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Abstract The Greenland Ice Sheet (GrIS) is thought to have contributed substantially to high global sea
levels during the interglacials of Marine Isotope Stage (MIS) 5e and 11. Geological evidence suggests that
the mass loss of the GrIS was greater during the peak interglacial of MIS 11 than MIS 5e, despite a weaker
boreal summer insolation. We address this conundrum by using the three-dimensional thermomechanical
ice sheet model Glimmer forced by Community Climate System Model version 3 output for MIS 5e and MIS
11 interglacial time slices. Our results suggest a stronger sensitivity of the GrIS to MIS 11 climate forcing
than to MIS 5e forcing. Besides stronger greenhouse gas radiative forcing, the greater MIS 11 GrIS mass loss
relative to MIS 5e is attributed to a larger oceanic heat transport toward high latitudes by a stronger Atlantic
meridional overturning circulation. The vigorous MIS 11 ocean overturning, in turn, is related to a stronger
wind-driven salt transport from low to high latitudes promoting North Atlantic Deep Water formation.
The orbital insolation forcing, which causes the ocean current anomalies, is discussed.

1. Introduction

Continental ice sheets are a major factor in the climate change debate, in particular due to their direct link
to global sea level. The study of warm climates in the past may provide useful insight into the sensitivity of
polar land ice to changing forcing. A growing body of evidence suggests particularly high global sea levels
along with significant shrinking of the Greenland Ice Sheet (GrIS) during the Quaternary interglacials of Marine
Isotope Stage (MIS) 5e and MIS 11 (Colville et al., 2011; Dutton et al., 2015; Hatfield et al., 2016; Reyes et al.,
2014; Schaefer et al., 2016; Strunk et al., 2017).

For the interglacial of MIS 5e, the Last Interglacial (LIG; ∼130–115 kyr ago), global mean annual tempera-
ture was estimated to have been 0.5–1∘C warmer than during the preindustrial (Dutton et al., 2015; Hoffman
et al., 2017; Otto-Bliesner et al., 2013), while summer temperature anomalies might have been up to 5∘C above
present in the Arctic region reflecting substantial polar amplification (e.g., Last Interglacial Project Members,
2006; NEEM community members, 2013; Otto-Bliesner et al., 2006). Compilations of relative sea level com-
bined with modeling suggest a LIG peak global mean sea level of 6–9 m above present (Dutton & Lambeck,
2012; Dutton et al., 2015; Kopp et al., 2009, 2013; O’Leary et al., 2013). The contribution of GrIS melting to
this sea level rise is highly uncertain, but model results suggest a GrIS contribution between 1.4 and 4.3 m
(Born & Nisancioglu, 2012; Helsen et al., 2013; Masson-Delmotte et al., 2013; Quiquet et al., 2013; Robinson
et al., 2011; Stone et al., 2013), indicating that the size of the GrIS was still substantial during the LIG (Colville
et al., 2011; Yau et al., 2016). It has been demonstrated, however, that the simulation of LIG GrIS mass loss is
highly sensitive to poorly constrained model parameters (Stone et al., 2013).

Meanwhile, a warm interglacial during MIS 11 ∼ 420–395 kyr ago (Dutton et al., 2015; Milker et al., 2013) has
been suggested a potential analogue for present and future climate (Alley et al., 2010; Bowen, 2010; Droxler
et al., 2003; Loutre and Berger, 2000, 2003) when orbital geometry was similar to the configuration during the
present interglacial (Berger & Loutre, 1991). A peak of global mean temperature anomaly of up to 2∘C might
have existed during MIS 11 relative to preindustrial although there is high uncertainty in the global average
temperature at that time (Dutton et al., 2015; Lang & Wolff, 2011; Masson-Delmotte et al., 2010). Evidence from
marine sediment cores points to sea surface temperatures (SST) in the North Atlantic 1–2∘C higher than today
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(Bauch et al., 2000; De Abreu et al., 2005; Helmke et al., 2003; Kandiano & Bauch, 2003; McManus et al.,
1999). Furthermore, a minimum GrIS extent during the MIS 11 interglacial implies a likely loss of most of the
Greenland ice mass (Hatfield et al., 2016; Reyes et al., 2014), contributing to a maximum global mean sea level
during the MIS 11 interglacial likely 6–13 m higher than today (Chen et al., 2014; Dutton et al., 2015; Muhs
et al., 2012; Raymo & Mitrovica, 2012; Roberts et al., 2012).

Taken together, mass loss of the GrIS was likely greater during the interglacial of MIS 11 than during the LIG.
Since the changing seasonal insolation owing to varying astronomical parameters is thought to be a major
forcing of polar ice sheet evolution (e.g., Huybers, 2006; Loutre et al., 2004; van de Berg et al., 2011), the great
GrIS mass loss during MIS 11 seems to be counterintuitive. Due to a low eccentricity of the Earth’s orbit, climatic
precession varied relatively little during MIS 11, and hence, maximum boreal summer insolation was much
smaller during the MIS 11 interglacial than during the LIG (Figure 1). By contrast, eccentricity was high during
the LIG leading to high summer insolation values around 125 ka. Huybers (2006) pointed out that glaciers
are sensitive to insolation integrated over the duration of the summer and introduced the concept of the
integrated summer insolation as the dominant control on polar ice sheet evolution. Like maximum summer
insolation, values for the integrated summer insolation were larger during the LIG than during MIS 11
(Figure 1) and cannot simply explain a stronger GrIS melting during MIS 11 compared to MIS 5e. Moreover,
the concept of accumulated insolation (Carlson & Winsor, 2012), which incorporates intensity and duration
of orbital forcing, also fails to explain the interglacial extent of the GrIS over the past 430,000 years, in par-
ticular the lack of appreciable southern GrIS retreat during MIS 7 (Hatfield et al., 2016). On the other hand,
greenhouse gas (GHG) concentrations were higher during MIS 11 compared to the LIG and the duration was
longer (Figure 1).

Using the three-dimensional thermomechanical ice sheet model Glimmer (Genie land ice model with multiply-
enabled regions), the sensitivity of GrIS mass loss to interglacial climate forcing of MIS 5e and 11 is studied
in the present work. Climate forcing comes from MIS 5e and MIS 11 simulations with the Community Climate
System Model version 3 (CCSM3). We will address the conundrum as to why the GrIS mass loss may have been
greater during MIS 11 than during MIS 5e despite a weaker summer insolation. Note that we do not exam-
ine the role of interglacial duration in driving MIS 11 deglaciation, as it has recently been done by Robinson
et al. (2017).

2. Experimental Setup
2.1. Models
2.1.1. CCSM3 Global Climate Model
The coupled general circulation model (CGCM) CCSM3 is composed of four components representing
atmosphere, ocean, sea ice, and land surface (Collins et al., 2006). We used the low-resolution (T31) version
of the model (Yeager et al., 2006). In this version, the horizontal resolution of the atmosphere and land com-
ponents is 3.75∘ with 26 layers in the atmosphere, while the nominal resolution of the ocean/sea ice grid
is 3∘. The ocean grid consists of 25 levels in the vertical. In this study, the dynamic global vegetation model
is included along with some improvements of land hydrology parameterizations (Oleson et al., 2008) as in
previous studies (e.g., Handiani et al., 2013; Rachmayani et al., 2015, 2016).
2.1.2. Glimmer Ice Sheet Model
To simulate the GrIS response to interglacial climate forcing provided by CCSM3, we use the three-dimensional
thermomechanical ice sheet model Glimmer version 1.0.4 (Payne, 1999; Rutt et al., 2009). The model is con-
structed on a Cartesian grid with horizontal resolution of 20 km along with 11 layers in the vertical. A shallow
ice approximation is used for the ice dynamics. At each time step, surface air temperature and surface mass
balance are taken as input fields. The time step for the ice dynamics is 1 year. The surface mass balance is simu-
lated using the positive degree day (PDD) approach as explained in Reeh (1991), DeConto and Pollard (2003),
and Lunt et al. (2008, 2009). The PDD method is based on the assumption that the surface ice melt is pro-
portional to the time-integrated temperature above freezing point which provides for the energy available
for melting. To consider different albedos and densities, different PDD factors are applied for ice and snow
(Stone et al., 2013). Glimmer further assumes an elastic isostatic response of the lithosphere to changes in ice
mass. Bilinear interpolation is utilized to map the forcing data taken from the low-resolution CCSM3 climate
model onto the high-resolution Glimmer grid. Moreover, a lapse rate correction is applied in converting the
surface air temperature from CCSM3 to the ice model grid which represents the local aspect of the temper-
ature elevation feedback. Further details on the ice sheet model and its offline coupling to the atmosphere
can be found in Lunt et al. (2008) and Stone et al. (2013, 2010).
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Figure 1. (a) Insolation anomalies between 410 and 125 ka. The calculation assumes a fixed present-day calendar with
vernal equinox at 21 March. (b) Benthic δ18O stack (Lisiecki & Raymo, 2005), climatic precession, obliquity, July insolation
at 65∘N (Berger, 1978), the integrated summer insolation with 𝜏=275 W/m2 according to Huybers (2006), and GHG
concentrations (Loulergue et al., 2008; Lüthi et al., 2008; Schilt et al., 2010) for the Holocene, MIS 5e, and MIS 11. GHG
concentrations for the industrial era are not shown. The dots mark the time slices simulated in this study.
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Table 1
GHG Concentrations Used in the CCSM3 Experiments

Experiments CO2 (ppmv) CH4 (ppbv) N2O (ppbv)

0 ka (PI) 280 760 270

125 ka (MIS 5e) 276 640 263

410 ka (MIS 11) 284 710 282

2.2. Setup of Experiments
2.2.1. Climate Experiments
Climate forcing for the ice sheet model is provided by two CCSM3 interglacial
time slice experiments, one with 125 ka boundary conditions (MIS 5e) and the
other with 410 ka boundary conditions (MIS 11). Table 1 provides the boundary
conditions which include astronomical parameters (Berger, 1978) and atmo-
spheric GHG concentrations. The ice sheet configuration, ozone distribution,
sulfate aerosols, carbonaceous aerosols, and solar constant were maintained

identical to the preindustrial (PI) control run. GHG concentrations for the MIS 5e time slice were taken as
specified by the Paleoclimate Modelling Intercomparison Project (PMIP3; Lunt et al., 2013) and GHG concen-
trations for the MIS 11 time slice are based on Loulergue et al. (2008), Lüthi et al. (2008), and Schilt et al. (2010)
using the European Project for Ice Coring in Antarctica Dome C time scale EDC3 (Figure 1). Both interglacial
time slice simulations were branched off from year 600 of the PI spin-up run and integrated for 400 years
each, which was sufficient for the surface climate and the Atlantic meridional overturning circulation (AMOC;
Figure 2) to come to a statistical equilibrium. A standard PI control run was integrated for 1,000 years, and it
was performed following PMIP guidelines (Braconnot et al., 2007). For details on the CCSM3 PI and interglacial
time slice experiments the reader is referred to Kleinen et al. (2014), Lunt et al. (2013), and Rachmayani et al.
(2016). Precipitation and near-surface air temperature from the last 100 years of each experiment were taken
to force the Glimmer ice sheet model.
2.2.2. Ice Sheet Experiments
The ice sheet model was spun-up for 50,000 years using modern climatological ERA-40 data sets (Hanna et al.,
2005, 2008; ECMWF, 2006) and the Greenland bedrock topography of Bamber et al. (2001). Subsequently, the
forcing was switched to interglacial climate of the 125 ka and 410 ka time slices, respectively, using simulated
precipitation and temperature anomalies (relative to the control run) added to the ERA-40 climatology Stone
et al. (2013, 2010).

For each time slice experiment, six Glimmer simulations with different sets of tuning parameters were
performed. This has been done to test the robustness of our Glimmer results with respect to some poorly con-
strained parameters that influence ice dynamics and surface mass balance in large-scale ice sheet modeling.
The six parameter sets (Table 2) were identified by Stone et al. (2010) as optimal in Glimmer simulations
of the GrIS, yielding the best fits to observed present-day GrIS geometry according to different diagnostics
(ice surface extent, total ice volume, maximum ice thickness, and spatial fit of ice thickness) and skill scores.
The six optimal parameter sets were identified among 250 plausible parameter sets using a latin hypercube
sampling, which is an efficient variant of the Monte Carlo approach. Experiments nos. 10 and 233 by Stone et al.
(2010) yielded the best fit for ice volume and ice thickness distribution, experiment 99 yielded the best fit for
ice surface extent, experiment 165 was optimal with respect to ice surface extent and ice thickness distribu-
tion, and experiments 67 and 240 simulated maximum ice thickness most accurately. The different parameter
sets include five tuneable parameters, that is, the flow enhancement factor, geothermal heat flux, lapse rate,
and the two PDD factors. Lapse rate and PDD factors are fundamental in controlling surface ablation.

The goal of our model experiments is not to simulate a realistic evolution of the GrIS during the interglacials
of MIS 5e and MIS 11, as this would require a transient climate forcing as well as feedbacks from the ice sheet
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Figure 2. Time series of the AMOC stream function at 28∘N and 1,000 m depth smoothed with a 24 month filter for the
410 ka (red) and 125 ka (blue) experiments, in sverdrups. After spin-up the 410 ka AMOC is systematically stronger than
the 125 ka AMOC.
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Table 2
Tuned Parameter Values Used in the Glimmer Ice Sheet Experiments

LG G 𝛼s 𝛼i

Experiment no. f (∘C km−1) (mW m−2) (mm d−1 ∘C−1) (mm d−1 ∘C−1)

10 4.5838 −4.2047 −52.630 3.7243 19.878

233 4.8585 −4.0754 −46.667 4.2425 16.344

99 1.2838 −4.5334 −41.758 4.7844 18.710

165 3.1036 −4.2456 −47.709 4.5763 19.455

67 2.6165 −8.1157 −53.421 3.9951 13.502

240 2.5551 −6.0820 −59.070 3.6258 10.221

Note. The tuning parameters are f (flow enhancement factor), LG (near-surface lapse rate), G (geothermal
heat flux), 𝛼s (PDD factor for snow), and 𝛼i (PDD factor for ice). The experiment numbers (tuning param-
eter settings) are taken from Stone et al. (2010) and have been identified as optimal with respect to the
simulation of the modern GrIS. For details the reader is referred to Stone et al. (2010).

to the climate model components. Instead, our goal is to identify potential mechanisms in the climate system
that may have been responsible for the strong GrIS mass loss during MIS 11 compared to the LIG. Since we
consider the 125 ka and 410 ka time slices representative of the LIG and the peak interglacial of MIS 11 in
terms of insolation and GHG forcing (Figure 1), we deem our time slice approach appropriate for this purpose.

3. Results
3.1. Ice Sheets Simulated by Glimmer
A rapid decline of the GrIS volume takes place within a few thousand years after switching the climate forcing
from modern to either 125 ka (Figure 3a) or 410 ka (Figure 3b). For both time slices it is evident that the simu-
lated size of the GrIS strongly depends on the set of tuning parameters used. For both interglacials, experiment
67 reveals the highest sensitivity to the 125 ka and 410 ka forcings such that the GrIS almost disappears in less
than 5,000 years. Experiment 67 is characterized by the largest lapse rate LG (Table 2), which probably leads
to an overestimation of the positive temperature elevation feedback.

However, independent of the tuning parameter set used, the GrIS mass loss is always greater in the MIS 11
experiments compared to the MIS 5e experiments. Surface ablation is the dominant factor for the greater
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Figure 3. Results from the Glimmer MIS 5e and MIS 11 experiments: Time series of GrIS volume as equivalent sea level
height for (a) the 125 ka and (b) the 410 ka experiment (switching from modern to interglacial climate forcing at model
year 50,000) using different tuning parameter settings (see Table 2).
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Figure 4. Ablation rate anomalies (410 ka minus 125 ka experiment) at model year 500 after switching from modern to
interglacial climate forcing for different tuning parameter settings (see Table 2).

MIS 11 ice loss. Figure 4 shows higher ablation rates in the MIS 11 experiments compared to the LIG, especially
in northern, northeastern, and western Greenland, independent of the tuning parameter settings. Given the
weaker summer insolation forcing during MIS 11 compared to the LIG (Figure 1), the generally higher ablation
rates seem counterintuitive.

3.2. Climatic Fields Simulated by CCSM3
Figure 5 shows the difference between the climate forcings of MIS 11 (410 ka) and MIS 5e (125 ka) as provided
by CCSM3. Higher MIS 11 summer (June-July-August, JJA) air temperatures across Greenland compared to the
LIG provide the energy required for the enhanced surface melting (Figure 5a), while the annual deposition
of snow due to precipitation is greater in MIS 11 than in MIS 5e over most parts of Greenland except for the
southernmost and southwestern portion (Figure 5b). This precipitation anomaly pattern is associated with
southeasterly wind anomalies over the eastern Greenland region favoring the supply of moisture from the
North Atlantic and Nordic Seas and northerly wind anomalies over western Greenland favoring the transport
of dry Arctic air toward the south (Figure 6a). Therefore, enhanced snowfall tends to counteract the larger
MIS 11 GrIS mass loss associated with surface ablation over large regions. Higher GHG concentrations (Table 1)
contribute to the anomalously warm conditions in Greenland during MIS 11 (Yin & Berger, 2015).
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around Greenland, (b) annual snowfall, and AMOC (meridional overturning stream function in the Atlantic Ocean).

However, a closer inspection of the summer surface temperature anomaly pattern reveals a maximum in
the North Atlantic and Nordic Seas pointing to changes in the large-scale ocean circulation (Figure 5a).
A comparison of the ocean circulations between the different experiments shows that the AMOC is about
1.7 sverdrup (Sv) (1 Sv = 106 m3/s) stronger in the MIS 11 time slice compared to the LIG experiment (Figures 2
and 5c), thus transporting more heat (∼ 8–15% increase depending on latitude) from the tropical North
Atlantic to subpolar regions, where air-sea heat exchange takes place with impact on the climate over
Greenland. Compared to the modern control run, the AMOC at 125 ka is even 2.2 Sv weaker.

4. AMOC Strengthening During MIS 11

A major, albeit not the only, factor controlling North Atlantic Deep Water formation, and hence the AMOC,
is salinity due to its effect on seawater density. A higher sea surface salinity in most regions of the extrat-
ropical North Atlantic in the MIS 11 experiment compared to the LIG experiment is therefore consistent with
enhanced deep water formation (Figure 6c). The higher sea surface salinity in the northern North Atlantic
can be caused by a reduced surface freshwater flux forcing (associated with a change in the hydrologic cycle)
and/or by increased advection of salt from lower latitudes (due to a change in ocean currents). Figure 6d
shows the difference in surface freshwater flux forcing between the MIS 11 and LIG experiments. The net
freshwater flux into the northern North Atlantic is larger in the MIS 11 experiment than in the LIG and hence
cannot explain the higher MIS 11 surface salinity. Instead, the barotropic stream function indicates an anoma-
lously strong transport of (high saline and warm) subtropical water from Florida Strait toward the northeastern
North Atlantic (Figure 6b), involving a stronger Gulf Stream in the MIS 11 simulation. A larger salt transport
creates more saline conditions in the northern North Atlantic favoring deep water formation and a stronger
AMOC. The horizontal ocean circulation anomaly, in turn, is to first-order attributable to differences in the wind
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stress forcing owing to the Sverdrup relation, which states that the meridional mass transport is balanced
by the curl of the wind stress (e.g., Gill, 1982). Figure 6a shows the annual-mean surface wind difference
between the MIS 11 and LIG experiments. In the northeastern Atlantic (north of∼45∘N) the wind anomaly field
is cyclonic (i.e., positive wind stress curl anomaly) leading to an anomalous northward Sverdrup transport,
which is associated with an anomalous cyclonic gyre centered at 50∘N shown in the barotropic stream func-
tion plot (Figure 6b). Between ∼25 and 40∘N the surface wind anomaly field over the eastern North Atlantic is
anticyclonic (Figure 6a). The negative wind stress curl anomaly results in an anomalous southward Sverdrup
transport associated with an anomalous anticyclonic gyre (Figure 6b), which—together with the anoma-
lous cyclonic gyre to the north—conveys more high-saline subtropical water toward high latitudes in the
MIS 11 experiment promoting deep water formation there. The important role of wind-driven salt advection
toward high latitudes in driving the AMOC has been demonstrated in previous model studies (Oka et al., 2001;
Timmermann & Goosse, 2004). A stronger AMOC, in turn, may further support the northward transport of salt
from the subtropics to higher latitudes, thus creating a positive feedback (Stommel, 1961).

While the major differences in ocean circulation and salinity fields between the MIS 11 and LIG experi-
ments can be understood by means of different wind forcing, the differences in the annual-mean wind fields
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(Figure 6a), in turn, are more challenging to interpret. However, some important insight into atmospheric
dynamics of the MIS 11 and LIG experiments and their relation to insolation forcing can be obtained by analyz-
ing seasonal differences, from which the annual-mean wind field anomaly derives. Figure 7 shows differences
in sea level pressure (SLP) for each season. In boreal summer (June–August), a weaker insolation at 410 ka
compared to 125 ka (Figure 1a) leads to less heating and hence higher SLP over the continents (Figure 7c).
In boreal winter (December–February) and spring (March–May), the situation is almost opposite with pre-
dominantly lower SLP over continental regions in the MIS 11 experiment (Figures 7a and 7b) due to higher
insolation compared to the MIS 5e experiment (Figure 1a). An interesting situation arises in boreal autumn
(September–November), when a reduced late summer/early autumn Northern Hemisphere meridional inso-
lation gradient in the MIS 11 experiment compared to the MIS 5e experiment gives rise to anomalously high/
low SLP in high/middle latitudes (Figure 7d), involving slower winds at the northern flank of the westerlies.
This season dominates the annual-mean surface wind anomaly between MIS 11 and the LIG over the mid-
latitude North Atlantic, with its cyclonic structure north of ∼ 45∘N (Figure 6a) and hence is crucial for the
ocean current anomalies that drive the enhanced northward salt transport and stronger AMOC in the MIS 11
experiment.

5. Response of the GrIS to Interglacial Climate Forcings

Equal or even greater GrIS mass loss during the interglacial of MIS 11 compared to the LIG is difficult to explain
with pure insolation forcing. In harmony with geological evidence our model experiments suggest stronger
GrIS melt during the interglacial of MIS 11 than during the LIG. The northern and western regions of Greenland
show the strongest sensitivities to MIS 11 interglacial climate forcing.

The stronger MIS 11 ice loss relative to the LIG is attributable to higher Greenland summer surface temper-
atures. Given the higher summer insolation in the MIS 5e experiment compared to the MIS 11 experiment
(Figure 1a), other processes must be responsible for the warm MIS 11 summer temperatures. Indeed, the
boreal summer season shows a much smaller MIS 11 Greenland surface temperature anomaly (relative
to the LIG) than the other seasons, consistent with the insolation forcing (taking approximately 1 month
time lag between insolation forcing and regional temperature response into account). However, there is an
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Figure 8. Difference in monthly mean Greenland (66–82∘N, 50–30∘W)
surface temperature between 410 ka (MIS 11) and 125 ka (MIS 5e),
annual cycle.

annual-mean Greenland temperature offset of 1.0∘C in MIS 11 relative to the
LIG, which eventually gives rise to the warmer MIS 11 summer temperatures
responsible for enhanced GrIS melt (Figure 8). We identify three mechanisms
that lead to almost year-round warm anomalies in the Greenland/North
Atlantic region in the MIS 11 experiment compared to the LIG: (i) a stronger
AMOC which transports more heat to high northern latitudes, (ii) enhanced
greenhouse gas concentrations which corresponds to a radiative forcing of
0.25 W m−2, and (iii) a slightly larger obliquity (Figure 1b) which results in a
larger annual-mean insolation forcing of about 0.4 W m−2 at 70∘N. Through
changes in surface albedo, a smaller Arctic sea ice area during the MIS 11 inter-
glacial (not shown) may act as a positive feedback to the anomalous warming
in high latitudes.

Our results suggest that the maximum summer insolation forcing is much less
important for the GrIS surface melting and evolution of mass balance during
interglacials than often assumed. It has been shown previously that seasonal
temperature variations to orbital insolation forcing are significantly smaller in
Greenland than in other continental regions (Rachmayani et al., 2016), which
may be attributable to the higher albedo and proximity to the ocean which
strongly damps seasonal variability.

Warm Greenland summer conditions during the LIG in response to high inso-
lation have been simulated by numerous climate models (e.g., Kaspar et al.,

2005; Lunt et al., 2013; Montoya et al., 2000; Otto-Bliesner et al., 2006; Stone et al., 2013). Unfortunately, only
few model studies exist regarding the climate of MIS 11. Simulations with the Earth system model of interme-
diate complexity LOVECLIM show colder Greenland summer temperatures during the MIS 11 peak interglacial
compared to the LIG (Yin & Berger, 2012, 2015), in contrast to our results. In the absence of proxy records
from Greenland which date back to MIS 11 it is not possible to assess which model result is more realis-
tic. Paleoceanographic studies from the northern North Atlantic are inconclusive as to whether summer SSTs
where warmer or colder during the MIS 11 peak interglacial compared to the LIG, as the results depend on the
paleothermometric method used (Kandiano & Bauch, 2003). However, some evidence exists for strong North
Atlantic Deep Water formation and a vigorous Atlantic overturning during the MIS 11 interglacial (Vazquez
Riveiros et al., 2013).

Our approach does not allow a quantitative estimate of LIG and MIS 11 GrIS volumes due to several limitations
of the experimental setup. First, the climatic forcing of the ice sheet model is stationary (time slice approach)
rather than transient as in, for example, Stone et al. (2013). Moreover, the modeled ice sheet does not feed
back to the other climate components (offline coupling), like the atmosphere and the ocean. In particular,
GrIS meltwater flux into the ocean might further affect the AMOC and hence North Atlantic and Greenland
temperatures (Yang et al., 2016). Future studies should therefore simulate the MIS 5e and MIS 11 GrIS evolu-
tion in interactively coupled CGCM-ice sheet transient experiments. Ideally, such transient experiments would
include the preceding terminations and glacials as these may precondition the evolution of the subsequent
interglacials (cf. Dendy et al., 2017; Past Interglacials Working Group of PAGES, 2016). Second, the semiempir-
ical PDD scheme used in calculating the surface mass balance may significantly underestimate surface melt
associated with high insolation. van de Berg et al. (2011) have shown that a direct effect of stronger summer
insolation and also the related nonlinear feedbacks drive enhanced surface melting along with the higher
ambient temperature. As a result, taking insolation and albedo explicitly into account would likely lead to
a greater GrIS mass loss under high insolation forcing, especially during the LIG. Third, as shown by Stone
et al. (2013) and in the present study, the simulation of GrIS volumes strongly depends on different tuning
parameters. Even though a set of tuning parameters yields a realistic simulation of the modern GrIS (as do all
parameter sets used in this study; see Table 2), this does not ensure a realistic simulation of the LIG or MIS 11
ice sheet using the same set of parameters. An insightful example was given by experiment 67, in which the
GrIS almost completely disappeared within a few thousand years in response to both LIG and MIS 11 climate
forcing. A too high value for the lapse rate was identified to be the main cause for this outcome. We further
note that the near-surface lapse rate over Greenland may be climate dependent (Erokhina et al., 2017).
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Further caveats, mostly related to simplifications of the ice sheet dynamics, are discussed in Stone et al. (2010)
and Stone et al. (2013). These shortcomings aside, our model results suggest hitherto overlooked processes
to explain strong MIS 11 GrIS melt, such as a wind-driven amplification of the AMOC and associated heat
transport. A recent model study by Robinson et al. (2017) has emphasized the role of MIS 11’s long duration
as an important factor for the GrIS to disappear almost completely (see also Reyes et al., 2014), while Hatfield
et al. (2016) highlighted the role of CO2. We would like to point out that the different proposed factors for the
strong MIS 11 Greenland deglaciation do not rule out each other but may well have acted together.

6. Conclusions

MIS 5e and MIS 11 interglacial experiments with the Glimmer ice sheet model driven by CCSM3 climate model
output suggest a stronger sensitivity of the GrIS to MIS 11 climate forcing than to MIS 5e forcing. We attribute
the greater MIS 11 ice loss relative to the LIG in large part to a greater heat transport toward high northern lati-
tudes by a stronger AMOC. The MIS 11 AMOC is amplified by anomalous wind stress curl that drives enhanced
salt transport from the low- to high-latitude North Atlantic. A reduced Northern Hemisphere meridional inso-
lation gradient in late summer/early autumn in MIS 11 compared to the LIG sets the appropriate wind forcing
that drives the ocean current anomaly. Our model results demonstrate that Quaternary GrIS volume changes
are not a simple function of orbital insolation. Instead, internal climate feedbacks have to be considered when
interpreting the long-term waxing and waning of the GrIS. Further studies of MIS 11 climate with other general
circulation models need to be performed in order to assess the robustness of the CCSM3 results.
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temperature trends during marine isotope stage 11. Climate of the Past, 9, 2231–2252. https://doi.org/10.5194/cp-9-2231-2013

Montoya, M., von Storch, H., & Crowley, T. J. (2000). Climate simulation for 125 kyr BP with a coupled ocean-atmosphere general circulation
model. Journal of Climate, 13, 1057–1072.

Muhs, D. R., Pandolfi, J. M., Simmons, K. R., & Schumann, R. R. (2012). Sea-level history of past interglacial periods from uranium-series dating
of corals, Curaao, Leeward Antilles islands. Quaternary Research, 78, 157–169. https://doi.org/10.1016/j.yqres.2012.05.008

NEEM community members (2013). Eemian interglacial reconstructed from a Greenland folded ice core. Nature, 493, 489–494.
https://doi.org/10.1038/nature11789

Oka, A., Hasumi, H., & Suginohara, N. (2001). Stabilization of thermohaline circulation by wind-driven and vertical diffusive salt transport.
Climate Dynamics, 18, 71–83.

O’Leary, M. J., Hearty, P. J., Thompson, W. G., Raymo, M. E., Mitrovica, J. X., & Webster, J. M. (2013). Ice sheet collapse following a prolonged
period of stable sea level during the last interglacial. Nature Geoscience, 6, 796–800. https://doi.org/10.1038/ngeo1890

RACHMAYANI ET AL. GREENLAND ICE SHEET DURING MIS 5E AND MIS 11 1100

https://doi.org/10.1029/2004JD005641
https://doi.org/10.1175/2007JCLI1964.1
https://doi.org/10.5194/cp-9-1683-2013
https://doi.org/10.1016/j.epsl.2016.09.014
https://doi.org/10.1016/S0277-3791(03)00126-4
https://doi.org/10.5194/cp-9-1773-2013
https://doi.org/10.1126/science.aai8464
https://doi.org/10.1126/science.1125249
https://doi.org/10.1046/j.1365-3121.2003.00488X
https://doi.org/10.1029/2005GL022456
https://doi.org/10.1016/j.quaint.2013.12.028
https://doi.org/10.1038/nature08686
https://doi.org/10.1093/gji/ggt029
https://doi.org/10.5194/cp-7-361-2011
https://doi.org/10.1016/j.quascirev.2006.01.033
https://doi.org/10.1023/A:1005559827189
https://doi.org/10.1016/S0921-8181(02)00186-8
https://doi.org/10.1016/S0012-821X(04)00108-6
https://doi.org/10.1029/2004PA001071
https://doi.org/10.5194/cp-9-699-2013
https://doi.org/10.1038/nature07223
https://doi.org/10.1098/rsta.2008.0218
https://doi.org/10.1016/j.quascirev.2009.09.030
https://doi.org/10.1126/science.283.5404.971
https://doi.org/10.5194/cp-9-2231-2013
https://doi.org/10.1016/j.yqres.2012.05.008
https://doi.org/10.1038/nature11789
https://doi.org/10.1038/ngeo1890


Paleoceanography 10.1002/2017PA003149

Oleson, K. W., Niu, G. Y., Yang, Z. L., Lawrence, D. M., Thornton, P. E., Lawrence, P. J.,…Qian, T. (2008). Improvements to the Community Land
Model and their impact on the hydrological cycle. Journal of Geophysics Research, 113, G01021. https://doi.org/10.1029/2007JG000563

Otto-Bliesner, B. L., Marsha, S. J., Overpeck, J. T., Miller, G. H., Hu, A. X., & Mem, C. L. I. P. A. (2006). Simulating Arctic climate warmth and
icefield retreat in the last interglaciation. Science, 311, 1751–1753. https://doi.org/10.1126/science.1120808

Otto-Bliesner, B. L., Rosenbloom, N., Stone, E. J., McKay, N. P., Lunt, D. J., Brady, E. C., & Overpeck, J. T. (2013). How warm was the last
interglacial? New model data comparisons. Philosophical Transactions of the Royal Society of London, Series A: Mathematical, Physical and
Engineering Sciences, 371, 20130097. https://doi.org/10.1098/rsta.2013.0097

Payne, A. J. (1999). A thermomechanical model of ice flow in West Antarctica. Climate Dynamics, 15, 115–125.
https://doi.org/10.1007/s003820050271

Past Interglacials Working Group of PAGES (2016). Interglacials of the last 800,000 years. Reviews of Geophysics, 54, 162–219.
https://doi.org/10.1002/2015RG000482

Quiquet, A., Ritz, C., Punge, H. J., & Salas y Milia, D. (2013). Greenland ice sheet contribution to sea level rise during the
last interglacial period: A modelling study driven and constrained by ice core datA. Climate of the Past, 9, 353–366.
https://doi.org/10.5194/cp-9-353-2013

Rachmayani, R., Prange, M., & Schulz, M. (2015). North African vegetation-precipitation feedback in early and mid-Holocene climate
simulations with CCSM3-DGVM. Climate of the Past, 11, 175–185. https://doi.org/10.5194/cp-11-175-2015

Rachmayani, R., Prange, M., & Schulz, M. (2016). Intra-interglacial climate variability: Model simulations of marine isotope stages 1, 5, 11, 13,
and 15. Climate of the Past, 12, 677–695. https://doi.org/10.5194/cp-12-677-2016

Raymo, M. E., & Mitrovica, J. X. (2012). Collapse of polar ice sheets during the stage 11 interglacial. Nature, 483(7390), 453–456.
https://doi.org/10.1038/nature10891

Reeh, N. (1991). Paramterization of melt rate and surface temperature on the Greenland ice-sheet. Polarforschung, 59, 113–128.
Reyes, A. V., Carlson, A. E., Beard, B. L., Hatfield, R. G., Stoner, J. S., Winsor, K.,…Welke, B. (2014). South Greenland ice-sheet collapse during

Marine Isotope Stage 11. Nature, 510, 525–528. https://doi.org/10.1038/nature13456
Roberts, D. L., Karkanas, P., Jacobs, Z., Marean, C. W., & Roberts, R. G. (2012). Melting ice sheets 400,000 yr ago raised sea level by 13 m: Past

analogue for future trends. Earth Planet, Science Letters, 357, 226–237. https://doi.org/10.1016/j.epsl.2012.09.006
Robinson, A., Alvarez-Solas, J., Calov, R., Ganopolski, A., & Montoya, M. (2017). MIS-11 duration key to disappearance of the Greenland ice

sheet. Nature Communications, 8, 16008. https://doi.org/10.1038/ncomms16008
Robinson, A., Calov, R., & Ganopolski, A. (2011). Greenland ice sheet model parameters constrained using simulations of the Eemian

Interglacial. Climate of the Past, 7, 381–396. https://doi.org/10.5194/cp-7-381-2011
Robinson, A., Calov, R., & Ganopolski, A. (2012). Multistability and critical thresholds of the Greenland ice sheet. Nature Climate Change, 2,

429–432. https://doi.org/10.1038/nclimate1449
Rutt, I. C., Hagdorn, M., Hulton, N. R. J., & Payne, A. J. (2009). The Glimmer community ice sheet model. Journal of Geophysical Research, 114,

F02004. https://doi.org/10.1029/2008JF001015
Schaefer, J. M., Finkel, R. C., Balco, G., Alley, R. B., Caffee, M. W., Briner, J. P.,… Schwartz, R. (2016). Greenland was nearly ice-free for extended

periods during the Pleistocene. Nature, 540, 252–255. https://doi.org/10.1038/nature20146
Schilt, A., Baumgartner, M., Blunier, T., Schwander, J., Spahni, R., Fischer, H., & Stocker, T. F. (2010). Glacial-interglacial and millennial-scale

variations in the atmospheric nitrous oxide concentration during the last 800,000 years. Quaternary Science Reviews, 29, 182–192.
Stommel, H. (1961). Thermohaline convection with two stable regimes of flow. Tellus, 13, 224–230.

https://doi.org/10.1111/j.2153-3490.1961.tb00079.x
Stone, E. J., Lunt, D. J., Annan, J. D., & Hargreaves, J. C. (2013). Quantification of the Greenland ice sheet contribution to last interglacial

sea-level-rise. Climate of the Past, 9, 621–639. https://doi.org/10.5194/cp-9-621-2013
Stone, E. J., Lunt, D. J., Rutt, I. C., & Hanna, E. (2010). Investigating the sensitivity of numerical model simulations of the modern state of the

Greenland ice-sheet and its future response to climate change. The Cryosphere, 4, 397–417. https://doi.org/10.5194/tc-4-397-2010
Strunk, A., Knudsen, M. F., Egholm, D. L., Jansen, J. D., Levy, L. B., Jacobsen, B. H., & Larsen, N. K. (2017). One million years of glaciation and

denudation history in west Greenland. Nature Communications, 8, 14199. https://doi.org/10.1038/ncomms14199
Timmermann, A., & Goosse, H. (2004). Is the wind stress forcing essential for the meridional overturning circulation? Geophysical Research

Letters, 31, L04303. https://doi.org/10.1029/2003GL018777
van de Berg, W. J., van den Broeke, M., Ettema, J., van Meijgaard, E., & Kaspar, F. (2011). Significant contribution of insolation to Eemian

melting of the Greenland ice sheet. Nature Geoscience, 4, 679–683. https://doi.org/10.1038/ngeo1245
Vazquez Riveiros, N., Waelbroeck, C., Skinner, L., Duplessy, J.-C., McManus, J. F., Kandiano, E. S., & Bauch, H. A. (2013). The “MIS 11 paradox”

and ocean circulation: Role of millennial scale events. Earth and Planetary Science Letters, 371, 258–268.
Yang, Q., Dixon, T. H., Myers, P. G., Bonin, J., Chambers, D., & van den Broeke, M. R. (2016). Recent increases in Arctic freshwater flux affects

Labrador Sea convection and Atlantic overturning circulation. Nature Communications, 7, 10525. https://doi.org/10.1038/ncomms10525
Yau, A. M., Bender, M. L., Blunier, T., & Jouzel, J. (2016). Setting a chronology for the basal ice at Dye-3 and GRIP: Implications for the

long-term stability of the Greenland Ice Sheet. Earth and Planetary Science Letters, 451, 1–9. https://doi.org/10.1016/j.epsl.2016.06.053
Yeager, S. G., Shields, C. A., Large, W. G., & Hack, J. J. (2006). The low-resolution CCSM3. Journal of Climate, 19, 2545–566.

https://doi.org/10.1175/JCLI3744.1
Yin, Q. Z., & Berger, A. (2012). Individual contribution of insolation and CO2 to the interglacial climates of the past 800,000 years. Climate

Dynamics, 38, 709–724. https://doi.org/10.1007/s00382-011-1013-5
Yin, Q. Z., & Berger, A. (2015). Interglacial analogues of the Holocene and its natural near future. Quaternary Science Reviews, 120, 28–46.

https://doi.org/10.1016/j.quascirev.2015.04.008

RACHMAYANI ET AL. GREENLAND ICE SHEET DURING MIS 5E AND MIS 11 1101

https://doi.org/10.1029/2007JG000563
https://doi.org/10.1126/science.1120808
https://doi.org/10.1098/rsta.2013.0097
https://doi.org/10.1007/s003820050271
https://doi.org/10.1002/2015RG000482
https://doi.org/10.5194/cp-9-353-2013
https://doi.org/10.5194/cp-11-175-2015
https://doi.org/10.5194/cp-12-677-2016
https://doi.org/10.1038/nature10891
https://doi.org/10.1038/nature13456
https://doi.org/10.1016/j.epsl.2012.09.006
https://doi.org/10.1038/ncomms16008
https://doi.org/10.5194/cp-7-381-2011
https://doi.org/10.1038/nclimate1449
https://doi.org/10.1029/2008JF001015
https://doi.org/10.1038/nature20146
https://doi.org/10.1111/j.2153-3490.1961.tb00079.x
https://doi.org/10.5194/cp-9-621-2013
https://doi.org/10.5194/tc-4-397-2010
https://doi.org/10.1038/ncomms14199
https://doi.org/10.1029/2003GL018777
https://doi.org/10.1038/ngeo1245
https://doi.org/10.1038/ncomms10525
https://doi.org/10.1016/j.epsl.2016.06.053
https://doi.org/10.1175/JCLI3744.1
https://doi.org/10.1007/s00382-011-1013-5
https://doi.org/10.1016/j.quascirev.2015.04.008

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


