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1 Numerical reconstruction of the Northern Hemisphere ice sheets
1.1 Theindexation method

In order to obtain the LGM ice-sheet distribution, the GRISLI three-dimeradiace-sheet
model of the Northern Hemisphere Ritz et al. (2001); Peyaud et al. {2083 forced from
130 kyr BP to present using a time-varying climatology (for summer and maarahsurface
air temperature as well as mean annual precipitation) for the last glaclel cyoe latter was
reconstructed using snapshots from the former CLIMBER:-@GM climate simulation as well
as from a preindustrial climate simulation Montoya and Levermann (2008)aarinterpola-
tion through time between these snapshots using a glacial index calibraiedtaba GRIP
§'80 record. To minimize errors due to model deficiencies, a perturbative thithised. The
time-varying surface air temperature is thus given by:

T(t)=Terim +(1—a(t)) X (Trem —Terre), (1)
while precipitation results from:
P(t)=Porim X (1—a(t)) X (Prem/Perre), 2)

where for v represents the present-day climatologiyq s and forgy, are the LGM and
control snapshots, respectively, an¢) is the glacial index. For the present=1 and the
present-day climatology is recovered. The same applies to 130 kyr BRh&GM o =0
and we recover the present-day climatology corrected by the simulated kesnfadditional
corrective factors accounting for the surface elevation differeeteden past and present are
also considered. Temperature fields are thus corrected by using ada@sedex, while the
impact of the temperature difference between past and present orettigitation is accounted
for by an exponential term. The procedure is detailed in Charbit et ab7{2@nd is based
on the assumption that the spatial patterns of temperature and precipitaiationarover the
last glacial period linearly change with time and, therefore, climatic variatigief the GRIP
5'80 record. This approach cannot capture the likely effects of an egpile@sheet geometry
on atmospheric and oceanic circulations. However, this method has hestectto be very
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helpful to reconstruct the past Northern ice sheets, especially atbandsM period Marshall
et al. (2000, 2002); Charbit et al. (2002, 2007).

1.2 Implementation of the basal dragging dependence on sediments

An important improvement present in GRISLI with respect to models whicl@isebased on
the Shallow Ice Approximation (SIA) is the fact that areas where the l@esa at the melting
point, whereby ice flow occurs in presence of water, are treated in thelmoder the shallow
ice shelf/stream approximation proposed by MacAyeal (1989), whictvalfor a more proper
representation of ice streams than under the pure SIA. In this way, th&réeens velocities
depend on the basal dragging coefficientthat are function of the bedrock characteristics and
effective pressure:

=N, (3)

where N represents the effective pressure (balance between ice and wessuia) and-?
an empirical parameter with a typical value®$ 10~° has been adjusted in order to fit the
Antarctic simulated ice velocities to those given by satellite observation. Howtbigcannot
be done for Northern Hemisphere glacial simulations. We decide to acimyuhis uncertainty
by considering a set of four different values of threparameter:

V2 =1,2,10 x 10~* (dimensionless) (4)

wherev? represents the basal friction coefficient in ice streams.

Ice streams are therefore treated in GRISLI as ice shelves with bagginjaThe challenge
consists on appropiately calculate the basal friction in each point. Areag$emnqce of soft
sediments will allow less friction than areas in where the basal ice is directiynaciowith the
bedrock. Here we accounted on this effect by allowing the presenagofential ice stream
only in regions with an enough thickness of sediments Mooney et al. (1998)



1.3 Thebasal meting computation

It has been largely suggested that the processes allowing ice sutbesaaf sheets and dramatic
calving episodes are closely related with the oceanic behaviour Hulb€20@d); Shaffer et al.
(2004); Flckiger et al. (2008). The floating part of the ice sheets (ice sheleves}itutes the
component where this link has more relevance. The mass balance of theeleessis de-
termined by the ice flow upstream, surface melt water production, basal maitthgalving.
Basal melting under the ice shelves represents the biggest unknowngtardn paleoclimate
simulations involving ice sheets and ice shelves. Beckman and Goose BetkmduGoosse
(2003) suggested a law to compute this basal melting rate based on the hdmtieen the
ocean and floating ice. This method is particularly helpful for regionahbee shelves mod-
els. Following their equations, under present-day climate conditions, thEeal melting rate
can be well constrained in high resolution coupled ocean-shelf models:
B= LC?;WT (To—Ty)Acsy (5)
141
whereT, is the (subsurface-) ocean temperatdigis the freezing point temperature at the base
of the ice-shelf Beckmann and Goosse (2003) dpg; is an effective area for melting. Basal
melting resulting from this equation would be appropriate for a high resolutiearice shelf.
However, this method remains controversial Olbers and Hellmer (2010)@entb the coarse
ocean model resolution, the processes involved are not well resoiMeglefore, due to the
time and spatial scales involved in our experiments, the latter expressionusabetewritten
as follows:

B=k(T,—Ty). (6)
To take the associated uncertainty into account we simply explore the sespbour model to
a large values range of this parameter:

k=0.2,0.51myr 1K1 7

Note here for simplicity variations of the annual mean subsurface oceaeitatagEl , through-
out the last glacial cycle were neglected. Thus, the mean annual fadesacean temperature
4



T, corresponding to the LGM snapshots was used instead of an interpoldtedbased on

the GRIP§'30 as is done for the atmospheric fields. This parameter determines the magnitude
of basal melting changes as a function of oceanic temperatures. THartmag amplitude

will determine not only the presence and thickness of ice shelves, buhalsapability of ice
sheets to advance over the coast (i.e. grounded line migration). Thrig)gsfeom the last
interglacial period (130 kyr BP), different valuesofletermine different configurations of the
spatial distribution of the Northern Hemisphere ice sheets at the LGM.

2 Sensitivity experiments

Together with the abovementioned range of values considereg] filnis yields a set oh =
9(3 x 3) simulations, corresponding to all possible combinations of values of the fqramam-
eters, each of which yields a different configuration of the Northemmilsighere ice sheets at 21
kBP This method allows us to explore the sensitivity of the initial ice-sheetgaatfiion to the
former parameters and to assess the interaction between ice sheetsaandimtgation over a
wide phase space of the system initial conditions.

The Northern Hemisphere grounded ice volume increases monotonically arigdasing drag
parameten/?, reflecting the fact that the ice-streams are less active but is insensitiie to
basal melting parameter A similar result applies to the Laurentide grounded ice-volume By
contrast, the corresponding floating ice volumes decrease by roughlgrder of magnitude
with increasings. Its dependence art for a givens is not monotonical due to the fact that there
are two competing processes: Low dragging coefficients (high velodi&ies) the occurrence
of a fast and relatively shallow ice shelf, while strong friction coefficientplies slower ice
streams and thicher ice shelves.

For the lowest range of basal melting parameter huge ice shelf is simulated in the
Labrador Sea. Note that the spatial distribution of ice streams is in very agreg@ment with
other studies based on reconstruction methods Winsborrow et al. (2004)he other hand,
the very active ice streams flowing from the Hudson Bay/Strait regiorr tlseooccurrence of
a few partially embayed ice shelves which spatial shape shows a goodrdance with that
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expected by Hulbe Hulbe et al. (2004). This simulation that has been eoedids the standard
one in the main text, correspondsie- 0.5, 2 = 1074, In all cases the results obtained should
be considered as underestimating the total ice-volume, because the sM®Q state, with a
warmer North Atlantic, was used to scale the GRIP data and/or because iRtB&IGersion
used herein the presence of sediments is an additional criterium to deterhetteewa certain
area should behave as an ice-stream or not. Under this new criteriuam,@rtentially treated
as ice streams increase resulting in a more reactive ice sheet especiallyéntide where the
maximum thickness is always below the ICE-5G reconstruction.

3 Ontheeffects of ocean circulation changeson LIS dynamics

We herein show that modest freshwater fluxes originated in melting of theoBeandian ice-
sheet around 19 kyr BP might have induced a reduction of the Atlantic meaidiwerturning
circulation (AMOC) resulting in subsurface warming in the northern northniitaand the
Labrador sea which leads to melting of the Hudson Strait ice shelf and therebHeinrich
(H) event. We hypothesize such a mechanism operated during H1.

Recently, deep sea sediment core data from the Nordic Seas havstedgg@hanced calving
from the Fennoscandian ice-sheet at ca. 19 kBP leading to enharesbaviter flux into the
Nordic Seas. In order to analyze the possible climatic impacts of such esthirashwater flux,
an idealized step-function surface freshwater flux perturbation with ardplitarying between
A =0.01-0.5 Sv during a periodt¢ = 10-100 years was imposed in the northern North Atlantic
from 61-63N and 6W-5°. This implies, at most, a sea-level rise of up to ca. 1.8 min as much
as 100 years. The latter is consistent with sea-level reconstructioid) slow no evidence
of a substantial meltwater input at the time (from 15-21 kyr BP) Hanebuth @G00); Peltier
and Fairbanks (2006).

Following the freshwater flux perturbation, the surface salinity decsdashe Nordic Seas
(not shown), reducing convection in this region. The negative sairfatinity anomalies are
propagated into the Labrador Sea by the North Atlantic subpolar gyreheontributing to
reduce convection as well as deep water formation in the latter region as well.
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The responses all basically cluster around two modes: for relativell feeeing (At < 20
year) the AMOC strength is reduced from ca. 22 Sv to ca. 16 Sv anggecseveral centuries
after the surface freshwater forcing end. For stronger forcixg> 20 yr), the AMOC is re-
duced to a value close to that of the stadial state (12 Sv) and does n#rafter the freshwater
forcing suppression within 2000 years. Each of these two modes shdifferant pattern of
North Atlantic convection after several centuries, with the less perturbei sttowing a more
modest reduction.

The weakened AMOC translates into a reduction of northward heat tetrisfhigh northern
latitudes and thereby mean annual SSTs and SATSs in the northern Norttiddliad Greenland
decrease by up to 4 K.

The 9 Northern Hemisphere ice sheet configurations at 18 kyr BP leavedmually perturbed
by the oceanic subsurface warming resulting from the shift betweenmysiral a weak AMOC
state (Figure 1).

Our results extend those of prevoius works in two ways. First, we hamersthat a modest
perturbation originated in the Fennoscandian ice-sheet, which caradilyrbe identified in
the sea-level reconstructions, can lead to decrease of deep wateatitor in the north Atlantic
resulting in subsurface warming of several degrees. Second, usiageaof-the art ice-sheet
model of the Northern Hemisphere including a parameterization of ice shebséave shown
that, within a wide parameter range, the latter subsurface warming can leadltagse of the
ice-shelf in Hudson Strait and inland ice-streams acceleration possibilyirixg H1.
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Fig. 1. Iceberg calving (in Sv) derived from the effects of the odeanbsurface warming on the dynamic
behavior of the Laurentide ice sheet for nine different apnfations of the model.

9



