recording stopped (Methods). c Modelled cumulative SIF during the 2022 melt
season from 6 Jul to 18 Sep (solid line) and continuing beyond the end of the melt

season (dashed line). d Calculated slab temperature profiles (T, dotted lines) every
7 d starting on 6 Jul (purple) and ending on 28 Sep (red). Measured temperature
profiles (solid lines) are plotted for comparison with temporally-closest calculated
profile (thick dotted lines). Upper surface of the ice slab in May 2022, i.e. before
accretion during the 2022 melt season, is shown by grey line. Source data are
provided in Source Data files.
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from surface hydrological features, 94 % of SIF (at 0.16 m w.e. yr-1;
68-100% considering the standard deviation of our observations of
± 0.05 m w.e. yr-1) can be explained by direct refreezing of local
surface melt during summer once it has percolated through the
overlying snow/slush matrix.

Localised SIF continues into autumn
While summertime SIF was generally sufficient to accommodate local
meltwater generation and percolation in 2022, our in-situ measure-
ments also indicate thatmuch larger quantities of SI formed in specific
areas. We argue that these larger amounts of SI can be explained by
lateral melt transport through the slushmatrix (as observed by ref. 13)
and localised ponding which provides residual meltwater supply for
SIF to continue in specific locations in autumn, beyond the end of the
melt season.

To map the duration of residual wetness in the uppermost deci-
metres to metres of the firn column after the melt season, we used
satellite C-band Synthetic Aperture Radar (SAR) measurements of
Horizontal-Vertical polarisation backscatter intensity, de-biased rela-
tive to wintertime and then thresholded at -2.17 dB (Methods). This
approach is similar to previous studies which have used Sentinel-1 to
detect firn aquifers in Greenland26 and snow melt in Antarctica27.
Five days after the endofmelting, 60%of the study area remainedwet;
30%was stillwet after 18 days (Fig. 4a,b). By 66days aftermelting, 99%
of the area was refrozen.

In autumn freezing air temperatures predominate (Fig. 4c). These
cool the snowpack fromabove, so ‘top-down’ SIF presumably occurs in
parallel with bottom-up SIF as slab cold content continues to be con-
sumed (Fig. 3).Wemodelled these twomodes as follows:we calculated
bottom-up SIF by continuing our summer model run into autumn,
until residual wetness disappeared. Separately, we estimated top-
down SIF by heat conduction away from the slush through the snow-
pack to the cold atmosphere (Methods). Based on our thermistor
string measurements (Fig. 2), the snowpack thickness above the slush
was approximately 0.6 m at the start of autumn. As this is the most
sensitive parameter in our model, we assessed top-down SIF in
our study areaoccurringbeneath snowpacks of0.6m, 0.3m (0.5×) and

0.9 m (1.5×) thickness. We then used our retrievals of residual wetness
duration to identify the SIF contribution from each of the two autumn
SIF modes.

Autumn bottom-up SIF proceeds at a slower rate than in summer,
reflecting thediminished ice slab cold content andwith little sensitivity
to the ± 1°C uncertainty in the initial temperature at 10 m depth28

(Fig. 4c). Meanwhile, the start of top-down SIF is delayed by the
requirement to first refreeze irreduciblewater content in the overlying
snowpack. It then commences at a similar rate to bottom-up SIF,
subsequently diverging as a function of snowpack thickness, especially
in the case of a thin snowpack which cools very quickly in comparison
to a thicker pack. Whether a slush matrix that is thick enough to pro-
duce ~0.4mw.e. top-downSIF over 60dcanco-existwith a sufficiently
thin snowpack is unclear as we lack constraints from the field, but
observationsmade in the areaduring summer 202013 suggest that such
conditions are unlikely.

Total SIF at the visible runoff limit
We summed our pixel-by-pixel estimates of summer and autumn
SIF introduced above to derive total SIF over our field study area
(Fig. 5a, b).Consideringmelt of0.26–0.33mbetween 1700and 1800m
a.s.l., areas with surface hydrological features (e.g. around BH0)
refroze substantially moremeltwater than they produced. Our model-
derived values of total SIF compare reasonably well with our in-situ
measurements (Fig. 5c, R2 0.66, p <0.01, n = 10). We note that the lack
ofmodelled variability around 0.2mw.e. is likely to be associatedwith
the 12-day resolution of the Sentinel-1 observations. Considering the
outlier of site 231, calculated SIFwas roughly 0.3mw.e. too high due to
prolonged autumnwetness. This site was located in themargins of the
wet subsurface area (Fig. 5b) but was not visibly wet and had a locally
steeper slope (Fig. 1c, d); thewetness conditions observed by SAR over
tens of metres therefore likely obscured the most local patterns of
wetness.

We examined summed total SIF in the first 10 km of FS2’s
upstream hydrological catchment, roughly corresponding to the
plausible limit of sub-surface hydrological routing based on SAR
residual wetness (Fig. 4a). In addition to our best-estimate
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Fig. 3 | Sketch of superimposed ice formation (SIF) drivers during summer and
autumn. Summer: A wet slushmatrix is perched on top of an impermeable ice slab
several metres thick and is overlain by an isothermal snowpack. SIF proceeds
`bottom-up' on the surface of the slab; the release of latent heat as water freezes
causes the slab to progressively warm (Tfirn). Autumn: The slab has warmed

compared to the start of summer. At locations where meltwater has collected but
not yet refrozen, the slush matrix remains wet and likely now overlain by a cold
snowpack. `Bottom-up' SIF continues, together with `top-down' SIF as freezing
surface temperatures penetrate the top of the slush matrix. In both panels, ques-
tion marks indicate unconstrained snowpack and slush matrix thicknesses.
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scenario (Fig. 5a), we examined model sensitivity using 1. 0 °C
warmer (colder) initial 10 m depth temperatures based on ref. 28
firn temperature uncertainties for our study area, and 1.5× (0.5×)
snowpacks, respectively (Fig. 5d). Across these scenarios, summer
SIF is always the largest constituent of total SIF, while autumn
bottom-up SIF is the next-largest component. Although the range
in autumn top-down SIF associated with snowpack thickness is
very large, it is a relatively small component of total SIF apart
from in the thinnest snowpack scenario. The uncertainty in
autumn SIF introduced by the radiometric sensitivity of the
Sentinel-1 SAR sensor is low compared to our other sources of
uncertainty (Fig. 5d thin vertical bars).

Considering the likely partitioning between retention and
runoff at the visible runoff limit, our best-estimate scenario yields
84 % of total melt refrozen as SI, of which 65 % occurred during
summer. The remaining 16 % of melt likely ran off via the surface
river network passing by FS2 (Fig. 1c), though we cannot rule out
subsequent refreezing at lower elevations. Considering the
stronger SIF scenario (Fig. 5d, right), 105 % of total melt forms SIF,
making this scenario unrealistic for our field area (SIF in excess of
melt; precludes runoff, converse to indications from optical
satellite imagery), while in the weaker SIF scenario (Fig. 5d, left)
then only 71 % of melt is refrozen.

Superimposed ice formation across Greenland’s ice slabs
We have established that refreezing onto ice slabs consists of at least
two mechanisms: bottom-up SIF driven by slab cold content, and top-

down SIF during autumn. A thirdmechanism is implicated by localised
ice slab fractures that can enable melt to refreeze on the underside of
the slabs29 which we do not consider further here. Nowwe constrain at
first order the importance of SIF onto the surface of ice slabs.

First we consider ice-slabs-wide autumn residual wetness. We
used passive microwave radiometry30 to identify the last day of the
melt season (Methods). We used our SAR approach introduced above
to identify the last wet day (Methods), yielding the annual duration of
residual wetness (Fig. 6). Like in our field study area, residual wetness
duration is effectively insensitive to the radiometric sensitivity of the
Sentinel-1 SAR sensor, apart from minor sensitivity in 2022 (Suppl.
Fig. 2). Residual wetness primarily varies according to the surface
drainage network structure. On the western flanks remnants of slush
fields and surface rivers are visible (Fig. 6b, c). Undrained lakes are
particularly evident towards the lower slab extents. In the north and
north-east, residual wetness is less pervasive and mainly consists of
isolated wet patches (Fig. 6d, e), while in the south-east some residual
wetness is detected around the upper margins of firn aquifers (Fig. 6a;
ref. 12). The duration and extent of residual wetness around the annual
visible runoff limit varied substantially by year (Suppl. Fig. 3), with
more extensive and longer-durationwetness generally associated with
a higher visible runoff limit. The western margins exhibited the most
extensive wetness, extending over up to 80% of the area around the
visible runoff limit in the several days following the end of the melt
season, but as little as ~ 10 % in years when the visible runoff limit was
lower than average. Extensive wetness can persist for up to roughly
30 days; beyond this, wetness tends to persist only in more isolated
patches.

Next, we estimated summer and autumn SIF across the ‘most
likely’, ‘minimum’ and ‘maximum’ ice slab extents12. For summer we
used our SIF model in its bottom-up configuration, initialised with
spatially-variable 10mdepth July firn temperatures (T10m)28 (Methods).
To assess the uncertainty associated with the initial temperature pro-
files, we also ran the model for the uncertainty bounds of T10m. We
determined the start of summer SIF by using the regional climate
model MAR3 to identify when surface melt first became available for
SIF (Methods). In autumn, we used our wetness duration retrievals
(excluding those areas which remained wet at the end of the calendar
year, which are generally undrained supraglacial lakes) in conjunction
with our model to estimate bottom-up and top-down SIF (Methods).
We also considered the possibility of SIF due to top-down atmospheric
cooling during colder summers with prolonged melt hiatuses. We
found that at first order, this process can be neglected compared with
the other modes of SIF production, so we do not consider it further
(Supplementary Discussion).

Between 2017 and 2022 over the ‘most likely’ ice slab
extents, summer top-down SIF occurred at an average rate of 7.2
(6.4–8.2) Gt yr-1 (Fig. 7b; bracketed values calculated from T10m
uncertainty bounds). On average autumn bottom-up SIF occurred at
1.2 (1.0–1.4) Gt yr-1 (Fig. 7c). Autumn top-down SIF is harder to assess
because it is highly sensitive to the thickness of the snowpack over-
lying the slush matrix, yet this thickness cannot be adequately
retrieved fromMAR (Methods). In lieuwecomputedautumntop-down
SIF under three fixed snow thicknesses: 0.5, 1.0 and 1.5 m, yielding on
average 2.8, 0.9 and 0.4 Gt yr-1 respectively (Fig. 7d), so its maximum
contribution is much less than half the average SIF which occurs in
summer. Considering all SIFmodes, total SIFoccurred at 4.3, 9.3 or 11.6
Gt yr-1 across the minimum, most likely and maximum slab extents
respectivelywhen using predicted T10m and a 1.0m autumn snowpack.

Total SIF varied considerably between years (Fig. 7e). Over the
‘most likely’ slab extents, considering the high-melt year of 201931 SIF
was divided between 5.3 Gt during the melt season and 2.3 Gt during
autumn (assuming a 1.0 m snowpack), totalling 7.6 Gt. In contrast,
2022 was a more moderate melt year but with a large melt pulse in
early September; 10.0 Gt SIF formed during themelt season and 2.3 Gt

Fig. 4 | Superimposed ice formation (SIF) during autumn 2022. a, b Autumn
residual wetness duration (days, d). a Histogram of panel b. 99th percentile shown
by dashed line. b Map has same bounds as Fig. 1a, surface catchment of FS2 out-
lined in red, surface contours (m a.s.l.) in grey. c Cumulative autumn SIF. For top-
down SIF (A↓, green), Sn-, Sn and Sn+ correspond to 0.3, 0.6 and 0.9 m snowpack
thicknesses respectively. Bottom-up SIF (A↑) in yellow, shading shows range
attributable to ± 1°C initial 10 m-depth temperature. Right axis: surface tempera-
ture (T, black line) used to calculate top-down SIF, from surface energy balance
model (Methods). Source data are provided in Source Data files.
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in autumn, totalling 12.3 Gt, 57 % more than in 2019. This difference is
caused mainly by summer SIF, which in 2019 was reduced because of
the complete melting of seasonal snowpack up to elevations
approaching the visible runoff limit. This caused some of the SIF which
had formed earlier in the season to be re-melted, and highlights that
SIF on ice slabs canonly occur undermoderatemelt conditions. Ifmelt
removes all accumulation, exposing the slab itself to direct melting,
then retention will be depleted, such as in the extraordinary melt year
of 201232. Such a reduction in slab retention during strong-melt

summers will be accompanied by ice layer formation at elevations
above existing slabs, laying the foundations for future slab
expansion11,33.

We quantified SIF by ice sheet drainage basin (Fig. 7f). Slabs along
the western flank refroze the most meltwater, which is unsurprising
given their large spatial extent. Despite sometimes extensive residual
wetness, autumn refreezing accounts for at most one third of SIF in
most basins, except the south-east, where autumn SIF apparently
dominates; here, ref. 12 found possible ice slabs along the upper

Fig. 6 | Ice-sheet-wide autumn wetness duration. Average residual wetness after
the end of the melt season between 2017 and 2022 within the `maximum' ice slabs
extent. a Ice-slabs-wide residual wetness. Ice sheet extent in grey, Greenland land
mass in brown. Hatching indicates areas without SAR interferometric wide swath

coverage. Boxes correspond to each area of interest. b–e Wetness in selected
sectors. Scale bars (black) are 50 km long. a–e Contain modified Copernicus
Sentinel-1 data [2017–2022].

Fig. 5 | Superimposed ice formation (SIF) at the 2022 visible runoff limit.
a–c Total SIF over field study area calculated using observed FS2 initial 10 m-depth
temperature (T10m) and an overlying autumn snowpack (Sn) of 0.6 m. a FS2's sur-
face catchment (red), with 10 km limit (red dashes). 2022's visible runoff limit
(white dashes). SIF measurement locations (red crosses). b Enlarged view of area
indicated by white rectangle in panel d. c Comparison between observed and cal-
culatedSIF, with 1:1 line.dAnalysisof SIF components inhydrological catchmentup

to 10 km limit. Autumn top-down: A↓; autumnbottom-up: A↑; summer bottom-up:
S↑. The middle column corresponds to the `best-estimate' scenario (shown in
panels a–c). The left column shows + 1°CT10m and 0.9 m snowpack; the right
column − 1°CT10m and0.3msnowpack. Vertical barsdenote the sensor uncertainty
associated with detection of residual wetness duration. Dotted line shows the total
net melt. Source data are provided in Source Data files.
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margins of firn aquifers, which may be proto-aquifers with a similar
tendency to refreeze residual water slowly over the autumn.

Discussion
Our in-situ measurements reveal SIF onto ice slabs in south-west
Greenland simultaneously with visible surface hydrological features
considered indicative of runoff. We can attribute SI to two distinct
periods of formation. (i). Summer SIF is governed by heat conduction
to the underlying ice slab and occurswhenever liquidwater is available
at the slab surface. The rate slows through the melt season as the ice
slab’s cold content is consumed by latent heat release (Fig. 2c). Based
on slab temperatures at the start of the 2022 melt season at FS2
(Fig. 2b) and observations made at KAN_U8, we presume that most or
all slab cold content canbe replenished annually as a result of relatively
low accumulation rates associated with slabs34, consistent with ref. 18
and enabling background SIF to take place each melt season. (ii).
Autumn SIF is the smaller component of total SIF. It occurs in areas
where water collects in the slush matrix. In-situ observations from the
K-Transect in 2020 revealed water continuing to flow through the
slush matrix over the slab after several days of frozen surface
conditions13, but without necessarily draining into surface rivers even
though these can continue to flow for several days after the end of
melting35. Our study shows that the largest SIF likely occurs where thin
snowpack overlies autumn slush. We therefore presume that the most
SIF occurs where the water table has risen to the surface and formed
blue slush fields35 that do not subsequently collapse into arterial river
networks. Their lower albedo may further increase local meltwater
availability and hence refreezing, an effect that we do not consider
further here.

Our estimates of the percentage of melt which refreezes as SIF
may appear reminiscent of retention capacities published by e.g.4,7,36.
Those studies estimated refreezing in steady-state firn scenarios as
percentages of accumulation. In contrast, we quantify SIF as a per-
centage ofmelt usingmeasurementsmadeunder transient conditions.
Direct comparisons to such studies are thus challenging. However, our
findings shine new light on previous work to model retention by SIF,
which in the context of scarce observations has remained essentially
unvalidated. First, allowing for uncertainties in the density of the slush
matrix (Supplementary Discussion), our in-situ measurements of total

SIF at locations away from surface hydrological features are approxi-
mately half those modelled by15. Second, our modelling suggests that
this SIF required roughly twice the amount of time to form compared
to theirmodel.Our thermistor stringmeasurements show that the slab
surfacewarms to roughly0°Cwithindaysof thefirstoccurrenceof0°C
snowpack temperatures, which is a fundamental difference to main-
taining a slab surface temperature between -5 and − 20°C as used by15.
Our estimates of refreezing therefore suggest that previous attempts
to model this process on glaciers substantially over-estimate SIF, even
after we account for the spatially localised phenomenon of residual
wetness refreezing during autumn and considering our model sim-
plification that SIF occurs continuously throughout the melt season.

While we havemade a first-order estimate of SIF onto Greenland’s
ice slabs, a full partitioning of meltwater’s fate between retention and
runoff on an ice-sheet-wide basis remains the domain of regional cli-
mate models with SMB schemes such as HIRHAM, MAR and RACMO37.
However, their use of the skin layer formulation to calculate near-
surface air temperature can cause an over-estimate of melt by a factor
of two or three in the percolation zone38. Thus, we do not attempt to
estimate ice-slabs-wide runoff as the residual of modelled melt minus
refreezing. Instead, considering runoff estimated from CryoSat-2
satellite altimetry between 2011 and 2020 of 357 ± 58 Gt yr-1

(ref. 39), our average rate of 9.3 Gt yr-1 SIF over the ‘most likely’ extent
of ice slabs implies that SIFon slabs reduces annual total ice-sheet-wide
runoff by 2-3%.

SMB projections by regional climate models indicate that the ice
sheet’s refreezing trajectory will depend strongly on the climate
scenario40. Under the strongest climate warming scenarios and even
without allowing for ice slab development (i.e. maximum rather than
minimum pore-space fill-in time4), peak refreezing of the ice sheet
could be reached as early as the 22nd century, but under intermediate
warming then refreezing at higher elevations of the ice sheet is pro-
jected to plateau instead. Here, the hypsometry of the ice sheet has
both positive and negative effects. Its flatness towards higher eleva-
tions will enable runoff areas to expand disproportionately with
warming10,25, but this sameflatness is also likely to delay the evacuation
of water through the slushmatrix to discharge into surface rivers. This
would result in more SIF than we observed and hence suppress runoff
from the vicinity of the visible runoff limit even more than during the

Fig. 7 | Superimposed ice formation (SIF) on ice slabs, 2017–2022. SIF divided
into formation modes of summer bottom-up: S↑; autumn bottom-up: A↑; autumn
top-down: A↓. a Ice slabs on the Greenland Ice Sheet according to ref. 12, classified
into their `maximum', `most likely' and `minimum' extents, divided by drainage
basin59. b Annual summer bottom-up SIF for each slab extent (colour-coded).
Shading denotes uncertainty in the initial 10m firn temperature (Methods). c Same
as panel b but showing annual autumn bottom-up SIF. d Annual autumn top-down
SIF for each slab extent (colour-coded). Shadingdenotes the range in SIF associated

with the prescribed overlying snowpack between 0.5 and 1.5m thick. eTotal annual
SIF ice-slabs-wide for each slab extent (colour-coded). For each slab extent mini-
mum SIF is yielded by the warmest initial 10 m firn temperatures and thickest
autumn snowpack, and maximum SIF is yielded by the coldest initial 10 m firn
temperatures and thinnest autumn snowpack. f Total SIF by region, 2017-2022,
using `most likely' slab extents, central initial 10mfirn temperatures and a 1m-thick
autumn snowpack, split into summer bottom-up, autumn bottom-up and autumn
top-down components. Source data are provided in Source Data files.
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time period of this study. Signs of such behaviour are already detect-
able in years when the visible runoff limit approaches contemporary
maxima, as vast slush fields formwhich tend to result in longer autumn
wetness.

Overall our findings reveal that while Greenland’s ice slabs now
often undergo visible surface runoff10, substantial quantities of melt
can concurrently be converted to superimposed ice as the wet slush
matrix overlying the slab refreezes from the bottom up and top down.
At the 2022 runoff limit in south-westGreenland,we found that around
84% of the melt available for runoff instead most likely refroze as SIF
onto the underlying ice slab, a value which presumably decreases
downstream as melt increases and more surface rivers form. Some
melt refroze in-situ, directly beneath where it was produced, while
some melt started to flow laterally but subsequently refroze some
kilometres downstream. Ice-slabs-wide, we estimate that ice slabs
refroze around 56 Gt of melt as superimposed ice between 2017 and
2022 (‘most likely’ extents; 26 Gt and 69Gt atminimum andmaximum
extents respectively), of which roughly 78 % was by refreezing during
the melt season and the remainder by during autumn. SIF by con-
sumption of ice slab cold content dominates total SIF, despite sub-
stantial uncertainties in how much SIF occurs by atmospheric cooling
during autumn.

The cold content of ice slabs acts together with shallow surface
slopes to inhibit rapid surface water drainage, making slabs hotspots
of refreezing during the melt season and into autumn. However, dur-
ing very strongmelt seasons, all seasonal snowpack andfirn protecting
the slabs fromdirectmelting candisappear, subjecting the slab surface
to surface hydrological processes reminiscent of the ablation zone.
This suggests that contemporary slabs will reach an upper thickness
beyond which they transition to ablation areas, but that at higher
elevations new slabs will continue to expand upslope and thicken
under all but the most extreme warming scenarios.

Methods
Surface hydrological catchments
We used SAGA GIS41 to delineate the hydrological catchments of our
field sites FS1, FS2, and FS3 from ArcticDEM42 to the uppermost limits
of the underlying ice slab11. The surface catchments of FS1 and FS3 are
very small (1.1 and 0.1 km2 respectively), so we considered the catch-
ment area upstream of FS2 only, which has an area up to the ice slab
limits of 175 km2.

Measuring in-situ superimposed ice formation
In April 2021 (before the melt season) we dug pits and buried metal
meshes to setmarker horizons at three locations (Fig. 1a). In April 2022
we returned tomeasure ice formation on topof themby digging down
to the new ice slab surface and then using an auger to drill into the ice
until metal chips appeared at the top of the hole. This method is
subject to uncertainties which are likely several centimetres of under-
estimation, in particular at FS3 where we had difficulties determining
the April 2021 slab surfacewithout destroying it due to the presenceof
mixed firn and ice lenses on top of the slab.

Between April 2022 and April 2023, we instead employed a repeat
shallow core method at eleven locations. Using a Kovacs Mark II coring
system, we drilled a 9 cmdiameter core from the surface down through
the snow and any firn (if present), until approximately 0.5 m into the
slab (Suppl. Fig. 1a). We measured the depth of the borehole indepen-
dently of the retrieved core length to check for core collapsing. One
third of the cores had short collapsed sections, on average 6 cm long
(max. 10 cm) and always situated in brittle depth hoar. We noted the
core stratigraphy and measured density at 10 cm resolution. For the
collapsed sections, we used the average measured density of depth
hoar. We then fixed a bamboo stake in direct contact with the ice at the
base of the borehole and measured the length of the stake which
remained exposed (Suppl. Fig. 1b). One year later we revisited each site,

that is the location of the stakewhich hadmoved due to ice flow (~60m
yr−1 in the study area). We measured the distance from the top of the
stake to the snow surface. Thenwe repeated the drilling in close vicinity
of the stake (<1 m; Suppl. Fig. 1c) and we again noted stratigraphy,
measured densities at 10 cm resolution and measured the depth of the
hole independently of the core. Key parameters in the density mea-
surements such as core diameter were checked throughout logging.

We used the top of each stake to align the two density profiles
(Suppl. Fig. 1d) to (i) quantify SIF in metres as well as metres water
equivalent, and (ii) quantify local climatic surfacemass balance (cSMB).
The latter was calculated by directly subtracting the water equivalent
measured in spring one and spring two. For the purpose of the sub-
traction, water equivalent was summed up over the depth range from
the snow surface in year two down to the ice slab surface in year one.

We drilled repeat cores, which indicated that our measurements
were repeatable and that metres scale variability in SIF was negligible
(Supplementary Discussion). We also considered the impact of
springtime densification on SIF as a potential source of systematic
errors (Supplementary Discussion).

Measuring slab temperatures
At FS2, in May 2022 we installed a 12 m digital temperature chain with
34 sensors, with spacing increasing from 0.15 m at the top of the chain
to 1 m at the bottom (beadedstream, inc). The chain was installed in a
borehole of ~ 11 cmdiameter drilled by a KovacsMark II coring system
and suspended from a boom attached to a mast frozen into the sub-
surface. This enabled us to capture not only slab temperatures but also
seasonal snowpack temperatures with respect to a fixed datum. Mea-
surements were logged on a D605 logger (beadedstream, inc) every
15 minutes until recording stopped unexpectedly on 18 September at
04:00 UTC.

Melt available for runoff or SIF in field area
We calculated meltwater production in our study area using a surface
energy balance/surfacemass balance (SEB/SMB)model forced by local
observations from three weather stations, including KAN_U, supple-
mented with MODIS albedo25. The SEB/SMB model calculates surface
energy and mass balance components in 100 m elevation bins.

The model’s sub-surface scheme (0.25 m resolution) consists of a
seasonal snowpack overlying firn and ice layers generated since the
model initialisation in spring 2009. The model calculates surface melt
refreezing in underlying layers with pore space and cold content. At the
start of the melt season, meltwater refreezes locally, warming and
densifying the snowpack, and no runoff occurs. Once the overlying
snowpack is isothermal then water percolates down to the underlying
modelled ice layers, which are defined as impermeablewhen >1m thick.
They are present throughout our study’s elevation range, causing
instantaneous runoff.We therefore estimate themeltwater available for
SIF or runoff as that producedbetween the start ofmodelled runoff and
the end of the melt season, less the refreezing at 0.25 m depth which
captures diurnal refreezing as the near-surface cools at night.

We assessedmodel performance by comparisonwith observations
of surface lowering at FS1, FS2 andFS3whichwere each equippedwith a
CR1000X datalogger (Campbell Scientific; CS) and a CS SR50A sonic
rangermountedon a horizontal boomroughly 1–2mabove the snow to
measure surface height changes. In 2022 at 1800 m a.s.l., the model
produced0.25mw.e.melt available for runoff or SIF. This is in excellent
agreement with our observations: using a fixed summer-time density of
504 kgm-3 (ref. 13) to convert surface lowering towater equivalent, 0.23
to 0.27 m w.e. melt occurred in the same time period.

To interpolate melt available for runoff or SIF in 2022 over our
hydrological catchment we used linear regression between elevation
and melt modelled in the 100 m elevation bins between 1600 and
1,900 m (R2 = 0.99, p < 0.01, n = 4) to map melt production as a
function of elevation.
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Modelling superimposed ice formation
There have been limited previous efforts to simulate SIF by slush
refreezing on top of an ice slab, principally addressing only bottom-up
refreezing and neglecting any impact of lateral flow of meltwater15,43,44.
The model by ref. 45 addresses the effect of lateral meltwater flow in
SIF but lacks top-down refreezing and uses an experimental flow-line
approach. Most regional climate models (RCMs) applied to the
Greenland Ice Sheet do not have an ability to simulate slush and they
are all restricted to 1D simulations along the depth axis. Lateral flow of
meltwater and ponding, important in autumn SIF, therefore cannot be
simulated. Furthermore, RCM simulated firn structure and firn tem-
peratures in the lower accumulation area, essential to reliably simulate
SIF, are of limited accuracy28,46. In summary there are currently no
models suitable to simulate SIF on an ice-sheet-wide scale.

We aimed tomake a first-order estimate of Greenland-wide SIF on
ice slabs and to assess the relative importance of bottom-up and top-
down SIF. We do not claim to capture the full complexity of the pro-
cesses involved. Here we describe the model formulation and its
application to our field study area. Its ice-slabs-wide application is
described separately in ‘Ice-slabs-wide wetness and superimposed ice
formation’, below.

Our 1-dimensional heat flow model computes SIF based on the
amount of latent heat evacuated from slush. The heat flux follows the
temperature gradient between the slush (0°C) and the cold slab in the
case of bottom-up refreezing, or between the slush and cold snow
during top-down refreezing (Fig. 3).We assume that heat conduction is
the only mechanism of heat flux. Heat conduction is calculated
numerically in time steps of 200 seconds and along the depth axis in
10 cm layers.Weuse a density of 920 kgm-3 for ice and adensity of 400
kg m-3 for snow with a porosity of 0.4 and 5% initial irreducible water
content. This value of irreducible water content is located between the
classical value of 7 % indicated by ref. 47 and values used in regional
climatemodels, such as MARwhere it varies with depth from 7% at the
surface to 2% at 1mbelow the surface. Thermal conductivity was set to
2.25 W m-1 K-1 for ice and 0.5 W m-1 K-1 for snow at 400 kg m-3

(refs. 48,49). We used a specific heat capacity of ice of 2090 J kg-1 K-1

and latent heat of 334,000 J kg-1.
To model bottom-up SIF we assume that there is always slush at

0 °C on top of the impermeable ice slab. Slush is continuously
refrozen as its latent heat is released and conducted to the ice slab.
Temperatures at the bottom of the model domain are allowed to
fluctuate without prescribing a fixed bottom heat flux; at every time
step, the temperature change of the bottom-most grid cell equals
the temperature change in the cell above. We specified our bottom-
up model domain and initialisation according to thermistor string
measurements acquired at FS2, where the slab is >12 m thick13. The
model domain was 12 m deep, with the interface between slush and
ice slab located at 0 m depth. The model was initialised with a
measured firn temperature profile from 6 July 2022 14:15 UTC, the
moment where the thermistor closest to the ice slab surface reached
~0°C. After initialisation, the model ran independently of measured
firn temperatures. We then partitioned bottom-up SIF into its sum-
mer and autumn components according to the last day of the
summer melt season and the last day of residual wetness (according
to SAR acquisitions, below).

We model top-down SIF separately to bottom-up SIF, for two
major reasons. First, the thickness of the slush layer is unknown,
especially during autumn when both processes of SIF are active at the
same time. By modelling the two processes separately, we avoid the
need to prescribe the slush layer thickness. Second, the snowpack
overlying the layer of slush is also poorly constrained (Fig. 3). In our
field study area we evaluated the sensitivity of the model results to
snowpack thickness overlying slushby running our calculations for the
observed snowpack thickness of 0.6 m as well as snowpacks 0.5 × and
1.5 × thinner and thicker respectively. Initial irreducible water content

froze as the cold wave moved through the snowpack. The top model
boundary was taken to be the snow surface where the temperature
therefore varied according to the surface temperatures calculated by
the SEB/SMB model. The bottom boundary was fixed at 0°C. Model
runs started following the last day of surfacemelting and ended on the
last day of residual wetness.

Remote sensing of autumn residual wetness
Theoretical radar backscatter response to sub-surface meltwater.
Horizontally-transmitted, vertically-received (HV) backscatter inten-
sity observations (hereafter σHV

0 ) made by 5.4 GHz radar are highly
sensitive to the dielectric contrast between water and snow/ice and
penetrate up to a few metres of ice under dry conditions50. σHV

0 is
therefore indicative of water content in the uppermost metres of the
near-surface snow and firn.

To further verify the suitability of our approach to detect sub-
surface wetness we carried out a suite of radiative transfer (RT) mod-
elling experiments in the Snow Microwave Radiative Transfer (SMRT)
model51 using the sticky hard sphere (SHS) model (Supplementary
Methods). Our results indicate that variability in the liquid water con-
tent of the sub-surface layer dominates the reduction in the modelled
σHV
0 (Supplementary Discussion).

Synthetic Aperture Radar data. We used Synthetic Aperture Radar
(SAR) backscatter intensity data acquired by the European Space
Agency Sentinel-1 platform. Data availability prior to 2017 is insuffi-
cient for this study. Since 2017/2018 the acquisition strategy favours
more frequent data acquisition. We used Interferometric Wide mode
σHV
0 data, delivered as a ground-range-detected (GRD) product at 25m

resolution. Acquisitions weremore frequent from2017 until the end of
2021 when Sentinel-1B failed. All data were pre-processed following
standard procedures (Supplementary Methods).

Detecting residualwater presence.We detected residual water in the
upper several metres of the snow/firn/ice column following the end of
the melt season until the end of the calendar year by examining suc-
cessive autumn SAR acquisitions co-normalised by subtracting winter
reference scenes of the corresponding satellite orbit to yield bσ

HV
0

(ref. 27). This approach reduces variations in σHV
0 introduced by

observation geometry, terrain fluctuations and melt conditions
between images acquired at different times. Moreover, it allows to
account for spatial variations in surface and subsurface hetero-
geneities (e.g. surface roughness, sastrugi, ice lenses, ice pipes, per-
colation pipes) that affect the spatial variations in σHV

0 . Therefore, we
assume that these heterogeneities are temporally non-varying, such
that changes in the cross-polarization backscatter can be attributed
solely to changes in dielectric permittivity rather than surface rough-
ness and volume scattering52.

We generated a winter reference scene for each orbit by calcu-
lating the median of all data acquired between 1 March and 16 April
each year between 2017 and 2022. Next, we co-normalised scenes
acquired between July and December each year using the corre-
sponding reference scene. When the snow/firn column is completely
frozen the bσ

HV
0 distribution is zero-centred with little variance (Suppl.

Fig. 4, green curve). Conversely, whenwater is present in the column it
can be detected as an anomaly relative to background bσ

HV
0 (Suppl.

Fig. 4, purple curve.).
To identify the threshold at which bσ

HV
0 pixels can be considered

wet we used the 1st percentile of bσHV
0 in May 2021 (i.e. prior to surface

melting) across all ice slabs asmapped by12 (Suppl. Fig. 4, green curve).
We added the Sentinel-1’s radiometric sensitivity of -1 dB, yielding a
wetness detection threshold Twet <−2.17 dB (Suppl. Fig. 4, blue vertical
line). To evaluate uncertainty in our wetness durations we varied our
threshold by ± 0.3 dB, which is the stated 1σ precision of the Sentinel-1
sensor53.
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Ice-slabs-wide wetness and superimposed ice formation
Ice slabs extent. We used observationally-derived ice slab extents at
500m resolution12. This data product distinguishes between the ‘most
likely’, ‘minimum’ and ‘maximum’ slab extents. We estimated SIF over
each of these extents during the period 2017 to 2022.

Identifying the end of the melt season. Passive microwave radio-
metry (PMR) is widely adopted to detect surface melting over the
Greenland Ice Sheet. We used Ka band (37 GHz) horizontally polarized
brightness temperatures measured on a daily basis by the SSMI/S-
F17 sensor and binned at a spatial resolution of 3.125 km54. At this
frequency PMR interacts with the uppermost few centimetres of the
ice sheet surface and is thus indicative purely of surficial water status.
Surface melting is detected for a pixel when the measured brightness
temperature is higher than a threshold value. The threshold is dyna-
mically computed for each pixel and for every year according to the
simulations of a microwave emission model30. We considered all data
up to 30 September each year. In each pixel we identified the last day
of surface melting each year.

Autumn residual wetness. We defined the residual wetness duration
as between the end of surface melting (PMR) and the last date of
residual wetness (SAR).

We analysed ascending and descending orbits of Sentinel-1
separately. We preferentially used data from ascending orbits to
mitigate against conflicting geo-location errors present in the Google
Earth Engine version of the Sentinel-1 data (Supplementary Methods).
This approach limits the temporal resolution to the relative orbit of the
chosen orbit direction: 5 days when Sentinel-1B was active, otherwise
11 days. We multi-looked to 500 m resolution, matching the ice slab
extents dataset.

We excluded two short periods of SAR data as follows: 26 Nov
2021 and 28–31 Oct 2022. During both these periods temperatures
rose briefly to ~ 0 °C, causing identification of surface melting which
wasnot indicative ofmulti-day sub-surfacewetness. The snowpackhad
already undergone several weeks of atmospheric cooling, making it
highly likely that any surface melt refroze in the upper snow-
pack before it could reach the slab surface.

Bottom-up SIF. We calculated the slab-wide amount of bottom-up
SIF in summer and autumn by running our 1-D heat flow model over
the 10 km grid of the regional climatemodel MAR and then resolving
the end of residual wetness using SAR measurements at 500 m
resolution.

To simplify computation over all ice slabs and because the slabs
extent dataset by ref. 12 does not also provide slab thickness, we
assumed that slabs are 12m thick like at FS2. This value is roughly in the
middle of the observed ice-sheet-wide slabs thickness range: well-
developed slabs have a median thickness of 15 m, while slabs in
development or initiation have a median thickness of around 5–11 m11.
We checked the sensitivity of ourmodel to slab thickness by repeating
the model run at FS2 (Fig. 2) with slab thicknesses of 5 and 15 m. Over
this thickness range, SIF at the end of themelt season on 18 September
varied by <2 mm w.e. and so we conclude that prescribing slab thick-
ness of 12 m has a negligible impact on our results.

We specified the initial slab temperature profile in each grid cell
based on observation-derived monthly 10 m firn temperatures
(T10m) interpolated across the ice sheet at 0.1° resolution28. We used
this dataset to scale our initialisation profile measured at FS2 so that
T10m agreed with the closest value T10m local in July each year. Tem-
peratures at all depths were then multiplied by T10m local/T10m FS2

which preserves the condition of 0°C at the top of the ice slab. To
assess the sensitivity of bottom-up SIF to the initial temperature
profile, we ran the model using T10m ± their associated per-pixel
uncertainty estimate.

The simulation period was individual to each grid cell. The simu-
lation commenced when meltwater was inferred to percolate to the
top of the slab for the first time. This date is logically always some
time after surfacemelt begins, so we cannot use PMR for this purpose.
Insteadwe usedMAR v3.14.037 forced by ERA-555 to identify the date on
which modelled runoff from beneath the seasonal snowpack com-
menced.MAR simulates solid ice layers below seasonal snowpack in all
ice slab areas and modelled runoff therefore begins once meltwater
has warmed the snowpack and percolated down to the ice layer.

In principle the bottom-up SIF attributable to summer ceases at
the end of the melt season determined by PMR. However, we also
needed to account for the possibility that the snowpack melts away
before the end of the melt season, exposing the slab at the surface,
which can be relevant towards the lower elevations of slabs. If a cell
became snow-free according to MAR then we halted summer-time
bottom-up SIF accordingly and subtracted any subsequent melting
from the already-formed SI.

We calculated autumn bottom-up SIF by allowing the bottom-up
model to continue into autumn beyond the end of surfacemelting for
as long as residual wetness determined by SAR (at 500 m resolution)
was present.

Top-down SIF. Like bottom-up SIF we ran the top-down SIF model
over the MAR grid. We initialised the model with an isothermal 0°C
snowpack with 5% irreducible water content then forced it with MAR
v3.14.0 surface temperatures at the topmost snow layer in each
numerical time step. As soon as subzero temperatures reached the
snow-to-slab interface then top-down SIF could begin.

In each cell the simulation started the day after the end of themelt
season according to PMR. We ran the simulation until the end of the
year. Then, we used the residual wetness durationmeasured by SAR to
determine the end of top-down SIF at 500m resolution. The thickness
of the overlying snowpack was held constant, which means that
snowfall events were not included. We considered using MAR end-of-
season snowpack thicknesses but found them to be spatially inco-
herent, so instead we investigated SIF under 0.5, 1.0 and 1.5 m of
overlying snowpack to provide bounds on model sensitivity.

Top-down autumn SIF is likely to be more complicated than our
first-order simplified approach. For instance, although rarely observed,
slush fields can suddenly appear at the surface during cold periods,
which may have similarities to aufeis formation in Arctic terrain56–58.
Further consideration is beyond the scope of the present study.

Data availability
Source data are provided with this paper. Field data and the outputs
from this study are available at https://doi.org/10.5281/zenodo.
15089547. ArcticDEM was provided by the Polar Geospatial Center
(https://www.pgc.umn.edu/data/arcticdem/). Melt and runoff outputs
from the SEB/SMB model used in our study area are available in our
main repository. The weather station data underlying the SEB/SMB
model outputs are available from the Programme for Monitoring of the
Greenland Ice Sheet (https://promice.org/). Sentinel-1 and Sentinel-2
data are acquired by the Copernicus Programme of the European Space
Agency. These data were either downloaded from the Alaska Satellite
Facility Distributed Active Archive Center (https://asf.alaska.edu) or
processedwithinGoogle Earth Engine (https://earthengine.google.com).
Passive Microwave Radiometry data can be retrieved from the National
Snow and Ice Data Center (https://nsidc.org/data/nsidc-0630/). MAR
outputs are available at http://ftp.climato.be/fettweis. Ice slab extents
are available at https://doi.org/10.5281/zenodo.10892397. Firn 10 m
temperatures are available at https://doi.org/10.22008/FK2/TURMGZ.
Ice sheet drainage divides are available at https://doi.org/10.7280/
D1WT11. The outline of Greenland was provided by Natural Earth
(https://www.naturalearthdata.com/). Source data are provided with
this paper.
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Code availability
Analysis scripts are available at https://doi.org/10.5281/zenodo.15089547.
The Snow Microwave Radiative Transfer Model is available at https://
smrt-model.science/ and was run using the code available at https://
colab.research.google.com/drive/
1DH6btbeiBTrM3fCByihu4LlFYC79ADuP.
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