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ABSTRACT
A fully coupled atmosphere—ocean general circulation model is used to simulate climate conditions during the last glacial

maximum (LGM). Forcing conditions include astronomical parameters, greenhouse gases, ice sheets and vegetation.
A 50-yr period of the global simulation is dynamically downscaled to 50 km horizontal resolution over Europe with a
regional climate model (RCM). A dynamic vegetation model is used to produce vegetation that is consistent with the

climate simulated by the RCM. This vegetation is used in a final simulation with the RCM. The resulting climate is
5-10 °C colder than the recent past climate (representative of year 1990) over ice-free parts of Europe as an annual
average; over the ice-sheet up to 40 °C colder in winter. The average model-proxy error is about the same for summer

and winter, for pollen-based proxies. The RCM results are within (outside) the uncertainty limits for winter (summer).
Sensitivity studies performed with the RCM indicate that the simulated climate is sensitive to changes in vegetation,
whereas the location of the ice sheet only affects the climate around the ice sheet. The RCM-simulated interannual

variability in near surface temperature is significantly larger at LGM than in the recent past climate.

1. Introduction

The last glacial maximum (LGM, ~21 kyr BP) is character-
ized by the largest ice volume in the last glacial cycle (i.e.
the last 100 000 yr) and very cold conditions. Climate mod-
els indicate that the annual global mean temperature (Tgobe)
was 1.85-9.17 °C lower than present (Kageyama et al., 2006;
Braconnot et al., 2007). Proxy data are sparse for the LGM
thus limiting the possibility to build global reconstructions from
proxy data only. In a model ensemble constrained by proxy data,
Schneider von Deimling et al. (2006) find that T is 4-7 °C
colder at LGM than in the pre-industrial climate. Regionally,
differences were larger, for example at the ice sheets at high
northern latitudes. Another consequence of the colder and also
generally drier climate during LGM was that vegetation cover
differed from present (e.g. Harrison and Prentice, 2003). The
height of the ice sheets and the extent of different vegetation
types and their respective influence on the LGM climate is un-
certain. Proxy data have biases and may give a picture that is
sometimes contradictory to and in conflict with climate models,
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because of uncertainties in the reconstructed climate and un-
certainties in the chronology of the reconstructions (Kageyama
et al., 2006). Three-dimensional reconstructions of both surface
conditions and properties of the large-scale circulation are rare
but attempts have been made utilising proxy data from several
sources (e.g. Kuhlemann et al., 2008). In this study model results
are compared with proxies for sea surface temperatures (SSTs)
based on microfossils, temperature and precipitation based on
pollen and temperature based on palaeo glaciers.

Coupled atmosphere—ocean general circulation models
(AOGCMs) give a three-dimensionally consistent picture of the
atmosphere and ocean irrespective of choice of time period and
independent of proxy-based reconstructions of the climate (as
long as those are not used to build the boundary conditions).
AOGCMs have been shown to simulate many aspects of today’s
climate in a realistic way (Randall et al., 2007). Evaluation of
AOGCMs under pre-instrumental conditions is more difficult
because there are no instrumental observations and the amount
of palaeoclimatic records are limited (Jansen et al., 2007). In
spite of this, AOGCMs have been applied to and tested for peri-
ods such as the LGM in the Palaeoclimate Modelling Intercom-
parison Projects (PMIP1, e.g. Joussaume and Taylor, 1995 and
PMIP2, Braconnot et al., 2007) showing that the models are able
to simulate many of the major processes determining the LGM
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Table 1. High-resolution simulations of LGM climate for Europe
Author Model Resolution Analysed time SST Ice
over Europe period (yr) sheets

Pollard and Barron (2003) RegCM2 nested in GENESIS GCM 60 km 6 Prescribed?® ICE-4G

Jost et al. (2005) LMDZ GCM 60 km® 10 Prescribed?® ICE-4GP
CCSR T106 =~ 190 km 10 Prescribed® ICE-4GP
HadRM nested in HadAM3 0.44° ~ 50 km 5 Prescribed?® ICE-4G

This work RCA3 nested in CCSM3 0.44° ~ 50 km 50 From CCSM3 ICE-5G

ACLIMAP (1981).

PICE-4G (Peltier, 1994).

“The model operates with a stretched grid. Sixty kilometres is the highest horizontal resolution in France.

climate state given appropriate forcing conditions (Braconnot
et al., 2007; Jansen et al., 2007). Still, problems do exist as ex-
emplified by Ramstein et al. (2007) who shows that the simulated
wintertime LGM climate is not as cold as proxy data indicates in
arange of AOGCMs in the North Atlantic and European region.

AOGCMs have relatively coarse horizontal resolution limit-
ing their ability to simulate regional scale features of the cli-
mate. This is a hindrance when comparing to observations, or
proxy data, which are local to their nature. A common way to
improve the representation of regional scale climate features
in AOGCM:s is to use high-resolution regional climate models
(RCMs) to improve the representation of regional scale climate
features (e.g. Rummukainen, 2010). RCMs give a better repre-
sentation of local conditions and may increase the utility of local
scale observations or proxy data. Jost et al. (2005) found that
the wintertime warm bias in Europe was reduced in the down-
scaling of an atmospheric GCM simulation of LGM climate to
50 km resolution with an RCM, although simultaneously dete-
riorating the agreement with reconstructed LGM precipitation.
However, one cannot expect that high-resolution itself can re-
move all biases as shown by Jost et al. (2005), who find that the
warm wintertime bias over western Europe discussed above re-
mains in two PMIP2 AGCMs and one RCM all run at relatively
high resolution (Table 1). Common to previous high-resolution
simulations of the LGM climate (Table 1) are prescribed SSTs
with no interannual or decadal variability and relatively short
time periods (ca. 10 yr). Given the large inter-decadal variability
within the LGM climate found by Brandefelt and Otto-Bliesner
(2009) in an AOGCM simulation of LGM climate, there is a
risk that such short periods are not representative of long-term
conditions

The main objective of this study is to perform and evaluate
a long-term (i.e. 50 yr) simulation for LGM climate conditions
in Europe taking into account both variability in North Atlantic
SSTs and sea ice, and regional vegetation in balance with the
simulated climate. To achieve this, we use boundary conditions
from an equilibrium simulation with a fully coupled AOGCM
under forcing conditions representative of the LGM (following
PMIP2). An RCM is used to downscale 50 yr of the AOGCM

simulation for Europe, enabling studies of the regional climate
including its interannual variability. In addition to the climate
models, aregional dynamical vegetation model (DVM) is used to
provide vegetation consistent with the simulated European LGM
climate. The simulated SSTs from the AOGCM are compared
to proxy data from the North Atlantic and the Mediterranean.
RCM results are compared to terrestrial proxy data for near-
surface temperature and precipitation. The simulated vegetation
is compared to data on LGM vegetation. Sensitivity experiments
are undertaken to investigate the impact of changes in ice sheet
configuration and vegetation on the regional climate. In par-
ticular, we investigate if these sensitivity experiments lead to
differences larger than the uncertainty ranges associated with
proxy data. Finally, we make a qualitative estimate of if and
how snow will accumulate in the absence of an ice sheet in the
RCM simulation. Results of this study may be used as an indi-
cation of where an ice sheet could potentially form from local
accumulation of snow at LGM.

2. Models, forcing conditions and proxy data

In this section, we first give an overview of the model approach
before describing the models and forcing conditions used in
the simulations in more detail. We also present the palacodata
used for comparison with the model results. Figure 1 shows the
model chain. Fifty years from the AOGCM (CCSM3) simulation
was downscaled with an RCM (RCA3) that was first run with
present-day vegetation including land-use as a first guess. The
resulting climate was then used in the dynamic vegetation model
(DVM) LPJ-GUESS to produce new vegetation consistent with
the LGM climate. Finally, a repeated RCA3 run with the new
vegetation was completed to produce the climate that is used
in subsequent analyses. In the same way, two runs with RCA3
were also performed to downscale the 50-yr-long reference sim-
ulation with CCSM3 for the recent past climate (representative
of year 1990): one using present-day vegetation including land-
use, and one using potential present-day vegetation determined
with LPJ-GUESS forced by the climate obtained in the first run
(Fig. 1).
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Fig. 1. Setup for the different models: full lines represent the climate
simulated by the global (CCSM3) and regional (RCA3) climate
models, and dashed lines represent the vegetation needed as input to
the regional climate model.

2.1. The CCSM3 global climate model

We use data from the Community Climate System Model version
3 (CCSM3) (Collins et al., 2006). CCSM3, which is an AOGCM,
has been tested for the recent past climate, the pre-industrial cli-
mate (around AD 1800) (Otto-Bliesner et al., 2006a), the LGM
and the Mid-Holocene warm period (6 kyr BP) (Otto-Bliesner
etal., 2006b). The atmospheric and land components of CCSM3
in the present simulations were run with the horizontal resolu-
tion T42, roughly equivalent to 2.8° x 2.8° latitude—longitude.
The ocean and sea-ice components share a horizontal grid of
320 x 384 points.

Model years 1125-1174 from a nearly 2000-yr equilibrium
simulation with CCSM3 for LGM conditions (Brandefelt and
Otto-Bliesner, 2009) were used for prescribing boundary con-
ditions in the RCM LGM simulations. The simulation of the
recent past climate used here as a reference is a 50-yr-long con-
tinuation of a simulation using constant forcing representative of
year 1990 described in Collins et al. (2006). Our reference sim-
ulation shows a reasonable overall agreement to observations,
although regional biases are apparent. For northern Europe, the
simulated climate shows local biases of +1-4 °C in seasonal
mean temperatures and up to +50% in precipitation compared
to gridded climatologies (Kjellstrom et al., 2009). The rela-
tively large biases in precipitation partly results from the coarse
resolution and thereby poor representation of the Scandinavian
mountains, which strongly influence the amount of precipitation
in that region. All simulations with state-of-the-art global cli-
mate models at coarse horizontal resolution show similar biases
(Randall et al., 2007).

2.2. The RCA3 RCM

The Rossby Centre regional atmospheric climate model RCA3
(e.g. Kjellstrom et al., 2005, Samuelsson et al., 2011) was ap-
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Fig. 2. Land-sea mask (grey), ice sheet extent (black) and orography
(white isolines for 1000, 1500, 2000, 2500 and 3000 m) for RCA3
(top) and CCSM3 (bottom). The land-sea mask is taken from the
atmospheric part of the models. Indicated as land areas are all grid

boxes with a land fraction of at least 20%. Also shown are the locations
of the sites for which proxy data have been compared with model
results, Wu et al. (2007) are represented by circles and numbers, Allen
et al. (2008) represented by squares and letters.

plied for downscaling CCSM3 results to a higher resolution
for Europe. RCA3 and its predecessors RCA1 and RCA2 have
been extensively evaluated and used for downscaling experi-
ments for the recent past climate and future climate change
scenarios (Rummukainen et al., 1998, 2001; Réisdnen et al.,
2003, 2004; Jones et al., 2004; Kjellstrom et al., 2011). The
ability of the regional model is strongly dependent on the real-
ism of the driving global model simulation (Kjellstrom et al.,
2011). Also, RCA3 has been used in palaeoclimatological ap-
plications for downscaling global model data for parts of the last
millennium (Moberg et al., 2006) and parts of the Marine Iso-
tope Stage 3 (Kjellstrom et al., 2010), but never for LGM. Here,
RCA3 was run over Europe with a horizontal grid spacing of
0.44° (approximately 50 km) and a time step of 30 min. Figure 2
shows the inner model domain excluding the eight-point bound-
ary relaxation zone. When used to downscale CCSM3, data for
initialising RCA3 were taken from CCSM3. After that, at every
6 h of the simulation, RCA3 reads surface pressure, humidity,
temperature and wind from CCSM3 along the lateral boundaries
of the model domain and also SST and sea-ice extent within the
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model domain. All RCA3 simulations have been run with 1-yr
spin-up time, after which the atmosphere/land surface system is
assumed to have forgotten its initial state.

2.3. The LPJ-GUESS DVM

We used the DVM LPJ-GUESS (Smith et al., 2001) to generate
fields of potential vegetation (i.e. the vegetation that would exist
in the absence of human intervention) for ice-free land areas in
the RCA3 domain. LPJ-GUESS is a process-oriented model op-
timized for application across a regional grid. The model shares
a common plant physiological and biogeochemical core with
the global model LPJ-DGVM (Smith et al., 2001; Sitch et al,,
2003), widely used in studies of the global carbon cycle and
biosphere—atmosphere coupling (e.g. Cramer et al., 2001; Sitch
et al., 2005, 2008), but is more detailed and mechanistic in its
representation of vegetation structure and dynamics, distinguish-
ing plant populations, age classes, vertical stand structure and
patch-scale heterogeneity. This level of detail is arguably neces-
sary to correctly characterize the transient vegetation dynamics
under periods of rapid climatic change, such as the present day,
which are controlled by population processes operating on simi-
lar time scales to the climate change itself. LPJ-GUESS has been
evaluated by comparison with observed vegetation patterns and
dynamics (Smith et al., 2001, 2008; Hickler et al., 2004; Zachle
et al., 2006; Miller et al., 2008) as well as ecosystem carbon
exchange (Morales et al., 2005; Yurova and Lankreijer, 2007;
Smith et al., 2008; Wramneby et al., 2008) and has been used
to model climate change impacts on European vegetation and
ecosystems in a variety of studies (Gritti et al., 2006; Koca et al.,
2006; Morales et al., 2007; Wolf et al., 2008).

The input data to LPJ-GUESS from RCA3 include: interannu-
ally varying monthly mean precipitation, surface air temperature
and incoming shortwave radiation. A spinup of 300 simulation
years was performed by repeatedly using the first 30 yr of RCA3
climate data. After that the full 50-yr period was run to generate
the LGM vegetation. LPJ-GUESS provides fractional vegetation
cover in the classes broadleaf and coniferous forests, open land
and bare ground, where open land is defined as areas with some
cover of low-stature vegetation such as grasses, herbs, dwarf
shrubs or mosses, but devoid of trees. In RCA3, broadleaf and
coniferous forests are aggregated for calculation of the forest
fraction. However, information about the two classes is kept
separate when calculating seasonally varying leaf area index.
Open land and bare ground are aggregated into a single open
land fraction.

2.4. Forcing conditions

The aim of this study is to simulate the climate under constant
LGM boundary conditions and forcing. We take forcing con-
ditions including land-sea distribution, topography, ice sheet
extent, atmospheric green house gas (GHG) and aerosol con-

centrations as constants in time. Also vegetation is treated as a
constant in the simulation albeit with a seasonal cycle.

In the CCSM3 LGM simulation, we used insolation of
1365 W m~? and orbital conditions representative for the 21
kyr BP (as described in PMIP2). The same insolation is used in
RCA3. Orbital parameters cannot be set in RCA3, why we use
conditions reflecting the end of the 20th century. RCA3 has a
low sensitivity to the insolation due to the fact that the climate
in a relatively small region, such as the RCA3 domain, is to
a strong degree governed by the large-scale forcing from the
global model.

As stated in the PMIP2 protocol, the GHG concentrations in
the CCSM3 LGM simulation were: CO,: 185 ppm,, CHy: 350
ppby, N,O: 200 ppb, and pre-industrial amounts of ozone, sul-
phate, dust and sea salt were used. RCA3 uses CO,-equivalents
(CO,-eq) to account for the total radiative forcing from GHGs
and aerosols instead of describing them separately. A CO,-eq of
168 ppm, calculated based on IPCC (2001) was used in RCA3
for LGM.

In both CCSM3 and RCA3, ice sheet setup and orography for
LGM conditions were taken from the ICE-5G data set (Peltier,
2004) and imposed directly in the models. Kageyama et al.
(2006) find that the use of the ICE-5G reconstruction improves
the simulated climate in western Siberia in AOGCM simulations
as compared to simulations with the earlier ICE-4G reconstruc-
tion. Although ICE-5G ice sheets and orography are used in both
CCSM3 and RCA3 there are notable differences in orography
due to the difference in horizontal resolution. The Scandinavian
ice sheet is at least 1000 m higher in RCA3 than in CCSM3
and in southern Europe CCSM3 does not show any mountains
higher than 1000 m (Fig. 2). In both models, the ice sheets were
treated as ice-covered mountains allowing for variations in snow
accumulation.

Present-day bathymetry in CCSM3 was used with the coast-
line changed according to a 120-m sea-level lowering (Lambeck,
2004). In RCA3 coastlines from ICE-5G were used, implying
that some current oceanic areas were instead land areas (Fig. 2).

Vegetation in the LGM simulation with CCSM3 is prescribed
according to modern conditions in line with the simulation pro-
tocol in PMIP2. Similarly, the vegetation in the first LGM sim-
ulation with RCA3 is prescribed according to RCA3 modern
conditions, with higher resolution than in CCSM3. In the sec-
ond run, we use the LPJ-GUESS vegetation as described earlier.

2.5. Proxy data

To evaluate the CCSM3 simulation, we use LGM SST-anomalies
w.r.t. the recent past climate. The palaco data set is the grid-
ded multiproxy approach for the reconstruction of the glacial
ocean surface (MARGO, MARGO project members, 2009) that
combines 696 microfossil and geochemical reconstructions of
summer, winter and annual mean SSTs. The MARGO data rep-
resenting LGM (defined as the time period 23—19 kyr BP), are
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projected onto a regular grid of 5° x 5° resolution. The error
estimates for the MARGO SST data are in the range 0.8-9.9 °C,
with a median value of 1.95 °C. The error estimates represent
1 standard deviation and thus the probability is 66% (95%) that
the SST is within £1 (2) standard deviations.

Terrestrial proxy data for near-surface temperatures and pre-
cipitation are taken from reconstructions based on inverse vege-
tation modelling starting from data on pollen biome scores (Wu
et al., 2007, hereafter referred to as WUOQ7). They give a central
value and a 95% confidence limit: for precipitation data they
estimate it to be £60 mm month~', and for temperature £10-
20 °C in the coldest month and £3-5 °C in the warmest month.
The coldest (warmest) month is defined by WUOQ7 as January
(July), which corresponds to what is simulated by the model.
We use all data from WUOQ7 within the RCA3 model domain
apart from one site in northern Norway that is representative
for conditions at 18 kyr BP well after the LGM in that region
(Table 2).

An independent set of proxy data for near-surface tempera-
ture was presented by Allen et al. (2008, hereafter referred to
as ALOS8). They derive precipitation/temperature relations for

Table 2. Data from Wu et al. (2007) (WUO7) used in this study

mountain regions from degree-day modelling of palaeo glaciers
in southern Europe and Russia. They estimate LGM tempera-
tures based on the temperature that is needed to sustain glacier
surface mass balance assuming precipitation being reduced with
0%, 40% and 80% compared to modern day precipitation. The
resulting data set consists of one temperature estimate per pre-
cipitation reduction at each glacier. The precipitation anomaly in
our simulations varies horizontally, prohibiting direct compar-
ison with their reconstructions based on horizontally homoge-
neous precipitation anomalies. To allow comparison, the ALOS
temperatures, based on 0%, 40% and 80% precipitation reduc-
tions, are linearly interpolated (and extrapolated in the case of
RCA3 precipitation outside the range of ALOS8 precipitation re-
ductions) to represent the same precipitation anomaly as simu-
lated by RCA3 at the specific location. Further, the reconstructed
temperatures represent local glaciers in areas of high altitude.
The orography in RCA3 is not that detailed and temperature
can vary considerably due to height differences. By comparing
the equilibrium line altitude (ELA) of the glaciers in the recon-
struction by the altitude in RCA3 for the same locations, the
temperature is adjusted w.r.t. height using the free atmospheric

Site Lon Lat Alt RCA Alt TCO TWA TANN Pjan Pjul PANN
1 Castigl 12.75 41.89 44 419 -9.7 —4.8 —6.6 —24.2 —30.6 —224.8
2 Monticc 15.6 40.94 530 401 —11.3 23 —5.6 —13.6 —27.8 —184

3 Ioannin 20.73 39.76 469 388 -20 —1.2 —8.1 —10.7 —28.3 —273.6
4 Khimadi 21.58 40.61 560 370 -9.8 —-2.6 —5.2 —243 —16.5 —172.1
5 Xinias 22.26 39.05 500 358 —8.9 -3 5.2 —-19 —22.1 —157.4
6 TenaghP 24.3 41.17 50 365 —6.3 —4.5 =5.1 -2.1 -36.9 —123.4
7 SutG 29.88 37.05 1400 388 —5.5 1.1 —1.2 —-20.9 —-1.6 —85.5
8 Karamik 30.8 38.42 1000 399 =71 —-1.9 —-3.8 —224 12.9 —28.2
9 Ghab 353 35.68 300 358 —18.6 —6.8 —11.1 -9.2 —-1.2 —22.2
10 Padul —3.67 37 785 352 —10.8 —4.5 —6.8 —16.8 59 —-33.2
11 Banyols 2.75 42.13 173 296 —12.2 —4.2 =71 —14.7 —5.3 —49.5
12 Ajo —6.15 43.05 1570 336 —11 —4.2 —6.7 —28.6 —18.6 —163.8
13 Biscaye -0.17 43.27 410 362 —15.1 —4.3 —83 —14.6 -259 —278.9
14 Lourdes —0.17 43.17 430 402 =71 —1.7 -3.6 —325 —56 —382.2
15 Bouchet 3.67 44.89 1200 428 —8.3 —0.6 -33 -313 —47 —326.2
16 Echets 4.89 45.67 267 432 —11.4 —7.6 -89 —-194 53 —44.5
17 GrandeP 6.5 47.73 330 422 —17.6 —11.8 —13.9 —-17 —23.7 —189

19R054 27.08 48.92 100 402 —11.5 —-12.6 —-12 —23.5 —13.6 -90.9
20R056 27.17 48.92 100 393 —11.2 0.4 -39 —34.4 —-19.2 —129.7
21 R057 31.1 47.65 100 538 —12.8 0.4 —4.5 —16.1 2.7 —14.2
22R058 31.11 47.65 100 593 —123 —-0.8 =5.1 —28.2 —6.6 -59.2
23 R003 37.19 56.37 128 393 —12.4 -9.7 —10.5 —23.1 —-123 —78.5
24R001 38.35 47.16 38 391 —16.5 —8.7 —11.5 -31.9 —13.1 —76.7
25R045 39.33 59.7 125 643 —15.6 =75 —-10.4 -29.9 —23.1 —153.5
26 R002 39.58 56.92 136.8 536 —12.5 —8.8 —10 —-23.9 —16.2 —106

27R046 41 57.08 150 774 —-12 —4.1 =7 —21.7 —10.8 —80.4

RCA Alt is the altitude in RCA3 at the grid point closest to the site. TCO, TWA and TANN are temperature anomalies ("C) for, respectively, the
coldest and warmest months and annual mean conditions. Similarly, Pjan, Pjul and PANN are the corresponding precipitation anomalies

(mm month™1).
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Table 3. Data from Allen et al. (2008) (ALO8) used in this study

Site Lon Lat ELA RCA Alt ATAO ATA-40 ATA-80 RCAP (%) RCA ATA ATA (adj.)
AS. Germany 11.88 48.31 900 700 -12.0 —13.2 —153 —39.04 —8.24 —11.87
B Vosges Mnts. 6.87 48.03 700 578 -13.9 —15.1 —-17.2 —22.75 -8.90 —13.79
C Massif Central 3 44.63 1100 653 —13.2 —14.5 —16.8 -9.91 -9.12 —10.62
D Sierra de Geres —8.44 41.57 1000 116 —-11.9 —13.5 —16.0 21.19 —8.34 —5.30
E Sierra de Anca —6.19 42.47 1300 1163 —134 —15.1 -17.9 -9.88 —8.23 —12.93
F Cantabrian Mnts. —6.83 42.82 1500 586 —10.7 —12.2 —14.2 —15.05 —8.67 —5.33
GSi. delaDemanda  —2.97 42.13 1700 1228 —13.5 —14.9 -17.0 3.77 —8.75 —10.30
H Si. De la Estrala —7.88 40.22 1500 749 —11.6 —13.2 —15.7 67.49 —8.49 —4.02
ISi. de Gredos 5.4 40.25 1800 575 —14.2 —15.7 —16.6 37.33 —7.43 —4.84
J Sierra Nevada —3.32 37.05 2200 1408 —15.7 —-17.6 —-19.7 105.44 =7.12 —5.54
K Pyrenees 1.67 42.68 1500 1608 —-11.2 —12.7 —14.6 -39.11 —8.37 —13.37
L Corsica 9 42.0 1600 68 —-11.0 —12.2 —-13.9 17.51 —8.47 —0.52
MN. Ital. Apenn. 10.4 44.28 1100 60 -13.9 —15.1 —-17.3 29.54 —8.43 —6.25
NC. Ital. Apenn. 13.6 42.45 1500 1243 -12.0 —-13.1 —15.1 26.48 —8.65 —9.60
O S.Ital. Apenn. 15.85 40.11 1600 293 —-12.0 —13.1 —14.7 12.84 —7.35 —3.15
P Croatia, Bosnia 18 44.27 1500 859 —11.6 —13.1 —15.7 —-5.27 —6.67 —7.63
Q Albanian Alps 20.23 41.75 1500 200 —12.6 —143 —-17.2 3.96 —6.48 -3.98
R Epirus Mnts. 20.81 39.78 1700 598 —12.5 —13.9 —15.5 9.58 —6.58 —5.00
S E. Greek Mnts. 22.35 40.08 2100 818 —10.6 —11.8 —13.4 —18.54 —5.42 —2.82
T Rhodopi Mnts. 24.19 42.02 2100 1540 —8.2 -9.4 —11.2 —21.34 —5.54 -5.20
U C. Carpatians 252 45.62 1800 1191 —8.0 -9.1 —-10.9 —14.73 —6.02 —4.45
V N. Carpatians 24.38 47.87 1500 702 -9.8 —10.9 —12.7 6.16 —7.06 —4.44

The columns represent (1) site, (2) longitude, (3) latitude, (4) average equilibrium line altitude (ELA), (5) altitude in RCA3, (6) annual temperature
anomaly (ATA) (°C) with 0% precipitation reduction (PR), (7) ATA with 40% PR, (8) ATA with 80% PR, (9) precipitation anomaly in RCA3 (%),
(10) ATA in RCA3 and (11) adjusted ATA from ALO8 w.r.t. height and precipitation.

lapse rate as simulated by RCA3. This new temperature adjusted
w.r.t. both precipitation and elevation is then compared with sim-
ulated temperature (Table 3). We use all ALOS data from within
the RCA3 model domain.

3. Simulated climate

3.1. Global LGM climate simulated with CCSM3

The annual global mean surface temperature is 7.9 °C in the
CCSM3 LGM simulation, which is 6.9 °C colder than in the
CCSM3 simulation of the recent past climate. This response is
stronger than in most of the PMIP1 (1.9-9.2 °C colder than in
the pre-industrial/recent past climate) and PMIP2 (3.4-5.5 °C
colder than the pre-industrial climate) simulations as presented
by Kageyama et al. (2006) and Braconnot et al. (2007). Temper-
ature differences compared to the recent past climate are larger
at mid and high latitudes in both hemispheres and, due to the in-
creased albedo and surface elevation, most pronounced over the
Laurentide and Fennoscandian ice sheets (Fig. 3). Our simula-
tion primarily deviates from the PMIP2 mean (Braconnot et al.,
2007, their Fig. 3) over the North Atlantic and North Pacific,
differences are smaller over the Laurentide and Fennoscandian
ice sheets. The upper-tropospheric circulation difference from

the recent past climate is dominated by an amplification of the
topographic wave over the Rocky Mountains and the Laurentide
ice sheet in winter and with a smaller amplitude also in summer
(Fig. 3). These changes are also found in the earlier period of
the CCSM3 LGM simulation analysed by Otto-Bliesner et al.
(2006). They are associated with a southward shift of the At-
lantic and Pacific storm tracks resulting in a decrease in the high-
latitude precipitation while mid-latitude precipitation increases
in both winter and summer (Fig. 3). This shift in precipitation
in the North Atlantic and North Pacific is a common feature in
four PMIP2 simulations analysed by Lainé et al. (2009).
Changes in the oceans include a 50% decrease in the strength
of the Atlantic Meridional Overturning Circulation and a de-
crease in annual mean SST with a maximum of 12 °C in the
Nordic Seas and northern North Atlantic (not shown). The
response of the Atlantic Meridional Overturning Circulation
(AMOC) to LGM conditions differs among different PMIP cou-
pled models. The response found in our simulation is relatively
strong as compared to the 17% decrease in AMOC strength
found by Otto-Bliesner et al. (2007) for the earlier period of this
CCSM3 simulation (Brandefelt and Otto-Bliesner, 2009). It is
also stronger than what is found in other coupled PMIP simula-
tions. The AMOC slows down considerably (by 20—40%) dur-
ing the LGM as compared to the modern climate in four PMIP
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Fig. 3. Summer (June—August, upper panels) and winter (December—February, lower panels) difference between the CCSM3 LGM simulation and
the recent past climate. 7oy, (shading) and fraction of the surface covered by sea ice (contour at 50% sea ice coverage for CCSM3 LGM in red and
the recent past in white) is shown in the left panels. Geopotential height at 300 hPa (contours every 50 geopotential meters, gpm) and relative
changes in precipitation (shading). Negative geopotential height contours are coloured white and positive are coloured black, the zero contour is
omitted. Units are °C and % in the left panels and gpm and % in the right panels.

models, there is a slight reduction in one model and four mod-
els show a substantial increase in AMOC strength (by 10-40%)
(Otto-Bliesner et al., 2007; Weber et al., 2007).

The large-scale spatial pattern of winter and summer SST dif-
ferences between the recent past and the LGM has the strongest
response around 45°N, along the eastern North Atlantic coast
and partly also in the Mediterranean. In the Norwegian Sea, the
anomaly amounts to 10-12 °C (Fig. 4). The sea ice cover ex-
tends further equatorward in the North Atlantic, North Pacific
and the Southern Ocean. The large-scale spatial pattern of winter
and summer SST is similar in the different PMIP2 simulations
(MARGO Project Members, 2009; their figures S4 and S5).
In the Norwegian Sea, however, the magnitude of the anomaly
varies among the PMIP2 simulations with a winter and summer
cooling of 0-8 °C.

The spatial pattern of the temperature anomaly in the North
Atlantic and Nordic Seas coincides with the pattern of sea ice
growth (not shown), i.e. the largest anomalies occur in the re-
gions of more sea ice compared to recent past climate and smaller
anomalies occur in regions that experience extensive sea ice
already in the recent past climate. The same pattern in SST
anomalies can be seen in the proxy data, but they also indi-
cate that the summer and winter SST was possibly as warm or
even warmer during LGM than in the recent past in parts of the
Nordic Seas (Fig. 4). As shown in Fig. 4, the CCSM3-simulated
LGM SST falls within 42 standard deviations of the MARGO
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proxy SST for most grid boxes in the North Atlantic region in
both summer and winter. For the remaining grid boxes, CCSM3
more often shows anomalies that are colder than indicated by
the MARGO proxy data. Therefore, we conclude that CCSM3-
simulated LGM SSTs are possibly too low in this region.

CCSM3-simulated LGM SST falls within £2 standard de-
viations of the MARGO proxy SST for most grid boxes also
in other regions of the globe (not shown). The MARGO data
indicates moderate anomalies in the tropical SST (less than
+2 °C), whereas the CCSM3 LGM-simulated SSTs are colder
than in the recent past climate by 2—4 °C. An average of PMIP2
tropical SSTs are 1.0-2.4 °C colder than pre-industrial values
(Otto-Bliesner et al., 2009). The largest anomaly in the Southern
Hemisphere found in the simulated LGM climate occurs around
50°S, which is colder by 2-8 °C in summer and winter. This
anomaly occurs, similar to the Northern Hemisphere, in regions
where the sea ice extent is increased. There is an indication
also in the MARGO proxy SST data of regions of maximum
differences compared to present-day conditions in the Southern
Hemisphere around 50 °S in summer (January—March), whereas
in winter (July—September) there are too few data points in this
region to compare.

Sarnthein et al. (2003) conclude that sea ice only covered the
Arctic Ocean and the western Fram Strait during LGM summer
based on proxy data of SST. In contrast, sea ice spread far south
across the Iceland Faroe Ridge during LGM winter. As compared



114 G. STRANDBERG ET AL.

JAS

JFM

300 W 0 30 E

14 -12 -10 -8 -6 -4 -2

2 4 6 8 10 12 14

Fig. 4. Summer (JAS, top) and winter (JFM, bottom) mean SST anomalies (LGM minus recent past) for the CCSM3 LGM simulation (left panel)
and the MARGO compilation (right panel). The CCSM3 SSTs have been interpolated onto the same grid as the MARGO data. Grid boxes for which
the CCSM3 simulated LGM SST falls within £2 standard deviations of the MARGO proxy SST are indicated with white + signs in the right panels.

to the proxy sea ice estimates made by Sarnthein et al. (2003),
the CCSM3 LGM gives too much sea ice in the Labrador Sea
and off the New Foundland coast in summer and too much ice
in the central North Atlantic in winter (not shown).

Regardless of possible biases in SSTs, the simulated anoma-
lies in annual mean temperatures over Europe in CCSM3 are
similar to those obtained in the high-resolution atmosphere—
only CCM3—simulations by Kim et al. (2008). They used
proxy-based reconstructions of the SST as a lower boundary con-
dition to their simulation indicating that the possible SST bias
we report on here does not have a major influence on the annual
mean temperature conditions over Europe. Similarly, Kageyama
et al. (2006) reported that the relationship between SST anoma-
lies in the North Atlantic and surface temperature anomalies
over Europe is not straightforward for the warmest month of the
year. They only found a significant relationship between anoma-
lies in the western European region and the North Atlantic for
temperatures of the coldest month.

3.2. European LGM climate simulated by RCA3

The very cold simulated LGM climate, with annual mean tem-
peratures below O °C in all of Europe north of about 50°N and
also in high-altitude regions in southern Europe, is clearly seen
in Fig. 5. In winter, the situation is even more striking with the
0 °C line encompassing basically all of continental Europe and
monthly mean temperatures below —40 °C over the northern
parts of the ice sheet. These very large differences are partly due

to the perennial snow/ice cover but also to a consequence of the
high elevation of the ice sheet. During summer, the area with
the lowest temperatures is more confined to the ice sheet, the
extent of which is readily visible in Fig. 5. In ice-free parts of
Europe temperature anomalies are stronger in the west as a con-
sequence of the low SSTs in the North Atlantic in combination
with the influence of prevailing northwesterlies in this region
(Fig. 6). In winter when most parts of Europe are snow covered,
the north—south gradient is less pronounced.

Compared to the three high-resolution LGM simulations by
Jost et al. (2005), the RCA3 results compares best with the
HadRM simulation with a deviation of at most 3 °C (the other
two being at least 5 °C warmer) in terms of temperature of the
coldest month, at least for southern and central Europe. In north-
ern Europe, the signature of temperature anomalies of the cold-
est month are different. While in RCA3 the maximum negative
anomaly is over the ice sheet, all simulations in Jost et al. (2005)
have maximum negative anomaly over the ocean. For annual pre-
cipitation RCA3 compares best with the LMDZHR simulation,
which gives a similar pattern of precipitation anomaly. CCSR1
does not give enough details and HadRM simulates much more
precipitation around the coastlines in southern Europe.

The RCA3 results from regions outside the ice sheet are com-
pared with pollen-based proxy data of temperature differences
with respect to the present climate from WUOQ7 and the adjusted
glacier temperatures from ALO8 (Figs 5 and 7). For annual
mean temperature, the difference between model and proxies
is smaller than 2 °C in Spain, Italy and Greece. In the Alpine
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Fig. 5. Mean temperatures of the warmest month, coldest month and year (top). In the lower row differences compared with recent past conditions
are shown. Also shown are estimates of temperature anomalies based on proxy data (coloured circles (Wu et al., 2007) and squares (Allen et al.,

2008). Unit: °C.

region, good agreement is seen for one of the records whereas
RCA3 is warmer than indicated by the other proxies. In the
Pyrenees, RCA3 is colder than the proxies. In Turkey, one proxy
data is much warmer and one much colder. Compared to ALOS,
RCA3 simulates annual temperatures within the error bars for
most locations, but tends to underestimate temperatures at the
northernmost locations. We note that most proxy points are in
close vicinity to high-altitude complex terrain areas such as the
Alps and the Pyrenees making comparisons with the model re-
sults difficult.

For the coldest month, large differences of more than 10 °C
between model and proxies are seen in the four records in
north eastern Europe (Fig. 7, middle). RCA3 tends to simulate a
smaller anomaly in temperature than proxies indicate, but shows
a fair agreement (mostly within a few degrees) in the southern
half of Europe. There are some notable local exceptions to this
where the model shows anomalies 15 °C smaller than the prox-
ies (e.g. in Greece and Cyprus). However, the disagreement is
not more than 5 °C for the sites in the surrounding regions im-
plying that these specific sites may not be representative of the
larger regional scale. We also note that as the uncertainty ranges
in the proxy data are very large, the model-simulated tempera-
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tures are within the uncertainty estimates at all but three sites in
northeastern Europe.

For the warmest month, the uncertainty ranges in the proxy
records are much smaller than in winter. This means that the
comparison between model and proxies has the potential of
being more useful than in winter for which uncertainties are
very large. RCA3 shows a larger anomaly in temperature than
the proxies do at a majority of the locations, most notably in the
Mediterranean region (Fig. 7, left), this may be a consequence
of the low SSTs in the North Atlantic as simulated by CCSM3.
At the same time, RCA3 is warmer than indicated by the proxies
in eastern Europe.

Another way to evaluate simulated temperatures is to look at
the extent of permafrost. Based on model simulations compared
with temperature reconstructions, Renssen and Vandenberghe
(2003, hereafter RV03) defines the southern limit of continuous
permafrost as the line where the maximum annual mean tem-
perature is below —8 °C and the mean winter temperature below
—20 °C. Further, discontinuous permafrost develops when mean
annual temperatures are —4 °C or below. The 0, —1, —4 and
—8 °C isotherms for annual mean temperatures are similar in
RCA3 to those in their reconstruction (not shown). The —20 °C
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Fig. 6. Mean sea-level pressure (MSLP) and precipitation of the warmest month, coldest month and annual mean (top). In the lower row differences

compared with recent past conditions are shown. Shown as coloured circles are precipitation estimates based on proxy data (Wu et al., 2007). Units:

hPa for MSLP and mm month~" for precipitation.

isotherm for winter temperatures, on the other hand, is located
further to the north in RCA3 in the North Sea/British Isles region
implying that continuous permafrost would be less extensive and
that RCA3 is possibly too warm in winter in this area. At the
same time, however, the SSTs in RCA3 are roughly in agreement
with the prescribed SSTs used by RV03 and colder compared to
MARGQO SSTs (cf. Fig. 4), indicating that any possible warm
bias in parts of western Europe is not caused by biases in SSTs
in the North Atlantic. Roche et al. (2006) estimates permafrost
extent based on simulated temperature and gets about the same
extent as RCA3.

Annual mean precipitation in RCA3 shows a broad maximum
over the North Atlantic and the European continent (Figs 6 and
7). In winter, the differences w.r.t. the recent past climate resem-
ble those in the annual mean but they are more pronounced. This
means mostly dry anomalies, except in the Iberian Peninsula,
the southern Alps and Italy (Fig. 6) where more precipitation is
simulated in connection to the southward shift in the Atlantic
storm tracks discussed earlier. The steep coastlines of western
Fennoscandia and Scotland which today are facing the ocean
and therefore get a lot of precipitation were, at the LGM, parts
of the ice sheet that extends westward. Without the coastline

orographic effect, precipitation is much smaller in these regions
(Fig. 6). An area with more precipitation than in the recent past
climate is the area of what is today the Baltic Sea. During the
LGM, this area was an elevated part of the ice sheet in which
RCA3 produces relatively large amounts of precipitation during
summer.

All proxy data for precipitation are confined to southern Eu-
rope. A majority of the sites show reduced precipitation at the
LGM for both summer and winter (Fig. 6), although the uncer-
tainties are large, as described earlier. In terms of annual mean
precipitation, model and proxy-based data agree fairly well on a
decrease of around 300 mm yr~'. For the coldest month of the
year, proxy-based data indicate small differences in precipitation
compared with the recent past climate. The model, on the other
hand, shows a spread with increased precipitation at some sites
and decreases at others. Summarizing, for most of the sites, the
model is within the uncertainty ranges defined for the proxies.
However, there are exceptions to this relatively good agreement,
as exemplified by site number 7 in southern Turkey. For this
location, there is a large difference in altitude (about 1000 m,
Table 2) between the actual site and the model grid elevation, as
this is an area of strong gradients in topography. As RCMs, at the
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Fig. 7. Comparison of simulated temperature (top) and precipitation (bottom) (horizontal axes) with proxy data (vertical axis) for the warmest
month of the year (left), the coldest month of the year (middle) and annual mean (right). The vertical bars illustrated for the proxy data define the
95% confidence levels. The dashed lines represent the average of these errors. The numbers and letters corresponds to the specific sites in Fig. 2.
Unit: °C for temperature, mm month~! for precipitation.

horizontal resolution we use here, cannot simulate local details ing simulation of present-day conditions in large areas around
of precipitation in mountainous areas, the large differences may the Mediterranean for most of the year; although statistically
be more of a representativity problem than an actual bias. It can significant, the difference is small (0-0.4 °C km™'). This in-
also be noted from Fig. 6 that the pattern in precipitation change dicates that the increased precipitation in these areas are not
is noisy in its nature and that relatively small horizontal offsets only a result of stronger convection, at least not in the model.
from the sites may alter the correspondence between model and In northern Europe the simulated LGM lapse rate is weaker
proxies. (1-2 °C km™") indicating more stable conditions, especially in

Kuhlemann et al. (2008) study the change in difference be- winter (Fig. 8).
tween ELA temperature and SST between LGM and present-

day conditions in the Mediterranean region. They suggest that 3.3. European LGM vegetation simulated

the atmospheric lapse rate in parts of that area was notice- by LPJ-GUESS

ably steeper (8.5-10 °C km™') at LGM than today leading to

more unstable conditions. This reduction in stability, in com- The vegetation model simulates vegetation reminiscent of tun-
bination with intrusions of cold air from the north, would dra and/or montane woodland over ice-free parts of central and
favour convective precipitation in the southern Alps, Apennines southern Europe (Fig. 9). Short, cool summers and low CO,
and Dinarides; especially on the upwind flank of the moun- concentrations limit primary production and tree growth. Boreal
tain regions. Our simulation shows 25-50% more precipitation needle-leaved trees dominate the tree canopy in the more conti-
than in the simulated recent past on an annual mean basis in nental climate of eastern Europe, whereas low growing season
these regions, possibly supporting their suggestion. The lapse heat sums limit establishment to broadleaved deciduous trees of
rate is steeper in the LGM simulation than in a correspond- the mountain birch type in western Europe.
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Fig. 8. Difference in annual average atmospheric lapse rate (difference
between 700 and 900 hPa levels) between the LGM simulation and the
simulation of the recent past, ice sheets and areas with elevation higher
than 500 m are masked out. Units: °C km™!.

A pollen-based reconstruction of vegetation in ice-free parts
of Europe at LGM indicate that forested areas were more or less
absent (Harrison and Prentice, 2003). This is supported by a re-
construction based on a wider range of different data including
both pollen data and plant macrofossils (Ray and Adams, 2001).
Both these studies suggest that central and southern Europe in-
stead was dominated by steppe or dry shrubland vegetation.
Much lower rainfall than today and reduced plant water-use ef-
ficiency associated with lower CO, concentrations in the atmo-
sphere have been invoked as causes of low plant-available mois-
ture that would limit the occurrence of trees in favour of grasses

(Harrison and Prentice, 2003). The semi-open landscapes sim-
ulated by LPJ-GUESS over parts of Southern Europe suggest
a greater representation of trees than the data-based reconstruc-
tions. A study using an equilibrium biosphere model based on
a range of GCM-reconstructed climates likewise suggests the
presence of boreal forest vegetation over southern Europe at
LGM (Kaplan et al., 2003). Biases are possible in both the
models and the data-based reconstructions; however, one likely
explanation for this discrepancy is that the cold distributional
limits for trees in the models are calibrated to the observed mod-
ern distributions of dominant taxa in relation to coldest month
mean temperatures. The physiological control of these limits
is, however, more closely tied to absolute minimum tempera-
tures, representing extreme cold events that result in meristem-
atic freezing and plant death (Woodward and Williams, 1987).
Although absolute minimum and coldest month mean temper-
atures are correlated with one another, the difference between
them is likely to have been larger during LGM compared with
today’s climate. This is supported by the simulated LGM climate
(not shown explicitly, but see, e.g. the increased winter time vari-
ability in Fig. 13). This will tend to result in a coldward bias in
the simulated distributions of tree taxa at LGM. It should also
be noted that LPJ-GUESS was not set up to simulate shrubs in
this study; LPJ-GUESS was applied with the minimum number
of PFT's necessary to represent biogeographic patterns and shifts
of relevance for accounting for land—atmosphere feedbacks in
the context of our study. Although shrubs can be represented in
LPJ-GUESS, tree PFTs with corresponding phenology and bio-
climatic constraints provide a sufficient proxy for the purposes
of our study (see also Smith et al. 2011).

Consequently, the simulated woody vegetation may also be
considered to represent shrubland and woody tundra which were
elements of the European vegetation during the LGM (Harrison
and Prentice, 2003).

Needleleaved trae —

Fig. 9. Proportion of vegetation cover comprising broadleaved trees, needle-leaved trees and herbaceous vegetation resulting from the LPJ-GUESS
simulation forced by the initial climate from RCA3. The numbers indicate the fraction of a certain type of vegetation in the vegetated part of each

grid box.
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4. Discussion

4.1. General uncertainty of the presented results

The major uncertainties in the simulated LGM climate are re-
lated to forcing conditions, model formulation and natural vari-
ability. The prescribed forcing conditions contain uncertainties
related to, among others: vegetation cover, ice-sheet extent and
altitude, sea level and aerosol content of the atmosphere. Earlier
studies have tested forcing conditions that are more in line with
what is expected for the LGM than those used in the PMIP2
protocol, including LGM vegetation (Jahn et al., 2005), LGM
mineral dust concentrations (Mahowald et al., 2006), or both
(Schneider von Deimling et al., 2006). These three studies in-
dicate that the inclusion of vegetation and dust leads to lower
temperatures [for vegetation with 0.6 °C according to Jahn et al.
(2005) and with 0.5-1.0 °C according to Schneider von Deim-
ling et al. (2006); for dust with 0.85 °C according to Mahowald
et al. (2006) and with 0.5-1.5 °C according to Schneider von
Deimling et al. (2006)]. These, and other uncertainties related to
forcing conditions and model formulation, could be elaborated
more upon in future studies with additional sensitivity experi-
ments.

The issue of natural variability pertains to the simulations with
the RCM as we have chosen to downscale periods of limited
extension (50 yr). Downscaling of other 50-yr periods from
the CCSM3 simulation would not give identical results. The
influence of the choice of this specific 50-yr period is determined
by computing the time series of the 50-yr running annual mean
for the last 1000 yr of the CCSM3 simulation. The time standard
deviation of this time series is less than 0.3 °C for Ty, for all grid
points in Europe and mostly less than 2040 mm yr~! (locally
50-60 mm yr~') for precipitation. Based on these relatively
small differences between different time periods, we conclude
that the 50-yr period chosen from the quasi-equilibrium of the
global model is long enough to exclude any major differences
due to decadal natural variability and is a good representative
of the longer global simulation. Our results also indicate that
shorter simulation periods may be problematic as the interannual
and interdecadal variability is large. Analogously to the 50-yr
running annual means, we calculated 3-yr running annual means
for all 3-yr periods within more than 500 yr of the global model.
In this case, standard deviations of up to 1.5 °C in near-surface
temperature were obtained for parts of western Europe and the
North Atlantic between different periods.

An additional source of general uncertainty lies in our ap-
proach that is based on the assumption of a climate in quasi-
equilibrium, whereas it may be questioned to what degree the
real climate approached quasi-equilibrium during LGM. If the
real climate system was not in balance and hence not in quasi-
equilibrium during LGM we may expect that a balanced state
from a simulation is not the best representation of the climate
system.
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4.2. Sensitivity of the regional climate
to vegetation cover

We investigate how a profound difference in regional vegeta-
tion would influence the regional LGM climate in Europe by
performing an additional experiment with RCA3. This run with
RCA3 was done with the same LGM set up as described above
apart from the vegetation that is replaced by potential vegetation
corresponding to recent past conditions. This potential vegeta-
tion was simulated by LPJ-GUESS using RCA3 data from the
recent past simulation. It is characterized by deciduous forests
in most of central Europe, needle-leaved forests in eastern and
northern Europe and herbaceous vegetation in southern Europe
(not shown). This is in stark contrast to the simulated LGM
vegetation described above (cf. Fig. 9). A comparison of the
two RCA3 simulations of LGM climate with different vegeta-
tion shows that the simulated regional climate patterns in parts
of Europe are sensitive to feedbacks from such large differ-
ences in vegetation. The differences in temperature are largest
in March, 1-3 °C, close to but outside of the ice sheet and in the
Alpine region (Fig. 10). The differences are due to the less ex-
tensive forests in the LGM simulation (i.e. reduce forest fraction
from around 70% to 30%), leading to higher albedo and thereby
lower temperatures. In summer, the differences in temperature
are within =1 °C. We note that despite the radically changed
vegetation, differences between the two simulations are small

compared to the uncertainties in the proxy data for near-surface

=35 -3-25<2-15-1-05 0 05 1 1.5 2 25 3 35
Fig. 10. Temperature difference in March between the reference LGM
simulation with LGM vegetation and the LGM simulation with
potential vegetation representative of the recent past climate. Unit: °C.
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Fig. 11. Comparison of simulated temperature between a simulation of LGM climate without ice sheet and our reference LGM simulation. Unit: °C.

temperature and precipitation. The implication of this is that
inferences about LGM vegetation from an RCM-simulated cli-
mate cannot be made unless the RCM is evaluated against less
uncertain proxy data.

4.3. Sensitivity of the regional climate to the extent
of the ice sheet

To test the influence of the ice sheet on the local scale, the
ice sheet was completely removed in RCA3. For computational
reasons, the forcing from CCSM3 was the same as in the previous
run. Therefore, the results in this experiment only holds for
Europe with the caveat that the large-scale atmospheric features
might be different if the ice sheet also would be removed from
CCSM3. In this experiment, the winter temperatures are higher
by up to 25 °C at the location of the LGM ice sheet (or where the
ice sheet used to be), with largest differences in the areas where
the difference in altitude with or without an ice sheet is largest;
in summer differences are 10—-15 °C (not shown). In large parts
of western Europe, summer temperatures are higher by around 1
°C, and in winter eastern Europe is 5-10 °C warmer (Fig. 11). A
reason for these temperature differences is the warmer conditions
in the north and consequently less pronounced outbreaks of
cold air masses from these areas. Precipitation in this sensitivity
experiment differ from that in the reference LGM simulation by
locally up to +-80 mm month~!, where the ice sheet is removed.
Outside of this region precipitation differences are mostly within
410 mm month™', with only a few scattered, small areas with
differences of 80 mm month™! (not shown).

These results show that the location and extent of the ice
sheet has an impact on the simulated RCA3 climate on a local
scale: at the ice sheet and in the close vicinity. Effects farther
away are mostly seen in eastern Europe in winter, on the ‘lee-
side’ of the atmospheric flow. In summer, impacts of the ice

sheet are smaller and we note particularly that there are no dif-
ferences between the two simulations in eastern Europe. This
indicates that the possibly too warm conditions in that area (cf.
Fig. 5) are not caused by errors in the location of the eastern
margin of the ICE-5G ice sheet unless it is located way too far to
the west.

4.4. Implications for ice sheet extension and growth

In our LGM simulation snow is accumulating, over the simulated
50-yr period, in three areas: Iceland, Fennoscandia and the Alps
(Fig. 12, red line). Because RCA3 does not include dynamic ice
sheets, we cannot give details on the extent of ablation zones or

SN

Fig. 12. Areas of snow accumulation in three experiments: (i) the main
simulation with LGM topography (red line), (ii) LGM topography but
no ice surface (grey shading) and (iii) present-day topography (black
shading).
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expanding glaciers due to accumulation in the glaciers’ central
parts. Based on the results we do get, we can nevertheless make
some very qualitative statements on the extent of the ice sheet:
(1) The climate is warm enough in southern Europe to prevent
the ice sheet expanding in this direction. (ii) The climate in
northern Europe, over the ice sheet surface, is cold enough to
sustain the ice sheet. Monthly mean temperature seldom rises
above 0 °C, and over most parts of the ice sheet at least 70% of
the precipitation falls as snow. If 60-100% of the precipitation
accumulates on the ice sheet it would grow with 0.3-0.5 m yr~!
of water equivalents. (iii) Precipitation in the northeastern part
of the Fennoscandian ice sheet is very low, indicating that only
limited ice sheet growth was possible in that region. This is in
general agreement with the findings of only a small extent of
the LGM ice sheet in the Ural region in Russia as presented by
Mangerud et al. (2008).

In an additional experiment keeping the LGM orography, but
replacing the prescribed ice on the surface with bare ground, we
investigate if, and in that case where, high altitudes are sufficient
to initiate snow accumulation at LGM. Here snow accumulates
primarily in the Alps, Iceland and the southern tip of Norway;
and to a lesser degree in other elevated parts of Scandinavia and
the northwest coast of the British Isles (Fig. 12, grey shading).
In a third experiment with present-day topography, snow accu-
mulation occurs at a slower rate and at fewer locations, mostly
Iceland and the Alps (Fig. 12, black shading). The results show
that both ice on the surface and high elevation is necessary to get
snow accumulation in Fennoscandia even with the cold LGM
conditions.

4.5. Variability in LGM

Kageyama et al. (2006) discuss how representative proxy data
are. They suggest that proxies could be sensitive to extremes
as well as to the long-term average climate differences and that
different variability at the LGM and today could bias the recon-
structions. Ramstein et al. (2007) experiments with temperature
and precipitation variability in vegetation modelling. They find
that changed variability has a clear impact on the simulated veg-
etation. The interannual variability at LGM in our simulation is
different from that in the recent past climate: the standard devia-
tion of the winter temperature is up to 3 °C higher for central and
northern Europe, and over the North Atlantic up to 12 °C higher,
mostly due to the presence of sea-ice in this area (Fig. 13).
In summer, standard deviation of the temperature is about the
same in LGM and the recent past (not shown). The standard
deviation of precipitation is higher by 0-20 mm month~! in ar-
eas with more precipitation and lower by 10-30 mm month™"
(up to 50 mm month~! in mountainous areas) in areas with
less precipitation in both summer and winter (Fig. 13). The
results indicate that if proxy-based estimates are made assum-
ing present-day variability (or extreme conditions) biases may
occur.
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4.6. Comparison between the global
and regional models

The orography in RCA3 is more detailed than in CCSM3, dif-
ferences in altitude of more than 1000 m are seen at many
locations (cf. Fig. 2). These differences in orography lead to dif-
ferences in the simulated climate. The higher altitude in RCA3
gives lower temperatures in the mountain ranges compare to
CCSM3. Conversely, higher altitudes by some 200400 m out-
side the mountainous areas in the smoother CCSM3—orography
lead to lower temperature in CCSM3. The smoother orography
in CCSM3 also gives temperature and precipitation fields with
lower horizontal variability than RCA3. Still, the correlation
in monthly values between simulated climate in CCSM3 and
RCA3 is high. The correlation varies between regions and sea-
sons but ranges between 0.73 and 0.97 for temperature and 0.54
and 0.96 for precipitation.

Mean absolute errors (MAE) between proxy data (WUO7
and ALOS8) and the global and regional models are presented in
Table 4. For RCA3, temperature errors ranges between 2.5 and
5.5 °C depending on season. For the warmest month, this error is
about the same size as the proxy data uncertainty range (Table 4).
For the coldest month, the error is within the uncertainty range.
For precipitation a MAE of 15-23 mm month™! is within the
uncertainty range. The differences in MAE between RCA3 and
CCSM3 are small for both temperature and precipitation.

5. Summary and conclusions

This work presents results from a 50-yr period in a stabilized
LGM simulation with a fully coupled AOGCM (CCSM3). Dy-
namical downscaling to 50 km horizontal grid spacing for Eu-
rope has been performed with the RCA3 RCM. The global model
followed PMIP2 forcing conditions, including modern day veg-
etation and prescribed LGM ice sheets. Regionally, vegetation
consistent with the simulated regional LGM climate has been
produced for Europe by a DVM (LPJ-GUESS). Subsequently,
this LGM vegetation was used in the RCM in a second simula-
tion for which the climate is analysed and compared to existing
proxy data. Additional experiments have been undertaken, in-
vestigating the sensitivity to type of vegetation and extent of ice
sheets.

Given forcing conditions from PMIP2, CCSM3 produces a
reasonable climate that is in broad agreement with most of the
available SST reconstructions for LGM conditions on a global
basis. In the North Atlantic region, this also applies for about half
of the proxy records considered. For the remaining records, the
model results fall outside of their associated error bars; either
as warm or as cold biases. The overall tendency here is that
cold biases dominate in the Atlantic close to Europe and in the
Mediterranean Sea, both for summer and winter conditions.

RCA3 simulates a cold and dry climate in Europe for LGM.
An exception to the dry climate is the Mediterranean region
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Fig. 13. Top panel: simulated inter-annual standard deviation at LGM; bottom panel: difference in interannual standard deviation between the LGM
simulation and the simulation of the recent past, for temperature (left panel) and precipitation (right panel). All panels show winter conditions.

Units: °C for temperature, mm month~" for precipitation.

Table 4. MAE between proxies and model for CCSM3 and RCA3
for annual mean (ANN), coldest month (CO) and warmest month
(WA)

Variable Time MAE Mean proxy  No. of
uncertainty ~ points
CCSM3  RCA3

Temperature ~ ANN 2.9 2.5 8.5 48

CO 5.8 5.5 23 26

WA 4.6 4.7 52 26

Precipitation =~ ANN 11 15 46 26

CO 25 23 127 26

WA 13 21 101 26

where precipitation is not that different from that in the recent
past climate as a result of the simulated southward shift of the
storm tracks in CCSM3. The mean absolute difference between
proxies and simulated climate is 2.5-5.5 °C for temperature

and 15-23 mm month~! for precipitation calculated as averages
over all available records. The mean absolute differences be-
tween simulated temperature and proxies are about the same for
summer and winter. For summer, most simulated temperatures
fall outside of the uncertainty range of the proxies. Comparison
with the available proxy data in central and southern Europe sug-
gests that the simulated summer climate is too cold there. This
may be a result of the cold SST bias over the North Atlantic in
CCSMa3. In eastern Europe, warm biases dominate in the few
available records during summer. For winter time temperatures,
most simulated temperatures fall within the uncertainty range of
the proxies. The only exception is in the northeast where cold
biases are seen at some locations.

The two LGM experiments with different vegetation cover
(potential recent past and potential LGM, respectively) show
differences of up to 1-3 °C in monthly mean temperature during
parts of the yr in some areas. This show that regional vegeta-
tion features are important for the regional climate and should
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preferably be included in RCM simulations. The results of the
iterative simulations with the RCM and DVM show that this is a
viable approach, as the resulting vegetation is close to the vege-
tation in LGM as estimated by other models (e.g. Kaplan et al.,
2003). Compared to pollen-based reconstructions, LPJ-GUESS
overestimates the woody element of vegetation in eastern and
southern Europe.

The resulting climate is in qualitative agreement with the
imposed extent of the ice sheet over northern Europe during
LGM. Given the prescribed ice sheet, the GCM and RCM model
simulations produce a cold and dry climate in line with the ice-
sheet configuration. In southern Europe, the RCM results show
that snow accumulates throughout the simulation in parts of the
Alps, indicating that glaciers in that area would grow under the
simulated LGM conditions.

The larger variability in LGM compared to the recent past is
inherited from the global simulation and associated with varia-
tions in the North Atlantic sea ice cover (Brandefelt and Otto-
Bliesner, 2009). If proxy methods for estimating palaeo temper-
atures are sensitive to interannual variability or extremely cold
conditions our results suggests that such temperature estimates
may not necessarily be representative for LGM conditions, or
would at least require careful interpretation. Given the decadal
variability for the North Atlantic and European sector in 1000
yr of the CCSM3 simulation, we conclude that the 50-yr period
chosen for downscaling is a good representative for the whole
1000-yr simulation. Choosing another 50-yr period would not
have resulted in significantly different results. This does not
hold for shorter time periods. These results imply that future
studies of the LGM climate in Europe should take into account
long-time periods of several decades to include interannual and
interdecadal variability.

Although the RCA3 results for Europe are to a large degree
governed by the boundary conditions from CCSM3, the high
resolution gives a more detailed climate, especially in moun-
tainous areas and around coast lines. In spite of this advantage,
the model-proxy comparison is not significantly improved by
RCA3. However, the higher resolution in RCA3 enables detailed
studies of, for example vegetation, ice sheet extent, variability,
precipitation and lapse rate. This can provide important infor-
mation on spatial variability that is essential when comparing to
studies involving detailed topographic features (e.g. Kuhlemann
at al., 2008). We conclude that in order to further constrain an
RCM at its high level of detail, including seasonal and horizon-
tal variability, there is a need of more proxy data that should be
associated with smaller error bars than in the data used here.

Other processes influencing LGM climate that are not in-
cluded in this study (e.g. dynamical ice, and atmospheric dust
loads more in line with reconstructions than what is used here)
could be investigated further. Such studies would also bene-
fit from more certain proxy data, because the effect of such
changes in the model is probably small compared to the present
uncertainties in the proxy data.
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