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Abstract. There is a growing number of proxy-based recon- maximum January temperature anomalies of respectivély
structions detailing the climatic changes that occurred duringo 1.2 K and—0.8 to 2.1 K are simulated for the period after
the last interglacial period (LIG). This period is of special 121 kaBP. In both hemispheres these temperature maxima
interest, because large parts of the globe were characterizeate in line with the maximum in local summer insolation.
by a warmer-than-present-day climate, making this period an In a number of specific regions, a common temperature
interesting test bed for climate models in light of projected evolution is not found amongst the models. We show that
global warming. However, mainly because synchronizing thethis is related to feedbacks within the climate system which
different palaeoclimatic records is difficult, there is no con- largely determine the simulated LIG temperature evolution
sensus on a global picture of LIG temperature changes. Her these regions. Firstly, in the Arctic region, changes in the
we present the first model inter-comparison of transient sim-summer sea-ice cover control the evolution of LIG winter
ulations covering the LIG period. By comparing the different temperatures. Secondly, for the Atlantic region, the Southern
simulations, we aim at investigating the common signal inOcean and the North Pacific, possible changes in the charac-
the LIG temperature evolution, investigating the main driv- teristics of the Atlantic meridional overturning circulation are
ing forces behind it and at listing the climate feedbacks whichcrucial. Thirdly, the presence of remnant continental ice from
cause the most apparent inter-model differences. the preceding glacial has shown to be important when deter-
The model inter-comparison shows a robust Northernmining the timing of maximum LIG warmth in the North-
Hemisphere July temperature evolution characterized by a&rn Hemisphere. Finally, the results reveal that changes in
maximum between 130-125 ka BP with temperatures 0.3 tdhe monsoon regime exert a strong control on the evolution
5.3K above present day. A Southern Hemisphere July temef LIG temperatures over parts of Africa and India. By list-
perature maximum;-1.3 to 2.5K at around 128 kaBP, is ing these inter-model differences, we provide a starting point
only found when changes in the greenhouse gas concerfor future proxy-data studies and the sensitivity experiments
trations are included. The robustness of simulated Januargpeeded to constrain the climate simulations and to further en-
temperatures is large in the Southern Hemisphere and thkance our understanding of the temperature evolution of the
mid-latitudes of the Northern Hemisphere. For these regiond.IG period.
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606 P. Bakker et al.: Last interglacial temperature evolution — a model inter-comparison

1 Introduction within the PMIP3 framework (Paleoclimate Modelling In-
tercomparison Project). The climate models used in this
To strengthen our confidence in climate models, it is im-inter-comparison study differ in complexity from 2.5-D
portant to assess their ability to realistically simulate aatmosphere—ocean—vegetation models to general circulation
climate different from the present-day climat8rédconnot models (GCMs). Some also differ in terms of the climatic
et al, 2012. The last interglacial period (LIG~ 130 000— forcing and in the components of the climate system which
115000 yr BP) provides an interesting period, because mangre included (Tablé&).
proxy-based reconstructions show temperatures up to sev- The objectives of this model inter-comparison are the fol-
eral degrees higher than present dap@PE-members2006 lowing: (1) to determine the transient temperature response
Turney and Jone01Q McKay et al, 2011). However, to  to LIG forcings which is common to the different models, (2)
date, the evolution of the climate during the LIG is still un- to analyse the simulated spatio-temporal response of temper-
der debate. This is especially true for the establishment oftures during the LIG and (3) to indicate in which regions
peak interglacial warmth in different regions. For instance, climatic feedbacks likely played a crucial role in shaping the
proxy-based reconstructions of surface temperatures fronIG temperature evolution. This study provides an important
the Norwegian Sea and the North Atlantic are inconclusivestep towards a future comparison of LIG proxy-based recon-
on whether peak interglacial warmth occurred in the first orstructions and transient model simulations.
in the second part of the LIGBauch and Kandian®007,
Nieuwenhove et al.2011;, Govin et al, 2012. The main
cause of this uncertainty is the difficulty in establishing a co-

herent stratigraphic framework for the LIG period, not only We performed transient LIG climate simulations with a to-

between d|ff_erent regions (e.g. the_ Norwegian Sea and th?al of seven different climate models of different complexity.
North Atlantic) but also between different types of proxy- In the following model descriptions, we focus only on the
archives (e.g. speleothems, ice cores, deep-sea cores and IaQ '

sediments, e.gWaelbroeck et al.2008. Deciphering the re?e_vant differences between th models and the simulation
) . : design. For a complete description, see Tdbli the sec-
evolution of LIG surface temperatures is further complicated

by the fact that different types of proxies record different ond_ paf‘ of this s_ection, an overvievx_/ of _the_evolytion of the
parts of the climatic signal: for instance maximum summer 12" climate forcings of the LIG period is given in terms of

warmth, the number of days above a threshold temperatureChanges in the msolatlp n received by Earth and the changes
ih the GHG concentrations.

the seasonal temperature contrast or average summer tem-

peraturesJones and Manr2002 Sirocko et al. 2006. Cli- 2.1 Description of the climate models

mate simulations covering the LIG period can be used to fa-

cilitate the interpretation of proxy-based temperature recon2. 1.1 Bern3D

structions by providing information on the timing of peak in-

terglacial warmth for different months and on possible spatialThe Bern3D Earth system model of intermediate complex-

2 Model simulations

differences in the evolution of temperatures. ity (EMIC) consists of a two-dimensional atmospheric en-
For the LIG period a large number of equilibrium sim- ergy and moisture balance model that is coupled to a three-
ulations have been analyseMl@ntoya 2007 Lunt et al, dimensional sea-ice—ocean model. In the atmospheric com-

2012 and references therein). However, to investigate theponent, heat is transported horizontally by diffusion only
evolution of temperatures throughout this period and the tim-while moisture is transported by both diffusion and pre-
ing of maximum warmth (MWT), the transient nature of scribed advectionEdwards and Marst2005 Miller et al,

two of the major forcings, changes in the astronomical con-2006 Ritz et al, 2011ab). This means that, compared to
figuration and changes in the concentrations of the majomother models, the spatial and temporal changes in surface
greenhouse-gases (GHGSs), has to be incorporated. A smakmperatures simulated by the Bern3D model are more di-
number of transient climate simulations have previously beerrectly linked to local changes in the radiative forcing. This
performed for the LIG (e.gCalov et al, 2005 Groger et al, simulation includes prescribed changes in the extent of
2007 Ritz et al, 20118. Amongst other things they indi- the Northern Hemisphere (NH) continental ice sheets (the
cate the importance of changes in the overturning circulationAntarctic ice sheet is fixed to present-day configuration be-
and the sea-ice cover. These are however known to be highlgause of the coarse resolution of the model at high latitudes).
model-dependent stressing the need for a larger model intefFhe extent of the NH continental ice sheets is calculated us-
comparison. ing the benthics80 stack (a proxy for global ice volume)

In this study we present the first investigation of the com- of Lisiecki and Raym@2005 in order to scale the ice sheet
mon LIG temperature signal in long, 10 000 yr, transient  between the modern and the Last Glacial Maximum extent
simulations performed with seven different climate mod- (Ritz et al, 20113. Consequently, untit- 125kaBP rem-
els. Included are both published LIG transient simulationsnants of the North American and Eurasian ice sheets from the
(Groger et al. 2007) as well as ones recently performed preceding glacial period are prescribed next to the Greenland

Clim. Past, 9, 605619 2013 www.clim-past.net/9/605/2013/
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Table 1.List of the main features of the climate models involved in this model inter-comparison. Unless stated otherwise, sea-level, vegetation
cover and ice-sheet configuration are fixed to pre-industrial values. The equilibrium GHG values used by CCSM3 and KCM are respectively
272 and 280 ppm for C& 622 and 760 ppb for CiHand 259 and 270 ppb for4O. In column six information about the applied spin-up
procedure is given by stating if the spin-up was an equilibrium (eq.) or transient (trans.) simulation, what the corresponding start year (ka BP)
of the corresponding forcing scenario is and, in the case of an equilibrium spin-up simulation, what the length (ka) of the spin-up period is
(between brackets). The other used acronyms are Earth system model of intermediate complexity (EMIC), general circulation model (GCM),
astronomical configuration (orb), astronomical acceleration with a factor of 10 (acc), greenhouse-gas concentrations (ghg), and prescribec
changes in ice sheet configuration (ice).

Model name Model Time range Included Additional ~ Spin-up Resolution Resolution Reference
com- (kaBP) forcings compo- procedure atmospheric oceanic
plexity nents component component
Bern3D EMIC 130- orb/ghglice - eq. 130 (5) between 3.2 between 3.2 Edwards and Mars{2005
115 and 19.2 by and 19.2 by Mdiller et al.(2009
10° and 1 10° and 32 Ritz et al.(20113
vert. layer vert. layers Ritz et al.(2011h
CCSM3 GCM 130- orb(acc) - eq. 130 (0.4) 3.7By 3.6° by Collins et al.(2009
115 3.75° (T31) 1.6° and 25
and 26 vert. vert. layers
layers
CLIMBER-2 EMIC 130- orb/ghg vegetation trans. 420 1By 2.5 and 20 Petoukhov et al2000
115 51°and 1 vert. layers
vert. layer
FAMOUS GCM 130- orb/ghg - trans. 132 by 2.5° by Gordon et al(2000);
115 7.5 and 11 3.75 and 20 Jones et al(2005
vert. layers vert. layers Smith (2012
Smith and Gregory2012
KCM GCM 126— orb(acc) - eq. 126 (1) 3.7Hy between 0. Park et al(2009
115 3.75° (T31) and 2 by 2°
and 19 vert. and 31 vert.
layers layers
LOVECLIM EMIC 130- orb/ghg - trans. 132 56y 3° by Goosse et a(2010
115 5.6° and 3 3° and 20
vert. layers vert. layers
MPI-UW GCM 128- orb/prognostic  vegetation, trans. 129 5.6by5.6° 4° by Groger et al(2007)
115 pCO marine (T21) and 19 4° and 22 Mikolajewicz et al.(2007)
carbon vert. layers vert. layers
cycle and

biogeochemistry

ice sheet. Between 125 ka—121 ka BP, only the Greenland been carried out with 10 times accelerated astronomical forc-
ice sheet remains, and after121 ka BP the extent of the ing (see SecR.3for details).

North American and Eurasian ice sheets start to increase

again. Related to a decrease of the extent of the NH ice

sheets, the model includes a meltwater flux from the meltingz-l-3 CLIMBER-2

remnant ice sheets into the ocean. During the period when

the ice sheets increase, freshwater is removed globally fronthe CLIMBER-2 EMIC is a 2.5-D atmosphere—ocean—
the ocean surface. Note that the sea level is nonetheless fixeggetation model of intermediate complexitpetoukhov

to the present—day situation. The simulation is similar to theet al, 2000 The atmospheric component is a low-resolution
one presented bRitz et al. (20113 but with the adjusted 2 5.p statistical-dynamic model. The oceanic component

parameter set dRitz et al.(2011H. is a zonally averaged multi-basin (Atlantic, Indian and Pa-
cific) model which resolves these basins only in the latitu-
2.1.2 CCSM3 dinal direction. CLIMBER-2 includes a thermodynamic sea-

ice model that computes the evolution of sea-ice coverage
The CCSM3 (Community Climate System Model, version 3) and thickness. Note that, in contrast to most of the simula-
is a GCM which is composed of four components repre-tions in this inter-comparison, vegetation is actively simu-
senting atmosphere (CAM3), ocean (POP), land, and sea ickated. This transient simulation is part of a longer simulation
(Collins et al, 2006. For the simulation in this study, the covering the last 4 glacial-interglacial cycles (420-0 ka BP)
low-resolution version of CCSM3 is used, which is describedresulting in the initial conditions of this simulation being dif-
in detail byYeager et al(2006. The transient simulation has ferent from the other simulations.

www.clim-past.net/9/605/2013/ Clim. Past, 9, 60619 2013



608 P. Bakker et al.: Last interglacial temperature evolution — a model inter-comparison

2.1.4 FAMOUS 2.2 Evolution of the main climatic forcings of the
LIG period

The FAMOUS GCM (ones et a]2005 Smith and Gregory . . . L .
2012 Smith 2012 is a low-resolution version of the Having an overview of the changes in main climate forcings
HadCM3 GCM Gordon et al. 2000 with roughly half the will allow us to identify if the simulations show a linear re-

horizontal resolution in both the atmosphere and ocean and ,?t'on bgtween changes in te.mperat.urg and th? climatic forc-
longer time step. ings or if feedback mechanisms within the climate system

are important. The two climate forcings discussed here are
the amount of insolation received by Earth and atmospheric
2.1.5 Kiel Climate Model GHG concentrations (Figd and3; values according to the
PMIP3 protocolhttp://pmip3.Isce.ipsl.fj
The Kiel Climate Model (KCM) GCM consists of the The changes in the amount of insolation received by Earth
ECHAMS5 atmospheric GCM coupled to the Nucleus for result from changes in the astronomical configuration. Glob-
European Modeling of the Ocean (NEMO) ocean—sea-ice?lly averaged, the anomalies are close to zero for the LIG
GCM (Park et al, 2009. The simulation runs from 126 to Period. However, changes in the distribution over the dif-

115ka BP and has been performed with 10 times acceleratet@rent latitudes and seasons are riggrger 1979. During
astronomical forcing (see Seét3for details). the first part of the LIG, the NH received more insolation in

summer compared to the present-day period. Differences in

insolation between both periods exceed 60 WArfor June
2.1.6 LOVECLIM at 65 N (~ 130-122 ka BP with a peak around127 ka BP;

Fig.1). We do note that maximum insolation anomaly did not
The LOVECLIM EMIC includes a simplified atmospheric occur during the same period for all summer months (&ig.
component and a low-resolution ocean GOBbpsse et al.  Berger 200]). For the Southern Hemisphere (SH) summer,
2010. the changes in insolation show a strong minimum between
126-123 ka BP while insolation values are just above the
present-day ones during the late LIS {18 ka BP). The evo-
lution of insolation during NH (SH) winter shows a maxi-
mum during the late (early) LIG. However, it is important to
The MPI-UW (Max Planck Institute for Meteorology and remember that, at high latitudes € 67°), absolute insola-
University of Wisconsin-Madison) Earth system model tion and the insolation anomalies are close to zero in winter.
(Mikolajewicz et al, 2007 is a GCM which consists of the While all simulations in this model inter-comparison
ECHAM3 atmospheric GCM, the Large Scale Geostrophicinclude changes in the astronomical configuration, only
Ocean (LSG2) GCM including a simple sea-ice model, thesome include changes in GHG concentrations (Bern3D,
Hamburg Ocean Carbon Cycle model (HAMOCC) and the CLIMBER-2, FAMOUS, LOVECLIM and MPI-UW). These
Lund Potsdam Jena dynamical terrestrial vegetation modeare kept constant in the other simulations (CCSM3 and
(LPJ). The latter two components encompass the entire calk CM). In accordance with the PMIP3 protocol, the FA-
bon cycle, which allows for the prognostic calculation of MOUS and LOVECLIM simulations include changes in
atmosphericpCO;, from the fluxes of HAMOCC and LPJ. CO,, CH; and NO; the Bern3D simulation only includes
In turn, the prognostipCOs, is then used in the radiative changes in C@ and CH;; and the CLIMBER-2 simula-
calculations resulting in the GHG forcing in this simula- tion only includes changes in GOThe GHG concentra-
tion to be different. The atmosphere in this MPI-UW sim- tion values for the LIG period in the PMIP3 protocol are
ulation was integrated in periodically synchronous mode. Inbased on ice-core data bofithi et al.(2008, Loulergue et al.
this method the slow components such as the ocean and ve@2008 and Schilt et al. (2010 for respectively C@, CHy
etation are integrated for the entire time span, but the fasand NO. A linear interpolation was applied to these data
(and computationally expensive) atmospheric component isn order to get a 1yr time resolution. The GHG concentra-
integrated only part of the time. In the meantime the oceartion changes result in a radiative forcing which increases
model is driven with fluxes from previous synchronous inte- from low values around 130 ka BP towards maximum val-
gration periods in combination with an EBM-type damping ues, just above pre-industrial, around 128.5 ka BP. This peak
for small sea surface temperature anomalies. The main unaround 128.5kaBP is sharp and short-lived (i.e. centennial
derlying assumption is that the atmosphere is in statisticatime scale), after which the radiative forcing related to the
equilibrium with the underlying sea-surface temperature andGHG concentration changes remains approximately constant
sea ice distribution. The LIG MPI-UW simulation runs from at values just below pre-industrial (Fity, radiative forcing
128 to 115 ka BPSchurgers et al2007 Groger et al.2007). calculated afteHoughton et al.2007). Note that the radia-
Note that in this simulation the vegetation is not fixed at pre-tive forcing provided by the changes in the three major GHGs
industrial values but actively simulated. is small,< 0.2 W m~2, compared to the forcing provided by

2.1.7 MPI-UW

Clim. Past, 9, 605619 2013 www.clim-past.net/9/605/2013/
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300- considered when comparing the results with proxy-based re-
constructionsJoussaume and Braconnt®97 Chen et al.
2011). Another important uncertainty in this study is the age
determination of the LIGKukla et al, 2002 and the related
uncertainty of the applied forcings. However, since all sim-
ulations in this inter-comparison applied the same fixed-day
calendar method and the same definition of the LIG period,
these uncertainties have no impact on the results when we
consider the robustness of the simulated temporal evolution
of LIG temperatures and the differences between the various
simulations Joussaume and Braconn»997).

290-750

280-700

Greenhouse-gas concentration

N

CO,in ppm; N,O in ppb 5
' @
3
3
(W) Buidioy aAneIpRY

CH, in ppb

40 2.3 Data processing
— CO,
All the simulated temperature fields were averaged into 50 yr
averages for every month. For the CCSM3 and KCM simu-
lations, which are performed with a 10-fold acceleration of
0 the changes in the insolation forcing, averaging over 50 as-
130 129 128 127 126 125 1229;(23;)22 121120 119 118 17116 115 tronomical years effectively means an average over only five
model years. Therefore, in the CCSM3 and KCM simula-
Fig. 1. In the upper part the changes in the main GHG concentra-tions only sub-decadal climate variability is filtered out while
tions over the period 130-115kaBP are depicted. Concentrationin the other simulations the variability on multi-decadal time
are according to the PMIP3 protocdht(p:/pmip3.Isce.ipsl.fii  scales is also filtered out. Furthermore, the accelerated orbital
which is based on the ice-core datalofthi et al.(2008, Louler-  forcings might distort the evolution of the deep ocean circu-
gue et al.(200§ and Schilt et al.(2010 for CO, CHz and MO |ation due to its long response time (see also S&&. In
respectively. The corresponding pre-industrial values are given by, jar 15 smooth out the artificial noise resulting from the fact
the dotted lines. In constructing the forcing scenarios, a linear in-that the MPI-UW model was integrated in periodically syn-

terpolation was applied to the data to get a 1yr resolution. The hron mode the temperatur fies have been aver d
bold black line presents the combined radiative forcing of the three® ,0 ous mode the temperature Series have been average

main GHG concentration changes (V\Tﬁ) concentrations accord- “5'”9 a200yrwindow and afterwards linearly im?rpOIated, to
ing to the PMIP3 protocol; formulation of radiative forcing after Obtain 50yr averages. All temperatures of the different sim-
Houghton et a].2001). The fixed average LIG GHG concentrations ulations were linearly re-gridded onto a common rectangu-
applied in the CCSM3 simulation are depicted by the arrows on thelar 1° x 1° grid. Throughout this manuscript, when dealing
left-hand side of the upper panel. In the MPI-UW simulation, the ra- with “temperatures” we refer to differences between sim-
diative forcing of the GHGs is prognostically calculated from sim- ylated LIG and pre-industrial near surface air temperature.
ulated changes in the carbon cycle. The resulting €kanges are  The pre-industrial temperatures were obtained by averaging
depicted in light green. In the lower part of the figure, the June inso-gyer the last 30-100yr of long~(500yr) equilibrium sim-

. . . ) . . . : ! - : 5
lation anomaly for 63N is given (W nm“ relative to pre-industrial ;| 51ions with pre-industrial values for the orbital parameters
and GHG concentrations.

— Greenhouse-gas radiative
forcing anomaly
— June insolation anomaly 65°N

values;Berger 1978.

the insolation changes (Fid). In the simulation performed 3 Results and discussion
with the MPI-UW model thepCO, concentration is a prog-
nostic variable. Therefore the evolution of the GHG forcing In the first part of this section, we focus on the robustness
is different from the other simulations (Fify, note that CH among the models of the simulated LIG temperature evolu-
and NO are neglected). The simulated GHG evolution in tion and the corresponding LIG temperature maximum. In
the MPI-UW simulation is characterized by a slow increasethe second part these results are then related to changes in
between 128-122 ka BP from 270 ppm towards more sta- insolation and GHG concentrations. In part three we dis-
ble values of around 285 ppm between 122-115 ka BP. Theuss the importance of model complexity and resolution and
KCM and CCSM3 simulations have GHG concentrationsin parts four to seven the impact of climate feedbacks on
fixed at pre-industrial and average LIG values respectivelythe simulated LIG temperature evolutions. An assessment of
(see Tabld for details). the inter-model differences and spatial patterns in the sim-
In all the simulations described in this study, a fixed-day ulated temperature evolutions can provide valuable infor-
calendar is used. Even though this is common practice irmation about the climate system and the important inter-
palaeoclimate simulations, it does have a non-negligible efnal feedback mechanisms operating during the LIG period.
fect on the monthly temperature anomalies and has to bé&lowever, we acknowledge that temperature changes provide

www.clim-past.net/9/605/2013/ Clim. Past, 9, 60619 2013
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only indirect indications, but a more in-depth investigation of with respectively December and June insolation (BjgEur-

the underlying causes of the inter-model differences is outthermore it is apparent that, when the rate of change of the
side the scope of this manuscript. Nonetheless, we deem thaadiative forcing is large, the model results are robust, but
highlighting potentially important climate feedbacks is an es-without such a strong trend the resulting temperature evolu-

sential first step towards future sensitivity experiments. tions tend to differ largely. The latter is especially true for
the simulated temperature evolutions in the winter months
3.1 Simulated robust LIG temperature evolution in high latitude regions which are characterized by a very

small insolation forcing. Simulated July temperature anoma-
Because of the seasonal and latitudinal differences in insolalies for the SH exemplify another finding. We see that the
tion, we investigate the robustness of the simulated LIG tem-models that include changes in GHG concentrations accord-
perature evolution for both January and July in five differenting to the PMIP3 protocol (Bern3D, CLIMBER-2, FAMOUS
latitudinal bands: high and mid-northern latitudes, the trop-and LOVECLIM) tend to simulate a more distinct temper-
ical latitudes and the mid- and high southern latitudes (re-ature evolution compared to the simulations that include
spectively 60 N-90° N; 30° N-6C° N; 30° S—-30 N; 60° S—  fixed GHG concentrations (CCSM3 and KCM). The differ-
30° S and 90 S-60 S). These specific latitudinal bands were ent GHG forcing evolution applied in the MPI-UW simula-
chosen, because many important feedback processes in thien mainly impacts the simulated temperatures of the SH
climate system are roughly confined to these regions, e.ghigh latitudes. These findings highlight the importance of the
the albedo and sea-ice feedback in the higher latitudes anchdiative forcing provided by the changes in GHG concen-
the monsoon system in the tropical latitudes. With this ap-trations, though mainly when the magnitude and trend in the
proach we explicitly assume that longitudinal differences ininsolation forcing is small.
temperature anomalies are small compared to latitudinal dif-
ferences, an assumption of which we will discuss the validity3.3 Model resolution and complexity
of in the final part of this section. We focus on January and
July temperatures to investigate changes in either the cold ofFhe presented model inter-comparison shows that, on long
warm season. However, we do note that these months do natmescales £ 1ka) and on large spatial scales (latitudinal
always represent the warmest or coldest months for a giveibands for instance), the differences between EMICs and
location. GCMs in model complexity and model resolution are of

For most latitudinal bands and for both January and Julyminor importance for the simulated temperature evolution.

the different models show LIG temperature evolutions whichThe results do show that the simulated high-frequency cli-
are comparable in their trend, magnitude of the temperaturenate variability (50-100yr timescales in this study because
change and period of maximum warmth (Fy. The robust-  of the applied time-averaging) is much larger in the mod-
ness of the simulated temperatures is depicted by the multiels of higher complexity and resolution. This is not only
model mean (MMM) evolution, the corresponding standardcaused by the higher complexity of the equations of mo-
deviation (STDEV) and the spread in the MMM period of tion in the GCMs but also by the fact that in the simulations,
maximum warmth (Fig3). In the high and mid-latitudes of which include accelerated orbital forcings, the 50 yr averages
the NH, we find robust peak July MMM temperature anoma-are actually resulting from only five model years instead of
lies of respectively 0.3-3.7 K and 0.7-5.3 K compared to pre-50. Similarly, because in the MPI-UW simulation the atmo-
industrial during the time intervals of respectively 128.4— sphere is integrated in a periodically synchronous way, the
125.1kaBP and 129.4-126.3 ka BP (temperature ranges arisD yr averages include only a smaller number of years of at-
time intervals are given as the one standard deviation intermospheric output, which results in more high-frequency vari-
val around the MMM,; see caption of Fig for more details).  ability. Finally, two of the models (CLIMBER-2 and MPI-
Simulated January temperature anomalies for the NH midUW) include a dynamical terrestrial biosphere component.
latitudes also show a robust trend with-8.8 to 2.1 K peak  However, its impact is not easily identifieBchurgers et al.
between 121.3-117.2kaBP. Finally, all simulations which (2007 describe that the vegetation—albedo feedback in MPI-
include changes in GHG concentrations according to theJW causes higher temperatures in the mid- to high latitudes
PMIP3 protocol simulate a period of maximum July warmth of the NH in the period 128-121kaBP. Indeed, the MPI-
for the SH high latitudes of1.3 to 2.3K between 129.2— UW temperatures in this latitude band are higher compared
126 kaBP. The period of maximum January and July LIGto most other models, but in the CLIMBER-2 temperature
warmth and the corresponding temperature anomalies for akkvolution this is not the case.
latitudinal bands are listed in Tabke

3.4 Seaice and the LIG temperature evolution
3.2 Temperature evolution and forcings

While the astronomical and GHG forcings are longitudinally
The simulated evolution of MMM January and July temper- homogeneous, the net effect of changes in the radiative forc-
ature anomalies shows in most cases a clear correspondenigys and feedback mechanisms within the climate system can
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Fig. 2. Simulated 130-115ka BP January and July surface air temperature anomalies (K) by the seven climate models for five different
latitude bands. All temperatures are anomalies relative to pre-industrial values. The temperature series are 50 yr averages. The horizontal bai
accompanying the surface temperature anomalies are the periods of maximum warmth for each individual simulation. We define maximum
warmth when the temperature is between the upper limit (which is the absolute temperature maximum) and the lower limit (which is the upper
limit minus 10 % of the differences between the LIG maximum and minimum values). Note that these calculations are not performed on
the 50 yr average-data but on the values from a polynomial which is fitted to the temperature-series in order to get a robust, multi-millennial
signal. The individual period of maximum warmth is only shown if the maximum temperature along the polynomial is outsideahge

of the LIG mean. Note that in all simulations shown in this figure a fixed-day calendar was used.
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Table 2. List of the MMM timing of the period of maximum LIG warmth (ka BP) and the corresponding temperature anomalies (K) for
every latitude band and for both January and July. The time interval of maximum warmth and the corresponding temperature anomalies are
calculated as follows: the middle of the period is the time for which the maximum MMM temperature is found, which is in turn the middle
temperature given in column seven; the maximum and minimum of the period of maximum warmth are the mitfipginthich gives

a measure of the spread in the periods of maximum warmth of the individual simulations (for details see caption2cdri€i§3; the
temperature range is found by taking the minimum and maximum of the MMM temperdtisesccurring during the period of maximum

warmth. In the last column it is given if the mid-point of the MMM period of maximum warmth is outside shetge of the LIG MMM

average temperature. Note that, in all simulations underlying these results, a fixed-day calendar was used.

Period of maximum warmth (ka BP) Magnitude of maximum warmth (K) Ma;xi&num
outside
Latitude band Month Maximum Middle Minimum Minimum Middle Maximum olrange
60° N-9C° N January 123.9 121.0 118.0 —-5.8 0.3 1.2 No
July 128.4 126.8 125.1 0.3 2.3 3.7 Yes
30° N-60° N January 121.3 119.2 117.2 —-0.8 0.9 2.1 Yes
July 129.4 127.8 126.3 0.7 3.3 5.3 Yes
30°S-30 N January 119.2 117.6 116.0 0.6 1.0 1.2 Yes
July 129.7 128.3 127.0 0.3 15 25 Yes
60° S-30 S January 121.0 119.8 118.5 —-0.3 0.5 1.2 Yes
July 130.0 128.4 123.6 -0.7 0.5 1.0 Yes
90° S-60 S January 118.4 117.2 115.9 —-1.0 0.1 0.7 Yes
July 129.2 127.6 126.0 -13 11 2.3 Yes

result in longitudinal differences in the temperature evolu-~ 127 ka BP, while the January MWT is after118 ka BP.
tion. To investigate the importance of feedback mechanismsAlso note that no robust January MWT is found over most
we focus not only on the temperature evolution of the indi- of the Southern Ocean (Fi§) and that the early LIG July
vidual models and the MMM but also on spatial patterns in MWT over the high latitudes of the SH is only found in 4 of
the MWT for January and July (Figé.and5). the models (see also Se8t2).

For the Arctic Ocean, we find an overall agreement on These findings highlight the need for a more thorough
an early MWT in January (before approximately 123 ka BP) investigation to establish the importance of sea-ice cover
which we relate to a strong feedback involving sea-icechanges for the evolution of LIG temperatures and the possi-
changes. It appears that, in line with findings for the ble differences between the Arctic and Antarctic.

Holocene Renssen et gl2005, the early LIG June inso-

lation maximum results in a decline in the summer sea-ice3.-5 The AMOC and the LIG temperature evolution

cover and thickness and a subsequent decline in the winter ) ] ] o ]

sea-ice cover and thickness. This could in turn enhance the€veral of the simulations in this inter-comparison study
heat flux from the ocean to the atmosphere leading to highefnOW large, abrupt changes in surface temperature anoma-
atmospheric winter temperatures. Changes in winter insolalies that cannot easily be related to changes in the forcings.
tion or in the GHG forcing are not likely the cause since the HOwever, we are able to relate some of them to changes
pattern is clearly confined to the Arctic. Moreover winter in- N the strength of Atlantic meridional overturning circula-
solation changes in the region are close to zero, and the MPiion (AMOC) by comparing the timing of these temperature
UW simulation does show an early January temperature opchanges with the simulated AMOC evolution (F&. The
timum over the Arctic while it does not include an early LIG Stréngth of the AMOC has a large impact on the exchange
GHG forcing maximum. These findings provide strong in- Of heat between the SH and NH and on the exchange of
dications that the sea-ice feedback plays an important role ift€at between the atmosphere and the ocean. However, the
determining the LIG winter temperature evolution in the Arc- Strength of the AMOC can change rapidly because of its po-
tic region. We note, however, that the January MMM STDEV téntially bi-stable behaviouStomme] 1961). Moreover, its

in parts of the Arctic is larger than it is over the surrounding Strength, stability and locations of the main convective re-
regions, which indicates the model dependency of the seadions are r_nghly model-de_pe_ndent. As a result,_ the simulated
ice-temperature feedback (F&). LIG evolution of characteristics of .the AMQC d.|ffers largely

Interestingly, the situation in the sea-ice covered regiond&tween the models. In the following we will discuss the ap-
surrounding Antarctica is rather different. In contrast to the Parent relation between the simulated LIG temperatures and
Arctic Ocean, in most of the simulations the MWTs in Jan- the strength of the AMOC. Note, however, that these are in-
uary and July for the sea-ice covered areas of the SH surrdirectindications only and additional sensitivity experiments

mer do not coincide. Rather, the July MWT in these areas idvould be necessary to confirm the connection and understand
the underlying mechanisms.
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Fig. 3. Simulated 130-118aBP January and July MMM surface air temperature

anomalies K; black) and STDEV (&; grey) for five different latitude bands. The . . .

MMMs and STDEVs are calculated using the temperature time series shown i Fig. Fig. 4. Timing of the simulated January and JUly LIG temper-

Note that the number of models used in calculating the MMM and STDEV differs ature maximum (MWT) in the different simulations. The timing

per latitude band and per time interval, because Bern3D has latitudinal grid limits at i ; i i _
76° N and 76 S and the MPI-UW and KCM simulations run only from respectively (kaBP) is the period for which the highest 50yr average temper

128-11%aBP and 126-11EaBP. Furthermore, the applied orbital acceleration in the atureé anomalies are found along a polynomial fitted to the indi-
CCSM3 and KCM and the applied periodically synchronous integration in MPI-UW vidual temperature time series for every grid cell. Values are only

impact the size of the STDEV (see also S&8). The vertical grey lines give the : : .
MMM mid-points of the period of maximum warmth. The width of the corresponding shown if the highest temperatures are outside ther@nge of the

grey box gives the spread in the periods of maximum warmth of the individual simula- mean LIG temperature anomaly for the specific grid cell. Note that
tions (1) while its height gives an indication of the number of simulations used in the Bern3D has latitudinal grid limits at PaN and 76 S. Furthermore,

calculation (see FigR). This model spread is further illustrated by the depicted mid- . .
points of the individual periods of maximum warmth (see Rifpr the corresponding the MPI-UW and KCM simulations run from 128-115kaBP and

colour coding). The period of maximum warmth is only shown if for at least four in- 126—115 ka BP respectively. Therefore, the colour corresponding to

dividual simulations we find a maximum temperature along the polynomial which is a timing of respectively 128-127 ka BP and 126—125 ka BP should
outside the & range of the model individual LIG mean. Also shown in this figure . K .

are the corresponding 130—14&BP insolation anomalies for the mid-latitude of the D€ interpreted as being 127 ka BP or> 125kaBP in the case of
chosen latitude bands\(m~2). The left-hand column gives the December (yellow), the MPI-UW and KCM simulations. In all simulations shown in this

January (orange) and February (red) insolation anomalies, while in the right-hand colﬁgure a fixed-day calendar was used
umn insolation anomalies for June (yellow), July (orange) and August (red) are given. ! ’
All values are anomalies relative to pre-industrial values.
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Multi-Model-Mean Standard deviation
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Fig. 5. MMM (left) and STDEV (right) of the timing of maximum warmth (MWT) for January and July based on the individual simulations

as shown in Fig4. The standard deviation gives a measure of the spread in the simulated timing of maximum warmth between the different
models (ka; &). The MMM and STDEYV are only shown if in at least four individual simulations we find a maximum temperature along

a fitted polynomial which is outside theslrange of the model individual LIG mean (see . Note that the calculations do not include

the Bern3D model north of PaN and south of 76S in accordance with its latitudinal grid limits. The calculations do include the KCM

and MPI-UW simulations. However, since they only run from 126-115 ka BP and 128-115 ka BP respectively, this might slightly offset the
results shown in this figure.

The FAMOUS model simulates an abrupt decline in Jan- The second simulation showing abrupt temperature
uary NH temperatures around 121 kaBP (Ftj}. a signal changes which can be related to changes in the AMOC
which originates largely from the northern Pacific (not shown strength is LOVECLIM. The simulation performed with
here). This abrupt decline is followed within centuries by LOVECLIM shows an abrupt January cooling at around
an abrupt increase of both January and July temperatures20 ka BP at high northern latitudes (Fig). Accompany-
at mid-southern latitudes. Furthermore, the FAMOUS sim-ing this temperature shift is a region of anomalous timing
ulation shows an anomalous January MWT pattern over theof winter warmth in the Labrador Sea (Fid). The evolu-
Southern Ocean and over the northern and north-eastern Ptien of the AMOC strength in the LOVECLIM simulation is
cific (Fig. 4). The LIG simulation performed with the FA- characterized by an abrupt weakening by about 15 % around
MOUS model is characterized by two different modes of the120 ka BP (compared to the period before), after which the
AMOC. Between 130-121kaBP a weak AMOC is simu- AMOC remains unstable (Fig). The simulated changes in
lated ¢~ 70 % weaker compared to the strong mode of theAMOC strength in the LOVECLIM model are related to pe-
AMOC,; Fig. 6) and the main site of deep convection is lo- riods of weakened convection in the Irminger Sea (not shown
cated in the North Pacific (not shown). Around 121 ka BP here). Two quasi-stable AMOC modes have already been de-
the AMOC switches to a strong mode which is character-scribed for the LOVECLIM model byschulz et al(2007).
ized by deep convection mainly taking place in the North An interesting question is whether the mode transitions in
Atlantic. The changes in the global overturning circulation the FAMOUS and LOVECLIM simulations are determined
around 121 ka BP are likely related to the concurrent temperby an external forcing or do they occur by chance (stochasti-
ature changes and the anomalous MWT in parts of the Nortltally) both at around 120 ka BP. Running the ensemble simu-
Pacific and Southern Ocean, and the mechanisms behind lations necessary to answer this question is however outside
should be investigated more thoroughly in a future study.  the scope of the manuscript.

The Bern3D model shows a anomalous spatial pattern
over the Labrador Sea with a timing of maximum win-
ter warmth clearly offset from the surrounding areas. As
mentioned before, the Bern3D model incorporates both
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130 125 120 115 prescribed remnant ice sheets and a related meltwater flux
20 : : entering into the ocean between roughly 130-125kaBP
184 (see Sect2.1.]). Concurrent with this melt flux, a some-
- what weakened AMOC is simulated for the period 129-

BERN3D 125 kaBP (20-30 % compared to the period 125-121 ka BP

9 during which no freshwater flux is applied; Fi). After

12 121 kaBP, growth of the NH continental ice sheets is pre-

scribed in the Bern3D simulation. To compensate for this, a

volume of freshwater is removed globally from the ocean sur-

- 12 — face. Therefore the surface_ ocean becomes more dense (r_10t
shown), and as a result an increase of the AMOC strength is
simulated. The timing of maximum winter warmth over the
Labrador region, after 117 ka BP, corresponds to the period of
maximum AMOC strength. Note however that, compared to

26 LMBER the simulations performed with FAMOUS and LOVECLIM,
24_/\/\1\/\/\ CLIMBER-2 the simulated changes in the AMOC strength in Bern3D do
not seem to have such a clear impact on the simulated LIG

7 - 20 temperature evolution (Fig).

28 =

in the simulated strength of the AMOC in the CLIMBER-2
simulation (Fig.6). Interestingly and in contrast to the three
simulations described above, while the changes in AMOC
strength are relatively small, they cause majoé K shifts
I vy J i in the NH mid-latitude temperatures.

29 Of the remaining three models, the KCM and CCSM3
simulations show a more stable AMOC throughout the LIG.
- 30 But note that the KCM and CCSM3 simulations have been
performed with an acceleration technique, and therefore this
analysis does not allow us to determine if the apparent sta-
L % LOVECLIM bility of the AMOC strength is an actual model character-

istic or an artefact of the applied acceleration technique.
-1 Finally, the MPI-UW simulation shows fluctuations in the

AMOC strength (Fig6) and corresponding high-frequency

temperature variability in the SH (Fi@) which are related

25 =
MPI-UW to multi-centennial variability in Southern Ocean deep con-
20 = vection (not shown).

Regardless of the exact mechanisms causing the changes
in the AMOC in the different simulations, these results show
the importance of the evolution of the configuration and
strength of the AMOC for the simulated evolution of LIG
Fig. 6. Simulated LIG evolution of the strength of the AMOC in temperature anomalies. This appears to be especially true
the seven different simulations. The maximum overturning streamfor regions like the North Atlantic, the Labrador Sea, the
function in the North Atlantic (Sv) is used to indicate the strength Norwegian and the Barents seas, the north-eastern Pacific

of the AMOC. All values are averages over 50 astronomical years.gpd possibly the Southern Ocean. In order to simulate a

The arrows in the top panel indicate the moment when the meltwa-more robust LIG temperature evolution for these regions,

ter flux from the remnant ice sheets into the oceans in the Bern3D - . .
simulation ceases(125 ka BP) and when continental ice sheets on Stronger constraints are needed on how the configuration of

the NH start to expand again-(121 ka BP) the AMOC evolved and if mode-switches occurred during
' the LIG, which is, to date, still inconclusivéN{euwenhove
etal, 2011).

3 . The last simulation showing abrupt changes in the LIG
= temperature evolution which can be related to changes in
§ L 10 FAMOUS the AMOC strength is CLIMBER-2. In the period between
£ 123-120ka BP, we see large temperature fluctuations with a
2 = duration of about 1ka (Fig2). Similar shifts are apparent

[}

K=

c

Maximum overturning streamfuction

KCM

= 25

L) T
130 125 120 115
Age (ka BP)
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3.6 Ice sheets and the LIG temperature evolution pattern is simulated by the FAMOUS model, showing an
early (> 127kaBP) MWT over the Sahel but a late (
In the transient LIG simulation performed with the Bern3D 118 ka BP) MWT over parts of India (Figh). Solely based
model, changes in the size of the continental NH ice sheet®n the geographical distribution of these anomalous MWT
were prescribed. According to the method appliedRitz patterns, we relate them to changes in the monsoon sys-
et al. (20113 to reconstruct remnant ice sheets, parts oftem. There are several important differences between the
the NH continents remained glaciated untill25 ka BP (see different models which can at least partly explain the large
Sect.2.1.7). Therefore, this simulation provides the possibil- STDEV in these areas. Most of the GCMs in this model
ity to investigate the impact of remnant ice sheets on the LIGinter-comparison (CCSM3, KCM and MPI-UW) simulate a
temperature evolution. The impact of remnant ice is mostMWT in the Indian and African monsoon regions which is
clearly visible in the simulated July temperature evolution delayed with respect to the insolation forcing. This can be
in high northern latitudes. The peak warmth simulated by theexplained by strong feedbacks between the insolation, land
Bern3D model occurs several thousands of years later thaevapotranspiration and cloudiness as describedbijtza
in most of the other simulations (Fig). Note, however, that et al.(2008. In the MPI-UW simulation this negative feed-
it is not easy to distinguish between the impact of remnantback related to clouds and precipitation is partly compen-
ice and the weakening of the AMOC. Itis to be expected thatsated by the positive vegetation—albedo feedback in these
remnant ice has a larger impact on July temperatures, whileegions as savanna is partly replaced by tropical and tem-
the changes in the strength of the AMOC more likely resultin perate forests (not shown). The EMICs in this model inter-
changes in January temperatures. However, this is not cleazomparison have difficulty to realistically simulate changes
from our results. in the monsoon system because of their low resolution and
Renssen et al2009 have shown for the present inter- simplified atmospheric physics and dynamics. For instance
glacial period that remnant ice sheets had a profound influin the Bern3D model, the moisture transport is driven by
ence on the surrounding regions, delaying the thermal maxfixed, zonally averaged winds which inhibit any changes in
imum to several thousands of years after the insolation opthe monsoon system to be simulated. In LOVECLIM, the
timum. The simulation performed with the Bern3D model, simulated changes in the tropical regions should also be
even though of lower resolution than the model used bytreated with care since the results are strongly affected by
Renssen et a(2009), indicates a similar delay of maximum the quasi-geostrophic nature of its atmosphere and the fixed
warmth. However, a thorough comparison of several sim-cloud cover. This model inter-comparison shows the impor-
ulations including remnant ice sheets is needed to retrievéance of changes in monsoon systems for the evolution of
a more robust signal of the impact of remnant ice on thelLIG temperatures in regions centered on the Sahel and India
LIG temperature evolution. Such a model inter-comparisoneven though the exact climate change mechanisms at work
is however further complicated by the fact that different re- for these specific regions are likely different in the different
constructions of the changes in altitude and extent of the icesimulations. Furthermore, the model inter-comparison has
sheets during the LIG are still inconclusive. According to shown that the LIG temperature evolution in monsoon re-
Kopp et al.(2009, maximum LIG global sea level was at gions tends to be very different between EMICs and GCMs.
least 6 m above present day. A small part of this can be ac-
counted for through thermal expansion of the ocean waters
(McKay et al, 2011 and a loss of mountain glaciers. But
the relative contributions of the Greenland and Antarctic ice4 Summary

sheets are still heavily debatddytton and Lambecgk2012
and references therein). In this manuscript we have presented the first model inter-

comparison study of long; 10 ka transient simulations cov-

3.7 The monsoon and the simulated LIG temperature ering the LIG period with a total of seven different climate
evolution models. The aim has been to determine the common tran-

sient temperature response to the LIG forcings and to indi-
Finally we examine the anomalous pattern in simulated LIGcate which feedbacks appear to play a crucial role. Despite
temperatures in the regions centered on the Sahel and darge differences between the incorporated climate models
India. The simulated July MMM MWT over these regions and the forcings of the different simulations, the results show
is clearly later than the surrounding regions (5. How- for large parts of the globe a robust evolution of LIG Jan-
ever, the large STDEV value indicates that this anomaloug/ary and July surface air temperature anomalies compared to
pattern is only simulated by some of the models. Maxi- Pre-industrial values. The main findings are outlined below.
mum July temperatures over the regions centered on the Sa-
hel and India are reached before 126 kaBP in Bern3D and — Simulated July temperature anomalies for the NH show
LOVECLIM, around 124 kaBP in CLIMBER-2 and after a robust temperature maximum between 130-125 ka BP
120kaBP in CCSM3, KCM and MPI-UW. Again another with a magnitude ranging from 0.3-5.3 K.
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— Peak January warmth is found for the NH mid-latitudes (FP7/2007-2013) under grant agreement no. 243908, “Past4Future.
(30° N-60° N) between 121-117 ka BP with anomalies Climate change — Learning from the past climate”. CCSM3
of —0.8 to 2.1 K, but for the NH high latitudes (68— simulations were performed on the SGI Altix supercomputer of the
90° N) the results of the simulations are inconclusive. Norddeutscher Verbund fuer Hoch- und Hoechstleistungsrechnen

(HLRN). Furthermore, we would like to thank Bette Otto-Bliesner

— Over the Arctic Ocean a robust 128—126 ka BP timing from the National Center for Atmospheric Research (Boulder,

of peak January warmth is found. USA,) for her helpful suggestions.

— The simulated January temperature evolution for the SHEdited by: M. Kageyama
shows a robust temperature maximum after 121 ka BP
with corresponding temperature anomalies-ef to
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