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ABSTRACT: The history of the GrIS (Greenland Ice Sheet), particularly in warm climates of the pre-Quaternary, is poorly known. IRD
(ice-rafted debris) records suggest that the ice sheet has existed, at least transiently, since the Miocene and potentially since as long ago as
the Eocene. As melting of the GrIS is a key uncertainty in future predictions of climate and sea-level, understanding its behaviour and role
within the climate system during past warm periods could provide important constraints. The Pliocene has been identified as a key period
for understanding warmer than modern climates. Detailed micropalaeontological analyses of the mid-Piacenzian Warm Period (3.264 -
3.025 Ma) have produced a series of SST (sea-surface temperature) reconstructions (PRISM2-AVE, PRISM2-MAX, PRISM2-MIN and
PRISM3). Use of these different SSTs within the Hadley Centre GCM (General Circulation Model) and BASISM (British Antarctic Sur-
vey Ice Sheet Model), consistently show large reductions of Pliocene Greenland ice volumes compared to modern. The changes in cli-
mate introduced by the use of different SST reconstructions do change the predicted ice volumes, mainly through precipitation
feedbacks. However, the models show a relatively low sensitivity of modelled Greenland ice volumes to different mid-Piacenzian SST
reconstructions, with the largest SST induced changes being 20% of Pliocene ice volume or less than a metre of sea-level rise.

INTRODUCTION

The MPWP (mid-Piacenzian Warm Period; 3.264 - 3.025 Ma)
was the last period of sustained warmth, before the intensifica-
tion of Northern Hemisphere glaciations. Although there will
never be a perfect analogue for future climate change, the Plio-
cene has been identified by many as one of the best and most
accessible examples of a palaeoclimate operating at the global
mean temperatures predicted for the next century (e.g. Jansen et
al. 2007). As such it provides an ideal interval for studying the
workings of the climate system under warmer than modern
global temperatures. One of the key uncertainties in future pre-
dictions of climate and particularly sea level rise is the GrIS
(Meehl et al. 2007). An understanding of how Greenland devel-
oped an ice sheet and especially how it responded to past peri-
ods of global warmth could help inform predictions of its future
development. The behaviour of the GrIS is not well known,
even for recent periods of the Pleistocene. However, the large
volume and quality of palaeoenvironmental data available for
the MPWP enables us to produce well-constrained boundary
conditions for modelling of this time period. These can provide
the necessary temperature and precipitation fields to produce
models of the Pliocene GrIS and test its sensitivity to the pre-
scribed SSTs.

GREENLAND ICE SHEET HISTORY

The GrIS is the largest terrestrial ice mass in the Northern
Hemisphere, with best estimates suggesting it contains approxi-
mately 7.3 metres of sea level equivalent (Bamber, Layberry
and Gogineni 2001). At the LGM (Last Glacial Maximum), the
extent of the GrIS was expanded around much of its margin, but
the advance was generally limited. Only the southern portions
expanded onto the continental shelf and only in south-east
Greenland did the ice sheet reach the shelf edge (Funder and

Hansen 1996; Funder et al. 1998; Solheim et al. 1998). Sea lev-
els at the LGM, only 21,000 years ago, were at least 120m lower
than today. However, Greenland contributed only a very small
component to this, perhaps 2 – 3m, with North American, Eur-
asian and probably West Antarctic ice sheets dominating the
signal (Bentley 1999; Clark and Mix 2002). Apart from Green-
land very little terrestrial ice remains in the Northern Hemi-
sphere, restricted to mountain glaciers and ice caps in the
Northern Rockies and the islands of the Arctic. Global estimates
of terrestrial ice volumes suggest that mountain glaciers and ice
caps contain less than 0.4 metres of potential sea-level rise con-
tributions (Lemke et al. 2007), showing that even small changes
to the Greenland and Antarctic ice sheets will quickly dominate
future sea-level rise. Modelling studies and ice core data sug-
gest that during the Last Interglacial (the Eemian at 125 ka) the
GrIS was reduced compared to modern, but that Greenland was
still largely ice covered (Otto-Bleisner et al. 2006; Overpeck et
al. 2006). This is the last period for which direct evidence of the
state of the GrIS in the past can be found, as any significantly
older ice has almost certainly been lost, through basal or mar-
ginal melting or iceberg calving.

IRD from marine cores provides an indirect method of examin-
ing the palaeo-glaciation of Greenland. Certain clast sizes
within marine cores are known to have no transport mechanisms
apart from delivery to the site by icebergs (Grobe 1987). Thus
their presence in a core indicates iceberg transport of sediment
to the site and their abundance is an indicator of the frequency
of icebergs passing through the local environment. However,
the relationship of iceberg production to the size and evolution
of an ice sheet is not straightforward. Polar ice sheets with an
ocean interface will produce icebergs, as this is one of the major
ice discharge mechanisms that can balance accumulation. In-
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creases in iceberg production can occur in all phases of ice sheet
evolution. If the ice sheet is in an equilibrium state, i.e. accumu-
lation and ice loss are balanced, then iceberg production can be
increased if there is an equivalent increase in accumulation. An
increase in calving, without changes in the other ice sheet mass
balance components, would lead to a greater iceberg production
and ice sheet retreat. Whereas iceberg production could in-
crease due to an ice sheet advance, as it is likely that the ice –
ocean interface would increase in length. The picture is further
complicated by the role of internal ice sheet dynamics in ice-
berg production rates, such as those invoked to explain Hein-
rich Events (Alley and MacAyeal 1994; Hulbe et al. 2004).
However, the presence of IRD does indicate that ice is reaching
down to the ocean and producing sufficiently large icebergs to
resist ocean melting between the point of origin and the core
site.

Northern Hemisphere records of IRD show that large numbers
of icebergs have been present in the sub-Arctic seas throughout
the Pleistocene glacial-interglacial cycles (Spielhagen et al.
1997; St. John and Krissek 1999; Hiscott et al. 2001; McIntyre,
Delaney and Ravelo 2001). There are few records of sufficient
length to record periods of the past when no IRD was present.
However, all the records that go back as far as the Pliocene ep-
och show no or at least much lower levels of IRD, followed by a
huge increase during the Plio-Pleistocene transition starting at
approximately 2.8 Ma (Jansen et al. 2000; Kleiven et al. 2002;
Knies et al. 2002; St John and Krissek 2002). On the Greenland
continental shelf, where there is little opportunity for melting
between potential calving sites and the drill sites, glaciomarine
diamictites, dropstones and IRD have been found from as long
ago as the Miocene, 7 million years ago. The record shows ma-

jor fluctuations between glacially influenced sedimentation
punctuated with periods with no evidence for glaciation (Larsen
et al. 1994). This suggests that Greenland contained a signifi-
cant body of ice throughout some, though not all, of the late
Miocene and Pliocene, although the modern island-wide ice
sheet probably didn’t form until after the MPWP. A number of
recent papers have reported finding Arctic IRD and glacial
drop-stones in the Eocene (Moran et al. 2006; Stickley et al.
2009) and into the Oligocene (Eldrett et al. 2007; Tripati et al.
2008). While these have been speculated to be of Greenland ori-
gin, it is possible that these deposits could have come from
sea-ice or high-Arctic mountain glaciers. They are also proba-
bly related to the coldest periods of these epochs and represent
short-lived limited-area glacial events.

PRISM SST RECONSTRUCTIONS

As there are no direct methods by which to infer Greenland ice
volumes before the Pleistocene, what is required to reconstruct
the history of the GrIS through warm periods of the past are ac-
curate palaeoenvironmental reconstructions. If these are used to
drive climate models which produce estimates of Greenland
temperatures and precipitation, then this information can be
used to predict Greenland ice volumes and extent with an ice
sheet model. One particularly successful palaeoenvironmental
reconstruction has been, and continues to be, the US Geological
Survey PRISM project (Pliocene Research, Interpretation and
Synoptic Mapping). The PRISM reconstruction represents the
most complete series of warmer than modern palaeoclimate re-
constructions and incorporates more than a million individual
measurements.
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TEXT-FIGURE 1
Marine core sites used in the compilation of the PRISM SST reconstructions. Blue sites are included in both the PRISM2 and PRISM3 reconstructions,
whereas red sites only appear in PRISM3. Circular sites have only been studied using faunal analysis, but triangular sites include multi-proxy analysis in
the PRISM3 reconstruction.



PRISM pioneered the concept of a timeslab, defining the
mid-Piacenzian warm period (MPWP, previously mid-Plio-
cene) as the interval between 3.264 and 3.025 Ma. This interval
is identifiable in most marine cores, due to distinctive magneto-
and bio-stratigraphy (Dowsett et al. 1994). It is also climatically
distinct, with oxygen isotopes being lighter than both the inter-
vals immediately before and after and generally considered to
be the most recent extended period (over multiple glacial-inter-
glacial cycles) with average �18O values higher than modern
(Dowsett and Robinson 2006). Long integrated records of Plio-
cene �18O show that the MPWP has similar values to large parts
of the Pliocene, particularly the warm Zanclean Stage (5.332 –
3.6 Ma), despite the presence of an apparently strong glacial,
KM2 (Lisiecki and Raymo 2005).

Within the MPWP the PRISM group employed a warm
peak-averaging technique to produce their SST reconstructions
(Dowsett and Poore 1990). Previous PRISM reconstructions
have been integrated into GCM (General Circulation Model)
experiments from a select few modelling groups (Chandler,
Rind and Thompson 1994; Sloan, Crowley and Pollard 1996;
Haywood, Valdes and Sellwood 2000), The latest iteration of
the PRISM reconstruction PRISM3D will be incorporated into
many more through the PlioMIP (Pliocene Model Inter-
comparison Project) experiments (Haywood et al. 2010).

PRISM3 incorporates a number of improvements on the previ-
ous reconstruction, PRISM2. The first improvement was to
re-examine the previously collected data from all 77 of the
PRISM2 marine sites (text-figure 1) and produce the
PRISM2-MIN and PRISM2-MAX datasets (Dowsett et al.
2005). The original PRISM2 (PRISM-AVE) data is based on
the average peak interglacial values, while the PRISM2-MIN
represents the lowest peak interglacial values and
PRISM2-MAX the highest peak interglacial values (that meet
communality statistical tests). The combination of these three
reconstructions provides a unique estimate of variations in SST
conditions through the interglacials of the mid-Piacenzian. Sub-
sequently, the PRISM dataset has been improved by
multi-proxy analysis, adding Mg/Ca and alkenone-based SSTs
to existing faunal analysis techniques, and the inclusion of more
sites to produce the PRISM3 SST reconstruction. New marine
core data from the Arctic Ocean (Robinson 2009), sub-polar
North Atlantic (Robinson et al. 2008) and equatorial Pacific
(Dowsett 2007; Dowsett and Robinson 2009) provide signifi-
cant improvements in these previously data sparse regions
(text-figure 1). This provides us with four different Pliocene
SST reconstructions for use in the Hadley Centre GCM
(text-figure 2).

MODEL DESCRIPTIONS

The UK Met Office HadAM3 (Hadley Centre
Atmosphere-only GCM)

The HadAM3 GCM was used throughout this study. The model
runs on a global 73 � 96 grid, giving a horizontal resolution of
2.5° in latitude and 3.75° in longitude, with 19 vertical layers in
the atmosphere and a time step of 30 minutes (Pope et al. 2000).
It includes a radiation scheme that represents the effects of mi-
nor trace gases (Edwards and Slingo 1996) and a parameterized
background aerosol climatology (Cusack et al. 1998). The
model uses the convection scheme of Gregory, Kershaw and
Inness (1997) and the land-surface scheme includes soil mois-
ture freezing and melting. The representation of evaporation in-
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TEXT-FIGURE 2
Various SST reconstructions used in this modelling study. The first row
depicts the modern SSTs using the same techniques as the other PRISM
reconstructions, in (a) February and (b) August. (c) February and (d) Au-
gust SSTs in the PRISM2-AVE SSTs, as an anomaly from modern. The
full twelve month SSTs used in the experiments are derived from these
two reconstructions, with a sine curve providing the temporal interpola-
tion. (e) February and (f) August differences between PRISM3 and
modern SSTs. (g) February and (h) August PRISM2-MAX anomalies
from PRISM2-AVE and (i) February and (j) August PRISM2-MIN
anomalies. Note the different scales for the final four panels, showing
much lower differences between different PRISM2 SST reconstructions
than from modern.



cludes the dependence of stomatal resistance on temperature,
vapour pressure and CO2 concentration (Cox et al. 1999).
HadAM3 has been used extensively for modern, future and
palaeoclimate experiments, having been shown to perform well
against modern and past climate data (Slingo et al. 1999;
Haywood et al. 2000; Pope et al. 2000).

BASISM (British Antarctic Survey Ice Sheet Model)

BASISM is a finite-difference, thermomechanical, shallow ice
approximation ice sheet model, utilising an unconditionally sta-
ble, implicit numerical solution of the non-linear simultaneous
equations of ice flow. The diffusivity is evaluated at grid cen-
tres staggered in both x and y directions, according to Method 1
of Hindmarsh and Payne (1996). This scheme maintains numer-
ical stability for long time steps, by setting the implicitness fac-
tor, � � n/2 (Hindmarsh 2001), enabling multi-millennial
experiments. The temperature dependent rate factor is modelled
by a dual-Arhenius relationship (Hindmarsh and Le Meur
2001). Vertical discretization is at layers of constant fractional
depth (Huybrechts and Oerlemanns 1988), i.e. where � is con-

stant. Vertical advection is modelled using a MacAyeal-Hulbe
equation, generalized to include flow by internal deformation
(Hindmarsh 1999; Hulbe and MacAyeal 1999). This numerical
scheme has yet to be extended to include the more complex
flow regimes of ice streams and ice shelves, as the understand-
ing of the physics and implementation of new physics in these
regimes is incomplete.

BASISM was run on a 20km � 20km grid, with 21 vertical lay-
ers, in a domain covering the modern grounded Greenland Ice
Sheet (Letreguilly, Huybrechts and Reeh 1991). The GCM is
run on a much coarser grid and hence output climate fields re-
quire downscaling onto the Ice Sheet Model grid. The relevant
fields from the GCM model were downscaled using a bilinear
interpolation technique and simple lapse rate correction. The
PDD (Positive Degree-Day) method was then employed to con-
vert these climate fields into an accumulation / melt rate (Reeh
1991; Braithwaite 1995). This technique assumes that the melt-
ing of the ice sheet surface can be fully described by three phys-
ical constants and the temperature record, which, although
many other factors could contribute, has been shown to have
some physical justification (Ohmura 2001). As the change in
the temperature – melt relationship over time is unknown the
range of PDD parameters (5-14 for ice and 3-6 for snow) ob-
served under different modern day climates (Braithwaite 1995),
from alpine glaciers to polar ice caps, are used for each GCM
climatology. The ice sheet model was also run with a range of
initial ice sheet configurations, ranging from no ice to the mod-
ern GrIS, in order to include any hysteric effect of altitude-tem-
perature feedbacks on final, equilibrium ice sheet volumes.

GCM Experimental Design

Five different HadAM3 GCM experiments are used in this
study. A modern experiment, MODERN, was run using the
GISST modern SST reconstruction, covering the period
1961-1990 (Parker, Folland and Jackson 1995). Topography
and ice-cover are derived from the US Navy data sets
(Jasperson et al. 1990) and vegetation from W&HS85 (Wilson
and Henderson-Sellers 1985) land cover scheme. Atmospheric
trace gases are set to pre-industrial levels of 280 ppmv of CO2
and 760 ppbv of methane.

All the Pliocene experiments use the full PRISM2 boundary
conditions. The PRISM palaeoenvironmental reconstruction in-
cludes SSTs, sea-ice extent, global vegetation, orography, ice
sheets, sea level and land-sea distribution. Vegetation is based
on Pliocene data from 74 sites distributed across the globe. Each
global land grid point was assigned to one of seven biome clas-
sifications (ice, tundra, coniferous forest, deciduous forest,
grassland, rainforest and desert). In regions where no Pliocene
data was available modern vegetation distribution was used
(Thompson and Fleming 1996). The soil parameters needed by
HadAM3 experiments are derived from the soil types typical of
each vegetation class, as part of the implementation of the
PRISM biomization.

Orography is largely unchanged in the Pliocene. However, the
PRISM2 reconstruction includes a 50% reduction in the height
of the Rockies, an increase of 500m in the East African rift sys-
tem and differences due to ice sheet changes (Dowsett et al.
1999). PRISM2 ice sheets were based largely on sea level re-
cords, with a 50% reduction in Greenland ice volumes and a
33% reduction in Antarctic ice. Sea level is reconstructed at
25m above modern, based on number of sea level records, each
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TEXT-FIGURE 3
PRISM sea-ice fields, derived from the different SST reconstructions.
(a) February and (b) August modern sea-ice fields. February sea-ice re-
constructions are shown for (c) PRISM2-AVE, (d) PRISM3, (e)
PRISM2-MAX and (f) PRISM2-MIN. Pliocene August sea-ice recon-
structions are not shown, because for each there is no Arctic sea-ice.
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TEXT-FIGURE 4
Greenland temperature and precipitation fields for each of the GCM experiments used in this study. (a) absolute temperature and (b) precipitation in
MODERN experiment. (c) temperature and (d) precipitation in PRISM2AVE as a difference from modern. Changes in (e) temperature and (f) precipita-
tion in the PRISM3SST experiment from PRISM2AVE. (g) temperature and (h) precipitation anomaly in PRISM2MAX from PRISM2AVE. (i) temperature
and (j) precipitation in PRISM2MIN as an anomaly from PRISM2AVE. All temperatures are in degrees Celsius and all precipitation values are in metres per
year. See Table 1 for boundary conditions used in the various GCM experiments.



with significant uncertainty, but with best estimates in agree-
ment (Dowsett and Cronin 1990; Wardlaw and Quinn 1991;
Kennett and Hodell 1993). Subsequent records of mid-
Piacenzian sea level seem to support 25m of sea level rise
(Dwyer and Chandler 2009; Naish and Wilson 2009). The
land-sea distribution was changed from land in the modern to
ocean in all areas that today are below the 25m reconstructed
sea level rise.

Four different Pliocene experiments are used in this study.
PRISM2AVE, PRISM2MAX and PRISM2MIN represent the vari-
ous PRISM2 peak Pliocene SST reconstructions, PRISM2-
AVE, PRISM2-MAX and PRISM2-MIN, respectively and uti-
lise all the other PRISM2 boundary conditions. PRISM3SST in-
cludes the latest SST reconstruction, but the other boundary
conditions remain as PRISM2. Evidence suggests that the Arc-
tic was ice-free during Pliocene summers (Cronin et al. 1993),
so this provides one extreme for sea-ice reconstructions. There
is little or no data on winter Arctic sea-ice distributions, so these
are based on the SST reconstructions and thus also change be-
tween the various experiments (text-figure 3). Sea-ice leads are
increased in the Pliocene, reflecting the expected change in the
nature of sea-ice, from significant volumes of multi-year ice to
annual sea-ice formation.

Pliocene CO2 values are set to 405 ppmv, as specified in
PlioMIP (Haywood et al. 2010), in agreement with most of the
proxy records (Kürschner et al. 1996; Raymo at el. 1996;
Pagani et al. 2009; Seki et al. 2010). While the absolute value
and range of Pliocene CO2 concentrations still has significant
uncertainty, the specification of realistic Pliocene SSTs in
HadAM3 means that most of the temperature effect will have
been incorporated in the models. For example, original
HadAM3 experiments were done with a CO2 concentration of
315 ppmv (Haywood et al. 2000) rather than the 405 ppmv
specified here, with differences of only 0.2°C in global mean
temperature. Other boundary conditions, such as other atmo-
spheric trace gases and orbital parameters, were set to modern
interglacial values, but model sensitivity to these parameters is
much reduced as SSTs are fixed. All the changes to the models
are outlined in Table 1.

PLIOCENE CLIMATE RECONSTRUCTIONS

Despite using a number of different SST conditions within the
Hadley Centre GCM in order to represent the plausible range of
peak mid-Piacenzian warmth, the models show many consis-

tent features (Text-figure 4). In all of the models the global av-
erage temperatures show a significant increase compared to
modern, ranging from +2.61 to +3.32 °C. This consistent re-
sponse is also seen over Greenland, where polar amplification
and change in the prescribed ice sheet leads to increases in aver-
age temperature from +10.23 to +14.42 °C. As would be ex-
pected global average precipitation also increases, ranging from
+0.10 to +0.15 mm/day greater than modern. Regional precipi-
tation patterns in a warmer climate are less predictable, but
again the models consistently show increases in average Green-
land precipitation of +0.56 to +0.90 mm/day. The
PRISM-MAX and PRISM-MIN SSTs cause potentially signifi-
cant changes in the Greenland climate, typically around 1°C
warming or cooling and 0.2 mm/day greater or lesser precipita-
tion respectively. The PRISM3 SSTs introduce a larger change
in annual mean Greenland climate, with warming over the
whole of Greenland and a large increase in precipitation com-
pared to PRISM2AVE over eastern Greenland.

PLIOCENE GREENLAND ICE SHEET
RECONSTRUCTIONS

The PRISM2 experiments give an indication of the range of
possible peak warm climates during the mid-Piacenzian and
their impact on the GrIS. The PRISM2AVE, PRISM2MAX and
PRISM2MIN ice sheets all show remarkably similar configura-
tions, with the vast majority of the ice centred over the moun-
tains of East Greenland (text-figure 5). From this high-altitude
accumulation centre the ice sheet is able to expand into some
low-lying areas of central Greenland, but never reaches the
western or northern coasts. The south of Greenland also has
mountains that could act as accumulation areas. However, the
climate is too warm in this region to allow significant accumula-
tion of ice. The reduction of the GrIS compared to modern is
driven by increases in surface melt in the warmer temperatures
of the Pliocene. However, the ice volume differences between
models of the MPWP GrIS are largely driven by the differences
in precipitation. Thus the warmest climate, PRISM2MAX, pro-
duces the largest ice sheet and the coldest climate, PRISM2MIN,
produces the smallest GrIS.

Recent additions to the PRISM data set have led to the release of
the PRISM3 SST reconstruction (Dowsett, Robinson and Foley
2009). These introduce significant warmer SSTs in the sub-Arc-
tic / northernmost Atlantic (Robinson 2009; Robinson et al.
2008). This temperature signal is much reduced over inland
Greenland, but the annual mean change is still larger than be-
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TABLE 1
Boundary conditions for the different GCM experiments used in this study. GCM parameters not included in this table were kept at modern values
throughout all the experiments.
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TEXT-FIGURE 5
BASISM reconstructions of the Pliocene Greenland Ice Sheet. (a) MODERN, (b) PRISM2AVE, and (c) PRISM3SST, using the best estimates of modern
Greenland melt parameters. (d) smallest modelled Pliocene GrIS from PRISM2MIN, using the highest PDD parameters. (e) largest modelled GrIS from
PRISM2MAX, using the lowest melt parameters. Plotted ice sheet surface contours are at 3500, 3000, 2500, 1000 and 0 metres above sea level.



tween other Pliocene experiments and is associated with rela-
tively large increases in precipitation in the accumulation areas
of eastern Greenland (text-figure 4). However, the changes in
annual mean climate do not seem to translate into significant
changes in the ice sheet, with the PRISM3SST ice sheets being
the closest to the PRISM2AVE (text-figure 5). The main reason
for this is that the summer climates of PRISM2AVE and
PRISM3SST are remarkably similar over Greenland, so the
modelled ice sheet melt does not significantly increase. In fact,
the associated increases in precipitation lead to a slight increase
in ice volumes in the PRISM3SST case.

For an inland ice sheet, as the predictions suggest typified
Greenland during the MPWP, only temperature-driven melt
and precipitation-driven accumulation force the mass balance.
One of the primary mediators of the climatic sensitivity of an
ice sheet is the topography on which the ice sheets sits. The
Pliocene climate models presented here are too warm over
southern Greenland to allow accumulation over the high ground
here, so ice sheet growth only occurs over the mountains of east
Greenland. The steep nature of this high-ground and the subse-
quent steep-sided ice sheet that forms over the region mean that
the size of the accumulation and melt areas are largely insensi-
tive to changes in temperature. However, the precipitation that
falls in these accumulation areas can still have an impact on the
predictions of ice sheet volume and hence seem to be the pri-
mary driver in differences between the various Pliocene mod-
els.

In these model reconstructions, the Greenland Ice Sheet is not
sensitive to the version of the PRISM SSTs prescribed in the
model. However, it should be noted that the sensitivity of the
ice sheet is temperature dependent, as different accumulation
areas can be activated (e.g. southern Greenland) and different
topographic profiles can have a large impact (e.g. if accumula-
tion began on the large low-lying regions of Greenland). As
temperatures and precipitation from only one GCM, within
only one melt parameterization and ice sheet model have been
used in this study, it is worth noting that the model dependency
of ice sheet sensitivity has yet to be tested. However, the simi-
larity of these reconstructions to previous Pliocene ice sheet ex-
periments, using different models (GLIMMER ice sheet model
and the coupled ocean-atmosphere GCM, HadCM3) to test the
cause of reduced Pliocene ice volumes (Lunt et al. 2008), give
us confidence that model dependency could be low.

CONCLUSIONS

Extensive micropalaeontological research from the USGS
PRISM group has produced a series of mid-Piacenzian SST re-
constructions unrivalled by any other warmer-than-modern
time period. Use of these with the Hadley Centre GCM pro-
vides us with a range of plausible climates for the peak warmth
during the mid-Piacenzian, from which we can predict an equi-
librium ice volume for the GrIS. Whichever climatology is used
and whatever the choice of melt parameters (within the bounds
of modern-day observations), the GrIS shows significant retreat
compared to modern. Differences between the models are rela-
tively small, being largely driven by changes in precipitation.
This shows that, at least for these particular models, the reduc-
tion in Greenland ice volumes is a robust result and the sensitiv-
ity of the GrIS to SSTs in the Pliocene is low.

Each of the different reconstructions gives a significant contri-
bution from Greenland to the mid-Piacenzian sea level of 25m

above modern. This ranges from 4.1 to 6.8m (text-figure 6), de-
pending largely on the melt parameters chosen, but also on the
SSTs used as a boundary condition within the GCM. While the
timescales and many of the boundary conditions would be dif-
ferent when examining future climate change, this result sug-
gests that models of future ice sheet retreat in Greenland (Greve
2004; Alley et al. 2005; Gregory and Huybrechts 2006) are not
in conflict with records of Greenland's past behavior.

The model dependency of these results has not currently been
examined. However, future work is underway to examine this.
PlioMIP will investigate the model dependency of the climate
models, with many modelling groups from across the world par-
ticipating (Haywood et al. 2010). Furthermore, there will be an
ice sheet modelling component of the project investigating the
model dependency of the ice sheet reconstructions.

ACKNOWLEDGMENTS

We heartily acknowledge Harry Dowsett, Marci Robinson and
the PRISM group for use of their SST and palaeoenvironmental
reconstructions. We also wish to thank Richard Hindmarsh of
the British Antarctic Survey for the use of BASISM. Two anon-
ymous reviewers are acknowledged for the improvements they
suggested to this paper. This work was undertaken as part of
Climate Change Science at the British Geological Survey and
the Sellwood Group for Palaeoclimatology at the School of
Earth and Environment, University of Leeds.

REFERENCES

ALLEY, R.B., CLARK, P.U., HUYBRECHTS, P. and JOUGHIN, I.,
2005. Ice-sheet and sea-level changes. Science, 310: 456-460.

ALLEY, R.B. and MacAYEAL, D.R., 1994. Ice-rafted debris associated
with binge/purge oscillations of the Laurentide Ice Sheet.
Paleoceanography, 9: 503-511.

BAMBER, J.L., LAYBERRY, R.L. and GOGINENI, S.P., 2001. A new
ice thickness and bed data set for the Greenland ice sheet, 1. Measure-
ment, data reduction, and errors. Journal of Geophysical Research,
106: 33733-33780.

BRAITHWAITE, R.J., 1995. Positive degree-day factors for ablation on
the Greenland ice sheet studied by energy-balance modelling. Jour-

nal of Glaciology, 41: 153-160.

CLARK, P.U. and MIX, A.C., 2002. Ice sheets and sea level of the Last
Glacial Maximum. Quaternary Science Reviews, 21: 1-7.

CHANDLER, M.A., RIND, D. and THOMPSON, R., 1994. Joint inves-
tigations of the middle Pliocene climate II: GISS GCM Northern
Hemisphere results. Global and Planetary Change, 9: 197-219.

CRONIN, T.M., WHATLEY, R., WOOD, A., TSUKAGOSHI, A.,
IKEYA, N., BROUWERS, E.M. and BRIGGS, W.M., 1993.
Microfaunal evidence for elevated Pliocene temperatures in the Arc-
tic-Ocean. Paleoceanography, 8: 161-173.

COX, P.M., BETTS, R.A., BUNTON, C.B., ESSERY, R.L.H.,
ROWNTREE, P.R. and SMITH, J., 1999. The impact of new
land-surface physics on the GCM simulation of climate and climate
sensitivity. Climate Dynamics, 15: 183-203.

CUSACK, S., SLINGO, A., EDWARDS, J.M. AND WILD, M., 1998.
The radiative impact of a simple aerosol climatology on the Hadley
Centre GCM. Quarterly Journal of the Royal Meteorological Soci-

ety, 124: 2517-2526.

118

Daniel J. Hill et al.: Sensitivity of the Greenland Ice Sheet to Pliocene sea surface temperatures



DOWSETT, H.J., 2007. Faunal re-evaluation of mid-Pliocene condi-
tions in the western equatorial Pacific. Micropaleontology, 53:
447-456.

DOWSETT, H.J., BARRON, J.A, POORE, R.Z., THOMPSON, R.S.,
CRONIN, T.M., ISHMAN, S.E. and WILLARD, D.A., 1999. Mid-
dle Pliocene paleoenvironmental reconstruction: PRISM2. US Geo-

logical Survey open file report, 99-535.
See http://pubs.usgs.gov/openfile/of99-535.

DOWSETT, H.J., CHANDLER, M.A., CRONIN, T.M. and DWYER,
G.S., 2005. Middle Pliocene sea surface temperature variability.
Paleoceanography, 20: PA2014.

DOWSETT, H.J. and CRONIN, T.M., 1990. High eustatic sea-level
during the Middle Pliocene evidence from the Southeastern
United-States Atlantic Coastal-Plain. Geology, 18: 435-438.

DOWSETT, H.J. and POORE, H.R., 1990. A new planktic foraminifer
transfer function for estimating Pliocene-Holocene paleoceano-
graphic conditions in the North Atlantic. Marine Micropaleontology,
16: 1-23.

DOWSETT, H.J. and ROBINSON, M.M., 2006. Stratigraphic frame-
work for Pliocene paleoclimate reconstruction: The correlation co-
nundrum. Stratigraphy, 3: 53-64.

———, 2009. Mid-Pliocene equatorial Pacific sea surface temperature
reconstruction: A multi-proxy perspective. Philosophical Transac-

tions of the Royal Society A, doi: 10.1098/rsta.2008.0213, 16p.

DOWSETT, H.J., THOMPSON, R., BARRON, J., CRONIN, T.,
FLEMING, F., ISHMAN, S., POORE, R., WILLARD, D. and
HOLTZ, T., 1994. Joint investigations of the Middle Pliocene cli-
mate I: PRISM paleoenvironmental reconstructions. Global and

Planetary Change, 9: 169-195.

DWYER, G.S. and CHANDLER, M.A., 2009. Mid-Pliocene sea level
and continental ice volume based on coupled benthic Mg/Ca
palaeotemperatures and oxygen isotopes. Philosophical Transac-

tions of the Royal Society A, 367: 157-168.

EDWARDS, J.M. and SLINGO, A., 1996. Studies with a flexible new
radiation code 1: Choosing a configuration for a large-scale model.
Quarterly Journal of the Royal Meteorological Society, 122:
689-719.

ELDRETT, J.S., HARDING, I.C., WILSON, P.A., BUTLER, E. and
ROBERTS, A.P., 2007. Continental ice on Greenland during the
Eocene and Oligocene. Nature, 446: 176-179.

FUNDER, S. and HANSEN, L., 1996. The Greenland ice sheet – a
model for its culmination and decay during and after the last glacial
maximum. Bulletin of the Geological Society of Denmark, 42:
137-152.

FUNDER, S., HJORT, C., LANDVIK, J.Y., NAM, S-I., REEH, N. and
STEIN, R., 1998. History of a stable ice margin – East Greenland
during the Middle and Upper Pleistocene. Quaternary Science Re-

views, 17:77-123.

119

Stratigraphy, vol. 7, nos. 2-3, 2010

TEXT-FIGURE 6
Range of ice volumes predicted for each Pliocene GCM experiment. The thick bars represent uncertainties due to the initial conditions within the ice
sheet model, while thin bars represent uncertainty due to melt parameters. The modern volume depicted on the graph is based on the modelled ice sheet
from our MODERN experiment.



GREGORY, D., KERSHAW, R. and INNESS, P.M., 1997. Para-
metrisation of momentum transport by convection II: tests in single
column and general circulation models. Quarterly Journal of the

Royal Meteorological Society, 123: 1153-1183.

GREGORY, J.M. and HUYBRECHTS, P., 2006. Ice-sheet contribu-
tions to future sea-level change. Philosophical Transactions of the

Royal Society A, 364: 1709-1732.

GREVE, R., 2004. On the response of the Greenland Ice Sheet to green-
house climate change. Climatic Change, 46: 1573-1580.

GROBE, H. 1987. A simple method for the determination of ice-rafted
debris in sediment cores. Polarforschung, 57:123-126.

HAYWOOD, A.M., DOWSETT, H.J., OTTO-BLIESNER, B., CHAN-
DLER, M.A., DOLAN, A.M., HILL, D.J., LUNT, D.J., ROBIN-
SON, M.M., ROSENBLOOM, N., SALZMANN, U. and SOHL,
L.E., 2010. Pliocene Model Intercomparison Project (PlioMIP) : ex-
perimental design and boundary conditions (Experiment 1).
Geoscientific Model Development, 3: 227-242.

HAYWOOD, A.M., VALDES, P.J. and SELLWOOD, B.W., 2000.
Global scale palaeoclimate reconstruction of the middle Pliocene
Climate using the UKMO GCM: initial results. Global and Plane-

tary Change, 25: 239-256.

HINDMARSH, R.C.A., 1999. On the numerical computation of temper-
ature in an ice sheet. Journal of Glaciology, 45: 568-574.

———, 2001. Influence of channelling on heating in ice-sheet flows.
Geophysical Research Letters, 28: 3681-3684.

HINDMARSH, R.C.A. and LE MEUR, E., 2001. Dynamical processes
involved in the retreat of marine ice sheets. Journal of Glaciology,
47: 271-282.

HINDMARSH, R.C.A. and PAYNE, A.J., 1996. Time-step limits for
stable solutions of the ice-sheet equation. Annals of Glaciology, 23:
74-85.

HISCOTT, R.N., AKSU, A.E., MUDIE, P.J. and PARSONS, D.F.,
2001. A 340,000 year records of ice rafting, palaeoclimatic fluctua-
tions, and shelf-crossing glacial advances in the southwestern Labra-
dor Sea. Global and Planetary Change, 28:227-240.

HULBE, C.L. and MacAYEAL, D.R., 1999. A new numerical model of
coupled inland ice sheet, ice stream and ice shelf flow and its applica-
tion to the West Antarctic Ice Sheet. Journal of Geophysical Re-

search, 104: 25349-25336.

HULBE, C.L., MacAYEAL, D.R., DENTON, G.H., KLEMEN, J. and
LOWELL, T.V., 2004. Catastrophic ice shelf breakup as the source
of Heinrich event icebergs. Paleoceanography, 19: PA1004,
doi:10.1029/2003PA000890.

HUYBRECHTS, P. and OERLEMANS, J., 1988. Evolution of the East
Antarctic ice sheet: an assessment by modelling. Global and Plane-

tary Change, 9: 39-56.

JANSEN, E., OVERPECK, J., BRIFFA, K.R., DUPLESSY, J.-C.,
JOOS, F. , MASSON-DELMOTTE, V. , OLAGO, D. ,
OTTO-BLIESNER, B., PELTIER, W.R., RAHMSTORF, S.,
RAMESH, R., RAYNAUD, D., RIND, D., SOLOMINA, O.,
VILLALBA, R. and ZHANG, D., 2007. Palaeoclimate. In:
Soloman, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt,
K.B., Wignor, M. and Miller, H.L., Eds., Climate Change 2007: The

Physical Science Basis: Contribution of Working Group 1 to the

Fourth Assessment Report of the Intergovernmental Panel on Cli-

mate Change. New York and Cambridge: Cambridge University
Press.

JANSEN, E., FRONVAL, T., RACK, F. and CHANNELL, J.E.T.,
2000. Pliocene-Pleistocene ice rateing history and cyclicity in the
Nordic Seas during the last 3.5 Myr. Paleoceanography, 15:
709-721.

KENNETT, J.P. and HODELL, D.A., 1993. Evidence for relative clima-
tic stability of Antarctica during the Early Pliocene: a marine per-
spective. Geografiska Annaler, 75A: 205-220.

KLEIVEN, H.F., JANSEN, E., FRONVAL, T. and SMITH, T.M., 2002.
Intensification of Northern Hemisphere glaciations in the circum At-
lantic region (3.5-2.4 Ma) – ice-rafted detritus evidence. Palaeoge-

ography, Palaeoclimatology, Palaeoecology, 184: 213-223.

KNIES, J., MATTHIESSEN, J., VOGT, C. and STEIN, R., 2002. Evi-
dence of ‘Mid-Pliocene (~3 Ma) global warmth’ in the eastern Arctic
Ocean and implications for the Svalbard/Barents Sea ice sheet during
the late Pliocene and early Pleistocene (~3-1.7 Ma). Boreas, 31:
82-93.

KÜRSCHNER, W.M, BURGH, J. VAN DER, VISSCHER, H. and
DILCHER, D.L., 1996. Oak leaves as biosensors of late Neogene and
early Pleistocene paleoatmospheric CO2 concentrations. Marine

Micropaleontology, 27: 299-312.

LEMKE, P., REN, J., ALLEY, R.B., ALLISON, I., CARRASCO, J.,
FLATO, G., FUJII, Y., KASER, G., MOTE, P., THOMAS, R.H. and
ZHANG, T., 2007. Observations: Changes in Snow, Ice and Frozen
Ground. In: Climate Change 2007: The Physical Science Basis: Con-

tribution of Working Group 1 to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. Soloman, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Wignor, M. and
Miller, H.L., Eds., New York and Cambridge: Cambridge University
Press.

LETRÉGUILLY, A., HUYBRECHTS, P., and REEH, N., 1991.
Steady-state characteristics of the Greenland ice sheet under different
climates. Journal of Glaciology, 37: 149-157.

LISIECKI, L.E. and RAYMO, M.E., 2005. A Pliocene-Pleistocene
stack of 57 globally distributed benthic �18O records.
Paleoceanography, 20, PA1003, doi:10.1029/2004PA001071.

LUNT, D.J., FOSTER, G.L., HAYWOOD, A.M. and STONE, E.J.,
2008. Late Pliocene Greenland glaciation controlled by a decline in
atmospheric CO2 levels. Nature, 454: 1102-1105.

McINTYRE, K., DELANEY, M.L. and RAVELO, A.C., 2001.
Millenial-scale climate change and oceanic processes in the late Plio-
cene and early Pleistocene. Paleoceanography, 16: 535-543.

MEEHL, G.A. , STOCKER, T.F. , COLLINS, W.D. ,
FRIEDLINGSTEIN, P., GAYE, A.T., KITOH, A., KNUTTI, R.,
MURPHY, J.M., NODA, A., RAPER, S.C.B. WATTERSON, I.G.,
WEAVER, A.J. and ZHAO, Z.-C, 2007. In: Soloman, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Wignor, M. and
Miller, H.L., Eds., Climate Change 2007: The Physical Science Ba-

sis: Contribution of Working Group 1 to the Fourth Assessment Re-

port of the Intergovernmental Panel on Climate Change.New York

and Cambridge: Cambridge University Press.

MORAN, K., BACKMAN, J., BRIGHUIS, H., CLEMENS, S.C.,
CRONIN, T., DICKENS, G.R., EYNAUD, F., GATTACCECA, J.,
JAKOBSSON, M., JORDAN, R.W., KAMINSKI, M., KING, J.,
KOC, N., KRYLOV, A., MARTINEZ, N., MATTHIESSEN, J.,
McINROY, D., MOORE, T.C., ONODERA, J., O’REGAN, M.,
PÄLIKE, H., REA, B., RIO, D., SAKAMOTO, T., SMITH, D.C.,
STEIN, R., ST JOHN, K., SUTO, I., SUZUKI, N., TAKAHASHI,
K., WATANABE, M., YAMAMOTO, M., FARRELL, J., FRANK,
M., KUBIK, P., JOKAT, W. and KRISTOFFERSEN, Y. 2006. The

120

Daniel J. Hill et al.: Sensitivity of the Greenland Ice Sheet to Pliocene sea surface temperatures



Cenozoic palaeoenvironment of the Arctic Ocean. Nature, 441:

601-605.

NAISH, T.R. and WILSON, G.S., 2009. Constraints on the amplitude of
Mid-Pliocene (3.6-2.4Ma) eustatic sea-level fluctuations from the
New Zealand shallow-marine sediment record. Philosophical

Transactions of the Royal Society A, 367: 169-187.

OHMURA, A., 2001. Physical basis for the temperature-based melt-in-
dex method. Journal of Applied Meteorology, 40: 753-761.

OTTO-BLIESNER, B.L., MARSHALL, S.J., OVERPECK, J.T.,
MILLER, G.H., HU, A. and CAPE Last Interglacial Project mem-
bers, 2006. Simulating Arctic climate warmth and icefield retreat in
the Last Interglaciation. Science, 311:1751-1753.

OVERPECK, J.T., OTTO-BLIESNER, B.L., MILLER, G.H., MUHS,
D.R., ALLEY, R.B. and KIEHL, J.T., 2006. Paleoclimatic evidence
for future ice-sheet instability and rapid sea-level rise. Science, 311:
1747-1750.

PAGANI, M., LIU, Z., LARIVIERE, J. and RAVELO, C., 2009. High
Earth-system climate sensitivity determined from Pliocene carbon
dioxide concentrations. Nature Geoscience, 3: 27-30.

PARKER, D.E., FOLLAND, C.K. and JACKSON, M., 1995. Marine
surface temperature: observed variations and data requirements. Cli-

matic Change, 31: 559-600.

POPE, V.D., GALLANI, M.L., ROWNTREE, P.R. and STRATTON,
R.A., 2000. The impact of new physical parametrizations in the
Hadley Centre climate model – HadAM3. Climate Dynamics, 16:
123-146.

RAYMO, M.E., GRANT, B., HOROWITZ, M. and RAU, G.H., 1996.
Mid-Pliocene warmth: Stronger greenhouse and stronger conveyor.
Marine Micropaleontology, 27: 313-326.

REEH, 1991. Parameteterization of melt rate and surface temperature on
the Greenladn Ice Sheet. Polarforschung, 59: 113-128.

REYNOLDS, R.W. and SMITH, T.M., 1995. A high resolution global
sea surface temperature climatology. Journal of Climate, 8:
1571-1583.

ROBINSON, M.M., 2009. New quantitative evidence of extreme
warmth in the Pliocene Arctic. Stratigraphy, 6: 265-275.

ROBINSON, M.M., DOWSETT, H.J., DWYER, G.S. and LAW-
RENCE, K.T., 2008. Reevaluation of mid-Pliocene North Atlantic
sea surface temperatures. Paleoceanography, 23: PA3213,
doi:10.1029/2008PA001608.

SALZMANN, U., HAYWOOD, A.M., LUNT, D.J., VALDES, P.J. and
HILL, D.J., 2008. A new Global Biome Reconstruction and
Data-Model Comparison for the middle Pliocene. Global Ecology

and Biogeography, 17: 432-447.

SEKI, O., FOSTER, G.L., SCHMIDT, D.N., MACKENSEN, A.,
KAWAMURA, K. and PANCOST, R.D., 2010. Alkenone and bo-
ron-based Pliocene pCO2 records. Earth and Planetary Science Let-

ters, 292: 201-211.

SLINGO, J.M., ROWELL, D.P., SPERBER, K.R. and NORTLEY, F.,
1999. On the predictability of the interannual behaviour of the Mad-
den-Julian Oscillation and its relationship with El Niño. Quarterly

Journal of the Royal Meteorological Society, 125: 583-609.

SLOAN, L.C., CROWLEY, T.J. and POLLARD, D., 1996. Modeling of
middle Pliocene climate with the NCAR GENESIS general circula-
tion model. Marine Micropaleontology, 27: 51-61.

SOLHEIM, A., FALEIDE, J.I., ANDERSEN, E.S., ELVERHØI, A.,
FORSBERG, C.F., VANNESTE, K., UENZELMANN-NEBEN, G.
and CHANNELL, J.E.T., 1998. Late Cenozoic seismic stratigraphy
and glacial geological development of the East Greenland and
Svalbard-Barents Sea continental margins. Quaternary Science Re-

views, 17: 155-184.

SPIELHAGEN, R.F., BONANI, G., EISENHAUER, A., FRANK, M.,
FREDERICHS, T., KASSENS, H., KUBIK, P.W., MANGINI, A.,
NØRGAARD-PEDERSON, N., NOWACZYK, N.R., SCHÄPER,
S., STEIN, R., THIEDE, J., TIEDEMANN, R. and WAHSNER, M.,
1997. Arctic Ocean evidence for late Quaternary initiation of north-
ern Eurasian ice sheets. Geology, 25: 783-786.

STICKLEY, C.E., ST JOHN, K., KOC, N., JORDAN, R.W.,
PASSCHIER, S., PEARCE, R.B. and KEARNS, L.E., 2009. Evi-
dence for middle Eocene Arctic sea ice from diatoms and ice-rafter
debris. Nature, 460: 376-379.

ST. JOHN, K.E.K. and KRISSEK, L.A., 1999. Regional patterns of
Pleistocene ice-rafted debris flux in the North Pacific.
Paleoceanography, 14: 653-662.

———, 2002. The late Miocene to Pleistocene ice-rafting history of
southeast Greenland. Boreas, 31: 28-35.

THOMPSON, R.S. and FLEMING, R.F., 1996. Middle Pliocene vege-
tation: Reconstructions, paleoclimatic inferences and boundary con-
ditions for climate modeling. Marine Micropaleontology, 27: 27-49.

TRIPATI, A.K., EAGLE, R.A., MORTON, A., DOWDESWELL, J.A.,
ATKINSON, K.L., BAHÉ, Y., DAWBER, C.F., KHADUN, E.,
SHAW, R.M.H., SHORTTLE, O. and THANABALASUN-
DARAM, L., 2008. Evidence for glaciation in the Northern Hemi-
sphere back to 44 Ma from ice-rafted debris in the Greenland Sea.
Earth and Planetary Science Letters, 265: 112-122.

WARDLAW, B.R. and QUINN, T.M., 1991. The record of Pliocene
sea-level change at Enewetak Atoll. Quaternary Science Reviews,
10: 247-258.

121

Stratigraphy, vol. 7, nos. 2-3, 2010



122



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


