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Abstract A global climate model with interactive vegetation and a coupled ice sheet-shelf component
is used to test the response of the Greenland ice sheet (GIS) to increased sea surface temperatures (SSTs)
and reduced sea ice (Sl) cover during the mid-Pliocene warm period (~3 Ma) as reconstructed from proxy
records. Seasonally open water in the Arctic and North Atlantic are shown to alter regional radiation
budgets, storm tracks, and moisture and heat advection into the Greenland interior, with increases in
temperature rather than precipitation dominating the ice sheets response. When applied to an initially
glaciated Greenland, the presumed warm, ice-free Pliocene ocean conditions induce rapid melting of nearly
the entire ice sheet and preclude a modern-like GIS from (re)growing, regardless of orbital forcing. The
sensitivity of Greenland to imposed Pliocene ocean conditions may have serious implications for the future
response of the ice sheet to continued warming in the Arctic basin.

1. Introduction

Reductions of Arctic sea ice cover and thickness over the last few decades have been correlated with ampli-
fied warming at polar latitudes [Nghiem et al., 2007; Lindsay et al., 2009; Screen et al., 2013]. With models
predicting a continued negative trend in perennial sea ice, summer Arctic ice-free conditions will likely be
reached by the middle to end of the 21st century [Drobot et al., 2006; Zhang and Walsh, 2006; Maslowski et
al., 2012; Stroeve et al., 2012]. Changes in sea ice (Sl) exert strong influences on local and regional climate via
feedbacks determining energy and hydrological budgets [Serreze et al., 2005; Kinnard et al., 2008; Steele et
al., 2008] which significantly contribute to Arctic temperature amplification [Serreze et al., 2009; Screen and
Simmonds, 2010; Overland and Wang, 2013]. Recent observations of surface melting on the Greenland ice
sheet (GIS) as derived from satellite measurements and instrumental data [Hanna et al., 2008; Bhattacharya
et al., 2009; van den Broeke et al., 2009; Hall et al., 2013], and climate simulations extending into the future
[Ridley et al., 2010; Rae et al., 2012; Seddik et al., 2012; Fettweis et al., 2013], also point to a highly sensitive GIS.
However, the potential long-term mass balance response to changing sea ice conditions in a warmer than
modern world has yet to be quantified.

The mid-Pliocene warm period (3.29 to 2.97 Ma) has been identified as a potential analog for future climate,
because proxy-based climate reconstructions are comparable to the global mean temperatures predicted
for the end of the next century [see Solomon et al., 2007; Haywood et al., 2011a]. Maximum Pliocene sea lev-
els remain poorly constrained [Raymo et al., 2011], but some estimates are several tens of meters higher than
today implying the loss of Greenland and some Antarctic glacial ice. A comprehensive multiproxy data set
for the Pliocene shows higher than modern sea surface temperatures (SSTs) and an Arctic Ocean free of sum-
mer sea ice, while most boundary conditions, including pCO,, were similar to modern [Dowsett et al., 2010].
Modeled circum-Arctic terrestrial temperatures have been shown to be sensitive to Pliocene sea ice extent
[Ballantyne et al., 2013] in keeping with proxy summer temperature reconstructions [Brigham-Grette et al.,
2013], but the response of the GIS to sea ice forcing has not been tested. While mid-Pliocene SSTs are rea-
sonably well constrained, the extent, size, and variability of the GIS during this time cannot be determined
by available proxies [Polyak et al., 2010] and continues to be debated in modeling studies [Lunt et al., 2009;
Hill et al., 2010; Dolan et al., 2011; Koenig et al., 20111].

Guided by proxy ocean reconstructions, we use a global climate model (GCM) with interactive vegeta-
tion and a coupled 3-D ice sheet component, to quantify the sensitivity of the GIS to the combined effect
of imposed Pliocene SSTs and Sl. Simulations are initialized with either a modern ice sheet or an ice-free
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Greenland in order to test (1) the response of an existing ice sheet to warm Pliocene ocean conditions and
(2) the potential regrowth of ice on Greenland after deglaciation. Our climate analysis focuses on the atmo-
spheric transport of Greenland-bound heat and moisture, in order to understand the role of SSTs and Sl in
past GIS variability.

2. Methods

2.1. Experimental Design, Proxy Data Set, and Model Setup

We use the latest (2012) version of the Global Environmental and Ecological Simulation of Interactive Sys-
tems 3.0 GCM [Thompson and Pollard, 1997; Alder et al., 2011] with an interactive vegetation component
(Equilibrium Biogeography-Biogeochemistry Model BIOME4) [Kaplan et al., 2003] and a coupled thermo-
mechanical 3-D ice sheet/shelf model [Pollard and DeConto, 2012]. The GCM has coupled components of
the atmosphere, surface mixed-layer ocean, vegetation, snow, soil, and sea ice, and its performance in polar
latitudes has been studied extensively [DeConto et al., 2007].

We quantify and isolate the SST/SI-forcing by contrasting the effects of present-day Shea et al. [1991] ver-
sus Pliocene ocean conditions, while keeping orbital parameters the same as modern and pCO, (405 ppmv)
forcings unchanged [see also Haywood et al., 2011b]. Warm Pliocene monthly SSTs and Sl fractional cover
are provided by the latest (Pliocene Research, Interpretation and Synoptic Mapping (PRISM) 3D Reconstruc-
tion) data set of the U.S. Geological Survey PRISM project [Dowsett et al., 2010, and references therein]. The
prescribed and fixed Pliocene ocean conditions replace the prognostic ocean component of the model and
are implemented into the GCM following the methods established for the Pliocene Model Intercomparison
Project (PlioMIP) [Haywood et al., 2011b; Koenig et al., 2012].

PRISM3 includes the most complete ocean data set for the mid-Piacenzian warm period, representing
time-averaged conditions between ~3.29 and 2.97 Ma. As in any proxy-based climate reconstruction,
uncertainties in the PRISM3 ocean climatology remain [Dowsett et al., 2010; Hill et al., 2010]; however, the
reconstruction provides an important standard for the modeling community, and it has been used exten-
sively in model intercomparisons and data synthesis analyses [see Haywood et al., 2011a; Fedorov et al.,
2013]. Importantly, reconstructed Pliocene annual SSTs in the North Atlantic and Nordic seas are 6 to >12°C
warmer than present and are accompanied by large spatial changes in seasonal sea ice cover. Arctic Ocean
warmth is less pronounced relative to modern conditions, but reconstructed summer sea ice is nonexistent
during peak Pliocene warmth [see also Robinson et al., 2008; Robinson, 2009; Polyak et al., 2010]. In this case,
we assume the PRISM3 ocean climatology is valid despite possible uncertainties in the data.

The interactive equilibrium biogeography-biogeochemistry model, BIOME4 [Kaplan et al., 2003], is coupled
to the GCM following Koenig et al. [2011], to predict global equilibrium vegetation distribution (27 biomes)
in response to imposed forcings and feedbacks. We initialize the model with bare ground and equilibrium is
reached after ~25 years of integration. Differences in biome patterns can be attributed to SST/SI feedbacks,
which alter precipitation and temperature patterns enough to change Arctic distributions of cold decidu-
ous and evergreen forest in lower elevations, while reducing areal extents of tundra in higher elevations
(not shown).

The Penn State/UMass 3-D thermomechanical ice sheet-shelf model [Pollard and DeConto, 2012] is adapted
to Greenland and coupled to the GCM, with ice-driving climatologies calculated from the last 10 years of
equilibrated 35 year climate simulations, to minimize biases introduced by interannual variability. The ice
sheet model (ISM) is run on a latitude-longitude grid, with a nominal resolution of 0.125° x 0.25°. The
GCM climatological fields are downscaled to the finer ISM grid using lapse rate corrections to account for
the offsets between the GCM and local ice surface elevations [Pollard and Thompson, 1997]. A standard
Positive Degree Day scheme [DeConto and Pollard, 2003] is used to calculate ablation on snow and firn ver-
sus ice, while accounting for runoff, refreezing, and percolation of meltwater. For this study no marine ice
(floating ice shelves or advance into ocean) is allowed, as is reasonable for modern and smaller Greenland
configurations. Ice sheet simulations are initialized either with (i) a present-day ice sheet configuration from
a previous model simulation driven by a modern observed climatology [see also Koenig et al., 2011] with
2.81 x 10% km3 in volume and 1.7 x 10° km? in extent, slightly smaller than the observed current volume of
2.96 x 106 km? [Bamber et al., 2013], or (ii) ice-free Greenland, with land surface elevations based on a 10 min
subglacial topography interpolated from a 1 min ice-free orography (ETOPO1) [Amante and Eakins, 2009],
and rebounded to isostatic equilibrium [Crucifix et al., 2001]. All ice sheet simulations are run beyond
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Table 1. Experimental Setup of Model Boundary Conditions and Forcings?

Run ID SST/SI GIS pCO, Orbits Vegetation
PDgyjiice Modern Modern 405 Modern Interactive
PLIOgjjice PRISM3 Modern 405 Modern Interactive
PDicefree Modern Ice-free 405 Modern Interactive
PLIO;cefree PRISM3 Ice-free 405 Modern Interactive

aSST and fractional Sl conditions in the GCM are prescribed and fixed from
modern [Shea et al., 1991] or PRISM3 [Dowsett et al., 2010] data sets. GIS configu-
rations are modern [Bamber et al., 2001] or ice-free with isostatically rebounded
topography. Atmospheric pCO, mixing ratios and orbital parameters are held con-
stant. Vegetation is run in interactive mode and responds freely to the imposed
forcings and related feedbacks.

equilibrium to 30 kyr. Table 1 summarizes the complete set of model simulations, relevant boundary
conditions, and inputs.

2.2. Heat and Moisture Calculations

Source regions of heat and moisture advected into Greenland are relevant for understanding the ice sheet
mass balance response to forcing. Net heat sources can be identified by calculating net heat flux into the
atmosphere (F, .., W m~2) emitted from the ocean defined by

Froe =Ly, + S, + LW — SW (1)

where L, and S, are latent and sensible heat fluxes and LW and SW are the net upward longwave and down-
ward shortwave radiative fluxes at the surface. F,., is affected by both seasonally released heat into the
atmosphere and heat convergence and divergence through transport of prevailing winds. Moisture source
regions are defined as maxima of vertically integrated moisture flux divergence, i.e., evaporation minus
precipitation (E — P) [Trenberth and Guillemot, 1998] and is defined by

P—E=—0W/ot —V+Q 2

where W is precipitable water and Q is the atmospheric moisture transport. In addition to P — E locally, the
flux itself is of interest because it contains information on the dynamics of atmospheric circulation patterns
that result in the distribution of the moisture budget. Moisture trajectories are calculated by integrating over
all pressure (sigma) levels (Lagrangian integration) using

Psurf
Q= 1/g/ qvdp (3)
P

top

where g is gravity constant, g specific humidity, and v the horizontal wind vector [Cullather et al., 1998, 2000]

3. Results

3.1. Seasonality and Magnitude of Forcing and Response

The seasonality and magnitude of Greenland’s response to warm Pliocene ocean conditions is in phase
with the seasonal cycle of the net surface oceanic energy balance, with a lag relative to maximum differ-
ences in sea ice cover (Figure 1a). Relative to modern conditions, reconstructed sea ice concentrations in the
Pliocene (> 60°N) are reduced by 80% in middle to late summer and are ice-free from July to September.
The increased open water reduces albedo, increasing the seasonal storage of incoming shortwave radia-
tion (negative downward) with maximum uptake during June—July (A30 W m~2). Net outgoing longwave
(positive upward) flux is near zero, with the seasonal maximum occurring during boreal winter, but with a
less pronounced seasonal dependence. Maximum upward turbulent heat flux of 40-50 W m~2 occurs in late
fall and winter months when the contrast of atmosphere and underlying ice/ocean temperatures is great-
est. Resulting winter temperature differences on Greenland average +10°C, followed by positive summer
temperatures of +3°C, with generally higher anomalies in northern Greenland (Figure 1b). Precipitation
increases during Pliocene winter months by +30 to 40%, with no significant changes in summer.

Ice sheet mass balance is primarily a function of summer melting. Hence, the persistence of above freez-
ing surface air temperatures is indicative of a potential melt threshold (Figure 1c). Combined elevation and
albedo feedbacks generated by the absence of a GIS exerts strong local effects, with maximum temperature
anomalies in summer and late fall (8-10°C). As a result, above freezing temperatures with modern ocean
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Figure 1. Climatological response to SST/SI forcing. (a) Pliocene sea ice (%) anomalies (black bars) with respect to mod-
ern (inversed axis) have an effect on heat fluxes (W m~2, lines) in the Arctic Ocean > 60°N, with positive values of
heat directed upward and made available for transport. (b) Seasonal cycle of Pliocene minus present-day surface (2-m)
air temperature (filled contours) and precipitation (positive values only, dashed) averaged over a glaciated Greenland.
(c) Spatial (latitudinal) and temporal distributions of above freezing temperatures on Greenland for present-day (solid
black) and Pliocene glaciated (solid red), and present-day (dashed gray) and Pliocene ice-free (dashed orange) scenarios.
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forcing are widespread during May through
September on an ice-free Greenland. On a
glaciated Greenland, melt is restricted to
June-August and only in localized areas in
the south and north. Pliocene SST/SI forcing
substantially increases the number of posi-
tive degree days, with temperatures > 0°C
extending into spring and fall on lower eleva-
tions and coastal areas, and into the interior
of the ice sheet.

3.2. Dynamics

Here we quantify the impact of the SST/SI
forcing on Greenland from a hysteresis point
of view. Model results are shown that inter-
compare glaciated scenarios (or ice-free
states) with each other. We report on the anal-
ysis of Pliocene and modern glaciated simula-
tions before documenting changes between
ice-free scenarios.

3.2.1. Atmospheric Pressure

Alternating troughs and ridges define the
Arctic sea level pressure system, and altered
dynamics act in concert with local and distant
ocean conditions to define Greenland-bound
transports of heat and moisture. In scenar-
ios with a glaciated Greenland, Arctic winter
pressure systems are strongly influenced by
the warm Pliocene SSTs and reduced sea ice,
even though sea ice differences are great-

est during summer. A Student’s t test reveals
that the most significant surface pressure
anomalies are simulated over the Atlantic. A
weakened and southwardly displaced Ice-
landic Low of 15 mbar is accompanied by a
decrease in the strength of the Azores High
and an upper-level ridge response over the

Figure 2. Lower-level atmospheric dynamics and
Arctic heat and moisture sources and transports
in a glaciated Pliocene versus present-day simula-
tion. (a) Sea level pressure differences (mbar) in
December-February (DJF), with tendencies toward
a negative mode of the NAO/AO and reduced
westerly wind speeds. (b) Differences in net annual
surface heat flux Free (W m™2) (negative values
upward, filled contours) show heat sources and
sinks and show an increase in available heat in
the North Atlantic. Heat trajectories (W m~1 s 1)
in the Pliocene scenario show transport paths
from the ocean to Greenland. (c) Absolute surface
evaporation minus precipitation £ — P (mm yr—')
for the Pliocene (filled blue contours) and present-
day (maximum extent, solid red) scenarios.
Column-integrated moisture transport

(kg m~'s~") for the Pliocene (DJF) show preferred
moisture trajectories and locations of increased
precipitation over Greenland.
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Arctic (500 hPa, not shown) that reflects a tendency toward a more negative-like North Atlantic/Arctic
Oscillation (NAO/AO). Interactions between sea ice and the North Atlantic atmosphere tend to reduce the
anomalous pressure pattern through a negative feedback. A diminished North Atlantic meridional tem-
perature gradient accompanies the altered surface pressure field, increasing southerly flow into the Arctic
during winter (Figure 1a). In scenarios with no GIS, combined elevation and albedo feedbacks lead to a sig-
nificantly different atmospheric pressure configuration when compared to the glaciated simulations. As a
result, Greenland-bound winds are limited in both deglaciated scenarios, even when warm Pliocene ocean
conditions are imposed.

3.2.2. Heat Sources and Transport

The North Atlantic serves as Greenland’s main heat source. Differences between Pliocene and modern sea
ice produce annual upward heat flux anomalies of 80-150 W m~2. These net positive heat fluxes are most
dominant in winter leading to strong diabatic warming over open water. This has an important effect on the
atmospheric pressure patterns described above, which in turn have an important effect on the moisture and
heat transported to Greenland.

Annual turbulent heat flux trajectories are computed for the lowest level of the model atmosphere

(Figure 2b). Relative to modern, Pliocene SST/SI conditions cause 300-400 W m™2 of Arctic-bound heat

to be diverted into northern Greenland. The heat is transported anticyclonically along the eastern mar-

gin of Greenland and into the Irminger Basin and Labrador Sea. The Greenland Sea and Irminger Basin

lose less heat in winter, resulting in net positive annual heat gain. In addition, cyclonic geostrophic winds
increase heat transport from the Atlantic directly into Greenland. No significant transport to the center of
the ice sheet is observed during summer, even though adjacent ocean areas transfer more energy into the
atmosphere in that season. The enhanced coastal heat uptake raises surface air temperatures along the
Greenland margin. Mean annual temperature differences are as high as +6°C in the center and west of
Greenland and +12°C along the eastern and northern coasts. When the ice sheet is removed, heat transport
to Greenland is reduced due to the dynamical effects described above. Temperature anomalies mirror local
surface characteristics, i.e., vegetation, which determine the local partitioning of sensible and latent heating.
As a result, annual temperatures are 7-8°C higher on an ice-free Greenland with the imposed warm Pliocene
ocean and sea ice conditions (see Figure 1b).

3.2.3. Moisture Sources and Transport

Moisture sources are closely related to latent heat flux from the ocean or land, defining specific humid-

ity available for transport (Figure 2c). Present-day sources (areas of negative P — E) of potential oceanic
moisture convergence over Greenland are identified along the Norwegian coast, however, they are mostly
restricted to winter and spring. Higher mid-Pliocene SSTs and reduced sea ice produce extensive areas of
North Atlantic moisture source regions throughout the year. Maximum annual values reach 400 mm yr~' in
some locations. Through evaporative processes on vegetated land areas, the Canadian Arctic and northwest
Eurasia become terrestrial moisture sources in late spring and summer. These terrestrial sources are similar
in present-day and Pliocene simulations. The Arctic Ocean does not provide a significant source of moisture
as defined by the P — E budget. In both present-day and Pliocene ice-free scenarios, evaporation on Green-
land increases in summer, balancing dynamically driven drying (not shown) and creating an additional local
moisture source.

Greenland-bound moisture is determined by available humidity and the prevailing wind patterns in the
North Atlantic, with limited influence from the Arctic Ocean (Figure 2c). Moisture transport is mostly driven
by low-level winds from the Nordic Seas toward the eastern Greenland margin, followed by anticyclonic
flow toward the western and northern margins (20 kg m~'s="). This moisture flow is enhanced by water
vapor advected northward into the Irminger Basin and Labrador Sea through a weakened Icelandic Low.

In summer, prevailing winds inhibit moisture transport to the ice sheet. This holds true both in present-day
and Pliocene simulations. The Atlantic precipitation signal in winter mirrors the tendency toward the neg-
ative NAO pattern described above. Annual P — E follows the patterns of moisture sources and trajectories
over the ocean, with negative values of 0.5-4 mm yr~2? and net positive precipitation anomalies over Green-
land’s eastern coastal areas. Although some moisture is precipitated locally within the moisture source
regions, significant transport into Greenland occurs during winter (60 kg m~" s='). Importantly, the prevail-
ing winds in the scenarios with no ice sheet limit moisture transport into Greenland, even when source areas
are enhanced with warm Pliocene ocean and sea ice conditions. The annual net precipitable water over an
ice-free Greenland is primarily controlled by local land surface characteristics (vegetation distribution and
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Figure 3. The GIS response to Pliocene SST/SI conditions. The ice sheet model is run to equilibrium with

(a, ¢) present-day and (b, d) Pliocene forcing (see also Table 1). Starting conditions use a present-day glaciated as shown
in Figures 3a and 3b or ice-free, isostatically rebounded Greenland as shown in Figures 3c and 3d. Ice sheet thicknesses
(m) are shown after 30 kyr with ice margin extents in Figure 3b shown after 0 year (gray), 1 kyr (yellow), 5 kyr (orange),
and 10 kyr (red).

topography), as mirrored in the net P — E pattern and is not significantly different between Pliocene and
present-day ocean conditions.

3.3. Cryospheric Response

The effects of warm Pliocene SSTs and reduced sea ice cover on temperature and precipitation have an
important effect on ice sheet mass balance. Whereas cold season snow accumulation across much of the
Arctic is generally increased with warm Pliocene ocean conditions, average snow depths on a glaciated
Greenland are substantially diminished as a result of warming through the dynamical heat transport
described above. Statistically significant differences in snow thickness on the ice sheet margins simulated
by the GCM are on the order of > 10 m. August snow height is reduced from the ice edges, upslope into
the interior of the ice sheet, following the 0°C and —10°C isotherms. On an ice-free Greenland, the net effect
of Pliocene ocean conditions is to increase spring snow thickness in March, but the net effect of annual
warming reduces snow budgets in higher elevations.

To assess the sensitivity of the GIS to warmer Pliocene SSTs and reduced sea ice cover, the ice sheet model
was run with the different climatologies described above (Figure 3). Initializing the ISM from a modern
ice-sheet geometry (Figures 3a and 3b, gray lines) and driving the ISM with a GCM climatology with mod-
ern prescribed SSTs produces no significant change in the ice sheet, even with slightly elevated Pliocene
pCO, (405 ppm). In contrast, prescribing the reconstructed Pliocene SST/SI conditions in the GCM dimin-
ishes the ice sheet by 71% in extent and 83% in volume, corresponding to an equivalent sea level rise of
5.8 m. The melting starts at lower elevations in the north, with the terrestrial ice-sheet margin retreating
southward to the highest elevations in the southeast. Most of the ice sheet retreat occurs within the first
5000 year (1.24 x 108km?,2.02 x 10 km?), with melting rates of up to 150 m2 yr~' year at year 1 to year
1000 of the integration before equilibrating at approximately 12 kyr. While orbital parameters in these simu-
lations are held at modern values, the timescale of the retreat is within a precession cycle. Adding the effect
of warm austral summer orbits would accelerate the pace and magnitude of retreat, making these results
conservative within the broader context of mid-Pliocene climate.
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Ice sheet simulations initiated over ice-free rebounded topography test the potential for the regrowth of ice
caps on a deglaciated Greenland, under both modern and Pliocene conditions (Figures 3c and 3d). Under a
Pliocene climatology, equilibrated ice caps are limited to the highest elevations (900-1500 m) in southern
and eastern Greenland. The additional impact of Pliocene SST/SI conditions result in smaller ice caps with a
sea level equivalent volume of only 0.27 x 108 km? (15% of a present-day ice sheet), 0.24 x 10% km® (7.6%),
and A sea level of +6.46 m compared to modern. The nucleation zones of the ice caps simulated under mod-
ern conditions are about twice the extent of those in the warm Pliocene scenarios, but the resulting ice caps
are still limited to higher elevations and never coalesce to reform a large ice sheet. This implies that once
lost, the GIS would only regrow if pCO, levels dropped well below 405 ppmv and orbital parameters were
favorable (producing cold boreal summers) as shown in previous modeling studies [e.g., Lunt et al., 2009;
Koenig et al., 2011].

4. Discussion

Modeled climate and variability of a Pliocene GIS is strongly tied to the imposed SST/SI forcing in the North
Atlantic, in line with findings from proxy reconstructions of sea surface temperatures [Lawrence et al., 2009]
linked to the variability of Greenland through the Plio-Pleistocene. Small changes in the sea ice edge in

the North Atlantic are capable of redefining temperature and precipitation signals on Greenland [Li et al.,
2005], with far reaching effects on circum-Arctic climate [e.g., Smith et al., 2005; Ballantyne et al., 2013].
Greenland-bound heat and moisture from the North Atlantic are ultimately tied to altered pressure pat-
terns in the lower troposphere, with a tendency toward a more permanent negative NAO-like pattern in the
Pliocene. A negative NAO has been linked to future projected reductions in sea ice cover at the end of the
21st century [e.g., Seierstad and Bader, 2008; Budikova, 2009; Deser et al., 2010], in keeping with the results
shown here. If the reconstructed Pliocene SSTs in the North Atlantic and Nordic Seas are overestimated,
they could be biasing our simulated Greenland climates and ice sheets. Future work should consider the full
range of uncertainties in the SST/SI reconstructions used in the GCM [e.g., Hill et al., 2010].

Based on the Clausius-Clapeyrion relationship, increases in water vapor and polar precipitation are expected
to accompany increasing air temperatures and reduced sea ice cover, making reliable predictions of

future ice sheet response difficult. Based on our results (Figures 2 and 3), we conclude that mid-Pliocene
cryospheric variability was governed more strongly by temperature than precipitation, in line with other
modeling studies for the future [e.g., Kiilsholm et al., 2003; Huybrechts et al., 2011]. The warm Pliocene Green-
land temperatures responding to regional SSTs and open water substantially increase summer ablation
rates, while modest increases in precipitation are mainly in the liquid fraction. The role of enhanced precip-
itation on ice sheet inception should be greater for climates closer to the glaciation threshold [e.g., Sayag
et al., 2004], i.e., at lower levels of atmospheric pCO, and/or colder summer orbital forcing as supported by
previous modeling studies of GIS inception [DeConto et al., 2008; Koenig et al., 2011].

The response of the GIS to mid-Pliocene boundary conditions results in near complete deglaciation of
Greenland within several thousand years, even with a modern orbital configuration. The warm Pliocene ice
sheet is reduced to small ice caps on higher elevations in eastern and southern Greenland, contributing an
equivalent of 5.8 to 6.4 m of sea level rise. Stone et al. [2010] simulate future loss of ice from Greenland in
response to anticipated future warming at atmospheric pCO, concentrations between 400 and 560 ppmv.
Given 405 ppmv pCO, used in this study, the combined effects of warm Pliocene SSTs and reduced sea

ice act in combination with other feedbacks, such as vegetation [Koenig et al., 2011], to produce major
changes in Greenland'’s mass balance. Once the ice sheet is lost, regrowth is irreversible under both Pliocene
forcings (warmer, more precipitation) and present-day (colder, dryer) scenarios, even when sea surface
temperatures and sea ice conditions are prescribed with modern values. Irreversible loss of the GIS has
been noted in other modeling studies [see Ridley et al., 2010]. We find this is partly driven by the dynamical
effects described above and related shifts in moisture convergence, in addition to local height-mass balance
feedback on ablation rates in the relatively low-lying Greenland interior.

Possible model dependency and uncertainties in the imposed sea surface boundary conditions preclude
definitive conclusions regarding the precise response of the GIS to Pliocene warmth. Nonetheless, we sug-
gest the demonstrated sensitivity of the GIS to Pliocene forcing, enhanced by the internal feedbacks and
dynamical processes discussed here, has important implications for the long-term future of the ice sheet.
These results imply that (i) reductions of sea ice and increases of SSTs in the circum-Arctic will lead to a
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strongly negative mass balance on Greenland. (ii) The future loss of the ice sheet will be permanent, despite
overall increases in North Atlantic precipitation expected to accompany future warming and reductions in
Arctic and North Atlantic sea ice.
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