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Abstract. Simulations of past climates require altered that climate is responding primarily to the larger difference
boundary conditions to account for known shifts in the Earthin maximum LIS elevation in the LGM simulations. These
system. For the Last Glacial Maximum (LGM) and subse- results suggest that such uncertainty in ice-sheet boundary
quent deglaciation, the existence of large Northern Hemi-conditions alone may significantly impact the results of pa-
sphere ice sheets caused profound changes in surface tteoclimate simulations and their ability to successfully sim-
pography and albedo. While ice-sheet extent is fairly well ulate past climates, with implications for estimating climate
known, numerous conflicting reconstructions of ice-sheet to-sensitivity to greenhouse gas forcing utilizing past climate
pography suggest that precision in this boundary condition isstates.

lacking. Here we use a high-resolution and oxygen-isotope-
enabled fully coupled global circulation model (GCM)
(GISS ModelE2-R), along with two different reconstructions
of the Laurentide Ice Sheet (LIS) that provide maximum andl Introduction

minimum estimates of LIS elevation, to assess the range of

climate variability in response to uncertainty in this bound- The Last Glacial Maximum (LGM;- 21 ka) provides a valu-

ary condition. We present this comparison at two equilibrium@ble target to test the ability of general circulation models
time slices: the LGM, when differences in ice-sheet topog-(GCMS) to simulate a climate for which they were not de-
raphy are maximized, and 14 ka, when differences in maxi-Signed (Mix etal., 2001; IPCC, 2007; Braconnot etal., 2012).
mum ice-sheet height are smaller but still exist. Overall, we!n addition, the large changes in temperature and greenhouse
find significant differences in the climate response to LIS 9ases fromthe LGM to present may provide a possible means
topography, with the larger LIS resulting in enhanced At- of assessing climate sensitivity to changes in atmospheric
lantic Meridional Overturning Circulation and warmer sur- €Oz (Crucifix, 2006; Hansen et al., 2008; Schmittner et al.,
face air temperatures, particularly over northeastern Asia ang011, 2012; Fyke and Eby, 2012; Hargreaves et al., 2012;
the North Pacific. These up- and downstream effects are ad?ALAEOSENS, 2012). The last deglaciatior 20 to 7 ka)
sociated with differences in the development of planetaryWas the most recent period in which changes in Earth's or-
waves in the upper atmosphere, with the larger LIS resultingPit around the Sun caused Northern Hemisphere ice-sheet re-
in a weaker trough over northeastern Asia that leads to thdreat (Clark et al., 2009; Carlson and Winsor, 2012; He et al.,
warmer temperatures and decreased albedo from snow ar@P13) and rising atmospheric greenhouse gas concentration
sea-ice cover. Differences between the 14 ka simulations aréMonnin et al., 2001; Lemieux-Dudon et al., 2010), which

similar in spatial extent but smaller in magnitude, suggestingProvides an evolving climate state (Shakun and Carlson,
2010) for testing GCMs (e.g., Timm and Timmerman, 2007;
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Liu et al., 2009; Shakun et al., 2012; Gregoire et al., 2012; Perhaps the greatest source of known uncertainty in glacial
He et al., 2013). For instance, by 14 ka, Northern Hemi-boundary conditions relates to ice-sheet thickness. Although
sphere ice sheets were still relatively large (60—70 % remainthe geographical extents of LGM and deglacial ice-sheets are
ing by area; Dyke, 2004; Gyllencreutz et al., 2007), but at-fairly well mapped (Denton and Hughes, 1981, 2002; Dyke
mospheric greenhouse gas concentrations had already risemd Prest, 1987; Anderson et al., 2002; Clark and Mix, 2002;
by ~60% of their total deglacial change (Monnin et al., Bennike and Bjoérck, 2002; Dyke, 2004; Gyllencreutz et al.,
2001; Lemieux-Dudon et al., 2010) and boreal summer inso2007), direct observations of ice thickness and topography
lation was~ 7.5 % higher than present/LGM levels (Berger are limited and usually absent for the highest/thickest por-
and Loutre, 1991). tions of the ice sheets (e.g., Denton and Hughes, 1981, 2002;
However, the simulated glacial state in any one model isDyke et al., 2002; Clark, 1992; Clark et al., 2009; Goehring
sensitive to the boundary conditions used as a starting poingt al., 2008; Carlson and Clark, 2012). Therefore, ice-sheet
for the simulation (Manabe and Broccoli, 1985; Broccoli and height must be simulated through geophysical or glaciolog-
Manabe, 1987; Hyde and Peltier, 1993; Justino et al., 2006ical modeling approaches. The reconstructions of ICE-4G,
Abe-Ouchi et al., 2007; Liu et al., 2009; Pausata et al., 2011JCE-5G, and ICE-6G (Peltier, 1994, 2004; Toscano et al.,
Hofer et al., 2012). Thus, uncertainty in a particular set of2011) have proven to be useful ice-sheet boundary condi-
glacial boundary conditions may overshadow a GCM'’s sim-tions to employ in GCMs due to their geophysically based
ulated change in climate and its ability to constrain climatesolutions, global scope, and product availability. However,
sensitivity using the LGM as a starting point. Along this line, the differences between these reconstructions (Peltier, 2004;
Hargreaves et al. (2012) suggested that disregarding highfoscano et al., 2011), as well as other ice-sheet-specific
latitude response at the LGM avoids bringing glacial bound-reconstructions (Clark et al., 1996; Licciardi et al., 1998;
ary condition ambiguity into climate sensitivity work, al- Tarasov and Peltier, 2004; Tamisiea et al., 2007; Argus and
though this omission then ignores many climate feedbacksPeltier, 2010; Lambeck et al., 2010) suggest that there is a
Some of the important boundary conditions are well docu-large range in existing ice-sheet boundary conditions, partic-
mented, such as the orbital parameters that drive the magnislarly for the Laurentide Ice Sheet (LIS).
tude and seasonality of insolation (Berger and Loutre, 1991), This large uncertainty between reconstructions of ice-
as well as the concentration of atmospheric greenhouse gassheet geometry is unfortunate considering that glacial to-
(Monnin et al., 2004; Jouzel et al., 2007; Lithi et al., 2008; pography is one of the dominant drivers of atmospheric and
Lemieux-Dudon et al., 2010). Other boundary conditions of oceanic circulation, temperature, and precipitation in simula-
past glacial climates have proven to be more elusive. Thedions of deglacial climate (Justino et al., 2006; Abe-Ouchi et
aerosol forcing (particularly dust and black carbon) at theal., 2007; Pausata et al., 2011; Hofer et al., 2012; Tharammal
LGM and through the deglaciation is known only at in- et al., 2013). Glacial orography leads to reduced surface air
dividual locations, with limited spatial resolution (Petit et temperatures through vertical lapse rate alone, but the pres-
al., 1981; Thompson et al., 1995; Mahowald et al., 1999,ence of these large ice mountains also has been shown to have
20064a, b; Reader et al., 1999; Power et al., 2008; Ganopolskiownstream effects, altering upper-atmosphere flow (Cook
et al., 2010). While large uncertainties still remain on the and Held, 1988; Bromwich et al., 2004; Justino et al., 2006;
impact of aerosols on radiative forcing (Penner et al., 2004;Abe-Ouchi et al., 2007; Langen and Vinther, 2009), midlat-
Lohmann and Feichter, 2005; Forster et al., 2007; Chylek andtude storm tracks and wintertime precipitation (Kageyama
Lohmann, 2008), the LGM dust loading may issue a forcinget al., 1999; Hofer et al., 2012), and Atlantic Meridional
on the order of~ —1 W m~2 that is comparable to changes Overturning Circulation (AMOC) strength (Yu et al., 1996;
in greenhouse gases alone £2.85W n12), at least in the  Adkins et al., 2002; Wunsch, 2003; Curry and Oppo, 2005:
tropics, where ice-sheet albedo is not a factor (Harrison et al.Lynch-Steiglitz et al., 2007; Otto-Bliesner et al., 2007; Weber
2001; Claquin et al., 2003; Crucifix, 2006). Likewise, recon- et al., 2007; Arzel et al., 2008).
structions of LGM and deglacial vegetation and the related Here we test the impact of LIS geometry on LGM and
impact on surface albedo are limited to low-resolution globaldeglacial climate using two alternate reconstructions of LIS
approximations and higher resolution estimates that are onlyopography that provide upper and lower bounds for this
regional in scope (Jackson et al., 2000; Prentice and Jollypoundary condition. As an upper bound, we use ICE-5G
2000; Harrison et al., 2001; Ray and Adams, 2001; Bigelow(VM2) (Peltier, 2004; hereafter 5G), which has the high-
et al., 2003; Williams, 2003; Pickett et al., 2004; Williams est LIS topography of any LIS reconstruction, with a dom-
et al., 2011). The impact of such uncertainties in boundaryinant ice dome over the western Keewatin sector (Fig. 1).
conditions may even be amplified through possible internalAs a lower bound, we employ the dynamics-driven flow-
feedbacks of climate models with the inclusion of new dy- line reconstruction of Licciardi et al. (1998, hereafter L)
namic components, such as vegetation and dust (RidgwellFig. 1). The maximum height of this reconstruction is com-
and Watson, 2002; Mahowald et al., 2006a, b; O’ishi andparable to ICE-4G (Peltier, 1994; Clark et al., 1996), but it
Abe-Ouchi, 2013). is ~20 % lower than that of ICE-5G, particularly over the
western LIS (Fig. 1). The use of these reconstructions is
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Fig. 1. Laurentide Ice Sheet topographies used in 21 ka (top row panels) and 14 ka (bottom row panels) simulations. The left column presents
the Licciardi et al. (1998) reconstructions used in 21ka-L and 14ka-L. The middle column presents the ICE-5G reconstructions (Peltier, 2004)
used in 21ka-5G and 14ka-5G. For comparison, the single plot in the right column shows the LIS topography used in the PMIP3 boundary
conditions http://pmip3.Isce.ipsl.fj/

a particularly relevant assessment of the range of variabildongitude with 40 vertical layers up to 0.1 mb, and an ocean
ity in the Paleoclimate Modelling Intercomparison Project 3 resolution of 2 latitude by 1.25 longitude with 32 depth
(PMIP3) topographic boundary conditions, as the maximumlayers. The 21ka simulations presented here are the GISS
ice-sheet heights of the three ice-sheet reconstructions usddodelE2-R contribution to LGM experiment of CMIP5 (en-
to create the averaged topography of the LIS in the PMIP3sembles r1ilp150 and rlilp151; see Sect. 2.3). ModelE2-
(http://pmip3.Isce.ipsl.fi/lie in between the upper and lower R includes passive water isotopologue tracers (i.é?‘,(]ﬂ
bounds used in our study. We compare the effects of theseélDO, hereafter referred to as water isotopes), removing
LIS boundary conditions at two time periods, 21 and 14 ka,one degree of uncertainty when comparing its diagnostics
to assess the impact of varying LIS topography under dif-to paleoclimate reconstructions based on water isotope vari-
ferent climate forcing conditions. The 21 ka simulations pro- ability (e.g., ice cores, speleothems, ocean foraminifera) to
vide a test of topographic variability under full LGM bound- test model skill (e.g., LeGrande et al., 2006; Carlson et al.,
ary conditions with different LIS maximum elevations. At 2008a, b; LeGrande and Schmidt, 2009).

14 ka, both LIS topographies are reduced and differences be-

tween maximum LIS elevation are smaller {5%). The 2.2 Boundary conditions

14 ka simulations provide a test of ice-sheet geometry dif- ) i L ) .
ferences under a different forcing scenario, with changes iHEaCh simulation uses appropriate insolation for the time pe-

precession, obliquity, and increased atmospheric greenhoudd ©Wing to changes in orbital parameters (Berger and
gas concentrations. Loutre, 1991), along with appropriate glacial greenhouse gas

concentrations (Joos and Spahni, 2008) (Table 1). Coastline
and basin geometry were adjusted to reflectar20 m low-

2  Methods ering in sea level at 21 ka and~a86 m lowering at 14 ka,
in accordance with the volume of water contained in ice-
2.1 Model sheet boundary conditions and glacial isostatic adjustment

(Peltier, 2004). The volume of water held in the two alternate
The NASA Goddard Institute for Space Studies (GISS) Mod-LIS reconstructions is different, but in order to avoid small
elE2, coupled to the Russell (R; Russell et al., 2000) oceartoastal idiosyncrasies between the two simulations for each
is a fully coupled atmosphere—ocean global climate modetime slice, we kept the ocean bathymetry (and the land—sea
(Schmidt et al., 2014). We use the same version of ModelE2:mask) the same for each pairing of LIS boundary conditions.
R as is being used for the Coupled Model IntercomparisonBecause we aim to study differences in ocean circulation due
Project Phase 5 (CMIP5) simulations (NINT physics ver- to changes in the LIS topography alone, bathymetry was held
sion), with an atmosphere resolution ¢f Atitude by 2.8 consistent between the simulations at each time slice so as
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Table 1. Boundary conditions for experiments presented in this paper. The abbreviations for the orbital parameters refer to ecé&ntricity (
obliquity in degree @), and angular precession (longitude of perihelion, or omega) in degjeg@érger and Loutre, 1991).

Simulation  Time slice Orbital Greenhouse gas Sea LIS geometry and

parameters concentrations level max elevation
change

21ka-L 21ka E:0.019398 CG: 188 ppm Licciardi et al. (1998)
0:22.989 CH: 385 ppm
P:113.98 NO:200ppm —120m 3560m

21ka-5G 21ka E:0.019398 C@:188ppm Peltier (2004)
0:22.989 CH:385ppm —120m 4520m
P:113.98 NO: 200 ppm

1l4ka-L 14 ka E:0.020180 C@:239ppm Licciardi et al. (1998)
0:24.004 CH: 630ppm —86m
P:228.37 NO: 261 ppm 2890m

14ka-5G 14 ka E:0.020180 C@:239ppm Peltier (2004)
0:24.004 CH:630ppm —86m
P:228.37 NO: 261 ppm 3400m

Control Preindustrial E:0.017236 CQ: 285ppm

(Oka) 0:23.446 CH: 791 ppm Om Modern

P:101.37 NO: 275 ppm

not to introduce basin differences along ocean boundariet GM). We use the maximum reconstructions from Licciardi
that might impact ocean dynamics. In addition, ModelE2-R et al. (1998) that incorporate higher specified effective till
ocean uses straits — essentially pipelines for ocean tracers amiscosities. These Licciardi et al. (1998) maximum recon-
mass — from present day to accommodate sub-grid-scale pastructions were concluded to provide a better representation
sages. All straits were eliminated (because of sea level lowef the LIS than the “minimum” reconstructions due to better
ering) except for Gibraltar and Bab Al Mandab (Red Sea),agreement with other ice-sheet reconstructions and relative
which were reduced, and no new straits were created. sealevel records (Clark et al., 1996; Licciardi et al., 1998). In
ModelE2 does not have a dynamic vegetation componentboth simulations, all other ice-sheet topographies and extents
so terrestrial vegetation cover was assigned according t¢Greenland, Scandinavian, etc.) are assigned using ICE-5G.
mapped conditions at the LGM (25 000-15 000 yr BP; RayWe focus on the LIS because it was the largest of the Qua-
and Adams, 2001) for regions not covered by ice sheetsternary ice sheets with presumably the greatest effect on cli-
A separate reconstruction for 14 ka does not exist; theremate (Alley and Clark, 1999; Clark et al., 1999; Clark and
fore we continued to use this LGM reconstruction, modified Mix, 2002; Carlson and Clark, 2012).
slightly to account for changes in ice-sheet extent by expand- The two LIS reconstructions have significantly different
ing nearby vegetation types into these areas no longer covtopographies (Fig. 1). At 21ka, the 5G reconstruction pro-
ered by ice. Continental river routing was assigned in accorvides a much taller LIS, particularly the Keewatin Dome
dance with ice-sheet configuration and its impact on drainag®ver western Canada, with elevations across this region at or

basins (e.g., Licciardi et al., 1998, 1999; Peltier, 2004). above 4000 m. The 21 ka-L reconstruction is lower in max-
imum height and moves more of the ice mass to the east
2.3 Ice-sheet geometry sensitivity with three distinct ice domes centered over Keewatin, south-

ern Ontario, and central Quebec. Comparatively, the 5G-LIS
To test the influence of ice-sheet topography on glacial cli-pas 5 lower topography over eastern Ontario and Quebec, but
mate, two separate simulations were conducted at each timg,e large Keewatin Dome dominates the western topography.
slice using two alternate reconstructions of LIS topogra- additionally, the 5G reconstruction has more abrupt changes
phy: one using the geophysically based ICE-5G (5G; Peltierjn topography, whereas the L reconstruction has smoother
2004; CMIP5 ensemble r1ilp150 for the LGM), and the ansitions from high to low elevations, as would be expected
other using the same extent of ICE-5G but replacing the LISfrom a flow-line model of ice deformation over hard and

sector topography with that of an alternate reconstructionsoft heds and similar to inferences from the geologic record
based on a flow-line model that simulates glacier dynamic§pyke and Prest, 1987, Jenson et al., 1996).

over deformable and rigid beds with varying till viscosities
(L; Licciardi et al., 1998; CMIP5 ensemble rlilpl51 for the
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At 14 ka, both reconstructions retain the same general.5 Water isotopes
geometry as 21ka, but absolute topography is diminished
(Fig. 1). ICE-5G still has a dominant Keewatin dome, while ModelE2-R includes water isotopologue tracers that allow
the L reconstruction continues to have three prominentfor the direct comparison df'30 measurements taken from
domes. The L reconstruction exhibits only a small diminu- ice cores, speleothems, ocean sediments, and other pale-
tion in ice topography over the Ontario and Quebec domes@climate records (Carlson et al., 2008a, b; LeGrande and
such that a west—east dipole in topography difference exist$chmidt, 2009). We have selected terrestrial data that pro-
between the two reconstructions (Fig. 1). vide a proxy of thes'®0 in precipitation (hereaftes'#05)

Our climate model simulations were started before thethroughout the LGM and deglacial climate (see Table S1 in
PMIP3 protocol for LGM conditions had been determined, the Supplement for list 0§80 proxy records used in this
but our selection of LIS boundary conditions provide lim- analysis). To estimate LGM and deglacsafO in the ocean
its of topographic uncertainty that go into the PMIP3 LIS (hereaftes'80,), data from ocean sediment cores with con-
elevations. The LIS in the PMIP3 boundary conditions is tinuous coverage from the LGM to the preindustrial era were
similar in geometry to ICE-5G (with higher Keewatin dome Selected (Table S1 in the Supplement). We used the average
over western Canada and lower topography over eastern Or®f all data within 1000yr of each time slice (i.e., 20-22ka
tario and Quebec), but the maximum topography of the LISfor 21ka, 13-15ka for 14 ka, 2-0ka for control) to estimate
in PMIP3 is more similar to the LIS reconstruction used in the 880, and 5180, anomaly from each record for direct
21ka-L (Fig. 1). comparison with the model.

2.4 Equilibrium simulations — 21, 14, and O ka
3 Results

A control simulation (0 ka) with water isotopes was initiated
from a 700 yr long spinup from Levitus and Boyer (1994a, b) Our 21 and 14 ka simulations are broadly consistent with pre-
and Levitus et al. (1994) and run an additional 1000 yr. TheVious GCM simulations of LGM and deglacial climate (e.g.,
21 and 14 ka simulations were also initiated from the sameCLIMAP, 1981; Kageyama et al., 1999; Justino et al., 2004;
700 yr |ong Spinup from Levitus and Boyer (1994a, b) and Otto-Bliesner et al., 2006, 2007; Abe-Ouchi et a.l., 2007;
Levitus et al. (1994), but these experiments have alteredraconnotetal., 2007a, b; Timm and Timmerman, 2007; Liu
mean ocea!80, sD, and salinity (see section below), the €tal., 2009). However, this paper is primarily concerned with
last of which requires a much longer integration for the the differences that arise due to variation in the LIS topogra-
ocean density structure to adjust. Surface air temperatur@hy alone. Since most of the climate differences directly over
(SAT) drift is significant for the first 500yr in each of the the ice sheet are due to orographic differences alone, we fo-
deglacial/glacial simulations — some of which is related to acus onthe LIS impacts in other regions in the Northern Hemi-
temporary enhancement of AMOC due to the method withsphere where GCM anomalies are maximized. For a detailed
which enhanced salinity was applied. Fractional increases ifflescription of modeled 21 and 14 ka anomalies relative to the
salinity were uniformly added to each grid box, where in GISS ModelE2-R preindustrial control simulation, please see
reality additional salinity would have likely been preferen- the Supplement.

tially buried in the deep ocean. Such colder and saltier con- .

ditions are more conducive to the enhanced overturning seef>  Atmosphere differences

in the initial spinup, which has been shown to require an ex-
tended initialization (Zhang et al., 2013). After 1500 yr of
integration, SAT drift is less than 0.08 per century, sur-

3.1.1 Surface air temperature

X SAT anomalies are significantly different between the two
face ocean temperature drift less than GO2er century,  gimylations at 21 ka (Fig. 2a). Global area-weighted mean
and deep ocean temperature drift less than G0Ber cen- AT anomalies (21 ka minus control) for the 21ka-5G and
tury and in each of the simulations, but overall drift is never 21ka-L simulations are-5.1+ 0.1°C and—5.4-+ 0.1°C. re-
absent. Note that these simulations run 500yr longer thanpe ively (unless otherwise stated, uncertainty is expressed

those present in the CMIPS archive to insure that the watehg siandard deviation across decadal variability about the
isotopologues have come into equilibrium (water isotopes are yr mean). This difference in SAT is significant, devel-

not a part of the CMIP5 archive). Initially, each simulation oping solely in response to changes in LIS boundary con-
had an enhanced ocean circulation, which diminished Withditions. Since differences in SAT between our two scenar-
approach toward equilibrium. In addition, cold surface tem-jog are exacerbated directly over the LIS due to topographic
peratures drove sea ice growth to the bottom of the oceapjitterences (i.e., vertical lapse rate of temperature and an
grid in some shallow coastal polar regions, requiring an €X-_. 1000 m maximum LIS height difference), the global mean
pansion of the land mask as such “ice shelves” are defined a1 5nomalies with the LIS area removed aré.7+ 0.1°C

in other regions of the boundary conditions. Here we present 4 5 0+ 0.1°C. thus confirming that differences between
the final 100 yr of these simulations. the simulations are not due to differences directly over the
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Fig. 2. Differences between 21 ka simulations (21ka-L minus 21ka-5G) for the following annually averaged atmospheric @jabtésce

air temperature®C); (b) precipitation minus evaporation (mm d’e&; (c) 8180, (%o); (d) surface wind speed (" é); (e) atmospheric jet

speed (defined as the wind speed at 250 hPa; i) ¢f) geopotential height at the 500 mb level, with zonal mean removed(@nground

albedo (%); andh) planetary albedo (%).The LIS is masked out to focus on downstream differences. Ice-sheet extents outlined in bold black
lines.

ice sheet alone, but rather due to differences in other regiongJuly) at 20 ka is~ 6°C colder than present (Melles et al.,
that significantly impact the global mean (Fig. 2a). 2012), whereas the model results in a cooling of July tem-
The most prominent downstream differences in SAT be-peratures by 16.% 1.1°C (21ka-L) and 12.& 0.7°C (21ka-

tween the 21 ka simulations occur over northeastern AsiabG). Model results appear to be much too cold in this region,
Beringia, and the North Pacific, where 21ka-L is 8689  but the lake record may not extend far enough back to cap-
colder than 21ka-5G (Fig. 2a). Proxy records from this regionture full LGM cooling, and lake ice permanence at the LGM
are limited, but one recent modern analog approach based amay have strongly limited pollen transport into the lake dur-
pollen spectra from Lake EI'gygytgyn in northeastern Siberiaing this time, biasing the record towards warm years (Melles
suggests that the mean temperature of the warmest montkt al., 2007, 2012). One SAT reconstruction from fossil lipids
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in paleosols of eastern Asia suggests LGM summer coolinglisplacement of the primary storm tracks (Justino et al.,
of 8-10°C (Peterse et al., 2011), whereas our 21ka sim-2004).
ulations suggest summer cooling of &@.7°C (21ka-L) At 14 ka, differences inP — E between simulations are
and 8.1+ 0.4°C (21ka-5G). Reconstructions from Zagoskin small, but highlight a slight enhancement of Pacific precipi-
and Burial lakes in northwestern Alaska suggest July LGMtation south of the Equator in 14ka-5G (Fig. 3b). Small dif-
cooling of 44+ 1.6°C and 5+ 1.6°C, respectively, which is  ferences in precipitation also occur over the North Atlantic,
consistent with general LGM cooling of the region (Viau et with drier conditions in 14ka-L along the east coast of North
al., 2008; Kurek et al., 2009). Our 21 ka simulations suggestAmerica and the Atlantic coast of Europe and slightly wetter
July LGM cooling of 8.8+ 0.9°C (21ka-L) and 4.6-0.4°C conditions in the interior of the North Atlantic.
(21ka-5G) for Zagoskin Lake, and 12£21.0°C (21ka-L)
and 8.5+ 0.7°C (21ka-5G) for Burial Lake. Other pollen- 3.1.3 %0 of the atmosphere differences
based reconstructions may actually provide some evidence
for slightly warmer in Alaska during the LGM (Bartlein et Differences ins180; largely reflect the differences in SAT,
al., 2011), although there may be no-analog issues in this rewith the greatest relative depletion of 21ka-L occurring in
gion due to the limited number of individual records avail- northeastern Asia and the North Pacific, where SATs show
able in this synthesis. Unfortunately, no sites from northeastthe greatest cooling relative to 21ka-5G (Fig. 2c). In the 14 ka
ern Asia exist in the LGM climate reconstructions of Bartlein simulations, there is a decoupling between the differences in
et al. (2011), limiting the model-data comparison of SAT, SAT and the differences i8180,, with relatively enriched
where our 21 ka simulations provide the greatest differencess'®0, in 21ka-L across northeastern Africa and into south-
For the 14ka simulations, SAT anomalies are similar central Asia (Fig. 3c). Additionally, the 21ka-L shows rela-
for the two different LIS topographies, with global mean tively enriched values across much of the Arctic, but depleted
SAT anomalies 0f3.0+0.1°C (14ka-L) and-2.8+0.1°C values immediately downwind of the LIS and over southern
(14ka-5G). However, regional distinctions still exist between Greenland.
the simulations. Cooling over northeastern Asia and the
North Pacific continues to occur in the 14ka-L simulationrel- 3.1.4 Atmospheric circulation
ative to 14ka-5G by 1-2C (Fig. 3a). Model results suggest
a July SAT change in this location ef0.8+0.7°C (14ka-  The Northern Hemisphere subpolar jetin 21ka-5G is stronger
L) and+0.6+0.9°C (14ka-5G), consistent with the record and more zonal across the mid-latitude Pacific and to the
at Lake El'gygytgyn suggesting July temperatures near modsouth of the LIS (Fig. 2e). This difference in jet location is
ern conditions at 14 ka (Melles et al., 2012). The other proxyassociated with the increased precipitation in the 21ka-5G
records from eastern Asia and northwestern Alaska suggestcross eastern North America as the primary storm tracks are
SAT near present conditiong-(.6°C; Peterse et al., 2011; confined further to the south than in 21ka-L (see Sect. 3.1.2;
Viau et al., 2008; Kurek et al., 2009). Our model results Fig. 2b). The subpolar jet in 21ka-L is more wavelike and
indicate colder 14 ka anomalies ef2.7+0.5°C (14ka-L) lies to the north of the 21ka-5G jet across most of Asia and
and—2.0+ 0.8°C (14ka-5G) for eastern Asia;2.0+0.6°C the Pacific. Differences in surface wind speed reflect this jet
(14ka-L) and—1.5+0.7°C (14ka-5G) for Zagoskin Lake, displacement, particularly over the North Pacific, where the
and —2.6+0.7°C (14ka-L) and—1.94+0.7°C (14ka-5G) more northern 21ka-L jet results in greater surface winds.
for Burial Lake. These small negative SAT anomalies mayAcross much of the North Atlantic, 21ka-5G surface winds
suggest that the model simulations are slightly too cold inare stronger than 21ka-L, where both simulations are already
this region relative to proxies that suggest anomalies closer tenhanced relative to 0 ka (Fig. S1d in the Supplement).
zero @&1.6°C; Peterse et al., 2011; Viau et al., 2008; Kurek  Differences in 500 mb height between the two 21 ka sim-
etal., 2009), but the model results are still consistent with theulations express a shift in the location and depth of the
proxies within uncertainty. Like with the LGM simulations, dominant stationary wave patterns, particularly over Siberia
however, the lack of proxy records across this region makesnd Beringia, where 21ka-L heights are substantially lower
such model-data comparisons tenuous (Bartlein et al., 2011}han those in the 21ka-5G simulation (Fig. 2f). These lower
heights in 21ka-L reflect a deepening of the trough over east-
ern Asia and a weakening of the ridge over Beringia relative
to 21ka-5G. This general reduction of 500 mb heights across
this region provide a greater influence of Arctic air masses
The location of the Intertropical Convergence Zone (ITCZ) that help to drive the colder SAT (Sect. 3.1.1).
is consistent between 21ka-L and 21ka-5G, but 21ka-L simu- The higher LIS in 14ka-5G still induces an increase in jet
lates greater precipitation north of the Equator in the tropicalspeed and southward displacement of the polar and subtrop-
Pacific (Fig. 2b). The 21ka-5G simulation shows greater predcal jets relative to 14ka-L (Fig. 3e). However the stronger
cipitation over the northern mid-latitude Pacific and acrosssubpolar jet in 14ka-5G now extends further to the north over
eastern America, south of the LIS, indicative of a southwardnorthern Europe. The general differences in 500 mb heights

3.1.2 Precipitation minus evaporation
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Fig. 3. Same as Fig. 2 but with the atmospheric differences between 14 ka simulations (14ka-L minus 14ka-5G).

and the implied stationary wave pattern in the 21 ka simula-LIS, likely due to the southward tracking of the subpolar
tions still exists between the 14 ka simulations, with a contin-jet and enhanced snowfall. The disparity in the area extent
ued lowering of 14ka-L 500 mb heights in northeastern Asiaof these albedo changes results in globally averaged ground
and Beringia that is associated with the colder SAT in thisalbedo of 18.5 % for 21ka-L compared with 18.1 % for 21ka-

region relative to 14ka-5G (Fig. 3f). 5G. Planetary albedo differences mimic the ground albedo
differences (Fig. 2h), although cloud cover over the region
3.1.5 Albedo in northeastern Asia is enhanced by 8-10% in the 21ka-L

simulation (not shown).

The 21ka-L simulation presents a region of higher albedo in At 14ka, surface albedo is largely the same between
northeastern Asia, where there is additional snow cover oveth® two simulations, except for the expansion of sea ice
Siberia and Beringia, along with a relative expansion of sePVer the Nordic Seas in 14ka-5G, which drives an increase

ice over the Sea of Okhotsk (Fig. 2g). The 21ka-5G has dn albedo relative to 14ka-L (Fig. 3g). Globally averaged
higher albedo in a region along the southern margin of theground albedo is 16.3 % for 14ka-L and 16.4 % for 14ka-5G.
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Fig. 4. Differences between 21 ka simulations (21ka-L minus 21ka-5G) for the following annually averaged ocean véaijed#assurface
temperatureC), (b) sea surface salinity (psu(;) §180, (d) sea ice fraction (%)e) Atlantic Ocean overturning stream function (Sv), and

(f) Pacific Ocean overturning stream function (Sv).

Again, planetary albedo differences mimic ground albedoocean anomaly for the 21ka-L simulation overlaps with
differences, suggesting the prominence of surface albed&r/N; estimates of global mean ocean cooling at the LGM

changes in overall albedo (Fig. 3h), with cloud cover differ-
ences of less than 2 %.

3.2 Ocean differences
3.2.1 Ocean temperature differences

Averaged globally, SST anomalies are slightly colder
in 2lka-L (~2.7£0.1°C) compared with 21ka-5G
(—2.5+0.1°C). This 21ka difference extends throughout

the entire ocean with total global mean ocean temperatur

anomalies 0f-2.15+ 0.01°C (21ka-L) and-2.01+ 0.01°C

(21ka-5G) (global mean ocean temperatures are scaled b
mass of ocean water). Greater global cooling in 21ka-L

persists in the deep ocean, where temperature anomallessuIt of 4.040.3°C cooling than with the 21ka-5G cooling

of 3.14+0.2°C. Alkenone records from the Sea of Okhotsk,

averaged over the bottom 2000m arel.18+0.01°C
(21ka-L) and—1.0440.01°C (21ka-5G). The global mean

www.clim-past.net/10/487/2014/

of 2.7+ 0.6°C (Headly and Severinghaus, 2007).

Regional differences in SST between the 21ka-L and
21ka-5G simulations correlate with SAT differences (Figs. 2a
and 4a), particularly in the North Pacific, Sea of Okhotsk,
and Bering Sea, where 21ka-L simulates colder SST by
up to 3.5°C. The large differences between the simulations
in the North Pacific indicate that this is a sensitive region

for testing the model results. SST proxy records are sparse
from the North Pacific, but limited data seem to indicate
golder conditions. Alkenone and transfer function SST re-
constructions from off the coast of Oregon document LGM

ooling of 4—7C (Doose et al., 1997; Ortiz et al., 1997;
angelsdorf et al., 2000; Herbert et al., 2001; Rosell-Melé

et al., 2004), which are more consistent with the 21ka-L re-
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Fig. 5. Same as Fig. 4 but with the ocean differences between 14 ka simulations (14ka-L minus 14ka-5G).

however, suggest LGM SST cooling of only 02Q (Harada 3.2.2 Sea surface salinity differences
etal., 2006; Seki et al., 2004, 2007). The 21ka-5G simulation
has LGM cooling of 4.6 0.2°C in this region, and the 21ka-
L simulation shows cooling of 74 0.2°C, suggesting that Surface waters are generally fresher in 21ka-L, particu-
neither simulation adequately captures SST in this somewhdearly in the Arctic Ocean and the Gulf of Mexico, reflect-
isolated basin. ing a greater contribution of LIS melt water through the
At 14ka, globally averaged SST anomalies are equiva-MacKenzie and Mississippi rivers (Fig. 4b). The 21ka-5G
lent between the two ice-sheet topographie4.6+0.1°C simulation presents a greater contribution of Scandinavian
in 21ka-L and—1.440.1°C in 21ka-5G), but total global Ice Sheet melt water through the Ob and Yenesei rivers, lead-
mean ocean anomalies are still colder in the 14ka-L sim-ing to a localized freshening of sea surface salinity (SSS)
ulation with an anomaly 0f-0.8340.1°C (21ka-L) rela- along the coast, butin general, Arctic surface waters are more
tive to —0.714+0.1°C (21ka-5G). In the deep ocean (bot- saline in 21ka-5G. Northern tropical Pacific surface waters
tom 2000m), however, temperature is nearly consistengre slightly fresher in 21ka-L in association with enhanced
with O ka with anomalies 0f-0.0940.01°C (14ka-L) and P — E over this region (Fig. 2b).
+0.0540.01°C (14ka-5G). Differences between the 14ka SSS differences at 14 ka are largely similar to those in the
simulations are most pronounced across the North Pacifi@l ka simulations, with fresher waters in 14ka-L in the Arctic
(Fig. 5a), where 14ka-L SSTs are colder, similar to SAT dif- Ocean, the Gulf of Mexico, and along the Atlantic coast of
ferences over these regions (Fig. 4a). North America (Fig. 5b). The 14ka-L simulation continues to
present localized freshening due to greater melt water contri-
butions of the LIS to the MacKenzie and Mississippi rivers.
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SSS differences are negligible over the Pacific, reflecting then Antarctic bottom water in flow (Fig. 4e). In the Pacific,

minimal changes i? — E (Fig. 3b). the 21ka-5G simulation shows an enhanced contribution of
" _ Antarctic intermediate and bottom waters throughout most
3.2.3 §7°0 of the surface ocean differences of the basin (Fig. 4f), with the 21ka-5G having the great-

) 18 o est Antarctic bottom water influence (i.e., deepwater stream
The differences IO, at 21ka are largely similar to the - f,n¢(ion more negative than 21ka-L). In addition, the 21ka-

differences in SSS, with depleted values in 21ka-L relativess ghows enhanced production of North Pacific intermedi-
to 21ka-5G across the Arctic Ocean and the Gulf of Mexico 5¢e \ater relative to 21ka-L (or less of a reduction relative to

(Fig. 4c), reflecting the enhanced melt water contributions ing | ).

21k§1.-L to the MacKenzie and Mississippi rivers (Fig. 4b). In  yinematic and water-mass proxy records continue to re-
addition, 21ka-L waters are depleted along the north shorgine reconstructions of AMOC at the LGM, with overturn-

of the Scandinavian Ice Sheet, consistent with reduced SS§]g strength anywhere from 30 to 40 % weaker than present
and enhanced melt water contribution in 21ka-5G along thiS(McManus et al., 2004) to about the same as today (Lynch-
margin. The Sea of Japan shows slightly depléfé®, val-  giiegiitz et al,, 2007; Ritz et al.,, 2013), and even the pos-
ues in 21ka-L but no change in SSS, suggesting a shift ingipjir, of more rapid overturning at the LGM (Gherardi
the isotopic composition of runoff arriving to this basin buta 4 al., 2009; Lippold et al., 2012). Water mass tracers sug-
consistent vqume of th_ls runoff between _the S|m_ulat|0_ns. gest the shoaling of glacial North Atlantic deepwater and a
In the 14ka ?mulatlons, however, this relationship be- g eater contribution of Antarctic bottom water (Curry and
tween SSS anéf °0, becomes decoupled, with fresher arctic 5554 '2005), but this increased stratification may aiso im-

conditions in 14ka-L associated with more enriched valuesp|y a more vigorous AMOC. Such uncertainty in circula-
18 : : :
of §7°0, relative to 14ka-5G (Fig. 5¢). However, the 14ka- jion strength and depth is mirrored in a diverse array of

L simulation continues to show depleted values in relation,,qeled AMOC results, some of which present stronger
to the greater contribution of fresh water from the MacKen- AMOC during the LGM (Otto-Bliesner et al., 2007), simi-
zie and Mississippi drainage outlets. In addition, the Sea Ofy; 15 our results. In the Pacific, the expansion of enriched
Jg_pan co_ntinues to reflect a difference in the isotopic COMpOz13¢ throughout the deep ocean suggests the increased influ-
sition of river runoff to the basin, but here the 14ka-5G Sim- gnce of Antarctic-sourced waters in this basin (Matsumoto et
ulation presents depleted®0, values. Again, the lack of a al., 2002; Herguera et al., 2010). Other North Atlantic simu-
SSS difference in this basin suggests that freshwater runoffions have shown that enhanced AMOC is associated with
is consistent between the simulations (Fig. 5b). the strengthening of the deep ocean circulation in the Pacific
(Chikamoto et al., 2012), which is consistent with the en-

32.4 Seaice differences hanced negative stream function in our 21 ka results (Fig. S3f

Annually averaged sea ice differences are negligible acros¥! the Supplement). -
much of the ocean basins, except in the Sea of Okhotsk and 11€ 14 ka simulations also present strong AMOC rela-

Bering Sea, where the 21ka-L has a significant increase in sell/® t0 the preindustrial control (see Supplement). The 14ka-

ice over that of 21ka-5G (Fig. 4d). The expansion of sea ice?G simulation continues to have stronger AMOC transport
across the Nordic Seas in the 21 ka simulations relative to thé32-7+ 0.7 Sv for 14ka-5G; 30.% 0.6 Sv for 14ka-L), but
control simulation is consistent between 21ka-L and 21ka-the depth of overturning is similar to the 14ka-L simulation

5G, with 21ka-L having a slightly greater sea-ice fraction (no (Fi9- 5€)- The 14ka-5G results in a greater contribution of
more than 5 %). Antarctic bottom water into the deep Atlantic. In the Pacific,

In the 14 ka simulation, global sea ice differences are smalfl4ka-5G shows an increased contribution of Antarctic inter-
(Fig. 5d). Differences in ic,ea ice are minimized in the Sea ofMediate water, but the differences do not extend to include

Okhotsk compared to the 21 ka simulation. The only notablg™Ntarctic bottom water (Fig. Sf). _
differences occur in the Nordic Seas, with enhanced sea ice PTOXY records suggest that 14 ka AMOC strength was sim-
in the 14ka-5G simulation. ilar to that of the LGM (McManus et al.,, 2004; Lynch-

Stieglitz et al., 2007). However, other records suggest a more
3.2.5 Ocean circulation differences intermediate rate of overturning in shallower waters between
the relatively elevated values of the LGM and the reduced
All simulations result in a mean AMOC that is stronger values in the Holocene (Gherardi et al., 2009). In the Pacific,
than the preindustrial control simulation (see Supplementjoverturning at 14 ka was in the middle of the transition from
Oka control AMOC strength: 28:220.7 Sv). The 21ka-5G glacial to modern conditions (Herguera et al., 2010), which
simulation exhibits a mean AMOC transport thatis.0 % is similar to our results.
stronger than 21ka-L (3320.7 Sv and 30.8 0.6 Sv, re-
spectively). The difference in AMOC stream function reflects
not only the increase in AMOC transport for 21ka-5G but
also a deepening of the main overturning and a slightincrease
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4 Discussion (Figs. S1d and S2d in the Supplement). Such windier con-
ditions may provide the mechanism driving enhanced over-
4.1 The effects of ice-sheet topography turning in our simulations (Wunsch, 2003; Montoya and

Levermann, 2008). In addition, the 21ka-L simulation shows

Uncertainty in the height of the LIS has a measurable impact slightly elevated freshwater balande { E, Fig. 2b) over
on the simulated climate in GISS ModelE2-R, particularly the eastern North Atlantic, consistent with lower SSS, which
at 21 ka, where global mean SATs are significantly differ- may also contribute to the weaker overturning circulation rel-
ent between 21ka-L and 21ka-5G. This response to changeative to 21ka-5G.
in LIS topography alone is due to a series of differences in In each of the 21 and 14 ka simulation pairings, the higher
the 21 ka climate, initiated by the differences in atmosphericLIS (21ka-5G and 14ka-5G) results in a stronger AMOC
circulation that arise from the enhanced topographic barrieFigs. 4e and 5e). In either case, there is no significant change
in the LIS of 21ka-5G. In both 21 ka simulations, the polar in river runoff between the simulations, but both 21ka-5G
jet is forced to the south of the LIS (Fig. S1e in the Supple-and 14ka-5G have stronger wind speeds over the North At-
ment). However, the elevated topographic barrier in the 21kalantic relative to their 21ka-L and 14ka-5G counterparts,
5G LIS drives the polar jet to be more zonal, whereas theleading to enhanced wind-driven overturning. These differ-
21ka-L jet circulation has a greater meridional component,ences in AMOC strength are transferred to the deep Pa-
reflecting a shift in the downstream stationary waves in thecific with enhanced contribution of Antarctic bottom and
Northern Hemisphere relative to 21ka-5G, as seen in 500 mlintermediate waters associated with the stronger AMOC
height differences (Fig. 2f). The primary impact of these sta-(Chikamoto et al., 2012). Despite these changes in circula-
tionary wave differences is downstream colder temperaturesion, the 21ka-L simulation has colder ocean temperatures
across Siberia, Beringia, and the North Pacific, leading to ele{relative to 21ka-5G) in both the globally averaged ocean
vated sea ice in the Sea of Okhotsk and Bering Sea, as well eaand the deep ocean, suggesting ocean temperatures are re-
enhanced snow cover across Siberia (Fig. S1 in the Supplefiecting the overall colder climate and reduced heat content
ment and Fig. 4). Both of these impacts lead to an increase iof the system, as would be expected from the snow-albedo
ground albedo, thus reducing the total incoming shortwavefeedback mechanism driving colder SAT.
budget in 21ka-L (Fig. 2g and h). This snow-cover—albedo
positive feedback thus leads to further global cooling. 4.2 Implications for ice-sheet stability

In the 14 ka simulations, the difference in the magnitude of
maximum LIS height is smaller between the two reconstruc-The extent and volume of the LIS was determined by a num-
tions, but there is still downstream cooling over Siberia andber of glaciological factors that impact ice-sheet stability.
Beringia in 14ka-L related to a similar difference in atmo- LIS surface mass balance was paced by boreal summer inso-
spheric circulation and stationary waves (Fig. S2e and f in thdation (Hays et al., 1976; Imbrie and Imbrie, 1980). Such con-
Supplement). However, differences in snow cover and surtinuous cycling of boreal summer insolation limits the size
face albedo are no longer present across this region (Fig. 2ghf the LIS through latitudinal shifts in the equilibrium line
and the global mean temperatures between 14ka-L and 14kailtitude moving in step with insolation (Oerlemans, 1991;
5G are equivalent. This comparison with the 21 ka simula-Ruddiman, 2001), with variation in latitudinal extent of the
tion might suggest a minimum cutoff in LIS maximum eleva- LIS likely leading to ice volume hysteresis (Abe-Ouchi et
tion difference that induces strong enough changes in atmoal., 2013). Ice-sheet size is also limited by an ice-thickness—
spheric circulation to cause significant differences in globalbasal-melting negative feedback, whereby increases in ice
mean surface temperature through a snow-albedo feedbacthickness can lead to a decrease in the pressure melting point,
However, the 14 ka simulations are also forced with elevateddecoupling the ice sheet from its bed and allowing for en-
boreal summer insolation and greenhouse gases, such thhanced basal sliding and ice height drawdown (Clarke, 1987;
generally warmer globally averaged temperatures at 14 kd&ayne, 1995; Marshall and Clark, 2002). These thermal in-
(relative to 21 ka) may preclude the expansion of snow andstabilities may be exacerbated by subglacial till rheology
sea ice in this region, eliminating the possibility of induc- conditions that might also limitice-sheet height (Clark, 1994;
ing this snow—albedo cooling feedback, even with the differ- Clark and Pollard, 1998; Licciardi et al., 1998).
ences in planetary wave strength induced by LIS topographic Our results may suggest an additional limit on LIS height.
differences. As shown in our LGM simulations, the larger LIS in 21ka-

Significant differences in ocean circulation also arise due5G leads to a warmer global mean SAT due to atmospheric
changes in the LIS topography. All of our simulations show circulation changes and the snow—albedo feedback in north-
increased AMOC transport relative to the control, with south-eastern Asia. That an increase in LIS maximum height
ward displacement of the North Atlantic deepwater forma-leads to global surface warming might suggest a climat-
tion (Figs. S3e and S5e in the Supplement). Glacial surdcally driven negative feedback on LIS surface mass bal-
face winds are enhanced over the North Atlantic (relativeance that limits ice-sheet height above a certain threshold.
to Oka) in relation to the southward shift in the polar jet Satellite-based gravity field measurements of glacial isostatic
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adjustment have suggested the need for revisions to ICE-5@&.4 Implications for climate sensitivity

(Peltier and Drummond, 2008; Peltier, 2009) to be included

in the upcoming ICE-6G that lower maximum LIS eleva- The LGM provides the most recent large-scale change in
tion (Peltier, 2010; otherwise see PMIP3 boundary condi-global climate and greenhouse gas concentrations through
tions, http://pmip3.Isce.ipsl.fj/ These revisions may imply which global climate sensitivity can be assessed (Cruci-

that LIS elevation in ICE-5G is above the threshold of this fix, 2006; Hansen et al., 2008; Schmittner et al., 2011,

elevation—warming feedback. In order to test this feedbackHargreaves et al., 2012; PALAEOSENS, 2012). However,

mechanism, more analysis should be conducted on the imeur model results suggest that significant differences in

pact of this SAT difference and ice-sheet topography on LISglobal mean temperature arise due to variability in LIS to-

surface mass balance. pography alone, indicating that the use of models to con-
strain CQ sensitivity for the LGM should include some as-

4.3 Implications for testing LGM climate sessment of this boundary condition uncertainty in the over-

reconstructions all range of possible sensitivity estimates. This analysis is

) aEarticularly relevant in the assessment of how uncertainty in
We present a range of climate responses to LGM externay, o ngary conditions leads to the development of fast feed-
and internal forcings that develop solely due to two differ- oo (i.e., snow—albedo) that are important in driving sen-
ent reconstructions of the LIS. This range of uncertainty insitivity (PALAEOSENS, 2012). Our 14 ka simulations show
this boundary condition alone is enough to provide signif- 4t even small differences in LIS height can lead to differ-
icant differences in LGM climate. Previous sensitivity ex- gnces in atmospheric circulation, but these differences are not
periments testing the impact of “ice” vs. “no ice” in model gnq 9 to initiate the snow-albedo feedback. Depending on
boundary conditions have shown large differences in LGM e madel (or other boundary conditions), this precondition-
climate due to changes in atmospheric circulation and its atjng may be sufficient to initiate fast-feedback mechanisms
tendant influence on ocean circulation (Justino et al., 2004ia¢ lead to significant differences in global mean SAT, while
Otto-Bliesner et al., 2006; Abe Ouchi et al., 2007; Pausata e}iner models may not provide the same response. Changes in

al., 2011; Hofer et al., 2012; Tharammal et al., 2012). Our) |5 height within the uncertainty of reconstruction estimates
21 ka model results show that even a 20 % change in LIS elefnay have a similar effect in other models.

vation between two LIS reconstructions has a similar impact Given the large uncertainties in the high-latitude boundary

on atmospheric and oceanic circulation and their influence,qngitions and their associated impact on high-latitude cli-

on the LGM climate state. This suggests that the range of Uniae  Hargreaves et al. (2012) instead correlated simulated

certainty within the existing LIS reconstructions can lead to| gy SAT from 20° S to 30 N with the global mean SAT
significantly different results in simulated regional and global change from C@doubling sensitivity (2« COy) simulations
climate. . of each model in a grouping of PMIP2-CMIP3 pairings,
The ability of GCMs to capture LGM AMOC is often  \hich circumvented earlier issues with correlating global
used as a test of model sklll_(e.g., Timm and Tlmmgrman,LGM SAT with 2 x CO; simulations (Crucifix, 2006). Our
2007; Liu et al., 2009). Despite a range of proxy estimateSgg s suggest an additional source of high-latitude variabil-
for an AMOC target value (Yu et al., 1996; Adkins et al., j in L GM SAT that arises due to uncertainty in LIS topog-
2002; McManus et al., 2004; Curry and Oppo, 2005; Lynch- a0y alone, giving credence to the former study’s focus on
Steiglitz et al., 2007), coupled climate models S|mglate dif- tropical SAT at the LGM to constrain GGsensitivity. How-
ferent strengths and depths of the AMOC (Otto-Bliesner etgy ey this additional source of uncertainty from ice-sheet to-
al., 2007; Weber et al., 2007). The strength of the PMIP ap+,o4raphy in a region where LGM SAT anomalies are already
proach toward simulating the LGM is in the assessment 0fy their greatest also suggests that focusing on the tropics

climate variability (i.e., AMOC) across a variety of model ¢, 14 underestimate the full range of uncertainty in,een-
physics and design with a common fixed set of boundary con-

. sitivity estimates.

ditions. However, our results suggest that AMOC strength

in a single model may vary by nearly 10% in response to, g Uncertainty in other boundary conditions

changes in LIS topography alone, meaning that any uncer-

tainties in the LIS boundary condition may be translated Finally, we have only assessed the impact of changing LIS

into the uncertainty in this important test of model skill. height in one GCM. A number of other LGM boundary con-

Thus, the uncertainty in the range of PMIP assessed AMOGyjtions have a significant impact on the global mean climate

strength might be expanded with inclusion of LIS t0po- giate particularly dust/aerosol forcing (Penner et al., 2004:

graphic uncertainty. Lohmann and Feichter, 2005; Forster et al., 2007; Chylek
and Lohmann, 2008) and vegetation land cover (Jahn et al.,
2005). The large range in uncertainties of the LGM and
deglacial dust forcing (Petit et al., 1981; Thompson et al.,
1995; Mahowald et al., 1999; Reader et al., 1999; Mahowald
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et al., 2006a, b; Power et al., 2008) and vegetation dynammodel differences are the regions with the least proxy cov-
ics (Jackson et al., 2000; Prentice and Jolly, 2000; Harrisorerage and with the greatest variation between proxy recon-
et al.,, 2001; Ray and Adams, 2001; Bigelow et al., 2003;structions. In particular, the region of Siberia, Beringia, and
Williams, 2003; Pickett et al., 2004; Williams et al., 2011) the North Pacific has the largest modeled differences in SAT,
suggests the need to test the sensitivity of the climate res180, surface albedo, SST, and sea concentrations, all due to
sponse to the uncertainties in these boundary conditions. Inariation in LIS topography alone in both 21 and 14 ka sim-
the case of GISS ModelE2-R, future sensitivity studies will ulations. In theory, this region could serve as an important
have offline coupling of ModelE2 boundary conditions to the model—data test location on the LIS reconstructions used in
Lund—Potsdam—-Jena (LPJ) dynamic vegetation model (SitclsCMs. Unfortunately, the distribution of LGM SST proxy
et al., 2003; Gerten et al., 2004; Bondeau et al., 2007) to asrecords from the North Pacific is limited (Kucera et al., 2005;
sess the impact of this land surface choice and any associatatfaelbroeck et al., 2009) and most records that do exist are
internal feedbacks in the model. confined along coastal regions, where GCMs may not ade-
guately resolve changes in the Kuroshio and California Cur-
rents, and sea level boundary conditions may also signifi-
5 Conclusions cantly influence ocean current behavior (Ortiz et al., 1997,
Kao et al., 2006). Similarly, few terrestrial reconstructions of
We attempt to assess the range of climate uncertainty thaBAT ands180, exist from lake records in the region (Melles
results from variability in the possible reconstructions of the et al., 2012; Peterse et al., 2011; Viau et al., 2008; Kurek et
LIS elevation at two different time periods, 21 and 14 ka. Theal., 2009; Bartlein et al., 2011), but perennial ice cover, proxy
simulated climate at each time slice results in significant dif-uncertainties, and the possibility of no-analog environments
ferences in atmospheric and oceanic climate. The 21ka-L isn pollen reconstructions may also limit the ability of such re-
significantly colder than the 21ka-5G simulation in both SAT constructions to distinguish the climate differences discussed
and ocean temperatures, which is due to a snow-albedo feedh this paper. To better constrain the topographic uncertainty
back in northeastern Asia that reduces the shortwave contrief the LIS through the comparison of simulated climates in
bution to the system. This enhanced snow cover over northGCMs, more data are needed from regions where resulting
eastern Asia in 21ka-L develops due to a diminished atmo-<limate differences are the greatest. Future data collection
spheric ridge relative to 21ka-5G. The higher elevation LISshould focus on northeastern Asia and the North Pacific to
in 21ka-5G is a larger impediment to atmospheric circula-help test LIS boundary conditions.
tion, impacting the location of the atmospheric jet through In addition to large differences in atmospheric circula-
resulting differences in downstream planetary wave generation and attendant impacts on surface conditions, the two
tion, as has been suggested previously with LGM sensitivityLIS simulations at each time slice result in significant dif-
tests removing the LIS (Justino et al., 2004; Otto-Bliesnerferences in the AMOC, with the larger ICE-5G ice sheet
et al., 2006; Abe Ouchi et al., 2007; Pausata et al., 2011|eading to stronger overturning at each time slice, suggest-
Hofer et al., 2012; Tharammal et al., 2012). We concludeing that any given model’s ability to capture LGM anoma-
that the range of uncertainty in existing LIS reconstructionslies in ocean overturning may be influenced as much by the
is enough to have a similar “planetary wave effect” on North- LIS boundary condition as by limitations in model physics.
ern Hemisphere atmospheric circulation, contributing to theAt present, proxy uncertainty may preclude determination of
large differences in temperature, snow cover, and surfacavhether the LGM AMOC was different than for the modern
albedo over northeastern Asia. These fully coupled AOGCMperiod (Burke et al., 2011). This uncertainty in LGM ocean
results build upon earlier lower-resolution simulations thatcirculation and surface temperature, particularly in regions
indicate a similar dynamical adjustment with the comparisonwhere model differences are maximized, limits the determi-
of ICE-4G and ICE-5G LIS reconstructions in an Earth sys-nation as to which LIS reconstruction is more correct in our
tem model of intermediate complexity (Justino et al., 2006),simulations.
suggesting a robust impact of paleotopographic uncertainty One metric that may help differentiate between the LIS
on reconstructed climates in a variety of models. Future rereconstructions is the Kr/Nreconstruction of global mean
search should work on minimizing the uncertainty in the LIS ocean temperature (Headly and Severinghaus, 2007), as it
reconstructions, thus reducing theirimpact on the uncertaintyshould be indicative of the overall thermal state of the global
in simulated glacial climate. As we show in our 21 ka simula- system. Here, the 21ka-L simulation results in a global mean
tions, this LIS topographic uncertainty may significantly im- ocean temperature change more in line with the proxy re-
pact estimates of LGM climate sensitivity through the impact constructions, whereas the 21ka-5G mean ocean is too warm
on global mean SAT. (see Sect. 3.2.1). As this oceanic temperature difference is
Given the significant differences between the resulting cli-the result of the different atmospheric cooling from changes
mates from changing LIS topography alone, it is tempting toin planetary albedo, we would suggest that a lower eleva-
use climate proxy data to test which reconstruction is closetion LIS topography than 5G may be closer to what ex-
to the actual LGM LIS. However, the regions with largest isted at the LGM. However, the uncertainty in Kr4 §lobal
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mean ocean temperature is large relative to the reconstructeghrtlein, P. J., Harrison, S. P., Brewer, S., Connor, S., Davis, B. A.
change, therefore limiting the distinction of the two LGM  S., Gajewski, K., Guiot, J., Harrison-Prentice, T. I., Henderson,
simulations based on this proxy. Further refinement of LGM  A., Peyron, O., Prentice, I. C., Scholze, M., Seppa, H., Shuman,
and 14 ka climate reconstructions (particularly from Siberia B Sugita, S., Thompason, R. S., Viau, A. E., Williams, J., and

and the North Pacific) will aid in the indirect determination
of LIS topography, just as refinement of LIS topographic re-
constructions will reduce inherent model uncertainty due to
the current range in LIS topographic boundary conditions.

Wu, H.: Pollen-based continental climate reconstructions at 6 and
21ka: a global synthesis, Clim. Dynam., 37, 775-802, 2011.

Bennike, O. and Bjorck, S.: Chronology of the last recession

of the Greenland Ice Sheet, J. Quaternary Sci., 17, 211-219,
doi:10.1002/jgs.6702002.

Berger, A. and Loutre, M. F.: Insolation values for the climate of

Supplementary material related to this article is
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AcknowledgementsaiVe thank NASA GISS for institutional sup-

port. Resources supporting this work were provided by the NASA
High-End Computing (HEC) Program through the NASA Center
for Climate Simulation (NCCS) at Goddard Space Flight Center.
In addition, we thank the National Science Foundation (NSF)
for their support through the awards AGS-0753868 (A.N.L.) and

the last 10 million years, Quaternary Sci. Rev., 10, 297-317,
doi:10.1016/0277-3791(91)90033-@091.

Bigelow, N. H.: Climate change and Arctic ecosystems: 1. Veg-

etation changes north of 38l between the last glacial maxi-
mum, mid-Holocene, and present, J. Geophys. Res., 108, 8170,
doi:10.1029/2002JD002552003.

Bondeau, A., Smith, P. C., Zaehle, S., Schaphoff, S., Lucht,

W., Cramer, W., Gerten, D., Lotze-Campen, H., Muller, C.,
Reichstein, M., and Smith, B.: Modelling the role of agri-
culture for the 20th century global terrestrial carbon bal-
ance, Global Change Biol., 13, 679-706, @6i1111/j.1365-
2486.2006.01305,,2007.

AGS-0753660 (A.E.C.). Finally, we thank M. Siddall and one other Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Pe-

anonymous referee for their helpful comments and suggestions in
their reviews of the discussion paper.

Edited by: D. Fleitmann

References

terchmitt, J.-Y., Abe-Ouchi, A., Crucifix, M., Driesschaert, E.,
Fichefet, Th., Hewitt, C. D., Kageyama, M., Kitoh, A., Lainé,
A., Loutre, M.-F., Marti, O., Merkel, U., Ramstein, G., Valdes,
P., Weber, S. L., Yu, Y., and Zhao, Y.: Results of PMIP2 coupled
simulations of the Mid-Holocene and Last Glacial Maximum —
Part 1: experiments and large-scale features, Clim. Past, 3, 261—
277, doi10.5194/cp-3-261-2002007a.

Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Pe-

Abe-Ouchi, A., Segawa, T., and Saito, F.: Climatic Conditions for
modelling the Northern Hemisphere ice sheets throughout the ice
age cycle, Clim. Past, 3, 423-438, di:5194/cp-3-423-2007
2007.

Abe-Ouchi, A., Saito, F., Kawamura, K., Raymo, M. E., Okuno,
J., Takahashi, K., and Blatter, H.: Insolation-driven 100,000-year
glacial cycles and hysteresis of ice-sheet volume, Nature, 500,
190-193, 2013.

terchmitt, J.-Y., Abe-Ouchi, A., Crucifix, M., Driesschaert, E.,
Fichefet, Th., Hewitt, C. D., Kageyama, M., Kitoh, A., Loutre,
M.-F., Marti, O., Merkel, U., Ramstein, G., Valdes, P., We-
ber, L., Yu, Y., and Zhao, Y.: Results of PMIP2 coupled sim-
ulations of the Mid-Holocene and Last Glacial Maximum —
Part 2: feedbacks with emphasis on the location of the ITCZ
and mid- and high latitudes heat budget, Clim. Past, 3, 279-296,
doi:10.5194/cp-3-279-2002007b.

Adkins, J. F., McIntyre, K., and Schrag, D. P.: The salinity, temper- Braconnot, P., Harrison, S. P., Kageyama, M., Bartlein, P. J.,

ature, ands180 of the glacial deep ocean, Science, 298, 1769—
1773, doi10.1126/science.1076252002.

Alley, R. B. and Clark, P. U.: The deglaciation of the Northern
Hemisphere: A Global Perspective, Annu. Rev. Earth Pl. Sci.,
27, 149-182, doi:0.1146/annurev.earth.27.1.14999.

Anderson, J. B., Shipp, S. S., Lowe, A. L., Wellner, J. S., and
Mosola, A. B.: The Antarctic Ice Sheet during the Last Glacial
Maximum and its subsequent retreat history: a review, Quater-

Masson-Delmotte, V., Abe-Ouchi, A., Otto-Bliesner, B., and
Zhao, Y.: Evaluation of climate models using palaeoclimatic
data, Nat. Clim. Change, 2, 417-424, d6i:1038/nclimate1456
2012.

Broccoli, A. J. and Manabe, S.: The influence of continental ice, at-

mospheric C®, and land albedo on the climate of the last glacial
maximum, Clim. Dynam., 1, 87-99, d&D.1007/BF01054478
1987.

nary Sci. Rev., 21, 40-70, d&D.1016/S0277-3791(01)00083-X  Bromwich, D., Toracinta, E., Wei, H., Oglesby, R., Fastook, J. L.,

2002.
Argus, D. F. and Peltier, W. R.: Constraining models of postglacial

and Hughes, T. J.: Polar MM5 simulations of the winter climate
of the Laurentide Ice Sheet at the LGM, J. Climate, 17, 3415—-

rebound using space geodesy: a detailed assessment of model 3433, 2004. _
ICE-5G (VMZ2) and its relatives, Geophys. J. Int., 181, 697-723, Burke, A., Marchal, O., Bradtmiller, L. I., McManus, J. F., and

doi:10.1111/j.1365-246X.2010.045622010.
Arzel, O., England, M. H., and Sijp, W. P.: Reduced Stability of
the Atlantic Meridional Overturning Circulation due to Wind

Francois, R.: Application of an inverse method to interpret
231Pa/230Th observations from marine sediments, Paleoceanog-
raphy, 26, PA1212, ddi0.1029/2010PA002022011.

Stress Feedback during Glacial Times, J. Climate, 21, 6260-Carlson, A. E. and Clark, P. U.: Ice sheet sources of sea level rise

6282, d0i10.1175/2008JCLI2291,2008.

www.clim-past.net/10/487/2014/

and freshwater discharge during the last deglaciation, Rev. Geo-
phys., 50, RG4007, ddif.1029/2011RG000372012.

Clim. Past, 10, 48367, 2014


http://www.clim-past.net/10/487/2014/cp-10-487-2014-supplement.zip
http://www.clim-past.net/10/487/2014/cp-10-487-2014-supplement.zip
http://dx.doi.org/10.5194/cp-3-423-2007
http://dx.doi.org/10.1126/science.1076252
http://dx.doi.org/10.1146/annurev.earth.27.1.149
http://dx.doi.org/10.1016/S0277-3791(01)00083-X
http://dx.doi.org/10.1111/j.1365-246X.2010.04562.x
http://dx.doi.org/10.1175/2008JCLI2291.1
http://dx.doi.org/10.1002/jqs.670
http://dx.doi.org/10.1016/0277-3791(91)90033-Q
http://dx.doi.org/10.1029/2002JD002558
http://dx.doi.org/10.1111/j.1365-2486.2006.01305.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01305.x
http://dx.doi.org/10.5194/cp-3-261-2007
http://dx.doi.org/10.5194/cp-3-279-2007
http://dx.doi.org/10.1038/nclimate1456
http://dx.doi.org/10.1007/BF01054478
http://dx.doi.org/10.1029/2010PA002022
http://dx.doi.org/10.1029/2011RG000371

502 D. J. Ullman et al.: Assessing the impact of Laurentide Ice Sheet topography on glacial climate

Carlson, A. E. and Winsor, K.: Northern Hemisphere ice-sheetCook, K. H. and Held, I. M.: Stationary Waves of the Ice
responses to past climate warming, Nat. Geosci., 5, 607—613, Age Climate, J. Climate, 1, 807-819, d:1175/1520-
doi:10.1038/nge0152&012. 0442(1988)001<0807:SWOTIA>2.0.CQ;988.

Carlson, A. E., LeGrande, A. N., Oppo, D. W.,, Came, R. E., Crucifix, M.. Does the Last Glacial Maximum constrain
Schmidt, G. A, Anslow, F. S., Licciardi, J. M., and Obbink, climate sensitivity?, Geophys. Res. Lett.,, 33, L18701,
E. A.: Rapid early Holocene deglaciation of the Laurentide ice  d0i:10.1029/2006GL027132006.

sheet, Nat. Geosci., 1, 620-624, d6i:1038/ngeo282008a. Curry, W. B. and Oppo, D. W.: Glacial water mass geometry and the
Carlson, A. E., Oppo, D. W., Came, R. E., LeGrande, A. N., distribution ofs13C of CO; in the western Atlantic Ocean, Pa-
Keigwin, L. D., and Curry, W. B.: Subtropical Atlantic salin- leoceanography, 20, PA1017, ddi:1029/2004PA001022005.

ity variability and Atlantic meridional circulation during the last Denton, G. H. and Hughes, T. J.: The Last Great Ice Sheets, John
deglaciation, Geology, 36, 991-994, ddi:1130/G25080A,1 Wiley & Sons, New York, 1981.
2008b. Denton, G. H. and Hughes, T. J.: Reconstructing the Antarctic Ice

Chikamoto, M. O., Menviel, L., Abe-Ouchi, A., Ohgaito, R., Sheet at the Last Glacial Maximum, Quaternary Sci. Rev., 21,
Timmermann, A., Okazaki, Y., Harada, N., Oka, A., and 193-202, doit0.1016/S0277-3791(01)000902002.

Mouchet, A.: Variability in North Pacific intermediate and Doose, H., Prahl, F. G., and Lyle, M. W.: Biomarker temperature es-
deep water ventilation during Heinrich events in two cou- timates for modern and last glacial surface waters of the Califor-
pled climate models, Deep-Sea Res. Pt. I, 61-64, 114-126, nia Current System between<3and 42 N, Paleoceanography,
doi:10.1016/j.dsr2.2011.12.002012. 12, 615-622, doi:0.1029/97PA008211997.

Chylek, P. and Lohmann, U.: Aerosol radiative forcing and cli- Dyke, A. S.: An outline of North American deglaciation with
mate sensitivity deduced from the Last Glacial Maximum  emphasis on central and northern Canada, in Quaternary
to Holocene transition, Geophys. Res. Lett.,, 35, L04804, Glaciations-Extent and Chronology Part II: North America, Vol-
do0i:10.1029/2007GL032752008. ume 2, edited by: Ehlers, J. and Gibbard, P. L., Elsevier, Amster-

Claquin, T., Roelandt, C., Kohfeld, K., Harrison, S., Tegen, I., dam, 373424, 2004.

Prentice, I. C., and Balkanski, Y.: Radiative forcing of cli- Dyke, A. S. and Prest, V. K.: Late Wisconsinan and Holocene his-
mate by ice-age atmospheric dust, Clim. Dynam., 20, 193-202, tory of the Laurentide Ice Sheet, Géogr. Phys. Quatern., 41, 237—
doi:10.1007/s00382-002-0269-2003. 263, doi10.7202/032681a1987.

Clark, P. U.: Surface form of the southern Laurentide Dyke, A.S., Andrews, J. T., Clark, P. U., England, J. H., Miller, G.
Ice Sheet and its implications to ice-sheet dynamics, H., Shaw, J. and Veillette, J. J.: The Laurentide and Innuitian ice
Geol. Soc. Am. Bull.,, 104, 595-605, db@.1130/0016- sheets during the Last Glacial Maximum, Quaternary Sci. Rev.,
7606(1992)104<0595:SFOTSL>2.3.CQI®92. 21, 9-31, doit0.1016/S0277-3791(01)00095Z002.

Clark, P. U.: Unstable Behavior of the Laurentide Ice Sheet overForster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa-
Deforming Sediment and Its Implications for Climate Change, hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G.,
Quaternary Res., 41, 19-25, dd):1006/qres.1994.1002994. Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland,

Clark, P. U. and Mix, A. C.: Ice sheets and sea level of R.:Changes in Atmospheric Constituents and in Radiative Forc-
the Last Glacial Maximum, Quaternary Sci. Rev., 21, 1-7, ing, in: Climate Change 2007: The Physical Science Basis, Con-
doi:10.1016/S0277-3791(01)001182002. tribution of Working Group | to the Fourth Assessment Report

Clark, P. U. and Pollard, D.: Origin of the Middle Pleistocene Tran-  of the Intergovernmental Panel on Climate Change, edited by:
sition by ice sheet erosion of regolith, Paleoceanography, 13, 1- Solomon, H. L., Qin, D., Manning, M., Chen, Z., Marquis, M.,
9, doi:10.1029/97PA02660998. Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge Univer-

Clark, P. U., Licciardi, J., MacAyeal, D., and Jenson, J.: Numerical sity Press, Cambridge, UK and New York, NY, USA, 130-234,
reconstruction of a soft-bedded Laurentide Ice Sheet during the 2007.
last glacial maximum, Geology, 24, 679-682, d6i1130/0091- Fyke, J. and Eby, M.: Comment on “Climate sensitivity estimated
7613(1996)024<0679:NROASB>2.3.CQID96. from temperature reconstructions of the Last Glacial Maximum”,

Clark, P. U., Alley, R. B., and Pollard, D.: Northern Hemisphere  Science, 337, 1294, d40.1126/science.1221372012.

Ice-Sheet Influences on Global Climate Change, Science, 286Ganopolski, A., Calov, R., and Claussen, M.: Simulation of the last

1104-1111, dok0.1126/science.286.5442.1104999. glacial cycle with a coupled climate ice-sheet model of interme-
Clark, P. U., Dyke, A. S., Shakun, J. D., Carlson, A. E., Clark, diate complexity, Clim. Past, 6, 229-244, ddi:5194/cp-6-229-

J., Wohlfarth, B., Mitrovica, J. X., Hostetler, S. W., and Mc- 201Q 2010.

Cabe, A. M.: The Last Glacial Maximum, Science, 325, 710- Gerten, D., Schaphoff, S., Haberlandt, U., Lucht, W., and Sitch, S.:

714, doil10.1126/science.1172873009. Terrestrial vegetation and water balance — hydrological evalua-

Clarke, G. K. C.: Fast glacier flow: Ice streams, surging, tion of a dynamic global vegetation model, J. Hydrol., 286, 249—
and tidewater glaciers, J. Geophys. Res., 92, 8835-8841, 270, do0i10.1016/j.jhydrol.2003.09.022004.
doi:10.1029/JB092iB09p0883%2987. Gherardi, J.-M., Labeyrie, L., Nave, S., Francois, R., Mc-

CLIMAP: Climate: Long-Range Investigation, Mapping, and Manus, J. F., and Cortijo, E.: Glacial-interglacial circula-
P. P. M. (CLIMAP): Seasonal reconstructions of the Earth's sur-  tion changes inferred from31Pg230Th sedimentary record
face at the Last Glacial Maximum, Map and Chart Series, MC- in the North Atlantic region, Paleoceanography, 24, PA2204,
36, Geological Society of America, 1-18, 1981. doi:10.1029/2008PA00169€009.

Clim. Past, 10, 487507, 2014 www.clim-past.net/10/487/2014/


http://dx.doi.org/10.1038/ngeo1528
http://dx.doi.org/10.1038/ngeo285
http://dx.doi.org/10.1130/G25080A.1
http://dx.doi.org/10.1016/j.dsr2.2011.12.002
http://dx.doi.org/10.1029/2007GL032759
http://dx.doi.org/10.1007/s00382-002-0269-1
http://dx.doi.org/10.1130/0016-7606(1992)104%3C0595:SFOTSL%3E2.3.CO;2
http://dx.doi.org/10.1130/0016-7606(1992)104%3C0595:SFOTSL%3E2.3.CO;2
http://dx.doi.org/10.1006/qres.1994.1002
http://dx.doi.org/10.1016/S0277-3791(01)00118-4
http://dx.doi.org/10.1029/97PA02660
http://dx.doi.org/10.1130/0091-7613(1996)024%3C0679:NROASB%3E2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1996)024%3C0679:NROASB%3E2.3.CO;2
http://dx.doi.org/10.1126/science.286.5442.1104
http://dx.doi.org/10.1126/science.1172873
http://dx.doi.org/10.1029/JB092iB09p08835
http://dx.doi.org/10.1175/1520-0442(1988)001%3C0807:SWOTIA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1988)001%3C0807:SWOTIA%3E2.0.CO;2
http://dx.doi.org/10.1029/2006GL027137
http://dx.doi.org/10.1029/2004PA001021
http://dx.doi.org/10.1016/S0277-3791(01)00090-7
http://dx.doi.org/10.1029/97PA00821
http://dx.doi.org/10.7202/032681ar
http://dx.doi.org/10.1016/S0277-3791(01)00095-6
http://dx.doi.org/10.1126/science.1221371
http://dx.doi.org/10.5194/cp-6-229-2010
http://dx.doi.org/10.5194/cp-6-229-2010
http://dx.doi.org/10.1016/j.jhydrol.2003.09.029
http://dx.doi.org/10.1029/2008PA001696

D. J. Ullman et al.: Assessing the impact of Laurentide Ice Sheet topography on glacial climate 503

Goehring, B. M., Brook, E. J., Linge, H., Raisbeck, G. M., Imbrie, J. and Imbrie, J. Z.: Modeling the climatic re-
and Yiou, F.: Beryllium-10 exposure ages of erratic boulders sponse to orbital variations, Science, 207, 943-953,
in southern Norway and implications for the history of the  doi:10.1126/science.207.4434.94380.

Fennoscandian Ice Sheet, Quaternary Sci. Rev., 27, 320-336PCC: The Physical Science Basis, in: Contribution of Working
doi:10.1016/j.quascirev.2007.11.Q®D08. Group | to the Fourth Assessment Report of the Intergovernmen-

Gregoire, L. J., Payne, A. J., and Valdes, P. J.: Deglacial rapid sea tal Panel on Climate Change, edited by: Solomon, H. L., Qin, D.,
level rises caused by ice-sheet saddle collapses, Nature, 487, Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M.,
219-222, doit0.1038/nature11252012. Miller, H. L., Cambridge University Press, Cambridge, UK and

Gyllencreutz, R., Mangerud, J., Svendsen, J.-l., and Lohne, @.: New York, NY, USA, 2007.

DATED-A GIS-based reconstruction and dating database ofJackson, S. T., Webb, R. S., Anderson, K. H., Overpeck, J. T.,
the Eurasian deglaciation, in: Applied Quaternary Research in Webb IlIl, T., Williams, J. W., and Hansen, B. C. S.: Vege-

the Central Part of Glaciated Terrain, Special Paper 46, edited tation and environment in Eastern North America during the
by: Johansson, P. and Sarala, P., Geological Survey of Fin- Last Glacial Maximum, Quaternary Sci. Rev., 19, 489-508,
land, http://tupa.gtk.fi/julkaisu/specialpaper/sp_046.(dét ac- doi:10.1016/S0277-3791(99)000932000.

cess: March 2014), 113-120, 2007. Jahn, A., Claussen, M., Ganopolski, A., and Brovkin, V.: Quantify-

Hansen, J., Sato, M., Kharecha, P., Beerling, D., Berner, R., ing the effect of vegetation dynamics on the climate of the Last
Masson-Delmotte, V., Pagani, M., Raymo, M., Royer, D. L., and  Glacial Maximum, Clim. Past, 1, 1-7, dd0.5194/cp-1-1-2005
Zachos, J. C.: Target Atmospheric @Q@Vhere should humanity 2005.
aim?, Open Atmos. Sci. J., 2, 217-231, 2008. Jenson, J. W., MacAyeal, D. R., Clark, P. U., Ho, C. L., and

Harada, N., Ahagon, N., Sakamoto, T., Uchida, M., lkehara, M., Vela, J. C.: Numerical modeling of subglacial sediment de-
and Shibata, Y.: Rapid fluctuation of alkenone temperature inthe formation: Implications for the behavior of the Lake Michi-
southwestern Okhotsk Sea during the past 120 ky, Global Planet. gan Lobe, Laurentide Ice Sheet, J. Geophys. Res., 101, 8717,
Change, 53, 29-46, ddi0.1016/j.gloplacha.2006.01.012006. d0i:10.1029/96JB00169.996.

Hargreaves, J. C., Annan, J. D., Yoshimori, M., and Abe-Ouchi, A.: Joos, F. and Spahni, R.: Rates of change in natural and anthro-
Can the Last Glacial Maximum constrain climate sensitivity?,  pogenic radiative forcing over the past 20,000 years, P. Natl.
Geophys. Res. Lett., 39, L24702, dd:1029/2012GL053872 Acad. Sci., 105, 1425-1430, 2008.

2012. Jouzel, J., Masson-Delmotte, V., Cattani, O., Dreyfus, G., Falourd,

Harrison, S. P, Yu, G., Takahara, H., and Prentice, |. C.: Palaeoveg- S., Hoffmann, G., Minster, B., Nouet, J., Barnola, J. M., Chap-
etation diversity of temperate plants in east Asia, Nature, 413, pellaz, J., Fischer, H., Gallet, J. C., Johnsen, S., Leuenberger, M.,
129-130, doit0.1038/3509316&001. Loulergue, L., Luethi, D., Oerter, H., Parrenin, F., Raisbeck, G.,

Hays, J. D., Imbrie, J., and Shackleton, N. J.: Variations in the Raynaud, D., Schilt, A., Schwander, J., Selmo, E., Souchez, R.,
Earth’s Orbit: Pacemaker of the Ice Ages, Science, 194, 1121—- Spahni, R., Stauffer, B., Steffensen, J. P., Stenni, B., Stocker, T.
1132, doi10.1126/science.194.4270.112976. F., Tison, J. L., Werner, M., and Wolff, E. W.: Orbital and mil-

He, F., Shakun, J. D., Clark, P. U., Carlson, A. E., Liu, Z., Otto- lennial Antarctic climate variability over the past 800,000 years,
Bliesner, B. L., and Kutzbach, J. E.: Northern Hemisphere forc-  Science, 317, 793796, db@.1126/science.1141033007.
ing of Southern Hemisphere climate during the last deglaciation,Justino, F., Timmermann, A., Merkel, U., and Souza, E. P.: Syn-
Nature, 494, 81-85, ddi0.1038/nature11822013. optic reorganization of atmospheric flow during the Last Glacial

Headly, M. A. and Severinghaus, J. P.: A method to measufB Kr Maximum, J. Climate, 18, 2826—2846, 2004.
ratios in air bubbles trapped in ice cores and its application inJustino, F., Timmermann, A., Merkel, U., and Peltier, W. R.: Initial
reconstructing past mean ocean temperature, J. Geophys. Res., intercomparison of atmospheric and oceanic climatology for the
112, D19105, doi0.1029/2006JD008312007. ICE-5G and ICE-4G models of LGM paleotopography, J. Cli-

Herbert, T. D., Schuffert, J. D., Andreasen, D., Heusser, L., Lyle, mate, 19, 3—19, 2006.

M., Mix, A. C., Ravelo, A. C., Stott, L. D., and Herguera, Kageyama, M., Valdes, P. J., Ramstein, G., Hewitt, C., and Wy-
J. C.: Collapse of the California Current during glacial max-  putta, U.: Northern Hemisphere Storm Tracks in Present Day
ima linked to climate change on land, Science, 293, 71-76, and Last Glacial Maximum Climate Simulations: A Compar-

doi:10.1126/science.1059208001. ison of the European PMIP Models, J. Climate, 12, 742—760,

Herguera, J. C., Herbert, T., Kashgarian, M., and Charles, C.: doi:10.1175/1520-0442(1999)012<0742:NHSTIP>2.0.CO;2
Intermediate and deep water mass distribution in the Pacific 1999.
during the Last Glacial Maximum inferred from oxygen and Kao, S. J., Wu, C.-R., Hsin, Y.-C., and Dai, M.: Effects of
carbon stable isotopes, Quaternary Sci. Rev., 29, 1228-1245, sea level change on the upstream Kuroshio Current through
doi:10.1016/j.quascirev.2010.02.Q@D10. the Okinawa Trough, Geophys. Res. Lett.,, 33, L16604,

Hofer, D., Raible, C. C., Dehnert, A., and Kuhlemann, J.: The im-  doi:10.1029/2006GL026822006.
pact of different glacial boundary conditions on atmospheric dy- Kucera, M., Rosell-Melé, A., Schneider, R., Waelbroeck, C., and
namics and precipitation in the North Atlantic region, Clim. Past,  Weinelt, M.: Multiproxy approach for the reconstruction of the
8, 935-949, doit0.5194/cp-8-935-2012012. glacial ocean surface (MARGO), Quaternary Sci. Rev., 24, 813—

Hyde, W. T. and Peltier, W. R.: Effect of altered bound- 819, doi10.1016/j.quascirev.2004.07.Q12005.
ary conditions on GCM studies of the climate of the
Last Glacial Maximum, Geophys. Res. Lett.,, 20, 939-942,
doi:10.1029/92GL026261993.

www.clim-past.net/10/487/2014/ Clim. Past, 10, 48367, 2014


http://dx.doi.org/10.1016/j.quascirev.2007.11.004
http://dx.doi.org/10.1038/nature11257
http://tupa.gtk.fi/julkaisu/specialpaper/sp_046.pdf
http://dx.doi.org/10.1016/j.gloplacha.2006.01.010
http://dx.doi.org/10.1029/2012GL053872
http://dx.doi.org/10.1038/35093166
http://dx.doi.org/10.1126/science.194.4270.1121
http://dx.doi.org/10.1038/nature11822
http://dx.doi.org/10.1029/2006JD008317
http://dx.doi.org/10.1126/science.1059209
http://dx.doi.org/10.1016/j.quascirev.2010.02.009
http://dx.doi.org/10.5194/cp-8-935-2012
http://dx.doi.org/10.1029/92GL02626
http://dx.doi.org/10.1126/science.207.4434.943
http://dx.doi.org/10.1016/S0277-3791(99)00093-1
http://dx.doi.org/10.5194/cp-1-1-2005
http://dx.doi.org/10.1029/96JB00169
http://dx.doi.org/10.1126/science.1141038
http://dx.doi.org/10.1175/1520-0442(1999)012%3C0742:NHSTIP%3E2.0.CO;2
http://dx.doi.org/10.1029/2006GL026822
http://dx.doi.org/10.1016/j.quascirev.2004.07.017

504 D. J. Ullman et al.: Assessing the impact of Laurentide Ice Sheet topography on glacial climate

Kurek, J., Cwynar, L. C., Ager, T. A., Abbott, M. B., and Liithi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J.-M.,
Edwards, M. E.. Late Quaternary paleoclimate of west- Siegenthaler, U., Raynaud, D., Jouzel, J., Fischer, H., Kawamura,
ern Alaska inferred from fossil chironomids and its relation K., and Stocker, T. F.: High-resolution carbon dioxide concentra-
to vegetation histories, Quaternary Sci. Rev., 28, 799-811, tion record 650,000—800,000 years before present, Nature, 453,
doi:10.1016/j.quascirev.2008.12.Q@D09. 379-382, doit0.1038/nature06942008.

Lambeck, K., Purcell, A., Zhao, J., and Svensson, N.-O.: ThelLynch-Stieglitz, J., Adkins, J. F., Curry, W. B., Dokken, T,
Scandinavian Ice Sheet: from MIS 4 to the end of the Last Hall, I. R., Herguera, J. C., Hirschi, J. J.-M., lvanova, E. V.,
Glacial Maximum, Boreas, 39, 410-435, ddl:1111/j.1502- Kissel, C., Marchal, O., Marchitto, T. M., McCave, I. N., Mc-
3885.2010.00140,X010. Manus, J. F., Mulitza, S., Ninnemann, U., Peeters, F., Yu,

Langen, P. L. and Vinther, B. M.: Response in atmospheric circula- E.-F., and Zahn, R.: Atlantic meridional overturning circula-
tion and sources of Greenland precipitation to glacial boundary tion during the Last Glacial Maximum, Science, 316, 66-69,
conditions, Clim. Dynam., 32, 1035-1054, ddi:1007/s00382- doi:10.1126/science.1137127007.

008-0438-y 2009. Mahowald, N., Kohfeld, K., Hansson, M., Balkanski, Y., Harrison,

LeGrande, A. N. and Schmidt, G. A.: Sources of Holocene variabil- ~ S. P., Prentice, |. C., Schulz, M., and Rodhe, H.: Dust sources and
ity of oxygen isotopes in paleoclimate archives, Clim. Past, 5, deposition during the last glacial maximum and current climate:

441-455, doit0.5194/cp-5-441-20020009. A comparison of model results with paleodata from ice cores
LeGrande, A. N., Schmidt, G. A., Shindell, D. T., Field, C. V., and marine sediments, J. Geophys. Res., 104, 1589515916,
Miller, R. L., Koch, D. M., Faluvegi, G., and Hoffmann, G.: d0i:10.1029/1999JD900084999.

Consistent simulations of multiple proxy responses to an abruptMahowald, N. M., Yoshioka, M., Collins, W., Conley, A., Fillmore,
climate change event, P. Natl. Acad. Sci. USA, 103, 837-842, D., Coleman, D.: Climate response and radiative forcing from
doi:10.1073/pnas.05100951,03006. mineral aerosols during the glacial maximum, pre-industrial, cur-

Lemieux-Dudon, B., Blayo, E., Petit, J.-R., Waelbroeck, C., Svens- rent and doubled-carbon dioxide climates, Geophys. Res. Lett.,
son, A., Ritz, C., Barnola, J.-M., Narcisi, B. M., and Parrenin, 33, L20705, doil0.1029/2006GL02612&006a.

F.: Consistent dating for Antarctic and Greenland ice cores, QuaMahowald, N. M. Muhs, D. R., Levis, S., Rasch, P. J., Yoshioka,
ternary Sci. Rev., 29, 8-20, db0.1016/j.quascirev.2009.11.910 M., Zender, C. S., and Luo, C.: Change in atmospheric mineral
2010. aerosols in response to climate: last glacial period, preindustrial,

Levitus, S. and Boyer, T.: World Ocean Atlas 1994, in: Vol. 2: Oxy- modern, and doubled carbon dioxide climates, J. Geophys. Res.,
gen, NOAA Atlas NESDIS 2, US Gov. Printing Office, Washing- 111, D10202, doi0.1029/2005JD006652006b.
ton, D.C., 186 pp., 1994a. Manabe, S. and Broccoli, A. J.: The influence of continental ice

Levitus, S. and Boyer, T.: World Ocean Atlas 1994, in: \ol. 4: sheets on the climate of an ice age, J. Geophys. Res., 90, 2167—
Temperature, NOAA Atlas NESDIS 4, US Gov. Printing Office, 2190, doi10.1029/JD090iD01p02167985.

Washington, D.C., 117 pp., 1994b. Mangelsdorf, K., Guntner, U., and Rullkétter, J.: Climatic and

Levitus, S., Burgett, R., and Boyer, T.: World Ocean Atlas 1994, oceanographic variations on the California continental mar-
in: Vol. 3: Salinity, NOAA Atlas NESDIS e, US Gov. Printing gin during the last 160kyr, Org. Geochem., 31, 829-846,
Office, Washington, D.C., 99 pp., 1994. doi:10.1016/S0146-6380(00)00066200.

Licciardi, J. M., Clark, P. U., Jenson, J. W., and Macayeal, D. Marshall, S. J. and Clark, P. U.: Basal temperature evolution of
R.: Deglaciation of a soft-bedded Laurentide ice sheet, Quater- North American ice sheets and implications for the 100-kyr cy-
nary Sci. Rev., 17, 427-448, db0.1016/S0277-3791(97)00044- cle, Geophys. Res. Lett., 29, 2214, d6i:1029/2002GL015192
9, 1998. 2002.

Licciardi, J. M., Teller, J. T., and Clark, P. U.: Freshwater routing by Matsumoto, K., Oba, T., Lynch-Stieglitz, J., and Yamamoto, H.: In-
the Laurentide Ice Sheet during the last deglaciation, Geophys. terior hydrography and circulation of the glacial Pacific Ocean,
Monogr.-Am. Geophys., 112, 177-202, 1999. Quaternary Sci. Rev., 21, 1693-1704, @6i1016/S0277-

Lippold, J., Luo, Y., Francois, R., Allen, S. E., Gherardi, J., 3791(01)00142-12002.

Pichat, S., Hickey, B., and Schulz, H.: Strength and geometryMcManus, J. F., Francois, R., Gherardi, J.-M., Keigwin, L. D.,
of the glacial Atlantic Meridional Overturning Circulation, Nat. and Brown-Leger, S.: Collapse and rapid resumption of Atlantic
Geosci., 5, 813-816, ddi0.1038/ngeo16Q&012. meridional circulation linked to deglacial climate changes, Na-
Liu, Z., Otto-Bliesner, B. L., He, F., Brady, E. C., Tomas, R., ture, 428, 834-837, ddi0.1038/nature02492004.
Clark, P. U., Carlson, A. E., Lynch-Stieglitz, J., Curry, W., Melles, M., Brigham-Grette, J., Glushkova, O. Y., Minyuk, P. S,
Brook, E., Erickson, D., Jacob, R., Kutzbach, J., and Cheng, Nowaczyk, N. R., and Hubberten, H.-W.: Sedimentary geochem-
J.: Transient simulation of last deglaciation with a new mech- istry of core PG1351 from Lake EI'gygytgyn — a sensitive record
anism for Bolling-Allerod warming, Science, 325, 310-314, of climate variability in the East Siberian Arctic during the past
doi:10.1126/science.1171044009. three glacial-interglacial cycles, J. Paleolimnol., 37, 89-104,

Lohmann, U. and Feichter, J.: Global indirect aerosol effects: a re- doi:10.1007/s10933-006-9025-B007.
view, Atmos. Chem. Phys., 5, 715737, d6i:5194/acp-5-715-
2005 2005.

Clim. Past, 10, 487507, 2014 www.clim-past.net/10/487/2014/


http://dx.doi.org/10.1016/j.quascirev.2008.12.001
http://dx.doi.org/10.1111/j.1502-3885.2010.00140.x
http://dx.doi.org/10.1111/j.1502-3885.2010.00140.x
http://dx.doi.org/10.1007/s00382-008-0438-y
http://dx.doi.org/10.1007/s00382-008-0438-y
http://dx.doi.org/10.5194/cp-5-441-2009
http://dx.doi.org/10.1073/pnas.0510095103
http://dx.doi.org/10.1016/j.quascirev.2009.11.010
http://dx.doi.org/10.1016/S0277-3791(97)00044-9
http://dx.doi.org/10.1016/S0277-3791(97)00044-9
http://dx.doi.org/10.1038/ngeo1608
http://dx.doi.org/10.1126/science.1171041
http://dx.doi.org/10.5194/acp-5-715-2005
http://dx.doi.org/10.5194/acp-5-715-2005
http://dx.doi.org/10.1038/nature06949
http://dx.doi.org/10.1126/science.1137127
http://dx.doi.org/10.1029/1999JD900084
http://dx.doi.org/10.1029/2006GL026126
http://dx.doi.org/10.1029/2005JD006653
http://dx.doi.org/10.1029/JD090iD01p02167
http://dx.doi.org/10.1016/S0146-6380(00)00066-8
http://dx.doi.org/10.1029/2002GL015192
http://dx.doi.org/10.1016/S0277-3791(01)00142-1
http://dx.doi.org/10.1016/S0277-3791(01)00142-1
http://dx.doi.org/10.1038/nature02494
http://dx.doi.org/10.1007/s10933-006-9025-6

D. J. Ullman et al.: Assessing the impact of Laurentide Ice Sheet topography on glacial climate

505

Melles, M., Brigham-Grette, J., Minyuk, P. S., Nowaczyk, N. Peltier, W. R.: Closure of the budget of global sea level rise over

R., Wennrich, V., DeConto, R. M., Anderson, P. M., An-
dreev, A. A., Coletti, A., Cook, T. L., Haltia-Hovi, E., Kukko-

nen, M., Lozhkin, A. V., Rosén, P., Tarasov, P., Vogel, H.,
and Wagner, B.: 2.8million years of Arctic climate change

the GRACE era: the importance and magnitudes of the required
corrections for global glacial isostatic adjustment, Quaternary
Sci. Rev., 28, 1658-1674, dbD.1016/j.quascirev.2009.04.004
20009.

from Lake EI'gygytgyn, NE Russia, Science, 337, 315-320, Peltier, W. R.: Closing the budget of global sea level rise: The

doi:10.1126/science.1222135012. GRACE correction for GIA over the oceans, in: Workshop Re-
Mix, A. C., Bard, E., and Schneider, R.: Environmental processes port of the Intergovernmental Panel of Climate Change Work-

of the ice age: land, oceans, glaciers (EPILOG), Quaternary Sci. shop on Sea Level Rise and Ice Sheet Instabilities, edited by:

Rev., 20, 627-657, ddi0.1016/S0277-3791(00)001452001. Stocker, T. F.,, Qin, D., Plattner, G.-K., Tignor, M., Allen, S., and
Monnin, E., Indermihle, A., Déallenbach, A., Fliickiger, J., Stauffer,  Midgley, P. M., IPCC Working Group Technical Support Unit,

B., Stocker, T. F., Raynaud, D., and Barnola, J. M.: Atmospheric  University of Bern, Bern, Switzerland, 157-159, 2010.

CO, concentrations over the last glacial termination, Science,Peltier, W. R. and Drummond, R.: Rheological stratification of

291, 112-114, dol:0.1126/science.291.5501.12P01.

Monnin, E., Steig, E. J., Siegenthaler, U., Kawamura, K., Schwan-

der, J., Stauffer, B., Stocker, T. F., Morse, D. L., Barnola, J.-
M., Bellier, B., Raynaud, D., and Fischer, H.: Evidence for sub-

the lithosphere: A direct inference based upon the geodeti-
cally observed pattern of the glacial isostatic adjustment of the
North American continent, Geophys. Res. Lett., 35, L16314,
d0i:10.1029/2008GL034582008.

stantial accumulation rate variability in Antarctica during the Penner, J. E., Dong, X., and Chen, Y.: Observational evidence of

Holocene, through synchronization of @@ the Taylor Dome,

Dome C and DML ice cores, Earth Planet. Sc. Lett., 224, 45-54,

doi:10.1016/j.epsl.2004.05.002004.

Montoya, M. and Levermann, A.: Surface wind-stress threshold for

glacial Atlantic overturning, Geophys. Res. Lett., 35, L03608,
doi:10.1029/2007GL03256@008.

a change in radiative forcing due to the indirect aerosol effect,
Nature, 427, 231-234, d4i0.1038/nature02232004.

Peterse, F., Prins, M. A,, Beets, C. J., Troelstra, S. R., Zheng,

H., Gu, Z., Schouten, S., and Damsté, J. S. S.: Decou-
pled warming and monsoon precipitation in East Asia over
the last deglaciation, Earth Planet. Sc. Lett.,, 301, 256-264,

Oerlemans, J.: The role of ice sheets in the Pleistocene climate, doi:10.1016/j.epsl.2010.11.0,1P011.

Norsk Geol. Tidsskr., 71, 155-161, 1991.
O’ishi, R. and Abe-Ouchi, A.: Influence of dynamic vegetation on

climate change and terrestrial carbon storage in the Last Glacial
Pickett, E. J., Harrison, S. P., Hope, G., Harle, K., Dodson, J. R.,

Maximum, Clim. Past, 9, 1571-1587, du0.5194/cp-9-1571-
2013 2013.

Ortiz, J., Mix, A., Hostetler, S., and Kashgarian, M.: The Califor-
nia Current of the Last Glacial Maximum: Reconstruction at

42° N based on multiple proxies, Paleoceanography, 12, 191—

205, doi10.1029/96PA031631997.

Otto-Bliesner, B. L., Brady, E. C., Clauzet, G., Tomas, R., Levis, S.,
and Kothavala, Z.: Last Glacial Maximum and Holocene Climate
in CCSM3, J. Climate, 19, 25262544, dd):1175/JCLI3748,1
2006.

Otto-Bliesner, B. L., Hewitt, C. D., Marchitto, T. M., Brady, E.,
Abe-Ouchi, A., Crucifix, M., Murakami, S., and Weber, S. L.:
Last Glacial Maximum ocean thermohaline circulation: PMIP2

model intercomparisons and data constraints, Geophys. Res.

Lett., 34, L12706, doi:0.1029/2007GL029472007.

PALAEOSENS Project Members: Making sense of palaeoclimate

sensitivity, Nature, 491, 683-691, dtd.1038/naturel1574
2012.

Pausata, F. S. R,, Li, C., Wettstein, J. J., Kageyama, M., and Ni-

sancioglu, K. H.: The key role of topography in altering North
Atlantic atmospheric circulation during the last glacial period,
Clim. Past, 7, 1089-1101, dtD.5194/cp-7-1089-2012011.

Payne, A. J.: Limit cycles in the basal thermal regime of ice sheets,

J. Geophys. Res., 100, 4249, d€i:1029/94JB0277&995.

Peltier, W. R.: Ice age paleotopography, Science, 265, 195-201,

doi:10.1126/science.265.5169.19994.

Peltier, W. R.: Global glacial isostasy and the surface
of the Ice-Age Earth: The ICE-5G (VM2) Model and
GRACE, Annu. Rev. Earth Planet. Sci., 32, 111-149,
doi:10.1146/annurev.earth.32.082503.14438W4.

www.clim-past.net/10/487/2014/

Petit, J.-R., Briat, M., and Royer, A.: Ice age aerosol content from

East Antarctic ice core samples and past wind strength, Nature,
293, 391-394, dol:0.1038/29339150.981.

Kershaw, P. A., Prentice, C. |., Backhouse, J., Colhoun, E. A.,
D’Costa, D., Flenley, J., Grindrod, J., Haberle, S., Hassell, C.,
Kenyon, C., Macphail, M., Martin, H., Martin, A. H., McKenzie,

M., Newsome, J. C., Penny, D., Powell, J., Raine, J. I., South-
ern, W., Stevenson, J., Sutra, J.-P., Thomas, |., van der Kaars, S.,
and Ward, J.: Pollen-based reconstructions of biome distributions
for Australia, Southeast Asia and the Pacific (SEAPAC region)
at 0, 6000 and 18,006*C yr BP, J. Biogeogr., 31, 1381-1444,
doi:10.1111/j.1365-2699.2004.0100,12004.

Power, M. J., Marlon, J., Ortiz, N., Bartlein, P. J., Harrison, S. P.,

Mayle, F. E., Ballouche, A., Bradshaw, R. H. W., Carcaillet, C.,
Cordova, C., Mooney, S., Moreno, P., Prentice, I. C., Thonicke,
K., Tinner, W., Whitlock, C., Zhang, Y., Zhao, Y., Anderson, R.
S., Beer, R., Behling, H., Briles, C., Brown, K. J., Brilunelle,
A., Bush, M., Camill, P., Chu, G. W., Clark, J., Colombaroli, D.,
Daniels, M., Dodson, J., Doughty, E., Edwards, M. E., Fisinger,
W., Foster, D., Gaillard, M.-J., Gavin, D. G., Gober, E., Haberle,
S., Hallett, D. J., Higuera, P., Hope, G., Horn, S., Inoue, J.,
Kaltenrieder, P., Kennedy, L., Kong, Z. C., Larsen, C., Long,
C. J,, Lunch, J., Lunch, B., McGlone, M., Meeks, S., Mensing,
S., Meyer, G., Minckley, T., Mohr, J., Newnham, R., Noti, R.,
Oswald, W., Pierce, J., Richard, P. J. H., Shuman, B. J., Taka-
hara, H., Toney, J., Turney, C., Umbanhower, C., Vandergoes, M.,
Vanniere, B., Vescovi, E., Walsh, M., Wang, X., Williams, N.,
Wilmshurst, J., and Zhang, J. H.: Changes in fire regimes since
the Last Glacial Maximum: an assessment based on a global syn-
thesis and analysis of charcoal data, Clim. Dynam., 30, 887-907,
doi:10.1007/s00382-007-0334-2008.

Clim. Past, 10, 48367, 2014


http://dx.doi.org/10.1126/science.1222135
http://dx.doi.org/10.1016/S0277-3791(00)00145-1
http://dx.doi.org/10.1126/science.291.5501.112
http://dx.doi.org/10.1016/j.epsl.2004.05.007
http://dx.doi.org/10.1029/2007GL032560
http://dx.doi.org/10.5194/cp-9-1571-2013
http://dx.doi.org/10.5194/cp-9-1571-2013
http://dx.doi.org/10.1029/96PA03165
http://dx.doi.org/10.1175/JCLI3748.1
http://dx.doi.org/10.1029/2007GL029475
http://dx.doi.org/10.1038/nature11574
http://dx.doi.org/10.5194/cp-7-1089-2011
http://dx.doi.org/10.1029/94JB02778
http://dx.doi.org/10.1126/science.265.5169.195
http://dx.doi.org/10.1146/annurev.earth.32.082503.144359
http://dx.doi.org/10.1016/j.quascirev.2009.04.004
http://dx.doi.org/10.1029/2008GL034586
http://dx.doi.org/10.1038/nature02234
http://dx.doi.org/10.1016/j.epsl.2010.11.010
http://dx.doi.org/10.1038/293391a0
http://dx.doi.org/10.1111/j.1365-2699.2004.01001.x
http://dx.doi.org/10.1007/s00382-007-0334-x

506 D. J. Ullman et al.: Assessing the impact of Laurentide Ice Sheet topography on glacial climate

Prentice, I. C. and Jolly, D.: Mid-Holocene and glacial-maximum Shakun, J. D. and Carlson, A. E.: A global perspective on Last
vegetation geography of the northern continents and Africa, J. Glacial Maximum to Holocene climate change, Quaternary
Biogeogr., 27, 507-519, ddi0.1046/j.1365-2699.2000.00425.x Sci. Rev., 29, 1801-1816, ddd.1016/j.quascirev.2010.03.016
2000. 2010.

Ray, N. and Adams, J. M.: A GIS-based Vegetation Map of the Shakun, J. D., Clark, P. U., He, F., Marcott, S. A., Mix, A.
World at the Last Glacial Maximum (25,000-15,000 BP), Inter-  C., Liu, Z., Otto-Bliesner, B., Schmittner, A., and Bard, E.:
net Archaeol., 11, 1-44, 2001. Global warming preceded by increasing carbon dioxide con-

Reader, M. C., Fung, |, and McFarlane, N.: The mineral dust centrations during the last deglaciation, Nature, 484, 49-54,
aerosol cycle during the Last Glacial Maximum, J. Geophys. doi:10.1038/nature10912012.

Res., 104, 9381-9398, db.1029/1999JD900033999. Sitch, S., Smith, B., Prentice, I. C., Arneth, A., Bondeau, A.,

Ridgwell, A. J. and Watson, A. J.: Feedback between Aeoclian dust, Cramer, W., Kaplan, J. O., Levis, S., Lucht, W., Sykes, M. T.,
climate, and atmospheric G@n glacial time, Paleoceanography, Thonicke, K., and Venevsky, S.: Evaluation of ecosystem dy-
17, 1059, doit0.1029/2001PA000722002. namics, plant geography and terrestrial carbon cycling in the LPJ

Ritz, S. P., Stocker, T. F., Grimalt, J. O., Menviel, L., and Tim-  dynamic global vegetation model, Global Change Biol., 9, 161—
mermann, A.: Estimated strength of the Atlantic overturning cir- 185, d0i10.1046/j.1365-2486.2003.005692003.
culation during the last deglaciation, Nat. Geosci., 6, 208-212,Tamisiea, M. E., Mitrovica, J. X., and Davis, J. L.. GRACE
doi:10.1038/nge01722013. Gravity data constrain ancient ice geometries and conti-

Rosell-Melé, A., Bard, E., Emeis, K.-C., Grieger, B., Hewitt, nental dynamics over Laurentia, Science, 316, 881-883,
C., Mller, P. J., and Schneider, R. R.: Sea surface tempera- do0i:10.1126/science.1137152007.
ture anomalies in the oceans at the LGM estimated from theTarasov, L. and Peltier, W. R.: A geophysically constrained large
alkenone-lé‘% index: comparison with GCMs, Geophys. Res.  ensemble analysis of the deglacial history of the North Amer-

Lett., 31, L0O3208, doit0.1029/2003GL01815P004. ican ice-sheet complex, Quaternary Sci. Rev., 23, 359-388,
Ruddiman, W. F.: Earth’s climate: Past and Future, W. H. Freeman, doi:10.1016/j.quascirev.2003.08.0@®D04.
New York, 2001. Tharammal, T., Paul, A., Merkel, U., and Noone, D.: Influence of

Russell, G. L., Miller, J. R., Rind, D., Ruedy, R. A., Schmidt, G. Last Glacial Maximum boundary conditions on the global water
A., and Sheth, S.: Comparison of model and observed regional isotope distribution in an atmospheric general circulation model,
temperature changes during the past 40 years, J. Geophys. Res.,Clim. Past, 9, 789-809, ddi0.5194/cp-9-789-2012013.

105, 1489114898, ddi0.1029/2000JD900152000. Thompson, L. G., Mosley-Thompson, E., Davis, M. E., Lin,
Schmidt, G. A., Kelley, M., Nazarenko, L., Ruedy, R., Russell, G. P. N., Henderson, K. A., Cole-Dai, J., Bolzan, J. F., and
L., Aleinoy, |., Bauer, M., Bauer, S. E., Bhat, M. K., Bleck, R., Liu, K. B.: Late glacial stage and Holocene tropical ice

Canuto, V., Chen, Y.-H., Cheng, Y., Clune, T. L., Del Genio, A.,  core records from Huascaran, Peru, Science, 269, 46-50,
de Fainchtein, R., Faluvegi, G., Hansen, J. E., Healy, R. J., Kiang, do0i:10.1126/science.269.5220,495.

N.Y., Koch, D., Lacis, A. A., LeGrande, A. N., Lerner, J., Lo, K. Timm, O. and Timmermann, A.: Simulation of the last 21,000 years
K., Matthews, E. E., Menon, S., Miller, R. L., Oinas, V., Oloso, using accelerated transient boundary conditions, J. Climate, 20,
A. O, Perlwitz, J. P., Puma, M. J., Putman, W. M., Rind, D., Ro-  4377-4401, doi:0.1175/JCLI4237.,12007.

manou, A., Sato, M., Shindell, D. T., Sun, S., Syed, R. A,, Taus-Toscano, M. A., Peltier, W. R., and Drummond, R.: ICE-5G and
nev, N., Tsigaridis, K., Unger, N., Voulgarakis, A., Yao, M.-S., ICE-6G models of postglacial relative sea-level history applied to
and Zhang, J: Configuration and assessment of the GISS Mod- the Holocene coral reef record of northeastern St Croix, U.S.V.1.:
elE2 contributions to the CMIP5 archive, J. Adv. Model. Earth  investigating the influence of rotational feedback on GIA pro-
Syst., do0i10.1002/2013MS00026 press, 2014. cesses at tropical latitudes, Quaternary Sci. Rev., 30, 3032—3042,

Schmittner, A., Urban, N. M., Shakun, J. D., Mahowald, N. M.,  doi:10.1016/j.quascirev.2011.07.Q1®11.

Clark, P. U., Bartlein, P. J., Mix, A. C., and Rosell-Melé, Viau, A. E., Gajewski, K., Sawada, M. C., and Bunbury, J.: Low-
A.: Climate sensitivity estimated from temperature reconstruc- and high-frequency climate variability in eastern Beringia dur-
tions of the Last Glacial Maximum, Science, 334, 1385-1388, ing the past 25000 years, Can. J. Earth Sci., 45, 1435-1453,
doi:10.1126/science.1203513011. doi:10.1139/E08-0362008.

Schmittner, A., Urban, N. M., Shakun, J. D., Mahowald, N. M., Waelbroeck, C., Paul, A., Kucera, M., Rosell-Melé, A., Weinelt,
Clark, P. U., Bartlein, P. J., Mix, A. C., and Rosell-Melé, A.: M., Schneider, R., Mix, A. C., Abelmann, A., Armand, L., Bard,
Response to Comment on “Climate Sensitivity Estimated from E., Barker, S., Barrows, T. T., Benway, H., Cacho, I., Chen, M.-
Temperature Reconstructions of the Last Glacial Maximum”,  T., Cortijo, E., Crosta, X., de Vernal, A., Dokken, T., Duprat, J.,
Science, 337, 1294-1294, dti.1126/science.1221632012. Elderfield, H., Eynaud, F., Gersonde, R., Hayes, A., Henry, M.,

Seki, O., Kawamura, K., lkehara, M., Nakatsuka, T., and Oba, Hillaire-Marcel, C., Huang, C.-C., Jansen, E., Juggins, S., Kallel,
T.. Variation of alkenone sea surface temperature in the Sea N., Kiefer, T., Kienast, M., Labeyrie, L., Leclaire, H., Londeix,
of Okhotsk over the last 85 kyrs, Org. Geochem., 35, 347-354, L., Mangin, S., Matthiessen, J., Marret, F., Meland, M., Morey,
doi:10.1016/j.orggeochem.2003.10.02004. A. E., Mulitza, S., Pflaumann, U., Pisias, N. G., Radi, T., Ro-

Seki, O., Nakatsuka, T., Kawamura, K., Saitoh, S.-I., and Wakat- chon, A., Rohling, E. J., Shaffi, L., Schafer-Neth, C., Solignac,
suchi, M.: Time-series sediment trap record of alkenones from S., Spero, H., Tachikawa, K., and Turon, J.-L.: Constraints on the
the western Sea of Okhotsk, Mar. Chem., 104, 253-265, magnitude and patterns of ocean cooling at the Last Glacial Max-
doi:10.1016/j.marchem.2006.12.Q@&007. imum, Nat. Geosci., 2, 127-132, db.1038/ngeo41,12009.

Clim. Past, 10, 487507, 2014 www.clim-past.net/10/487/2014/


http://dx.doi.org/10.1046/j.1365-2699.2000.00425.x
http://dx.doi.org/10.1029/1999JD900033
http://dx.doi.org/10.1029/2001PA000729
http://dx.doi.org/10.1038/ngeo1723
http://dx.doi.org/10.1029/2003GL018151
http://dx.doi.org/10.1029/2000JD900156
http://dx.doi.org/10.1002/2013MS000265
http://dx.doi.org/10.1126/science.1203513
http://dx.doi.org/10.1126/science.1221634
http://dx.doi.org/10.1016/j.orggeochem.2003.10.011
http://dx.doi.org/10.1016/j.marchem.2006.12.002
http://dx.doi.org/10.1016/j.quascirev.2010.03.016
http://dx.doi.org/10.1038/nature10915
http://dx.doi.org/10.1046/j.1365-2486.2003.00569.x
http://dx.doi.org/10.1126/science.1137157
http://dx.doi.org/10.1016/j.quascirev.2003.08.004
http://dx.doi.org/10.5194/cp-9-789-2013
http://dx.doi.org/10.1126/science.269.5220.46
http://dx.doi.org/10.1175/JCLI4237.1
http://dx.doi.org/10.1016/j.quascirev.2011.07.018
http://dx.doi.org/10.1139/E08-036
http://dx.doi.org/10.1038/ngeo411

D. J. Ullman et al.: Assessing the impact of Laurentide Ice Sheet topography on glacial climate 507

Weber, S. L., Drijfhout, S. S., Abe-Ouchi, A., Crucifix, M., Eby, M., Wunsch, C.: Determining paleoceanographic circulations, with em-
Ganopolski, A., Murakami, S., Otto-Bliesner, B., and Peltier, W.  phasis on the Last Glacial Maximum, Quaternary Sci. Rev., 22,
R.: The modern and glacial overturning circulation in the Atlantic ~ 371-385, doit0.1016/S0277-3791(02)001772003.
ocean in PMIP coupled model simulations, Clim. Past, 3, 51-64,Yu, E.-F., Francois, R., and Bacon, M. P.: Similar rates of modern
doi:10.5194/cp-3-51-20Q2007. and last-glacial ocean thermohaline circulation inferred from ra-

Williams, J. W.: Variations in tree cover in North America since the  diochemical data, Nature, 379, 689-694, 1i0i1038/37968930
last glacial maximum, Global Planet. Change, 35, 1-23, 2003. 1996.

Williams, J. W., Tarasov, P., Brewer, S., and Notaro, M.: Zhang, X., Lohmann, G., Knorr, G., and Xu, X.: Different ocean
Late Quaternary variations in tree cover at the north- states and transient characteristics in Last Glacial Maximum sim-
ern forest-tundra ecotone, J. Geophys. Res., 116, G01017, ulations and implications for deglaciation, Clim. Past, 9, 2319—
doi:10.1029/2010JG001458011. 2333, doi10.5194/cp-9-2319-2012013.

www.clim-past.net/10/487/2014/ Clim. Past, 10, 48367, 2014


http://dx.doi.org/10.5194/cp-3-51-2007
http://dx.doi.org/10.1029/2010JG001458
http://dx.doi.org/10.1016/S0277-3791(02)00177-4
http://dx.doi.org/10.1038/379689a0
http://dx.doi.org/10.5194/cp-9-2319-2013

