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Abstract

Using a highly resolved atmospheric general circulation model the impact of different
glacial boundary conditions on precipitation and atmospheric dynamics in the North
Atlantic region is investigated. Seven 30-yr time slice experiments of the Last Glacial
Maximum (21 ka ago) and of a less pronounced glacial state — the Middle Weichselian
(65 kaago) — are compared to analyse the sensitivity to changes in the ice sheet dis-
tribution, in the radiative forcing, and in the prescribed time-varying lower boundary
conditions, which are taken from a lower-resolved but fully-coupled atmosphere-ocean
general circulation model.

The strongest differences are found for simulations with different heights of the Lau-
rentide ice sheet. A large altitude of this ice sheet leads to a southward displacement
of the jet stream and the storm track in the North Atlantic region. These changes in the
atmospheric dynamics generate a band of increased precipitation in the mid-latitudes
across the Atlantic to southern Europe in winter, while the precipitation pattern in sum-
mer is only marginally affected. The impact of the radiative forcing differences between
the two glacial periods and of the prescribed time-varying lower boundary conditions
— evaluated using two simulations of the Last Glacial Maximum with a global mean
temperature difference of 1.1 °C — are of second order compared to the one of the Lau-
rentide ice sheet. They affect the atmospheric dynamics and precipitation in a similar
but less pronounced manner as the topographic changes.

1 Introduction

During glacial periods the climate is fundamentally different compared to today. The
understanding of the underlying processes, which are responsible for these differences,
is of great interest. In this context the Last Glacial Maximum (LGM, 21 ka ago) is one of
the most extensively studied glacial periods. Using a multi-proxy approach, sea surface
temperatures (SSTs) have been reconstructed for the LGM, which are globally and
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seasonally resolved (Waelbroeck et al., 2009). Moreover, reconstructions of continental
temperature and precipitation are available (e.g., Wu et al., 2007; Allen et al., 2008).
Still, in many areas proxy data are sparse and even in some well covered regions
as the Nordic Seas discrepancies remain (de Vernal et al., 2006). Consequently, the
confidence intervals of reconstructed temperature and precipitation are large.
Nevertheless, the LGM remains the glacial state which is documented the best. The
climate in earlier periods of the last glaciation is less understood as proxy data avail-
ability is very sparse. Sea level reconstructions indicate changes in the order of several
tens of meters during the last glaciation (e.g., Siddall et al., 2008) suggesting strong
variations of the total ice mass. For the LGM, the extent and height of the ice sheets
are relatively well known (Peltier, 2004), but uncertainties strongly increase when going
further back in time. Thus, for the earlier part of the last glacial period the knowledge
not only of the climate but also of the lower boundary conditions is limited. One way to
overcome these limitations is the use of climate models which allows us to test different
settings of the boundary conditions and to investigate their impact on the climate.
Such an approach was already successfully applied to the LGM to evaluate models
under strongly altered boundary conditions and to deepen our understanding of the
climate system under such extreme conditions. A special effort has been undertaken
in the framework of the Paleoclimate Model Intercomparison Project (PMIP) started in
the 1990s with atmospheric general circulation models (PMIP1, Joussaume and Taylor,
1995) and continued in its second phase (PMIP2) with atmosphere-ocean general cir-
culation models (Braconnot et al., 2007). The simulations indicate an increasing agree-
ment with the large-scale features of reconstructed temperature fields from PMIP1 to
PMIP2. In agreement with reconstructions the largest cooling in the LGM is found over
the ice sheets in the Northern Hemisphere (NH) while the tropical ocean shows only
weak temperature changes (e.g., Braconnot et al., 2007; Otto-Bliesner et al., 2009). On
a more regional scale the results are less consistent, especially in the North Atlantic
and the western Europe region, where proxy data (Peyron et al., 1998) indicate lower
temperatures than in simulations (Kageyama et al., 2006). The use of higher resolved
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models can reduce this difference, but does not completely solve the discrepancies
(Jost et al., 2005; Ramstein et al., 2007; Kim et al., 2008). A more recent recon-
struction, however, suggests that part of the difference is related to the reconstruction
methods applied to the proxy data (Wu et al., 2007).

Regarding the precipitation, PMIP1 and PMIP2 model results suggest globally drier
conditions — due to reduced evaporation as the temperature is lower — except for some
mid-latitude areas (Shin et al., 2003; Braconnot et al., 2007). In the NH the precipitation
increase especially in winter is related to changes in the storm tracks which overcom-
pensate the general drying (Laine et al., 2009). Previous results for PMIP1 indicated
an eastward shift of the storm tracks in the Atlantic and Pacific with model-dependent
characteristics linked to changes in the stationary waves (Kageyama et al., 1999). As
common features for four PMIP2 simulations Laine et al. (2009) finds a southeastward
shift of the storm track in the North Pacific and a thinning in the western and a south-
eastward extension in the eastern part of the North Atlantic. These changes are related
to a similar displacement of the jet stream partly forced by eddies as a consequence
of the changed boundary conditions.

In this study, we extend the LGM case studies to an early part of the last glacial pe-
riod, the Middle Weichselian (MW, 65 ka ago which corresponds to a part of Marine Iso-
tope Stage 4), by utilizing a state-of-the-art atmospheric model forced with prescribed
SSTs and sea ice fields of a lower-resolved but fully coupled model. The MW is chosen
because it represents a state which is closer to the beginning of the last glacial period
than the LGM, but nevertheless includes a strong glaciation — as suggested by the
low sea level compared to other periods in the Early/Middle Weichselian (Siddall et al.,
2008). The aim is to examine the influence of different glacial boundary conditions on
the precipitation pattern in the North Atlantic region. This incorporates changes of the
ocean surface conditions, the radiative forcing, and the topography. Seven sensitivity
time-slice experiments are conducted that differ in at least one of the three parameters.
The study focuses on precipitation changes and changes of the atmospheric dynamics.
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The outline of the study is as follows: The model, the experimental design and the
boundary conditions are briefly explained in Sect. 2. In Sect. 3 the simulated tem-
perature and precipitation patterns for present-day and LGM are evaluated against
observations and reconstructions. The analysis of the temperature and precipitation
patterns for the different glacial simulations is presented in Sect. 4 and the changes of
the atmospheric dynamics are examined in Sect. 5. The implication of the findings is
discussed in Sect. 6.

2 Model description and experiments
2.1 Model

The study is based on simulations with version 3 and 4 of the Community Climate
System Model (CCSM) developed at the National Center for Atmospheric Research
(NCAR). Both model versions offer components for the atmosphere, the ocean, the
land, the sea ice, and a coupler which exchanges state information and fluxes.

We use the CCSM3 in its fully-coupled mode — with a horizontal resolution of
2.8°x2.8° for the atmosphere and land and nominal 1°x1° for the ocean and sea ice.
A description of the fully-coupled CCSM3 and its components is given in Collins et al.
(2006). Note that this model version has been widely used for paleo-simulations (e.qg.,
Otto-Bliesner et al., 2006a, for the LGM).

The CCSM4 is run in a 0.9°x1.25° resolution of the atmosphere and land with pre-
scribed time-varying SSTs and sea ice cover. In this study the CCSM4 consists of the
Community Atmosphere Model version 4 (Neale et al., 2010) with a finite volume dy-
namical core and the Community Land Model version 4 (Oleson et al., 2010) excluding
the integrated carbon-nitrogen model. The prescribed time-varying SSTs and sea ice
are integrated via a data ocean model and the Community Ice Code version 4 (Hunke
and Lipscomb, 2008) in its thermodynamic-only mode, respectively.
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2.2 Experiments

To investigate the sensitivity of the glacial climate to changes in the boundary condi-
tions a set of time-slice experiments is conducted considering four different periods:
present-day (1990 AD), preindustrial (1850 AD), LGM, and MW. An overview of the
simulations is presented in Table 1 and the values of the major external forcing factors
are summarized in Table 2.

In principle, the simulations are generated as follows: First, a CCSM3 simulation
under respective perpetual external forcing conditions is conducted until a sufficiently
equilibrated state is reached. The monthly-mean SST and sea ice concentration fields
are then interpolated from the irregular ocean grid in CCSMS3 to a regular 0.9°x1.25°
grid and used as time-varying lower boundary conditions for the CCSM4 simulation.
Finally, the CCSM4 simulation is conducted for 33 yr and the analysis is based on the
last 30 yr of it.

This two-model approach is selected to profit from the results of earlier CCSM3 simu-
lations, which saves computational costs, while still using an up-to-date highly-resolved
atmospheric model in the second step. Pre-existing equilibrated CCSM3 simulations
are available for all periods except MW; for further information on their settings the
reader is referred to Otto-Bliesner et al. (2006a,b) and Brandefelt and Otto-Bliesner
(2009). The MW simulation for CCSMS3 (hereafter MW3) is initialized from the LGM
state in Otto-Bliesner et al. (2006a), which obliges simplifications in the settings of this
simulation, namely that the same bathymetry and topography is applied. Thus, the
ocean surface includes substantial uncertainties. The MW3 simulation is conducted
for 340 yr until equilibrium is reached.

To evaluate the model against reanalysis data (ERA40; Uppala et al., 2005) we ap-
ply a different approach, namely a present-day CCSM4 simulation using transient forc-
ings and observational SST and sea ice data for the period 1971 to 2000 (hereafter
PDTR; see Hurrell et al. (2008) for information on the SST and sea ice data). The
external forcing for PDTR is identical to the one of simulations for the 20th century
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of Gent et al. (2011). The differences between the PDTR and reanalysis data of the
same period shed light on the biases of the atmospheric CCSM4 model. Additionally,
we perform a time slice simulation for 1990 AD conditions using the two-model ap-
proach. Comparing this 1990 AD control simulation (hereafter PD) with the PDTR we
quantify the impact of the deviating ocean surface conditions (fully coupled simulated
versus observed).

To assess the sensitivity of the glacial climate to changes in the boundary conditions
a reference time-slice simulation is needed. In agreement with the PMIP2 protocol a
preindustrial simulation with perpetual 1850 AD conditions (hereafter Pl) is used as
reference.

Then, the sensitivity to the external forcing (orbital and greenhouse gases (GHGs)),
to the SST and sea ice distribution and to the ice sheet distribution is investigated in
three sets of simulations. The influence of the ocean surface forcing is analysed using
two different parts of a LGM simulation that represent a quasi-steady state (LGM13 in
Table 1) and the final equilibrium state (LGM23), the latter being 1.1°C colder in the
global mean with much lower SSTs and more extensive sea ice cover in the North At-
lantic (Brandefelt and Otto-Bliesner, 2009). To investigate the impact of the radiative
forcing (including both changes of the Earth’s orbital parameter and of the GHG con-
centrations) an MW simulation is conducted with the same ice sheet topography as in
LGM. Finally, four different ice sheet topographies (Fig. 1, Table 1, and Sect. 2.3) are
applied in the MW.

2.3 Boundary conditions

For all sensitivity experiments the boundary conditions are set to the same values as
in Pl except for five parameters: (i) the Earth’s orbital parameters, (ii) the concentra-
tions of atmospheric greenhouse gases, (iii) the topography and the coastlines, (iv) the
vegetation and the soil type, and (v) the prescribed SST and sea ice fields.

The values for the Earth’s orbital parameters are calculated according to Berger
(1978). The influence of the different orbital parameters between present-day and
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preindustrial is neglectable. Compared with today, the solar radiation for the LGM is re-
duced in both hemispheres during their respective summer with the largest values (up
to 14Wm‘2) found in the high-latitudes. For the MW the anomalies are generally larger
(up to 30 Wm‘z) with lower insolation occurring from March to June (December to April)
in the Northern (Southern) Hemisphere and a nearly global positive anomaly centered
around September/October. The glacial concentrations of CO,, CH, and N,O are
based on ice core measurements (Schilt et al. (2010) and B. Bereiter (personel commu-
nication, 2011) for MW; PMIP2 protocol for LGM (http://www-Isce.cea.fr/pmip2/)). The
resulting change of the total radiative forcing relative to preindustrial is —2.89 Wm™
and -2.21 Wm™2 for LGM and MW, respectively (estimated according to IPCC (2001,
Table 6.2)); the increase from preindustrial to present-day is +1.69 Wm™.

The topography and the coastlines for all glacial simulations are based on the ICE-5G
reconstruction (Peltier, 2004) and they are illustrated in Fig. 1. For the LGM the topog-
raphy is calculated as the model’s present day topography plus the spatially smoothed
difference of Peltier's present day and LGM values; the coastline is taken to be at the
zero elevation line. For the LGM, the sea-level change corresponds to a decrease of
about 120 m with respect to the modern level except for the Caspian Sea which is set
to its present-day extent.

For the MW, the ice sheet extent and even more so its thickness are much more
uncertain and therefore — and due to a lack of better data — the ICE-5G is used as
a starting point for the construction of the ice sheet and the topography. In the five
MW simulations the sea-level is lowered by 80 m (Siddall et al., 2008) and the spatial
extent of the LGM ice sheet is maintained, while the thickness is adapted individually.
Apart from MWLGM, where the original LGM ice sheet height is applied and which is
used as sensitivity experiment for the orbital and GHGs forcings, the total ice volume
is increased by 2/3 of Peltier’s difference (LGM-present day). The spatial distribution is
chosen as follows (see also Table 1): (i) in MWLIN all ice sheet heights are increased
linearly, (ii) in MWEU the Fennoscandian ice sheet height is increased by 1/3 and the
remaining ice sheet by ~76 % of the LGM value, (iii) in MWUS the LGM height is used

70

8, 63—-101, 2012

Sensitivity to glacial
boundary conditions

D. Hofer et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/63/2012/cpd-8-63-2012-print.pdf
http://www.clim-past-discuss.net/8/63/2012/cpd-8-63-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www-lsce.cea.fr/pmip2/

10

15

20

25

except for the Laurentide ice sheet which is at ~46 % of the LGM height, and (iv) in
MWNS the same distribution as in MWUS is used and additionally the ice sheet height
in the North Sea is set to zero.

The vegetation and the soil type in the glacial simulation are prescribed to the PI
distribution except for the additional land areas and the regions that are covered by the
grown ice sheet. In the additional land cells vegetation and soil types are set to the
mean values of nearby cells and in the ice covered regions the model’s standard value
for such conditions are used.

3 Evaluation

Here, the model’s ability to generate a reasonable climate state is investigated. To do
so we compare the present-day simulations with reanalysis data and the LGM simula-
tions with reconstructions. This allows identifying biases that have to be considered in
the interpretation of the results of the sensitivity experiments.

3.1 Present-day climate state

We focus on the surface air temperature (SAT) and precipitation in the two present-day
simulations which are compared to the monthly mean output of the years 1971-2000
of the ERA-40 reanalysis data (Uppala et al., 2005). For the comparison the ERA-40
data is interpolated from a regular 1°x1° grid to the 0.9°x 1.25° resolution of the CCSM4
output.

As expected due to the prescribed observational SSTs, the global mean SAT in
PDTR agrees well with ERA-40 data with respect to both the seasonal cycle and the in-
terannual variability (not shown). The simulated global mean temperature is, however,
0.3°C too low compared to observations. The regional distribution indicates positive
biases in the mid-latitudes — especially over Europe and southwestern Russia —, over
most of Greenland and some parts of Antarctica, while negative biases are found in
the tropics and in high-latitudes with the maximum difference occurring over the sea
ice (not shown).
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In the PD simulation the global mean SAT exhibits an additional bias of —0.3°C com-
pared to PDTR, which is mainly caused by the too low SST introduced through the fully
coupled CCSM3 simulation (see Large and Danabasoglu, 2006, for more information
on the SST biases in CCSM3). For SATs over land a similar pattern as in PDTR is
found except for a weak warming in the region from 10° S to 10° N (not shown).

The global mean precipitation in PDTR and PD is 2.92 mm day‘1 and 2.90 mm day‘1 ,
respectively, which is about 10 % less than in ERA-40. However, the precipitation in
ERA-40 is known to be to excessive especially over the tropical oceans (Uppala et al.,
2005, and references therein). This is evident in the difference patterns where the
strongest negative biases are located in the tropics (Fig. 2). The tropics are also the
area with the most pronounced differences between the two simulations. The diverging
precipitation close to the equator in the Pacific and Atlantic are related to biases in the
SST forcing of PD due to problems in correctly representing the El Niho-Southern
Oscillation in the coupled simulation (Large and Danabasoglu, 2006). Apart from the
tropics both simulations exhibit similar patterns with mostly positive anomalies in arid
regions and negative anomalies in humid areas.

Overall, SAT and precipitation are simulated reasonably well and the SST biases
introduced through CCSMS3 do not seem to have a dominant impact on the present day
European precipitation.

3.2 LGM climate state

Before evaluating the two LGM simulations (LGM1 and LGM2) we investigate our ref-
erence simulation (PI) with respect to the PD simulation. The global mean temperature
is 1.25°C lower with stronger reductions at high-latitudes. It is not surprising that the
global mean SAT difference between Pl and PD is much larger than known from obser-
vations, as the two simulations represent equilibrated states and the transient climate
is not in equilibrium. In contrast to the temperature, the global mean precipitation in Pl
(2.85mm day‘1) is close to its value in PD. Also the precipitation pattern is not signifi-
cantly altered except for a weak decrease polewards of 60°.
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The global mean SAT in LGM1 and LGM2 is 8.02°C and 6.92 °C, respectively (com-
pared to 12.47 °C for PIl). Due to the sparse proxy data for LGM the global mean cannot
be directly compared to reconstruction. The amplitude of the cooling is consistent with
other models, e.g., a model comparison of six fully-coupled PMIP2 simulations shows
a range of —-3.6 to —5.7°C (Braconnot et al., 2007, note that one of the models is
CCSMS so that the results are not fully independent). The simulated cooling is more
pronounced in the mid- and high-latitudes with a maximum in the order of —30°C over
the Laurentide and Fennoscandian ice sheets (Fig. 3a and c). Temperatures in the
tropical regions are less affected and the changes are generally smaller than 5°C.
Overall, the large-scale SAT patterns in our LGM simulations are consistent with the
multi-model mean of Braconnot et al. (2007) apart from anomalies in the North Pacific
(too warm in LGM1) and the North Atlantic (too cold in LGM2 and partly also in LGM1)
which are related to biases in the ocean surface forcing.

As shown by Otto-Bliesner et al. (2006a) for the not equilibrated CCSM3 LGM state,
the SSTs are too high in the North Pacific north of 50° N and too low in the high-latitude
North Atlantic compared to proxy data. In winter (December-January-February, DJF)
they showed that the extent of sea ice is overestimated in the western Atlantic at 45° N
(Fig. 3c). For the equilibrated LGM state Brandefelt and Otto-Bliesner (2009) find even
lower SSTs in the North Atlantic and the Nordic Seas and much more extended sea ice
in the North Atlantic region both in summer (June-July-August, JJA) and winter (Fig. 3a
and b). In addition to these large-scale biases induced by CCSM3, temperatures at
oceanic edges around major ice sheets are increased relative to its surrounding. This
has not been reported for other LGM simulations. The reasons are persistent and
strong catabatic winds which lead to an increase of the SAT at the boundary of the ice
sheets. As the effect is spatially limited and much smaller than the SST biases it is not
considered any further.

The global mean precipitation is reduced from 2.85 mm day'1 in Pl to 2.56 mm day'1
and 2.50 mm day‘1 in LGM1 and LGM2, respectively. Regionally, precipitation anoma-
lies between 30° S and 30° N are pronounced (up to 5mm day‘1) in both LGM simu-
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lations, but not uniform in sign. However, the mid- and high-latitudes generally exhibit
drier conditions (Fig. 3b and d). Outside of the tropics positive anomalies occur only
in the NH, namely at the western coast of Europe and North America, in a band at
35° N across most of the Atlantic and in some regions at the edges of the major ice
sheets. As for SAT the large-scale precipitation anomaly patterns are consistent with
the multi-model mean of Braconnot et al. (2007).

The simulated LGM climate in Europe is also compared to the reconstruction from
Wu et al. (2007) which is based on an inverse vegetation modelling approach using
pollen data. The reconstruction offers temperature and precipitation anomalies with
respect to the 1970s for the coldest (January) and warmest (July) month and for the
annual mean. 32 sites in the European region are selected and compared with the
simulated pattern of LGM1/LGM2-PD.

For the coldest month the SAT patterns exhibit a strong meridional gradient which is
found in reconstructed data over Eurasia (Wu et al., 2007), but not clearly evident over
Europe (Fig. 4a and b). Thus, the cooling is underestimated for most of the southern
locations, while it is overestimated for the northern part. Nevertheless, the temperature
difference between the simulations and the reconstruction is less than 5°C for the
majority of the proxy sites and it is only significant at few locations.

The simulated SAT patterns for the warmest month are less zonal with decreasing
temperature differences from the northwest to the southeast (Fig. 4c and d). At most
locations the simulated SATs are outside the 90 % confidence interval of the recon-
struction with a tendency towards overestimated temperature differences. Thus, the
simulations’ results for summer should be interpreted with caution.

For the annual mean SAT the simulations are close to the reconstruction in the
Mediterranean region as the overestimated cooling in summer is compensated by the
underestimated cooling in winter (Fig. 4e and f). The offset in the far northeast is,
however, still in the order of 10°C.

In all three cases strong temperature differences at nearby proxy sites, which are
likely related to locale impact factors, have no correspondence in the simulated pattern.
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For the precipitation the uncertainties in the reconstruction are large so that only
at one location in the Pyrenees the anomaly is significantly different from the present
(Wu et al., 2007). The reconstruction indicates a tendency towards drier conditions
over Europe for the annual mean, as well as the coldest and warmest month, while the
simulations exhibit a more heterogeneous pattern with a band between 35° to 50° N of
increased precipitation in January and one between 50° to 60° N in July (Fig. 5). Due
to the large uncertainties the simulated precipitation anomalies are though consistent
with the reconstruction at most locations. Note, however, that the strongly increased
winter precipitation in Spain has no analogue in the reconstruction.

To summarize the large-scale feature of the simulated SAT and precipitation anomaly
patterns for LGM are consistent with the multi-model mean of six fully coupled
AOGCMs. In the European region the results are mostly within the large confidence
intervals of reconstructed continental temperature and precipitation anomalies except
for summer SATs. No evidence is found that one of the two LGM simulations leads to
a much better agreement with the reconstruction, as the SATs agree better in LGM1
while precipitation agrees more in LGM2.

4 Impact on temperature and precipitation
4.1 Sensitivity to the ocean surface and the radiative forcing

The climate state in the three simulations that have the LGM ice sheet height imple-
mented (LGM1, LGM2 and MWLGM) are compared for the North Atlantic region to
investigate the influence of differences either in the ocean surface forcing or in the ra-
diative forcing. The first is evaluated by comparing the two LGM simulations which
differ only in their prescribed time-varying SSTs and sea ice forcing while the latter
is estimated as the difference between the equilibrium states for LGM and MW. As
noted in the experimental description the differences in the radiative forcing consists of
changes in the GHG concentrations and in the orbital parameters of the Earth.
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The annual mean SAT difference patterns between LGM1/LGM2 and Pl agree on the
major characteristics of the changes (Fig. 3a and ¢ and Sect. 3.2). As expected from
the prescribed ocean surface forcing, the strongest discrepancies between the simula-
tions occur in the North Atlantic region for DJF. In LGM2 the winter sea ice extends as
far south as 40° N and the Nordic Seas are widely covered by ice leading to a strong
regional decrease of SATs compared to Pl (Fig. 6a). In contrast, the less extensive
southward sea ice extent in LGM1 leads to a much less pronounced cooling, so that
the two LGM simulations differ by up to 30 °C over the ocean especially in the Nordic
Seas (Fig. 6b). As a further consequence the cooling in Europe which lies downstream
of the strong anomaly is less pronounced in LGM1. For JJA the temperature anomalies
are weaker and the differences between the two LGM simulations are generally less
than 5 °C, but they are still statistically significant at the 5% level (Fig. 6d and e).

As for the temperature the large-scale annual mean precipitation anomaly patterns
of the LGM simulations with respect to Pl agree well (Fig. 3b and d). In the North
Atlantic region the anomaly patterns for DJF and JJA share the main characteristics,
namely generally drier conditions except for a band of increased precipitation between
30° to 40° N reaching from the eastern coast of North America to the Mediterranean
in winter and for some tropical region and parts of the Fennoscandian ice sheet in
summer (Fig. 7a—d). Note that positive winter precipitation anomalies in southwestern
Europe and the adjacent Atlantic are a common feature of LGM simulations of different
models (Laine et al., 2009) and are also found in CCSMS3 (Strandberg et al., 2011). At
most locations in the mid- and high-latitudes the anomalies are larger in winter than
in summer and the differences between LGM1 and LGM2 are more pronounced in
winter (Fig. 7g and h). Compared to LGM2 the DJF precipitation in LGM1 is increased
in the northern North Atlantic, in the Nordic Seas, and in parts of the Mediterranean,
while a decrease is found at the lee side of the Fennoscandian ice sheet. In summer,
most of the differences are not significant (at the 5% level) except for the area from
the eastern coast of Greenland to central and eastern Europe where in LGM1 slightly
wetter conditions prevail.
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The impact of the radiative forcing changes between the LGM and MW show a more
complex picture. The global mean SAT in MWLGM is 7.71°C which is 0.8°C higher
than in LGM2, but slightly lower than in LGM1, and the annual mean SAT pattern is
close to the ones in the LGM simulations (Fig. 3e). As the northeastern part of the At-
lantic and the Nordic Seas are only partially covered by sea ice in winter, the strongest
anomalies with respect to LGM2 are located in this region (Fig. 6c). Generally, the
anomaly pattern is similar to the one for LGM1, but with reduced amplitude especially
around Newfoundland. Due to the strong ocean surface differences north of 40° N,
which represent the forcing impacts in CCSMBS, it is impossible to estimate the direct
effect of the orbital and GHGs changes on the CCSM4 atmosphere in this region. Else-
where the changes correspond to the forcing, i.e. the SH is slightly cooler in MWLGM
due to a strong reduction of solar insolation that overcompensates the increased GHGs
forcing. For JJA, the SATs are globally higher in MWLGM in agreement with the higher
insolation and the increased GHG concentrations (Fig. 6f).

The global mean precipitation in MWLGM is of similar strength as in LGM1
(2.56 mm day_1). The spatial distributions of the anomalies with respect to Pl resem-
bles the ones of the LGM simulations for the annual mean (Fig. 3f) as well as for DJF
and JJA (Fig. 7e and f). The winter precipitation difference pattern LGM2-MWLGM is
similar to the pattern LGM2-LGM1, but with reduced amplitudes especially in the sur-
rounding of Newfoundland (Fig. 3i). In contrast, for summer precipitation the pattern
of LGM2-MWLGM differs from the one of LGM2-LGM1 showing a strong negative dif-
ference in the tropical Atlantic region and a northward shift of the significant mid- and
high-latitude changes (Fig. 3j).

Overall, the different ocean surface forcings for LGM1 and LGM2 do not fundamen-
tally alter the large-scale precipitation anomaly patterns compared to PI, even though
the impact on winter SATs is strong. The main difference between the simulations is a
modulation of the amplitude in several regions, e.g. in the Nordic Seas. The effect of
the changed radiative forcing in MWLGM globally affects SATs and also the precipita-
tion in the tropics, but it is not possible to directly address its impact on the precipitation
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in the North Atlantic region as the major differences seen in this region can be at least
partly related to changes in the ocean surface.

4.2 Sensitivity to ice sheet height

The impact of the topography on the atmospheric dynamic and the precipitation pattern
is investigated using the four MW sensitivity simulations (MWLIN, MWEU, MWUS and
MWNS). Note that the total ice sheet volume change in these sensitivity experiments
corresponds to the sea level change of 80 m. The differences found will be compared
to the results obtained in the last section.

Due to the topography changes which result in a reduced mean altitude, the global
mean SATs in the four simulations are slightly higher than in MWLGM ranging from
7.73°C to 7.78°C. As in the other three glacial simulations, the strongest changes
of the annual mean SATs compared to Pl are found over the NH ice sheets while the
anomalies in the tropics are weak (not shown). In contrast to the LGM cases, significant
SAT differences between the simulations occur over the ice sheets as a direct effect of
the changed altitude and — especially in winter — in continental regions downstream of
the ice sheets (not shown). The only significant difference between the MW simulations
over the ocean is a warming (compared to MWLGM) in winter between 40° and 50° N
across the North Atlantic that is most pronounced in MWUS and MWNS reaching up
to 8°C (not shown).

The global mean precipitation is not affected by the topography changes and does
not differ by more than 0.01 mm day_1 in the MW simulations. Regarding winter pre-
cipitation, however, a strong impact of the height of the ice sheets is evident (Fig. 8).
The band of positive precipitation anomalies in the mid-latitudes, that occurs in all three
simulations with the LGM topography applied, is reduced and the reduction is stronger
the more the Laurentide ice sheet is lowered. While the significant anomalies are only
slightly diluted in MWEU (Laurentide ice sheet height at 76 % of the LGM value), they
are strongly reduced in MWLIN (height at 67 %) especially in the eastern part and do
no longer form a continuous band. In MWUS and MWNS (height at 46 %) the positive
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precipitation anomalies are limited to the western part between 40° W to 70° W except
for a few small patches around Spain in MWUS. The discrepancy between MWUS
and MWNS around Spain is attributed to internal variability, as the difference between
the two simulations is not significant in this region (not shown). Additionally, precipi-
tation anomalies in other areas consistently change with the height of the Laurentide
ice sheet. A lower altitude of the Laurentide ice sheet corresponds to a precipitation
increase over the eastern part of its slope, in the Labrador Sea and in the North Atlantic
at 20° N. The impact of the Fennoscandian ice sheet is less pronounced and mainly af-
fects the precipitation at its southeastern slope. There, the precipitation is significantly
increased in the simulations with a lowered altitude of the Fennoscandian ice sheet
compared to MWLGM while no significant changes are found for MWUS and MWNS
(not shown).

For summer precipitation the differences between the four simulations are much
smaller and not significant for most regions (Fig. 8). The few significant changes point
to a similar but much weaker impact of the Laurentide ice sheet as in winter with in-
creased precipitation in the high-latitudes and a band of reduced precipitation across
the Atlantic compared to MWLGM, but overall the anomaly patterns are similar for all
MW simulations.

Analysing the MW simulations indicates a strong impact of the topography on the
winter precipitation pattern. For most of the anomalies in the North Atlantic region the
height of the Laurentide ice sheet is identified as the dominant factor. Together with the
changed winter SATs over the North Atlantic — even though the lower boundary forcing
is the same — the results suggest a change of the atmospheric dynamics.

5 Importance of the atmospheric dynamics

Other studies have shown that the DJF precipitation anomalies in LGM simulations are

related to changes in the storminess (Laine et al., 2009) and for CCSM3 the increased

mid-latitude LGM precipitation is associated with a southward shift of the Atlantic storm

track (Otto-Bliesner et al., 2006a; Strandberg et al., 2011). To investigate the impact of
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the boundary conditions on the synoptic scale variability in our simulations two differ-
ent methods are considered: an Eulerian measure, which is defined as the bandpass
filtered (2.5—6 days) standard deviation of the 500 hPa geopotential height (Blackmon,
1976) and a Lagrangian method, where the storminess is estimated based on the
trajectories of low-pressure systems at 1000 hPa geopotential height (Blender et al.,
1997). Both methods are applied to 6-hourly data. For the Lagrangian approach only
low-pressure systems are considered that have a life-time of at least one day and
whose mean gradients around the minimum (radius of 1000 km) exceed 100 gpm per
1000 km during the life cycle. Additionally, cyclones in regions where the terrain height
is above 1000 m are excluded due to potential extrapolation errors in the 1000 hPa
geopotential height field.

For PI the storm track and the cyclone track density patterns are similar to the ones
found for present-day observations (Fig. 9a; e.g., Raible et al., 2008). The Eulerian
measure exhibits a maximum over Newfoundland extending eastwards to the ocean
and the cyclone track density is high in the region from the northwestern North Atlantic
to the south of Greenland, around Iceland and in the Nordic Seas. In the glacial sim-
ulations the anomalies for both measures indicate a southward shift with a decrease
in the north and northwestern part and an increase in the south (Fig. 9b—h). For the
Eulerian measure the anomalies form a dipole like structure with the minimum located
around the southern tip of Greenland and the maximum lying west of Spain while the
cyclone track density indicate a similar pattern, but shifted to the north. Generally, the
anomalies are strongest when using the full LGM ice sheet height and decrease with a
lower Laurentide ice sheet.

Some differences between the LGM1, LGM2 and MWLGM simulations are notable
suggesting an influence of the ocean surface forcing. In LGM2 — and to a lesser degree
in MWLGM — the amplitudes of the anomalies over the North Atlantic are increased
compared to LGM1. Such a behavior is expected as a consequence of the stronger
SAT reduction in the northern part which increases the meridional temperature gradient
at the surface leading to enhanced lower-level baroclinicity.
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In the case of a lower Laurentide ice sheet the anomalies are not only weaker, but
also changed in their structure (Fig. 9e—h). The dipole like pattern of the bandpass fil-
tered standard deviation of the 500 hPa geopotential height is reduced in MWLIN and
MWEU and nearly vanishes in MWUS and MWNS. For the latter the remaining anoma-
lies over the Atlantic are located more to the north. Similarly, the positive anomalies of
the cyclone track density are shifted to the north and reduced to patches in the west-
ern Atlantic at 35° N and the region around the Iceland-Scotland ridge (again more so
in MWNS and MWUS than in MWLIN and MWEU). In contrast, a clear impact of the
Fennoscandian ice sheet is only evident in the very eastern (30—60° E) mid-latitudes
where the anomalies mostly vanish for MWEU.

To complete the analysis of the atmospheric dynamics the changes in the upper tro-
posphere are investigated. To do so the zonal wind at 200 hPa — the height of the jet
stream maximum — is examined. In PI the jet develops two branches in the North At-
lantic the so-called eddy driven jet which extends from the eastern coast of North Amer-
ica to Great Britain and the subtropical jet which is located at 20° to 30° N across the
entire sector with the maximum wind speed in its eastern part (Fig. 10a). In the glacial
simulations this pattern strongly changes with increasing height of the Laurentide ice
sheet: The southern part of the jet is weakened while the wind speed in the central
North Atlantic is strongly increased (Fig. 10b—h). This corresponds to a strengthening
and southward extension of the eddy-driven jet and — especially in LGM1, LGM2 and
MWLGM - to a interruption of the subtropical jet over the Atlantic (not shown). As for
the storm and cyclone tracks the changes are amplified by the increased meridional
temperature gradient in LGM2. In simulations with a lower Laurentide ice sheet the
anomalies are not only weaker, but also shifted to the north. Over the Fennoscan-
dian ice sheet we see an enhanced zonal wind in MWUS and MWNS, which is most
pronounced in spring and autumn (not shown). Given the available simulations it is,
however, not possible to determine whether this is a feature of the interplay between
the two ice sheets or only related to the Fennoscandian one.
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The atmospheric dynamics in summer is also changed but not as strong as in winter.
Both measures for the storminess indicate a tendency towards increased synoptic ac-
tivity in the south and a decrease in the northwest which are stronger in the simulations
with a high Laurentide ice sheet (not shown). However, the jet stream is not displaced
in summer (not shown).

6 Discussion and conclusions

Using the ocean surface conditions of simulations with a fully coupled AOGCM
(CCSMB3) as input to a higher resolved atmospheric general circulation model (CCSM4)
we investigated the impact of different glacial boundary conditions on the temperature,
precipitation, and atmospheric dynamics in the North Atlantic region. The two-model
approach is selected as it is a very computational effective way to investigate the prob-
lem, especially because equilibrium simulations for the present-day, the preindustrial
period, and the LGM conducted with CCSM3 were already available (Otto-Bliesner
et al., 2006a; Brandefelt and Otto-Bliesner, 2009).

However, the approach imposes new uncertainties as biases and shortcomings in
the low-resolution simulations are introduced in the high-resolution CCSM4 and the
ocean response to the applied atmospheric forcing within CCSM4 is neglected. For-
tunately, the analysis has shown that even the strong differences between the ocean
surface forcing in LGM1 and LGM2 do not fundamentally alter the resulting large-scale
patterns but mainly affect the regional climate. We therefore conclude that the ap-
proach used in this study is reasonable even though the ocean surface in the CCSM4
simulations has potential deficiencies.

Before the differences between the glacial simulations are investigated, the model’s
ability to simulate present-day and LGM climates is evaluated. Even though in many re-
gions temperature and precipitation in the model significantly differ from the reanalysis
data for present-day (which is, however, partially attributed to problems in the reanal-
ysis data, Uppala et al., 2005), these biases are much weaker than the anomalies
between the recent past and the glacial states for the North Atlantic region. Therefore,
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we are confident that the glacial differences are not caused by biases that are already
present in the present-day simulations. The glacial anomalies for summer should, how-
ever, be interpreted with caution as the amplitudes are generally smaller and — more
importantly — the simulated July SATs for LGM are outside the confidence intervals of
the reconstruction of Wu et al. (2007) at most locations. For winter the LGM simulations
mostly lies within the confidence intervals of the reconstruction with one exception over
southwestern Europe. There, the simulations indicate strong positive winter precipita-
tion anomalies while the reconstruction show a slight decrease. These differences are
possibly related to locale factors because the proxies sites are located in mountainous
regions that are not fully resolved in the model. Note, however, that the proxy data has
a large confidence interval and that other models — including a regional one with higher
resolution — find also a precipitation increase over this region (Braconnot et al., 2007;
Strandberg et al., 2011).

Even though the LGM simulations widely agree with the reconstruction it is impor-
tant to note that they have substantial uncertainties included: The extent and altitude
of the ice sheets are only approximations and several forcing factors are missing, e.g.,
changes of the vegetation cover and dust. Other studies have shown that for the LGM
changed vegetation and dust can alter global SATs in the order of several tenth of
a degree C each (Jahn et al., 2005; Mahowald et al., 2006). An additional source
of uncertainties is introduced through the prescribed ocean surface conditions which
have several biases compared to reconstructions (Otto-Bliesner et al., 2006a; Brande-
felt and Otto-Bliesner, 2009). The ocean surface biases are expected to be worse in
the MW simulations, as the CCSM3 simulation for MW uses the LGM bathymetry and
topography that do not represent the MW conditions correctly. However, the preferen-
tial intent of this study is not to simulate the climate for MW with the highest accuracy
possible, but to investigate the sensitivity of the climate to different glacial boundary
conditions. Thus, all of the MW simulations have to be understood as sensitivity ex-
periments based on the MW state more than as accurate representations of the MW
climate.
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Our glacial experiments have shown that especially in winter the climate in the North
Atlantic region is strongly influenced by the altitude of the Laurentide ice sheet. A high
ice sheet (as in LGM) leads to a southward shift of the eddy-driven jet stream and of
the storm and cyclone track, which is more pronounced in the eastern part of the North
Atlantic. This resembles findings of other PMIP1 and PMIP2 simulations that exhibit a
southeastward extension of the winter storm track (Kageyama et al., 1999; Laine et al.,
2009). In our simulations we find a direct relationship between changes in the storm
track and precipitation anomalies in the North Atlantic region. However, our study is
based on only one model and the results of Laine et al. (2009) suggest that such a
relationship could be model-dependent.

The analysis of the two LGM simulations with different ocean surface forcings shows
that the observed atmospheric changes for a high Laurentide ice sheet are amplified
when the meridional temperature gradient in the North Atlantic is increased. This re-
sult is consistent with Toracinta et al. (2004) who used a lower resolved atmospheric
model forced either by the CLIMAP SST fields or by artificially adapted CLIMAP SST
fields with a lower meridional temperature gradient. An analogue behavior, namely a
southward shift of the storm track in the North Atlantic, is also reported for a modeling
study comparing the Little Ice Age (1550-1850 AD) with present-day which shows an
increased meridional temperature gradient (Raible et al., 2007).

The impact of the radiative forcing difference between LGM and MW in the time slice
experiments is dominated by the lower boundary conditions introduced by the fully-
coupled CCSM3. Thus, the impacts on atmospheric dynamics and precipitation as
well as the mechanism are similar to the ones for the ocean surface forcing.
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Table 1. Overview of the simulations for the two model versions and the ice sheet topographies
applied in CCSM4. The monthly mean SST and sea ice data of the five CCSM3 simulations
are used as inputs for the corresponding CCSM4 experiments. The MW simulation for CCSM3
uses the same topography as the LGM one and its SST and sea ice fields serve as input in
all the CCSM4’s MW experiments — which differ only in their ice sheet topographies (see also
Fig. 1 and text). The values for the ice sheet heights indicate how much of Peltier's LGM-PD
topography changes are applied for the Fennoscandian, the Laurentide and all other (mainly
Greenland and Antarctica) ice sheets.

Description CCSM3 CCSM4 Ice sheet heights
Label Label Fennoscandian Laurentide Others
Transient 1971-2000 AD - PDTR 0% 0% 0%
simulation
1990 AD simulation PD3? PD 0% 0% 0%
1850 AD simulation PI3° Pl 0% 0% 0%
—21 ka simulations LGM13° LGM1 100 % 100 % 100 %
LGM23® LGM2 100 % 100 % 100 %
—-65 ka simulations Mwa3® MWLGM 100% 100 % 100 %
MWLIN 67 % 67 % 67 %
MWEU 33% 76 % 76 %
MWUS 100 % 46 % 100 %
MWNS 100% 46 % 100 %

& year 901-930 from the NCAR’s present-day simulation (Otto-Bliesner et al., 2006b)

b year 663-692 from the NCAR’s preindustrial simulation (Otto-Bliesner et al., 2006b)

¢ started from year 250 of the NCAR’s LGM simulation (Otto-Bliesner et al., 2006a)

d year 1766-1795 of the LGM simulation of Brandefelt and Otto-Bliesner (2009)

¢ started from year 250 of the NCAR’s LGM simulation (Otto-Bliesner et al., 2006a) and run into equilibrium for 300 yr
f except for the North Sea, which is at 0 %
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Table 2. External forcing level for the four periods investigated in this study. The orbital pa-
rameters are calculated according to Berger (1978). Glacial levels of CO,, CH, and N,O are
estimated from ice cores according to Schilt et al. (2010) and B. Bereiter (personel communica-
tion, 2011) for MW and following the PMIP2 protocol for LGM (http://www-Isce.cea.fr/pmip2/).
Note that the external forcing indicated in the table correspond to the values in the CCSM4
simulations and that they may differ slightly in the CCSM3 simulations, e.g. for Pl where the
forcing in the CCSMS3 simulation corresponds to 1870 AD.

1990 AD 1850 AD -21ka -65 ka
TSI (Wm™2) 1361.77 1360.89 1360.89  1360.89
Eccentricity 0.016708 0.016764 0.018994 0.020713
Obliquity (°) 23.441 23.459 22.949 22.564
Angular precession (°) 102.72 100.33 114.43 15.22
CO, (ppm) 353.9 284.7 185 205
CH, (ppb) 1693.6 791.6 350 460
N,O (ppb) 310.1 275.7 200 210
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Fig. 1. LGM ice sheet extent (all colored areas) and thickness (contours, interval 1 km), and
additional land areas in MW (black) and LGM (black and gray). The different colors indicate
the regions of the strongest reduction of the ice sheet height in the MW simulations compared
with the LGM one (see also text): red and orange for MWEU, green for MWUS, and green
and orange for MWNS. The coastlines and ice sheets for LGM are based on ICE-5G (Peltier,
2004). The shift of the coastlines (shown as the boundary of 50 % landfraction) corresponds to
a sea-level change of 80 m (MW) and 120 m (LGM) with respect to today.
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Fig. 2. (a) Mean precipitation for ERA40 (averaged from 1971-2000) and the anomalies of
(b) PDTR and (c) PD. In the anomaly plots only values that are statistically significant at the
5% level based on the two-sided Student’s ¢ test are colored.
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Fig. 3. SAT and precipitation anomalies with respect to Pl for LGM2 (a and b), LGM1 (¢ and d),
and MWLGM (e and f). Only values that are statistically significant at the 5% level based on
the two-sided Student’s ¢ test are colored. The contour indicates the DJF (left) and JJA (right)
sea ice extent (cyan and red lines for 90 % and 10 % seasonal mean ice fraction, respectively).
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Fig. 4. SAT anomalies with respect to PD for LGM2 (left) and LGM1 (right) for the coldest
month (January, a and b), the warmest month (July, ¢ and d), and the annual mean (e and f).
The colored circles are estimated temperature anomalies based on proxy data (Wu et al., 2007)
with a red (green) border indicating significantly stronger (weaker) negative anomalies than at
the closest grid cell of the model (outside the 90 % confidence interval of Wu et al., 2007).
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Fig. 6. Winter (DJF, top) and summer (JJA, bottom) SAT anomalies of LGM2 with respect to PI

(aand d), and of LGM1 (b and e) and MWLGM (¢ and f) with respect to LGM2. Only values that
are statistically significant at the 5 % level based on the two-sided Student’s ¢ test are colored.
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Fig. 7. Winter (DJF, left) and summer (JJA, right) precipitation anomalies for LGM2 (a and
b), LGM1 (c and d) and MWLGM (e and f) with respect to Pl, and additionally the anomalies
LGM2-LGM1 (g and h) and LGM2-MWLGM (i and j). Only the values that are statistically
significant at the 5 % level based on the two-sided Student’s ¢ test are colored.
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Fig. 8. Winter (DJF, left) and summer (JJA, right) precipitation anomalies with respect to PI for
MWLIN (a and b), MWEU (c and d), MWUS (e and f), and MWNS (g and h). Only values that
are statistically significant at the 5 % level based on the two-sided Student’s ¢ test are colored.
For MWLIN vertical (horizontal) bars indicate regions where MWLGM is significantly (also at
the 5% level) wetter (drier). In the other three cases the meaning of the bars is the same, but
with respect to MWLIN.
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Fig. 9. Synoptic activity in winter (DJF) using two different measures, namely cyclone track
density (colors, only values where the altitude is below 1000 m) and band-pass filtered (2.5 to
6 days) standard deviation of the 500 hPa geopotential height (contours). The mean value for Pl
are shown in (a) while in (b)—(h) the anomalies of the different glacial simulations with respect
to Pl are presented. The contour interval is every 10 gpm, negative contours are dashed and
the zero contour line is omitted.
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Fig. 10. Zonal wind at 200 hPa for DJF. The mean value for Pl are shown in (a) while in (b)-
(h) the anomalies of the different glacial simulations with respect to Pl are presented. For the
anomalies only values that are statistically significant at the 5 % level based on the two-sided

Student’s t test are colored.
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