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Abstract Ice-marginal lakes can affect glacier dynamics but are ignored in studies of the evolution of the
Greenland ice sheet (GrIS) and of peripheral mountain glaciers and ice caps (PGICs). Here we show that lakes
occupy 10% of the GrIS ice margin and occur on 5% of PGICs. Ice velocity at the GrIS margin is enhanced

by ~ 25% at lakes versus on land. Mean ice discharge into lakes is ~4.9 Gt.yr, which is ~1% of ice discharged
through marine termini. We locate thousands of subglacial overdeepenings within which 7,404 km? of future
lakes could form, all of which will be ice-marginal at some time. Future lakes in the west and east will be
restricted to the margin of the GrIS and within alpine valleys, respectively. This status and possible future leads
us to contend that lakes should be incorporated into projections of Greenland ice loss.

Plain Language Summary Lakes forming on the edges of glaciers can affect ice dynamics but
are not included within numerical models of the Greenland ice sheet (GrIS) or of peripheral mountain glaciers
and ice caps (PGICs). We show that lakes presently occupy 10% of the GrIS ice margin and occur on 5% of
PGICs. We determine that ice is typically moving 25% faster in the vicinity of lakes than at land margins. We
estimate that ice discharge into lakes is ~4.9 Gt.yr, which is 1% of that through marine glaciers. We identify
thousands of depressions in the landscape that could hold future lakes as glaciers retreat from them. Overall,
understanding of lake evolution should be incorporated into projections of Greenland ice loss and runoff.

1. Introduction

The future evolution of the Greenland Ice Sheet (GrlS) is of global concern because its meltwater runoff will
contribute tens to hundreds of millimeters of sea level rise through the next century (Goelzer et al., 2020; Hofer
et al., 2020; Pattyn et al., 2018; Shepherd et al., 2020; Slater et al., 2020). Especially prominent changes are occur-
ring along the GrIS ice margin as runoff accumulates and the ice margin retreats across complex topography,
leading to the formation of more ice-marginal proglacial lakes (Carrivick & Quincey, 2014; How et al., 2021;
Shugar et al., 2020). The observed increase in the number and size of lakes is concerning, as transition from
land-to lake-terminating ice margins can accelerate ice flow through reductions in longitudinal buttressing force
and basal drag near the ice margin due to buoyancy effects (e.g., Carrivick et al., 2020 and references therein).
Increases in lake-terminating ice-marginal environments will also increase potential for more rapid ice sheet
mass loss through both iceberg calving and lake-enhanced melt of the ice margin itself (e.g., Schomacker, 2010).
Ice-marginal lakes have also been invoked as a potential catalyst for inducing exceptionally rapid ice margin
retreat (Carrivick et al., 2020; Hinck et al., 2020; Quiquet et al., 2021; Sutherland et al., 2020), especially where
there is progressive ice-margin retreat down a retrograde bed slope (Truffer and Motyka, 2016) in a manner
highlighted for marine termini by Crawford et al. (2021). These effects of ice-marginal lakes are not directly
incorporated into projections of long term GrlIS change.

There has been a recent upturn in the attention afforded to ice-marginal lakes as the importance of glacier-lake
interactions has become clearer (Carrivick et al., 2020). How et al. (2021) provided a comprehensive and
robust inventory of ice-marginal lakes across Greenland and Mallalieu et al. (2021) provided compelling
evidence that lakes have a disproportionate impact on ice margin retreat; along a 5,000 km stretch of the
western margin of the GrIS margin, retreat between 2010 and 2015 was >4 times greater at lake-terminating
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margins than that at land-terminating margins. However, glacier terminus recession at lake-terminating
margins is typically an order of magnitude lower than at marine-terminating glaciers, as shown by
comparing Mallalieu et al. (2021: their Table 4) to the hundreds of meters of retreat per year (between
1985 and 2018) reported for hundreds of tidewater glaciers by both King et al., (2020, their Figure 2) and
Fahrner et al. (2021).

Though retreat rates of lake margins are less than marine margins, the length of the ice-margin that lakes occupy
has not been analyzed, meaning their relative importance is currently unknown. Furthermore, ice discharge into
these ice-marginal lake systems is unquantified, especially relative to their marine- and land-terminating coun-
terparts. Perhaps most crucially, the likely evolution of these lakes as the ice margin retreats and thins has not
been considered, leaving an open question of how ice-marginal lakes will affect future GrIS recession, mass loss
and runoff. Regarding sea level contributions, more lakes and larger lakes could most simply act as bigger water
storages if they are endorheic (i.e., have no terrestrial outflow to a river/ocean). However, it is most likely that
lakes will fill up to a spillway threshold and then drain freely.

Runoff into the North Atlantic affects ocean circulation and hence the climate of western Europe, which has
feedback on human health, behavior and economy (McMichael et al., 2006; Siegert et al., 2020). In Greenland,
runoff locally affects the downstream ecosystems, landscape evolution, and the residing population and economy,
including hunting, fishing, mining, and hydropower. The aim of this study is therefore to quantify the present
status of ice-marginal lakes across Greenland and suggest a possible future state of lakes, ultimately to inform
inclusion of ice-marginal lakes with GrIS evolution simulations.

2. Datasets and Methods

The inventory of ice-marginal lakes by How et al. (2021) was taken to be the most contemporary and internally
consistent data set available for our analysis and pertains to the year 2017. An ice-margin for the GrIS was derived
from the glacier catchments/basins data set of Mouginot and Rignot (2019) and from our own 30 m resolution
semi-supervised landcover classification derived from Landsat 8 Operational Land Imager imagery from the
summer seasons (July—September) of 2016 to 2019 inclusive. We also herein use the Mouginot and Rignot (2019)
basin delineations to aggregate our results by major regions of Greenland (Figure 1). A Greenland coastline for
year 2017 was derived from the 150 m resolution land mask BedMachine (v3) datasets and updated for glacier
front positions in 2017 by Gerrish (2020).

In this study, these ice sheet and ice-marginal lakes datasets were intersected and the ice sheet and the coastline
were intersected to delineate our lake boundaries and marine termini, respectively (Figure SI_1 in Supporting
Information S1). We computed the number and length of glacier-lake boundaries for the GrIS and for the periph-
eral mountain glaciers and ice caps (PGICs), the total area of lakes adjoining glaciers, the ice discharge (as a
function of the velocity and ice thickness) through each lake boundary and the drainage basin/catchment area for
each lake. PGICs were those in Randolph Glacier Inventory v6 obtained from GLIMS (2021) (Raup et al., 2007).
Boundaries were represented as points with 200 m spacing to ensure consistency with the resolution of the ice
margin of Mouginot and Rignot (2019), which we relied on for our length calculations, and to match the resolu-
tion of the velocity grids of Joughin (2020). Ice discharge was calculated as the product of the ice thickness from
BedMachine v4 (Morlighem et al., 2021) and ice velocity, for which we computed the mean of five ice sheet wide
200 m resolution annual datasets from December 2014 to November 2019 by Joughin (2020). The drainage basin/
catchment for each lake was determined using hydrological analysis of the ice surface data set of BedMachine
v4. Catchments were estimated via computation of a flow direction grid that was derived from a digital elevation
model (DEM) from BedMachine v4 (Morlighem et al., 2021), smoothed using a moving window of 10 cells,
and then filled local depressions. More details of all the datasets we used and generated and our methods are in
Supporting Information S1.

We also considered possible locations and size of lakes in the future by analyzing topographic basins, or subgla-
cial overdeepenings, that will become revealed and available to hold meltwater as the GrIS margin retreats
inland. We generated a future GrIS outline by subtracting the mean ice thickness change as suggested by multiple
models at 5 km resolution in the ensemble study of ISMIP6 (Goelzer et al., 2020; see their Figure 6a) from the
BedMachine v4 ice thickness. We determined overdeepenings by filling local depressions in the BedMachine v4
(Morlighem et al., 2021) bed topography data set. Overdeepenings were filtered for >0.1 km? to be mindful of the
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111 resolution of the datasets and uncertainty within them (see our Supporting
Information S1). Those overdeepenings intersecting the coastline and below
sea level were interpreted as fjord troughs and excluded from our reported
statistics of possible future lakes (Figure 4). We are unable to consider the
rate of lake growth or whether lakes might drain, for example,

3. Results

75°0'0"N

How et al. (2021) identified 2,399 ice-marginal lakes >0.05 km? on the GrIS
and 948 on PGICs, with a total area of 3,214 and 761 km?, respectively.
This study finds a total lake-glacier boundary length of 3,176 km (Table
SI_I in Supporting Information S1), which means that on average 10% of
the GrIS has an ice-marginal lake boundary, and there is one lake every
13 km length of the GrlIS ice margin. For PGICs, ~5% of those margins
terminate in an ice-marginal lake. Ice-marginal lake environments therefore

70°0'0"N

substantially exceed those of marine termini, which total 1,698 km or 5%
of the GrIS margin length, and they total 615 km on PGICs (Table SI_1 in
Supporting Information S1). Marine termini occupy 486 km, or 12% of the
regional ice margin length in the north-west (NW) region, 8% in central-west
(CW) and 6% in north (NO) and south-east (SE) (Table SI_1 in Supporting
Information S1).

65°0'0"N

Boundary t
ou'm a y.p © In the NO region 15% of PGICs have lakes. Four regions stand out for
e ice-marginal lake

« marine containing the greatest number and total size of ice-marginal lakes; namely
NO PGICs with 28% of the total PGICs lake number and 17% of the total
PGICs area, NE GrlIS with 24% of the total GrlS lakes number and 35% of
the total GrIS area, NE PGICs with 25% of the total PGICs number and 38%

0 250 500 -
s Kms.

60°0'0"N

T T T
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Figure 1. Overview of location and number of ice-marginal proglacial lakes

of the total PGICs area, and south west (SW) GrIS with 28% of the total GrIS
number and 29% of the total area of ice-marginal lakes on the GrIS (Figure 1;
Table SI_1 in Supporting Information S1).

(IMLs) and marine termini discriminated per region both on the edge of the The total length of glacier — lake boundaries is 3,176 km on the GrIS, which

Greenland Ice Sheet (GrIS) and on peripheral ice caps and glaciers (PGICs).
Regions are those by Mouginot and Rignot (2019), where NO denotes North,

is 10% of the total GrIS ice margin, and 795 km on PGICs. The greatest

NE north east, CE central east, SE south east, SW south west, CW central west proportions of the GrIS with lake boundaries occur in the NE (26% of the

and NW north west.

region ice margin length), SW (17%), CW (16%) and NO (11%) (Table SI_1

in Supporting Information S1). Glacier — lake boundary lengths do not vary

greatly between regions and have a median length of ~0.5 km long on both
the GrIS and on PGICs (Figure 2a). They are unusually long and >1 km in the SE PGICs (Figure 2a). In contrast,
the length of marine termini do vary greatly between regions, and tend to be longer on the GrIS than on PGICs
and are greatest (median >3 km) in the NW, NO, NE and CW regions (Figure 2a).

Ice velocity at lake boundaries is greater than at land boundaries for all regions of the GrIS (Figure 2b). With all
regions combined the lower quartile, median, and upper quartile of ice velocity for lake boundaries is 25%, 25%
and 30% greater than for on land, respectively. The lakes - land difference (both absolutely and proportionally) is
most pronounced in the CE and CW regions (Figure 2b). In comparison, our marine boundaries have a median
velocity of 158 m.yr~! (the skewed distribution has a mean of 678 m.yr™!) and so with the flux gate analysis
of tidewater glaciers by Mouginot et al. (2019), which shows typical ice velocities of hundreds to thousands
of meters per year, it can be inferred that ice velocities into lakes, whilst enhanced relative to land-terminating
margins, are one to two orders of magnitude lower than at marine boundaries.

The total drainage basin area/catchment size of ice-marginal lakes across Greenland has an upper limit of between
408,880 and 497,600 km?, or 24%—29% of the total GrlS area (Figure 3a). Given that we used hydrological
analysis on a smoothed 150 m DEM and Mankoff, Noél, et al. (2019) used different hydrological tools on a
100 m DEM it is encouraging to see broad agreement in our lake catchment estimates and their land catchments
(Figure 3a); they did not discriminate lakes. It is perhaps useful to note that the hydrological outlets and basins
datasets of Mankoff, Nogl et al. (2019, see their Figure 1) suggest a total drainage basin/catchment area of
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land-terminating (including lakes) parts of the GrIS to be 589,700 km?, or 34% (Figure 3a). Our lower estimate
is without any leniency for error in the boundary positions and mindful of the 200 m velocity grid resolution,
whilst the higher estimate is more lenient by allowing a 500 m tolerance in boundary position and in ice drain-
age routing (which is in part derived from the velocity grid). The reason for suggesting that this estimate of
drainage basin/catchment areas to ice-marginal lakes is an upper limit is because low-order drainage lines (in
the vicinity of lakes) link to higher-order lines (in outlet glaciers) and knowing where to limit the extent of the
analysis is a very subjective decision. Nonetheless, some ice-marginal lakes have drainage basins/catchments that
might stretch into the interior of the GrIS (Figure 3); although if so, they considerably overlap marine-termini
catchments. Some overlap is possible between lake and marine catchments with our method because not all
ice-marginal lakes are at glacier termini; some are on flanks of outlet glaciers. The median size of an ice-marginal
lake drainage basin, using our most conservative or least lenient method, is 159 km? (Figure 3b), but there is a
large inter-quartile range of 26-839 km?. For comparison and as will be discussed later, Mouginot (2019) states
that ~ 86% of the GrIS drains through marine termini.

We estimate that ice discharge through ice-marginal lake boundaries totals 4.9 Gt.yr~! and that the SW region
contributes 37% of this total (Table SI_2 in Supporting Information S1). A large (~30 km?) lake at Uukkaasor-
suaq, which lies in the SW region of Greenland and ~45 km east from the settlement of Paamiut stands out for
receiving a relatively very large discharge of ice estimated at 0.74 Gt yr~!. Tininnilik in the CW region receives
~0.18 Gt yr~!. There are five lakes in total estimated to receive >0.1 Gt yr~! and 84 lakes receiving >0.01 Gt yr~!.
For our marine boundaries, we calculate a total of 426 Gt yr~! ice discharge, which is in good agreement with the
488 + 49 Gt yr~! reported for tidewater glaciers by Mankoff, Colgan, et al. (2019) but less than the 555 Gt yr~!
reported by Mouginot et al. (2019) for the year 2018 (and mean 535 Gt yr~! for 2009-2018). Our ice discharge
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through marine boundaries is in good agreement in pattern between regions
with those of Mouginot et al. (2019; see our Table SI_3 in Supporting
Information S1). Therefore, our conservative estimate of the ice flux into
ice-marginal lake margins is ~1% of the marine total but given the ice thick-
ness uncertainty (see our Supporting Information S1) could be up to 3.2%.

In the future, up to the year 2100, proglacial lakes could form within 6,247
topographic basins/overdeepenings >0.1 km? (Figure 4). Overdeepenings
below sea level are not included in our statistics because once ice disappears
from and exposes those troughs, they will become flooded by seawater as
fjords (Figure 4). Assuming all these overdeepenings are simultaneously full,
which is very unlikely as the ice margin will retreat progressively inland, then
future lakes could total 7,404 km?(Figure 4). The greatest changes in distribu-
tion of lakes between the present (Table SI_1 in Supporting Information S1)
and those possible in the future (Table SI_3 in Supporting Information S1)
could be in the CE region (+14% of the GrIS total) and the SW (—14%). The
greatest changes in the total size/coverage of lakes per region could be in the
CE (+18%) and in the NE, NO and SW regions (—15%, —10% and —24%,
respectively). This spatial variability in possible lake formation is because
the ice sheet margin in the west is not projected to retreat inland greatly
(Figure 4), despite a lot of the ice being on a retrograde slope. In contrast,
future lakes in the east could form abundantly within numerous deglaciated
deep valleys (Figure 4). Some future lakes could be extremely large; 59 lakes
>20, 14 lakes >50 and 3 lakes >100 km?, with the largest being 161 km?.
Notwithstanding the fact that not all these lakes will co-exist, the median size
of possible future lakes is 0.24 km?, which is 50% greater than at present, and
the inter-quartile range increases from 0.15 at present to 0.57 km?.

4. Discussion

Ice-marginal lakes are ubiquitous and pervasive in all parts of Greenland,
both on the GrIS and across Greenland PGICs (Figure 1) but studies of their
evolution and ice-interactions tend to be on individual lakes only (e.g., Carriv-
ick & Tweed, 2019; Carrivick et al., 2017; Grinsted et al., 2017; Kjeldsen
et al., 2017; Mallalieu et al., 2017, 2020; Weidick and Citterio, 2011; and
references therein). As the quality and quantity of remotely-sensed imagery
increases and as computing power expands, there is increasing ability to not
only inventory these lakes (c.f. How et al., 2021) but also to capture their
dynamics; for example, many lakes in Greenland often fill, drain, coalesce
or become detached from ice margins (Carrivick & Quincey, 2014; Carrivick
& Tweed, 2019).

The boundary between a glacier and a lake is the interface through which
mass and energy interactions occur; most profoundly by water exchanges
(e.g., runoff supraglacially and subglacially), sediment deposition, mechan-
ical forces (e.g., longitudinal stress, buoyancy) and thermal energy fluxes
(e.g., direct melt of the ice margin and impacts on the proglacial water body)
(Carrivick & Tweed, 2013; Carrivick et al., 2020; Truffer and Motyka, 2016).
Therefore, the length of that boundary is a key parameter to determine to
quantify any effects of that lake on glacier morphology and behavior. Other

key properties are lake depth and lake water temperature (Carrivick et al., 2020), but these are rather more diffi-
cult to derive from remote sensing and field data on both is extremely sparse. Notably, some progress on deter-
mining ice-marginal lake surface temperatures has recently been made (Dye et al., 2021) but remotely-sensed
surface temperatures are limited, as they do not effectively represent water temperature at depth, or temperature
through the water column and associated seasonality (c.f. Sugiyama et al., 2021). The length (and thickness) of
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Figure 4. Location, number and size of overdeepenings, within which lakes could form in the future. Future 2,100 ice extent
is the mean of several models at 5 km resolution evaluated and reported by Goelzer et al. (2020). Inset statistics are for the
whole of the Greenland ice sheet (GrIS), not just the southern part, which is depicted here to highlight the spatial differences.
Note that the possible future lakes are a maximum estimate because not all will be ice-marginal simultaneously; many

will become detached from the ice margin, and because we cannot suggest if all overdeepenings will completely fill with
meltwater and not drain.

a glacier — lake boundary is important for controlling lake evolution. Specifically, it has been correlated with the
rate of ice-margin change (and therefore lake evolution) in west Greenland (Mallalieu et al., 2021) and the Gulf of
Alaska (Field et al., 2021). Given that we have established that 10% of the GrIS is presently in contact with a lake,
and that individual glacier-lake boundaries can be many kilometres long (Figure 2), then greater attention needs
to be given to these environments if the future evolution of the GrIS is to be better understood. How GrIS and
PGIC ice discharge will evolve in response to the formation of (more and larger) ice-marginal lakes is unknown
but will be dependent on location-specific topographic settings.

Comparing our catchments for lakes and those for land and marine-termini (Mouginot, 2019; Mankoff, Noél
etal., 2019) shows some agreement (Figure 3a), some dependence on datasets and methods, but also considerable
uncertainty in the accuracy of results. Catchments delineated using analysis of ice dynamics (c.f. Mouginot and
Rignot, 2019) are too coarse for ice-marginal lake analysis owing in part to the method but also because catch-
ments for many parts of the land-terminating sectors of the ice sheet being aggregated by those authors. There is a
clear need for refining the catchments of ice-marginal lakes to understand the inland/up-ice extent of glacier-lake
boundary influences/effects. Price et al. (2008) have modeled ice-marginal perturbations propagating tens of
kilometres inland or up-ice, which accords with longitudinal coupling being effective up-stream between four and
10 times ice thickness (Cuffey & Paterson, 2010). The spatial scale of these effects for glaciers with ice-marginal
lakes needs resolving because they are likely to be smaller and slower than that considered by Price et al. (2008).
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The presence/absence of a lake, water level, water temperature and any sudden changes in those lake properties
could affect glacier dynamics within lake catchments. Importantly, the alpine literature (e.g., see citations within
Carrivick et al., 2020) and numerical models (Hinck et al., 2020; Quiquet et al., 2021; Sutherland et al., 2020)
show that these effects could persist many kilometres up-ice from those lakes, especially where glaciers sit on
retrograde bed slopes (i.e., overdeepened valleys/basins).

Ice velocities on the edge of the GrIS are locally enhanced by ice-marginal lakes compared to those from land
terminating margins (Figure 2b, Figure SI_1b in Supporting Information S1) typically by a factor of ~+25%. The
association of faster-flowing ice with ice-marginal lakes compared to glaciers terminating on land is relatively
well-documented elsewhere (e.g., Baurley et al., 2020; Dell et al., 2019; King et al., 2018; Liu et al., 2020; Pronk
et al., 2021; Sato et al., 2021; Sutherland et al., 2020; Tsutaki et al., 2013, 2019, 2011). However, for the GrIS,
whilst ice velocities might be higher in the vicinity of lakes than at land-terminating ice-margins (Figure 2b,
Figure SI_1b in Supporting Information S1), this does not currently translate into receipt of very much ice
(discharge) because; (a) whilst acknowledging the large uncertainty in the ice thickness data set especially on the
margins of the GrIS the ice in those areas is thin, at least in comparison to the thickness of marine terminating
outlet glaciers (Figure SI_1b and 1d in Supporting Information S1) and, (b) at present ice-marginal lakes on the
GrlS are predominantly situated on the lateral margins of glaciers, that is, oblique to the main flow direction,
rather than at termini (e.g., Figure SI_1la in Supporting Information S1).

Future lakes in west Greenland will probably remain restricted to the ice margin, which is not projected to change
much in its position compared to the east (Figure 4). In contrast, in east Greenland the projected future deglaci-
ation of deeply incised valleys reveals a landscape conducive to retaining lakes that are both numerous and large
(Figure 4), and these topographic settings will be conducive to a much higher proportion of those lakes (than at
present) forming at glacier termini where they can have a much more profound impact on ice dynamics. Thus,
the future of east Greenland in terms of ice-marginal lakes developing on glacier termini will become rather more
like the situation for PGICs at present. Furthermore, our analysis shows how some marine-terminating outlet
glaciers (in all regions of Greenland) will lose contact with the ocean/coastline and their termini will retreat
inland to become land-terminating (Figure 4), as has already been happening over the last decades (Kochtitzky &
Copland, 2022). Notwithstanding that lake effects on glaciers predominantly operate on time-scales of decades
(Carrivick et al., 2020; Sutherland et al., 2020), which can be an order of magnitude less than effects of marine
boundaries on ice sheets, these conditions of more and larger lakes (Figure 4) lead us to suggest that the relative
importance of lakes on the GrIS could increase in the future.

5. Conclusions

Lake-terminating ice margins are approximately twice as extensive on the GrIS as their marine counterparts.
Yet relatively little is known about them and how they might evolve in the future. Ice velocity into lakes is
typically 25% greater than for glaciers that terminate onto land. The difference in velocity between lake- and
land-terminating parts of the ice margin is most pronounced in the CE and CW regions. As much as 24% to
34% of the GrlIS area could now deliver ice into ice-marginal lakes, but these lake catchments overlap those of
marine termini and they have a large uncertainty dependent on datasets and methods used. Ice discharge into
ice-marginal lakes around the GrIS is estimated to be 4.9 Gt.yr, which is just 1% of that through marine termini
at present. However, as many marine termini can be expected to become land-terminating in the future and as
proglacial landscapes expand revealing overdeepenings into which meltwater will pond to form lakes, the relative
importance of ice-marginal lakes on GrIS evolution can only be expected to increase. Resolving the importance
of glacier — lake interactions for the future evolution of the GrlS requires intensive and extensive field data,
spatio-temporal lake inventories, much better delineation of lake catchments, and incorporation of lake-glacier
interactions as mechanistic processes and feedbacks into ice sheet models.

Data Availability Statement

Ice-marginal lakes are available from How et al. (2021). https://catalogue.ceda.ac.uk/uuid/7ea7540135¢f-
441369716ef867d217519. Greenland ice sheet catchments are available from Mouginot and Rignot (2019) http://
doi.org/10.7280/D1WT11. Hydrological catchments of the GrlIS are available from Mankoff, Nogl et al. (2019)
https://dataverse01.geus.dk/dataverse/freshwater. A Greenland coastline is available from Gerrish (2020) http://

CARRIVICK ET AL.

70f9


https://catalogue.ceda.ac.uk/uuid/7ea7540135f441369716ef867d217519
https://catalogue.ceda.ac.uk/uuid/7ea7540135f441369716ef867d217519
http://doi.org/10.7280/D1WT11
http://doi.org/10.7280/D1WT11
https://dataverse01.geus.dk/dataverse/freshwater
http://doi.org/10.5285/8CECDE06-8474-4B58-A9CB-B820FA4C9429

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL099276

Acknowledgments

The Greenland ice-marginal lake
inventory was funded by the European
Space Agency (ESA; 4000109873/14-1-
NB) Glaciers Climate Change Initiative
Phase 2, Option 6, titled “An Inventory
of Ice-Marginal Lakes in Greenland.” PH
is funded under an ESA Living Planet
Fellowship (4000136382/21/1-DT-Ir) that
continues this work, entitled ‘Examining
Greenland's Ice Marginal Lakes under

a Changing Climate’. Additional thanks
to the researchers at Asiaq Greenland
Survey for their continued involvement
in the ice-marginal lake classification
processing and analysis. MG was in
receipt of Natural Environment Research
Council Doctoral Training Partnership
award NE/L002574/1 whilst complet-
ing work for this study. Heiko Goelzer

is thanked for sharing the ensemble
mean ice thickness change grid from

the ISMIP6 study. Victoria Lee and
Morlighem et al. (via NSIDC) are both
thanked for (separately) sharing BedMa-
chine datasets. Two anonymous reviewers
are thanked for their helpful comments
that improved this manuscript.

doi.org/10.5285/8 CECDE(06-8474-4B58-A9CB-B820FA4C9429. PGICs are available from RGI v6 obtained
from GLIMS (2021; Raup et al., 2007) http://glims.colorado.edu/glacierdata/. Annual ice velocity grids are avail-
able from Joughin (2020) https://nsidc.org/data/nsidc-0725/versions/2. Ice surface elevation, ice thickness, ice
sheet bed topography from BedMachine v4 (Morlighem et al., 2021) http://doi.org/10.5067/VLISYXKCNGXO.
Our shapefiles of lake and marine boundaries (lines), ice discharge into lakes (points), lake catchments (poly-
gons) and overdeepenings/possible future lakes (polygons) are available via the Research Data Leeds Repository
http://doi.org/10.5518/1107.

References

Baurley, N. R., Robson, B. A., & Hart, J. K. (2020). Long-term impact of the proglacial lake Jokulsarlén on the flow velocity and stability of
Breidamerkurjokull glacier, Iceland. Earth Surface Processes and Landforms, 45(11), 2647-2663. https://doi.org/10.1002/esp.4920

Carrivick, J. L., & Quincey, D. J. (2014). Progressive increase in number and volume of ice-marginal lakes on the western margin of the Green-
land Ice Sheet. Global and Planetary Change, 116, 156—163. https://doi.org/10.1016/j.gloplacha.2014.02.009

Carrivick, J. L., & Tweed, F. S. (2013). Proglacial lakes: Character, behaviour and geological importance. Quaternary Science Reviews, 78,
34-52. https://doi.org/10.1016/j.quascirev.2013.07.028

Carrivick, J. L., & Tweed, F. S. (2019). A review of glacier outburst floods in Iceland and Greenland with a megafloods perspective. Earth-Science
Reviews, 196, 102876. https://doi.org/10.1016/j.earscirev.2019.102876

Carrivick, J. L., Tweed, F. S., Ng, F., Quincey, D. J., Mallalieu, J., Ingeman-Nielsen, T., et al. (2017). Ice-dammed lake drainage evolution at
Russell Glacier, West Greenland. Frontiers of Earth Science, 5, 100. https://doi.org/10.3389/feart.2017.00100

Carrivick, J. L., Tweed, F. S., Sutherland, J. L., & Mallalieu, J. (2020). Toward numerical modeling of interactions between ice-marginal progla-
cial lakes and glaciers. Frontiers of Earth Science, 8, 500. https://doi.org/10.3389/feart.2020.577068

Crawford, A. J., Benn, D. I., Todd, J., Aslrbm, J. A., Bassis, J. N., & Zwinger, T. (2021). Marine ice-cliff instability modeling shows mixed-mode
ice-cliff failure and yields calving rate parameterization. Nature Communications, 12(1), 1-9. https://doi.org/10.1038/s41467-021-23070-7

Cuffey, K. M., & Paterson, W. S. B. (2010). The physics of glaciers. Academic Press.

Dell, R., Carr, R., Phillips, E., & Russell, A. J. (2019). Response of glacier flow and structure to proglacial lake development and climate at
Fjallsjokull, south-east Iceland. Journal of Glaciology, 65(250), 321-336. https://doi.org/10.1017/jog.2019.18

Dye, A., Bryant, R., Dodd, E., Falcini, F., & Rippin, D. M. (2021). Warm Arctic proglacial lakes in the ASTER surface temperature product.
Remote Sensing, 13(15), 2987. https://doi.org/10.3390/rs13152987

Fahrner, D., Lea, J. M., Brough, S., Mair, D. W., & Abermann, J. (2021). Linear response of the Greenland ice sheet's tidewater glacier terminus
positions to climate. Journal of Glaciology, 67(262), 193-203. https://doi.org/10.1017/jog.2021.13

Field, H. R., Armstrong, W. H., & Huss, M. (2021). Gulf of Alaska ice-marginal lake area change over the Landsat record and potential physical
controls. The Cryosphere, 15(7), 3255-3278. https://doi.org/10.5194/tc-15-3255-2021

Gerrish, L. (2020). The coastline of Kalaallit Nunaat/Greenland available as a shapefile and geopackage, covering the main land and islands, with
glacier fronts updated as of 2017. (Version 1.0) [Data set]. UK Polar Data Centre, Natural Environment Research Council, UK Research &
Innovation. http://doi.org/10.5285/8 CECDE06-8474-4B58-A9CB-B820FA4C9429. Last accessed 10/01/2022.

GLIMS. (2021). GLIMS. Retrieved from http://glims.colorado.edu/glacierdata/. Last accessed 10 01 2022.

Goelzer, H., Nowicki, S., Payne, A., Larour, E., Seroussi, H., Lipscomb, W. H., et al. (2020). The future sea-level contribution of the Greenland
ice sheet: A multi-model ensemble study of ISMIP6. The Cryosphere, 14(9), 3071-3096. https://doi.org/10.5194/tc-14-3071-2020

Grinsted, A., Hvidberg, C. S., Campos, N., & Dahl-Jensen, D. (2017). Periodic outburst floods from an ice-dammed lake in East Greenland.
Scientific Reports, 7(1), 1-6. https://doi.org/10.1038/s41598-017-07960-9

Hinck, S., Gowan, E. J., & Lohmann, G. (2020). LakeCC: A tool for efficiently identifying lake basins with application to palacogeographic
reconstructions of North America. Journal of Quaternary Science, 35(3), 422-432. https://doi.org/10.1002/jqs.3182

Hofer, S., Lang, C., Amory, C., Kittel, C., Delhasse, A., Tedstone, A., & Fettweis, X. (2020). Greater Greenland Ice Sheet contribution to global
sea level rise in CMIP6. Nature Communications, 11(1), 1-11. https://doi.org/10.1038/s41467-020-20011-8

How, P., Messerli, A., Mitzler, E., Santoro, M., Wiesmann, A., Caduff, R., et al. (2021). Greenland-wide inventory of ice marginal lakes using a
multi-method approach. Scientific Reports, 11(1), 1-13. https://doi.org/10.1038/s41598-021-83509-1

Joughin, I. (2020). MEaSUREs Greenland annual ice sheet velocity mosaics from SAR and Landsat, version 2. NASA National Snow and Ice Data
Center Distributed Active Archive Center. Last accessed 10 01 2022.

King, M. D., Howat, I. M., Candela, S. G., Noh, M. J., Jeong, S., Noél, B. P., et al. (2020). Dynamic ice loss from the Greenland Ice Sheet driven
by sustained glacier retreat. Communications Earth & Environment, 1(1), 1-7. https://doi.org/10.1038/s43247-020-0001-2

King, O., Dehecq, A., Quincey, D. J., & Carrivick, J. L. (2018). Contrasting geometric and dynamic evolution of lake and land-terminating
glaciers in the central Himalaya. Global and Planetary Change, 167, 46—60. https://doi.org/10.1016/j.gloplacha.2018.05.006

Kjeldsen, K. K., Khan, S. A., Bjgrk, A. A., Nielsen, K., & Mouginot, J. (2017). Ice-dammed lake drainage in west Greenland: Drainage pattern
and implications on ice flow and bedrock motion. Geophysical Research Letters, 44(14), 7320-7327. https://doi.org/10.1002/2017g1074081

Kochtitzky, W., & Copland, L. (2022). Retreat of Northern hemisphere marine-terminating glaciers, 2000-2020. Geophysical Research Letters,
49(3), €2021GL096501. https://doi.org/10.1029/2021g1096501

Liu, Q., Mayer, C., Wang, X., Nie, Y., Wu, K., Wei, J., & Liu, S. (2020). Interannual flow dynamics driven by frontal retreat of a lake-terminating
glacier in the Chinese Central Himalaya. Earth and Planetary Science Letters, 546, 116450. https://doi.org/10.1016/j.eps1.2020.116450

Mallalieu, J., Carrivick, J. L., Quincey, D. J., & Raby, C. L. (2021). Ice-marginal lakes associated with enhanced recession of the Greenland Ice
Sheet. Global and Planetary Change, 202, 103503. https://doi.org/10.1016/j.gloplacha.2021.103503

Mallalieu, J., Carrivick, J. L., Quincey, D. J., & Smith, M. W. (2020). Calving seasonality associated with melt-undercutting and lake ice cover.
Geophysical Research Letters, 47(8), e2019GL086561. https://doi.org/10.1029/2019g1086561

Mallalieu, J., Carrivick, J. L., Quincey, D. J., Smith, M. W., & James, W. H. (2017). An integrated Structure-from-Motion and time-lapse tech-
nique for quantifying ice-margin dynamics. Journal of Glaciology, 63(242), 937-949. https://doi.org/10.1017/jog.2017.48

Mankoff, K. D., Colgan, W., Solgaard, A., Karlsson, N. B., Ahlstrgm, A. P., VanAs, D, et al. (2019). Greenland Ice Sheet solid ice discharge from
1986 through 2017. Earth System Science Data, 11(2), 769-786. https://doi.org/10.5194/essd-11-769-2019

Mankoff, K. D., Noél, B., Fettweis, X., Ahlstrgm, A. P., Colgan, W., Kondo, K., et al. (2019). Greenland liquid water discharge from 1958 through
2019. Earth System Science Data, 12(4), 2811-2841. https://doi.org/10.5194/essd-12-2811-2020

CARRIVICK ET AL.

8of9


http://doi.org/10.5285/8CECDE06-8474-4B58-A9CB-B820FA4C9429
http://glims.colorado.edu/glacierdata/
https://nsidc.org/data/nsidc-0725/versions/2
http://doi.org/10.5067/VLJ5YXKCNGXO
http://doi.org/10.5518/1107
https://doi.org/10.1002/esp.4920
https://doi.org/10.1016/j.gloplacha.2014.02.009
https://doi.org/10.1016/j.quascirev.2013.07.028
https://doi.org/10.1016/j.earscirev.2019.102876
https://doi.org/10.3389/feart.2017.00100
https://doi.org/10.3389/feart.2020.577068
https://doi.org/10.1038/s41467-021-23070-7
https://doi.org/10.1017/jog.2019.18
https://doi.org/10.3390/rs13152987
https://doi.org/10.1017/jog.2021.13
https://doi.org/10.5194/tc-15-3255-2021
http://doi.org/10.5285/8CECDE06-8474-4B58-A9CB-B820FA4C9429
http://glims.colorado.edu/glacierdata/
https://doi.org/10.5194/tc-14-3071-2020
https://doi.org/10.1038/s41598-017-07960-9
https://doi.org/10.1002/jqs.3182
https://doi.org/10.1038/s41467-020-20011-8
https://doi.org/10.1038/s41598-021-83509-1
https://doi.org/10.1038/s43247-020-0001-2
https://doi.org/10.1016/j.gloplacha.2018.05.006
https://doi.org/10.1002/2017gl074081
https://doi.org/10.1029/2021gl096501
https://doi.org/10.1016/j.epsl.2020.116450
https://doi.org/10.1016/j.gloplacha.2021.103503
https://doi.org/10.1029/2019gl086561
https://doi.org/10.1017/jog.2017.48
https://doi.org/10.5194/essd-11-769-2019
https://doi.org/10.5194/essd-12-2811-2020

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL099276

McMichael, A. J., Woodruff, R. E., & Hales, S. (2006). Climate change and human health: Present and future risks. The Lancet, 367(9513),
859-869. https://doi.org/10.1016/50140-6736(06)68079-3

Morlighem, M., Williams, C., Rignot, E., An, L., Arndt, J. E., Bamber, J., et al. (2021). IceBridge BedMachine Greenland (Version 4). NASA
National Snow and Ice Data Center Distributed Active Archive Center. Last accessed 10/01/2022.

Mouginot, J., & Rignot, E. (2019). Glacier catchments/basins for the Greenland ice sheet, Dryad, dataset. Retrieved from https://datadryad.org/
stash/dataset/doi:10.7280/D1WT11

Mouginot, J., Rignot, E., Bjgrk, A. A., Van den Broeke, M., Millan, R., Morlighem, M., et al. (2019). Forty-six years of Greenland Ice Sheet mass
balance from 1972 to 2018. Proceedings of the National Academy of Sciences, 116(19), 9239-9244. https://doi.org/10.1073/pnas.1904242116

Pattyn, F., Ritz, C., Hanna, E., Asay-Davis, X., DeConto, R., Durand, G., et al. (2018). The Greenland and Antarctic ice sheets under 1.5 C global
warming. Nature Climate Change, 8(12), 1053-1061. https://doi.org/10.1038/s41558-018-0305-8

Price, S. F., Payne, A. J., Catania, G. A., & Neumann, T. A. (2008). Seasonal acceleration of inland ice via longitudinal coupling to marginal ice.
Journal of Glaciology, 54(185), 213-219. https://doi.org/10.3189/002214308784886117

Pronk, J. B., Bolch, T., King, O., Wouters, B., & Benn, D. I. (2021). Contrasting surface velocities between lake-and land-terminating glaciers in
the Himalayan region. The Cryosphere, 15(12), 5577-5599. https://doi.org/10.5194/tc-15-5577-2021

Quiquet, A., Dumas, C., Paillard, D., Ramstein, G., Ritz, C., & Roche, D. M. (2021). Deglacial ice sheet instabilities induced by proglacial lakes.
Geophysical Research Letters, 48(9), €2020GL092141. https://doi.org/10.1029/2020g1092141

Raup, B. H., Racoviteanu, A., Khalsa, S.J. S., Helm, C., Armstrong, R., & Arnaud, Y. (2007). The GLIMS geospatial Glacier database: A new
tool for studying Glacier change. Global and Planetary Change, 56(1-2), 101-110. https://doi.org/10.1016/j.gloplacha.2006.07.018

Sato, Y., Fujita, K., Inoue, H., & Sakai, A. (2021). Land-to lake-terminating transition triggers dynamic thinning of a Bhutanese glacier. The
Cryosphere Discussions, 1-21. https://doi.org/10.5194/tc-2021-286

Schomacker, A. (2010). Expansion of ice-marginal lakes at the Vatnajokull ice cap, Iceland, from 1999 to 2009. Geomorphology, 119(3-4),
232-236. https://doi.org/10.1016/j.geomorph.2010.03.022

Shepherd, A., Ivins, E., Rignot, E., Smith, B., Van Den Broeke, M., Velicogna, 1., et al. (2020). Mass balance of the Greenland ice sheet from
1992 to 2018. Nature, 579(7798), 233-239.

Shugar, D. H., Burr, A., Haritashya, U. K., Kargel, J. S., Watson, C. S., Kennedy, M. C., et al. (2020). Rapid worldwide growth of glacial lakes
since 1990. Nature Climate Change, 10(10), 939-945. https://doi.org/10.1038/s41558-020-0855-4

Siegert, M., Bacon, S., Barnes, D., Brooks, 1., Burgess, H., Cottier, F., et al. (2020). The Arctic and the UK: Climate, research and engagement.

Slater, D. A., Felikson, D., Straneo, F., Goelzer, H., Little, C. M., Morlighem, M., et al. (2020). Twenty-first century ocean forcing of the Green-
land ice sheet for modelling of sea level contribution. The Cryosphere, 14(3), 985-1008. https://doi.org/10.5194/tc-14-985-2020

Sugiyama, S., Minowa, M., Fukamachi, Y., Hata, S., Yamamoto, Y., Sauter, T., et al. (2021). Subglacial discharge controls seasonal variations
in the thermal structure of a glacial lake in Patagonia. Nature Communications, 12(1), 6301. https://doi.org/10.1038/s41467-021-26578-0

Sutherland, J. L., Carrivick, J. L., Gandy, N., Shulmeister, J., Quincey, D. J., & Cornford, S. L. (2020). Proglacial lakes control glacier geometry
and behavior during recession. Geophysical Research Letters, 47(19), €2020GL088865. https://doi.org/10.1029/2020g1088865

Truffer, M., & Motyka, R. J. (2016). Where glaciers meet water: Subaqueous melt and its relevance to glaciers in various settings. Reviews of
Geophysics, 54(1), 220-239. https://doi.org/10.1002/2015rg000494

Tsutaki, S., Fujita, K., Nuimura, T., Sakai, A., Sugiyama, S., Komori, J., & Tshering, P. (2019). Contrasting thinning patterns between lake-and
land-terminating glaciers in the Bhutanese Himalaya. The Cryosphere, 13(10), 2733-2750. https://doi.org/10.5194/tc-13-2733-2019

Tsutaki, S., Nishimura, D., Yoshizawa, T., & Sugiyama, S. (2011). Changes in glacier dynamics under the influence of proglacial lake formation
in Rhonegletscher, Switzerland. Annals of Glaciology, 52(58), 31-36. https://doi.org/10.3189/172756411797252194

Tsutaki, S., Sugiyama, S., Nishimura, D., & Funk, M. (2013). Acceleration and flotation of a glacier terminus during formation of a proglacial
lake in Rhonegletscher, Switzerland. Journal of Glaciology, 59(215), 559-570. https://doi.org/10.3189/2013jog12j107

Weidick, A., & Citterio, M. (2011). The ice-dammed lake Isvand, West Greenland, has lost its water. Journal of Glaciology, 57(201), 186—188.
https://doi.org/10.3189/002214311795306600

References From the Supporting Information

Hurni, K., Heinimann, A., & Wiirsch, L. (2017). Google Earth engine image pre-processing tool: Background and methods. Retrieved from https://
www.cde.unibe.ch/e65013/e542846/e707304/e707386/e707390/CDE_Pre-processingTool-UserGuide_eng.pdf. Last visited 01/02/2022

Rodriguez-Galiano, V. F., Ghimire, B., Rogan, J., Chica-Olmo, M., & Rigol-Sanchez, J. P. (2012b). Anassessment of the effectiveness of a
random forest classifier for land-coverclassification. ISPRS Journal of Photogrammetry and Remote Sensing, 67, 93—-104.

Soenen, S. A., Peddle, D. R., & Coburn, C. A. (2005). SCS+C: A modified sun-canopy-sensor topographic correction in forested terrain. /[EEE
Transactions on Geoscience and Remote Sensing, 43(9), 2148-2159. https://doi.org/10.1109/tgrs.2005.852480

CARRIVICK ET AL.

9 0of 9


https://doi.org/10.1016/s0140-6736(06)68079-3
https://datadryad.org/stash/dataset/doi:10.7280/D1WT11
https://datadryad.org/stash/dataset/doi:10.7280/D1WT11
https://doi.org/10.1073/pnas.1904242116
https://doi.org/10.1038/s41558-018-0305-8
https://doi.org/10.3189/002214308784886117
https://doi.org/10.5194/tc-15-5577-2021
https://doi.org/10.1029/2020gl092141
https://doi.org/10.1016/j.gloplacha.2006.07.018
https://doi.org/10.5194/tc-2021-286
https://doi.org/10.1016/j.geomorph.2010.03.022
https://doi.org/10.1038/s41558-020-0855-4
https://doi.org/10.5194/tc-14-985-2020
https://doi.org/10.1038/s41467-021-26578-0
https://doi.org/10.1029/2020gl088865
https://doi.org/10.1002/2015rg000494
https://doi.org/10.5194/tc-13-2733-2019
https://doi.org/10.3189/172756411797252194
https://doi.org/10.3189/2013jog12j107
https://doi.org/10.3189/002214311795306600
https://www.cde.unibe.ch/e65013/e542846/e707304/e707386/e707390/CDE_Pre-processingTool-UserGuide_eng.pdf.%A0Last%A0visited%A001/02/2022
https://www.cde.unibe.ch/e65013/e542846/e707304/e707386/e707390/CDE_Pre-processingTool-UserGuide_eng.pdf.%A0Last%A0visited%A001/02/2022
https://doi.org/10.1109/tgrs.2005.852480

	
          Ice-Marginal Proglacial Lakes Across Greenland: Present Status and a Possible Future
	Abstract
	Plain Language Summary
	1. Introduction
	2. Datasets and Methods
	3. Results
	4. Discussion
	5. Conclusions
	[DummyTitle]
	Data Availability Statement
	References
	References From the Supporting Information


