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a b s t r a c t

The climate of Marine Isotope Stage (MIS) 11, the interglacial roughly 400,000 years ago, is investigated
for four time slices, 416, 410, 400, and 396 ka. We compare results from two climate models, the earth
system model of intermediate complexity CLIMBER2-LPJ and the general circulation model CCSM3, to
reconstructions of MIS 11 temperature, precipitation and vegetation, mainly from terrestrial records. The
overall picture is that MIS 11 was a relatively warm interglacial in comparison to preindustrial, with
Northern Hemisphere (NH) summer temperatures early in MIS 11 (416e410 ka) warmer than prein-
dustrial, though winters were cooler. Later in MIS 11, especially around 400 ka, conditions were cooler in
the NH summer, mainly in the high latitudes. Climate changes simulated by the models were mainly
driven by insolation changes, with the exception of two local feedbacks that amplify climate changes.
Here, the NH high latitudes, where reductions in sea ice cover lead to a winter warming early in MIS 11,
as well as the tropics, where monsoon changes lead to stronger climate variations than one would expect
on the basis of latitudinal mean insolation change alone, are especially prominent. Both models used in
this study support a northward expansion of trees at the expense of grasses in the high northern lati-
tudes early during MIS 11, especially in northern Asia and North America, in line with the available
pollen-based reconstructions. With regard to temperature and precipitation changes, there is general
agreement between models and reconstructions, but reconstructed precipitation changes are often
larger than those simulated by the models. The very limited number of records of sufficiently high
resolution and dating quality hinders detailed comparisons between models and reconstructions.

� 2014 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Quantitative reconstructions of interglacial climates are of
particular interests in light of the current anthropogenic warming,
natural climate system dynamics (e.g. Solomon et al., 2007; Melles
et al., 2012) and humaneenvironment interactions (e.g. Yasuda and
Shinde, 2004; Ruddiman, 2003; Weber et al., 2010). The tempera-
ture and moisture evolution for the most recent interglacial, the
Holocene, has been established for different regions and selected
time-slices using multi-decadal- to annual-resolution proxy re-
cords (e.g. Solomon et al., 2007; Wanner et al., 2008; Litt et al.,
2009; Tarasov et al., 2009; Bartlein et al., 2011). For earlier
T. Kleinen).

nd INQUA. All rights reserved.
interglacials, the availability of quantitative reconstructions re-
mains relatively poor, and if reconstructions are available, the
temporal and spatial resolution, as well as the dating quality of the
climate archives, leave room for improvement.

The scientific interest in Marine Isotope Stage (MIS) 11 climate
development has grown increasingly during the last decade (e.g.
Burckle, 1993; Droxler et al., 2003; Rousseau, 2003; McManus et al.,
2003; Desprat et al., 2005; Kandiano and Bauch, 2007; Ashton et al.,
2008; Kariya et al., 2010). This interest is driven by the length of the
MIS 11 interglacial, which atw30 kawas longer than all subsequent
interglacials, and the observed similarities to the current (MIS 1)
interglacial in terms of orbital configuration, greenhouse gas con-
centrations, and sea level (e.g. Berger and Loutre,1996; Hodell et al.,
2000; Loutre and Berger, 2003; Lüthi et al., 2008; Tzedakis, 2010;
Yin and Berger, 2010, 2012; McManus et al., 2011; Raymo and
Mitrovica, 2012). Orbitally forced insolation variations and
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increased greenhouse gas concentrations have been proposed as
the predominant forcings of higher temperatures, but during
phases of muted precession and eccentricity the obliquity has also
been proposed as the causal variable of interglacial length (Jouzel
et al., 2007; Tzedakis et al., 2009). Model results by Yin and
Berger (2012) indicate that the warmth of MIS 11 was due to its
greenhouse gas concentration, while insolation alone would actu-
ally have led to a cooling.

While a substantial number of publications exist for proxy data
representing MIS 11 climate and environments, surprisingly few
studies using climate models and even fewer data-model com-
parisons have been published to date. Results obtained using a 2-
dimensional climate model were presented by Loutre (2003) and
Loutre and Berger (2003). Yin and Berger (2010, 2012) used the
intermediate complexity model LOVECLIM to compare the climatic
effects of changes in astronomical forcing and CO2 on the climate of
MIS 11 with other interglacials during the last 800,000 years.
Herold et al. (2012) compared the climate of MIS 11 and several
other interglacials (MIS 1, 5, 9, 11 and 19), using the full complexity
climate model CCSM3. Melles et al. (2012) presented general cir-
culation model (GCM) experiments with an interactive vegetation
component (using GENESIS 3.0 coupled to BIOME4), focused on the
Arctic region around Lake El’gygytgyn, NE Asia, for 410 ka, corre-
sponding to the timing of peak northern hemisphere (NH) summer
warmth. Finally, Milker et al. (2013) compared sea surface tem-
perature (SST) reconstructions of MIS 11 with results from time
slice simulations using CCSM3. In the current study we used one
model of intermediate complexity (CLIMBER2-LPJ) and one
comprehensive general circulation model (CCSM3) to simulate
climate and vegetation dynamics during the earlier warmest part of
MIS 11. We use CLIMBER2-LPJ for a transient simulation of MIS 11
climate, while using CCSM3 allows gaining a higher resolution
insight into MIS 11 climate for selected time slices. Finally, climate
changes determined by the two climate models are used to
reconstruct the biome distribution, which is more often recon-
structed than specific plants, by using the BIOME4 model.

A comparison of model simulations to climate and vegetation
reconstructions based on proxy records helps in the evaluation of
results and in better understanding the role of different climate
drivers on past environments, from which both the data and
modeling communities may profit. In this paper we present results
of the model-simulated climate and vegetation cover during the
MIS 11 full interglacial phase (w420e390 ka, roughly corre-
sponding to substage 11.3 or 11c) e the earliest, longest and
warmest phase of MIS 11 and one of the warmest interglacial in-
tervals of the last 800 ka (Jouzel et al., 2007; Melles et al., 2012).
These results are then compared and discussed together with
published vegetation and climate reconstructions.

2. Data and methods

2.1. CLIMBER2-LPJ

CLIMBER2-LPJ (Kleinen et al., 2010) is a coupled climate carbon
cycle model consisting of the earth model of intermediate
complexity (EMIC) CLIMBER2 (Petoukhov et al., 2000; Ganopolski
et al., 2001) coupled to the dynamic global vegetation model
(DGVM) LPJ (Sitch et al., 2003; Gerten et al., 2004). This combina-
tion allows model experiments on time scales of an entire inter-
glacial with land surface processes much more highly resolved
(Kleinen et al., 2011).

CLIMBER2 consists of a 2.5-dimensional statistical-dynamical
atmosphere with a latitudinal resolution of 10�. In the longitudi-
nal direction the model resolves seven unevenly spaced sectors of
subcontinental scale, which is equivalent to a mean longitudinal
resolution of roughly 51�. It also contains an ocean model resolving
three zonally averaged ocean basins with a latitudinal resolution of
2.5�, a sea ice model, and the dynamic terrestrial vegetation model
VECODE (Brovkin et al., 2002). In addition, CLIMBER2 contains an
oceanic biogeochemistry model, a model for marine biota
(Ganopolski et al., 1998; Brovkin et al., 2002, 2007), and a weath-
ering model.

To CLIMBER2 we have coupled the DGVM LPJ in order to
investigate land surface processes at a significantly higher resolu-
tion. LPJ is run on a 0.5 � 0.5� grid and is called at the end of every
model year simulated by CLIMBER2. Monthly anomalies from the
climatology of the temperature, precipitation, and cloudiness fields
are passed to LPJ, where they are added to background climate
patterns based on the Climatic Research Unit CRU-TS climate data
set (New et al., 2000). In order to retain realistic interannual vari-
ability in these climate fields, the anomalies are not added to the
climatology, but rather to the climate data for one year randomly
drawn from the range 1901e1930. The change in the LPJ carbon
pools is then passed back to CLIMBER2 as the carbon flux between
atmosphere and land surface and is employed to determine the
atmospheric CO2 concentration for the next model year.
2.2. Community Climate System Model Version 3 (CCSM3)

The National Center for Atmospheric Research (NCAR) CCSM3 is
a state-of-the-art coupled GCM that runs without any flux correc-
tions. The global model is composed of four separate components
representing atmosphere, ocean, land, and sea ice (Collins et al.,
2006). Here, we use the low-resolution version of CCSM3 which
is described in detail by Yeager et al. (2006). In this version, the
resolution of the atmosphere is given by T31 (3.75� transform grid)
spectral truncation with 26 layers, while the ocean model has a
nominal horizontal resolution of 3� (like the sea-ice component)
with 25 levels in the vertical. The latitudinal resolution of the ocean
grid is variable, with finer resolution around the equator (0.9�). The
land model is defined on the same horizontal grid as the atmo-
sphere and includes components for biogeophysics, biogeochem-
istry, the hydrological cycle, as well as a dynamic global vegetation
model. In order to improve the simulation of land hydrology, the
Oleson et al. (2008) parameterizations for canopy interception and
soil evaporation have been implemented for the land component.
2.3. BIOME4

Both CLIMBER2-LPJ and CCSM3 contain internal dynamic
vegetation components. For the purpose of comparison to palae-
ovegetation reconstructions, the output of these models is less than
ideal, though. DGVMs determine the grid cell coverage of certain
plant functional types, but palaeovegetation reconstructions are
usually reported in terms of biomes. We therefore also used the
model BIOME4 to determine the biome distribution for the four
selected time slices.

BIOME4 is a coupled carbon and water flux model that predicts
the steady-state vegetation distribution, structure, and biogeo-
chemistry, taking into account interactions between these effects
(Kaplan, 2001). The model is the latest generation of the BIOME
series of global vegetation models, which have been applied to a
wide range of problems in biogeography, biogeochemistry and
climate dynamics (Prentice et al., 1992; VEMAP Members, 1995;
Haxeltine and Prentice, 1996; Jolly and Haxeltine, 1997; Kaplan
et al., 2006; Tarasov et al., 2012). BIOME4 has been specifically
developed with the intention of improving the simulation of cold-
climate, high-latitude vegetation (Kaplan, 2001; Kaplan and New,
2006).



Table 1
Greenhouse gas concentrations used in the experiments (Siegenthaler et al., 2005;
Loulergue et al., 2008; Schilt et al., 2010), as well as CO2 concentration modeled
by CLIMBER2.

Experiments CO2 (ppmv) CH4 (ppbv) N2O (ppbv) CLIMBER CO2

0 ka BP 280 760 270 280
394 ka BP 275 550 275 276
400 ka BP 283 610 286 279
410 ka BP 284 710 282 280
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To identify the biome for a given grid cell, the model determines
the plant functional types (PFT) that can grow in a particular grid
cell from bioclimatic conditions, which include net primary pro-
duction (NPP), leaf area index (LAI), mean annual soil moisture, and
an index of vulnerability to fire. It then ranks the tree and non-tree
PFTs that were determined, leading to an assignment to one of 27
global biomes.

2.4. Model experiments

We performed experiments with the two climate models
described above, taking into consideration the characteristic fea-
tures of MIS 11.3 (Fig. 1), including solar insolation and measured
greenhouse gas concentrations. We undertook a transient experi-
ment with CLIMBER2-LPJ from 420 ka to 390 ka, covering most of
the full interglacial phase of MIS 11.3, driven by astronomical
forcing (Berger, 1978) only. In order to get more detailed insight
into spatial patterns of this interglacial, we also performed exper-
iments with CCSM3 at four characteristic time slices within MIS
11.3 (Fig. 1). Experiments with CCSM3 cover roughly the precession
minimum and maximum at 410 ka and 400 ka, respectively, which
also are the 60�N June insolation maximum and minimum, and the
obliquity maximum (416 ka) andminimum (394 ka), as indicated in
Fig. 1. The precession is nearly identical for the latter two time
slices.
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Fig. 1. Variations in Earth’s orbital parameters: (a) eccentricity, (b) precession and (c)
obliquity; (d) June and (e) December insolation at 60�N (Berger and Loutre, 1991); (f)
global d18O stack (Liesicki and Raymo, 2005); (g) Antarctic CO2 (Lüthi et al., 2008) and
(h) temperature changes (Jouzel et al., 2007) during a selected time interval from 420
to 390 ka, which broadly corresponds to the warmest phase of MIS 11. Vertical grey
bars indicate four time-slices analyzed by CLIMBER2-LPJ and CCSM3 models and dis-
cussed in this study; shaded area corresponds to the plateau in marine isotope (f) and
Antarctic temperature record (h), indicating interglacial climatic optimum. Triangles at
the vertical axes mark modern (preindustrial) values of the corresponding variable.
We initialised CLIMBER2-LPJ with corresponding orbital condi-
tions and an atmospheric CO2 concentration of 270 ppm, as shown
by the EPICA Dome C ice core for 420 ka. The oceanic carbon cycle
was initialised to out-of-equilibrium conditions as described in
Kleinen et al. (2010), but appropriate for the conditions at 420 ka.
The land carbon cycle was spun up for 2000 years under 420 ka
boundary conditions and evolved freely thereafter. Atmospheric
CO2 was then determined interactively, with calculated CO2
generally similar to reconstructed CO2 from EPICA Dome C (Lüthi
et al., 2008), as shown in Table 1. All other forcings are kept at
preindustrial conditions. CLIMBER2-simulated CO2 concentrations
are listed in Table 1 for the four time slices. From this experiment
we show results as 100 year mean values for the four time slices,
with statistically insignificant areas masked. Statistical significance
is determined using a t-test at 5% significance level.
416 ka BP 275 620 270 274
With CCSM3 a preindustrial control run was performed
following the protocol established by the Paleoclimate Modeling
Intercomparison Project, Phase 2 (PMIP-2) with respect to the
forcing (Otto-Bliesner et al., 2006; Braconnot et al., 2007; Merkel
et al., 2010). The control run was integrated for 600 years starting
from present day initial conditions. For the selected time slices of
MIS 11.3, appropriate orbital parameters (Berger, 1978) and
greenhouse gas concentrations were prescribed as given in Table 1
(also Milker et al., 2013), while all other forcings (ice sheet
configuration, ozone distribution, sulfate aerosols, carbonaceous
aerosols, solar constant) were kept at preindustrial conditions.
Starting from the last year of the (quasi)equilibrated preindustrial
control run, all MIS 11.3 simulations were integrated for 400 years
so that the surface climatologies could reach a statistical equilib-
rium. For each experiment, the mean of the last 100 simulation
years was used for analysis. Statistical significance is determined
using a t-test at 5% significance level, and areas where changes are
not significant are masked.

For a direct comparison of CLIMBER2-LPJ and CCSM3 results in
terms of simulated global biogeography on a 0.5 � 0.5� grid, we
applied CCSM3-simulated climate changes to drive the LPJ model
for the four selected time slices. Here, a 2000 year spinup was
performed under constant boundary conditions according to the
time slice investigated, followed by a 30 year experiment.

The climate changes determined with both models for the time
slices were finally used to drive the BIOME4 model in order to
simulate the main vegetation type (biome) distribution at 416, 410,
400 and 394 ka. The modern (preindustrial) biome distributionwas
simulated using an early twentieth-century climatology.

2.5. Proxy-based climate and vegetation reconstructions

For the purpose of this study we searched for proxy-based
climate reconstructions of MIS 11.3 published elsewhere. We
reviewed a total of 162 publications affiliated withMIS 11. However,
this extensive search revealed that the majority of the publications
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we reviewed provide qualitative, discontinuous and/or poorly
dated information about the past climate only, while reliably dated
quantitative reconstructions of temperature and precipitation are
scarce. In the current paper we focus on a set of recently published
continuous records of the MIS 11.3 interglacial climate and vege-
tation with well constrained chronologies, which are most suitable
for a robust data-model comparison. Details of the palaeoclimate
records and reconstruction methods are explained in the original
publications and therefore are not presented here.

3. Model results

3.1. Temperature changes

We examine a set of four time slices during MIS 11.3. Since
greenhouse gas concentrations, as listed in Table 1, are rather
similar for all time slices, the main difference in boundary condi-
tions are the different orbital configurations. Eccentricity is very
low during all of MIS 11.3, leading to generally lower annual mean
insolation than at present. The obliquity determines the latitudinal
distribution of radiation, with high values implying higher insola-
tion in the high latitudes, and precession influencing the seasonal
distribution of radiation. Overall, the temperature changes
modeled for the time slices very much reflect the orbital configu-
ration present at the time.

At 416 ka, the obliquity maximum accompanied by moderately
high NH summer insolation (Fig. 1d) and by low winter insolation
(Fig. 1e), JJA (June, July, August) temperatures were generally
warmer than preindustrial. CLIMBER2-LPJ shows a warming of 1e
3 �C over the NH continents (Fig. 2a), while conditions over the
Southern Hemisphere (SH) were mostly similar to modern (prein-
dustrial). Africa between 10 and 20�N cools slightly, as does
northern India, due to an enhanced monsoon. The stronger
monsoon leads to enhanced cloudiness, i.e., an albedo increase, as
well as evaporative cooling of the land surface due to the greater
availability of moisture. Finally, enhanced tree coverage in these
areas also leads to an increase in transpiration, leading to a further
cooling. The JJA temperature change in the CCSM3 simulation
(Fig. 2e) was similar in the NH extratropics, though it shows a slight
cooling in some places of the SH, where CLIMBER2-LPJ shows
temperatures similar to preindustrial. In both models the strongest
JJAwarming occurs over Asia and North America. For the NHwinter
(DJF; December, January, February) (Fig. 3a and e) both models
show a slight cooling. This general cooling is more pronounced in
CCSM3 (Fig. 3e), with maximum cooling reaching 2.5 �C in Asia,
while CLIMBER2-LPJ (Fig. 3a) only cools by up to 1.4 �C. The
exception to this pattern is the Arctic Ocean region, where a
warming of roughly 2 �C over most areas of the Arctic Ocean is
simulated by both models, with a maximum warming of 3 �C
simulated by CLIMBER2-LPJ north of Siberia. This warming of the
Arctic Oceanwas also described by Yin and Berger (2012), as well as
Herold et al. (2012). Sea ice coverage over the Arctic Ocean is
substantially reduced, as shown in Fig. 4a and e. This reduced ice
coverage leads to enhanced exchange of heat between ocean and
atmosphere. In addition, there is the “summer remnant effect” (Yin
and Berger, 2012) where enhanced JJA insolation warms the ocean
surface layers leading to a reduction in sea-ice formation in the
following winter.

At 410 ka, the precession minimum (NH summer insolation
maximum), JJA temperatures were substantially warmer than
preindustrial (Fig. 2b and f). The NH continents werewarmer by 2e
4.5 �C, the SH continents by 1e2 �C, and the oceans by 0e1.5 �C. The
exceptions to this warming pattern are the monsoon regions in
Africa and India. The general picture is rather similar in both
models, though CCSM3 (Fig. 2f) shows strong warming in the
Southern Ocean, less warming over other ocean areas and a
stronger cooling in the African monsoon region. In the NH, the
general JJA warming was accompanied by a winter cooling. As
shown in Fig. 3b, CLIMBER2-LPJ-simulated DJF temperatures were
cooler by 0.5e1.5 �C over the continents, and CCSM3 showed
cooling by up to 4 �C in eastern Asia (Fig. 3f), while temperatures
over the oceans were only slightly cooler or as warm as preindus-
trial (Fig. 3b and f). The NH polar latitudes warm substantially, by
up to 4 �C due to the sea ice feedback and summer remnant effect.

At 400 ka, the precession maximum (NH summer insolation
minimum), JJA temperatures over the NH continents north of 40�N
were reduced by 0.5e1.5 �C, with CCSM3 showing a cooling by up to
4 �C in continental locations. The tropics, as well as the SH, show
little temperature change in comparison to preindustrial (Fig. 2c
and g). DJF temperatures over the NH continents were 0.5e1.5 �C
warmer than preindustrial where significant (Fig. 3c and g), while
the Arctic region was colder by 0.5e2 �C. This cooling may have
been enhanced by the summer remnant effect, with sea ice
coverage slightly enhanced (Fig. 4c and g). Climate change patterns
are similar between the two models, with the exception of a
warming in the North Atlantic/Nordic seas simulated by CCSM3
(Fig. 3g), also seen by Herold et al. (2012) and attributed to warmer
throughflow to the Nordic seas.

At 394 ka, the obliquity minimum, JJA warming was confined to
the tropics. CLIMBER2-LPJ shows temperatures similar to prein-
dustrial north of 50�N and warming of up to 1.5 �C in the tropics
(Fig. 2d). CCSM3, on the other hand shows a cooling of up to 1.5 �C
in the high northern latitudes (Fig. 2h), but the low latitudes are
warmer than preindustrial. CCSM3 also shows warming of 1e2.5 �C
over the SH continents, which is not as pronounced in CLIMBER2-
LPJ, probably due to the low resolution of the model. During DJF,
temperatures are similar to preindustrial or up to 1 �C cooler. The
Arctic Ocean area is cooler by 1 �C in CLIMBER2-LPJ and by up to
3 �C in CCSM3 (Fig. 3d and h). CCSM3 also shows a slight warming
in the Greenland, Iceland and Norwegian seas area, as well as
northern Australia, which receives considerably less precipitation.

This time slice, together with the model results for 416 ka, il-
lustrates the climatic effects of obliquity variations particularly
clearly. At 416 ka and 394 ka, the maximum and minimum in
obliquity, respectively, occur, while eccentricity and precession
have very similar values. Accordingly, the high latitudes of the NH
are relatively warm at 416 ka (Fig. 2a and e), while the tropics are
relatively cool, while it is just the opposite at 394 ka (Fig. 2d and h).

Therefore there is a general pattern of temperatures to first or-
der reflecting insolation variations, with warmer NH JJA tempera-
tures simulated during the analyzed time slices with the exception
of 400 ka. Similarly, NH DJF temperatures were somewhat cooler at
most times, reflecting the low NH DJF insolation (Fig. 1e), though a
slight warming can be seen at 400 ka. This general pattern is altered
for regions, where strong regional effects modify the response. The
Arctic areas arewarmer than preindustrial at 416 and 410 ka in both
models, despite the general winter cooling. Here, the magnitude of
warming cannot be explained purely by insolation. Instead,
significantly decreased sea ice coverage (Fig. 4) in combinationwith
the summer remnant effect leads to enhanced heat exchange be-
tween atmosphere and ocean in the NH high latitudes, warming
the very high latitudes. Similarly, changes in monsoon patterns,
where monsoons are strengthened during times of high NH sum-
mer insolation, lead to a strong cooling in the monsoon regions
where enhanced cloud coverage leads to an albedo increase while
the additional moisture also leads to evaporative cooling. In gen-
eral, the temperature change patterns determined by the two
climate models were qualitatively similar, with CCSM3 reacting
slightly more sensitively to insolation changes. CCSM3 also resolves
considerably more regional details.



Fig. 2. Modeled changes in mean JuneeJulyeAugust surface temperature between 416 (a, e), 410 (b, f), 400 (c, g) and 394 ka (d, h) and preindustrial: (aed) CLIMBER2-LPJ; (eeh)
CCSM3. Areas with non-significant results are masked. Circles indicate qualitative proxy trend. White: no change, dark grey: increase, light grey: decrease.
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Fig. 3. Modeled changes in mean December-January-February surface temperature between 416 (a, e), 410 (b, f), 400 (c, g) and 394 ka (d, h) and preindustrial: (aed) CLIMBER2-LPJ;
(eeh) CCSM3. Areas with non-significant results are masked.
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Fig. 4. Modeled changes in annual mean sea ice fraction between 416 (a, e), 410 (b, f), 400 (c, g) and 394 ka (d, h) and preindustrial: (aed) CLIMBER2-LPJ; (eeh) CCSM3. Areas with
non-significant results are masked.
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3.2. Precipitation changes

The modeled changes in precipitation also reflect the orbital
influence on climate through insolation, as well as monsoon
changes. The tropical precipitation changes seen over the Atlantic
and the eastern Pacific Ocean during all time slices, especially in
CCSM3, reflect the movement of the intertropical convergence
zone (ITCZ). To first order, increases in NH JJA insolation lead to a
northward movement of the ITCZ, while decreases in NH insola-
tion lead to a southward movement. Therefore precipitation de-
creases in the NH tropical Atlantic and eastern Pacific, while it
increases in the SH tropics at 400 ka. This pattern is reversed for
the other three time slices. This linear response to insolation
changes is modified strongly for the monsoon regions in Africa and
Asia including India, as well as North America. Generally, the
monsoon systems are stronger for high NH summer insolation
than for low values. Higher insolation leads to larger land-ocean
temperature gradients driving the circulation since land warms
more than the surrounding oceans (Fig. 2). Therefore, precipitation
is stronger at 416 ka and 410 ka in North Africa, India, and Central
America. For Eastern Asia there is a difference between CLIMBER2-
LPJ and CCSM3. For CLIMBER2-LPJ there is a general increase in
precipitation in eastern Asia, while CCSM3 shows a decrease in
precipitation. This is supported by Herold et al. (2012), who have
shown that CCSM3 simulates an inverse relationship between
local insolation and East Asian monsoonal rainfall. CLIMBER2-LPJ
generally shows very small changes in precipitation, with most
areas less than 50 mm/a different from preindustrial. At 416 ka
CLIMBER2-LPJ (Fig. 5a) shows changes in the monsoon regions.
The African monsoon strengthens and precipitation increases by
up to 400 mm/a between 10 and 30�N. Similarly, an enhanced
Indian monsoon causes increases in precipitation by 300 mm/a in
northern India. In CCSM3 (Fig. 5e) the changes in precipitation
appear more variable spatially, as is to be expected in a model with
a substantially higher resolution. Here, the northward shift of the
ITCZ leads to increases in precipitation in the NH equatorial region
and decreases in the SH tropics, though there is an increase in
precipitation over the western Indian Ocean. The African monsoon
strengthens as well, increasing precipitation over Africa, but the
increase over India appears less pronounced than in CLIMBER2-
LPJ. For 410 ka, CLIMBER2-LPJ (Fig. 5b) shows a slight increase in
precipitation north of the equator, in the very high northern lati-
tudes and in eastern Asia, but a strong increase in (sub-) tropical
Africa and India. CCSM3 (Fig. 5f) displays substantially more spatial
variability with precipitation increases in the NH tropical Atlantic
and eastern Pacific, and decreases in the SH tropics. The Indian and
African monsoons are strengthened, leading to precipitation in-
creases in Africa, the Arabian peninsula and India. Precipitation
strongly increases over the Indian Ocean, but decreases over the
western Pacific, with precipitation in northern Australia
decreasing considerably. Therefore we again see an overall
northward shift of the ITCZ with changes in the monsoon systems
modifying the otherwise meridional structure of precipitation
changes.

At 400 ka, on the other hand (Fig. 5c and g), the general pattern
of precipitation changes consists of increases in the SH tropics and
western Pacific and decreases in the NH tropics, i.e., there is a
southerly shift of the ITCZ, as well as a decrease in the monsoons.
The amplitude of these changes is much smaller than for the other
time slices, though. At 394 ka, finally, the patterns of precipitation
change in CLIMBER2-LPJ (Fig. 5d) are similar to 416 ka. There is
northerly shift of the ITCZ, as well as slight increases in the mon-
soons, with the exception of East Asia. In CCSM3, the Indian
monsoon increase is slightly more pronounced, with precipitation
rising by up to 150 mm/a (Fig. 5h).
The differences between the models are much more pro-
nounced in the precipitation changes than in the temperature
changes. Precipitation patterns are much more localized, for
example along coastlines, than temperature patterns. Therefore the
higher resolution of CCSM3, along with different parameteriza-
tions, leads to a considerably more refined precipitation field.
While CLIMBER2-LPJ shows a similar general pattern of ITCZ and
monsoon changes, these are at much smaller amplitude than the
projections by CCSM3 and obviously withmuch less regional detail.

3.3. Vegetation changes

The modeled vegetation changes reflect the insolation-driven
climate changes. At 416 ka, the LPJ model shows a northward
shift of the northern tree line (Fig. 6a and e) relative to the prein-
dustrial control simulation. This is slightly more pronounced using
the climate changes determined by CCSM3. Similarly, steppe areas
in Asia and North America expand, shifting the tree line there to the
north. The Sahel area in Africa shows increases in tree cover, and
the area covered by grass (not shown) moves even further to the
north here. Very similar vegetation changes occur for 410 ka (Fig. 6b
and f), though more pronounced, reflecting the larger climate
changes. Tree cover also increases in the monsoon-influenced re-
gions in India and eastern Asia, but the models disagree with
respect to the exact locations due to the more localized precipita-
tion changes in CCSM3.

These vegetation changes reflect the climatic changes. The
northward shift of the northern tree line is driven by the length-
ening of the growing season in the warmer climate, while the
expansion of steppe areas is caused by drying due to enhanced
evapotranspiration in combination with decreased precipitation.
Similarly the changed tree coverage in the Sahel and the monsoon
regions reflects the additional precipitation received by these areas.
For 400 ka, shown in Fig. 6c and g, the models simulate the reverse:
A southerly movement of the northern tree line, due to JJA cooling
of the NH high latitudes leading to a shorter growing season, and an
increase in tree cover in the mid-latitude steppe regions due to
reduced evapotranspiration under cooler conditions. At 394 ka,
finally, changes in tree cover are very small for CLIMBER2-LPJ
(Fig. 6d), but CCSM3-LPJ (Fig. 6h) behaves differently. Here, the
northern tree line shifts much further south, especially in eastern
Siberia. This latter difference is due to the very different tempera-
ture change at 394 ka, where CLIMBER2-LPJ shows much weaker
cooling than CCSM3.

Expressed in terms of biomes, as determined by the BIOME4
model, the picture is very similar. We show the biome distribution
for preindustrial climate in Fig. 7. In comparison to this reference
state, the climate changes at 416 ka lead to a northward shift of the
taiga-tundra boundary, with the shift slightly more pronounced in
CCSM3 (Fig. 8a and e). In central Asia, the mixed forest shown for
preindustrial climate is replaced by grassland. In central Europe,
some of the mixed forest is replaced by coniferous forest, especially
in the Baltic region. In most other areas vegetation changes rather
little.

For 410 ka, the climate from both models again leads to a
northward move of the taiga-tundra boundary (Fig. 8b and f),
further north than at 416 ka. In central Asia, the mixed forest and
some of the taiga forest shown for preindustrial climate are
replaced by grassland. In central Europe, cool mixed forest is
replaced by temperate deciduous forest at the southern boundary
of the range, with an eastward expansion of temperate deciduous
forest shown by CCSM3. In CLIMBER2-LPJ, on the other hand, the
mixed forest is replaced by temperate woodland in southern
Europe. Deserts in Asia shrink in bothmodels, and in CLIMBER2-LPJ
much of the Sahara is turned into a shrubland. In most other areas



Fig. 5. Modeled changes in mean annual precipitation between 416 (a, e), 410 (b, f), 400 (c, g) and 394 ka (d, h) and preindustrial: (aed) CLIMBER2-LPJ; (eeh) CCSM3. Areas with
non-significant results are masked. Circles indicate qualitative proxy trend. White: no change, dark grey: increase, light grey: decrease.
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Fig. 6. Modeled changes in tree cover as grid cell fraction between 416 (a, e), 410 (b, f), 400 (c, g) and 394 ka (d, h) and preindustrial: (aed) CLIMBER2-LPJ; (eeh) CCSM3-LPJ.
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Fig. 7. Modeled biome distribution for preindustrial climate.

T. Kleinen et al. / Quaternary International 348 (2014) 247e265 257
vegetation changes rather little. At 400 ka, biome changes in
CLIMBER2-LPJ are very small, but in CCSM3 the taiga-tundra
boundary shifts slightly southwards and the extent of deciduous
and mixed forest declines in central Europe. For 394 ka (Fig. 8d and
h), finally, the taiga-tundra boundary is shifted southwards, espe-
cially in eastern Siberia, and some cool mixed forest is replaced by
coniferous forest in eastern Europe, as shown in both models, but
more pronounced in CCSM3.

4. Discussion

The following discussion is focused on the similarities and dif-
ferences in theMIS 11.3 climate and vegetation, which appear in the
current model simulations and in the published proxy-based re-
constructions. In this publication we mainly focus on terrestrial
records, a summary of marine records for MIS 11.3 can be found in
Milker et al. (2013).

4.1. Temperature changes

Some of the proxy records of MIS 11.3 from previously published
studies consider it the longest and warmest interglacial of past 500
ka based on the study of marine isotopic records (Howard, 1997;
Droxler et al., 1999; Melles et al., 2012). Other studies investi-
gating marine and continental records, however, indicated that the
evidence about the degree of warming during MIS 11.3 remained
complex (Droxler and Farrell, 2000), with the temperature esti-
mates varying from similar to the present to warmer than present
from place to place (Rousseau, 2003). Both large uncertainties of
the reconstruction methods and the lack of accurate chronologies
for the sparsely available terrestrial records often preclude a reli-
able correlation between marine and terrestrial archives and
complicate the comparison of geological data with model simula-
tions (Desprat et al., 2005; Prokopenko et al., 2010).

Among the very few sites in the SH with MIS 11.3 climate data,
the temperature records from Antarctic ice cores (i.e. Jouzel et al.,
2007) are by far the best in terms of temporal resolution and
dating quality. The EPICA Dome C reconstruction (Figs. 1h and 9i)
demonstrates that the mean annual temperature was similar to the
average of the last 1000 years at 416 ka and 400 ka, about 2 �C
warmer at 410 ka, reaching up to þ3 �C at 407 ka, but about 2 �C
colder at 394 ka (Jouzel et al., 2007). Simulations with both models
show similar trends, simulated Antarctic temperatures are slightly
warmer than present at 416 ka, similar to present at 410 ka, but
colder than present at 400 and 394 ka.

The NH continents reveal a number of sites available for a data-
model comparison. Continuous pollen records from Asian lakes are
one of the major terrestrial sources of information used to recon-
struct regional climate variability during MIS 11.3. A sediment core
from Lake El’gygytgyn (67.5�N, 172�E) in northeastern Siberia pro-
vides a continuous, high-resolution record from the Arctic, span-
ning the past 3.58 million years (Melles et al., 2012; Brigham-Grette
et al., 2013). This record shows that the MIS 11.3 interval was one of
the warmest and longest interglacials during the Quaternary, with
mean temperatures of the warmest month (MTWM) being w6 �C
and 5 �C higher (Fig. 9a) than modern at 416 and 410 ka, respec-
tively, in line with the model simulations. The reconstructed
summer temperatures are similar to present day values at 400 and
394 ka, while colder temperatures appear in the CCSM3 simula-
tions during both time slices and in the CLIMBER2-LPJ simulation at
400 ka. Melles et al. (2012) compared the reconstructed tempera-
tures around Lake El’gygytgyn with GCM simulations using
greenhouse gas and orbital forcing (Yin and Berger, 2010) at 409 ka
and found that the peak summer warmth is difficult to explainwith
greenhouse gas and astronomical forcing alone. Results derived
with an ice-free Greenland and the heat flux under Arctic Ocean sea
ice increased by 8 W m�2 led to a simulated MTWM value which
was closer to the reconstructed one, suggesting the importance of
amplifying feedbacks and teleconnections (e.g. Yin and Berger,
2010; Melles et al., 2012). In our model simulations the decrease
in sea ice area leads to a warming feedback amplifying the
insolation-induced warming, supporting their results.



Fig. 8. Modeled biome distribution for 416, 410, 400 and 394 ka in CLIMBER2-LPJ (aed) and in CCSM3 (eeh). Legend for the biome types as in Fig. 7.
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A bioproductivity proxy (Prokopenko et al., 2006) and pollen
records from Lake Baikal (Shichi et al., 2009) also suggest a very
long and exceptionally warm interglacial during MIS 11.3. The
pollen-based climate reconstruction derived from the core BDP-99
(52.09�N, 105.26�E) from Lake Baikal (Prokopenko et al., 2010)
confirms these earlier conclusions. The reconstructed trends are
similar to the results from Lake El’gygytgyn, but the increase in
MTWM is more moderate, i.e., ca. 1e2 �C higher than the modern
value (Fig. 9c). This amplitude is more comparable to the summer
SST reconstructions from the sites U1313 (41.0�N, 32.96�W, Fig. 9e)
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(Stein et al., 2009) andM23414 (53.53�N, 20.28�W, Fig. 9b) (Helmke
et al., 2008 modified from Kandiano and Bauch, 2007) in the
northern Atlantic, suggesting that the mid-latitudes of Eurasia
might have experienced less pronouncedwarming compared to the
high Arctic regions, as was the case during the last interglacial (e.g.
Velichko et al., 2008; Miller et al., 2010). The model simulations
support this scenario, particularly by simulating warmer than
present winters in the Arctic region but colder than present winters
in mid-latitude Eurasia at 416 and 410 ka, in line with the pollen-
based reconstruction of the mean temperature of the coldest
month (MTCM) (Prokopenko et al., 2010).

Unlike the records from the northern high and mid- latitudes of
continental Asia, the pollen-based climate reconstruction from
Lake Biwa (35.2�N, 136�E) in central Japan (Nakagawa et al., 2008)
demonstrates similar or even cooler than present summer tem-
peratures between 420 and 390 ka (Fig. 9h), associated with rela-
tively warm winters, which results in cooler than present mean
annual temperatures (MAT) (Tarasov et al., 2011). Another recon-
struction using a pollen record from Osaka Bay (Hongo, 2007)
suggests that the interval between 414 and 398 ka experienced
extremely warm winters (warm/subtropical climate), but attests
the interval between 422 and 414 ka as one with relatively cool
summer temperatures (Kariya et al., 2010). A MAT reconstruction
comparable to that from Biwa was obtained using molecular
palaeotemperature proxies in mid-Pleistocene lacustrine sedi-
ments from the Valles Caldera (35.87�N, 106.43�W), New Mexico
(Fawcett et al., 2011), which also demonstrates that MAT values
were 0e7 �C below the modern value of 5 �C during the interval
under discussion (Fig. 9g). Wu et al. (2007), analyzing terrestrial
mollusc assemblages in the Chinese Loess Plateau (w36� N,w107e
109�E), came to the conclusion that mean annual temperatures
were warmer than present during the interval between 417 and
385 ka, with MAT values up to 2e4 �C above the modern. This
conclusion is in line with earlier reconstructions based on pedo-
logical and geochemical properties of the MIS 11.3 sediment, sug-
gesting that maximum values of MAT at Luochuan (35.75�N,
109.42�E) could be w2e6 �C (Liu et al., 1985; Han et al., 1997; Guo
et al., 1998) higher than the modern MAT. The models show
warmer summers for the region at 416 and 410 ka, though winters
are cooler, while the opposite holds for 400 ka.

In southern Europe the core MD01-2447 (42.15�N, 9.67�W),
sediment retrieved ca. 100 km off the Iberian coast, has been used
for a pollen-based climate reconstruction (Desprat et al., 2005). As
in the northern lower latitudes of Asia, the reconstruction from the
core MD01-2447 does not indicate climate warmer than at present,
showing both summer andwinter temperatures similar to or below
present-day values for the entire MIS 11.3 timeframe, with tem-
peratures cooling after 400 ka (Fig. 9f). Comparison with other
climate archives from northern and central Europe is complicated
by dating problems caused by discontinuities in the records. A
lacustrine sediment core from La Côte (45.08�N, 5.57�E, 981 m) in
the western French Alps was assigned to MIS 11 (Field et al., 2000).
Coleoptera- and pollen-based climate reconstructions suggest
conditions similar to present or even slightly warmer during the
interglacial optimum, up to 18 �C in July compared to the modern
value of 16.4 �C. However, pollen-derived mean January tempera-
tures did not exceed the modern value (�0.7 �C) by more than ca.
1 �C, with the exception of one pollen spectrum (Field et al., 2000).

Koutsodendris et al. (2010) provided a high-resolution vegeta-
tion record from Dethlingen (52.96�N, 10.14�E) in northern Ger-
many, which they assigned to the Holsteinian interglacial and
correlated with MIS 11.3. However, neither absolute age control nor
quantitative climate reconstructions are provided. Qualitative
interpretation of the record suggests increasing warmth and
temperate climate during the second half of MIS 11.3 (i.e. between
410 and 400 ka), in line with the available records from Antarctica
and eastern Asia. Another supposedly MIS 11.3 record from the
laminated sediment section at Bilshausen (51.62�N, 10.16�E, 160 m)
in northern Germany provides a detailed pollen record and
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quantitative reconstructions of mean July and mean January tem-
peratures (Kühl and Gobet, 2010). The Bilshausen palaeoclimate
record clearly shows that the warmest winter and summer tem-
peratures occurred during the second half of the interglacial
sequence, in line with the Dethlingen record. The reconstructions
also demonstrate (Fig. 9d) that July temperatures were 1e2 �C
higher than the modern value of 16.3 �C. During the interglacial
optimum, reconstructedmean January temperature remained close
to the modern values in the region (i.e. �0.7 �C); however,
numerous colder oscillations (up to 2 �C below the present) appear
in the reconstruction, suggesting some climate instability during
this long interglacial interval. This reconstruction contradicts the
qualitative reconstruction of MIS 11.3 climate obtained from the
Ossowka pollen record (52.12�N, 23.13�E) in eastern Poland
(Nitychoruk et al., 2005). The latter study characterizes the opti-
mum phase of the interglacial as warmer than present with a long
vegetation period, and mild and short winters, suggesting
increasing oceanic influence on the regional climate. Kühl and Litt
(2007) provide a somewhat intermediate scenario based on
quantitative reconstructions from the ca. 16 ka long Holsteinian
pollen records at Gröbern-Schmerz and Hetendorf/Munster-Breloh
in northern Germany, concluding that January and July tempera-
tures within the interglacial phase were comparable to present day
conditions within a few degrees variation (i.e., within the accuracy
of the reconstruction method). Other terrestrial records from
Europe are less conclusive when discussing temperature changes.
For example, faunal indicators from an absolutely dated Palae-
olithic site at West Stow (52.32�N, 0.64�E) in the UK (Preece et al.,
2007) suggest the climate was perhaps warmer than at present.
Candy et al. (2010), summarizing available published interglacial
records from southern England, also suggest that summer tem-
peratures there could be as warm or even 1e2 �C warmer than at
present during MIS 11.3, the range of the reconstructed mean
temperature of the coldest month (�10 to þ6 �C) allows MTCM to
vary between w13 and 14 �C below and w2e3 �C above present-
day values. The model projections show European summers
warmer than preindustrial for 416 ka and 410 ka, while cooler
temperatures prevail at 400 ka in both models and at 394 ka in
CCSM3.

In summary, the interval between 420 and 400 ka is charac-
terized by generally warmer then present summer temperatures,
particularly in the high and high-middle latitudes. The data from
the low-middle latitudes demonstrates similar to or colder than
present summer and/or annual temperatures. Both proxy-based
reconstructions and model simulations provide support for the
regional diversity of climate change during MIS 11.3, suggesting
that greenhouse gases are not the only forcing phenomenon and
that other factors, including seasonal insolation (Yin and Berger,
2010), various amplifying feedbacks and distant teleconnections
(Melles et al., 2012), also play a significant role.

4.2. Precipitation changes

Earlier data syntheses characterize the MIS 11.3 interglacial as
rather humid, with higher and/or seasonally more uniform pre-
cipitation (e.g. Kukla, 2003; Rousseau, 2003). However, continuous
records of precipitation are rare. One of them, coming from Lake
El’gygytgyn, demonstrates that mean annual precipitation (MAP)
values were w100 to w350 mm higher than at present between
400 and 420 ka (Fig.10a), and decreased abruptly to the present day
value of ca. 270 mm soon after 400 ka (Melles et al., 2012). Further
south, in the Lake Baikal region a pollen-based MAP reconstruction
also shows wetter conditions than at present (Fig. 10b), with MAP
values 50e150 mm above the modern value between 420 and
396 ka and ca. 100 mm belowmodern at 394 ka (Prokopenko et al.,
2010). Molluscan assemblages and soil property records from the
Chinese Loess Plateau suggest that a humid climate prevailed there
from 417 to 385 ka (Wu et al., 2007). Palaeopedological and
geochemical studies on the Chinese loess sequences from the Loess
Plateau (Guo et al., 1998) reconstructed MAP values 200e300 mm
higher than modern in response to a much stronger Asian summer
monsoon. Other authors (Liu et al., 1995; Han et al., 1997; Vidic
et al., 2003) agree about a generally wet climate, but the sug-
gested increase in precipitation is less pronounced. The Biwa Lake
pollen record (Tarasov et al., 2011) showsMAP values up to 500mm
higher than at present at ca. 410 ka, slightly higher than at present
at 416 and 400 ka, and ca. 200 mm lower than present at 394 ka
(Fig. 10c). Results of the MAP simulations in the eastern Asian re-
gion presented in this paper are inconclusive. CLIMBER2-LPJ shows
slightly higher than present MAP values at 416 ka, the maximum
increase in precipitation at 410 ka and a decrease at 400 ka. CCSM3
experiments show a decrease in precipitation in the eastern part of
China at 416 ka and 410 ka and an increase at 400 and 394 ka.
Trends around Japan partly are the opposite.

Proxy-based precipitation reconstructions from Europe
demonstrate less pronounced changes in precipitation. Thus,
coleopteran assemblages from La Côte in France suggest wetter
conditions compared to the present during the interglacial opti-
mum (Field et al., 2000). A pollen-based MAP reconstruction from
the same site shows slightly higher or similar to present values.
However, frequent oscillations towards drier than present climate
are also reconstructed. The virtual absence of non-arboreal pollen
(except Ericales) in the interglacial sediment from the site of Pra-
claux (44.82�N, 3.83�E; 1000 m) in the Massif Central, France,
attributed to ca. 420e400 ka (Reille et al., 2000), can be used as
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qualitative evidence of a wetter climate than during any subse-
quent interglacial. This interpretation of more humid conditions
during MIS 11.3 correlates with the qualitative interpretation from
the Ossowka, Poland, pollen record (Nitychoruk et al., 2005). A
synthesis of the long continental records of MIS 11.3 (Rousseau,
2003) points (though not without reservations caused by the data
and dating quality) to more humid than present climates in central
Europe, tropical WAfrica, central Japan, NW South America, and SE
Australia, but suggesting drier than present conditions and
increased Saharan influence in Israel. Pollen-based reconstruction
of theMAP from the coreMD01-2447, west of the Iberian Peninsula,
also demonstrates values ca. 100e200 mm lower than at present
between 416 and 400 ka at ca. 42�N latitude (Fig. 10d), but MAP
values higher than at present at 394 ka (Desprat et al., 2005).

In the Atlantic region, the CLIMBER2-LPJ simulations demon-
strate lower than present MAP values in the Mediterranean and
higher values in tropical Africa at 416, 410 and 394 ka. The CCSM3
experiments show rather patchy results in the tropics and no
substantial differences from the present in the middle and high
latitudes.

4.3. Vegetation changes

Pollen records attributed to MIS 11.3 summarized at the global
scale reveal the major expansion of forests after the preceding
glacial and a very long forest phase in comparison with the sub-
sequent interglacial periods (Rousseau, 2003). Recently published
data from the Arctic region supports this earlier interpretation. The
record from Lake El’gygytgyn (Melles et al., 2012; Tarasov et al.,
2013) demonstrates that the sum of boreal trees and shrubs
reached ca. 70e90% of the total pollen sum during thewhole period
between 420 and 400 ka, and dropped significantly after that time.
The predominance of arboreal pollen in the pollen assemblages,
particularly the high contents of spruce, indicates a boreal ever-
green (taiga) forest as the dominant biome in the area, where
treeless arctic tundra vegetation grows at present. The decline of
the taiga biome scores and predominance of the tundra commu-
nities in the regional vegetation first occurred after about 400 ka. In
a marine sediment core off southwest Greenland (ODP site 646:
58.21�N, 48.37�W), concentrations of seed plant and spruce pollen
also reached the highest values of the last onemillion years after ca.
420 ka, suggesting dense vegetation cover and boreal coniferous
(i.e. taiga-like) forest over the ice-free southern part of Greenland
during the warmest phase of MIS 11 (de Vernal and Hillaire-Marcel,
2008). Since the climate models we employed were not configured
with dynamic ice sheets, an ice-free southern Greenland could not
be investigated with the models. For the El’gygytgyn area, however,
both climate models show enhanced tree cover in LPJ for 416 and
410 ka, more pronounced in CCSM3. BIOME4 shows (dwarf) shrub
tundra as the preindustrial biome, which is replaced by shrub
tundra and even taiga forest in some locations. Therefore an
expansion of trees is supported, but the BIOME4 model results
suggest that the afforestation implied by the reconstructions may
have been rather localized. For 400 and 394 ka, BIOME4 shows
dwarf shrub tundra as the main biome, while LPJ shows reductions
in vegetation cover, the timing of the transition would therefore
agree with the reconstructions.

In the more southern region of Siberia around Lake Baikal the
MIS 11.3 interval is also marked by a predominance of arboreal
(mainly coniferous) taxa in the pollen records, and the highest
percentages of fir pollen lead to the reconstruction of a long-lasting
“conifer optimum” and the spread of taiga across the Lake Baikal
region (Shichi et al., 2009; Prokopenko et al., 2010). The abundance
of fir in the pollen assemblages (ca. 4e10% between 420 and 400 ka
compared to 0e2% during the Holocene) is indicative of a climate
warmer and wetter than during MIS 1 (Prokopenko et al., 2010),
MIS 5.5 (Tarasov et al., 2005) or any other post-MIS 11.3 interglacial
(Shichi et al., 2009). The models show evergreen taiga forest as the
biome for all time slices except 410 ka, where the models show a
shift to temperate grassland. The LPJ model suggests slight in-
creases in tree cover west of Lake Baikal for 416 and 410 ka, i.e. the
few grid cells not covered by trees in the preindustrial control are
covered by trees in the experiments, but an increased coverage by
grasses is not simulated, contrary to BIOME4.

The biome reconstruction from the Lake Biwa pollen record
covering the last ca. 430 ka (Miyoshi et al., 1999) suggests that
temperate deciduous forest predominated in the region between
420 and 390 ka, replacing the cool mixed forest vegetation which
characterized the previous colder interval (Tarasov et al., 2011).
Warm mixed forest (similar to the present day natural vegetation)
is reconstructed during the warmest phase between ca. 410 and
400 ka, based on the presence of warm-temperate evergreen
broadleaved trees such as Quercus subgenus Cyclobalanopsis and
Castanopsis, which are less abundant during the more recent
interglacial intervals (Miyoshi et al., 1999). The biome reconstruc-
tion results therefore demonstrate a similarity between the MIS
11.3 and the Holocene climatic optima in central Japan, which could
reflect the warm winter temperatures required for evergreen
broadleaved forest taxa to prosper (Prentice et al., 1992). The
models do not support a shift from temperate deciduous to warm
mixed forest, instead showing warmmixed forest for all time slices
in BIOME4 and no change in tree coverage in LPJ.

Quantitative biome reconstructions from European pollen re-
cords of MIS 11.3 are limited. Temperate deciduous and cool mixed
forest biomes are reconstructed as dominant vegetation types at La
Côte in the western French Alps during the interglacial optimum
(Field et al., 2000), while the taiga biome showsmaximum scores at
the beginning and at the end of the interglacial vegetation suc-
cession. The occurrence of Pterocarya (wingnut) and the highest
percentages of fir pollen in European pollen records (e.g. Benda and
Brandes, 1974; Nitychoruk et al., 2005; Diehl and Sirocko, 2007;
Urban, 2007; Koutsodendris et al., 2010) has frequently been used
as evidence of a wet climate, although interpretation of these
pollen taxa in terms of temperature is ambiguous. The highest
percentages of arboreal pollen in the MIS 11.3 interglacial records
from France (Reille et al., 2000) also indicate greater tree coverage
of the landscape in central Europe during the MIS 11.3 climatic
optimum compared to any subsequent interglacial interval. For
Europe, both models show warm mixed forest as the dominant
biome north of the Iberian Peninsula for all time slices including
preindustrial, and temperate woodland as the biome of the Iberian
Peninsula and the Mediterranean region, while LPJ shows similar
tree coverage to preindustrial. For 410 ka, the boundary between
forest and woodland is shifted northwards into central France in
the CLIMBER2-LPJ model, due to a decrease in precipitation in this
particular grid cell. Models and vegetation reconstructions there-
fore agree in most cases, though the precipitation decrease in the
CLIMBER2-LPJ model would not appear to be compatible with the
reconstructions.

4.4. Synthesis

Summarizing the records listed above and in Figs. 9 and 10, the
following picture emerges for the climate during MIS 11.3: Early
during MIS 11.3, at 416 ka, JJA conditions were warmer than at
present in the high northern latitudes at lakes Baikal and El’gy-
gytgyn, while conditions in Japan were cooler. Europe and
Antarctica show similar conditions to preindustrial. These qualita-
tive trends are shown as grey circles in Fig. 2a, with light grey circles
implying decreasing temperatures, white circles no change, and
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dark grey circles increases in temperature. Precipitation was
stronger than preindustrial at the Asian sites, and weaker than
preindustrial in Europe, shown in Fig. 5a. Both models show sub-
stantially warmer conditions for Eurasia north of 40�N, so there is a
disagreement between the models and the European records. For
Japan, CCSM3 simulates much less warming than CLIMBER2-LPJ,
more in linewith the climate reconstruction. Precipitation trends in
CLIMBER2-LPJ are similar to the reconstructions, but CCSM3 shows
some discrepancies in locations where results are significant.

At the precession minimum at 410 ka, summer conditions were
similar to or warmer than preindustrial in northern Siberia, Europe
and Antarctica, while Japan remained cooler (Fig. 2b). The precip-
itation trends are similar to 416 ka (Fig. 5b). Both models show
warmer temperatures for Eurasia with the exception of the
monsoon regions. The JJA temperature reconstruction for Japan
therefore is at odds with model results. Modelled precipitation
changes seem to agree for CLIMBER2-LPJ, though CCSM3 shows
trends opposite to the reconstructions, if signals are significant at
all.

The precession maximum at 400 ka shows a warming in central
Europe and central Asia, while the other sites show no temperature
change or a cooling. The models generally show a cooling of JJA
temperatures, therefore disagreeing with reconstructions for cen-
tral Europe and Asia. The reconstructions show precipitation in-
creases for central and northern Asia, with precipitation decreasing
in Europe and not changing in Japan (Fig. 5c). The models show a
small decrease in annual precipitation.

For 394 ka, finally, the reconstructions show no temperature
change or a decrease (Fig. 2d), while they project a small warming
for the Iberian peninsula but decreases or very little change for all
other areas. For precipitation, finally, reconstructions (Fig. 5d) show
decreases or no change, with the exception if the Iberian Peninsula,
where an increase is reconstructed. The models agree overall,
though an increase in Europe is not simulated.

5. Conclusions and outlook

The model simulations and proxy-based reconstructions sum-
marized in this study agree that MIS 11.3 was a long lasting inter-
glacial with conditions generally warmer than preindustrial, at
least before 400 ka.

Both models used in this study support a northward expansion
of trees at the expense of grasses in the high northern latitudes
early during MIS 11.3, at 416 and 410 ka, especially in northern Asia
and North America, in line with the available pollen-based re-
constructions. According to the model results, these vegetation
changes were driven by increased summer temperatures and, in
some locations, increased annual rainfall. Again, higher than pre-
sent annual precipitation values are also supported by the proxy
records from central Europe, Siberia, China, and Japan. Themodeled
changes in temperature generally are confirmed by the re-
constructions, which is not always the case for the modeled
changes in annual precipitation. The rather large changes in annual
precipitation reconstructed for some locations, especially the 30%
increase in precipitation for Lake Biwa in Japan at 410 ka, are not
supported by the model results.

Comparing the two climate models, the general patterns of
simulated climate and vegetation changes appear rather similar,
despite the substantially different resolutions of the two models.
The general patterns are captured quite well by the low-resolution
CLIMBER2-LPJ model, though the higher resolution of CCSM3 im-
proves the representation of climate change in some areas like the
monsoon regions. Temperature changes in the continental interiors
seem to be underestimated by CLIMBER2-LPJ, especially during the
time slices with decreases in radiative forcing in DJF at 416 ka and
410 ka and during JJA at 400 ka and 394 ka. Here, CCSM3 simulates
lower temperatures than CLIMBER2-LPJ, especially over the conti-
nents, implying a higher sensitivity to insolation changes.

From the model simulations, it becomes very obvious that there
was no single climate state during MIS 11.3, but rather a continuum
of climate states, with JJA temperatures in Europe, for example,
ranging from w2 �C colder than preindustrial to w3 �C warmer.
Depending on orbital configuration and location investigated, cli-
mates warmer and colder, wetter and drier than preindustrial may
all have occurred during this interglacial. Therefore, climate re-
constructions without high dating quality are of very limited use in
a model comparison and for investigating climate responses to
external forcing. A climate reconstruction just claiming a date
“some time duringMIS 11” could represent any climate state during
this long interglacial, and our model results make abundantly clear
that there was a wide variety of possible climate states. Therefore
high precision dating is essential, or else reconstructions cannot be
compared to models that specify timing precisely.

From a modeling point of view, the wide range of climate states
during MIS 11.3 to first order represents the response of the climate
system to changes in insolation according to the orbital parameters.
Therefore, climate changes have a latitudinal pattern, and de-
viations from this general pattern require local feedbacks to
enhance the climate system response. In our model simulations, we
show these feedbacks for the high latitudes, as well as themonsoon
regions.

Overall, we successfully compared model results and climate/
vegetation reconstructions for MIS 11. With respect to temperature,
models and reconstructions tend to agree, though this is more
ambivalent for precipitation. Our original aim had been to compare
reconstructions and models at finer scales, but the scarcity of high-
resolution well-dated records, as well as the coarse resolution of
the models, prevented this. Both advanced models and a synthesis
of accurately dated interglacial records therefore are necessary to
understand the effects of the global-scale climate forcing on
regional climate and vegetation.

Looking to future investigations, the lack of an ice sheet model is
a clear shortcoming of the current model experiments. Since some
reconstructions claim higher sea levels than preindustrial (Raymo
and Mitrovica, 2012) and possibly a vegetated southern
Greenland (de Vernal and Hillaire-Marcel, 2008), an investigation
whether these conditions can actually be modelled under MIS 11.3
boundary conditions appears worthwhile. With regard to re-
constructions, this paper has shown along with Yin and Berger
(2012) and Herold et al. (2012) that climate changes in the Arctic
and the monsoon areas may follow different patterns than climate
changes in other areas. Therefore climate reconstructions using
data from a single site do not allow any global conclusions. Instead,
reconstructions need to rely on information from more than single
sites in order to be reliable.
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