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Abstract. In the standard Paleoclimate Modelling Inter- 1 Introduction
comparison Project (PMIP) experiments, the Last Glacial
Maximum (LGM) is modeled in quasi-equilibrium with
atmosphere—ocean—vegetation general circulation modei§he understanding of past climates is a major challenge.
(AOVGCMs) with prescribed ice sheets. This can lead to in- Well-documented, non-linear climate changes can be stud-
consistencies between the modeled climate and ice sheet€d by modeling past climates that differ greatly from the
One way to avoid this problem would be to model the present-day climate. This improves the understanding of the
ice sheets explicitly. Here, we present the first results fromclimate system (e.gValdes 2011, Braconnot et a).2012.
coupled ice sheet—climate simulations for the pre-industrial The last glacial climate differed greatly from the present-
times and the LGM. day climate, although the last glacial is very recent from
our setup consists of the AOVGCM @ geological perspective. Therefore, the proxy coverage and
ECHAMS/MPIOM/LPJ  bidirectionally coupled  with dating accuracy are comparatively good. The climate differ-
the Parallel Ice Sheet Model (PISM) covering the Northern€nces between the last glacial and the present mainly stem
Hemisphere. The results of the pre-industrial and LgM from the reduced greenhouse gas content of the atmosphere
simulations agree reasonably well with reconstructions anddnd from the massive ice sheets covering the continents of the
observations. This shows that the model system adequatefyorthern HemisphereRind, 1987 Kim, 2004 Abe-Ouchi
represents |arge’ non-linear climate perturbations_ etal, 2007 Pausata et al201]) The ice sheets were at their
A large part of the drainage of the ice sheets occurs inmaximum volume about 21 000 yr ago, during the so-called
ice streams. Most modeled ice stream systems show recukast Glacial Maximum (LGM) (e.g.Clark et al, 2009. In
ring surges as internal oscillations. The Hudson Strait Icedtmosphere—ocean general circulation models (AOGCMs),
Stream surges with an ice volume equivalent to about 5nfhe LGM climate is commonly modeled in steady-state ex-
sea level and a recurrence interval of about 7000 yr. This is iPeriments (e.g., in the Paleoclimate Modelling Intercompar-
agreement with basic expectations for Heinrich events. UnJson Project, PMIP).
der LGM boundary conditions, different ice sheet configura- Previous AOGCM studies of the LGM climate, especially

tions imply different locations of deep water formation. the PMIP experiments, have relied on prescribing the ice
sheets from reconstructionBraconnot et aJ.2007, 2011,

2012. While the original PMIP experiments prescribed sea
surface temperatures (SSTs) or oceanic heat transports, and
PMIP-2 added the full ocean models to the complexity, inter-
active ice sheets are still missing, even in PMIP-3. This can
result in climate and ice sheets not being consistent with each
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other. To obtain ice sheets that are consistent with the modtors. For the deglaciation, the delayed isostatic rebound of the
eled climate, it is essential to overcome this method and tdithosphere played a key role.
model the ice sheets interactively. We took exactly this step. Another approach uses earth system models of interme-
We extended the PMIP-2 setup by an interactively coupleddiate complexity (EMICs) and optionally downscales the
ice sheet model (ISM), and studied the climate as well adields for the ISM in an intermediate energy balance model
the ice sheets in this self-consistent system with its increasedr energy-moisture balance mod€lalov et al.(2002 used
complexity. By comparing the modeled ice sheets with re-such a setup, and obtained binge—purge oscillations of the
constructions, we can critically assess our model system. Laurentide Ice Sheet resembling Heinrich events as internal
An interactively coupled ice sheet—climate model opensoscillations of the ice sheetWang and Mysak2002 and
the possibility of studying the interactions between ice sheetalov et al.(2005 studied the feedbacks and bifurcations
and the climate system. In the light of the recently observedduring the glacial inception, or more recently, full glacial cy-
changes in the ice sheets and their potential impact on fueles Bonelli et al, 2009 Ganopolski et a).201Q Ganopol-
ture sea level rise (e.gvaughan et a).2013, such studies  ski and Caloy2011). RecentlyHeinemann et al2014 per-
become increasingly relevant for predicting future climate formed transient simulations starting at 80kyr BP and ob-
change. The large ice masses and the possibility of compatained a much smaller LGM Fennoscandian Ice Sheet in the
ing the model results to proxy data make the LGM an ideallytransient simulation than in a steady state sensitivity study.
suited time period for studying ice—climate interactions. This shows that the Fennoscandian Ice Sheet was not in an
The long intrinsic timescales of ice sheets make the asequilibrium state at the LGM.
sumption of the ice sheets being in equilibrium with the cli- The most expensive approaches use coupled AOGCM—
mate problematic. These timescales also require long simukSM systems. While the EMIC or energy balance model
lations that are challenging to perform with AOGCMs. Com- based methods can cover long time spans with reasonable
plicating the modeling further, most of the snowfall and melt effort, they strongly simplify the atmosphere and/or ocean
occurs in a narrow band along the ice sheet margin. In prin-dynamics. In contrast, AOGCMs suffer from high computa-
ciple, the margin zone calls for high-resolution modeling, tional costs but provide a detailed representation of the atmo-
while the long timescales prohibit this. The discrepancy be-sphere and ocean dynamics. To bridge the long time spans,
tween the need for high-resolution modeling and long timemost research groups couple the models asynchronously. In
spans leads to a variety of strategies (see the reviewoby this method, the climate model is run for a period of one to
lard, 201Q andVizcaing 2014). fifty years, and then the climate is used to drive the ice sheet
At the fast and simple end of the model spectrum, fixedfor a substantially longer period. The resulting ice sheet is
climate maps or analytical expressions are scaled by théed back into the climate model and the cycle is started over
use of a time series, either from an energy balance modeglPollard et al. 1990 Ridley et al, 2005 Mikolajewicz et al,
or from ice core data. In earlier times, these models were2007a Gregory et al.2012).
used to study one glacial cycle (e.g9llard 1982 Greve Several previous AOGCM-ISM studies investigated the
1997 Tarasov and Peltierl997. Advances in computing future development of the Greenland Ice Sheet and its impact
power now make it possible to model the evolution of the on the Atlantic meridional overturning circulation (AMOC).
ice sheets over millions of years with such modéslard Early studies byHuybrechts et al(2002 andFichefet et al.
and DeContp2009. Tarasov et al(2012 performed mul- (2003 only fed back the fresh water fluxes, but kept the
tiple experiments covering the last glacial. They chose theGreenland topography constant in the AOGCM. The first
experiments that agreed best with the proxy data and createstudy with full bidirectional coupling between an AOGCM
a deglacial ice sheet chronology that is consistent with proxyand an ISM was published bRidley et al.(2005. It was
data as well as with ice physics. followed by studies that also include the Antarctic Ice Sheet
Zweck and Huybrecht€2003 forced an ISM by interpo-  (Mikolajewicz et al, 20073 b; Vizcaino et al. 2008 2010.
lating between modeled climate states for LGM and mod-Most of these studies agree in that they find little effect of
ern boundary conditions using Greenland ice core data athe shrinking Greenland Ice Sheet on the large-scale climate
weighting coefficientsCharbit et al.(2007) compared the on a century scale. For large losses of the Greenland Ice
effect of different AGCMs on the same ISM using a simi- Sheet, they find changes in the large-scale atmospheric cir-
lar approach. They found the Eurasian ice sheets to be moreulation. The effect of the melt water on the ocean circula-
sensitive to the choice of the climate model than the Lau-tion is small compared to the effect of the increased tem-
rentide.Abe-Ouchi et al(2007, 2013 used multiple experi-  peratures and precipitation in most studies. The experiments
ments performed with the same climate model to create a stggresented iMikolajewicz et al.(20078 andVizcaino et al.
tistical model that accounts for changes in greenhouse gase&010 were the first atmosphere—ocean—vegetation general
orbital parameters, and ice sheets separately. They coupledrculation model (AOVGCM)—-ISM studies to use an energy
this model to an ISM and performed simulations of the lastbalance model for the surface mass balance of the ice sheet,
glacial cycle. They found the snow-albedo feedback and theand the first to operate without anomaly maps. This improved
temperature lapse rate to be the most important feedback fache physical representation of the coupling. A recent study
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by Gregory et al(2012 used the AOGCM FAMOUS, a fast tions in combination with the LGM land-sea-mask. The land
version of HADCM3, in combination with the ISM GLIM-  surface properties are modeled using the Lund-Potsdam-Jena
MER to study the last glacial inception. They found a strong (LPJ) vegetation modeE(tch et al, 2003. Its use in combi-
dependence of the ice volume on the way the ice-albedo feedation with ECHAM is described iSchurgers et a(2007)
back is treated in the coupling. None of the published studiesandMikolajewicz et al.(20071.
addressed LGM conditions. MPIOM (Marsland et al.2003 is a primitive equation
We have coupled a coarse-resolution AOVGCM ocean model operating on a curvilinear grid with variable
(ECHAMS5/MPIOM/LPJ; Mikolajewicz et al, 2007H resolution. In the setup employed in the following, the grid
interactively with a state-of-the-art ISM, the modified Par- has two poles, located over Greenland and Antarctica, and
allel Ice Sheet Model (mPISM). The coupling is performed a nominal resolution of 3 This results in an increased res-
bidirectionally, and without flux corrections nor anomaly olution in the deep water formation areas, and a relatively
methods. Our intention is to apply the model system forcoarse resolution in the equatorial areas.
transient long-term simulations of, e.g., the last termination. The atmosphere and ocean are coupled using the OASIS
As a first step, we will validate here the ability of the coupler alcke et al, 2004. The performance of a higher-
model system to reproduce the climate of two time slices,resolution version of the coupled AOGCM is described in
which are sufficiently different that they allow us also to Jungclaus et al(2006. In the framework of the PMIP-2
validate the model’s sensitivity to perturbations. We chosethe AOGCM ECHAM5/MPIOM/LPJ has been applied to
the pre-industrial and the last glacial maximum. The only the LGM. Results can be found in the PMIP-2 database at
factors we varied between the LGM and the pre-industrialhttp://pmip2.Isce.ipsl.fr
setup were the greenhouse gas concentrations, the orbitals
and the shapes of the continents. We let the models evolv@.2 mPISM
freely sufficiently long to be largely independent of the
initial state. We study the behavior of the climate systemmPISM is based on PISM version 0.3 from the University of
and compare the model results to observations and proxwplaska, FairbanksRueler and Brown2009 the PISM au-
data. As the model system is new, this paper also has #ors 2014. PISM uses the Shallow Ice Approximation
strong focus on the description of the model system and th€SIA) and the Shallow Shelf Approximation (SSA) to com-
coupling between the different components. pute flow velocities. It uses an enthalpy method to handle
We describe the models, the necessary modifications, thpolythermal ice Aschwanden et gl2012). Details about the
coupling and the setups in Se2tanalyze the mean states of model can be found in the literature given above. Several as-
the experiments in Se@, and summarize the main findings pects of the model needed to be changed for the coupling to
and draw the conclusions in Sedt. the climate model and for obtaining pulsating ice streams.
In the following, we describe the modifications of the PISM
physics. For the technical changes Zemen(2013. We
2 Model description and setups use the term PISM 0.3 when referring to the base version,
mPISM when referring to the modified version, and PISM
The AOVGCM has been applied before coupled to the ISMwhen referring to aspects of the base version that also ap-
SICOPOLIS for studies of the future evolution of the Green- ply to the modified version. PISM-PIKWinkelmann et al.
land and Antarctic ice sheetdikolajewicz et al, 2007h 201)) is a branch of PISM that is developed at the Potsdam
Vizcaino et al. 2010. For this study, we have switched to Institute for Climate Impact Research (PIK).
PISM, and changed various aspects of the coupling. The Following Calov et al.(2002, we use a linear sliding law
models and the coupling will be described in the following. With a friction coefficient of 1myr!Pa! that allows slid-
ing if there is basal water and deformable sediment available
2.1 ECHAM5/MPIOM/LPJ to lubricate the ice sheet. The availability of the sediment is
based on the data set frobaske and Master61997) with
The atmospheric component of the coupled model isa cutoff value of 5cm, and is marked in Fiy. The avail-
ECHAMS5 (Roeckner et al.2003, a spectral atmosphere ability of basal water is a prognostic quantity of PISM. We
general circulation model. For long-term simulations, the spread out half of a grid cell's heat flux from basal friction
triangular spectral truncation at wavenumber 31 (T31,on the cell's eight neighbors. This slightly heats the grid cells
~ 3.75°) in combination with 19 vertical hybrid-levels  adjacentto an ice stream.
reaching up to 10hPa is a compromise between computa- We separate the basal water into a small locally bound
tional demand and accuracy. This setup is therefore emfraction and an advectable fraction that we advect with the
ployed in all experiments described in the following. The basal ice velocity, and apply the same upwind scheme as
land hydrology scheme (HD modéflagemann and Dime- used for ice and enthalpy transport. The locally bound frac-
nil, 1998 Hagemann and Gate2003 operates on a 0°5 tion controls the stiffness of the basal till, and thereby the
grid. For the HD model, we use the present-day routing direc-sliding behavior.
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sphere regions where we can possibly expect to grow large-
scale ice sheets under glacial conditions (including the Hi-
malayas). The resolution is 20km in both directions (625
625 grid cells). Outside of the mPISM domain, we use the
ICE-5G (Peltier 2004 topography matching the time slice
of interest, as in PMIP-2.

2.3 The coupling from the climate to the ice sheet

The coupling scheme between ECHAM5, MPIOM and mP-
ISM computes the ice sheet mass balance and surface tem-
perature from the ECHAMS5 and MPIOM output, and trans-
fers surface topography, glacier mask and mass fluxes from
mPISM back to ECHAMS5 and MPIOM. We will now lay out
the path from the climate model to mPISM.

To compute the mass balance for the ice sheet, we have
to use a high spatial resolution that resolves the tempera-
ture distribution at the ice sheet margins. We use the 20km
grid of mPISM for the mass balance calculations. To save
computational time, we compute monthly averages of the at-
mospheric quantities and annual averages of the ocean vari-
ables before regridding them to the ISM grid. These regrid-
ded high-resolution fields are used in the ISM to determine
the mass balance. The scheme we use to process tempera-

Fraction of time with active ice streaming tures and precipitation from ECHAMS for the use in mPISM
El:l:— is based on the standard scheme employed in SICOPOLIS,

which stems fronBraithwaite and Olesefi989.

To account for surface elevation differences between the
two models, we correct the temperatures using a lapse rate of
Figure 1.lce streams. Brownish/red colors mark the fraction of time —5 K km~1 as suggested bbe-Ouchi et al(2007). We use
that a grid cell is sliding at more than 1 nTyr. Blue marks areas  the height-corrected monthly mean temperatures to partition
where the ice is not permitted to slide due to the lack of sediments inthe precipitation into solid and liquid fractions using a linear
the reconstruction dfaske and Masterd997). Only the time when  {ransition between-10 and+7°C as inMarsiat(1994. The
Fhe grid cell is ice cgvered is taken into con§i(jeration; therefore,soud fraction Psoiig is used as accumulation, and the liquid
:‘;‘ee S;';sl‘srse;‘;ﬁ ﬁﬁ?ﬁﬂiﬂfd -té’tgﬁe?gﬁfr}iyr ;!g{;gigug]nze;?am action is discarded immediately as runoff. To account for

¢ ' the reduced precipitation at high altitudes, we apply a height

as follows: (1) Mackenzie, (16) Ungava Bay, (18) Amundsen Gulf, .- o .
(19) M'Clure Strait, (20) Gulf of Boothia, (21) Admirality Inlet, deSertification parametrization asBudd and Smit{1979

(22) Lancaster Sound, (23) Cumberland Sound, (24) Hudson Strai@t Neights above 2000 m.

(25) Laurentian. Letters mark present-day location names of mod-P — Pectqext(—(max(h 2000

eled Greenland ice streams: (A) Northeast Greenland Ice Stream, solid €XP(—A( (s m

(B) Kejser Franz Joseph Fjord, (C) Scoresby Sund, (D) Kangerd- —max(hgem, 2000m)), (1)
lugssuagq, (E) Jakobshaven Isbrae, (F) Kong Oscar Glacier. Gree\lxl
letters €, B, y) mark Barents Shelf ice streams.

L0

e 9
w ©

660
6660

hereh sy is the surface height in mPISMgcw is the sur-
face height in the climate model, and= log(2) /1000 m.

We use temperatures and precipitation in a positive degree
day (PDD) model to determine the surface mass balance.

For the bedrock deformation, we use a Local LithosphereDespite its limitations (e.gvan de Berg et al.2011), the
Relaxed Asthenosphere (LLRA) model (e.oe Meur and  PDD method still is widely used in glaciological and coupled
Huybrechts1996 with a rebound timescale of 3 kyr. We dy- model studies (e.gGregory et al.2012. As an extension
namically compute the change in sea level that is caused bgf Fausto et al(2011), we compute monthly temperature
the ice sheets and use it to adjust the sea level in the ISM andtandard deviation maps from the 6-hourly climate model
in the climate model. output, and use them in mPISM to represent the tempera-

Our setup uses a Cartesian coordinate system that is a Pture variability better. This method represents differences in
lar Stereographic projection of the Northern Hemisphere,the diurnal cycles and synoptic variability on the different
covers all areas north of 38N, and reaches south to ice sheets. It is a compromise between computing the PDDs
19.1° N in the corners. This grid covers all Northern Hemi- from the full 6 hourly temperature data on the highly resolved
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ice grid (which would be more computationally demanding) treats all grid cells with a fractional glacier mask value above
and the standard approach of prescribing a fixed standar@.5 as fully glaciated. To generate a more gradual transi-
deviation in the full model domain. The PDD scheme em-tion between fully glaciated and non-glaciated grid cells, we
ploys the Calov—-Greve integral metho@glov and Greve  modified the ECHAMS albedo scheme. For grid cells that
2005 to compute PDDs from monthly mean temperaturesECHAMS considers as glaciated, the albedo is computed
and standard deviations. Then, from these PDD, and the snowased on a fractional glacier cover with a background albedo
accumulation, the actual mass balance is computed usingf 0.25 for the non-glaciated parts of the grid cell. For those
a standard PDD schem®&geh 1991). We chose a snow grid cells that have a glacier fraction belowb@nd are thus
melt rate of msnow= 3.2mmice equivalentk'day !, an  considered as non-glaciated in ECHAMS, we reduce the for-
ice melt rate ofnice = 129mmice K1 day ! and allow up  est (tree cover) fraction by the glacier fraction to obtain an
to 60% of the melt to refreeze in the snowpack. The ice melteffective forest cover (fore¥t) and compute a new back-
rates are based dBreve et al(1999, who chose 3mm and ground albeda®™ that represents the effects of the albedo
12 mm water equivalent per day and degree Celsius in Northef the glaciated parts:

ern Hemisphere simulations.

For the basal ice shelf melt (or growth), we use the threeforesf" = (1— glacien forest ()
quation scheme described.HmIIand and Jenking1999. off = (1— glacien aip; + glacieragiacier (3)
This scheme computes the ice shelf basal mass balance and
properties of a thin boundary layer from ocean salinity andwhere forest is the forest fraction computed by LPJ, glacier
temperature as well as the ice shelf basal temperature gradihe glacier fraction from the remapped the mPISM output,
ent. We force this model with the annual mean temperatureyp; the background albedo calculated from the vegetation
and salinity averaged over the top 12 lay€é83m) from the model, andugjacier 2 background albedo for melting glacier
ocean model. ice (0.5). The reduction of the forest fraction is important be-

We employ a simple calving scheme that operates on a gri¢ause it reduces the snow-masking effect in the albedo cal-
cell and its eight neighbors. If less than three of the nine cellsculation of ECHAMS.
have an ice thickness above 200m, and the relaxed bedrock The mass (fresh water) flux coupling preserves flux rates.
topography is below sea level, then the ice is calved. ThisWe associate fluxes from iceberg calving and shelf basal
allows shelves to grow and retreat dynamically, and preventsnelt with a negative enthalpy flux into the ocean, so that

one grid cell wide ice tongues. these processes lead to ocean cooling and/or increased sea
ice formation. The net surface mass balance on the ice sheets
2.4 The coupling from the ice sheet to the climate is subtracted from the precipitation—evaporation field fed

into the surface runoff model. Similarly, the effects of ice-

In the following, we describe how the output fields from the ocean interactions are directly fed into the MPIOM'’s surface
ISM are transferred into the atmosphere and ocean modelscheme. All grid conversions are performed using conserva-
For the areas outside of the mPISM domain, the mPISM surtive remapping. In experiments with synchronous coupling,
face field is combined with a background map. The combinedahis yields perfect mass conservation.
map is adjusted for sea level changes from the ice sheet. To We keep the ocean bathymetry and land sea mask constant.
keep the subgrid-scale orography consistent, the backgroun@ihe freshwater fluxes change the surface height of the ocean.
map is smoothed with respect to the standard topographyn ECHAMS we reduce the land surface elevation when the
map used for ECHAMS5, so it matches the roughness of thesea level rises, and vice versa.
ice-free areas of the remapped mPISM topography. From this For the experiments presented in this publication, we use
map, both the mean topography as well as subgrid-scale tcan asynchronous coupling scheme, where mPISM is run for
pographic variables like the maximum surface height in al10 years while the climate model is run for 1 year between
grid box are calculated. Since this smoother surface wouldhe coupling procedures. In this setup, our scheme conserves
significantly change climate in comparison to the standardmass fluxes instead of total mass. This method has been suc-
model setup, we upscale the subgrid surface slopes by a facessfully employed in previous simulationg4caino et al.
tor of 2. Furthermore, we decrease the resolution-dependerz008, and avoids overly strong freshwater forcings for the
threshold for activating the gravity wave drag parametriza-ocean model. Such forcings would arise from conserving
tion in ECHAMS from the standard T31 value of 400m mass and increasing the flux rates.
to 300m peak — mean elevation, so the gravity wave drag The coupling scheme does not conserve energy at the ice—
parametrization is active in about the same grid cells as irmstmosphere interface. One way to obtain this and keep the
the original setup. models consistent would be to run an energy balance model

All ISM grid cells with an ice thickness above 10m are on different height levels in the GCM and force the ISM with
treated as glaciated. We use conservative area remapping the modeled surface mass baland&¢aino et al. 2013.
interpolate the glacier mask to the ECHAMS grid. ECHAM5 We do not change the energy balance of the surface scheme
does not allow for fractional glaciation of a grid box, and of the atmosphere model and therefore do not introduce any

www.clim-past.net/10/1817/2014/ Clim. Past, 10, 1817336 2014



1822 F. A. Ziemen et al.: Coupled ice sheet—climate modeling

Table 1.Main experiments performed and analyzed. For the bound-Table 2. Boundary conditions differing between the LGM and pre-
ary conditions, see Tab 1: 10 coupling means 1 climate model industrial setups.
(CM) year per 10 ISM years. The coupling is performed after each

year of climate model integrations. For easy reference, ISM years Parameter LGM Pre-industrial
in the coupled experiments are ten times the corresponding climate
model years, thus climate model year 10 corresponds to ISM years Topography ICE-5G 21ka  ICE-5G Oka
Eccentricity 0.0190 0.0167
100 to 109. ent
Obliquity 22.9% 23.45
Name Boundary Coupling Duration Angle of perihelion 11492 102.00
conditions (CM yr) COz (ppm) 185 280
N2O (ppm) 0.20 0.27
PI-mPISM PI 1:10 100 CHy (ppm) 0.35 0.67
LGM-mPISM LGM 1:10 2999
LGM-mPISM-W LGM 1:10 700
LGM-ICE-5G LGM None 100
LGM-mixed LGM None 90 In the coupled experiments, the coupling was performed

after every year of climate model simulations (10 years of
ISM simulations).

new energy sources or sinks. By explicitly modeling the ice
sheets, our model however is more realistic than GCM-only . :

. . . . . 3 Results and discussion
simulations, where the ice sheet extent is prescribed.

In the following, we first discuss the pre-industrial experi-
2.5 Setups and experiments ment (Pl-mPISM) and then the LGM mean state in LGM-
mPISM and LGM-ICE-5G. Finally, we describe the long-

Our experimental strategy was to perform two coupled ex-term drift of the ice sheets in LGM-mPISM. The main pur-
periments, one under glacial and one under pre-industriapose of PI-mPISM is to show that our setup yields reasonable
conditions, and to compare the results with each other andesults under pre-industrial boundary conditions and to pro-
with observations and proxy data. We additionally performedvide a reference state to compare the LGM climate against.
three sensitivity studies under LGM conditions: LGM-ICE- We therefore limit the analysis of this experiment to key cli-
5G, LGM-mPISM-W, and LGM-mixed. They are described mate parameters and compare those to reanalysis and obser-
in Sect.3.4. We list all experiments in Tabli vational estimates. We largely draw on data for present-day

The coupling and tuning of the models required iterative conditions. These are available at high quality, and the dif-
improvements. To avoid costly repeated transient spinups oferences to the pre-industrial climate are minor compared to
the LGM state, we forced the models with constant LGM the LGM effects we focus on in this study. We first discuss
conditions (Table2). Thus, the ISM was run for more than the state of the atmosphere, then the ocean, and finally the
100000 years under LGM conditions with increasing com-ice sheets.
pleteness of the coupling. The climate model was started
from an existing LGM stateArpe et al, 2011) and run 3.1 The pre-industrial atmosphere
for 3850 years during the coupling. The last 21500 ISM
years (2150 climate model years), the models were fully cou-A comparison of the 2 m air temperature (SAT) in PI-mPISM
pled. From the resulting state, we started our main LGM ex-with the ERA INTERIM reanalysis for 1989 to 2010D¢e
periment, LGM-mPISM. We integrated this experiment for et al, 2011 shows that the annual global mean SAT in
30000 years in the ISM (3000 years in the climate model).PI-mPISM is lower than the present-day values bk
Unless explicitly stated otherwise, we average over the full(see Fig.2). This difference can be attributed to the lower
duration of this experiment in this publication. greenhouse gas concentrations in the pre-industrial time. In

The second main experiment is the pre-industrial controla Coupled Model Intercomparison Project Phase 3 (CMIP3)
run PI-mPISM. The ISM was initialized with the present- simulation performed with a higher-resolution version of
day Greenland Ice Sheet shape using PISM’s bootstrap metieCHAM5/MPIOM, the temperature difference between the
ods. They provide an empirical guess for the temperaturgperiods 1860 to 1899 (pre-industrial) and 1989 to 2010 (ERA
profile in the interior based on the surface air temperaturdNTERIM period) is 056 K. The temperature difference over
and the geothermal heat flux at the base. The climate moddand (—0.8K) is larger than over the ocear-Q.5K). The
was started from an existing pre-industrial state. The couplediifference is also larger at the high latitudes3(2 K north of
model was spun up for 9000 years in the ISM (900 years ind5° N, and—1.2 K south of 48 S) than at the low latitudes,
the climate model) and the following 1000 (100) years werewhere, on average, the temperature in our model is higher
analyzed. than in the ERA INTERIM reanalysis{0.1 K between 45S
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and 43 N). The model shows a significant cold bias over Taple 3. Greenland surface mass balance in GiyrRACMO2,

Siberia. Polar MM5 (PMM5) Box et al, 2006, and MAR (Fettweis 2007)
The smoothed-out T31 grid of ECHAMS is lower than the data are for the period 19582007 (RACMO2, MAR), resp. 1958—

T255 grid of ERA INTERIM in most mountain areas (the 2006 (PMMS5) and are taken from Supplement S1 fietema et al.

creation of the grid involves spectral smoothing and is not(2009.

conservative, so the mean surface elevation is lower in a T31

grid than in reality). Differences that can directly be traced mPISM  RACMOZ  PMMS5  MAR
back to the lower topography in the T31 resolution of the  accumulation 766 697 678 578
atmosphere model are the warm biases over the Andes and Apjation 271 228 322 290
the Himalayas. Over the Himalayas, typical surface altitude  Net 495 469 356 288

differences between the two model setups are about 500 to
1000 m on the T31 grid, over the Andes, they reach 2000 m,

and over the southern tip of Greenlqnq, they reach 1000 Mg ottom Water (AABW) cell in the Atlantic peaks at@Sv

Assuming a lapse rate of 5K km, as it is used in our cou- _at 30°S and a depth of 3570 m. The northward heat trans-

pling scheme, this corresponds to a 2.5-5 K temperature d'fport in the Atlantic of 086 PW at 23N is lower than the

ference over the Himalayas, 5-10K temperature diﬁerenc%resent-day estimate&anachaud and Wuns¢B003 ob-

over the Andes, and up to 5K temperature difference ovelain 1274 0.15PW at 24N as a result of the World Ocean

the southern tip of Greenland. _ ~ Circulation Experiment (WOCE), anlbhns et al(2011) ob-
There is a cold bias over the northern Atlantic. This is {54 1334 0.14 PW at 26 N from the RAPID mooring array

a consequence of the North Atlantic Current taking t00 measurements. A comparison of the modeled temperatures in

sogtherly aroute. Eddy-res_olvmg modeling has been sho_vvqhe Atlantic and data from WOCHEK®ltermann et al.2011)

to improve the representation qf the Gulf Stream separationypows that, in our model, the deep water flowing southward

and the path of the North Atlantic Current (eldurlburtand s warmer than it is in reality. This explains why our model

Hogan 200Q Bryan et gl, 2007, but is not yet feasible for  gjmulates less heat transport than the estimates derived from

multi-millennial simulations. observations indicate, while the overturning strength is simi-
There is a strong cold bias over the Alaska Range thaj,,

also occurs in stand-alone simulations (not shown) and be- The seaice maximum and minimum extent agree very well

comes stronger because of ice-sheet growth in the couplegit the long-term average of the HadISST observational
setup (Fig3). This temperature bias, and thus the glaciation, y5t4 setRayner et al.2003 (Fig. 3).

can be reduced by increasing the climate model resolution

(e.g., in the CMIP3 experiments that were performed with3.3 The pre-industrial ice sheets

a technically identical climate model version), but this is not

yet feasible for multi-millennial experiments. Figure 3 shows the ice sheets in PI-mPISM averaged
A comparison of the present-day annual mean precipita-over the last 1000yr, as well as the deviations from the

tion data from the GPCP data sétdler et al, 2003 with reference topography. We obtain a Northern Hemisphere

PI-mPISM (Fig.4) shows a good agreement over Greenland.land ice volume of ®Miokm?, corresponding to 18 m

This is also reflected in the agreement of our Greenland meanf sea level equivalent (SLE) (Tabl). Of this volume,

surface accumulation values with those from regional mod-3.65Mio km® (9.2 m SLE) are stored in the Greenland Ice

eling (Table3). Over the other polar areas, the values alsoSheet (see Figb for the mask used in the analysis). To-

match closely. Most of the precipitation differences occur inday’s Greenland Ice sheet has a volume dNiokm?

the tropics and at southern mit latitudes (not shown). The(7.3m SLE). The drift in Greenland Ice sheet volume is

differences in the tropics are standard modeling artifacts, and-14kn? yr~1. It has a two-dome structure; the main dome

neither region is of special interest for this study. In the globalreaches a height of 3200 m a.s.l. (above sea level) (3300 m in

mean, the precipitation of 1.03 mykis 5% above the GPCP  reality, Bamber et a].2001) and the southern dome reaches

estimate, while north of 45N, the modeled precipitation of 2700 mas.l. (2900 m in reality).

0.66 myr!is 10% lower than the GPCP estimate. Along most of the coasts of Greenland, the model grows
too much ice. At the northern and northern east coast (north
3.2 The pre-industrial ocean of 70° N), this is largely due to practically zero ablation from

the PDD scheme. The glacier fraction in ECHAM is above
The North Atlantic Deep Water (NADW) cell of the AMOC 0.5 from the start of the experiment. The grid cells are there-
peaks at 1DSv (1Sv=10Pm3s~1) at 325°N and a depth  fore treated as glaciated, and the surface temperature in these
of 1020 m. This agrees with the estimate of18 Sv from  grid cells cannot rise above’C. This substantially limits the
Ganachau@003 and recent measurements of 282Svat  SAT and thus the melt in the PDD scheme. The sea ice along
26.5° N (Kanzow et al, 2010. The NADW is formed south  the northern and eastern coast maintains cold temperatures in
of Greenland and in the Nordic seas (F&). The Antarctic  the coastal ocean. The temperature is interpolated bilinearly
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i
30w

Figure 2. Annual mean SAT difference&) PI-mPISM — ERA INTERIM,(b) LGM-mPISM — PI-mPISM{(c) LGM-ICE-5G — PI-mPISM.
Dots show proxy data for LGM — present day fr@&ahmittner et al(2011 andKim et al. (2008.

b) Table 4.Ice sheet volumes and their changes in PI-mPISM averaged
over the last 1000 yr of the simulation. Greenland voluB&mber
? et al.(200)). Glaciers outside of Greenland and Antarctica are esti-
@ > mated between 0.05 and 0.13 Mio &in Lemke et al(2007).
= b
,{) ® ) . .
e ;ﬁ@ . & Volume (Miokm?)  Drift (km3yr—1)
Ly ff’% Ice sheet Presentday mPISM mPISM
N ‘ @ - Greenland 2.93 365 —14
: North America 1.2 +38
Siberia 0.94 +86
Arctic islands 0.14 -0.1
surface elevation (m) surface topography (m) TOtal 59 +106
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non-glaciated by ECHAMS. An energy balance scheme with
Figure 3. Ice sheets in PI-mPISMa) The surface topography in  detailed treatment of the different heat fluxes (évigzcaino
mPISM averaged over the last 1000 ice-model years of PI-mPISMet al, 2010 could solve the problems at the eastern coast,
Isolines are drawn every 500m. Ice-covered regions are coloredpyt would have required substantial additional resources. An-
Over the ocean, dark gray with a red outline indicates areas withgther way to improve the representation of the Greenland Ice
perennial ice cover (15% level) in more than 50 % of the modeISheet margins is to use a very fine model resolutiarskm)

years. Light gray with a dark blue-black outline indicates tempo- in the ISM that allows for resolving of the mountain ranges
rary ice cover in more than 50 % of the model years. The Bering

Strait appears to be ice free, because it is slightly displaced to thgnd;he m?IVIduall Ou.t!et glacr:ers' h fthe i h
west in the ocean model. The orange outline marks areas that have The surface velocities in the northern part of the ice sheet

permanent sea ice cover in more than 50 % of the years 1870 to 20189r€e reasonably well with the observationdaifighin et al.
according to the HadISST sea ice data Retyner et a.2003. The (20104 b) (Fig. 7). The ridge of the ice sheet can be seen as
light blue outline marks areas that have temporary sea ice coveft low-velocity band, and is very well captured in the northern
in more than 50 % of these years according to HadI§B)l The part. In the northern part of the eastern coast of Greenland,
difference between the modeled pre-industrial topography and thehe model shows too much ice because of the lack of ablation
present-day topography (ETOPOmante and Eakin009. described above. The ridge of the ice sheet is displaced to the
east. Since, at the eastern coast, the model shows ice in areas
that are not glaciated in reality, the flow velocities cannot
when remapping from ECHAMS5 to mPISM. The mean tem- be compared to observations in this region. In the southeast,
perature between a sea ice covered grid cell and a glaciatetthere is a lack of observations that prohibits a comparison.
grid cell cannot allow for substantial surface melt. Therefore,In the western part, we capture the general features well, al-
the surface mass balance is positive practically all the waythough our velocities generally are too large, and the ice sheet
to the coast, while substantial ice melt would be needed taeaches further towards the coast than in reality (8)g.
stop the glaciers before the coast. There is substantial melt Ice caps form on several Arctic Islands: Baffin Island
near the western coast where two ECHAMS grid cells withand Ellesmere lIsland, Svalbard, Franz Josef Land, No-
a glacier fraction below .6 remain that are considered as vaya Zemlya, and Severnaya Zemlya. All of these regions
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Figure 4. Measured and modeled precipitatiqa) from the GPCP data sef\(ler et al, 2003, (b) PI-mPISM, (c) LGM-mPISM - PI-
mPISM,(d) LGM-ICE-5G — PI-mPISM.
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2800 Figure 6. Development of the ice sheet volumes in LGM-mPISM.

2400 The inset shows the split of the ice sheets into different regions for
2000 the diagnosis.

1600

1200

800 3.4 LGM climate experiments

600

400 In the following, we discuss the mean state in our LGM
200 model experiments. The results from the main experiment

(LGM-mPISM) are averaged over the full 3 kyr for climate
model data, and over the corresponding 30 kyr for ISM data.
Figure 5. March mixed layer depth. Long-term mean values are The mean ice sheet topography in LGM-mPISM is displayed
given in meterga) PI-mPISM, (b) LGM-mPISM, (c) LGM-ICE-  in Fig. 8. To investigate the climatic effects of the modeled
5G. ice sheets further, we compare LGM-mPISM with a climate-

only experiment with prescribed ice sheets from the ICE-5G

reconstruction oPeltier(2004 (Fig. 8, called LGM-ICE-5G

in the following), which is consistent with the PMIP-2 proto-
presently also show glaciation. There are ice caps with a totatol. It was started from the same PMIP2 LGM experiment as
volume of 094 Mio km? (+-86kn?yr—1) growing in north-  the spin-ups for LGM-mPISM, and spun up over 549 years.
eastern Siberia, and there is an ice sheet with a volume o#e analyze the following 100 years (climate only).
1.1Miokm?® (+31knPyr~1) in the Alaska Range and the  In addition, we performed two further sensitivity studies:
northern Rocky Mountains. In these regions, our climateLGM-mPISM-W and LGM-mixed. In LGM-mPISM-W, we
model shows a cold bias (Fig, Sect.3.1). This cold bias cut the heat fluxes from ice shelf melt and iceberg calving,
in regions that are characterized by many glaciers in realityso the ice enters the ocean as liquid water. The comparison
leads to a glaciation in mPISM that quickly grows becauseof the model results with LGM-mPISM shows the effects of
of the positive feedbacks of increasing altitude and albedothese heat fluxes for the Arctic Ocean sea ice. It is split off
The growth of an ice cap in northeastern Siberia is fosteredrom LGM-mPISM after 16 500 years in the ISM (1650 years
by the general cold bias over northern Siberia, which leads tan the climate model) and has a duration of 7000 years in
an underestimation of the summer melt. the ISM (700 years in the climate model). Data are averaged
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eled Laurentide Ice Sheet is thicker in the north and does not
reach as far south as in ICE-5G. The ICE-5G reconstruction
features a massive North-South-ridge over western Canada
that is neither shown by the model, nor by other reconstruc-
tions (Sect3.7). One major contributor to these differences is
the experimental strategy of performing steady-state experi-
ments and spinning up the ice sheets over a long time with
S constant LGM climate conditions. This leads to an ice sheet
TR state that differs from the real LGM. Except for the grow-

4 ing Fennoscandian Ice Sheet, the modeled ice sheets are in
quasi-equilibrium with the surface accumulation.

3.5 The LGM atmosphere

In LGM-mPISM, the global annual mean SAT is reduced by
3.5K compared with PI-mPISM (Fi®b), in agreement with
4.0+ 0.8K from a proxy data interpolation bfnnan and
Ice surface velocity (m/a) Hargreaveg2013. The cooling over land (8K) is larger

- ‘ ‘ - than over the oceans.BX). Applying the same T31 land-—

‘ sea mask to the SAT reconstruction Bynan and Harg-
- w —_
o ; 8

reaves(2013 yields 63K over land, and ®K over ocean
areas. Areas that are glaciated in LGM-mPISM cool by 11K,
non-glaciated land by.3K.

The main deviations from the large-scale cooling during

—_

91'€
91€
000}

Figure 7. Greenland Ice Sheet surface velocities. Plotted on a log-

arithmic color scale. Contour lines show the surface elevation in . . .
steps of 500 m with thick lines at multiples of 1000 (a) Mod- the LGM are as follows (Fig2b). the northern rim of the

eled velocities from PI-mPISM(b) observed velocitiesJpughin Pacific and the northem Atlantic south of*30 warm in

et al, 20108 and smoothed-out ETOPO1 topographyriante and the anngal mgan. The nprthern Pacific warms becausg of a
Eakins 2009. White areas inside the ice sheet indicate data gaps. chang(_e In stationary edd|e§ due to topographic Chgnges inthe
East Siberian ice sheet. This enhances the advection of warm

air from the south. The warming over the Atlantic results

from an increase in the oceanic heat transport (Sz6}.
over the full duration of the experiment. In LGM-mixed, Kazakhstan, the Ural Mountains, and the West Siberian Plain
we started from LGM-ICE5G, and replaced the ICE-5G to- warm in summer for two reasons: decreased cloud cover al-
pography with the topography from LGM-mPISM, keeping lows more shortwave radiation to reach the ground, and over-
the ICE-5G glacier mask in place. This (inconsistent) set ofcompensates for the effect of the higher surface albedo. Re-
boundary conditions allows us to separate the effect of the toduced precipitation leads to less evaporative cooling.
pography on the large-scale circulation from the albedo and In LGM-ICE-5G, the cooling is stronger than in LGM-
temperature effects of the glacier mask. mPISM with a mean of 8K compared to PI-mPISM

The following analysis starts with the atmosphere, then(Fig. 2¢). This is slightly outside the temperature envelope

continues with the ocean, and the ice sheets. To facilitateof 4.04+-0.8 K provided byAnnan and Hargreavé2013, but
the understanding of the ice sheet effects on atmosphere aniithin the envelope of the PMIP2 ensemble publisheBiria-
ocean dynamics, we here provide a brief overview of theconnot et al(2007). Over the oceans, LGM-ICE-5G cools by
main differences between the modeled ice sheets in LGM4.1K, over land by 77 K, over the areas that are glaciated in
mPISM and in the ICE-5G reconstruction that impact the ICE-5G by 14K, over non-glaciated land by4%.
climate. In ICE-5G as well as in the other reconstructions, We further studied the ice sheet effect on the surface air
the European part of the Fennoscandian Ice Sheet is larggemperature in LGM-mixed. Replacing the ICE-5G topog-
than in LGM-mPISM (Fig.8), and reaches south across the raphy with that of LGM-mPISM while keeping the glacier
Baltic and onto the British Isles, while in LGM-mPISM itis mask at ICE-5G values yielded an SAT increase 87&
limited to Scandinavia and the Barents Sea in the west anih years 60 to 90 compared with the same years of LGM-
reaches far into Northeast Siberia. According to the recon{CE-5G (not shown). This is about half of the6K temper-
structions, this region showed only small-scale glaciation. Inature difference between LGM-ICE-5G and LGM-mPISM.
the course of LGM-mPISM, this extension of the Fennoscan-Most of the northern Pacific warms. Over the western part,
dian Ice Sheet connects to an extension of the Laurentidéhis is largely a downwind effect of higher temperatures over
Ice Sheet that has formed over Alaska, the Bering Sea andsia, while over the eastern part, the picture is less clear
Kamchatka, closing the gap between the ice sheets. The modvith strong regional differences in the partitioning of the heat
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Figure 8. Surface topography and sea ice. Isolines mark the topography at 500 m intervals. Ice covered regions are colored. Over the ocean.
dark gray with red outline indicates areas with perennial ice cover (15 % level) in more than 50 % of the model years. Light gray with dark
blue-black outline indicates temporary ice cover in more than 50 % of the model (ggarbe surface topography in mPISM averaged over

the full 30 kyr of LGM-mPISM, orange lines in the ocean mark perennial ice cover in LGM-mPISM-W, light blue lines mark temporary

ice cover in LGM-mPISM-Wb) The LGM topography reconstruction provided by Lev Tarastargsov and Peltie003 Tarasov et a.

2012. (c) The surface topography from the ICE-5G reconstructioRelfier(2004) and sea ice from LGM-ICE-5G. The corresponding plot

for PI-mPISM is shown in Fig3a.

fluxes (not shown). The higher topography over the Canaslightly stronger than in PI-mPISM, and, as in LGM-mPISM,
dian Arctic Archipelago and Greenland cools these regionsjt does not substantially extend beyond the Greenland—
and following from that the air over the Nordic seas and theScotland Ridge. In contrast to LGM-mPISM, NADW is
Arctic Ocean. formed in the Labrador Sea, and in the Nordic seas @)ig.
The global mean precipitation in LGM-mPISM (Fid) as in PI-mPISM. The deep water formation zone in the
of 0.96myr1is 7% lower than in PI-mPISM. This differ- Nordic seas is smaller than in PI-mPISM, while the deep
ence is especially pronounced in the regions north 6MNi5  water formation zone in the Labrador Sea expands. Sen-
where the precipitation is reduced by 18 % t&&myr 1. sitivity experiments show that it is possible to switch be-
The difference in precipitation between LGM-ICE-5G and tween the LGM-mPISM and the LGM-ICE-5G deep water
PI-mPISM is larger £11% globally, and—31% north of  formation areas by swapping the ice sheets. This indicates
45° N) because of the lower temperature and the resultinghat the shape of the ice sheets determines the pattern of

lower atmospheric moisture content. deep water formation. A switch between the two circulation
states could lead to a rapid change in the regional heat bud-
3.6 The LGM ocean gets and temperatures, thus providing a possible mechanism

for glacial climate change events. Although the maximum of
In LGM-mPISM, the NADW is formed southeast of Ice- the overturning stream function stays at the same depth, the
land (Fig.5b). The NADW cell of the overturning circulation  poundary between NADW and AABW shoals slightly. The
peaks at 22 Sv (PI-mPISM: 10Sv) at 325° N at a depth  AABW cell is slightly stronger(3.8Sv) in LGM-ICE-5G
of 1020m. The NADW cell reaches approximately’86  than in LGM-mPISM. The North Atlantic Subtropical Gyre
In contrast to PI-mPISM, hardly any deep water is formedstrengthens in LGM-mPISM compared to PI-mPISM while
in the Nordic seas or in the Labrador Sea. This is indicatetthe Subpolar Gyre weakens (FR). Increased surface wind
by the March mixed layer depth in Figb. Because of the stress from the Westerlies (not shown) shifts the front be-
lack of NADW formation in the Nordic seas, the NADW cell tween the two Gyres northward. The barotropic circulation in
does not extend north of the Greenland-Scotland Ridge. Théne Nordic seas is weaker in both LGM experiments (LGM-
strengthening of the NADW cell is in agreement with the re- mp|SM and LGM-ICE-5G) than in PI-mPISM. In contrast
sults ofLippold et al.(2012). Our model does not capture the to LGM-mPISM, in LGM-ICE-5G, there is substantial deep
shoaling of the AMOC generally found in proxiesyfich-  water formation in the Labrador Sea and thus the Subpolar
Stieglitz et al, 2007 Lippold et al, 2012. The AABW cell  Gyre strengthens even compared to PI-mPISM (BjgIn
strengthens and peaks ab3v at 21.8S and a depth of | GM-ICE-5G, the Antarctic Circumpolar Current strength-

3570m. ens by 25Sv from 143 to 168 Sv and the AABW formation
In the LGM-ICE-5G experiment, the NADW cell is strengthens.

weaker than in LGM-mPISM. The stream function peaks at
18Sv at 3%° N and a depth of 1020 m. The NADW cell is
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Figure 9. Barotropic stream function. Positive values indicate
clockwise flow.(a) PI-mPISM, (b) LGM-mPISM, (c) LGM-ICE-

5G - LGM-mPISM (a, b) For values beyondt+40Sv, black
contour lines are drawn at multiples of 20S{e) black con-
tour lines show the circulation in LGM-mPISM at levels of
+1,5,10,20,40,60,... Sv. Dashed contour lines mark negative
values.

The differences in ocean circulation can also be seen i

the Atlantic ocean heat transport. In LGM-mPISM it reaches

1.1PW at 23N (0.86 PW in PI-mPISM, DPW in LGM-
ICE-5G). Between 15S and 38N, the overturning com-

ponent dominates the heat transport and the differences b

tween the experiments (Fidl0). It is highest in LGM-
mPISM, where the overturning is strongest. In both LGM
experiments in the Atlantic south of 3Bl the northward At-

lantic heat transport is stronger than in PI-mPISM. This ex-

plains the simulated low cooling or even slight warming in

the North Atlantic. Outside of this latitude band, the gyre

transports become more important. Between 40 artd\NGO

n
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Figure 10.Atlantic Ocean heat transports. Solid lines mark the total
heat transport, dashed lines the gyre contribution. The difference is
the overturning contribution.

cantly. All experiments show similar total heat transports in
the North Atlantic.

The sea ice in LGM-mPISM reaches further south in the
North Atlantic than in PI-mPISM (see Fig8. and 8). It
reaches Iceland during the entire year and covers large parts
of the deep water formation areas of PI-mPISM. The win-
ter sea ice margin reaches°88 east of Iceland and 43
at the American east coast. A part of the Labrador Sea be-
comes ice-free during summer. In LGM-ICE-5G, the winter
sea ice is similar to that of LGM-mPISM. The summer sea
ice margin shifts to the north, the Norwegian Sea becomes
ice-free and the summer sea ice cover in the Labrador Sea de-
creases (Fig8). The reduced summer sea ice cover in LGM-
ICE-5G is a combined effect of the missing latent heat flux
from glacier melt (see below), and higher wind stress push-
ing more ice out of the Labrador Sea.

The heat fluxes from glacier calving and shelf basal melt
contribute 30% of the energy for the sea ice formation in the
Arctic Ocean (north of the Fram Strait) in LGM-mPISM (Ta-
ble 5). In LGM-mPISM-W, these heat fluxes are cut. Thus,
the Arctic Ocean ice cover thins-82% ice thickness) and
the heat loss to the atmosphere increase3)@o) due to the
reduction of the insulation effect of the sea ice. This leads
to a winter (DJF) SAT warming of 2.4 K in the Arctic. This
warming is almost entirely restricted to the near-surface lay-
ers, thus weakening the winter-time inversion. The ice ex-
port through the Fram Strait sinks by 16 %, the ice volume in
the Nordic seas by 24 %, and its extent by 8 %. The summer
sea ice cover in the Labrador Sea shrinks (orange outline in

(?fig. 8). These changes explain, for a part of the sea ice, differ-

ences between LGM-ICE-5G and LGM-mPISM, and show
the importance of including the latent heat fluxes from calv-
ing in GCM simulations. A proper treatment of these fluxes
would require the inclusion of an iceberg model.

the strong Subpolar Gyre dominates the transports in PI-

mPISM and LGM-ICE-5G, while in LGM-mPISM, the Sub-

polar Gyre is weak and the overturning contributes signifi-
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Table 5. Heat budget of the Arctic Ocean sea ice in years 1650—Table 6. LGM Ice sheet volumes and drift. For the time evolution
2349 of LGM-mPISM and the same years of LGM-mPISM-W (the in the model, see Fid. For the ICE-5G reconstruction, sPeltier
comparison experiment with cut ice shelf-ocean heat fluxes). Th€2004).

boundary between the Arctic Ocean and the Nordic seas is drawn at

the Fram Strait. Volume (Miokn?)  Drift (km3yr—1)
Elux LGM- LGM- Ice sheet ICE-5G  mPISM mPISM
mPISM ~ mPISM-W Greenland 43 5.8 —26
Heat flux from the atmosphere (TW) —29.4 —383 Iceland 0.17 0.28 +12
Input from ice shelves 123 0 Laurentide 36 31 +28
(including calving) (TW) ' Siberia 0 9.3 +108
Heat flux from the ocean (TW) 8 103 Fennoscandian 8.2 11.6 +156
Heat export corresponding Total 48.7 60 +233
to sea ice export (TW) 33 279
37 The LGM ice sheets In LGM-mPISM, the annual accumulation on the Green-

land Ice Sheet of 558 Gty is exclusively balanced by di-
The total modeled land ice volume in the Northern Hemi- F€Ct losses to the ocean. Melting is negligible because of the

sphere is 60Mio ki, corresponding to 150 m of sea level lower surface temperatures. Figuterovides an overview
change. Tablé lists the ice sheet volumes, Figshows the of the ice streams. In the following, capital letters refer to the
time evolution of the volumes, and the mask used for thisigure. The Northeast Greenland Ice Stream (A) surges re-
analysis. We compare our results to four reconstructions. Th@€atedly. Its southern neighbor in a trough off Kejser Franz
widely used ICE-5G reconstruction (Fific, Peltier 2004, ~ J0seph Fjord (B) shows similar surge-type behavior and
its follow-up ICE-6G as provided by the PMIP-3 project Mmaiches deposits described Wjiken and Miener(2009.
(PMIP3 Project membey2010, the latest reconstruction S0uth of it, at Scoresby Sund (C), an ice stream is contin-
by Lev Tarasov (Fig8b, Tarasov and Peltie2003 Tarasov uon_Jst active _matchlng glacial deposits found in this area
et al, 2012 labeled as Tarasov in the following) and the re- (Wilken and Mienert2008. In the area of Kangerdlugssuaq
construction by Kurt Lambeck as provided by the PMIP-3 Glacier (D) an ice stream continuously drains into the At-
project PMIP3 Project memberg01Q ANU in the follow- lantic. Further continuously active glaciers follow on the
ing). ICE-5G consists of a high-resolution bedrock topog- southern eest coast._On the west coast, ice streams surge
raphy combined with a coarse resolution ice thickness. Théepeatedly in the region of Jakobshaven Isbrae (E) and the
surface therefore is not smoothed out by the ice and mucfifough north of it, matching proxy observationsRoberts
rougher than a real ice sheet surface. Local surface eleva! @l (2009. Further north, in the region of Kong Oscar
tions can therefore not be considered for comparisons. W&acier (F), two tributaries show surge-type activity. Since

therefore refer to the Tarasov reconstruction for small-scaldn€ sediment mask we use in mPISM (see S2@ does
features. not allow for sliding in the interior of Greenland (blue ar-

eas in Fig.1l), the ice streams are limited to the continental
371 The LGM Greenland Ice Sheet shelf. This does not prohibit fast-flowing ice as in PI-mPISM
(Fig. 7), where fast ice flow occurs in parts of the Green-

Of the 60Miokn? Northern Hemisphere ice volume, the land Ice Sheet where the sediment mask prohibits sliding.
Greenland Ice Sheet contains8®liokm?® (14.5m SLé) This fast flow is caused entirely by internal deformation. The

compared to 8Mio km? (10.8 m SLE) in the ICE-5G recon- incll_Jsion of temperate icein P_ISM allows for avery low vis-
struction Peltier 2004). It shows a drift of—2.7 km3 yr—1 cosny,.so the ice can reach high speeds by pure internal de-
averaged over the full 30kyr. The Greenland Ice Sheetgformation.

two-dome structure closely resembles that in PI-mPISM. It

is wider in all directions than in PI-mPISM, and covers all 3.7.2 The LGM Laurentide Ice Sheet

the continental slopes. The height of the northern dome is at

3150 m (100 m lower than in PI-mPISM, Tarasov: 3112 m). Baffin Island and Ellesmere Island are fully glaciated in
The southern dome profits from the cold climate and theLGM-mPISM, and connect the Greenland Ice Sheet to
wider ice sheet, and reaches a height of 2850 m (150 m highethe Laurentide Ice Sheet. The Laurentide Ice Sheet covers
than in PI-mPISM, Tarasov: 3083m). The ICE-5G as well aspresent-day Canada, and has a mean volume of 31 Mo km
the Tarasov reconstruction show a wider and flatter Green{ICE-5G: 36 Mio kn?), corresponding to 78 m of sea level
land Ice Sheet during the LGM than the present GreenlandICE-5G: 907 m SLE). In the west, it terminates inland of the
Ice Sheet, but assume less ice at the margins than mPISM. coast, while in the east and north, it fully covers the coasts.
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The southern boundary is approximately at BiGn the west  lution of about 375°, this match is acceptable. In the ANU
and at 45N in the east. reconstruction and in our model the Mackenzie Ice Stream
The Laurentide Ice Sheet is split into a main part andsplits the Laurentide Ice Sheet into a western and an east-
awestern Cordilleran part by the Mackenzie Ice Stream. Thisern part. In ICE-5G and in the Tarasov reconstruction this
ice stream cuts down to below 1500k and is in con- ice stream is less well represented. It is hardly discernible in
tinuous operation with an average strength of 694Gtyr ICE-6G. In the central part, the ANU reconstruction shows
(21 mSv water equivalent). During most of the experiment,a higher surface elevation than our model, but the structure is
Mackenzie Ice Stream shows net surface melt in its northerrvery similar with a rather low surface elevation in the region
part because of a foehn-effect acting on the winds from theof the Hudson Bay and higher surface elevation south and
Pacific. This area is characterized by very low surface elewest of it. A similar structure can be seen in the Tarasov re-
vations. The main part of the Laurentide Ice Sheet has twaconstruction. West of the Hudson bay, ICE-5G, shows a mas-
domes that are separated by the Hudson Bay. The maximursive mountain range between°df/ and 120 W, reaching
height of the eastern dome is 3200 m (3600 m of ice thick-about 4500 ma.|. while ICE-6G has a peak in the Hudson
ness), the maximum height of the western dome is 3150 nBay area.
(also 3600m of ice thickness). The Hudson Bay area is A comparison of the ice streams simulated in the model
largely drained by the Hudson Strait Ice Stream that approx{Fig. 1) with those found in proxy recordsS{okes and
imately every 7000 yr flushes ice into the Labrador Sea. Un-Tarasoy 2010 shows several ice streams, where models and
less otherwise noted, we average over this oscillation in thigeconstructions agree. In the following, numbers relate to the
chapter. Details of the oscillation and its implications in the numbering inStokes and Taras@2010 and Fig.1. The cen-
climate system will be covered in a follow-up publication. tral Laurentide Ice Sheet is drained into the Arctic Ocean by
They basically follow the binge—purge oscillator mechanismMackenzie Ice Stream (1). There are two major ice streams
proposed byMacAyeal(1993 and first shown to work in 3-D  in the Canadian Arctic Archipelago, the Amundsen Gulf Ice
by Calov et al.(2002. The main part of the Laurentide Ice Stream (18) just to the east of Mackenzie, and M'Clure Strait
Sheet loses ice by surface melt at its southern boundary an(l9) north of Amundsen Gulf Ice Stream. Both show surge
by calving into the ocean at the eastern and northern boundsehavior. So does Lancaster Sound Ice Stream (22) with its
aries. tributaries, the Admirality Inlet (21) and the Gulf of Boothia
The Cordilleran part of the Laurentide Ice Sheet reachesce stream (20). They drain the north-eastern part of the Lau-
heights of up to 3550 m, but these elevations are reached onlgentide Ice Sheet into Baffin Bay. Further to the south, hardly
on high mountains, so the thickness there is about 1000 mrepresented, the Cumberland Sound Ice Stream (23) surges
In valleys, the thickness reaches up to 2700 m, with surfacénto the Davis Strait. South of Cumberland Sound and well
heights of up to 2800 m. The surface accumulation of therepresented, the Hudson Strait Ice Stream (24) drains the
Cordilleran part of the Laurentide Ice Sheet is balanced byHudson Bay into the Labrador Sea. The Hudson Strait is not
the Mackenzie Ice Stream on the eastern side and by surfadbe only possible ice stream route for draining the Hudson
melt on the western side. The melt on the western side is posBay. The sediment distribution allows for a more northerly
sible because of the high temperatures in the northern Pacifimoute joining the Lancaster Sound Ice Stream and draining
that locally exceed those in PI-mPISM. The modeled ice-freeinto the northern corner of Baffin Bay. However, this route
western coast could be a resolution artifact. The coarse resaloes not become active in our experiments (EjgA repeat-
lution of the ISM could lead to an underestimation of the ex- edly surging ice stream drains the Ungava Bay (16) into the
tent of the ice streams. The coarse resolution of the AGCM isHudson Strait. In the Gulf of St Lawrence, a large ice stream
responsible for an underestimation of the strength of the presystem forms in the Laurentian Channel (25) and neighbor-
cipitation on the slope. On the other hand, the AGCM over-ing tributaries.
estimates the width of this belt of strong precipitation. The
Cordilleran part of the Laurentide Ice Sheet covers Alaska3.7.3 The LGM Eurasian ice sheets
fully. This is likely related to the same biases that cause the
glaciation of the Alaska Range in PI-mPISM. The Laurentide Ice Sheet is connected via Alaska to an ice
None of the reconstructions show an ice-free Americansheet in eastern Siberia that does not exist in the reconstruc-
west coast. They differ in the southern boundary and in thetions. There is however evidence of Pleistocene glaciation of
details of the structure of the interior of the ice sheet. All four the East Siberian continental margNi¢ssen et al.2013,
reconstructions agree with our model in putting the south-and of late Pleistocene large-scale glaciation at the Siberian
western edge further to the north than the eastern edge, witRacific coastBigg et al, 2008 Barr and Clark2012. The
values for the southwestern edge betweehNI2ANU and modeled East Siberian Ice Sheet has a maximum height of
ICE-6G) and 50N (Tarasov) (50N in our model). For the 3300 m and a volume of.9Mio km?, corresponding to 24 m
southeastern edge the values are betwe€MN3ANU and  SLE. The drift is+108knPyr—1. In the model, the East
ICE-6G) and 40N (Tarasov and ICE-5G), while our model Siberian Ice Sheet closes the gap between the Laurentide
yields 4% N. Considering that our climate model has a reso-Ice Sheet in the East, and the Fennoscandian Ice Sheet in
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the West.Krinner et al.(2011) concluded that two impor-  1981). The southern margin ice streams cannot be compared
tant factors for not glaciating eastern Siberia are (1) the lowto the reconstructions, since the margin is too far to the north.
show albedo that is caused by dust deposition, and (2) mois- Iceland is covered by an ice cap with a volume of
ture blocking by the Fennoscandian Ice Sheet. We do not us878 000kni (0.7 m SLE, ICE-5G: 172 000kf or 0.43m

a locally varying glacier albedo, so the first effect is not rep- SLE) and a maximum height of 2450 m (1400 m ice thick-
resented in our setup. The modeled Fennoscandian Ice Shee¢ss).

does not reach as far south as indicated by the reconstruc-

tions and the coarse resolution of the Atmosphere model doe8.7.4 Long-term ice sheet changes

not allow for a realistic simulation of the moisture block-

ing. Furthermore, we run the model under LGM boundary Figure 6 shows the evolution of the ice sheet volumes in
conditions for a long time span, so our (steady-state) reLGM-mPISM. The largest changes occur on the Bering Sea
sponse must be expected to be different from a transient statghelf and between the East Siberian and Fennoscandian ice
(see Sect3.7.4. The East Siberian Ice Sheet loses mass bysheets. The Bering Sea shelf is flooded with ice from Alaska
surface melt along all margins except for the Arctic Oceanbetween years 9000 and 11000. The ice stream surges trans-
coast, where the losses occur by calving and shelf basal mefort vast amounts of ice into the region (Fig.and, in the
only. Further calving and shelf basal melt occur at the Pacificfirst years, have to compensate for strong surface melt. Over
coast. time, the ice sheet stabilizes.

The Fennoscandian Ice Sheet has a volume of The eastern part of the Fennoscandian Ice Sheet slowly
11.6Miokm? (29.2m SLE; ICE-5G: Miokm?, 20.7m expands southward. This allows the ridge to shift southward
SLE) and shows a drift o156 kn? yr—1. It consists of two  and increase in altitude. For the first 20000 ice model years,
main parts. One part covers the Barents, Kara and Laptethe snow in the region between the Fennoscandian and the
sea shelves and the islands in this region up to Svalbard iiberian ice sheets melts during the summer, except for a few
the northwestern corner. The other part covers Scandinavigold years, when it survives the summer melt. The ice sheets
south to 60N. The eastern part starts with a peak heightslowly grow into this area by lateral ice advection and start
of 2600m. During the experiment, the ice sheet expandslosing the gap from the sides. During the last 10kyr, the
southward, and the peak shifts to the south and growsvinter snow in the gap between the ice sheets survives the
to 3000m. The western part starts with a peak height ofsummer melt, and the gap between the ice sheets is closed by
2730m, decreases to 2600 m during the first 10000 yr, an@lacier growth from local accumulation.
then stabilizes. Along the southern border and parts of the The simulated extensive glaciation of northern Siberia is
Norwegian Sea coast, there is surface melt. At the Arcticlikely to be an artifact of prescribing constant LGM bound-
Ocean coast, all losses occur directly into the ocean. ary conditions. In the coupled ice—climate simulations of

Among the reconstructions of the Fennoscandian IceHeinemann et al(2014), a transient simulation starting at
Sheet, ICE-5G and ICE-6G show the largest low-thickness80 kyr BP shows a rather small LGM Fennoscandian Ice
zones. Such zones are hard to obtain as a steady-state sdheet, while a steady-state simulation branched off from
lution in a dynamical ISM, where there are positive feed-this LGM state grows a massive ice sheet covering most
backs for ice sheet growth, until either height desertificationof Siberia. The steady-state Laurentide and Greenland ice
or a nearby coast limit the ice sheet height. They are easiesheets were very similar to the transient versions. This shows
to obtain as a transient state. The closure of the gap betweeihiat the Fennoscandian Ice Sheet is far from equilibrium at
the Fennoscandian Ice Sheet and the East Siberian Ice Shee LGM. Another factor that prevented the growth of an ice
at the end of the coupled experiment shows such a large, fla&gheet in Siberia is the reduction in the snow surface albedo
zone that is growing by surface accumulation. ICE-5G por-by increased dust deposition during the last gladfainner
trays the Fennoscandian Ice Sheet as reaching far to the sou€t al, 2011. This effect led to increased temperatures and
and staying below 1000 m in its southern parts. In the ANUmelt in Siberia. It is likely that the model’s cold bias over
reconstruction, the region between 50 and 80s covered  northern Siberia for the present day could lead to a similar
with substantially thicker ice exceeding 1500 m in large partscold bias in the LGM simulations. This could additionally
and even exceeding 2500 m over Norway. The surface elevasontribute to the growth of the Siberian Ice Sheet.
tions in the Tarasov reconstruction are lower over Norway
and the Barents Sea than in the ANU reconstruction, but the
reconstructions largely agree. Over the Barents, Kara, and Summary and conclusions
Laptev seas, our model places much more ice than any of
the reconstructions. There are massive ice streams betweéfle studied the glacial climate with an interactively coupled
Norway and Svalbardx), and further streams between the AOVGCM-ISM system. Such systems are only beginning
present-day islands at the northern margin of the ice shedb be developed. Therefore, we have modified the state-of-
(B, y). They match with proxy record®enton and Hughes the-art ISM PISM into mPISM, a model that can be used in

coupled ice sheet—climate simulations, and coupled it to the
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AOVGCM ECHAMS5/MPIOM/LPJ. Both models, aswellas ~ When the model is forced with the ICE-5G ice sheet recon-
the coupling, work without anomaly maps or flux correction. struction, the LGM cooling is stronger than in LGM-mPISM.
This avoids inconsistencies between flux correction termdn contrast to LGM-mPISM, the NADW is largely formed in
and modeled climate changes. In comparison to simulationshe Labrador Sea. It is possible to switch between the deep
using EMICs, AOGCMs represent processes of the ocean cirwater formation regions of LGM-mPISM and LGM-ICE-5G
culation and atmosphere dynamics in a much more detailedby exchanging the ice sheets. This provides a mechanism for
way and with higher spatial and temporal resolution. In con-obtaining two different ocean circulation states in glacial cli-
trast to previous AOGCM-ISM simulations (e.@regory  mate simulations.
et al, 2012, the ISM covers all relevant parts of the North- ~ mPISM shows strong surge behavior in the Hudson Strait,
ern Hemisphere. mPISM is a SIA-SSA hybrid model, and isas well as in several other regions. These surges follow the
thus able to model ice streams more realistically than convenHeinrich event mechanism described BhacAyeal (1993
tional SIA-only ISMs. The ISM is bidirectionally coupled to and first modeled in 3-D bgalov et al(2002. The response
the atmosphere as well as to the ocean model, enabling thef the climate system shows the basic features of Heinrich
study of the full interactions between the ice sheets and thevents Heinrich 1988 Clement and Petersp2008. We
climate system. currently study the effects of a transient spinup and the pro-
We validated our setup by performing steady-state ex-cesses relevant for the last deglaciation with the coupled
periments under pre-industrial boundary conditions (Pl-model system.
mPISM). The results agree reasonably well with the

observational data. The global mean SAT in PI-mPISM is .
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