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Abstract. The summer sea ice extent strongly decreased irfound to be even larger, with a reduction of . 80f km? per

the Arctic over the last decades. This decline is very likely decade (Lemke et al., 2007; Stroeve et al., 2007). Those re-
to continue in the future but uncertainty of projections is cent observed changes have led to considerable attention on
very large. An ensemble of experiments with the climatethe model projections of summer sea ice changes, the even-
model LOVECLIM using 5 different parameter sets has beentuality of a seasonally ice-free Arctic before the end of this
performed to show that summer sea ice changes during theentury being one of the strongest image associated with fu-
early Holocene (8 kyr BP) and the 21st century are stronglyture climate warming (e.g. Arzel et al., 2006; Holland et al.,
linked, allowing for the reduction of this uncertainty. Us- 2006; Zhang and Walsh, 2006; Meehl et al., 2007; Serreze et
ing the limited number of records presently available for theal., 2007; Schiermeier, 2007).

early Holocene, simulations presenting very large changes All the simulations performed in the framework of the In-
over the 21st century could reasonably be rejected. On theéergovernemental Panel for Climate Change Fourth Assess-
other hand, simulations displaying low to moderate changesnent Report (IPCC AR4) show that the Arctic sea ice decline
during the second half of the 20th century (and also over theyill continue during the whole 21st century in response to
21st century) are not consistent with recent observations. Usthe increase in the concentrations of atmospheric greenhouse
ing this very complementary information based on observagases (Arzel et al., 2006; Zhang and Walsh, 2006; Meehl et
tions during both the early Holocene and the last decades, thal., 2007; Serreze et al., 2007). However, there is more than
most realistic projection with LOVECLIM indicates a nearly a factor three in the estimates of the future trend between
disappearance of the sea ice in summer at the end of the 21gie different models, even using an identical scenario for the
century for a moderate increase in atmospheric greenhousigture evolution of the concentrations of atmospheric green-
gas concentrations. Our results thus strongly indicate that achouse gases (Arzel et al., 2006; Zhang and Walsh, 2006;
ditional proxy records of the early Holocene sea ice changesMeehl et al., 2007; Serreze et al., 2007). Reducing the pro-
in particular in the central Arctic Basin, would help to im- jections uncertainties is thus a major objective of the climate
prove our projections of summer sea ice evolution and thainodelling community and a major challenge.

the simulation at 8 kyr BP should be considered as a standard |t js customary to assess the quality of models by compar-
test for models aiming at simulating those future summer sedng their output with recent observations. In particular, the
ice changes in the Arctic. models not able to reproduce sufficiently well the observed
mean Arctic ice extent at the end of the 20th century were
discarded in a number of recent analyses (e.g., Arzel et al.,
2006; Stroeve et al., 2007). However, the decision to reject
a model is partly arbitrary and not consistent across papers

Over the last 30 years, corresponding to the period of satel(Arzel et al., 2006; Stroeve et al., 2007). Furthermore, the
lite microwave observations, the annual mean Arctic sea icd€levance of rejection criteria may also be called into ques-
extent has decreased at a mean rate of about IMfBkm?2 tion because it has been hard to find strong relationships be-

per decade (Lemke et al., 2007). The summer decline wafveen the model characteristics simulated at the end of the
20th century and the decrease in sea ice extent obtained dur-

Correspondence to: H. Goosse ing the 21st century (Arzel et al., 2006; Holland and Bitz,
(hgs@astr.ucl.ac.be) 2003; Flato, 2004). The observed decrease in Arctic sea ice
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684 H. Goosse et al.: Summer sea ice during the early Holocene

uncertainties in the projections of the decline of the summer
Arctic ice extent during the 21st century. Specifically, we
have selected the period around 8 kyr BP because the sea ice
changes are larger than for the most classical mid-Holocene
period (e.g., Renssen et al., 2005). In this framework, we
performed simulations with the three-dimensional climate
model LOVECLIM (Driesschaert et al., 2007) using five dif-
ferent sets of parameters (called E1 to E5, Appendix A), cho-
sen to explore the uncertainty range in these parameters as in
Murphy et al. (2004), Stainforth et al. (2005), and Ridley
et al. (2007) for instance. Our simulations cover the period
from the early Holocene to 2100 AD. For the period 1850—
2100 AD, an ensemble of simulations with slightly different
initial conditions is performed to estimate the model internal
variability for each parameter set (see Sect. 2). As a con-
sequence, we provide here controlled experiments with the
same model version spanning the whole time period selected
Fig. 1. Deviations from present-day values of the calendar 24hand using the same forcing for all the three-dimensional
mean solar irradiance (daily insolation) at 8 kyr BP (unit is Win model parameter sets chosen.

extent over the last decades provides another test case for Model description and experimental design

models (Arzel et al., 2006; Zhang and Walsh, 2006; Meehl

et al., 2007, Serreze et al., 2007; Stroeve et al., 2007). IN.OVECLIM is a three-dimensional Earth system model of
particular, it is shown in a recent study (Stroeve et al., 2007 )intermediate complexity that includes representations of the
that no simulation performed in the framework of the IPCC atmosphere, the ocean and sea ice, the land surface (in-
ARA4 is able to reproduce the observed decline in summer icgluding vegetation), the ice sheets and the carbon cycle.
extent over the last 53 years. This provides evidence that then the present study, the ice sheet and carbon cycle com-
models underestimate the response of the sea ice to risingonents are not activated and will thus not be described
concentration of greenhouse gases in the atmosphere. Howrere. The atmospheric component is ECBILT2 (Opseegh
ever, there is still the possibility that the recent decline is aet al., 1998), a T21, 3-level quasi-geostrophic model. The
very rare event of natural variability that is not captured by oceanic component is CLIO3 (Goosse and Fichefet, 1999),
the relatively small ensemble of simulations presently avail-which is made up of an ocean general circulation model
able (Stroeve et al., 2007). coupled to a comprehensive thermodynamic-dynamic sea

Additional constraints on the model behaviour could beice model. Its horizontal resolution i &y 3°, and there
provided by simulations devoted to the more distant pastare 20 levels in the ocean. ECBILT-CLIO is coupled to
such as the mid-Holocene (6 kyr BP, i.e. 6000 years before/ECODE, a vegetation model that simulates the dynam-
present) or the last glacial maximum (21 kyr BP) (e.g., Cruci-ics of two main terrestrial plant functional types, trees and
fix, 2006; Masson-Delmotte et al., 2006). However, only thegrasses, as well as desert (Brovkin et al., 2002). Its reso-
past periods for which the external forcing is well known, a lution is the same as the one of ECBILT. More information
reasonably large amount of data is available and the variablabout the model and a complete list of references is avail-
of interest displays large changes compared to the recent paable at the following addresgtp://www.astr.ucl.ac.be/index.
are expected to provide a stringent test of the model. php?page=LOVECLIM%40Description.

The early Holocene is potentially a good candidate to con- The model version used here is LOVECLIM1.1. Three
strain the analysis of the response of the Arctic summer icemain improvements have been incorporated in this version
cover to a radiative perturbation. Indeed, the insolation incompared to LOVECLIM1.0 (Driesschaert et al., 2007).
June at 8kyrBP was much larger than in recent decadegirst, the land surface scheme has been modified (see http://
(Berger, 1978), the differences reaching +40 Wim June  www.astr.ucl.ac.be/ASTER/doc/ER_SDCS01Av2.pdf) in
northward of 68 N (Fig. 1). Seemingly consistent with this order to take into account the impact of the changes in veg-
forcing, the various geological reconstructions and modeletation on the evaporation (transpiration) and on the bucket
simulations for this period tend to display higher summerdepth (i.e. the maximum water that can be hold in the soil).
temperatures and a lower sea ice extent at high latitudes (e.gSecond, the emissivity, which was the same for all the sur-
Kog et al., 1993; Duplessy et al., 2001; Vavrus and Harrisonface types in LOVECLIML1.0, is now different for land, ocean
2003; Braconnot et al., 2007). Here we show how modeland sea ice. Third, in order to reduce the artificial vertical
simulations over this period could help us in reducing thediffusion in the ocean caused by numerical noise, the Corio-
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lis term is now treated in a fu.IIy |mpI|C|f[ \./vay-m- the equation Table 1. Some characteristics of the various experiments.
of motion for the ocean, while a semi-implicit scheme was

used in LOVECLIML1.0 (see also Appendix A).

. - . Name Climate Max. Minice Maxice
In order to obtain the five model parameter sets considered sensitivi} MOC2  extenB  exten?
here, different parameter values have been selected, each of
them being in the range of uncertainty of the parameter con- El 16 28.2 9.4 14.7
sidered (Appendix A). The goal is, on the one hand, to pro- E2 2.1 25.9 8.8 15.3
duce reasonable simulations of the present-day climate (Ta- EZ gg 22'2 g'g igg
ble 1), which have similar qualities when compared to the ob- Es 38 235 24 14.7

servations in all the regions of the world and for a wide range
of variables (surface temperature, precipitation, oceanic ang , o ,

. . . . . .. The climate sensitivity is defined here as the temperature (in K) change after
atmospherlc C|rculat|0ns, sea Ice concentration, radiative eXIOOOyearsin an experiment performed with LOVECLIM in which thex@®ncentra-
changes at the top of the atmosphere). On the other handon increases frgm its pre—industrial level by 1% per year and ig maintained ponstant

after 70 years of integration when it reaches a value equal to two times the pre-industrial

these model parameter sets must lead to clearly contrasted,e.
model responses to a perturbation_ In particular, the cli-? M'aximum ofthelmeridilonal overturning circulation (MOC) in the North Atlantic for
mate S_enSitiVities_(?o_Ver_ a rar_]ge from 1.6 to 3.8K (Table 1)‘grl\(jlli:(ijr:itr:irfsr:;i?r?ngnsj;li:cleosx)ﬁtsinthe Northern Hemisphere for pre-industrial
The climate sensitivity is defined here as the global surfac&onditions in 106 k. The ice extent is defined as the total oceanic area with an ice
temperature change after 1000y in an experiment performegpncentration of at least 15%.
with LOVECLIM in which the CGQ concentration increases
from pre-industrial Ievgl by 1%. per year gnd Is maintained(Renssen et al., 2005) have shown that neglecting the influ-
constant after_ 70y of Integration _when it reaches a Valueence of the remnant of the Laurentide ice sheet has only a
e_que_ll to two times the pre-industrial Ievel._ Such a SlmuIa'marginal, regional impact at that time and this approxima-
tionis a classmal_ bgnchmark to.compare different model "€ion should thus not influence strongly our results.
sponses to a radiative perturbation.

Three types of simulations, launched for the five param-
eter sets, are conducted with the model. First, a quasi3 Results
equilibrium simulation with a constant forcing correspond-
ing to pre-industrial conditions is performed with the £0 By construction, all the simulations provide rather similar
CH4 and NO concentrations in the atmosphere set toArctic sea ice extents for pre-industrial conditions and the
277.6 ppmv, 628.2 ppbv, 267.4 ppbv, respectively. Secondlate 20th century, in both summer and winter (Figs. 2 and
a quasi-equilibrium simulation is carried out with orbital pa- 3, Table 1). Each of them has its own biases, with magni-
rameters and greenhouse gas concentrations corresponditigdes of the same order as those observed in state-of-the-art
to the 8 kyr BP conditions. In this experiment, the £GH, atmosphere-ocean general circulation models (e.g., Arzel et
and NO concentrations are maintained constant at valuesl., 2006; Zhang and Walsh, 2006). For instance, all the sim-
of 260.6 ppmv, 701.5 ppbv, 267.4 ppbv, respectively. Third,ulations have a general tendency to overestimate the ice con-
a transient simulation is run from 8 kyr BP to year 2100 AD, centration in the northern part of the Baffin Bay and on the
starting from the quasi-equilibrium obtained for 8 kyr BP. Be- shelf of the East Siberian Sea in summer during the late 20th
tween 8 kyr BP and 1 AD, the only forcings applied are inso- century. In winter, the ice extent in the Labrador Sea is un-
lation and greenhouse ones as in Renssen et al. (2005). Afteterestimated in all the simulations while it is overestimated
1 AD, in addition to those forcings, the variations in the to- in the Barents Sea.
tal solar irradiance, the impact of big volcanic eruptions as At 8 kyr BP, Arctic summer sea ice extent clearly varies
well as the role of land-use changes (starting in 1000 AD)across the different simulations, emphasizing a large depen-
and of the increase in aerosol load (starting in 1850 AD)dence of model sensitivity to changes in model parameters.
are taken into account as in Goosse et al. (2005). For thé&or E5, because of the higher summer insolation during the
21st century, the forcing follows the scenario IPCC Specialearly Holocene, ice only remains in summer between the
Report on Emissions Scenarios (SRES ) B1, in which thenorth coast of Greenland and the North Pole, while ice per-
CO, concentration reaches 540 ppmv in 2100 AD. For eachsists for E1 in all the Arctic Basin and even covers a large
model parameter set, in order to sample the internal variabilpart of the Siberian continental shelves. By contrast, the
ity of the model, 5 ensemble members are performed (i.e. aifferent simulations all show a similar ice extent in win-
total of 25 simulations) over the period 1851-2100 AD. To ter at 8 kyr BP and this ice extent obtained for this period
do so, we have introduced a very small perturbation on thés nearly similar than the one obtained for each parameter set
quasi-geostrophic potential vorticity the 1st of January 1851 .with pre-industrial conditions. At high latitudes, the winter
In all those experiments, the ice sheet topography is maininsolation changes at 8 kyr BP (Fig. 1) are weak as the in-
tained at its present value. For the early Holocene, sensitivitysolation itself is already low during this season (even equal
experiments performed with an earlier version of the modelzero during several months). As a consequence, mainly be-
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(a) Ice extent 8ky BP (b) Ice extent Pre—Industrial

E1
E2

- E4
E5 (d) Ice extent 2040—2060

— Data o

Fig. 2. Location of the sea ice edge in September, defined as the 15% ice concentration |{@itf&yr BP, (b) pre-industrial conditions,

(c) the period 1980-2000 AD ar(d) the period 2040-2060 AD in scenario SRES B1. El isin blue, E2 in green, E3 in orange, E4 in violet
and E5 in red. The observed ice edge for the period 1980-2000 AD (Comiso et al., 1999 and updated 2005) is in grey in all the figures for
an easier reference. For the periods 1980-2000 and 2040—-2060, the mean over the 5 ensemble members using the same parameter se
presented. For pre-industrial and early Holocene, a 100 year mean is displayed.

cause of a memory effect related to the summer warming2001; de Vernal and Hillaire-Marcel, 2006). In the Norwe-

a small winter warming is simulated there (Renssen et al.gian, Greenland and Barents Seas, the majority of the records
2005). However, this warming is too small to induce signifi- also suggest milder conditions during the early Holocene
cant changes in ice extent. (e.g. Kog et al., 1993; Duplessy et al., 2001; Bennike, 2004),

In contrast to satellite data or model results, proxy recordsalthough some studies estimate that the changes were rela-

do not directly provide information about the location of the tively small in some parts of the Barents Sea (Voronina et

ice edge or about the total sea ice extent. They rather aI?I" 2001) and even that more ice was present at some lo-

. . . cations along the eastern coast of Greenland (e.g., Bennike,
low estimating the presence or absence of ice (and in som ) ) - :
. . . . 004; Solignac et al., 2006). In addition, the few available
case the ice concentration or the duration of the ice covere . ! . ;
period) at a particular point where the proxy data are COI_observatlons in the cen'tral Arctlc s_uggesta higher amount of
lected (e.g., Ngrgaard-Pedersen et al., 1998; de Vernal angPe" water ('e"?‘ds) o_lurlng this period (I_\l;argaard-Pedersen et
Hillaire Marcel, 2000; Bennike, 2004). On the other hand al., 1998). Besides, in the western Arctic Ocean, the changes

models have clear and systematic regional biases as briefPPear smaller than in the European sector, with probably a

discussed above, making in some area the analysis of reg_lllghtly more extensive ice cover in some areas at 8 kyr BP

o chnges questonabe. Ay modelcata comparsod 11010 [ECen mes (ke ot 2, 7001 o hene ol
related to changes in the ice cover should thus be performe '  €XP

with caution. The available proxy records suggest a reduce 2 thus likely overestimate the summer ice extentat 8 kyr BP,

. . . ut the discrepancy is of the same order of magnitude as the
summer ice cover and higher oceanic temperatures for th(e)ne observed for present-day conditions. The model-data
period around 8 kyr BP, but with regional differences. Such P Y )

a warming and reduced ice cover appears relatively Clea”)%:omparison for 8kyr BP in this area brings thus only very
in Baffin Bay and in the Labrador Sea (e.g. Levac et al., imited additional information compared to classical evalua-

Clim. Past, 3, 683-692, 2007 www.clim-past.net/3/683/2007/
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(a)

Ice extent 8ky BP

(<)

Ice extent 1980—2000

Fig. 3. Same as Fig. 2 for the sea ice edge in March.

E4

- €5

4 -
Ly

Data

(b)

lce extent Pre—Industrial

687

(d)

Table 2. Minimum sea ice extent (in f(kmz) in the Northern Hemisphere for different periods.

Name Min ice extert  Min ice extent Min ice extent Min ice extent Trend over the Trend over the
preind 8BP 1980-2000 2040-2066 period 1979-2006  period 1953-200%
El 9.4 5.44 9.0 7.65 —0.019+0.008 —0.013+0.005
E2 8.8 3.24 7.79 5.46 —0.041:0.014 —0.019+0.004
E3 8.0 2.08 6.80 3.01 —0.038£0.021 —0.023£0.007
E4 8.5 1.96 7.06 2.92 —0.064+0.020 —0.032+0.017
E5 7.4 0.62 4.76 0.36 —0.08A-0.030 —0.063+0.011
Observationd 7.2 —0.060+0.010 —0.054 0.004

1. Ice extent is defined as the total oceanic area with an ice concentration of at least 15%.
2 Based on Stroeve et al. (2007).
3 In this experiment, scenario SRES B1 is used.

4 This represents the mean trend over the ensemble performed for each parameter Séingfper decade). The uncertainty is measured
as one standard deviation of the ensemble.

tion of model performance over the last decades. Similarly,north of Alaska and of the Canadian Archipelago where ex-
in the Greenland Sea in summer and in all regions in win-periment E5 simulates no ice in summer in opposition with

ter, the differences between the experiments are too weak tthe proxy records. We can thus state that the summer ice
discriminate between the behaviour of the experiments, makeover obtained in this experiment is not consistent with the

ing the model-data comparison there of limited use in deter-available proxy-based reconstruction around 8 kyr BP. On the
mining the most suitable choice of the parameter sets. Arpther hand, none of E1-E4 can clearly be rejected on the
exception is probably experiment E5 in the Greenland Sedasis of 8 kyr BP reconstructions.

for which the absence of ice in summer is likely not realis-

tic. However, the discrepancy between proxy data and the

results of E5 is much clearer in the western Arctic Ocean,

www.clim-past.net/3/683/2007/ Clim. Past, 3, 683-692, 2007
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Arctic — september sea ice extent different parameter sets. Specifically, the summer ice extent
averaged over the period 2040-2060 AD is very close to 1.5
times the one simulated for 8 kyr BP for all the model param-
eter sets (Fig. 5). As sea ice almost disappears in summer
after 2050 AD for E5, the comparison becomes meaningless
for this parameter set, but the strong relationship with the ice
extent simulated at 8 kyr BP appears also valid for the aver-
aged ice extent over the periods 2060—-2080 AD and 2080—
2100 AD (not shown).

4 Discussion and conclusions

Sea ice extent (10*6 km*2)

Only a few reconstructions of the summer sea ice extent
are available for the early Holocene. Furthermore, several
records could not be efficiently used in the present frame-

- Data LR work because of the too small differences between the sim-
{500 1950 2000 W0 5100 ulations at the locations where the proxy data were obtained
Time(Yr) or because of the inability of the model to reproduce some

regional features.
Fig. 4. Time evolution of the minimum ice extent in the Arctic over However. the reconstructions still allowed us to show that
the period 1900-2100 AD using scenario SRES B1. Each simula; '

o ] . .“the model results for one of our parameter sets (E5) are not
tion is represented by a dashed line, while the mean over the 5 sim- . . .
In agreement with observations, as the summer sea ice cover

ulations with the same parameter set is represented by a solid line v di d v Hol diti in thi
of the same colour. The observations (Stroeve et al., 2007) are ijiearly disappears under early Folocene conditions in this ex-

black. A 11-year running mean has been applied to the time seriesP€fiment. The comparison for 8kyr BP provides thus an up-
per limit on the model sensitivity, allowing the rejection of

parameters sets corresponding to too strong a response of the

All the simulations display a decrease in summer sea ic&ummer ice cover to changes in the radiative forcing. In addi-
extent throughout the 20th and 21st centuries but with verttion, the analysis of the simulated decrease in ice extent over
different magnitudes (Figs. 2, 4). In fact, the range coveredhe |ast decades shows that simulations presenting a weak
by our simulations over this period is even larger than the ongesponse are not compatible with the observed decline of the
given by the IPCC AR4 (Stroeve et al., 2007). Our simula- symmer ice extent during this period (E1, E2 and to a smaller
tions performed with different model parameter sets providegxtent E3).
thus a good sample of the present uncertainties in future pro- grom this complementary evidence, the projection ob-
jections. Compared to observatio_ns _covering the second halfjned using the remaining parameter set (E4) appears the
of the 20th century and the beginning of the 21st century,most reliable. For the relatively moderate scenario SRES
E1, E2 and, to a smaller extent, E3 seriously underestimat@ | this E4 simulation displays a reduction in summer sea
the decline in summer ice extent (Table 2). The size of thejce extent larger than 60% in 2050 and a nearly disappear-
ensemble of simulations performed for each parameter set ignce of the summer Arctic ice pack at the end of the 21st
still too small to obtain reliable statistics of internal variabil- century. For a more pessimistic scenario like SRES A2, in
ity. Nevertheless, the simulated mean trend is smaller thafyhich the atmospheric GQoncentration in the atmosphere
the observed trend for the period 1953-2006 AD by morergaches about 830 ppmv in 2100, the decline of the Arctic
than 2 standard deviations over the ensemble, for those threg,, jce in summer would be even faster. Consequently, the
parameters sets (Table 2). We thus consider the eventualitkctic would become almost ice-free in summer in 2060 AD

that the observed decline was due to a rare event of naturgh, this scenario (Fig. 6). Those values are below the range
variability as highly unlikely and we prefer the more reason- (multimodel meant1 standard deviation) provided by the
able hypothesis that E1 and E2 are incompatible with the obipcc AR4 (Meehl et al., 2007), indicating that this recent
served record. In winter, all the simulations also display report may provide too conservative projections of the future
decrease in ice extent (Fig. 3). For instance, in E5 the Wi”te%hanges in summer sea ice extent for the Arctic. Note that
ice extent around 2050 using scenario SRES B1 is smallefising parameter set E3, which is the second most reliable ac-

than during pre-industrial times by>2.0° km?. However,  cording to our analysis, would provide projections relatively
this decrease is smaller than in summer and distributed ovegimilar to the ones obtained using E4 (Figs. 3 and 5).

alonger ice edge, making the local differences in March less e strong link between the simulated decrease in the

clear than for September. Arctic summer sea ice extent during the 21st century and
Figures 2 and 4 suggest evidence of strong consistencg kyr BP used here to constrain the model behaviour is ob-
between past and future summer sea ice changes across ttaned for a wide range of model responses despite the very

Clim. Past, 3, 683-692, 2007 www.clim-past.net/3/683/2007/
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Arctic — september sea ice extent

I ey
[ [

Sea ice extent (106 km*2)

Min Ice extent 2040-2060 AD
¢}
[

0 L l L l L l L l L l L 10900 1950 2000 2050 - 2100

0 1 2 3 4 5 6 Time(Yr)
Min Ice extent 8kyr BP
Fig. 6. Time evolution of the minimum ice extent in the Arctic over
Fig. 5. Link between the minimum Arctic sea ice extent (in the period 1900-2100 AD using scenario SRES A2. Each simula-
106 km?2) for the early Holocene and the period 2040—-2060 AD us- tion is represented by a dashed line while, the mean over the 5 sim-
ing scenario SRES B1. Simulations corresponding to different pa-ulations with the same parameter set is represented by a solid line
rameter sets (E1 to E5) are represented by a cross. The red line isa the same colour. The observations (Stroeve et al., 2007) are in
regression line for those five points. black. A 11-year running mean has been applied to the time series.

different forcings changes during the two periods. Indeed,in this area would then be particularly useful. Furthermore,
the forcing is slowly varying in the early Holocene and has asimulation for 8 kyr BP should become a standard benchmark
very strong seasonal cycle. By contrast, the forcing changefor models aiming at providing projections of the evolution
rapidly over the 20th and 21st centuries, the climate systenof the summer ice extent. Indeed, the summer ice extent
being in a clearly transient state, and the forcing anomalyin E5, which was rejected here on the basis of the model-
is more homogenously distributed for the different seasonsdata comparison for the Early Holocene, is 0.6Zkan8 kyr
However, we use only a limited number of experiments andwhile, in this experiment, the summer sea ice extent reaches
only one single model. Additional simulations with LOVE- 4.8x10° km? at 6 kyr BP, i.e. a value very close to the mean
CLIM using different parameter sets as well as experimentdor the period 1980—-2000 AD (Table 2). This demonstrates
with other coupled climate models would thus be required tothat the signal is much stronger at 8 kyr BP than for the more
test the robustness of the nearly perfect correlation describedlassical 6 kyr BP simulation, providing a much stronger con-
in Fig. 5. Furthermore, with a larger ensemble of simula- straint for the model.

tions, it would be possible to assign to each parameter set a

quantitative estimate of its ability to simulate the observed

changes in summer ice extent and then provide a probabil-

ity distribution for the projected changes instead of simply

selecting the most reliable projection as proposed here. In

any case, our results strongly suggest that information about

the state of the climate system during the early Holocene

could help us in reducing our uncertainties on the future de-

cline of the summer Arctic ice cover. Additional observa-

tions over this period, such as the ones planned in the frame-

work of the International Polar Year (e.g.,http://classic.ipy.

org/development/eoi/details.php?id=786), are thus required

in order to obtain more precise and more reliable projec-

tions. Following our experiments, proxy-based estimates of

the summer ice cover for the central Arctic, off the shelves of

the Kara and Laptev Sea as well as in the Beaufort Sea would

provide the strongest tests for model results and observations
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 http://classic.ipy.org/development/eoi/details.php?id=786
 http://classic.ipy.org/development/eoi/details.php?id=786

690 H. Goosse et al.: Summer sea ice during the early Holocene

Appendix A

Table Al. The five model parameter sets selected.

Name 22(1) A4(1) amplw(2) explw(2) albocef (3) albice(4) avkb(5)

El 0.125 0.070 1.00 0.3333 1.000 0 1.0 (6)
E2 0.125 0.070 1.00 0.4 0.900 0 15
E3 0.131 0.071 1.00 0.5 0.950 0 2.5
E4 0.131 0.071 1.10 0.5 0.900 0 2.5
ES 0.131 0.071 1.30 0.5 1.050 0.02 2.0

(1) 22 andA4 are two Rossby radii of deformation, applied in the Rayleigh damping term of the equation of the quasi-geostrophic potential
vorticity. A2 corresponds to the 500-800 hPa layer of the model, vidileorresponds 200-500 hPa layer (see Eq. (1) of Opsteegh et al.,
1998, and Eq. (11) of Haarsma et al., 1996).

(2) The simple longwave radiative scheme of LOVECLIM is based on an approach termed the Green’s function method (Chou and Neelin,
1996; Schaeffer et al., 1998). The scheme could be briefly represented for clear-sky conditions by the following formula for all the model
levels:

Flw=Fref+FG(T', GHG)+G1* amplw * (q") * xexplw (A1)

whereFlw is the longwave fluxFref a reference value of the flux when temperature, humidity and the concentrations of greenhouse
gases are equal to the reference val&&s a function, not explicitly described here, allowing to compute the contribution associated with

the anomalies compared to this reference in the vertical profile of temperat)ran(d in the concentrations of the various greenhouse
gases in the atmospher€HG’). The last term represents the anomaly in the longwave flux due to the anomaly in huglidifjhe
coefficientsFref, G1 and those included in the functi®iG are spatially dependent. All the terms have been calibrated to follow as closely

as possible a complex general circulation model longwave scheme (Schaeffer et al., 1998), but large uncertainties are of course related tc
this parameterization, in particular as the model only computes one mean relative humidity between the surface and 500 hPa, the atmospher
above 500 hPa being supposed to be completely dry.

(3) The albedo of the ocean in LOVECLIM depends on the season and location. At each time step, it is multiglibcbéyin the
experiments analysed here. For a typical albedo of the ocean of 0.06, using a value of &lBEokrincreases the value of the albedo to

0.063.

(4) The albedo of sea ice is based on the scheme of Shine and Henderson-Sellers (1985), which uses different values for the albedo of dn
snow, melting snow, frozen ice and melting ice. For thin ice, the albedo is also dependent on the ice thickh®esid@ifferent from zero

in the experiments discussed here, the value of the albedo in the model is increaisidddpr all the snow and ice types.

(5) As explained in detail in Goosse et al. (1999), the minimum vertical diffusivity in the ocean follows a vertical profile similar to the one
proposed in Bryan and Lewis (1979). The coefficiavith is a scaling factor that multiplies the minimum values of the vertical diffusivity

at all depths. A value odivkb of 1 (1.5, 2, 2.5) corresponds to a minimum background vertical diffusivity in the thermocline 6fm®'s
(1.5105,210°°,2.510 > m?/s).

(6) In LOVECLIML1.1, the Coriolis term in the equation of motion is computed in a totally implicit way because the semi-implicit scheme
used for this term in LOVECLIM1.0 induced too much numerical noise. The older scheme has been kept here in E1 only, in order to have
an easier comparison with the results of LOVECLIM1.0. Because of the larger implicit diffusion associated with this scheme, a lower value
of the explicit diffusion is applied in E1.
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