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Abstract. Most state-of-the-art climate models include a to be careful with the interpretation of the deep ocean state
coarsely resolved oceanic component, which hardly capwhich has not reached statistical equilibrium in our simula-
tures detailed dynamics, whereas eddy-permitting and eddytions. However, the results indicate that the meridional over-
resolving simulations are developed to reproduce the obturning circulations are different between the two regimes,
served ocean. In this study, an eddy-permitting and a coarssuggesting that the model parametrizations might also play a
resolution numerical experiment are conducted to simulatekey role for simulating past climate states.
the global ocean state for the period of the Last Glacial Maxi-
mum (LGM,~ 26 500 to 19 000 yr ago) and to investigate the
improvements due to taking into account the smaller spatial
scales. The ocean state from each simulation is confronted Introduction
with a data set from the Multiproxy Approach for the Re-
construction of the Glacial Ocean (MARGO) sea surfaceThe Last Glacial Maximum (LGM) was a cold-climate event
temperatures (SSTs), some reconstructions of the palaeavith a duration of around 6500yr, centred approximately
circulations and a number of sea-ice reconstructions. Th&3000yr ago Clark et al, 2009, viz. at the end of the
western boundary currents and the Southern Ocean dynantast glacial cycle and before the present warm phase. It is
ics are better resolved in the high-resolution experiment thartlescribed, from palaeo-climate records, as the most recent
in the coarse simulation, but, although these more detailednaximum ice sheet extent over the continents, especially
SST structures yield a locally improved consistency betweerin the Northern Hemisphere with the large Laurentide and
model predictions and proxies, they do not contribute sig-Fennoscandian ice caps over the Northern American and the
nificantly to the global statistical score. The SSTs in the Northern European continents, respectiveel(ier, 1994
tropical coastal upwelling zones are also not significantlyClark and Mix 2002 Peltier, 2004. As a result of these
improved by the eddy-permitting regime. The models per-large cryospheric changes, the sea level was around 120 m
form in the mid-latitudes but as in the majority of the Paleo- lower than today, exposing the continental shelves to the at-
climate Modelling Intercomparison Project simulations, the mosphere and hereby modifying the present-day world ocean
modelled sea-ice conditions are inconsistent with the palaedbasins. The combination of an altered bathymetry, a changed
reconstructions. The effects of observation locations on théydrosphere and an atmosphere with lower greenhouse gas
comparison between observed and simulated SST suggesbncentrations during this glacial phase may have led to
that more sediment cores may be required to draw reliablenodifications of the ocean state, for example, the temper-
conclusions about the improvements introduced by the highature and salinity distributions, the tidal mixing and dissipa-
resolution model for reproducing the global SSTs. One hagion (Green et al.2009, the transports of heat, mass and sed-
iments Seidov and Hauptl997 as well as the meridional
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overturning circulation (MOC). Consequently, this ocean surface temperature (SST) data synthesisNaglbroeck et
state may have generated feedbacks to the global climatal. (2009 (see,Hargreaves et gl2011, 2012. On the other
The LGM hence constitutes a uniquely fascinating time slicehand, it has been reported that although these models repro-
of the earth’s climate history, which can be used for un-duce the strong SST meridional gradients and the cooling in
derstanding climate change, for testing general circulatiorthe North Atlantic, they sometimes do not place the gradients
models under different boundary conditions, and for recon-at the right location or fail in estimating the magnitude of the
structing past scenarios on the basis of comparisons with thesgional cooling Kageyama et al2006 Otto-Bliesner et a).
palaeo-record\jix, 2007). 2009 Braconnot et a).2012. The realism of model simula-

Reconstructions of the earth’s climate variations are basedions of the LGM conducted during the PMIP2 project has
on analyzing geological and biological samples (e.qg. ice- andalso been discussed and summarized in the Intergovernmen-
sediment cores, pollen, corals, tree rings or speleothemdpl Panel on Climate Change (IPCC) Fourth Assessment Re-
and utilizing models. Palaeo-proxy data were first used toport (Jansen et al2007). There it is concluded that even if
define and prescribe boundary conditions for atmospheri¢the PMIP2 LGM simulations confirm that current AOGCMs
general circulation models (AGCMspates 1976 Richard  are able to simulate the broad-scale spatial patterns of re-
Toracinta et al. 2004, for AGCMs coupled with mixed- gional climate change recorded by palaeo data in response to
layer ocean modelsBfoccoli, 200Q Hewitt et al, 2003, the radiative forcing and continental ice sheets of the LGM”,
and also for high-resolution atmospheric mod&lsr( et al., still, “Regional variations in simulated tropical cooling are
2007. Subsequently it has proved possible to simulate cli-much smaller than indicated by MARGO data, partly re-
mate variations with fully coupled ocean—atmosphere mod{ated to models at current resolutions being unable to sim-
els Braconnot et a).2007ab). The Paleoclimate Modelling ulate the intensity of coastal upwelling and eastern boundary
Intercomparison Project (PMIP) was initiated in the early currents”.
1990s to evaluate and compare the response of numerical The aim of the present investigation is to evaluate whether
climate models under palaeoclimate conditions. Due to com-a LGM eddy-permitting oceanic simulation improves the re-
putational limitations, the evaluations were undertaken ussults with regard to coarse-resolution models and palaeo-
ing coarse-resolution models. These simulate the large-scalgroxy reconstructions, and to understand how a global ocean
structures of the ocean, but usually parameterize the subgridgeneral circulation model (OGCM) behaves subject to glacial
scale physics (unresolved structures) such as turbulence (séarcing and at the expected resolution of the next generation
e.g.Gent and McWilliams1990. In eddy-permitting ocean of global climate models. To achieve this, an eddy-permitting
models, the spatial resolution has been increased and thend a coarse resolution ocean simulations of the LGM pe-
amount of subgrid-scale parametrization has been reducediod have been conducted. By applying a statistical analysis
It has been demonstrated that for the present-day climatep the data sets, we estimate the accuracy of each type of sim-
eddy-permitting oceanic simulations improve the quality of ulation in representing the reconstructed surface state. A de-
the representations of the western boundary currents as wedicription of the model and boundary conditions for the two
as those of the sea-ice conditions and the meridional heatodel regimes is provided hereafter. The LGM results are
transports in the North Atlantic and Southern oce&iAM then analyzed and discussed with a focus on how the models
Group 1991 Tréguier et al. 2005 Hallberg and Gnanade- behave compared with the available PMIP results, and how
sikan 2006 Spence 2010. Until now, this type of simu- close the models are to the reconstructions of the LGM sur-
lation has only been conducted over regional scales for thdace state.
LGM climate (e.g.Yang et al, 2006 Mikolajewicz, 2011).

Since these high-resolution simulations are more realis-
tic (due to small diffusive coefficients in the model, bet- 2 Experimental design and methods
ter transport of heat and salt in narrow passages or cur-
rents), they will become more and more important for test-2.1 The ocean model
ing the plausibility of specific past oceanic scenari®sd] et
al., 2012, Condron and Wins@r2011) and for comparisons The OGCM NEMO (Nucleus for European Modelling of the
with palaeo-reconstruction©fto-Bliesner et a).2009. As Ocean) Madeg 2008 is used for designing the experiment.
pointed out byHargreaves et a{2011), proxy-data pertainto  This ocean model is based on the primitive equations under
discrete source points and are valid over spatial scales whicthe spherical earth approximation, the thin-shell approxima-
are smaller than that of the coarse-resolution model gridtion, the turbulent closure hypothesis, the Boussinesq, the hy-
Comparisons between the coarse-resolution climate simuladrostatic, and the incompressibility approximations. Various
tions and reconstructed LGM sea-surface state have been pdrerizontal grid mesh resolutions and parametrizations are
formed. On one hand, they indicated that the ensemble o&vailable for this ocean model. A resolution can be directly
models designed under the PMIP can be regarded as globveferred by its grid’s name called ORCA. Thus, ORCAL and
ally reliable with respect to the Multiproxy Approach for the ORCAO025, the two configurations used in the study, cor-
Reconstruction of the Glacial Ocean surface (MARGO) searespond to approximately the® horizontal resolution and

Clim. Past, 9, 26692686 2013 www.clim-past.net/9/2669/2013/



M. Ballarotta et al.: LGM simulation at eddy-permitting and coarse resolutions 2671

the 0.28 resolution, respectively. The vertical resolution is salinity fields are interpolated onto the ocean grid mesh from
based on depth-coordinates levels. The ORCAL configuraa quasi-equilibrated integration carried out with the Commu-
tion is set up with 64 vertical levels whereas the ORCA025nity Climate System Model version 3 (CCSM3®Brandefelt
contains 46 levels. The vertical mesh is refined near the surand Otto-Bliesner2009. The ocean state in this quasi-
face and the partial step method (i.e. adaptive bottom boxesgquilibrated climate model integration differs substantially
is selected for a better representation of the bathymetryfrom the previous integration with CCSM3 used in the PMIP
(Barnier et al. 2006. The bottom boundary conditions are investigations Brandefelt and Otto-Bliesng2009. In this
modelled by a non-linear formulation of the bottom friction. equilibrated state, the annual mean surface temperatures are
The ocean tracers, such as the temperature and the salioelder than previously reported in the Nordic Seas, north At-
ity, are linked to the density via a non-linear equation of lantic Ocean and northern-most Pacific Ocean, mainly asso-
state Jackett and McDougalll995 and the sub-grid scale ciated with the increase in Northern Hemisphere sea-ice ex-
physics in the coarse resolution ORCA1 configuration istent, the reduction in the strength of the Atlantic overturning
based on the Gent and McWilliams parametrizati@erit  and the northward heat transport. The LGM global-ocean av-
and McWilliams 1990. Thus, the zonal, meridional and ver- eraged salinity and temperature in this quasi-equilibrium is
tical velocities are made of one relative velocity plus an eddy-36.59 PSU and 0.6TC.

induced velocity. In the ORCA1 (ORCAO025) configuration, = The surface boundary conditions between the ocean, the
the lateral diffusivity is parameterized by an iso-neutral sea ice, and the atmosphere are determined using the NCAR
(geopotential) Laplacian operator with an eddy-diffusivity bulk formulae [Large and Yeager2004). This is the most
coefficient of 1000 rAs~1 (300 n?s~1 for ORCA025). Mo-  popular method and has been used as the reference-surface-
mentum and tracers are mixed vertically using the turbulenfluxes computational method for the numerical-model eval-
kinetic energy scheme dbaspar et al(1990. The ocean uations in, for example, the Drakkar experimerarhier et
model is coupled every two model hours with the multi- al., 2007 Brodeauy 2007 Brodeau et a).2010. The LGM
layer thermodynamic—dynamic LIM sea-ice model version 2surface atmospheric variables originate from the CCSM3
(Fichefet and Maquedd997). The sea-ice model resolves model integrationBrandefelt and Otto-Bliesng2009, pre-

the thermodynamic growth and decay of the ice, the iceviously mentioned. The horizontal resolution of its atmo-
dynamic and transport. The sea-ice is considered as a 2-Bpheric component is 128 longitudinal by 64 latitudinal
viscous-plastic body and the model takes into account theoints (T42). The horizontal resolution of the ocean com-
sub-grid scale effect of snow and ice thickness. The modeponent is approximately°l The forcing is based on a 49 yr

is integrated for a period of 150 yr by periodically repeating data set from the quasi-equilibrium LGM2 period 1412-1460
the surface forcing. Note that the runs do not reach a statisin Brandefelt and Otto-Bliesngf009. The model is inte-
tical equilibrium and firm conclusions can only be drawn for grated for 150 yr by repeating the atmospheric forcing three

near-surface quantities. times and no restoring term in temperature and salinity is
applied at the sea surface since the main goal of our experi-
2.2 The boundary conditions ment is to investigate the impact of the ocean grid resolution

on the representation of the surface state. Consequently, the

For modelling the LGM climate, a reconstructed topographysalinity and temperature feedbacks on the atmosphere are not
is required. The ICE-5G reconstructioRg(tier 2004, that  modelled.
we used, includes bathymetry, altimetry and ice sheet recon-
structions. The latter are based on geological insights as wel2.3  Statistical analysis
as a sea-level model. The geomorphology of the continental
plates during the LGM is similar to those of the present day.The simulated surface states from the models are compared
The major difference is the emergence of continental shelvesvith the MARGO data setWaelbroeck et al.2009. This
due to a sea level approximately 120 m lower than today. Inis a compilation of almost 700 sediment samples located
the ocean simulations, ice sheets and closed basins are coespecially in the North Atlantic, the Southern Ocean and
sidered as land points. the tropical regions. From these data, reconstructions of the

Different techniques can be used to initialize the oceanannual mean (hereafter ANN), the boreal winter (January-
model in the LGM simulations. The PMIP2 protocol recom- February-March, JFM) and the boreal summer (July-August-
mends starting the integrations either by using a spin-up proSeptember, JAS) SSTs have been produced.
cedure or from a previous LGM state generated by other sim- The annual-mean, the boreal winter and boreal summer
ulations. The former procedure is based on integrations mad&8STs are examined for each sediment core location. The
from pre-industrial initial conditions and glacial boundary comparison is made by taking the results at the model grid-
conditions, this in order to reach a cold equilibrium. Be- box coordinates closest to the location of the proxy data-
cause the integration time is too long when starting from thepoint. The performance of the models is evaluated quanti-
recent-past ocean state, we have chosen the cold-state initigtatively by their skill scoreS and illustrated using Taylor
ization technique and an ocean at rest. The temperature ardlagrams Taylor, 2001). The Taylor diagram includes the
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correlation coefficient, the standard deviations and the “cenequator with the strongest meridional gradients in the mid-
tred” root mean square error (RMSE) between the two fieldslatitude regions (Figla). In comparison with the modern
The skill scoreS (Taylor, 2001) is a measure of the corre- state, the North Atlantic, the North Pacific, the Arctic and
lation between the simulated and reconstructed SSTs, givethe Antarctic show a tendency toward cold surface temper-

their respective variability: atures (less than°CC) due to the sea-ice cover. The highest
SSTs are found in the equatorial region of the western Pa-
S = 41+ R) ’ 1) cific and the eastern Atlantic, and the eastern and equatorial
(&f + 1/5f)2(1 + Ro) Pacific cold tongue is also captured by the models. These

latter features are consistent with those found in the PMIP2
whereR is the Pearson, product-moment correlation coeffi- simulations Qtto-Bliesner et a).2009. In contrast, the low
cient between simulated and reconstructed S§ftheratio  SSTs simulated in the North Atlantic differ and are caused by
between the model variance and the MARGO data set varithe cold atmospheric conditions extracted from the numerical
ance; andRop=1 is the maximum (positive) correlation at- experiment byBrandefelt and Otto-Bliesné2009. The sim-
tainable. In our cases, the reference fields are the MARGQulated LGM annual mean Sea Surface Salinity (SSS) shows
annual-mean, boreal winter (JFM) and boreal summer (JAS}hat the most saline surface waters are found in the Southern
SSTs, while the “test” fields are the model outputs. The skill Ocean (brought about by brine rejection), the south tropical
scores are defined witRo set equal to 1 (i.e. when the model band and with maxima in the tropical Atlantic and Mediter-
results exactly fit the reconstruction). A skill scofe=1 ranean Sea (due to evaporation) (Fa). Two surface waters
means that the model performs well while a skill scére  face each other in the North Atlantic: the warm, saline trop-
close to zero is a bad score. The Taylor diagrams are evalucal water and the cold, fresh mid-latitude water created by

ated over four latitudinal bands (5025, 25 S-25 N, 25—  sea-ice melting. Fresher surface waters are also found at river
50° N and 50-90N) to isolate the regional changes due to mouths (e.g. the Congo and Mackenzie Rivers) and over the
the introduction of the permitted eddies. littoral where the ice-sheets melt. The SSS difference in the

In order to investigate the local impact introduced by Sea of Japan originates from a larger inflow of North Pacific
the high-resolution simulation, statistical analyses are apsaline water via the Tsugaru Strait simulated in the coarse
plied on the regional scale in the Agulhas current (30-resolution experiment.
50° E; 50-10 S), the Gulf Stream (70-2QV; 30-45 N), the In order to identify the regions where the mesoscale ed-
Kuroshio (120-160E; 20-35 N) and regions in the South- dies play a role in the LGM thermohaline surface state, the
ern Ocean. The mesoscale eddies are relatively importanhaps of the time-averaged “ORCA1 minus ORCA025” SSTs
in these regions and thus eddy-permitting and non-eddyand SSSs are represented in Fijsand2b. The permitted
permitting experiments could show particularly large differ- mesoscale eddies mainly modify the distribution of temper-
ences in the SSTs. For each region, linear regression tests bgture and salinity in the 30 to 80atitudinal bands, i.e. in
tween MARGO and model’s SSTs are performed and the corthe regions where the strongest meridional gradient and the
respondingp value, correlation coefficient, slope (between strongest surface currents occur, such as the Gulf Stream, the
SSTMODEL s, SSTMARGO) and intercept of the regression Kuroshio, the Antarctic Circumpolar Current (ACC), and the
line are given. We test the null hypothesis that the slope isAgulhas current. The Gulf Stream is aboltCL warmer in
equal to zero and consider that the model and proxy datahe eddy-permitting simulation than in the coarse resolution
are significantly correlated, if the value of the test is less  experiment, whereas the central North Atlantic basin‘€ 1
than 0.05. colder and 1 PSU fresher due to about 10 % larger formation
of sea-ice in the ORCAO025 experiment (see Supplement).
The Agulhas current and Agulhas retroflection are warmer
in the ORCAL simulation probably due to larger diffusive
coefficients. The ORCAO025 simulation is about 1 PSU saltier

3 Results and discussions

In this section, the model behaviours under glacial forc- long the 45S circle and the Kuroshio extension transports
ing are firstly described and discussed with regards to othef'°"9 P

palaeo-simulations. Then, the SSTs and the sea-ice cover arﬁi[‘ee soalgnCeA(ll ePfLéair?wr;?] twggsnooéztvevgrvrafg) t:lveaterfstehnine of
the meridional circulations from each simulation are com- P ’ P

) - mesoscale eddies and reduced sea-ice cover (Supplement).
pared with the palaeo-reconstructions. The analyses COVthe surface waters in the Arctic basin are fréshe?rpin the)

the last 50yr of the model integrations. ORCAO025 simulation than in the coarse resolution simula-

31 Model behaviour tion, esp_ecially at lthe river mouth ar_ld might be the results
of the different mixing parametrizations between the two
3.1.1 Sea surface temperature and salinity regimes. Finally, in the inter-tropical region, the SST differ-

ences are weak suggesting that the eddy permitting may not
The simulated ORCA1 and ORCAO025 time-averaged SSTimprove the regional cooling near the upwelling regions.
distributions are found to be almost symmetric around the
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Fig. 1. Map of (a) the annually averaged sea surface temperature (SST) in the LGM eddy-permitting simulatigr) #reddifference
between the coarse resolution and the eddy-permitting simulation. URIG in

3.1.2 Seaice cover models Braconnot et a).20071), but their magnitudes dif-
fered. It has also been reported that the CCSM3 model simu-

The large sea-ice cover during the LGM can modify the dis-lates an approximately 50 % larger sea-ice area in the South-
tribution of the surface temperatures and salinities. Duringe’n Ocean than the other PMIP modeldufakami et al.

the boreal winter season, the models simulate sea-ice covet008. Since both simulations are forced by an atmospheric
in the Nordic Seas, the northwestern North Atlantic, the forcing state originating from a CCSM3 integration and that
Labrador Sea, and the North Atlantic sea-ice extent reachegea ice is strongly controlled by the atmospheric state, the
almost 40 N (Fig. 3a). The central Arctic basin and western sea-ice covers are also particularly large in our simulations.
Fram Strait have perennial sea ice. In the Southern Ocean, The comparison of the sea-ice seasonality between the
the austral summer sea-ice edge is located neasage-  eddy-permitting and the coarse experiments shows that the
tween 60 W and 120 E and near 55S in the rest of the cir-  Se€a-ice area is weakly affected by the model resolution in
cumpolar region (Fig3b). For the boreal summer season, the the Northern Hemisphere, whereas in the Southern Ocean the
LGM sea-ice fraction is reduced in the Labrador Sea, the cen@rea is about & 10° km? smaller in an eddy-permitting sim-
tral North Atlantic and the Norwegian Sea, suggesting possillation (Fig.5a and b). This difference is the results of the
bly ice-free conditions during the glacial period (Fig). In ~ warmer SSTs in the ORCA025 simulation due to presence
the Southern Ocean, the sea-ice extent during austral winte?f eddies in the ACC and larger meridional heat transport
is relatively similar to the austral summer, showing a weakdiscussed hereafter (Fif). Larger differences between the
seasonality (Fig4b). The simulated sea-ice cover is how- WO model integrations appear for the sea-ice volume season-
ever consistent with the CCSM3 simulation carried out by ality (Fig. 5¢ and d). In the Northern Hemisphere, the sea-
Brandefelt and Otto-Bliesng2009, which showed an in-  ice volume is about 2@ 10°km?® larger in the ORCA025
creased sea-ice fraction (especially in the Northern Hemi-Simulation. It mainly occurs in the Arctic Ocean and might
sphere) at their quasi-equilibrated stage. Increasing trendgome from the different parametrizations between ORCA1
of sea-ice fraction have been observed in almost all PMIP22nd ORCA025 and from the fact that the Arctic Ocean is
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Fig. 3. Polar stereographic map of the boreal winter (JFM) sea-ice fra¢ipim the Northern Hemisphere arfd) in the Southern Hemi-
sphere as simulated by the eddy-permitting model. Units in %.

almost closed, constraining a weak export of sea ice and 8.1.3 Deep-water formation, volume and heat

large thickness growth. The Southern Ocean sea-ice volume transports

is about 10x 10% km? larger in the ORCAL1 simulation than

in the ORCAO025 experiment, as a result of a larger southward

heat transport in the eddy-permitting experiment. The differences in the surface conditions can alter the forma-
tion of the deep waters. The mixed layer depth (MLD) is an
indicator for the thermocline ventilation and the deep-water
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sphere as simulated by the eddy-permitting model. Units in %.
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formation. It can be calculated as the maximum defpth region where Subantarctic Mode Water and Antarctic Inter-
where the potential density differeneep between the sur- mediate Water are formed. In the LGM eddy-permitting sim-
face andh is smaller than 0.01kgn¥. In the present-day ulations, the deep mixed layers are found in the region where
climate, the maximum MLDs are found in the North Atlantic thick sea-ice is formed and where the warm and saline trop-
(in the Nordic Seas and the Labrador Sea) and are associatéchl waters encounter the cold and fresh conditions near the
with the formation of North Atlantic Deep Water (NADW) sea-ice edge. In the Northern Hemisphere, deep-water for-
(de Boyer et al.2004. In the Southern Hemisphere, the mation hence takes place in the Arctic Ocean and n€aN30
deep mixed layers are located in the southeast Pacific ACQFig. 6a), suggesting that the LGM Atlantic thermohaline
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Fig. 6. Maps of (a) the boreal winter (JFM) an¢b) the boreal summer (JAS) mixed layer depth (m) computed in the eddy-permitting
simulation.

circulation may differ from that of the present-day condi- in the ORCA1 simulation, which is in line with the larger
tions. In the Southern Hemisphere, this process takes plackILD diagnosed for the ORCAL simulation. Moreover, the
in the northern branch of the ACC and along the coast ofAMOC in the coarse resolution simulation penetrates up to
Antarctica (adjacent to the Weddell and Ross Seas), als@0° N. These differences between the eddy-permitting and
here associated with the sea-ice dynamics (Blij. These  non-eddy-permitting configurations can originate from the
changes are also diagnosed in the equilibrated simulation bgifferent parametrizations (e.g. larger diapycnal and lateral
Brandefelt and Otto-BliesnéR009 with a MLD that is re-  diffusivity in the ORCA1 configuration) which impose the
duced (increased) in the North Atlantic (in the Weddell Sea)differences in the advection of salinities, as shown in F&g.
and the convection sites shifted equatorward. In comparisomnd b. The maximum AMOC is about 10 Sv at 600 m near
with the ORCAO025 experiment, the mixed layer depths are25° N in the ORCA025 simulation and about 18 Sv at 650 m
slightly deeper in the ORCAL simulation probably due to anear 33N in the ORCA1 simulation. This maximum in
larger vertical diffusion coefficient, and in the Arctic Ocean the coarse resolution simulation is within the range of val-
because the basin is relatively homogenous in temperaturaes found in the PMIP2 models (between 13.8 and 20.8 Sv)
and salinity (see Supplement). (Otto-Bliesner et a).2007) whereas it is particularly weak
The locations of these convection sites control the over-in the eddy-permitting simulation. Hence, it seems that the
turning circulations. The Atlantic meridional overturning cir- strength and geometry of the LGM AMOC can vary between
culation (AMOC) is characterized by a northward surface-climate models Qtto-Bliesner et al.2007 Weber et al.
water transport, a sinking of dense waters at high latitude®2007) and also between different regimes or choice of the
and a deep return flow towards the Southern Ocean {@&ig. resolution and parametrization in the models. Weak AMOC
and b). The sinking of dense water in the North Atlantic (similar to the ORCAO025 simulation) has also been observed
takes place between 30 and°®f where the maximum in some LGM climate model simulationS¢hmittney 2003
deep mixed layers are found. The return flow is found at aShin et al, 2003 Brandefelt and Otto-Bliesne2009 and
depth of~ 1500 m in the ORCAO025 simulation and 2000 m eddy-permitting regional simulation¥gng et al, 2009. It
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Fig. 7. Atlantic meridional overturning circulation (AMOC) computed f@) the coarse resolution ORCA1 simulation afix)l the eddy-
permitting ORCA025 simulation. Units in Sv=84en3s~1. The time and zonally averaged salinity (PSU) are represented in the background.

has been attributable to the expansion of the Antarctic Bot-1998 Weaver et a].1998 Hewitt et al, 2007, but not with

tom Water (AABW) brought about by the increased ratesrecent PMIP2 model results, which show larger transports

of sea-ice formation (saltier and denser AABW). The large between 40 and 8N for the global ocean, a larger transport

sea-ice covers in our simulation as well as the atmospheriin the Atlantic Ocean (south of 3WN) and a smaller trans-

forcing fields from the climate simulation lBrandefelt and  port south of 49N in the Pacific Murakami et al. 2008.

Otto-Bliesner(2009 could also explain the weak surface These large discrepancies are connected with the differences

thermohaline circulation and an abyssal ocean filled with ex-in the meridional overturning circulations and the reorga-

tremely cold and saline waters. The larger value diagnosedhization of the temperatures and water masses (due to the

in the ORCA1 simulation suggests that the parametrizatiorsea-ice formation) between our simulations and those from

also plays a key role in the structure of the LGM AMOC. the PMIP2 experiment. The main differences in the NHT
The northward heat transport in the Atlantic Ocean isbetween the ORCA025 and ORCA1 experiments occur in

controlled by the strength of the overturnings (NADW and the Indo-Pacific Ocean and the Southern Ocean, in the area

AABW) and the temperature difference between the north-where the eddy field is particularly important (F& and c).

ward and southward flows. The northward heat transporfThe eddies participate in about 0.5PW for the meridional

(NHT) in the eddy and the non-eddy-permitting experimentstransport of heat between 20 and°@and in the Indo-

is relatively similar in the Atlantic Ocean (Figb) which is Pacific tropical band, suggesting that the comparison be-

explained by the combination of weak surface and deep cirtween models and the proxy might differ in these regions.

culations in the ORCAO025 simulation and stronger NADW

and AABW in the ORCAL simulation. The transport is 3.2 Comparison with palaeo-proxy data

close to zero in the South Atlantic Ocean, suggesting that

the global tropical cooling is achieved by a stronger merid-3.2.1  Sea surface temperature

ional heat transport in the Indo-Pacific Ocean. Therefore, the

meridional heat transport for the global ocean attains a maxiThe model SSTs are firstly compared to the MARGO palaeo-
mum of 1.5 PW near TN and 13 S. These features are con- proxy reconstructionsi/aelbroeck et al2009 in 4 latitudi-
sistent with previous model diagnosticSgnopolski et al.  nal bands by using the Taylor diagram representation. The
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- GLOBAL OCEAN HEAT TRANSPORT SSTs are close to zero, suggesting that the simulated SSTs in
1 oa this region are relatively homogenous (viz. a small variabil-
12 yan\ ity of the SSTs). The North Atlantic zonal SST gradients di-
1.0 i i
, / '-.1 agnosed in the MARGO reconstr_uctlon are thus not resolved
05 i N by the models. This can be explained by the presence of large
Z 00 L TS A North Atlantic sea-ice covers in our simulations which pre-
-0.5 vent SST gradients in this area. Consequently, the models’
10 Y}n ~— ORCAl RMSE are between 3.0 and 46 and the skill scores are
15 \/\*’\-{/// — ORCAD25 | close to zero (Tabld), i.e. the models fail to represent the
0 -~ Eddies ORCA025 SSTs in this region. Between 25 and°50 (Fig. 10), the
o 0075 4TS 20ns R4 20TN 40PN 607N BOTN models have similar behaviour. They capture the variability
- ATLANTIC OCEAN HEAT TRANSPORT and the large-scale pattern of the MARGO SSTs. The cor-
1 p) relation coefficientsk are between 0.7 and 0.8 for the ANN
13 and JAS reconstructions and between 0.8 and 0.9 for the JFM
1.0 reconstruction. Note that the coarse-resolution simulation
3 _,..,—_//-\\ has the best correlation coefficielRsand the lowest RMSE.
£ 00 T e e The skill scores of the models are between 0.83 and 0.95,
-0.5 with the best score reached by the ORCAL experiment. Be-
“10 *— ORCAl tween 28 S and 25N (Fig. 11), the models also have a sim-
1s — ORCA02> | ilar behaviour, which, in view of the available proxy-data,
0 ‘ : E?'d'es O_RCAOZ? is not in favour of the high-resolution simulation. For each
0075 40°5 2075 Fd 20°N 40TNGOTN 80N periods, they underestimate the variability of the MARGO
20 INDO-PACIFIC OCEAN HEAT TRANSPORT SSTs. For the ANN and JFM reconstructions, the correla-
1 o tion coefficientsR are near 0.5, the models’ RMSE slightly
1 above 3C and the skill score$ between 0.55 and 0.66, sug-
1.0 f‘ gesting that the inter-tropical SSTs are not fully consistent
0.5 / \\ with the reconstructed SSTs. Hence, the tropical upwellings
£ 00 P LR AT Eh are poorly resolved by the models. The ORCA1 model has
-0.5 ! also better skill scores than the eddy-permitting simulation.
_1.0 — ORCAl Between 25 and 5 (Fig.12), the models are highly cor-
_15 "'\J — ORCA025 ] related with regards to the palaeo-reconstructions (the cor-
0 _~_Eddies ORCA025 relation coefficientsk are between 0.95 and 0.99) and the

0075 4075 2075 Fa 20°N 40TN 6O°N BO°N RMSE is near 2C. Although the ORCAO025 simulation is
slightly closer (betterR) to the MARGO reconstruction in

Fig. 8. Meridional ocean heat transport in the eddy-permitting this region for the JFM and JAS periods, the models have the
(ORCA025) and coarse (ORCAL1) resolution simulationg&the  sgme skill scores: 0.97 for the annual mean reconstruction,
Global Ocean(b) the Atlantic basin angc) the Indo-Pacific basin. 0.98 for JFM and 0.97 for JAS. Overall, this analysis shows
The dashed line represents the contribution of the eddies in they,; for each latitudinal band the coarse-resolution and eddy-
meridional heat transport. Units in PW =40 S . . :

permitting simulations have similar skills, therefore, the per-

mitted eddies do not contribute significantly to a better con-

sistency with regards to the large-scale features proposed by
models are distinguished by a number (1 or 2, for ORCA1palaeo-proxy reconstructions.
and ORCAO025 respectively) and the MARGO data is sym- By performing similar statistical analyses on hindcast sim-
bolized by a “star” on ther axis (as the standard deviation ulations of the present-day climate (see Figs. S5 to S9 in
of the data set). The model data standard deviation is giversupplement), it is shown that, relatively to the coarse res-
by the radial distance from the origin of the diagram. The olution, the eddy-permitting regime improves the statistical
correlation coefficient is represented by the azimuthal anglescores (better correlation and variability) for replicating the
between the simulated SST field and the MARGO data, andylobal World Ocean Atlas 1998 SST observations, particu-
the centred RMSE between the simulated data and the reflarly in the 25-50 N band and in the 255-2% N band for
erence MARGO data is given by the distance between théhe annual mean data set. The improvements are weaker in
number and the symbol (in other words, the closer the modethe other regions. For each period (ANN, JFM and JAS),
is to the reconstructed field, the lower is its centred RMSE). the predicted SSTs are highly correlated to the observed SST

The model SSTs are uncorrelated with the MARGO recon-state (i.e.R > 0.9) and the models capture the observed SST

struction between 50 and 9N (Fig. 9), (R < 0.25 for each  variability in the latitudinal bands. In considering only the
period). Moreover, the standard deviations of the simulatecdbbservations at the MARGO core locations (Figs. S10to S13
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Table 1.Skill scores as defined Biaylor (2001) for each latitudinal band in the ORCA025 and ORCAL experiments. The best scores reached
are in bold.

ORCAO025 ORCAl1
Area Annual Winter Summer Annual Winter Summer
(JFM) (JAS) (JFM) (JAS)
50° N-9C° N 0.01 0.01 0.04 0.02 0.03 0.04
25°N-5C° N 0.83 0.92 0.90 0.87 0.95 0.92
25°S-25 N 0.55 0.63 0.62 0.56 0.66 0.63
25°S-50 S 0.97 0.98 0.97 0.97 0.98 0.97
0001, annual Sea Surface Temperature
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Fig. 9. Taylor diagrams summarizing the correlation coefficient (along the arc), the standard deviations (on the axis) and RMSE (grey solid
arcs of circles) for the LGM annual, boreal winter (JFM) and boreal summer (JAS) modelled and reconstructed sea surface temperatures
between 50 and 9N. The proxy-data locations are shown in the upper right-hand diagram. The NEMO-ORCAL is symbolized with the
number 1, NEMO-ORCAO025 with the symbol 2.

in Supplement), it is shown that the improvements intro- The statistical analysis at regional scales (Ta})lero-
duced by the higher spatial scales are less obvious. Althoughyides insight on the plausible local improvements where the
the correlations coefficients and standard deviations are imeddy activity is particularly large and could play an impor-
proved due to the reduced size of the sample, the ORCAZlant role on the SST structures. The models and data are sig-
and ORCAO025 show similar behaviour for replicating the ob- nificantly correlated in all the areas except in the Southern
served SSTs. This suggests that the distribution of the LGMOcean Indian sector for the ANN and JAS periods, and in
data has an impact on the statistical scores and that morthe Southern Ocean Pacific sector for the JFM period. For
sediment cores may thus be required to draw reliable conthe ANN and JFM periods, the ORCA1 and ORCAO025 sim-
clusions about the improvements introduced by the higheuwlations are highly correlated with the MARGO dajaval-
spatial scales for reproducing the modern and the past globales< 0.001) in the Agulhas and the Gulf Stream regions. The
SSTs. statistical analysis reveals that for the regions where mod-
els and data are significantly correlated, the high-resolution
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Fig. 10. Taylor diagrams summarizing the correlation coefficient, the standard deviations and RMSE for the LGM annual, boreal winter
(JFM) and boreal summer (JAS) modelled and reconstructed sea surface temperatures between®28. drte§yoxy-data locations are
shown in the upper right-hand diagram. The NEMO-ORCAL is symbolized with the number 1, NEMO-ORCAO025 with the symbol 2.
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Fig. 11. Taylor diagrams summarizing the correlation coefficient, the standard deviations and RMSE for the LGM annual, boreal winter
(JFM) and boreal summer (JAS) modelled and reconstructed sea surface temperatures bét®eerdZB N. The proxy-data locations
are shown in the upper right-hand diagram. The NEMO-ORCAL is symbolized with the number 1, NEMO-ORCAO025 with the symbol 2.
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Fig. 12. Taylor diagrams summarizing the correlation coefficient, the standard deviations and RMSE for the LGM annual, boreal winter

(JFM) and boreal summer (JAS) modelled and reconstructed sea surface temperatures between°25. ek §hoxy-data locations are
shown in the upper right-hand diagram. The NEMO-ORCAL1 is symbolized with the number 1, NEMO-ORCAO025 with the symbol 2.

simulation often improves the statistical scores (higher cor-2003 Gersonde et 3l2005. For the JFM period (Fig3a
relation coefficient, slope closer to 1 and intercept closer toand b), the models simulate sea-ice cover in the north-
0°C), particularly for the Agulhas current and the Agulhas western North Atlantic and in the Labrador Sea as well as
retroflection. For the JFM period, the correlations betweenNordic Seas. However, this North Atlantic sea-ice extent
models and proxies are statistically highly significant in all reaches almost 4N, whereas the margin is located be-
regions except for the Pacific sector in the Southern Oceatween 50 and 60N in the reconstructionPflaumann et al.
(Table 2). It is however less obvious to diagnose improve- 2003 De Vernal et al.2006. The ice-free conditions in the
ment induced by the permitted eddies for this period. For therminger current up to Iceland are also less pronounced in
JAS period, the correlations of the ORCA1 and ORCAO025our simulations. These large sea-ice covers in our simula-
simulations with the MARGO data are statistically highly tions might be inferred from the atmospheric condition ap-
significant only in the Agulhas and the Gulf Stream region. plied at the ocean surface. The near-surface forcing fields
Hence, on the basis of the available Southern Hemisphereriginate from a quasi-equilibrated simulation which showed
proxy data in the mid- to high latitudes, and the two statisticalparticularly cold conditions over the North Atlantic region
approaches presented here, it seems that the eddy-permittifBrandefelt and Otto-Bliesng2009. In the Southern Ocean,
simulation mainly improves the regional representation ofour results are also not fully consistent with the palaeo-
the Southern Ocean SSTs. Similarly, modern SSTs are beteconstructions. As the majority of the PMIP simulations
ter replicated by the eddy-permitting simulation in the Gulf (Roche et al.2012, the models simulate a larger sea-ice
Stream and Agulhas regions whereas the improvements arextent than in the proxy reconstructions Ggrsonde et al.
weaker in the Southern Ocean and in the region where th€2009. It is also known that ocean/sea-ice models have diffi-
number of LGM SST estimates is too small (Table S1 in culties in simulating the variance of the Southern Ocean sea-
Supplement). ice extent, thickness and volume for the present-day period
(Arzel et al, 2006 Zunz et al,2013. Consequently, it is also
difficult to draw reliable conclusions for the LGM Southern
Ocean sea-ice dynamics. For the JAS period (Fgand b),

. . the LGM sea-ice fractions are reduced in the Labrador Sea,
In complement to the SST reconstructions, sea-ice recon;

structions are available for the LGM intervétflaumann et it::e nggigll Nigg-r:‘r:(gir::dsir;?];hgulr\ilr?rvgﬁgla?a;:?’ ::Jig(gjeasst-
al.,, 2003 De Vernal et al.2006 Ngrgaard-Pedersen et,al. gp y 9 g P

3.2.2 Sea-ice cover
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Table 2. Regional statistical analysis (linear regression test) between the simulated and reconstructed SSTs summarizecdlog thiee
correlation coefficient, the slope and the intercep® @) of the regression lineV is the sample size of the regional MARGO data for each
period. In bold, the most significant values.

Annual Winter (JFM) Summer (JAS)
ORCA1l ORCA025 ORCA1 ORCA025 ORCA1 ORCA025
p value <0.001 <0.001 <0.001 <0.001 0.001 0.001
Agulhas (30 E-50 E; 50° S-10 S) R2 0.94 0.96 0.95 0.97 0.91 0.95
NANN =14 NIFM= 14 NIAS= 10 slope 0.85 0.92 0.99 1.00 0.80 0.89
intercept {C) 1.71 0.28 —1.26 —1.63 2.50 0.88
p value <0.001 <0.001 <0.001 <0.001 0.001 0.001
Gulf Stream (7O W-20° W; 30° N-45°N)  R2 0.74 0.75 0.80 0.72 0.93 0.92
NANN =19 NIFM=12 NIAS=12 slope 1.14 0.97 0.87 0.68 1.29 1.24
intercept {C) —9.00 —7.84 —4.70 —3.98 —-12.17 -12.56
p value 0.003 <0.001 0.001 <0.001 0.009 0.004
Kuroshio (120 E-160 E; 20° N-35° N) R 0.96 0.95 0.98 0.96 0.92 0.89
NANN —g NIFM—g NIAS—g slope 0.78 0.86 0.64 0.89 1.06 0.92
intercept {C) 1.89 —0.04 4.01 —0.98 —4.93 -1.11
p value <0.001 <0.001
SO*-Atlantic (60° W—0°; 45° S-60 S) R2 0.71 0.72
NIFM=30 slope 1.65 1.78
intercept £C) —-2.61 —-2.61
p value <0.001 <0.001
SO*-Africa (0°-50° E; 45° S-60° S) R2 0.74 0.83
NIFM =26 slope 0.72 0.85
intercept ¢C) —-1.96 —2.00
p value 0.555 0.387 <0.001 <0.001 0.56 0.377
SO*-Indian (50 E-100 E; 45> S-60 S) R? 0.20 0.38 0.86 0.88 0.19 0.39
NANN =4 NyIFM= 15 NIAS=4 slope 0.35 0.64 1.06 1.14 0.39 0.78
intercept {C) 0.01 0.25 —2.95 —2.70 -1.06 -0.64
p value 0.035 0.020
SO*-Pacific (180 W-0°; 45° S—60 S) R? 0.11 0.13
NIFM=40 slope 028 032
intercept C) —-1.42 —-1.33

* SO = Southern Ocean

proposed from reconstructions l§ucera et al.(2005 or

De Vernal et al(2005. However large uncertainties in the

proxy-data exist in the Nordic Sead€ Vernal et al.2006),
which make the interpretation and confrontation betweenthe return flow occurred at about 2000 ivu(et al, 1996
model and proxies more complex. The central Arctic OceanLynch-Stieglitz et al. 2007 Gherardi et al.2009 Lippold

and the western part of Fram Strait have perennial sea-ice iet al, 2012. Other studies suggest that the overturning rate
accordance with the reconstructiondN#rgaard-Pedersen et was weaker than todayynch-Stieglitz et al. 1999 Hesse
al.(2003. In the Southern Ocean, the modelled maximal sea-et al, 2011). Reconstructions of the abyssal transport sug-

ice area is around 39 10° km? (Fig. 5b), which is similar to
a reconstructionGersonde et 12005 with sea-ice extend-
ing to 45 S in the Atlantic and Indian oceans and®%&bin

the Pacific.

data suggest various geometries. Some palaeo-proxy recon-
structions based on geochemical tracers suggest that the
LGM Atlantic overturning was as strong as it is today and

gest that the circulation was not sluggish and was compara-
ble in strength with present-day transporys et al, 1996
Lynch-Stieglitz et al. 2007, whereas others suggest weak
renewable or poorly ventilated water maghérardi et al.
2009 Lippold et al, 2012. Although the strength of the

AMOC varies between the eddy-permitting and non-eddy-
permitting regime, both simulations capture an AMOC in
the upper 2000m and a large intrusion of an AABW be-
The reconstruction of the structure of the LGM Atlantic low, as proposed by the reconstructions. The difference in the
thermohaline circulation is challenging and palaeo-proxystrength of the overturning between the two regimes may be

3.2.3 Atlantic meridional overturning circulation
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due to the different diffusive parametrizations (é\jisson are weak in the northern North Atlantic and the Arctic Ocean,
et al, 2003 Prange et al2003. In our simulations, the deep which is particularly isolated from the North Atlantic dur-
circulation is particularly stagnant. This can be inferred froming the LGM period. The performances of the two model
the non-equilibrated solution in the deep ocean and from theegimes for reproducing the SSTs are also summarized by
highly dense and homogenous waters that filled the abyssalsing Taylor diagrams (a quantification of the skill score)
basins and prevent density contrast between north and soutis well as by regional statistical tests between the modelled
for maintaining a strong abyssal overturning. In the mod-SSTs and the proxy reconstructions. The models perform
els of Butzin et al.(2005 andHesse et al(2011), a shal-  well between 25-50S and 25-50N, i.e. in the region where
lowed and weakened AMOC as it is simulated in the eddy-the mesoscale eddies are the most important. They are less
permitting experiment, but an intensified AABW give the adequate in the Northern Hemisphere high latitudes (due to
best agreement for capturing the gene¥siC distribution  large sea-ice cover) and in the tropical regions, implying that
(i.e. water masses geometry) derived from sediment analysighe equatorial dynamics and coastal upwelling zones are still
These results were also obtained by an enhanced northwamborly represented in the eddy-permitting model. The lack
sea-ice export in the Southern Ocean which can maintain aof vertical resolution as well as the choice of parametriza-
expanded and dense AABW. tion of the upwelling processes can also have an impact on
the quality of the simulated tropical SSTs. The large covers
of sea-ice in high latitudes is significantly different than the
4 Conclusions palaeo-oceanographic reconstructions.
It is hence not obvious that the eddy-permitting simu-
This study presents the response of the first global eddytation contributes significantly to the improvement of the
permitting ocean general circulation model forced with at- sea-surface state as estimated from the available palaeo-
mospheric fields representing a 49yr sample of the Lasbceanographic reconstructions. Some differences in the
Glacial Maximum climate and extracted from the cli- structure of the coarse-resolution and eddy-permitting SSTs
mate model simulation carried out Brandefelt and Otto- are noticeable in specific regions, e.g. the width of the Agul-
Bliesner (2009. In order to identify whether eddies con- has current along the coast of Mozambique and South Africa
tribute to a better consistency between models and palaear the Kuroshio are narrower in the eddy-permitting simu-
proxies, a coarse resolution simulation is also designedation. These results may locally yield a better consistency
and confronted to the palaeo-reconstructions. The resultbetween model and proxy data but do not contribute sig-
reported here are consistent with those from the CCSManificantly to the global statistical score. Similar statistical
quasi-equilibrated simulatiol¢andefelt and Otto-Bliesngr tests applied to hindcast simulations of the present-day pe-
2009, but in other respects may differ from the PMIP model riod (1958—2006) reveal that the number of sediment cores
analyses due to the cold atmospheric conditions used to forceight also have an impact on the statistical score. Hence, to
our models. As pointed out grandefelt and Otto-Bliesner draw firm conclusions on the benefit of the high resolution
(2009, their “new equilibrium differs substantially from the simulation, more reconstructions are required in areas such
first quasi-steady-state with I°C colder global mean tem- as the ACC and the mid-latitudes (e.g. the Gulf Stream and
perature and regional differences of 5°T5in the North  the Agulhas current) where the data coverage is limited and
Atlantic region and a 30 % reduction of the strength of the the mesoscale dynamics play a key role for the surface tem-
AMOC”, this associated with the equilibration of the abyssal perature structure and the climate variability.
ocean. The most significant discrepancies have been diag- It is thus challenging to reconstruct past climate condi-
nosed for the seasonality of the Southern Ocean sea-ice frations such as the LGM climate but the synergy of numer-
tions which may be inferred from these cold atmosphericical models and climate proxy reconstructions can provide
conditions. As a consequence of the larger sea-ice areas sinmsights into this climate at global and regional scales. The
ulated in the models, the global ocean surface temperatureonsistencies and discrepancies between models and climate
and salinity, as well as the deep-water formation are mod-proxies also reveal the complexity of the reconstruction tech-
ified. Substantial differences in the ORCA1 and ORCAO025niques. Each method contains uncertainties or simplification
distribution of the water properties (temperature and salin-of the reality. Our analysis does not consider the uncertainties
ity), the AMOC and the deep mixed layer may be also in-in the palaeoproxies, as for example the conflicting conclu-
ferred from the different mixing parametrizations between sions remaining in the North Atlantic sea-ice reconstructions
the two experiments. These differences raise the questioby various palaeo-senso®d Vernal et al.2006. In sum-
whether the tuning applied for the present-day climate is suit-mary, this investigation indicates that a higher model resolu-
able for past climate simulations. tion is not a panacea yielding the hoped-for better correspon-
The comparison between eddy-permitting and non-eddy-dence between simulations and proxy archives. In addition,
permitting regimes shows that the permitted eddies modifiest is shown that both local and global statistical analyses are
the sea surface states (SSTs, SSS, sea-ice cover) particulargquired to identify model behaviour relative to the climate
in the mid-latitudes and in the Southern Ocean. Their impactgproxy reconstructions. Finally, until more experiments, either
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corroborating or invalidating the results of the present study, Part 1: experiments and large-scale features, Clim. Past, 3, 261—
have been undertaken, only provisional conclusions may be 277, doi10.5194/cp-3-261-2002007.

drawn. One of these is that it may be more appropriate toBraconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Pe-
aim at improving the parametrizations of small-scale pro- terchmitt, J.-Y., Abe-Ouchi, A., Crucifix, M., Driesschaert, E.,
cesses (e.g. upwellings and vertical mixing) and Southern Fichefet, Th., Hewitt, C. D., Kageyama, M., Kitoh, A., Loutre,

. . . M.-F., Marti, O., Merkel, U., Ramstein, G., Valdes, P., We-
Ocean dynamics rather than to focus on increasing model ’ P o P P
resolutior)ll 9 ber, L., Yu, Y., and Zhao, Y.: Results of PMIP2 coupled sim-

ulations of the Mid-Holocene and Last Glacial Maximum —
Part 2: feedbacks with emphasis on the location of the ITCZ

S | t terial related to thi ticle i and mid- and high latitudes heat budget, Clim. Past, 3, 279-296,
upplementary material related to tnis article Is doi:10.5194/cp-3-279-2002007.
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