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Abstract17

During the last deglaciation (21 - 7 kaBP), the gradual retreat of Northern Hemisphere18

ice sheet margins produced large proglacial lakes. While the climatic impacts of these19

lakes have been widely acknowledged, their role on ice sheet grounding line dynamics has20

received very little attention so far. Here, we show that proglacial lakes had dramatic21

implications for the North American ice sheet dynamics through a self-sustained mechan-22

ical instability which has similarities with the known marine ice sheet instability albeit23

providing fast retreat of large portions of the ice sheet over the continent. Systemati-24

cally reproduced in the latest stage of the deglaciation, this mechanism could provide25

a physical origin for the debated melt water pulse 1B. Echoing our knowledge of Antarc-26

tic ice sheet dynamics, they are another manifestation of the importance of grounding27

line dynamics for ice sheet evolution.28

Plain Language Summary29

While ice sheet contribution to future sea level rise remains uncertain, the last deglacia-30

tion provide an unique opportunity to understand the mechanisms behind large-scale ice31

sheet collapses. In recent years, ice sheet models have substantially improved as they now32

better represent ice dynamics than they used to. Here we use such a model to quantify33

for the first time the importance of proglacial lakes on ice sheet dynamics. We show that34

these lakes could be responsible for large-scale ice sheet collapses due to a flotation in-35

stability. The proglacial lake ice sheet instability could be an additional mechanism ex-36

plaining observed late deglacial melt water pulses.37

1 Introduction38

Proglacial lakes have formed, evolved and drained in response to ice sheet changes39

throughout the Pleistocene (Teller, 1995). These lakes form at an ice margin by ice and/or40

moraine damming or in depressed basins. During the last deglaciation (21 - 7 kaBP), these41

lakes were a common feature of the Northern Hemisphere landscape, spanning a range42

of sizes reaching up several thousands of square kilometres in extent (Carrivick & Tweed,43

2013). These lakes can be short-lived or last for several thousand years and may expe-44

rience abrupt changes in water level (Teller & Leverington, 2004). These abrupt water45

level drops have sometimes resulted in large lake outbursts that probably had important46

consequences on the global climate owing to the large resulting freshwater flux to the47

oceans (Teller & Leverington, 2004). It is widely acknowledged, for example, that the48

abrupt drainage at 8.2 kaBP of Lake Agassiz-Ojibway, the largest known lake on Earth,49

which existed for thousands of years, induced a widespread cooling of the Northern Hemi-50

sphere via a slowdown of the Atlantic circulation (Barber et al., 1999; Wiersma & Renssen,51

2006). Proglacial lakes have also had an impact at the regional scale, in particular for52

ice sheet surface mass balance, reducing summer ablation and favouring ice growth (Hostetler53

et al., 2000; Krinner et al., 2004). As the climatic importance of these lakes is well es-54

tablished, it is surprising perhaps that their role in ice sheet mechanics has received very55

little attention so far. Yet, using conceptual models for ice ages, some authors have hy-56

pothesised that these lakes could be responsible for Pleistocene ice volume oscillations,57

favouring calving and thus enhancing rapid ice retreat (Pollard, 1982; Fowler et al., 2013).58

This hypothesis has hitherto been tested with comprehensive physically-based numer-59

ical ice sheet models. Here, we use a set of numerical model experiments to study the60

impact of large proglacial lakes on ice sheet grounding line dynamics and to quantify their61

potential contribution to sea level rise accelerations during the last deglaciation.62

Sea-level archives suggest that the deglacial rate of sea level rise has been far from63

linear, with episodic rapid accelerations (Lambeck et al., 2014). Amongst these events,64

the melt water pulse 1A (MWP-1A) is the most prominent feature with 14 to 18 metres65

of sea level rise in 340 years between 14.65 kaBP and 14.31 kaBP (Deschamps et al., 2012).66
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Later in the deglaciation, between 11.45 kaBP and 11.1 kaBP, another event, the melt67

water pulse 1B (MWP-1B), could also have been as large as about 14 metres over 35068

years (Abdul et al., 2016) even if its existence is controversial due to its absence in some69

archives (Bard et al., 2016). These events suggest large-scale ice sheet collapses. So far,70

our understanding of the underlying processes leading to such ice sheet collapses is lim-71

ited.72

If there is no consensus on the geographic origin of the freshwater outbursts dur-73

ing these events (Liu et al., 2016) the comprehensive glacial histories of ICE-6G C (Peltier74

et al., 2015) and GLAC-1D (Tarasov et al., 2012; Ivanovic et al., 2016), derived from in-75

version of indicators for modern surface subsidence measurements and past relative sea76

level evolution (supporting information Text S2), both suggest that the North Ameri-77

can ice sheet (NAIS) was probably an important contributor to the MWP-1A with a rate78

of volume change of about 3 m of global sea level equivalent (mSLE) per century. To-79

wards the end of the Younger Dryas, GLAC-1D also presents a collapse of this ice sheet80

at a rate of 1.5 mSLE per century. Although this feature of the late deglacial NAIS is81

absent from ICE-6G C, using the same glacial isostatic data but including an updated82

ice sheet model, a recent study (Stuhne & Peltier, 2017) has also suggested that a col-83

lapse of the late deglacial NAIS could explain the MWP-1B.84

Several mechanisms could explain these large scale ice sheet collapses: i) ice stream85

surges due to internal thermo-mechanical oscillations (MacAyeal, 1993; Calov et al., 2002);86

ii) grounding line migration for marine ice sheets (DeConto & Pollard, 2016); or iii) strongly87

negative surface mass balance due to the surface elevation feedbacks (Gregoire et al., 2012;88

Abe-Ouchi et al., 2013). To date, only this last process has been used in a modelling study89

to successfully reproduce the largest deglacial abrupt sea level rise, the MWP-1A, with90

a so-called saddle collapse mechanism (Gregoire et al., 2012). Surface mass balance pro-91

cesses such as the saddle collapse are enhanced by abrupt warming such as the Bølling-92

Allerød that was mostly synchronous with the MWP-1A. Unlike surface mass balance93

processes, once triggered, mechanical instabilities are self-sustained and are only weakly94

sensitive to any later climate change.95

Whilst a fair amount of ice sheet simulations of Northern Hemisphere deglaciation96

are available in the literature, they were performed with a former generation of ice sheet97

models that do not account for the complexity of grounding line dynamics (Gregoire et98

al., 2012; Abe-Ouchi et al., 2013; Charbit et al., 2005; Heinemann et al., 2014; Ganopol-99

ski & Brovkin, 2017). Ice sheet models now either use a very high spatial resolution at100

the ice margin to explicitly solve grounding line dynamics (Larour et al., 2012), in some101

cases with some sub-grid parametrisations (Winkelmann et al., 2011), or they impose102

an ice flux crossing the grounding line using analytically derived formulations (Schoof,103

2007; Tsai et al., 2015). These newer models have a grounding line migration that is much104

more sensitive to changes in boundary conditions (mass balance and sea level (Pattyn105

et al., 2013)) with respect to the previous generation.106

2 Methods107

In this work, we use the GRISLI ice sheet model (Quiquet, Dumas, et al., 2018)108

to simulate the evolution of the Northern Hemisphere ice sheets for the last 26 ka. We109

showed recently that the model was able to correctly reproduce the grounding line mi-110

gration for the Antarctic ice sheet across the last glacial-interglacial cycles (Quiquet, Du-111

mas, et al., 2018). The ice sheet model accounts for glacial isostasy with an elastic litho-112

sphere - relaxed asthenosphere model. Any topographic depression below the contem-113

poraneous eustatic sea level is assumed to be flooded with a water surface elevation at114

the eustatic sea level value. The climatic forcing that drives the ice sheet evolution is115

computed in two completely independent ways. In a first series of experiments the iLOVE-116

CLIM climate model (Roche, Dumas, et al., 2014; Roche, Paillard, et al., 2014) is bi-directionally117
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coupled to GRISLI using a new downscaling capability (Quiquet, Roche, et al., 2018)118

to compute ice sheet surface mass balance from downscaled physical variables at the res-119

olution of the ice sheet model for each atmospheric model time step. Surface mass bal-120

ance is computed with an insolation - melt model (van den Berg et al., 2008) with lo-121

cal melt parameter tuning to partially correct for the model biases (Heinemann et al.,122

2014). Sub-shelf melting rate is computed from temperature and salinity provided by123

the ocean model (Beckmann & Goosse, 2003). The second series of experiments consist124

of a suite of ice sheet stand-alone experiments forced by an ensemble of synthetic climate125

histories that are elaborated from general circulation model (GCM) outputs and a proxy126

for temperature variability deduced from a Greenland ice core (Charbit et al., 2007). In127

this case, the GCM last glacial maximum anomalies with respect to the pre-industrial128

from the PMIP3 database (Abe-Ouchi et al., 2015) are added to reanalysis data (Dee129

et al., 2011). If these stand-alone experiments use an idealised climate forcing that may130

lack consistency between ice sheet and climate changes, they nonetheless provide an en-131

semble of alternative ice sheet evolutions during the deglaciation. More details on the132

modelling setup is given in the supporting information (Text S1).133

3 Results134

Both sets of experiments produce deglacial NAIS volume losses in general agree-135

ment with the geologically-constrained reconstructions (Fig. 1A). However, in detail they136

do present some important differences. On the one hand, the stand-alone experiments137

show a pronounced millenial scale variability in ice volume, which is a direct consequence138

of the imposed atmospheric variability recorded in Greenland ice cores. In particular,139

the simulated NAIS loses ice up to a rate of 5 mSLE per century (Fig. 1B) in response140

to the abrupt Bølling warming at 14.6 kaBP. That rate is comparable to the magnitude141

of the MWP-1A recorded in sea-level archives (Deschamps et al., 2012). These exper-142

iments show a second maximum in rate of volume loss towards the end of the Younger143

Dryas circa 11.5 kaBP, in agreement with the GLAC-1D reconstruction. On the other144

hand, in the coupled experiment, the gradual change in forcings (orbital and greenhouse145

gases) leads to a smoother simulated ice volume reduction. While ice volume between146

26 and 17 kaBP is relatively stable, after this date, the ice loss rates are overestimated147

with respect to the geomorphological reconstructions, leading to a smaller simulated ice148

sheet extent (Fig. S1 and Fig. S2). This faster ice sheet volume reduction in the coupled149

experiment is in part due to the fact that we do not account for the impact of melt wa-150

ter flux to the ocean which are expected to weaken the North Atlantic overturning cir-151

culation and, as a result, to delay the Northern Hemisphere warming. Since the coupled152

model does not internally produce the Bølling warming, contrary to the stand-alone ex-153

periments, it presents only one peak in rates of volume loss circa 13 kaBP of about 2 mSLE154

per century. We show in the following that the latest acceleration in ice loss, in the two155

sets of experiments, is due to the large proglacial lake that forms at the southern edge156

of the NAIS.157

The pattern of our modelled NAIS retreat in the coupled experiment is illustrated158

in Fig. 2 with two selected snapshots; one before and one after the timing of maximum159

ice loss rate for the coupled experiment. At 13.8 kaBP (before the event, Fig. 2A), the160

simulated ice sheet reproduces the major ice streams inferred by geomorphological ob-161

servations (Hudson Strait, Lancaster Sound, Amundsen Gulf (Margold et al., 2018) on162

Fig. 2). This ice streams are predominantly controlled by bedrock features (valleys, Fig. S3)163

and terminate in the Atlantic and Arctic oceans. On the contrary, the continental south-164

ern margin does not show at this time any well identified ice streams. However, retreat165

of the ice sheet on its southern margin produced the large proglacial lake Agassiz-Ojibway166

(Teller, 2003). One thousand years later, at 12.8 kaBP (Fig. 2B), dramatic acceleration167

of the southern part of the ice sheet is simulated and associated with substantial ground-168

ing line retreat. Velocities of grounded ice shift from below 500 m yr-1 to about 2000 m yr-1169
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in the vicinity of the grounding line. In the stand-alone experiments this rapid acceler-170

ation in ice sheet velocity is systematically reproduced independently from the climatic171

forcing, but it occurs later, towards the end of the Younger Dryas (Fig. S4). This rapid172

ice sheet collapse is due to a mechanism similar to the marine ice sheet instability (Weertman,173

1974; Schoof, 2007) except that it occurs in a lake and not in the ocean. In the follow-174

ing, this process will be referred to as proglacial lake ice sheet instability, PLISI.175

To better illustrate the mechanism, we show a cross-section of the ice sheet for the176

same temporal snapshots in Fig. 3. Before the instability initiation, the bedrock under177

the ice sheet is depressed with respect to its present-day value due to the glacial ice load178

(Fig. 3A). In the course of the deglaciation, the progressive thinning due to surface mass179

balance decrease leads eventually to floating conditions and the retrograde bed triggers180

the PLISI. The grounding line retreats by more than 700 km in the region of Lake Agassiz-181

Ojibway within one thousand years (Fig. 3B). Once triggered, the mechanism is mostly182

mechanically driven (supporting information Text S3).183

To assess the importance of the PLISI in shaping the deglaciation, we isolate the184

effect of surface mass balance by preventing the occurrence of the mechanical instabil-185

ity, by assuming that the southern margin of the NAIS is perpetually grounded until 8 kaBP.186

Excluding lake effects on ice dynamics results in maximal rates of ice loss halved with187

respect to the experiments in which the PLISI is accounted for (Fig. 4 and Fig. S7). In188

particular, magnitude of local ice fluxes are divided by 10 in the area of present-day Hud-189

son Bay (Fig. S8). The PLISI is thus a crucial process for the NAIS dynamics and ex-190

plains the late deglacial acceleration of the ice sheet volume loss.191

Since the PLISI is a grounding line instability, its importance is tightly linked to192

the lake water depth through a flotation criteria. Our ice sheet model does not simulate193

explicitly proglacial lakes and the lake surface elevation is assumed to follow the eustatic194

sea level. This is a conservative estimate since at high latitudes the water inputs to the195

lake exceed the evaporation and the water level is thus controlled by the elevation of the196

outlet. It is believed that large proglacial lakes at the southern margin of the NAIS pre-197

sented probably a surface level about 100 metres or more above the contemporaneous198

eustatic sea level (Lambeck et al., 2017; Clarke et al., 2004). For this reason, we performed199

additional experiments for which we assume a constant lake surface elevation at +50 m200

above present-day sea level in the NAIS southern margin area (about +120 m above eu-201

static sea level at 13 kaBP). In this case, the PLISI is enhanced and it often doubles the202

maximum ice loss rate compared to the simulations where the mechanism is inhibited203

(Fig. 4 and Fig. S7). While these additional experiments with a higher lake surface el-204

evation lead to substantial difference in ice loss rates, we made additional computations205

that suggest that the elevation could be higher than +150 metres above present-day sea-206

level in the course of the deglaciation (supporting information Text S4). This implies that207

if more realistic varying lake surface elevations were considered in our experiments, the208

PLISI would have been reinforced. As such, the implementation of an interactive depression-209

filling algorithm to infer the lake-water depth (e.g. Berends & Wal, 2016) could be im-210

portant to implement in ice sheet models to simulate the last deglaciation.211

4 Discussion212

With a set of model simulations, we have shown that proglacial lakes can greatly213

influence ice sheet dynamics by providing rapid grounding line retreats. If the magni-214

tude and the timing of this rapid grounding line retreat depends on climate evolution,215

the instability occurs systematically in the course of the deglaciation as a result of the216

depressed bedrock resulting from glacial ice load. It is also only weakly sensitive to calv-217

ing formulation and lake sub-shelf melting rates (supporting information Text S5 and218

Fig. S9) because of the strongly negative surface mass balance at the NAIS southern mar-219

gin. In our simulations, the PLISI results in an acceleration of the deglaciation of the220
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NAIS in its final stage, with rates of volume change of about 2 mSLE per century. The221

PLISI could be thus responsible of the debated MWP-1B recorded at Barbados (Abdul222

et al., 2016). Contrary to the MWP-1A, which could be a surface melt response to the223

abrupt Bølling warming leading to a saddle-collapse (Gregoire et al., 2012), this event224

is almost entirely mechanically driven although triggered by a decrease in surface mass225

balance. As such, it is a self-sustained instability that can maintain large ice sheet vol-226

ume loss regardless of later climate change. The PLISI could explain the fan-like ice streams227

observed in the geological record at the end of the Younger Dryas (Margold et al., 2018)228

which also coincide with the MWP-1B.229

This mechanism raises a number of scientific questions as we have no contempo-230

raneous analogues, although a large number of glaciers, notably in Patagonia, Greenland231

and Antarctica, terminate in proglacial lakes (Carrivick & Tweed, 2013). These glaciers232

are relatively small and do not allow for large floating ice shelves. Instead, the PLISI could233

have generated large and thick ice shelves floating over freshwater cavities. Since present-234

day freshwater glaciers show calving and basal melting rates smaller than their tidewa-235

ter analogues (Benn et al., 2007; Trüssel et al., 2013), large scale sub-shelf refreezing could236

eventually occur within the cavities. If our experiments are weakly sensitive to calving237

and sub-shelf melting rates because of the strongly negative surface mass balance at the238

southern margin of the NAIS during the deglaciation, this might not always be the case239

for other time periods and/or ice sheets.240

If the PLISI mechanism is crucial to understand the deglaciation of the NAIS, it241

will be as important for the Eurasian ice sheet. Large proglacial lakes were also present242

at the southern flank of the Eurasian ice sheet, in the vicinity of the Baltic and White243

seas (Patton et al., 2017). The PLISI could be a mechanism that explains the observed244

cyclicity in abrupt discharge events recorded in the Black sea (Soulet et al., 2013). More245

generally, the PLISI could be crucial to understand deglacial Pleistocene eustatic sea level.246

While grounding line dynamics is a well established process to account for the Antarc-247

tic ice sheet evolution, the PLISI mechanism is another manifestation of its importance248

for ice sheet dynamics. These results highlight the need for a good understanding of ground-249

ing line physics and its representation in numerical models in order to reduce the un-250

certainties on sea level projections for the ongoing deglaciation.251
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Figure 1. Temporal evolution. Simulated total ice volume (A) and rate of ice loss (expressed

as ice volume contributing to sea level rise per century) (B) through the deglaciation (26 kaBP

5 kaBP) for the NAIS. Dark blue depicts the simulated NAIS using the GRISLI-iLOVECLIM

set-up while the light blue envelop depicts the spread within the GRISLI stand-alone experiments

(Methods). The ice sheet volume and rate of volume change of GLAC-1D and ICE-6G are shown

in orange and red, respectively. The Bølling-Allerød warm period and the Younger Dryas cold

period are shown by the pink vertical shading. The two melt-water pulses discussed in the text

are in brown and the presence of the Lake Agassiz is shown by the horizontal green bar.
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