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Abstract. The rapid retreat of glaciers worldwide is leading to the formation and expansion of proglacial and
15 ice-marginal lakes. Proglacial lakes not only influence glacier dynamics and contribute to accelerated mass loss,
but also pose a growing risk of Glacial Lake Outburst Floods (GLOFs), particularly as warming intensifies in
polar and high-mountain regions. Despite important feedbacks between glacier behaviour and lake expansion,
ice—lake interactions remain understudied compared to ice—ocean processes, introducing considerable
uncertainty in projections of future mass loss. In this study, we use the Ice-sheet and Sea-level System Model
20 (ISSM) in a semi-synthetic domain to explore a critical, yet often overlooked, aspect of ice—lake interaction:
lake level fluctuations driven by filling and drainage events. We find that lake-terminating glaciers experience
thinning and enhanced velocities compared to glaciers with a land terminus, consistent with widely observed
responses to proglacial lake damming; these responses manifest even at low water levels but increase with lake
depth. The lake influence extends beyond the immediate basin, as ice thickness and velocity changes propagate
25 upstream and to neighbouring outlets. Our results also reveal that glacier responses to lake level fluctuations are
highly non-linear. The onset of flotation due to rising lake levels dramatically increases grounding line mass
flux and, depending on relative magnitudes of lake filling and glacier thinning, may lead to rapid retreat. Steady
lake drainage instead reduces mass loss. However, we find that rapid drainage events (seasons to years) can
destabilise the ice front by altering the stress regime sufficiently to enhance crevasse formation and calving. Our
30 findings imply that while sudden drainage events may exacerbate lake-triggered glacier instability, controlled,
gradual lake drainage may serve as a viable geoengineering approach to mitigate glacier mass loss and related

flood hazards.
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1. Introduction

35 Glaciers across the globe are experiencing accelerated mass loss and retreat in response to a rapidly warming
climate (e.g. Hugonnet et al., 2021). This retreat frequently leads to the formation of proglacial lakes through
flooding of newly exposed, eroded, and over-deepened beds at the frontal margins of glaciers, transforming
land-terminating glaciers into lake-terminating systems (Carrivick & Tweed, 2013; Dye et al., 2022). Once a
lake forms at the glacier terminus, the glacier's behaviour becomes increasingly influenced by interactions

40 between the lake and the ice front, which can surpass the effects of climate conditions alone on glacier dynamics

(Carrivick et al., 2020; Pronk et al. 2021; Sato et al., 2022).

When a glacier terminates in water, whether in a lake, fjord or ocean, the ice front is subject to melting and
mechanical erosion by water, iceberg calving, and buoyancy-related changes to the ice-marginal stress balance,
typically resulting in enhanced mass loss and accelerated retreat (e.g. Meier & Post 1987; Warren & Kirkbride
45 2003; Benn et al., 2007; Nick et al. 2009; Carrivick & Tweed, 2013; O’Leary & Christoffersen, 2013; Slater et
al., 2017; Sutherland et al., 2020; Dye et al. 2025). In this regard, marine- and lake-terminating glaciers share
important similarities, where calving and subaqueous melting are critical drivers of ice margin stability and
mass balance (Triissel et al. 2013; Sugiyama et al. 2019; Minowa et al. 2021; Caldwell et al. 2025) and where
positive feedbacks between flow acceleration, ice surface slope, thinning, basal effective pressure and buoyancy
50 contribute to enhanced mass loss (Boyce et al. 2007; Muto & Furuya, 2013; Tsutaki et al. 2019; Pronk et al.
2021; Sato et al. 2022; Holt et al. 2024). While lake-terminating glaciers are thought to be less sensitive than
their marine-terminating counterparts due to slower frontal ablation (Benn et al. 2007; Truffer & Motyka 2016;
Sugiyama et al. 2019; Mallalieu et al. 2021), multiple studies demonstrate that lake-terminating glaciers are
consistently more dynamic than those terminating on land, exhibiting enhanced velocity, thinning rates and
55 frontal retreat (Tsutaki et al., 2013, 2019; King et al. 2019; Mallalieu et al. 2021; Sato et al., 2022; Holt et al.
2024). Interactions between proglacial lake formation, expansion, drainage and glacier dynamics are widely
observed in High Mountain Asia, the Alps, Patagonia, Alaska, and Greenland (Tweed & Russell, 1999; Tsutaki
et al., 2013; Muto & Furuya, 2013; Sato et al., 2022; Demgaard et al., 2023; Caldwell et al., 2025), and also in
geological evidence from palaco-ice sheets (Teller et al., 2002; Perkins & Brennand, 2015; Utting & Atkinson,
60 2019; Regnéll et al., 2023; Ploeg & Stroeven, 2025). However, few studies have attempted to isolate and
quantify specific mechanisms of glacier—lake coupling using numerical models; research has predominantly
concentrated on ice—ocean interactions, particularly in polar regions, leaving glacier—lake interactions relatively
underexplored. Processes specific to lake-terminating settings, and the magnitude of these glacier responses,

remain poorly constrained.

65 A key distinction between ice—ocean and ice—lake systems lies in the highly variable nature of lake level. Unlike
sea level variations, which are relatively small, gradual and predictable, proglacial lake levels can fluctuate on
the order of tens of metres over short timescales. Rapid drainage events, triggered by moraine breaches, ice
retreat or flotation-induced failure of ice dams, can release massive volumes of water in short periods (days to
months). These events are becoming more frequent today (Carrivick et al., 2017; Demgaard et al., 2023, 2024),

70 and also have been observed in the palaco-record (Hjelstuen et al., 2018; Jakobsson et al., 2007; Teller et al.,
2002; Regnéll et al. 2019, 2023; Hogaas et al. 2023, 2025). Rapid lake level changes have the potential to
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significantly modify stress regimes at glacier fronts, influencing crevasse formation, grounding line stability,
and overall glacier dynamics (Carrivick et al., 2020; King et al., 2018). Furthermore, such drainage events are a
recognised and growing hazard and may have important natural feedbacks (Liitzow et al., 2023; Veh et al.,

75 2025). In Arctic environments, jokulhlaups inject large volumes of freshwater into fjords and oceans, altering
marine ecosystems and circulation patterns (Tweed & Russell, 1999; Kjeldsen et al., 2014). In high mountain
regions, the downstream impacts of glacial outburst floods are amplified by steep topography, posing serious

threats to lives, infrastructure, and livelihoods (Nie et al., 2017; Rinzin et al., 2023; Sattar et al., 2025).

The number and volume of proglacial lakes are steadily increasing in regions such as High Mountain Asia and

80 around the Greenland Ice Sheet (Shugar et al., 2020), and recent observations from Greenland document the
formation, filling, and rapid drainage of ice-dammed lakes at the ice sheet margin (How et al., 2021; Demgaard
et al., 2024). As glaciers continue to retreat, the likelihood of lake formation, expansion, and drainage events
will grow, drawing increasing scientific and policy interest in understanding how lakes influence glacier
behaviour, and how their interactions mutually influence both glacier and lake stability. Developing a

85 mechanistic understanding of how lake level changes influence ice dynamics would improve the accuracy of
future projections of glacier mass loss and contributions to sea level rise, and also inform mitigation strategies

for glacier lake-related hazards.

To address this knowledge gap, we investigate the influence of dynamic lake level changes on glacier behaviour
using numerical ice flow modelling. We conduct a series of controlled experiments on a semi-synthetic model
90 domain, designed to isolate the role of lake level change by holding other parameters constant (e.g., surface
mass balance, bed geometry, and calving parameterisations). Specifically, we compare the flow dynamics of
land-terminating versus lake-terminating glaciers under fixed lake level conditions, examine glacier response to
gradual rising and falling lake levels, and explore the impact of rapid lake drainage on stress balance and

potential crevasse formation near the grounding line.

95 2. Methods and model set up

We use the Ice-sheet and Sea-level System Model with the Shallow Shelf Approximation (SSA) (ISSM, Larour
et al., 2012) to investigate glacier—lake interactions in the Narsarsuaq glacier catchment, southwest Greenland,
under a semi-synthetic setting. ISSM has been extensively applied to both Antarctic and Greenland ice sheets to
investigate ice—ocean interactions, grounding line stability, and sea level contributions (Morlighem et al., 2019;
100 Seroussi et al., 2017; Schlegel et al., 2018). Its modular design allows the integration of boundary forcings such
as subglacial hydrology, lake and ocean pressure perturbations, and bed topography, making it particularly
suitable for exploring ice—ocean interactions in marine-terminating glacier systems. For a lake-terminating ice
sheet catchment in southwest Greenland, we explore glacier responses to lake level change — a process unique to
the ice—lake setting. Narsarsuaq catchment has land-, marine- and lake-terminating outlet glaciers (Fig. 1), and
105 we leverage its known ice geometry, flow velocity and surface mass balance (Fig. 2) to explore the impact of
prescribed lake level changes. Our goal is not to project the future behaviour of this catchment, but to

investigate the dynamic response of the glaciers to lake filling and drainage.
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110 Fig. 1: Model domain covering the Narsarsuaq glacier in south Greenland, which features land-terminating,
tidewater, and lake-terminating outlets. Catchment outline in blue (b), modified from Mouginot et al. (2019). Lake
mask boundary is shown in (c) in green, with central profile line of the lake-terminating glacier in black, as plotted in
Figs. 3 and 6. Although the model domain is an existing glacial system, our aim is not to reproduce the historical
evolution of this glacier.

115
2.1 Ice geometry and basal conditions

Ice thickness and bed topography are obtained from the BedMachine v3 dataset (Morlighem et al., 2017; Fig.
2a, 2b). We impose a flat lake bathymetry in order to exclude the influence of topography on grounding line
dynamics, and isolate the effects of lake level change. We use surface velocity mosaic of the MEaSUREs

120  dataset between 1995 and 2015 (Joughin et al., 2018) to invert for spatially varying basal friction using the Budd
sliding law, a commonly used empirical law that relates basal shear stress to basal sliding velocity and effective

pressure (Budd et al., 1979). The Budd sliding law expresses basal shear stress as:
7, = C NPuj : (1)

where 7, is the basal shear stress, u; is the basal sliding velocity, N is the effective pressure (ice overburden
125  pressure minus subglacial water pressure), and C is the spatially varying basal friction coefficient (inverted). p

and g are empirical exponents, where p=1 and ¢g= 1.

In ISSM, this law allows for pressure-sensitive sliding, where increased subglacial water pressure (as induced by
a proglacial lake) reduces effective pressure and increases sliding (Larour et al., 2012). The physical process
governing the velocity of a lake-terminating glacier is the change in basal water pressure due to change in

130  proglacial lake level. The effective pressure is defined as

4
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where P, is the subglacial water pressure and P; is the ice overburden pressure. In the absence of a subglacial

hydrology model-derived water pressure, it is represented in the following way:
Ry = max (0, pyg (sl — b)) 3

where s/ is the sea level (here also used for lake level), and b is the bed elevation. Thus, when sea level is varied,
the basal water pressure changes, leading to change in effective pressure and subsequently the sliding velocity.

Here we leverage the sea level field of ISSM to investigate the effect of lake level change on glacier dynamics.

We follow the standard ISSM inversion procedure (e.g. Morlighem et al., 2013), minimising a cost function that
balances misfits between observed and modelled surface velocities with a regularisation term to avoid
overfitting and facilitate convergence. The inversion produces a spatial map of the basal friction coefficient C,
which is then kept constant for all transient simulations. In our case, the inversion yields higher-than-observed
velocities near the lake front (Fig. 2¢), which we attribute to the flattened or poorly unknown lake bathymetry
and potential inaccuracies in local ice thickness or stiffness. Despite these limitations, the inverted velocity field
is physically plausible and further refinement is not pursued, as our primary interest lies in differential responses

under varying lake levels rather than the absolute state.
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Fig. 2: Initial model conditions including bed elevation (a), surface topography (b), mask (c), prescribed surface mass
balance (d), velocity after inversion (e), and the model mesh resolution (f).
2.2 Mass balance and boundary conditions

Surface mass balance is prescribed as the 1960-2000 mean, derived from regional climate model MAR (version

3.11.3; Amory et al., 2021), which has a value of -2.65 m.w.e. per year (Fig. 2d). Surface balance is held

5
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constant across simulations to isolate the impact of lake level variations on glacier dynamics. Our experiments
use a fixed glacier front, across which ice is lost without explicit consideration of calving and subaqueous
melting, while allowing the glacier to develop a floating extension. With this set up, we isolate the hydrostatic

155 effects of lake presence in our experiment results.

2.3 Experiment design

To investigate the dynamic response of lake-terminating glaciers to varying lake levels (lake filling and
draining), we leverage the sea-level adjustment feature in ISSM (Larour et al., 2012). We outlined a mask for
the lake (Fig. 1), within which we can change the ‘sea level’ (called lake level henceforth) independently,

160 keeping actual sea level unchanged elsewhere. In our model domain, the topography of the lake-terminating
front is below sea level; the lake floor is at -200 m with respect to sea level (Fig. 2). Our experiments describe
lake water depths relative to the lake floor, which therefore has 0 m water depth. We design the mesh such that
the mesh resolution scales with velocity and becomes finer towards the lake area, where the smallest mesh

element is 200 m (Fig. 2d).

165 We design three sets of experiments in which we vary the lake level at the present-day lake-terminating outlet,
under identical climate forcing and with no explicit frontal ablation. Each experiment runs for 100 years with
one week time steps. Before performing the transient model runs (Experiments 2 and 3), we conduct 20-year
spin-up simulations with a 100 m lake level to allow the model to stabilise and minimise the influence of

artificial effects imposed by the initial conditions.

170 Experiment 1: Lake vs Land-terminating glacier
To quantify glacier dynamics attributable to the presence of a proglacial lake, we simulate the evolution of the
glacier catchment over a 100-year period under two different terminus conditions:
i)  land-terminating;

ii) lake-terminating with a fixed lake level of 100 metres.

175 Experiment 2: Steadily rising and falling lake levels
To investigate the impact of steady lake filling and drainage, we simulate glacier evolution over a 100-year
period as:
i)  arising lake scenario: lake level increases linearly from 100 to 200 m over the first 50 years of the
simulation, and then kept constant; and
180 ii) a falling lake scenario: lake level decreases linearly from 100 to 0 m over the first 50 years.

We additionally perform follow-up experiments with intermediate lake levels.

Experiment 3: Rapid lake drainage and stress response

To simulate sudden glacial lake outburst flood (GLOF) scenarios and assess their impact on ice dynamics, we

consider a set of experiments in which the lake level falls by 100 m in 1, 2, 3, and 4 years. We consider these
185 drainage scenarios from two initial lake levels:

i) 200 m, where the ice front is initially floating; and

ii) 100 m, where the ice front is initially grounded.
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3. Results
3.1 Experiment 1: Lake-terminating versus land-terminating glacier dynamics
190 Our simulations reveal fundamental differences in terminus morphology, ice thickness distribution and flow
velocity between lake- and land-terminating glaciers under identical topographic and climatic conditions (Fig. 3,
4). The land-terminating glacier displays a tapering profile, where ice thickness decreases smoothly to zero at
the terminus. In contrast, the lake-terminating glacier develops a near-vertical terminus face, maintained by the
balance between glaciostatic pressure (ice column weight) and hydrostatic pressure (water column weight).
195 While the ice surface profile lowers over 100 years in both the land- and lake-terminating cases (Fig. 3), driven
by the negative surface mass balance, ice thinning is greatest when the glacier is lake-terminating (Fig. 4).
Importantly, ice thinning propagates upstream over time, as well as to the other outlet glaciers of this catchment,
particularly the neighbouring marine-terminating outlet (Fig. 4). This pattern indicates that the lake's influence
extends well beyond the immediate terminus region, causing broader adjustments in the glacier's longitudinal
200  profile and flow dynamics. The lake-terminating outlet also exhibits a notable velocity increase compared to
when the same outlet is land-terminating, though the spatial extent of the velocity anomaly is more limited than
the thinning response. These thickness and velocity trends are sustained over time (Fig. 5). After ca. 20 years,
the difference between lake and land continues to increase approximately linearly: for as long as a lake exists,
the glacier continues to thin and accelerate. After 100 years, the catchment with a modelled lake terminus is
205 ~1.1% thinner and 2.5% faster than the land-terminating scenario, primarily driven by the dynamics in the lake
area. In the lake region itself, a lake-terminating glacier is ~7% thinner and ~20% faster than its land-
terminating counterpart. These may be modest amounts, but represent systematic departures from the reference
state over decades-centuries. Notably, these dynamics emerge independently of any changes in climate forcing
and in the absence of frontal ablation; they arise purely from the mechanical, hydrostatic (i.e. buoyancy) effects

210  of lake presence.
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Fig. 3: Evolution of ice thickness profile along the central line of the glacier over 100 years, when the glacier is (a)
land-terminating (no lake) and (b) lake-terminating (100 m water depth).
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3.2 Experiment 2: Glacier response to lake level fluctuations

To examine the effects of lake level variations on glacier dynamics, we conducted controlled experiments
comparing rising (Fig. 6, 7) and falling (Fig. 6, 8) lake level scenarios against the fixed lake level baseline of
Experiment 1. We find that when the level of an initially 100 m deep lake gradually rises to 200 m over 50
years, the terminus begins to float: the glacier front changes from an ice cliff to floating extension (Fig. 6). This
arises from the combined effects of water depth increase and ice thinning, such that ice at the terminus becomes
buoyant. Compared to the fixed lake scenario, ice thins during lake level rise and continues to thin, at a slower
pace, as the higher lake level (200 m) is sustained (Fig. 7, 9). Ice velocity is, similarly, faster than in the fixed
lake scenario, accelerating during the period of active lake level rise and stabilising thereafter at a higher flow
speed (Fig. 9). Within the lake area, during the 50-year period of lake level rise, mean velocity increases by

almost 12% compared to the fixed lake scenario, while the ice thickness decreases by ~5%.

In our falling lake level experiment, the initial 100 m deep lake drains completely over 50 years, such that the
glacier gradually transitions toward land-terminating. The falling lake level instigates a contrasting response to
lake level rise. The terminus evolves from a steep calving face toward the characteristic tapering profile of a
land-terminating glacier (Fig. 6). The glacier decelerates compared to the fixed lake level scenario (~17%
slower within the lake area), and ice thinning is reduced (~7% difference within the lake area) (Fig. 8). These
thinning and velocity responses are immediate, even while the glacier still has a lake terminus; the lower water
level is insufficient to drive the glacier responses seen in Experiment 1. This diminished glacier response to a
lake reflects the increasing importance of basal and lateral drag relative to driving stress as the effective pressure

at the terminus increases.
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Fig. 6: (a) Prescribed lake level rise (from 100 to 200 m) and fall (from 100 to 0 m) scenarios, from a stable 100 m
deep lake, with 20-year spin up. (b) Change in floating area (equivalent to loss of grounded area) for all three
simulations over 100 years. (c-d) Central line profile of ice thickness and frontal geometry after 100 years’ simulation

for (c) rising lake level and (d) falling lake level experiments.



https://doi.org/10.5194/egusphere-2026-172

Preprint. Discussion started: 30 January 2026
(© Author(s) 2026. CC BY 4.0 License.

250

255

260

Lake level rise minus stable lake

Year: 50 Year: 100

; y : ; 50
» &
r ()
1)
C
]
@
£
o B
F w
w
]
c
<
S
i 25 5
) 1 ‘\ 1 g

s 0 10 20 a 0 10 20
N km N km

L L L -50

: : : 150
100 _
©
o E
()
i)
c
g
0 a
£
B
>
EI
v
x-]
o
\ \ 100 =

. 010 20 p 010 20
km N km
‘ . -150

Fig. 7: Differences in ice thickness and velocity between lake level rise and 100 m fixed lake experiments, for years 50
and 100.

In both lake rise and fall scenarios, ice thickness change propagates upstream during the period of lake change,
and the response is sustained, at a slower pace of change, even after the lake stabilises. This upstream
propagation reflects the kinematic wave response of the glacier profile to changes in terminus boundary
conditions. As seen in Experiment 1, thickness changes spread not only upstream but also to the neighbouring
outlets (Fig. 7, 8), which in this case is marine-terminating: lake changes trigger feedbacks not only at the ice—
lake interface but at the ice—ocean interface too. Velocity changes exhibit similar spatial patterns to the ice
thickness response, albeit more restricted to the marginal zone and the lake-terminating outlet. The velocity
response has important temporal differences to the thinning response: velocity adjustments occur rapidly during
the active lake level change phase (years 0-50) but stabilise abruptly, at the new flow speed, as soon as the lake

level stabilises (Fig. 9).

In our experiment set up, the magnitude of deviation from the fixed lake level scenario is greater over the whole
catchment, and the upstream propagation more pronounced, when lake level rises; by contrast, absolute
differences in thickness and velocity are smaller in the lake level fall scenario (Fig. 9). We interpret that this
asymmetric response to lake rise and fall reflects the importance of flotation and associated non-linear

feedbacks. In our experiments, lake level rise drives the ice margin to flotation (Fig. 6) and causes grounding

10

EGUsphere
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line retreat; we therefore further explore the impact of flotation in a set of intermediate lake-rise and lake-fall

experiments.

Lake level fall minus stable lake

Year: 50 Year: 100
”" 0 10 20 0 10 20
N km N km
\ 0 10 20 \ 0 10 20
. km ] km

20

-20
150

100

50

-150

Ice thickness difference [m]

Velocity difference [m a-1]

Fig. 8: Differences in ice thickness and velocity between lake level fall and 100 m fixed lake experiments, for years 50
and 100.

o

\

Difference in mean ice thickness (%)

Changing lake level relative to stable (100 m) lake

a

| == Lake level fall
= Lake level rise -

-15
== | ake mask area

== Catchment average

1SLJ

w

Difference in mean velocity (%)
o

vv Lake mask area
vv Catchment average |

Lake level fall |
v+ Lake level rise

40 60 80 100
Simulation Years

40

60 80 100

Simulation Years

Fig. 9: Mean difference in (a) ice thickness and (b) velocity, between rising/falling lake level scenarios and a fixed 100

m lake.

11



https://doi.org/10.5194/egusphere-2026-172
Preprint. Discussion started: 30 January 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

3.2.1 Grounding line mass flux response to flotation/grounding

The onset of flotation represents a critical threshold that transforms the mechanical boundary conditions at the
275 glacier front. This means that small changes in lake depth can trigger large changes in glacier behaviour. In an

additional set of experiments, we raise and drain the lake level over years 1-50 between 0 m water depth (land-

terminating) and lake levels expected to be both below and above the threshold for flotation. We find a

pronounced grounding line (GL) mass flux response to flotation or grounding driven by lake level change,

across a range of lake level scenarios (Fig. 10, 11). The GL mass flux response exhibits a characteristic three-
280 phase pattern: an initial steady decrease, followed by a period of abrupt change, followed again by a steady

decline in mass flux.

During lake filling, GL mass flux initially decreases (Fig. 10). This is due to ice thinning, driven by both
negative surface mass balance (e.g. Experiment 1) and the thinning response to increasing lake levels (e.g.
Experiment 2); less ice is discharged through the grounding line. The near-identical magnitude and negative
285 response of each of our scenarios in this initial phase indicates that the thinning effect is far more important in
determining GL flux than enhanced ice velocity. With time, ice thinning and the increasing water level together
drive the ice margin towards buoyancy. As ice begins to float, GL mass flux increases rapidly, more than
doubling over 25 years in our two highest lake-rise experiments. The magnitude of GL mass flux increase is
proportional to the rate and magnitude of lake level rise beyond the flotation threshold, which we find has three
290 effects. Greater rates of lake filling (i) induce faster increases of GL mass flux that (ii) occur earlier during lake

rise, and (iii) attain a higher peak flux at the higher eventual lake level.
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Fig. 10: Grounding line mass flux and floating area change for five rising lake level scenarios.

Once the rising lake level stabilises, GL mass flux generally decreases, at a rate similar to or even greater than
295 the initial phase. The thinning effect of the higher lake level and the continued negative mass balance result in
diminishing GL flux with time; a finite period of lake filling does not trigger sustained catchment discharge.

This is despite enhanced velocity and a continued, modest increase in floating area (i.e. grounding line retreat).
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Thinning continues to increase the area of floating ice, but is insufficient to further increase the GL flux. This is
true for all scenarios except 0-150 m, which demonstrates a unique behaviour: GL mass flux continues to

300 increase even after the lake level stabilises, and the area of floating ice continues to increase at a faster rate than
other scenarios. In a ‘perfect storm” scenario of negative mass balance, thinning, buoyancy and velocity
response, unique to the setting, there is a potential for runaway instability once critical thresholds are crossed,

with the GL retreating deep into the catchment.

Lake drainage scenarios fundamentally differ, stabilising rather than destabilising the glacier. As the lake level
305 begins to fall, GL mass flux declines almost immediately, irrespective of the lake’s starting height and rate of
fall. Simultaneously, there is a rapid decrease in floating area as the previously floating terminus grounds,
restoring basal drag and mechanical coupling with the bed. We find that the rate of GL flux decline during
grounding is slower than the rate of change during flotation induced by lake level rise. We interpret this slower
pace to reflect the competing effects of SMB- and lake-induced thinning (favouring continued flotation) and
310 lake level fall (favouring grounding). Once the ice front is grounded and the lake fully drained, all experiments

show low rates of GL flux decrease, attributed to the negative surface mass balance.
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Fig. 11: Grounding line mass flux and floating area change for five falling lake level scenarios.

3.3 Experiment 3: Stress response to rapid lake drainage and implications for glacier stability

315 Experiment set 2 has shown that slow and steady lake drainage has a stabilising effect, producing a marked
decline in GL flux. Yet, lakes are known to drain much more rapidly (Tweed & Russell 1999; Veh et al. 2019;
Demgaard et al. 2023, 2024; Regnéll et al. 2025), and rapid lake drainage events represent one of the most
dynamic perturbations that lake-terminating glaciers can experience. In experiments in which we prescribe lake
level fall of 100 m in 1, 2, 3, and 4 years, we find that there is a pronounced stress response in the near-marginal

320 area (Fig. 12), in both tensile (Fig. 13 a, b) and compressive (Fig. 13 c, d) fields. Peak stress changes occur
within 1-2 years of drainage, followed by exponential recovery toward equilibrium values over 5-10 years. This
timescale reflects the viscoelastic relaxation of ice and the kinematic adjustment of the glacier profile to new

boundary conditions.
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The magnitude of the glacier stress response scales directly with drainage rate, with faster drainage events
producing proportionally larger stress perturbations (Fig. 13). The absolute magnitude of stress changes depends
also on the initial flotation state. For identical drainage magnitudes, initially floating termini (with a water depth
of 200 m) experience stress changes that are about 4 times greater than when the initial terminus is grounded

(lake level at 100 m).
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Fig. 12: Changes in deviatoric stress in the first year after initiating a 100 m lake drainage of 1, 2, 3 and 4-years
duration, from an initially floating glacier terminus.

The observed stress patterns arise from several interacting physical mechanisms. During rapid drainage, the
sudden withdrawal of hydrostatic support creates an immediate imbalance between driving stress (gravitational
forcing) and resistive stresses (basal and lateral drag, back-pressure from water). This imbalance manifests as
enhanced longitudinal stretching near the terminus and compression further upstream (Fig. 12) as the glacier
adjusts to the new stress regime; we find that the spatial pattern holds irrespective of lake drainage rate. For
floating termini, the loss of buoyant support effectively increases the vertical stress component, leading to
enhanced basal coupling and altered stress transmission through the ice column. The resulting stress
concentrations are particularly pronounced at the former waterline, where the transition from hydrostatic to

atmospheric pressure boundary conditions creates sharp gradients in the stress field.
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The changes in the magnitude of tensile stress (first principal stress) and compressive stress (second principal
stress) by 4-10 times and 2-8 times, respectively, indicate that rapid drainage preferentially creates conditions
conducive to tensile failure and fracture propagation. In the tensile regime, the values exceed typical ice tensile
strength (~300 kPa) during peak drainage phases. These conditions favour the nucleation of new fractures and
345 the propagation of existing crevasses, potentially compromising the structural integrity of the terminus region.
Using established relationships between stress and crevasse depth (Nye, 1997; van der Veen, 1998; Reynolds et
al., 2025), we estimate that stress increases of ~400 kPa (observed for 100 m rapid drainage from floating
conditions) could drive surface crevasses to depths of around 85 metres, potentially reaching the waterline and
initiating calving processes. The equivalent crevasse depth propagation due to lake drainage when the glacier
350 front is already grounded is much less, at 21 m, suggesting that lake drainage has substantially more impact on
the glacier’s structural integrity when the glacier has a floating terminus, a scenario that would favour unstable
feedbacks. However, fracture propagation depends not only on stress magnitude but also on stress duration and
ice temperature. The relatively short duration of peak stress conditions (1-2 years) may limit deep fracture
penetration, while the temperature-dependent rheology of ice influences both fracture toughness and healing
355 rates. Our experiments suggest that rapid lake drainage events may reduce the structural integrity of the glacier

outlet and trigger discrete calving episodes, but is unlikely to drive complete structural collapse.
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Fig. 13: Change in deviatoric stress in tensile (a, b) and compressive (c, d) stress regimes, during rapid lake level fall
from a lake level that is initially above (a, ¢) and below (b, d) the terminus flotation threshold. The shaded area marks
360 the maximum duration of lake drainage (4 years).
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4. Discussion
4.1 Lake level controls on glacier dynamics: mechanisms, thresholds and responses
Our study demonstrates that the presence of a proglacial lake, and fluctuations in lake level over years-to-

365  decades, exert a fundamental control over glacier dynamics. Compared to a land-terminating glacier, a
proglacial lake causes enhanced ice thinning and acceleration. These responses occur even when the water depth
is shallow and the glacier terminus is grounded. However, flotation of the terminus further enhances both
thinning and acceleration, and has a profound impact on the grounding line flux. In our experiments, which omit
explicit frontal ablation, these responses are entirely due to hydrostatic pressure variations modulating ice flow.

370 In particular, the onset of flotation represents a critical threshold that transforms the mechanical boundary
conditions at the ice front. Under higher lake levels and under floating conditions, the glacier experiences
reduced effective stress and enhanced longitudinal stretching, leading to accelerated ice flow and increased mass

flux across the grounding line.

375 These responses are consistent with theoretical predictions, model experiments and field observations from both
marine-terminating and lake-terminating systems. Expansion of proglacial lakes in the Himalayas has been
associated with widespread glacier thinning (Nie et al. 2017; King et al. 2019). Studies on neighbouring lake-
and land-terminating glaciers, and those that have undergone a transition from land- to lake-terminating, in the
Himalayas and elsewhere, confirm that under the same climate conditions lake-terminating glaciers experience

380 faster thinning rates (Tsutaki et al. 2013, 2019; Baurley et al. 2020; Sato et al. 2022; Holt et al. 2024).
Acceleration is similarly observed where glaciers are lake-terminating, although this trend is more nuanced and
not universal (Muto & Furuya 2013; Thakuri et al. 2016; King et al. 2018; Pronk et al. 2021; Minowa et al.
2023; Wu et al. 2025). Observations suggest that buoyancy forces at the ice—lake interface are key, with pulses
of rapid acceleration — and in some cases marked grounding line retreat — reported where thinning toward

385 floating conditions has detached the glacier from bed pinning points (Holt et al., 2024; Minowa et al., 2023;
Somos-Valenzuela et al., 2014; Tsutaki et al., 2013). Bed over-deepenings and retrograde slopes, coupled with
ice sheet and glacier thinning, are widely linked to unstable retreat and increased discharge in both lake and
marine settings via the so-called Marine Ice Sheet Instability (Weertman 1974; Meier & Post 1987; Schoof
2007; Benn et al. 2007; Joughin et al. 2014). Here we show that proglacial lake filling independently drives the

390 same buoyancy-governed dynamics.

Studies of individual — or even regional — cases of glacier—lake behaviour are typically limited in timescale and
consider either uniform forcing (a stable lake) or a single direction of change. Here, we have explored a range of
lake filling and drainage scenarios and we find that, besides the general trends outlined above, glacier responses
to lake changes are non-linear, asymmetric and exhibit hysteresis. These complex responses are especially

395 manifest in glacier sensitivity to flotation, in feedbacks between ice thinning and lake level rise and fall, and in

glacier response to the rate of lake drainage.

In our experiments, flotation of the ice front during lake level rise induces greater magnitude thinning and
acceleration catchment-wide than the opposing responses to transition to a land-terminating setting, but locally
transition to land has greater impact (Fig. 9). We find also that a steadily rising lake level produces a sharp

400 increase in grounding line mass flux due to flotation, while grounding during steady lake drainage produces a
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much less abrupt response, albeit of similar magnitude (Fig. 10, 11). These contrasting behaviours arise from
sensitive feedbacks between surface mass balance, water depth and velocity. Where negative surface mass
balance is driving glacier thinning, buoyancy can be countered by steady lake drainage, such that no substantial
change in grounding condition arises and the glacier margin is stable. Conversely, lake filling and negative

405 surface mass balance both favour thinning and buoyancy, destabilising the grounding line. The vulnerability of a
glacier to such destabilisation strongly depends on the local setting and initial conditions. Small changes in lake
level can trigger disproportionately large changes in ice discharge, but only when the ice front is close to the
threshold for buoyancy. In that case, lake level rise may cause flotation — and consequent profound increases in
grounding line flux — more rapidly than surface thinning; otherwise, the same magnitude lake filling may be

410 comparatively ineffectual. Deep lake waters arise in high relief topographic settings where basins are enclosed.
Here, increases in GL flux into a contained basin may cause yet further lake rise, sustaining mass loss in a
positive feedback. In such topographic settings, especially where the lake bed has a retrograde slope, water
depth increase and lake level rise will typically outpace surface thinning and be the dominant control on
buoyancy. Coupling between lake level and grounding line behaviour can therefore be more pronounced than

415 the marine ice sheet instability, where grounding line discharge has a comparatively negligible effect on water

(sea) level.

In contrast to the stabilising effect of slow, sustained lake drainage, we additionally find that high magnitude,
rapid lake drainage events (e.g. within one year) produce a pronounced stress response that can initiate surface
crevassing and discrete calving events, and this stress response increases markedly with the rate of drainage (up
420 to ~400 kPa, Fig. 13). While sufficient to drive fracture propagation, the stress magnitudes we observe remain
below thresholds for sustained structural failure and are unlikely to cause catastrophic collapse in typical
proglacial lake settings that experience discrete drainage events. This finding is consistent with observations
from natural drainage events where calving episodes are typically followed by restabilisation, rather than
runaway retreat (Carrivick et al., 2017). The limited spatial extent of proglacial lakes and buttressing effects of
425 calved icebergs provide natural constraints on instability propagation. However, the stress amplification we
observe for floating termini suggests that glaciers near flotation thresholds may be particularly vulnerable to
drainage-induced instabilities. As climate warming drives both glacier retreat and lake expansion, more systems
may approach these critical conditions, potentially increasing the frequency and magnitude of drainage-triggered

calving events.

430 4.2 Transient responses and propagation of effects
When lake drainage is rapid, but limited in duration, we observe an immediate and pronounced stress response
that recovers to an equilibrium within years. Even during steady, sustained lake level change, most (if not all) of
the velocity and grounding line flux response occurs only during the period of active lake filling or drainage. On
the other hand, sustained filling and drainage of proglacial lakes appears to produce a more lasting change in ice

435 thickness; velocity becomes stable at a new rate. Qualitatively, the temporal nature of these responses echoes
observations indicating that acceleration and buoyant responses of lake-terminating glaciers may be pulsed or
irregular (Muto & Furuya 2013; Pronk et al. 2021; Minowa et al. 2023; Holt et al. 2024), reflecting the non-
linear nature of flotation dynamics. Thinning trends of such systems appears almost universal, however, widely

observed whether the terminus lake is stable or evolving, newly formed or long-established (Tsutaki et al. 2013,
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440 2019; Thakuri et al. 2016; Muto & Furuya 2013; King et al. 2019; Sato et al. 2022). In part, this sustained
thinning response to lake level change may reflect the time required for the glacier profile to adjust to new
boundary conditions through kinematic wave propagation (Riel et al., 2021; van de Wal & Oerlemans, 1995).
The glacier response persists long after the hydrological perturbation ends, with adjustment timescales that will
vary according to glacier geometry, ice thickness, and perturbation magnitude. In addition, however, we show

445 that thinning (as well as velocity and grounding line flux responses) scales with the absolute water level, such
that lake level rise not only drives a dynamic response to the active change, but there is sustained enhanced
thinning at a higher, stable, lake level. This ongoing thinning may trigger delayed or renewed grounding line
flux changes, even after a lake filling or drainage event has stabilised, due to the evolving thresholds for ice
margin buoyancy.

450
The glacier responses that we have observed are triggered from the terminus, propagating upstream from the
ice—lake interface. We also find that thinning and flow velocity responses propagate into both other outlet
glaciers that drain the same catchment, and in particular the neighbouring marine-terminating outlet. Lake filling
and drainage dynamics thereby induce responses that may trigger additional feedbacks at the ice—ocean

455 interface, where mass can be fully lost from the system and where there may be fewer stabilising influences.
Our results suggest that even temporary lake level increases can commit glaciers to prolonged mass loss and not
only from the lake-contact ice margin, emphasising the importance of incorporating transient ice dynamics and

lake interactions in predictive glacier models.

4.3 Implications for lake-terminating systems

460 4.3.1 Ice sheet retreat/stability
Our findings have particular relevance for the Greenland Ice Sheet, where proglacial lake formation is
accelerating as the ice margin retreats into over-deepened basins (How et al., 2021; Shugar et al., 2020). Recent
observations document the rapid formation and expansion of ice-marginal lakes along both the western and
eastern margins, with some systems transitioning from land-terminating to lake-terminating within single melt

465 seasons (Carrivick et al., 2022; Holt et al., 2024).The non-linear response to lake level changes we identify
suggests that these transitions may trigger rapid acceleration in ice discharge, contributing disproportionately to
Greenland's mass balance. Our results also highlight the potential for lake-induced instabilities to propagate
inland, particularly in regions with retrograde bed topography. This mechanism could contribute to the observed
inland migration of acceleration and thinning patterns at several Greenland outlet glaciers (Hill et al., 2018). Of

470 particular concern may be our finding that dynamic changes initiated at a lake-terminating outlet propagate also
to neighbouring outlets of the same ice sheet catchment. Given Greenland’s high-relief ice-marginal topography,
many ice sheet catchments bifurcate into multiple outlets, land-, lake- and marine-terminating. Accelerated mass
loss driven by lake-terminus feedbacks may propagate to marine-terminating outlets where beds are over-
deepened and stabilising behaviour such as lake drainage is absent. Understanding and predicting these terminus

475 transitions and instabilities is important for refining sea level projections.

Centennial-scale consequences of proglacial lake damming are evident in geological records of deglaciation,
and our findings here can inform interpretations of the drivers of ice sheet retreat. Deglacial periods of high

surface melting in high relief, over-deepened and/or isostatically depressed terrain, are known to have dammed
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proglacial lakes (e.g. Jansson 2003; Perkins & Brennand 2015; Hegaas & Longva 2018; Regnéll et al. 2019,
480 2023), creating ice-marginal zones primed for rapid thinning and enhanced mass loss at the grounding line. Lake
coalescence during ice margin retreat (Regnéll et al. 2023) would have reduced lateral pinning stresses, and
retreat rates reconstructed from such lake-terminating settings are comparable to those from marine outlets
(100s ma™"). Reconstructions of lake and ice-margin co-evolution in Fennoscandia, for example, show that
where lakes were dammed, the ice sheet thinned to the extent that the ice sheet was repeatedly breached by lake
485 water. The successive occurrence of high-magnitude, rapid (<1 yr) lake drainage events, together with lake-
induced ice thinning, acceleration and enhanced mass loss, may have precipitated the structural failure and

collapse of the late-stage Fennoscandian ice sheet.

4.3.2 Glacier lake hazard mitigation
In High Mountain Asia, home to ~200,000 glaciers, proglacial lake expansion poses dual challenges of

490 enhanced glacier retreat and increased glacial lake outburst flood (GLOF) hazards (Nie et al., 2017; Veh et al.,
2019; Zhang et al., 2015). Our finding that controlled, gradual drainage can stabilise glaciers while sudden

drainage may trigger instabilities has direct implications for hazard mitigation strategies.

Several successful lake lowering projects have demonstrated the viability of engineered drainage as a hazard
reduction measure (Rana et al., 2000, ICIMOD 2011). Our results provide quantitative support for gradual

495 drainage approaches while highlighting the risks of uncontrolled rapid drainage events. The predictable scaling
relationships between drainage rate and stress response enable assessment of the likelihood of drainage-
triggered calving events. The dependence of the stress response on initial flotation state, and the likelihood that a
warming climate with deeper lakes, thinning glaciers and more frequent drainage events will push some systems
closer to critical instability thresholds, emphasises the need for enhanced monitoring and potentially active

500  management interventions. Notably, the asymmetric response to lake level changes suggests that efforts to
prevent initial lake expansion may be more effective than later drainage stabilisation measures. This argues for

proactive monitoring and intervention in systems approaching critical flotation thresholds.

4.4 Model limitations and future research directions
Even though our simplified approach does not explicitly include frontal ablation mechanisms, we find that

505  hydrostatic effects alone have important dynamic effects on lake-terminating glaciers. Our exclusion of calving
and subaqueous melting likely leads to conservative estimates of glacier sensitivity, as these processes can
account for a substantial proportion of mass loss in lake-terminating systems (Carrivick & Tweed, 2013;
Minowa et al. 2021; Caldwell et al. 2025). Incorporating these processes would likely amplify the lake level
effects we identify, through delivering more water into the proglacial basin, and could reveal additional

510 instability mechanisms. Recent advances in calving law development (Benn et al., 2007) and subaqueous melt
parameterisations (O’Leary & Christoffersen, 2013; Slater et al., 2017) provide pathways for more
comprehensive future modelling. The assumption of simplified basal hydrology also limits our ability to capture
the full spectrum of ice-lake interactions. Fully coupled ice-hydrology models (Ehrenfeucht et al., 2023;
Sommers et al., 2018) could better represent the complex feedbacks between subglacial water pressure, basal

515 sliding, and lake level fluctuations.
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We highlight here the influence of proglacial lakes on glacier dynamics, but also the setting-specific nature and
magnitude of glacier-lake feedbacks. Future work should prioritise targeted application of our modelling
framework to specific glacier systems that are expected to be most vulnerable to ice-lake interaction. Such

520 studies demand good constraint on local boundary conditions; high-resolution topographic data from satellite

and airborne surveys are increasingly providing the geometric constraints needed for realistic simulations.

Important research directions include:
o Coupled glacier-lake modelling: Dynamic simulation of lake evolution alongside glacier retreat,
incorporating glacier sediment transport, lake thermal stratification and circulation patterns, and lake
525 drainage pathways.
o Multi-scale process integration: Seamless coupling of calving laws, subaqueous melt parameterisations,
and hydrology models within comprehensive ice flow frameworks.
o Probabilistic hazard assessment: Development of probabilistic frameworks for assessing GLOF risks
under different climate scenarios, incorporating the non-linear thresholds identified in our study.
530 o Observation-model integration: Systematic comparison of model predictions with high-resolution

observations from satellite imagery, GPS measurements, and autonomous sensors.

5. Conclusions

In this study, we have systematically investigated the influence of stable, growing and draining proglacial lakes
on the dynamics of an outlet glacier and its ice sheet catchment. By comparing glacier behaviour in both lake-
535 terminating and land-terminating scenarios, under simplified conditions of a flat lake bathymetry and constant
mass balance, we isolate the direct impact of the lake on glacier dynamics. Our results demonstrate that lake-
terminating glaciers thin and accelerate compared to those terminating on land, but that glacier mass loss
accelerates significantly through grounding line mass outflux once flotation conditions are reached, driven by
rising lake levels and surface mass loss. This highlights the dominant role of proglacial lake level changes in

540 governing glacier stability.

Importantly, our analysis reveals that steadily lowering lake levels, whether through natural drainage or
engineered interventions, reduces grounding line mass flux and enhances glacier stability. This finding suggests
that controlled, gradual lake drainage could serve as a promising geoengineering approach to mitigate glacier
retreat and its downstream impacts. However, we caution that rapid lake drainage (within seasons to years) may
545 disrupt the glacier’s stress equilibrium, increasing crevasse formation and calving potential. Glacial lake
outburst floods may therefore undermine the stability of the glacier catchment, as well as constituting profound
hazard risks in themselves. Our quantitative results underscore the importance of lake level management in

modulating glacier dynamics.

20



https://doi.org/10.5194/egusphere-2026-172
Preprint. Discussion started: 30 January 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

550  Code & data availability
ISSM is freely available at https://github.com/ISSMteam/ISSM. The code specific to lake level change

simulations will be made available on GitHub upon publication. All the output data will be deposited to Bolin

Centre repository upon publication of the paper.
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