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Executive Summary 
 

In the wake of devastating flooding related to recent hurricane strikes on heavily 

inhabited areas, the potential impact of sea level rise has never been clearer. Peak storm 

surges from Superstorm Sandy and Hurricane Harvey averaged 2 m, and peaked at 

about 4 m. Greenland’s ice, if fully melted, would raise global sea levels more than 7 m. 

Thus, scientists are focused on the future behavior of the Greenland Ice Sheet. Warming 

will cause ice loss and sea-level rise, but the rate and amount of rise remain notably 

uncertain.  Models matching reconstructed ice sheet changes over recent decades and 

millennia generally project significant future melting of Greenland in response to 

warming expected over the coming decades.   

 

The latest data available to the scientific community – on emerging dynamic processes 

of ice sheets in general, and on new knowledge of Greenland Ice Sheet history 

specifically – paint a worrisome picture for the future stability of the Greenland Ice 

Sheet. For example, some recent pilot results suggest that modest warming in 

geologically recent times caused much greater ice loss and sea-level rise than projected 

by most ice sheet models.  One possible interpretation is that existing models are 

substantially underestimating future sea-level rise, raising greater concerns about the 

impacts of future warming on coastal populations, global economies, and national 

security.   

 

At present, we do not have data or models that allow for a definitive consensus view of 

Greenland Ice Sheet vulnerability to climate change. Furthermore, the apparent conflict 

within existing datasets raises fundamental questions that can guide future research on 

a variety of climate and glacier research topics, improving overall projections of sea-

level rise. For these reasons, there is urgency in defining priorities for significantly 

improving knowledge of Greenland Ice Sheet vulnerability to climate change. In 

particular, the scientific community has the overarching task of delivering improved 

constraints for assessing the likely contribution of the Greenland Ice Sheet to sea level 

over the next decades and beyond. The time is ripe for a coordinated, interdisciplinary 

initiative including new direct information about Greenland Ice Sheet stability, ice sheet 

processes and new ice sheet simulations framed by new data assimilation. 

 

A community of experts gathered in September 2017 in Buffalo, NY for an NSF-

sponsored workshop on the stability, past and future, of the Greenland Ice Sheet. The 

group consisted of scientists primarily from three backgrounds: (1) geologists who study 

ice sheet and climate history, (2) glaciologists who examine (or isolate) physical glacier 

processes and (3) numerical modelers who simulate ice sheet response to climate 

change. Over the two-day workshop, the community pulled together the current state of 

knowledge of Greenland Ice Sheet stability and identified new opportunities for how 
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best to improve it. The group established a realistic set of research priorities for closing 

knowledge gaps that limit our ability to project Greenland Ice Sheet collapse. Appendix 

items contain the workshop program, abstracts and list of participants. 

 

Future research prioritized by the community: 

 

1. New geologic data from key locations. Recent investigations have focused on the bed 

of the ice sheet, including studies of basal ice and subglacial rock. This work would 

include studies of cosmogenic isotopes in rock under the ice sheet and in presently 

unglaciated areas, and require new drilling technology designed for fast and relatively 

inexpensive drilling to and into the bed. An important objective is to characterize ice 

sheet size during the Holocene and previous interglaciations (how small was it?). Ice 

margin reconstructions from the Holocene are particularly important because they 

provide the best opportunity to constrain rates of ice sheet change, a critical constraint 

for ice sheet modeling and improving knowledge of ice sheet sensitivity. 

Additional key data should be captured over targeted intervals in the Quaternary, 

such as from the early and middle Pleistocene, the last interglaciation, and the last 

deglaciation and Holocene. Critical datasets include sampling of marine sediments for 

fluxes of ice sheet-derived sediments and regolith depletion, records of paleoclimate, 

particularly to more accurately reconstruct early and middle Pleistocene climate forcing, 

and glacial geologic and paleoclimatic data from the Holocene.  

 

2. Highly focused numerical ice sheet modeling in several key directions. These include 

targeted experiments addressing existing ice sheet presence/absence and ice thickness 

datasets, coupled modeling including erosion and cosmogenic isotopes, paleoclimatic 

data assimilation, sensitivity experiments on effects of resolution and inclusion of “fast” 

physics on paleo-simulations, and improved ensemble exploration of parameter space 

and uncertainties. These exercises could provide model-based support for selecting 

optimal sites to obtain additional sub-ice data. 

 

3. Improved knowledge of ice sheet dynamics. This is required on several fronts for the 

next generation of ice sheet models, including glacier hydrology and calving terminus 

dynamics. Improving understanding of positive feedbacks that increase vulnerability to 

collapse (e.g., albedo, elevation) is also critical. This progress must rely on increased 

efforts to extend and couple contemporary observations, process-scale modeling, and 

climate and ice sheet-scale modeling sensitivity experiments.  

 

4. Geophysical exploration of key ice sheet boundary conditions. These quantities 

include constraining tectonic or geothermal forcings on the ice sheet through time; 

studying present-day locations of high geothermal flux; and searching for evidence of 

Quaternary volcanism at the bed. 
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5. Improving cross-disciplinary collaboration. It was very clear throughout the 

workshop, and specifically voiced during the breakout groups, that many of the above 

targets for research would advance most efficiently as multi-disciplinary efforts.  Future 

research efforts need data-process-model-technology integration and coordination. 
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1. Introduction 
 

The Greenland Ice Sheet (Figure 1) comprises 7.4 meters of sea level equivalent. Thus, 

even subtle changes in its mass balance can influence sea level change in populous 

regions and affect global economies. Because of this, significant resources have been 

invested in monitoring present-day Greenland Ice Sheet change. Resources also have 

been deployed to understand the history of Greenland, both in terms of paleoclimatic ice 

core records and fluctuations of the ice sheet’s overall size as a key factor in the planet’s 

oscillating climate (Alley et al., 2010). 

 

The Antarctic, where major outlet glaciers that flow along reverse bed slopes threaten to 

collapse the West Antarctic Ice Sheet, has drawn considerable recent attention (e.g., 

Alley et al., 2005; DeConto and Pollard, 2016). However, mounting evidence suggests 

that the Greenland Ice Sheet may also be a source of rapid and significant sea-level 

change. New cosmogenic isotope data from a rock core collected below the ice sheet at 

Summit, central Greenland, reveal that the ice sheet may not be as stable as previously 

thought.  There, measurements of cosmogenic isotopes demand the absence of ice at the 

GISP2 summit drill site for significant intervals of the Pleistocene (Schaefer et al., 2016).  

Additional independent studies also indicate that Greenland was periodically ice-free 

(or “nearly ice free”) during interglacials of the last ~ 1 Myr. Perhaps Greenland was 

never completely deglaciated, given mountainous terrain that likely remains glaciated 

even during absence of continental-scale ice 

(e.g., Willerslev et al., 2007; Reyes et al., 

2014). On the other hand, data from ice 

cores in central Greenland (e.g., Bierman et 

al., 2014; Yau et al., 2016) and from 

offshore sediment records (e.g., Bierman et 

al., 2016) that have been interpreted to 

suggest the long-term persistence of the ice 

sheet (albeit highly dynamic), and provide 

evidence that at least some ice has persisted 

for at least ~1 million years (Yau et al., 

2016). A hybrid view comes from Yau et al., 

(2013). They concluded that the GIS lost 

enough ice during the Eemian to contribute 

~ 5 m of global sea level rise, but Summit 

remained glaciated. These studies point to a 

dynamic but generally resilient ice sheet. 

 

Given the information presently available, 

the vulnerability of the Greenland Ice Sheet 

GLOSSARY 

Last Interglaciation. 130-115 ka; also known as 

marine isotope stage (MIS) 5e or the Eemian; the 

interglacial period prior to the Holocene. 

MIS 11. Marine isotope stage 11; ~420-400 ka. 

An unusually long interglacial period (most are 

~10 kyr). 

Pliocene. 5.3-2.6 Ma; a time of relative warmth 

and high CO2 prior to decreasing CO2 and cooling 

of the Quaternary. 

Quaternary. 2.6 Ma to present; the present Ice 

Age period on Earth, characterized by dozens of 

glaciations and interglaciations. 

Pleistocene. 2.6 Ma to 11.7 ka. All of the 

Quaternary except the present interglaciation. 

Holocene. 11.7 ka to present; the present 

interglaciation; the rise of civilizations. 

Mid-Pleistocene transition. A time around one 

million years ago when oscillations in global ice 

volume switched from ~40-kyr periodicity 

before the transition to ~100-kyr periodicity 

more recently.  
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to global warming remains uncertain. Our ability to project what the future may hold for 

Greenland can be no better than our understanding of how the ice sheet responded to 

climate change in the past. For this reason, the history of the Greenland Ice Sheet is a 

critical target for further study. In turn, this history provides an opportunity to 

understand ice sheet response to climate change using numerical modeling. These ice 

sheet models require a thorough treatment of dynamical glacier processes. This white 

paper makes the case that the community is now in a position to tackle this task with a 

novel and direct interdisciplinary scientific approach. We begin by first providing an 

overview of what is known about the history of the Greenland Ice Sheet. Next, we 

discuss how this history serves as a target for a fuller understanding of ice sheet 

response to climate change. 

 

2. The history of the Greenland Ice Sheet 

 

Continental-scale ice sheets initiated in the Northern Hemisphere (Cordilleran, 

Laurentide and Greenland ice sheets in North America, Fennoscandian ice sheet in 

Europe and Asia) ~2.6 to 2.4 Ma (Ruddiman and Raymo, 1988). The Laurentide Ice 

Sheet, for example, extended south to 39°N in the Midwest US at ~2.4 Ma (Balco et al., 

2005). Evidence for the onset of ice growth on Greenland comes largely from the 

surrounding oceans via records of ice-rafted debris. These data suggest that ocean-

Figure 1. A) Present extent of the Greenland Ice Sheet, showing major ice core sites. B) Isostatically 
depressed topography of Greenland and surrounding seas from BedMachine v3 (Morlighem et al., 
2017). C) Isostatically rebounded topography of Greenland bedrock (Medvedev et al., 2013). 
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terminating glaciers existed on Greenland as early as the Eocene (see Figure 2; Thiede et 

al., 1998; 2011; Eldrett et al., 2007). However, direct records of when Greenland ice 

grew to the continental scale are scarce. Two such records are ice-contact deposits on 

the continental margin off East Greenland that date to ~2.5 Ma (Larsen et al., 1994; 

Solheim et al., 1998), and intensifications of ice-rafted debris deposition in the North 

Atlantic at 3.3–2.4 Ma (Kleiven et al., 2002). Thus, it appears that continental ice 

advanced far onto the continental shelf, at least in East Greenland, by ~2.5 Ma. 

 

The marine oxygen isotope stratigraphy of the oceans (Lisiecki and Raymo, 2005; 

Figure 3) has long been the standard template for Quaternary glaciation. This record 

reveals steadily growing (albeit oscillating) global ice volume since the Plio-Pleistocene 

transition. This has led some to suggest that sizeable ice sheets were relatively persistent 

since their inception at ~2.5 Ma (e.g., Bierman et al., 2014). However, sediment 

formations on North and East Greenland dating to 1.8 to 2.2 Ma (with notable age 

uncertainties) contain fossil assemblages (e.g., larch forests), indicating sufficiently high 

Figure 2. Compilation of some key records that constrain the history of the Greenland Ice Sheet (from 
Bierman et al., 2016; see original reference for data sources). Red = smaller ice; blue = larger ice. 
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temperature to demand a more or less ice-free Greenland at this time (Funder et al., 

1985; Bennike et al., 2010).  Apparent inconsistencies such as these led Thiede et al. 

(2011), in a relatively recent review of Greenland Ice Sheet history, to comment on 

glaciation after ~2.5 Ma: “the timing of glaciation on Greenland and whether it has been 

glaciated continuously since are wide open questions of its long term history.”   

 

Data from basal sections of ice cores have made an important contribution to our 

understanding of the history and stability of the ice sheet.  The longest Greenland ice 

core records discontinuously extend at least to the penultimate glacial (MIS 6) and some 

stratigraphically disturbed ice core samples almost certainly extend to Marine Isotope 

Stage (MIS) 7 (~240 ka) (Suwa et al., 2006). Recent trapped-air studies support the 

antiquity of basal ice, suggesting that basal ice at the GRIP site (central Greenland) 

dates to ~1 Ma, and to ~430 ka at the DYE-3 site (south Greenland), with large 

uncertainties (Yau et al., 2016). These ages agree with coarser estimates obtained 

through a variety of methods (Willerslev et al., 2007). Collectively, these data suggest 

that basal ice at the DYE-3 site dates from before the Last Interglaciation, and basal ice 

at the GRIP site dates from well before MIS 11.  

 

Other lines of evidence seemingly conflict with apparent sustained glaciation on 

Greenland. For instance, the “larch interval” suggests widespread deglaciation between 

1.8-2.2 Ma, and ocean sediment proxy records are interpreted as recording a significant 

reduction in ice extent during MIS 11 (e.g., deVernal and Hillaire-Marcel, 2008; Reyes et 

Figure 3. Marine oxygen isotope (δ18O) record of global ice volume spanning the last 4 Myr (Lisiecke 
and Raymo, 2005). Of note are the oscillations in global ice volume that likely were in part driven by 
Greenland Ice Sheet’s history. Is it the exception that Greenland is free of continental ice during 
interglacial excursions, or the rule? Marine isotope stages (MIS) discussed in text are noted. Modified 
from Dutton et al. (2015). 
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al., 2014; Hatfield et al., 2016).  During any such period of significantly reduced ice, 

however, mountainous terrain in eastern Greenland would likely harbor glaciers. 

Contrasting results could be reconciled if, following a nearly ice-free period during MIS 

11, ancient ice in the eastern highlands flowed westward across the GRIP site. This 

would be akin to today’s situation in western Greenland, where areas that were ice free 

in the Holocene were re-glaciated and are now covered by ice that predates the 

Holocene (Young and Briner, 2015).  

 

To summarize, existing datasets are mostly in agreement that ice in southern Greenland 

did not survive MIS 11 but did survive the Last Interglaciation.  There remains much to 

be learned about the history of ice in central Greenland; trapped air records are 

compatible with some ice surviving even during MIS 11, whereas other records point to 

deglaciation in central Greenland at that time. Knowledge of ice sheet size during other 

interglacial periods is even more limited (cf. Hatfield et al., 2016), particularly between 

MIS 11 and the 1.8-2.2 Ma “larch interval.”  

 

3. A pair of papers in Nature 

 

A major recent addition to the collective dataset on the stability of the Greenland Ice 

Sheet was unveiled in a pair of papers published in Nature in December 2016. We draw 

special attention to them here because their recent publication (along with the news 

pieces that accompanied them) provides an opportunity to assess our collective 

understanding of Greenland 

Ice Sheet stability across 

multiple lines of evidence.  

 

In one Nature paper, Bierman 

et al. (2016) presented 

cosmogenic isotope data from 

sand grains in an ocean-

sediment core off 

southeastern Greenland 

(Figure 4). They used 10Be 

eroded from Greenland 

bedrock and delivered to the 

seafloor to infer the long-term 

build-up of the Greenland Ice 

Sheet through the Quaternary. 

The data were interpreted to 

suggest episodic yet overall 

expanding glaciation in the 

Figure 4. 10Be data from ocean sediments offshore east Greenland 
(green curve; Bierman et al., 2016), alongside similar data from 
Antarctica and global ocean δ18O data (Shakun, unpublished). The 
Greenland data suggest that although the Greenland Ice Sheet 
increased in size through time, it exhibited volatile behavior. 
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mountainous areas of eastern Greenland since 7.5 Ma, a conclusion that “challenges the 

possibility of complete and extended deglaciation over the past several million years” 

(Bierman et al., 2016). 

 

In the other Nature paper, Schaefer et al. (2016) reported a surprisingly high 

concentration of cosmogenic nuclides (10Be and 26Al) in rock below the GISP2 site, 

which requires ice-free conditions for considerably longer than a few interglaciations in 

central Greenland (Figure 5). Models indicate that when ice over GISP2 bedrock is 

deglaciated, more than 90% of the ice sheet has melted. The nuclide measurements also 

put an upper bound of 1.1 Myr on the time that ice has continuously occupied the GISP2 

site. These data support a scenario of periodic exposure during many of the interglacial 

periods in the Quaternary. 

 

At first glance, these studies appear to reach opposite conclusions, yet they are not 

strictly inconsistent with one another. Bierman et al.’s (2016) findings provide 

information on the generalized ice extent along eastern Greenland, where one might 

expect localized glaciers to persist even during warm and long interglacials. 

Furthermore, there is ample room within the temporal resolution of their dataset for 

extensive deglaciation during interglacial periods. Schaefer et al. (2016), on the other 

hand, reconstructed ice cover in central Greenland directly, and thus mainly constrained 

the behavior of continental ice.  

Figure 5. Blue and red bars are scenarios for ice sheet histories consistent with cosmogenic 10Be and 
26Al data from the Greenland bed at the GISP2 core site (from Schaefer et al., 2016). Blue indicates 
Greenland Ice Sheet presence; red is absence. Scenario 1 is the limiting case for recent stability, with 
300 kyr of exposure followed by 1.1 Myr of ice sheet occupation; the data do not allow the ice sheet to 
have continuously existed over GISP2 for longer than 1.1 Myr. Scenarios #2 and #3 are more realistic 
histories based on what we know about the climate history of Earth; they include many times during the 
Quaternary when the ice sheet was absent at the GISP2 core site (see Fig. 1). MTP=Mid-Pleistocene 
Transition; SKF/KKF are sediment formations interpreted to require ice free Greenland. 
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4. Did the Greenland Ice Sheet ever melt completely in the Quaternary? 

 

The pair of Nature papers highlight this question, whose answer is still debated. 

Judging by trapped gas records in basal ice, the answer is no: these records suggest that 

ice persisted in central Greenland for at least the past ~1 Ma, and therefore possibly 

through the Quaternary. If, on the other hand, one trusts the chronologies and 

interpretations of sediment formations on Greenland, then the answer is yes: 

continental ice on Greenland was largely or completely removed sometime after it first 

grew. For example, the “larch interval” (dating to ~1.8-2.0 Ma) post-dates periods of 

major expansion of Greenland ice onto its continental shelves (2.5 Ma and/or earlier). If 

one trusts current reconstructions and attribution of global sea level data (Raymo and 

Mitrovica, 2012), then MIS 11 is another time when a significant retreat of the 

Greenland Ice Sheet occurred, which is also supported by indirect proxy records from 

ocean sediments (e.g., Reyes et al., 2014). And finally, the Schaefer et al. (2016) data 

suggest that central Greenland became ice free not just during these specific intervals, 

but during many interglacials. 

 

A more targeted question regarding ice sheet stability is whether it is the norm or the 

exception for Greenland to be ice free during periodic Quaternary interglacials – and 

furthermore whether the periodicity of major ice sheet retreat changed in the 

Quaternary. It is possible that our view is skewed toward the stability of continental ice 

on Greenland because the Greenland Ice Sheet is 

present today, whereas neighboring nucleation areas 

of the largest continental ice sheets (e.g., northern 

Canada and Scandinavia) are largely ice free at 

present. What if the present pattern is not the norm? 

There are some data to support this. Preliminary 

cosmogenic isotope data from bedrock at the margin 

of the Barnes Ice Cap, which lies at a nucleation point 

of the Laurentide Ice Sheet, suggest that the 

Laurentide Ice Sheet almost never fully deglaciated 

during Quaternary interglaciations (very rare 

exposure, very long burial; Gilbert et al., 2017), but a 

more directed sampling and analytical effort is 

required to confirm that interpretation. The 

Laurentide results suggest less exposure and more 

burial during the Quaternary than do the cosmogenic 

data from central Greenland (Schaefer et al., 2016). 

Hatfield et al. (2016) also found, from 430,000 years 

of ocean sediments, that “the extent and stability of 

Figure 6. Estimates of sea level 
equivalent derived from the 
Greenland Ice Sheet (GrIS) 
during the Last Interglaciation 
(ice sheet total is 7.4 m). 
Compiled by Dutton et al. 
(2015); see original reference 
for data sources. 
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the southern Greenland Ice Sheet in the Holocene is anomalous in the context of late-

Quaternary interglaciations.” 

 

There are simply not enough 

data to know for sure, but if 

Greenland became ice free 

more regularly prior to a 

million years ago than since, it 

could be due to either (or both) 

climate change or non-climatic 

factors. In terms of a climatic 

cause, a recent 

characterization of Arctic 

terrestrial climate through the 

Quaternary described 15 

“superinterglacials” that were 

exceptional in warmth 

compared to other 

interglacials (Melles et al., 

2012). These include MIS 11, 

but not MIS 5e, and so are perhaps consistent with data, described above, that suggest 

an ice-free Greenland at MIS 11, but ice cover at MIS 5e (Figure 6). In any case, the 

Melles et al. (2012) record may be able to supply a framework for the best candidates of 

potential ice-free periods in Greenland’s history (Figure 7). On the other hand, there are 

additional possibilities to explain why, given similar climatic scenarios, Greenland may 

be less likely to deglaciate now than in the past. The role of regolith and basal 

lubrication, which has been discussed in terms of the evolution of the Laurentide Ice 

Sheet (Clark and Pollard, 1998), could modulate ice sheet response to climate through 

the Quaternary. In addition, the geothermal heat flux of Greenland’s crust, which is 

relatively poorly constrained and time-transgressive, could equally give rise to an 

evolving geothermal field that influences ice sheet behavior (Rogozhina et al., 2016; 

Stevens et al., 2016). 

 

5. Ice sheet models and glacier processes  

 

The opportunity to obtain information about the vulnerability of the Greenland Ice 

Sheet to past climate change requires tight integration of the paleo record with 

numerical ice sheet models. Ice sheet modeling is a broad and important topic that is 

partnered closely with process-scale glaciology and modern ice sheet observations. 

Models are run under present climatic and ice sheet conditions, constrained by 

observations, to invert for the many poorly understood parameters (e.g., conditions at 

Figure 7. Arctic Superinterglacials from the sediment record (the 
Si/Ti ratio and facies data are shown here) at Lake El’gygytgyn 
(from Melles et al., 2012).  
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the ice sheet bed, internal ice sheet physics). Models may also be run under boundary 

conditions different than those operating at present, such as during the geologic past 

when a different set of boundary conditions existed. Looking forward, ice sheet models 

are our primary tool for quantifying predictions of sea level rise in a future world with 

boundary conditions that are not operating today, but may have been operating in the 

geologic past.  The past as an analog for the future is imperfect, but the past does allow 

us to address ice sheet change under conditions that differ from today. 

 

5.1 The value of paleoclimatic data: Background 

 

Extrapolation of a model outside its calibration dataset tends to underestimate 

deformation or, equivalently, overestimate the stability of the initial system. This is a 

general rule of materials science and engineering that has clear application to ice sheet 

modeling. The danger of mis-extrapolation thus strongly motivates the use of 

paleoclimatic data to extend the range of parameter space over which ice sheet models 

are constrained.  

 

Ice can deform by several mechanisms, including migration of point or line defects, 

generation of new defects, along planes (e.g., grain-boundary sliding) or otherwise, and 

subcritical and faster crack growth (e.g., Cuffey and Paterson, 2010). Glaciers involve an 

additional set of processes at their beds, including subfreezing sliding, sliding by 

regelation or enhanced creep, plowing of clasts through till, distributed or localized till 

deformation, and stick-slip sliding. Models typically parameterize the rates of each of 

these processes as the deviatoric stress raised to some power, which generally ranges 

from 1 to >10. Many of the processes are also thermally activated, with exponential 

dependence on a wide range of activation energies.   

 

For any temperature and stress (and perhaps also history, concentration of impurities, 

or other factors), one process typically dominates deformation. If, for example, two 

processes with stress exponents 1 and 4 contribute equally to deformation at some 

chosen temperature and stress, halving or doubling the stress will increase or decrease 

the linear process twofold and 16-fold, respectively, giving almost an order of magnitude 

difference in rate. An extreme case is subcritical crack growth, which depends on 

approximately the 30th power of stress (Atkinson, 1984); any shift in crack-growth rate 

from a doubling or halving of stress thus exceeds the rate change for a linear process by 

more than eight orders of magnitude.   

 

Thus, a model that includes the dominant physics and fits the relevant data for some 

range of controlling variables may be highly accurate within the tuning conditions, but 

may underestimate deformation and thus overestimate stability if extrapolated too far. 

Even if all relevant deformational processes (ranging from elastic through plastic to 
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brittle fracture) are included in a model and the values of parameters are set based on 

rigorous laboratory or field work, such data for a given system (such as a particular 

bridge, building, or ice sheet) cannot constrain parameterizations of non-dominant 

processes for that system outside of the range of observed conditions. In our case, ice 

sheet models are tested against the wide range of temperatures, accumulation rates, bed 

types, etc. that exist in modern ice sheets, yet these likely do not span the full range of 

future conditions. Documented changes in forcing that can be used for model testing are 

quite small compared to possible future climatic changes under high-emissions 

scenarios. Analogy then suggests great caution in interpreting the results of such models 

in response to large future changes in forcing.  

 

Past ice sheets have experienced a much wider range of conditions and forcings than 

sampled by the instrumental record, including Pliocene warmth, rapid warming and 

sea-level rise from the last ice age with jumps linked to abrupt climate changes, different 

bed conditions before erosional or tectonic changes, and more. Assimilating 

paleoclimatic data to models that are as physically complete as possible offers an 

opportunity to improve ice sheet models and ensure they are applicable over a wider 

range of conditions. Also critical is decreasing uncertainties in parameterizations and 

better understanding the sensitivity to changes in boundary conditions. Because future 

forcing may move outside of the historical range, use of paleoclimatic data with 

climate-ice sheet models with two-way coupling applied to past time periods is also 

essential. This may not solve all difficulties in model testing, because future forcing may 

still move outside of the observational range. But, to broaden model testing, use of 

paleoclimatic data is essential.   

 

5.2 Ways forward  

 

Ice sheet models have been used to assess the size of the Greenland Ice Sheet during 

past interglacial periods, but these have largely focused on the Holocene and Last 

Interglaciation. These relatively data-rich interglaciations provide good targets for 

modeling. Important data that directly constrain ice extent during the Last 

Interglaciation include deep ice cores (e.g., Dahl-Jensen et al., 2013) and information 

from radar profiles (MacGregor et al., 2016). Many model simulations of the Last 

Interglaciation suggest that the DYE-3 site would become ice free before Summit. 

However, some suggest a tendency for northern Greenland to remain ice-covered (e.g., 

Otto-Bliesner et al., 2006), while others depict significant retreat in both the northern 

and southern sectors (e.g., Cuffey and Marhsall, 2000). Born and Nisancioglu (2012) 

also found significant ice retreat in north and west Greenland during the Last 

Interglaciation, but ice cover persisted at DYE-3 and most other ice core sites. Their 

finding is consistent with many records supporting glaciation at most ice core sites, yet 

also allows for several meters of sea level equivalent from Greenland during the Last 
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Interglaciation (Dutton et al., 2015; Figure 6). Many simulations have been conducted at 

sufficiently coarse resolution that they do not capture the deep, narrow bedrock troughs 

of the major outlet glaciers that have guided and are guiding ice sheet retreat, with 

implications for fidelity of the details of the simulated retreat patterns.  

 

For the Holocene, evidence of ice sheet size through time includes a host of sediments 

and landforms surrounding the ice sheet both on- and off-shore. Some numerical 

simulations have focused on the Holocene, using relative sea level data (e.g., Tarasov 

and Peltier, 2003; Simpson et al., 2009; Lecavalier et al., 2014, 2017) and ice core data 

(Born, 2016) as constraints. However, modeling studies have yet to incorporate the 

abundance of glacial-geologic data from the Holocene. The Holocene provides the best 

opportunity for integrating empirical data with ice sheet modeling, as the glacial 

geologic and terrestrial paleoclimate communities have the best chance of generating 

Figure 8. Greenland Ice Sheet extent for particular warm and cold times of the Quaternary. (A) from 
Lecavalier et al. (2014), (B),(C) from Robinson et al. (2017); (D) from Funder et al. (1985). 
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detailed records from around Greenland spanning this time period. 

 

A grand challenge lies with improving the understanding of mechanisms (e.g., dynamic 

instabilities, feedbacks) that could cause great shrinkage or disappearance of the 

Greenland Ice Sheet for relatively well-known interglacial climate forcings. Based on 

available data, it seems apparent that there is no 1:1 relationship between the value of 

δ18O in the global ocean stack and Greenland Ice Sheet size (Figure 8). Progress has 

been made in recent years in numerical methods, spatial resolution, and the 

incorporation of new physics into large-scale ice sheet models. However, there remains 

a gap in the complexity of ice sheet models used for paleo studies versus models used for 

modern or future projections.   

 

Process studies relying on comprehensive contemporary remote sensing records have 

led to an improved understanding of critical processes controlling ice sheet dynamics, 

such as the role of hydrology in ice sheet processes (e.g., Zwally et al., 2002; Harper et 

al., 2012; Poinar et al., 2015), calving dynamics and the marine environment (e.g., 

Joughin et al., 2004; Howatt et al., 2007; Amundson et al., 2010) and temporal and 

spatial patterns in mass balance change (Andersen et al., 2010; Csatho et al., 2014; Khan 

et al., 2015). However, the inclusion of these processes into time-evolving numerical ice 

sheet models is still a challenge, because they involve problematic extrapolations as 

described above. Nonetheless, model intercomparisons, sensitivity studies, coupled 

climate and ice sheet modeling, as well as modeling experiments using an ensemble of 

climate forcings are essential for addressing the stability of the Greenland Ice Sheet 

(e.g., SeaRISE, Nowicki et al., 2013; PlioMIP, Dolan et al., 2015; ISMIP6, Nowicki et al., 

2016). 

 

Another area of concern is the insufficient knowledge of subglacial conditions and their 

evolution in time. For example, high geothermal heat flux (Fahnestock et al., 2001) and 

subglacial sediments (Christianson et al., 2014) have been detected under the Northeast 

Greenland ice stream (NEGIS), pointing to the possibility of rapid deglaciation over an 

area with a soft bed, perhaps extending to the ice divide (Clark et al., 1999). Long-term 

variations of Iceland mantle plume activity were detected at time scales of 5-10 Myr in 

the past 70 Myr (Clift et al., 1998; O’Connor et al., 2000; Spice et al., 2016). Pulsation of 

the Iceland plume could have a significant impact on the behavior and stability of the 

Greenland Ice Sheet.  Pulses of hot material delivered to the base of the Greenland Ice 

Sheet could have caused periods of rapid crustal uplift, initiating and modulating 

glaciation in Greenland (Steinberger et al., 2014, Bonow et al., 2014). Mantle 

temperature beneath Iceland is currently increasing (Spice at al., 2016) and seismic 

tomography indicates that hot mantle material is flowing from Iceland, including in a 

NW direction, and is uplifting or has recently uplifted the central and NE sectors of the 

Greenland Ice Sheet. Steinberger et al. (2014) suggested that continuing uplift of eastern 
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Greenland, the northward-component of plate tectonic motion and a true polar wander 

contribution played a central role in the onset of Greenland glaciation. Recent 

investigations also revealed substantial differences in mantle viscosity at present, 

indicating temperature variations in the upper mantle. In addition to the region of hot 

mantle under a thin lithosphere at the onset of NEGIS (Rogozhina et al., 2016), low 

mantle viscosity was detected under the Kangerlussuaq Glacier catchment in Southeast 

Greenland (Khan et al., 2016).  Overall, however, reconstructions of the critical 

geological controls and their past history are still lacking.  

 

Many questions remain unanswered: With what amplitude of climate forcing and over 

what response time is the Greenland Ice Sheet susceptible to collapse? How resilient will 

the Greenland Ice Sheet be to climate change expected in upcoming decades and 

centuries? Given that its bed is mostly above sea level (Figure 1), the Greenland Ice 

Sheet will not likely collapse due to irreversible tidewater glacier retreat. On the other 

hand, substantial drawdown of the ice sheet surface may occur in regions prone to 

inland calving (e.g., Northeast Greenland Ice Stream, Jakobshavn), which could then 

advance the melt-elevation feedback at the ice sheet scale. Additional feedbacks that 

have yet to appear in large-scale ice sheet models, such as those related to basal 

lubrication via new drainage of inland water from supraglacial lakes or firn aquifers 

(e.g., Ignéczi et al., 2016; Poinar et al., 2017) or enhanced meltwater runoff due to the 

blocking of pore space in firn (Machguth et al., 2016), will allow for better predictions of 

ice sheet change, including the possibility of faster ice sheet demise than is currently 

modeled.  
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SUMMARY 

 

Recent measurements of cosmogenic isotopes demand the absence of ice at the 

GISP2 summit drill site for significant portions of the Pleistocene. On the other hand, 

new and published data from other ice cores in central Greenland and from offshore 

sediment records have been interpreted to suggest persistence of the ice sheet 

through the Plio-Pleistocene. It is clear that much ice persisted on Greenland during 

the last interglaciation, and at least some ice has existed on Greenland since ~1 Ma, 

although the ice sheet was likely much reduced during MIS 11. Results of ice sheet 

models can simulate the collapse of continental ice in Greenland, but with slightly 

different configurations or forcings, continental ice remains stable. In short, it is 

unclear how much time is needed or what external forcings are required to largely 

remove an ice sheet from Greenland, and how many times this may have occurred 

during the Pleistocene.  

 

Collectively, the latest data available to the scientific community – both on ice sheet 

history and on emerging dynamic processes – paint a potentially worrisome picture 

for the future stability of the Greenland Ice Sheet. We have surpassed greenhouse gas 

forcing that resulted in ice sheet disappearance in the past. Thus, there is some 

urgency in defining priorities for tackling the Greenland Ice Sheet stability problem. 
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6. A consensus for future work  

 

To confront the most pressing uncertainties about the vulnerability of the Greenland Ice 

Sheet in the face of a warming Arctic, a community of 51 junior and senior scientific 

leaders representing the wider community gathered in Buffalo, NY on September 10-12, 

2017. The goals of the workshop were two-fold: (1) Bring different datasets and 

approaches together toward reconciling the current state of knowledge of Greenland Ice 

Sheet history and sensitivity to climate forcing, and (2) Develop key research priorities 

that will help guide future efforts to gain significant traction on the problem of 

Greenland Ice Sheet stability. See appendices for workshop program, participant list 

and abstracts. The workshop website is here: 

http://www.glyfac.buffalo.edu/Faculty/briner/greenlandworkshop/  

 

6.1 Key research areas 

 

Tackling the issue of Greenland Ice Sheet stability requires input from a range of 

disciplines. These include ice and bedrock coring, climate and ice sheet modeling, 

glaciology, geophysics, geodesy, glacial geology, paleoceanography, geochronology, 

geochemistry, sea level studies, and others. These disciplines were each well represented 

at the workshop. Given the literature synthesized above, these disciplines have focused 

on three major (and integrated) approaches that collectively hold the most promise 

going forward: (1) geologic data used to constrain ice sheet response to past climate 

change, (2) ice sheet modeling studies, and (3) research on glacier processes. The 

workshop program featured three keynote talks and 36 additional shorter presentations 

focused on these three avenues of research. 

 

1. Geologic Data. The most direct approach for constraining ice sheet history older than 

the Holocene involves measuring a variety of constituents in basal ice and subglacial 

rock. These methods include stable isotope stratigraphy, trapped-air geochronology, 

cosmogenic nuclide geochronology, ancient DNA, etc. Obtaining these materials 

involves the technical challenge of obtaining basal ice, and sub-ice sheet bedrock below 

the ice, relatively quickly and cheaply. 

Stratigraphic records of sediments on and adjacent to Greenland, and 

morphostratigraphic records from landforms around Greenland, have provided much of 

the knowledge that we draw from to generate the history of the Greenland Ice Sheet. 

Constraining ice sheet size during brief interglacials is key, and further constraints on 

this are likely to come from sediments on and offshore. The offshore record has the 

potential to extend our indirect observations of ice sheet size back through the larch 

interval and into the Pliocene. This would require ocean drilling to access high 

resolution, well-dated records of change. Additionally, the available record of Holocene 

landforms and sediments fringing the ice sheet can be used to derive the pattern by 

http://www.glyfac.buffalo.edu/Faculty/briner/greenlandworkshop/
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which Greenland deglaciates, which will be useful for both ice sheet modeling and for 

understanding ice sheet processes. 

 

2. Ice sheet modeling. Our ability to project ice sheet change into the future relies on 

numerical simulations of the ice sheet informed from the geologic record of ice sheet 

history (above), process-scale understanding of ice sheet dynamics, and projected 

climate scenarios. Assessing critical thresholds for ice sheet stability, isolating impacts 

of dynamic processes, and forecasting patterns and rates of ice sheet retreat can be 

achieved with ice sheet models. 

 

3. Glacier processes. On the fundamental scale of ice sheet stability, attention needs to 

be paid to processes that can potentially lead to ice sheet collapse during interglacial 

climate forcing, and these should be integrated into modeling. For this reason, process-

scale glaciologists who work on emerging topics such as glacier hydrology and glacier 

calving are key for informing mechanisms, those currently well described and otherwise, 

relating to ice sheet sensitivity to climate forcing. Contemporary ice sheet changes 

derived from remote sensing products are critical for constraining the physics of these 

processes. 

 

In addition to talks on the above subjects, substantive discussions were held between 

presentation sessions, during coffee breaks and social time at the close of each day. In 

the afternoon on day 2, workshop participants were randomly assembled into six break-

out groups that each prepared a list of priorities for future research that most quickly 

and robustly increase knowledge on the vulnerability of the Greenland Ice Sheet. 

 

6.2 Main themes of discussion 

 

The multi-disciplinary representation at the workshop led to much positive discussion 

focused on ways to surmount key obstacles for moving forward and culminated in a list 

of research priorities. Next, we describe some of the main themes of discussion; this is 

followed by a list of research priorities in section 7. 

 

Data availability. New data that directly constrain ice sheet size through time are 

needed not only to compare with independent records of climate change but also as 

targets for numerical ice sheet simulations. The Schaefer et al. (2016) result is 

compelling, but remains a single rock core; replication and expansion of these data is 

critical. Few paleoclimatic records exist from the early/middle Pleistocene, and it may 

be that these earlier times were warmer than we generally believe, allowing deglaciation 

of Greenland to take place under weaker climate forcing than today. There is a great 

need for data from basal ice and subglacial rocks that constrain the footprint of the 

Greenland Ice Sheet during the last 1 Myr and beyond. When informed by the age  
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structure of the broader ice sheet inferred from radar stratigraphy (MacGregor et al., 

2016), rapid ice coring to obtain basal ice can efficiently add to our knowledge.  

 

Discussion also focused on the relative abundance of data from the Holocene, with fewer 

data available from the Last Interglaciation (the deep ice core sites), suggesting that 

these two interglacials should be a strong focus of ice sheet modeling. In particular, with 

the goal of understanding rates of ice sheet recession when forced by elevated 

temperature, the Holocene is the only interglacial with much to offer. In addition, 

earlier warm intervals (e.g., MIS 11, Pliocene) with their different and strong forcing 

offer inviting targets for modeling as well. Finally, important information from past ice 

sheet extent has been derived from ocean sediment records fringing the ice sheet, and 

from shelf and trough-mouth-fan stratigraphies via 3D seismic studies. There is great 

potential to use shelf archives for direct evidence of ice sheet initiation and subsequent 

maximum phases. Offshore sediments provide a more indirect measure on former ice 

sheet size, and can focus on questions regarding interglacial ice sheet conditions. 

Identification of new drilling targets and reoccupation of existing sites could provide an 

offshore view of ice sheet history onward from the Pliocene. 

 

Numerical ice sheet modeling. The computing side of numerical ice sheet models is 

evolving rapidly, and models are increasingly capable of being run on realistic bed 

topographies and with increasingly complex ice physics.  On the other hand, there 

remains ample room for improvement.  Yet, there was widespread agreement that 

existing models are sufficient for addressing many targeted questions leveled at the 
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appropriate model capability. It is also clear from intercomparison efforts that there are 

fundamental disagreements from model to model that motivate further research. 

 

Existing models may not accurately capture aspects of the forcing and response (e.g., 

Milankovitch cycles do not repeat exactly), and may be missing aspects of ice sheet 

behavior. This is potentially why there is an apparent mismatch between modeled and 

actual ice sheet history. However, extensive focused studies have not been conducted to 

address the questions raised by new results, such as the Schaefer et al. (2016) findings of 

nearly ice-free Greenland during previous interglacials. Thus, a new generation of model 

simulations might lead to higher consistency between models and data.  

 

Within the glaciology community, much attention has been given to improving the 

representation of physical processes such as calving, basal hydrology, and the fate of 

meltwater in modern ice sheet models. Inclusion of these processes into paleo-ice sheet 

models will only improve model capability. Attempts to match paleo-ice sheet extents 

with sophisticated ice sheet models have sometimes required severe parameter 

adjustments (e.g., Goelzer et al., 2016).  Most paleo-ice sheet models fail to resolve the 

detailed topography that is becoming increasingly well constrained, including the deep 

troughs beneath Greenland (Figure 1b). 

 

Finally, ice sheet model intercomparison efforts (for both paleo and modern periods) 

suggest that ice sheet model responses are more sensitive to the climatic forcing than to 

differences in ice sheet model configuration or internal physical quantities (Koenig et 

al., 2015; Dolan et al., 2015; Nowicki et al., 2013).  Therefore, while we must improve 

model physics, processes, and data assimilation, we must also prioritize the 

development and incorporation of accurate climatic forcings that drive ice sheet 

evolution. 

 

Non-climatic factors. The issue of a time-variation factor in the ease of deglaciation may 

be critical for understanding ice sheet sensitivity to climate change, especially when 

leaning on the paleo-record of past ice sheet change. For example, perhaps it was more 

difficult to significantly deglaciate Greenland during Holocene and MIS 5e as opposed to 

earlier in Pleistocene. Perhaps removal of regolith from glacial erosion has decreased 

basal lubrication and increased ice sheet stability as Pleistocene glaciation progressed 

(Clark and Pollard, 1998). In addition, the erosion of deep troughs may have increased 

ice sheet sensitivity over time by increasing the ability of warm ocean waters to interact 

with, and potentially destabilize, the ice sheet. This may affect ice sheet stability in ways 

that have not been extensively explored in models.  

 

Ice sheet evolution also reflects a complex interplay of oceanic and atmospheric 

processes with the solid earth. For example, increasing mantle temperature produces 



 25 

uplift, leading to a more resilient ice sheet. However, higher mantle temperatures cause 

higher geothermal heat flux and basal temperatures, potentially contributing to rapid 

deglaciation. Therefore, to investigate the stability of the Greenland Ice Sheet, 

reconstructions of GrIS changes should take the spatiotemporal variations of mantle 

temperature and rheology into account (Khan et al., 2016). The passage of Greenland 

over the Icelandic hotspot tens of millions of years ago, and the potential for “ice-age 

cycling” to move mantle melt closer to the crust, further complicate the charting of 

geothermal flux through the Plio-Pleistocene period of interest. It is possible that 

tectonic or linked tectonic-glacial processes have led to a decrease in geothermal heat 

flux and thus basal lubrication with time (Stevens et al., 2016). Improvement is only 

possible by a better reconstruction of the tectonic evolution of the ice-covered regions of 

Greenland (Dawes et al., 2009) and by better understanding how the Icelandic hotspot 

interacted with the Greenlandic lithosphere (Medvedev et al., 2013). 

 

Timescales of instability. It is possible that multiple interglacials have exceeded the 

temperature for survival of most ice on Greenland, but for too short a time to execute 

full removal of that ice. Some interglacials (e.g., MIS 11) were likely sufficiently long in 

duration to remove a significant portion of the ice sheet.  Note, however, that there were 

not many interglacials of long duration in the Quaternary, especially prior to the Mid-

Pleistocene transition, yet there remains evidence that the ice sheet was nearly gone 

nonetheless.  

 

7. Research priorities 

 

By the conclusion of the workshop, consensus was reached on several topics for further 

research on Greenland Ice Sheet stability. Workshop participants were enthusiastic 

about these topics, and felt the time was ripe to make progress on these chosen themes: 

 

1. Geologic data.   

 New rock and basal ice cores from interior Greenland to replicate and improve the 

reconstructed history of ice sheet extent from the limited but powerful data at present 

(note the GRIP borehole remains open and is a potential low-cost access point). 

 New drilling technology designed for fast and relatively inexpensive drilling to and 

into the bed. 

 Bedrock from below the ice sheet perimeter, and beyond-ice-margin bedrock, 

landform and sediment sampling for ice margin history especially focused on the 

Holocene (e.g., Holocene thermal maximum, Little Ice Age, rates of change) and Last 

Interglaciation. 

 Additional sediment analysis from the marine environment (via piston coring, ocean 

drilling and/or geophysics) for sediment fluxes and regolith depletion, and variability in 

ice sheet size.  
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 Paleoclimate records, from deeper time (through and prior to the Mid-Pleistocene 

transition), and recent (MIS 11, last interglacial) and current (Holocene) interglacials to 

elucidate ice sheet forcing.  

 Additional attention to, and better dating of, the deeper-time record from onshore 

sedimentary formations was also discussed. 

 

2. Ice sheet modeling.  

 Progress in ice sheet modeling must proceed across three simultaneous fronts: 

physical processes and numerics, assimilation of paleodata, and feedbacks with climate 

forcings. In all cases, for modeling experiments in both the paleo and future domains, 

improvements in ensemble exploration of parameter space and forcing uncertainties will 

be fundamental in understanding the key drivers of ice sheet stability. 

**Physical processes and numerics within ice sheet models. (a) Continued efforts 

to incorporate ice sheet processes into models, from contemporary observations and ice-

sheet-scale modeling sensitivity experiments. (b) Additional studies of the timescales on 

which these processes occur and influence ice sheet mass balance: e.g., glacier calving 

occurs quickly but can control ice sheet geometry on millennial timescales; however, 

inclusion of calving requires higher-order model physics, which is computationally 

expensive. (c) Cost-benefit analyses of the inclusion of higher-order physics and its 

effect on the results of paleo-simulations. 

**Targeted model experiments that use paleo-data. (a) Model-based 

experiments that attempt to match existing glacial-geologic datasets of ice sheet extent. 

(b) Coupling of ice sheet models to erosion rates in order to compare to cosmogenic 

isotope datasets. (c) Data assimilation approaches to paleoclimate reconstruction. 

**Feedbacks and climate forcings and ice sheet models. (a) Climatic forcing 

appears to have strong influence on modeled ice sheet extent (both paleo and modern); 

further sensitivity testing of this effect should be performed. (b) Paleoclimatic data 

assimilation, including coupling of ice sheet models with climate models. 

 Ice sheet models constrained with paleo-data are poised to be used for selecting 

optimal sites for additional sub-ice data. 

 

3. Glacier processes. 

 Improvements are needed in glacier hydrology and calving terminus dynamics. Both 

topics relate to positive feedbacks that may increase ice sheet vulnerability to rapid 

collapse. 

 Increased efforts are required to extend and couple contemporary observations, 

process-scale modeling, and climate and ice-sheet-scale sensitivity experiments.  

 

4. Tectonics.  

 Additional effort on the geophysical exploration for tectonic forcing, especially 

focused on the “hot” region near head of NEGIS and surrounding areas.  
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 Search for evidence of recent volcanism (EGRIP till cores?) perhaps related to heat 

flow changes. 

 

5. Integration. It was very clear throughout the workshop, and it was specifically voiced 

during the breakout group presentations, that many of the above targets for research 

would advance most efficiently as multi-disciplinary efforts.  Data-process-model-

technology are components that future research efforts need, and staying coordinated is 

of utmost importance. 
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8. Final Remarks 

 

The community is poised to fill the gap in knowledge about the Greenland Ice Sheet’s 

potential vulnerability to climate change. Our current understanding of Greenland is not 

sufficient to allow confident projections of its contribution to future sea level rise. While 

the uncertainty on the low end of future sea level rise is reasonably narrow (we are 

nearly certain that Greenland will contribute at least a small amount to sea level rise in a 

warming world), the uncertainty is quite large on the upper bound, because we cannot 

rule out a very large sea-level rise contribution from Greenland in the near future. 

 

It is possible that the Greenland Ice Sheet has been more resilient to climate change in 

the latter portion of the Quaternary ice age than it was during the early and middle 

Quaternary. Perhaps the record of Arctic “superinterglacials” from Lake El’gygytgyn 

provides the template for past Greenland Ice Sheet disappearance (Figure 7), and 

Greenland became largely deglaciated more routinely in the early and middle 

Quaternary than in the past million years. Or perhaps early deglaciation was not due to 

a change in climate, but due to non-glacial factors, such as tectonics, subglacial heat 

flux, or the stripping of pre-Quaternary regolith, that allowed the ice sheet to disappear 

more easily early in the Quaternary.   

 

Alternatively, with more data we may learn that the Greenland Ice Sheet has become 

nearly ice free several times in the past million years.  We may learn that there are 

thresholds we have yet to understand, that when crossed cause irreversible ice sheet 

collapse. We may learn that the Arctic system as a whole, of which Greenland is only 

part, is critical to understand for running ice sheet models into the future. With new 

joint data and modeling efforts, we may constrain the combination of factors that lead to 

ice sheet survival, or demise, during interglacial periods.  Investments in this new 

knowledge will be paid off in terms of better defining Greenland’s contribution to sea 

level rise in the coming years, decades and centuries. With accurate forecasts in hand, 

global leaders and communities can begin to plan for likely sea-level futures.   
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