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Abstract. The consistency between new quantitative recon-the global thermohaline circulatiohdhmann and Gerdes
structions of Arctic sea ice concentration based on dinocysii998 Goosse and Fichefet999. Third, it modifies the ex-
assemblages and the results of climate models has been ichanges of heat and gases between the atmosphere and polar
vestigated for the mid-Holocene. The response of the modelsceans because of its insulation propertiesgrt and Curry
mainly follows the increase in summer insolation, modulated1993. Consequently, changes in Arctic sea ice cover and
to a limited extent by changes in atmospheric circulation.thickness influence the atmospheric and hydrographic con-
This leads to differences between regions in the models thaditions at high latitudes, which may in turn have an impact
are smaller than in the reconstruction. It is, however, impos-on the European and the North American climate (8-
sible to precisely assess the models’ skills because the seaiceze et al.2007 Francis and Vavry012).
concentration changes at the mid-Holocene are small in both The processes involved in sea ice behaviour are complex,
the reconstructions and the models and of the same order ofthich explains why climate models still have clear biases in
magnitude as the reconstruction uncertainty. Performing simsimulating sea ice for present-day conditioB¢r¢eve et a).
ulations with data assimilation using the model LOVECLIM 2012 Massonnet et 8l2012. Itis thus important to improve
amplifies the regional differences and improves the model-our understanding of sea ice and its representation in climate
data agreement as expected. This is mainly achieved througmodels, especially in the current context of a decreased Arc-
a reduction of the southward winds in the Barents Sea andic sea ice cover and thickness over the past few dec&aes (
an increase in the westerly winds in the Canadian Basin, inreze et al.2007 Stroeve et a).2011), likely related to an-
ducing an increase in the ice concentration in the Barentshropogenic climate change (eMotz and Marotzkg2012).
and Chukchi seas. This underlines the potential role of atmo- The analysis of past sea ice fluctuations provides an in-
spheric circulation in explaining the reconstructed changederesting complement to the study of the last decades, in
during the Holocene. particular the ones focusing on the Holocene (the current
interglacial) as the boundary conditions of the climate sys-
tem were roughly similar to the present on@gafiner et al.
2009. In the absence of direct instrumental measures, this
1 Introduction can be achieved by two complementary approaches, proxy-
based reconstructions (elunder et al.2011; Mdller et al,
Sea ice is a key element of the global climate system. First, i£012 and modelling (e.gGoosse et 8/2013 Berger et al.
enhances climate response at high latitudes of the Norther@013. This allows us, amongst other things, to contextual-
Hemisphere as it is involved in various feedbacks, in partic-ize the recent climate changes, to validate climate models re-
ular the classic ice albedo feedbatlofland and Bitz2003  sults and to improve the physical understanding of the system
Serreze et gl.2009 Screen and Simmond201Q Stroeve  (Zhang et al.201Q Braconnot et a).2012).
et al, 2011). Second, sea ice plays a role in deep-water for-
mation through brine rejection which is a crucial driver of
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1146 F. Klein et al.: Sea ice data assimilation in the mid-Holocene

Here we will focus on the mid-Holocene (6 ka, hereafter The models selected, the experimental design and the
MH) as it is a classic period that is reasonably well docu- proxy reconstructions based on dinocyst assemblages are
mented as much in terms of proxy data (see S&d). as  presented in Sec®. Section3 starts with a short description
in terms of model results since it is a standard target forof the observed sea ice changes. It is followed by an analysis
the Paleoclimate Model Intercomparison Project (PMIP; e.g.of the results of the simulations without data assimilation and
Braconnot et a).2007). The MH coincides with the end of finally of the simulation with data assimilation. Conclusions
awarm period in the Arctic that started about 9 Baidqvist  are presented in Sedl.
et al, 2010 due to a high orbitally driven summer insolation.

Insolation had its maximum at around 11 efger 1978

but the warmest conditions have been asynchronous acrogs Methodology

the Arctic due to the effect of the lingering Laurentide Ice
Sheet Kaufman et al.2004 Renssen et al2009. At 6 ka,

some regions were thus already experiencing a cooling (fOExperiments have been performed with the three-

instance, Alaska) while others were still close to their max- gimensional earth climate model of intermediate complexity
imum temperature (like northeast Canadéaffman etal. | GyECLIM version 1.2 Goosse et al.2010. It includes
2004. . . . a representation of the atmosphere, ocean, sea ice and land

_Although most Arctic proxies support lower sea ice Con- g face including vegetation. The atmospheric component
ditions during the MH as compared to the entire Holocene,,s gcpili2 (Opsteegh et al.1998, a quasi-geostrophic
the recorded changes are not homogeneous between the difyeciral model with T21 horizontal resolution (correspond-
ferent regions (see Se&.1). In addition to modifications in ing to 56° x 5.6° latitude—longitude) and three vertical
the oceanic and atmospheric circulations or to the influencge,ais in addition to the surface. Ocean and sea ice are
of the remnant Laurentide Ice Sheet that could have an imgj1ated by CLIO3 Goosse and Fichefet999, which
pact on a large scale, complex local topography can be réy 5 general circulation model coupled to a comprehensive
sponsible for a high heterogeneous response on small Spat'f’r*ermodynamic—dynamic sea ice model Its horizontal
scales. This is particularly the case in the Canadian Arctic.qaqoiution is 3 x 3° and the ocean is divided into 20 un-
Archipelago (CAA) with its complicated disposition of nar- eyenly spaced vertical levels. LOVECLIM also contains
row straits, where proxy records display contrasted signalgy,q vegetation model VECODEB(ovkin et al, 2002

for nearby locations (e.g/are et al, 2009 Atkinson, 2009. 4t takes into account the distribution of three different

Furthermore, the uncertainties related to the interpretation of;nq covers (deserts, grasses and forests) using the same

proxies or to their dating can also explain some of the dis-regoytion as ECBIlt2. Due to its coarse resolution and to
crepanciesRolyak et al. 2010 Sundqvist et 8).2010. simplifications introduced in the representation of some
In_qualltatwe_ agreement w_lth data, models simulate Iessatmospheric processes, LOVECLIM is much faster than
sea ice extent in summer during the MH as compared t0 thgne more sophisticated coupled climate models. It allows
pre-industrial (hereafter PI) conditions, following the higher ;s 15 produce the large amount of simulations required for
summer insolationgerger et al.2013 Goosse et 8l2013. e gata assimilation process (see S&d). In this study,

However, no quantitative estimate of the agreement exists UR,, different 6 ka LOVECLIM simulations are examined:
to now, given the lack of a consistent quantitative sea ice req ovecLIM without assimilation (referred as LOVECLIM

construction covering the Arctic. In this context, this paper assim) and LOVECLIM with sea ice data assimilation
aims at comparing the MH sea ice concentration Simu""‘te({LOVECLIM assim SIC).

by the model of intermediate complexity LOVECLIM and |, 5qdition to LOVECLIM simulations, MH experiments

by general circulation models (GCMs) with new quantita- performed with GCMs in the framework of the third phase
tive reconstructions of Arctic sea ice concentration based 04 the PMIP3 Otto-Bliesner et a) 2009, referred to asnid-
dinocyst assemblagedd Vernal et a|.20133. This model-  5j5cene are analysed. The simulations from which the Pl
data comparison is intended first to estimate whether climatgqterence values have been obtained cover the period 1850—
models are able to reproduce the spatial pattern deduced froyng and are referred #mstorical in the fifth phase of the
proxy records. In a second step, a simulation with data aStoupled Model Intercomparison Project; (CMIPSaylor
similation is performed with the climate model LOVECLIM. ; 4 2019. The GCMs selected here (Tallpare the ones

The data assimilation method is constructed in such a wayq, \which the variables of interest for our diagnostics were
that the impact of this additional constraintimproves the con-,, ~i1aple at the time of the analysis.

sistency between the model results and the reconstruction.

This allows us to investigate in more details the processe® 2 Data assimilation method

governing sea ice conditions at 6 ka and analysing the poten-

tial origin of the biases seen in the simulations without dataLOVECLIM results have been constrained to follow a proxy-

assimilation. based sea ice reconstruction through a process of assimila-
tion, using a particle filter with resamplinggn Leeuwen

2.1 Model description
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Table 1.CMIP5/PMIP3 GCMs characteristics and references.

Model name Modelling centre Number of  Reference
members for
historical
simulations
BCC-CSM1-1 Beijing Climate Center, 3 Wu et al.(2014
China Meteorological Administration
CCsSM4 National Center for Atmospheric Research 6 Gentetal(201)
CNRM-CM5 Centre National de Recherches Meteorologiques/ 10 \oldoire et al.(2012

Centre Europeen de Recherche et Formation
Avancees en Calcul Scientifique
CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research 10 Rotstayn et al(2009
Organization in collaboration with Queensland
Climate Change Centre of Excellence

HadGEM2-CC Met Office Hadley Centre 3 Collins et al.(2011)
HadGEM2-ES Met Office Hadley Centre 4 Collins et al.(2011)
MIROC-ESM Japan Agency for Marine-Earth Science and 3  Watanabe et a(201])

Technology, Atmosphere and Ocean Research

Institute (The University of Tokyo), and

and National Institute for Environmental
MPI-ESM-P Max Planck Institute for Meteorology 2 Stevens et a(2013
MRI-CGCM3 Meteorological Research Institute 5 Yukimoto et al.(2012

2009 Dubinkina et al.20117), in a similar manner as in sev- (dinocysts). The dinocyst distribution in Arctic and subarc-
eral recent studies (e.@goosse et a1.2012 Mathiot et al, tic seas is indeed controlled by several environmental param-
2013 Mairesse et al.2013. First, an ensemble of 96 simu- eters including productivity, salinity, temperature and, most
lations (called particles) is initialized from a slightly different importantly, sea icede Vernal and Rochgr2011). The data

sea surface temperature for each particle, allowing differenset is based on the dinocyst content of 18 cores collected in
time developments. After one year of simulation, the like- the North Atlantic and Arctic oceans (Tal@nd Fig.1). Sea
lihood of each particle is computed from the difference be-ice is expressed in terms of annual mean concentration (in %)
tween the proxy-based reconstructed and the simulated sesnd is associated with a standard errordfl % (de Vernal

ice concentration anomalies (6 ka minus PI results), takinget al, 20133. This value is used as the estimate of the recon-
into account the errors. Depending on their likelihood, i.e. struction uncertainty for the evaluation of the likelihood in
their ability to reproduce the signal derived from the avail- the experiment with data assimilation.

able reconstructions, the particles are then either abandoned The sea ice reconstructions have inherent uncertainties that
if their likelihood is low or kept as a basis for the next year's are linked on the one hand to the intrinsic variability of sea
simulation if their likelihood is high enough. In order to ice and accuracy of observations and, on the other hand, to
maintain a constant number of particles until the end of thelimitation related to the proxy and its application (see the dis-
simulated period, a resampling, depending on the particlegussion inde Vernal et a].2013h. Whereas interannual vari-
likelihood, is conducted annually: the particles with a higher ations of sea ice cover as measured instrumentally over the
likelihood are copied more times than the others. Finally, thelast decades account for a standard deviation close to 10 %
initial conditions of each particle are once more perturbed byon average, the largest source of uncertainties is probably the
adding a small noise to the sea surface temperature of thmismatch between the time interval of instrumental data used
copies in order to obtain different time developments for theas reference (here, 1953—-2003) and the time interval repre-
following year, and the whole procedure is repeated sequensented by dinocyst populations in surface sediment samples,
tially every year until the end of the simulation, here after which may cover centuries. Such limitations apply to all sed-

400 years. imentary proxies. In the case of dinocyst data, which include
66 taxa and 1492 reference data points from the Northern
2.3 Proxy-based sea ice reconstruction Hemisphere, about half of them being representative of sea-

sonal sea ice environment, the application of the modern ana-
The MH proxy-based sea ice reconstructions used to evalulogue technique (MAT) permits quantitative reconstruction
ate model performance and to constrain LOVECLIM sim- With an accuracy of=11%. Regardless of the sources of un-
ulations is derived from cysts produced by dinoflagellatescertainties inherent to both the reference and proxy data sets,

www.clim-past.net/10/1145/2014/ Clim. Past, 10, 1145163 2014
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Table 2. Description of all the cores available at0.5 ka (AD —4050+ 0.5 kyr) used to reconstruct sea ice covae {/ernal et al.20133.
The table shows the core ids used in this study, their name, location, latitude, longitude and the reconstructed sea ice concentration (sic ano
anomalies (reference period AD 1850-1900).

Id  Core name Location Lat Long 6k sic ano (%)
1. HLYO05JPC Chukchi Sea 72.69 —-157.52 8.95

2. GGC19 Chukchi Sea 72.16 —155.51 22.60

3. LS009 Lancaster Sound 74.19 —81.195 —4.49

4, BS004 Barrow Strait 74.27 —91.09 12.60

5. HUO008 Nares Strait 77.27 —74.32 —14.53

6. HUO021TWC Labrador Sea 58.37 —-57.51 -5.82

7. HUO013 Labrador Sea 58.21 -48.31 -12.59

8. MD2227 Atlantic 58.21 —48.37 -5.08

9. HUO044 East Canadian margin 44.49 —55.19 0.14
10. MD2033 Gulf of St Lawrence 44.66 —55.62 -0.52
11. HU094 Atlantic 50.2 —45.69 -8.25
12. HUO085 Atlantic 53.98 -38.64 -1.85
13. MD2254 Atlantic 56.8 —30.66 3.53
14. HMO025 Faroe-Shetland Channel 60.11 —6.07 1.61
15. JM1207 Denmark Strait 68.1 —-29.35 0.88
16. M23323 Norwegian Sea 67.77 5.92 2.07
17. MSM712 Fram Strait 78.92 6.77 —5.45
18. PL112 Barents Sea 71.27 42.61 5.75

Other sea-ice
reconstructions

Sea-ice reconstructions based on
dinocysts (de Vernal et al., 2013)

Q1

20

Proxy types
> TP
[0 Driftwood
\/ Bowhead bones
@ Dinocysts
/N\ Beach ridges
@ Others

100%

3,004

More

No clear
change

Less

Sea-ice conc. (%) Sea-ice conditions

0°

Figure 1. Reconstructions of sea ice conditions for the mid-Holocene. Diamonds markers with number next to them (refer to the left-
hand coloured bar) correspond to MH sea ice concentration anomalies (in %) using the reference period AD 1850—-1900 based on dinocyst
assemblagegdé Vernal et al.20133. The other markers with numbers inside are the MH sea ice signals derived from different sea ice
proxies (see key on the right). Sea ice conditions are expressed in terms of more (blue) or less (red) sea ice in the MH as compared to ¢
reference period which varies depending on the record but which generally covers most of the Holocene (&eTTablecation of some

proxies has been shifted slightly for an improved readability.

the accuracy is calculated from the residuals or differencecuracy, uncertainties in reconstruction of past sea ice condi-
between observed and estimated values and corresponds tions may come from poor analogue situations or low counts
the standard deviation of the residuals. In addition to the acmaking the statistics for reconstructions weaker. This is why
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Table 3. Arctic sea ice reconstructions displayed in Figand their signal in the MH as compared to the reconstruction means.

Id.  Proxy type Reconstructed variable Result at 6 ka Compared to Reference

1 P25 Spring sea ice occurrence Low 7 ka—present Belt et al.(2010

2 IPosg Spring sea ice occurrence Low 7 ka—present Belt et al.(2010

3 P25 Spring sea ice occurrence Low 10-0.4ka Vare et al.(2009

4 IPos, PIPs, IRD Sea ice occurrence Low PI period Miiller et al.(2012
5 IPosg Sea ice cover Low P1 period Mdiller et al.(2012
6 IP,5, brassicasterol Sea ice cover Low Pl period Miiller et al.(2012

7 Dinocyst Sea ice duration Increased 8 ka—present Farmer et al(201])
8 Driftwood Sea ice conditions More open water 10 ka—presentEngland et al(2008
9 Driftwood Summer sea ice conditions  More open water 11 ka—preserennike(2004)

10 Driftwood, beach ridges Sea ice conditions Long open-water periods 10 ka—preséninder et al(2011)
11 Beachridges Sea ice conditions No multiyear sea ice - Moller et al.(2010
12 Bowhead Summer sea ice conditions  Severe 10.5 ka—predeyke et al.(1999

13 Bowhead Summer sea ice conditions ~ Severe 10.5 ka—pres&thkinson (2009

14  Foraminifera Seaice cover Low 14-2ka Hanslik et al.(2010
15 Quartz Drift ice cover Minimal 11.7 ka—presentAndrews et al(2009
16 Ostracode Sea ice cover Low Holocene Cronin et al.(2010
17 IRD Sea ice condition Low 10 ka—present Jennings et al2002
18 §13C, TOC Sea ice condition Mean 11 ka—present Olsen et al(2012

indices of reliability have been proposed in order to asses2.4 Experimental design

the quality of reconstructions. In the present case, more than

95 % of reconstructions are labelled with high-quality indices All the MH simulations represent equilibrium conditions cor-

(cf. de Vernal et al.2013a and data posted on the Geotop responding to 6ka. They use the orbital forcing, following

website). Berger(1978. The changes in greenhouse gas concentration
The proxy records include variability on a are taken fronFliickiger et al(2002 for LOVECLIM simu-

(multi-)centennial timescale that could not be repro- lations, which are slightly different from the ones used in the

duced in the time slice experiments performed following the framework of the CMIP5/PMIP3h{tp://pmip3.Isce.ipsl.f)/

PMIP protocol. Therefore, we consider the MH as a periodAs in Mathiot et al (2013 andMairesse et al2013, LOVE-

of 1kyr, i.e. 620.5ka, which limits the contribution of CLIM simulations also consider slight changes in ice sheet

internal variability and non-orbital forcings. The choice of topography and surface albedo, following the reconstruction

such an interval length also allows us to neglect the potentiabf Peltier(2004, as well as in freshwater fluxes from Antarc-

biases related to dating uncertainties. tic ice sheet melting according to the resultsRaflard and
The model-data comparison and the data assimilation ar®eConto(2009. This represents a small difference as com-

performed using anomalies and considering the Pl conditiongared to the CMIP5/PMIP3 protocol, as the latter prescribes

(AD 1850-1900) as a reference period. We have preferredgpresent-day ice sheet topography and no change in freshwa-

this option rather than using recent observed sea ice coveter fluxes at 6 ka with respect to the present. However, this

since comparing sea ice conditions inferred from dinocysthas virtually no effect on results.

content with satellite data would have led to additional un- For the reference period corresponding to the Pl values, we

certainties. Furthermore, the recent period is far from beinghave averaged all the results from available members for each

adequate for calculating anomalies since it presents rapi@éeCM (Tablel) and from a set of experiments with LOVE-

changes characterized by a significant decrease in sea ideLIM (Crespin et a].2012 over the period AD 1850-1900

(e.g.Stroeve et a).2011). Unfortunately, many of the avail- (over the period AD 1860-1900 in the cases of HadGEM2-

able reconstructed time series used here are not continuoysC and HadGEM2-ES).

up to AD 1900. We have thus decided to reconstruct the ref-

erence data set by computing a linear interpolation of those

time series up to the period AD 1850-1900. To avoid extrap-3 Results and discussion

olating over too long periods, the proxy records ending be-
fore 2 ka have been discarded from our analysis. 3.1 Seaice changes at 6 ka deduced from observations

Despite the general context of high summer temperatures

characterizing the high northern latitudes during the early to
mid-Holocene Wanner et a.2008 Sundgqyvist et a).2010,

www.clim-past.net/10/1145/2014/ Clim. Past, 10, 1145163 2014
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the quantitative proxy-based sea ice reconstructions baseih the end of the records covering the very late Holocene
on dinocysts display heterogeneous and weak anomalies @Muller et al, 2012, consistent with the negative sea ice con-
6 ka (Fig.1). Lower annual mean sea ice concentration iscentration anomalies of core id 17.
recorded in the MH in the Fram Strait, northern Baffin Bay Further south, along the East Greenland Shelf, the recon-
and Labrador Sea as compared to the Pl period. By contrasstruction ofMuller et al.(2012 based on Ik and brassicast-
the MH is characterized by higher sea ice concentration irerol and the reconstruction dénnings et a(2002 based on
the Chukchi Sea, and to a lesser extent, in the Barents Sdae-rafted detritus are consistent and highlight relatively low
and in the Barrow Strait (in the CAA; Fid). sea ice cover in the MH as compared to the Pl period and the
Overall, this data set appears consistent with other seavhole Holocene period, respectively. The dinocyst-based re-
ice proxy-based reconstructions, even if the consistency canonstruction fronde Vernal et al(20138 adjacent from the
only be examined qualitatively since most of the available previous reconstructions (id 15) shows no change at 6 ka as
proxy-based sea ice reconstructions are qualitative or semieompared to the Pl period.
quantitative. Furthermore, most of the mid-Holocene con- Off northern Iceland, the extent of driftice seemed to reach
ditions depicted by those records are here compared to tha minimum in the MH relative to the past 10 kyr, according
whole (or most) of the Holocene and not to the Pl period asto a reconstruction based on the presence of quardrews
displayed in our analysis, since data are often not valuablet al, 2009. Finally, since there is no other independent sea
for the recent period. Information about these proxy recordsce proxy-record, the positive sea ice concentration anoma-
and their signal at 6 ka can be found in TaBland Fig.1. lies displayed in the Barents Sea (id 18) cannot be confirmed
In the CAA, the MH sea ice record deduced from various or rebutted.
proxies is very heterogeneous, which is consistent with the The conclusions derived from the dinocyst-based recon-
dinocyst-based records (id 3-5). On the one hand, the littlestructions ofde Vernal et al(20133 are thus generally qual-
amount of bowhead bones found indicates high sea ice covitatively confirmed by other proxy-based reconstructions,
erage Dyke et al, 1996 Atkinson 2009, but, on the other even if some discrepancies exist. However, out of the 18
hand, the analysis of B3 in several sediment cores suggests proxy-based reconstructions, only four (id 2, 4, 5, and 7 on
low spring sea ice occurrence in the MH compared to theFig. 1) have a larger signal than their error, i.e. does not have
whole Holocene periodvare et al, 2009 Belt et al, 2010. zero within the error bar. This has two implications for the
This heterogeneity can, at least partly, be due to the numerfollowing of this study to keep in mind. First, the potential of
ous narrow straits being associated with different circulationthis data set to test the models’ performance is weak and, sec-
patterns (e.g.ietaer et al.2008. ond, the constraint applied on the LOVECLIM results during
Further west, the higher sea ice concentration recordedhe process of data assimilation will not be large.
over the Chukchi Sea in the MH (id 1 and 2) is in agreement
with relatively low bottom-water temperature on the shelf 3.2 Simulations without data assimilation
as recorded from oxygen isotopes in benthic foraminifers
(Farmer et al.2011) as well as with the relatively low tem- Here, the simulated sea ice signal in the MH on a large scale
perature shown by several proxies in Alaska{fman et al. is first studied, before analysing the sea ice cover for the
2004. model grid points that contain the quantitative sea ice proxy
The sea ice records show a relatively clear picture in therecord ofde Vernal et al(20133 displayed in Fig.1. We
north of Greenland, Svalbard, the east of Greenland and imssume that the spatial representativeness of each core cor-
the Labrador Sea with globally less sea ice in the MH asresponds to the matching grid cell of each model, while the
compared to the Holocene period. Indeed, several sea ickatter have different spatial resolutions. We mainly focus on
condition reconstructions based on driftwood deposits and of the 18 available cores (id 1-5, 15, 17 and 18) because
on beach ridges show rare or absent multiyear sea ice ithe other ones are located south of the simulated sea ice edge
the MH as far north as the northern coasts of Greenlandor most of the GCMs and LOVECLIM for both the MH and
(Bennike 2004 Moller et al, 201Q Funder et al.201]) the PI periods and thus display no change in sea ice concen-
and Ellesmere IslandEfgland et al. 2008, while these tration. Since the proxy records are calibrated to represent
coastlines are presently permanently surrounded by pack icannual means, we primarily focus on the annual means of
(Polyak et al. 2010. Note that according todIlsen et al.  the models, although seasonal means are also considered in
2012, northern Greenland displayed no strong signal in seaorder to get a better understanding of the processes that drive
ice in the MH as compared to the whole Holocene, since thighe simulated sea ice cover.
period was experiencing a shift in climate from warmer con- As compared to the reference period AD 1850-1900,
ditions associated with a reduced sea ice towards colder cormodel results show globally lower annual mean sea ice con-
ditions and more prolonged winter ice cover. This MH shift centrations for the MH in the Arctic (Fi@a for LOVECLIM
is also recorded through the analysis ofgih two sediment  and Fig Al for the other models), although the signal is weak
cores collected from the continental slope of West Spitsberfor most of the models and the ice edge is virtually at the
gen. They display lower sea ice cover in the MH as comparedsame location for both periods. The annual averages actually
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Figure 2. Mean annual, winter (March) and summer (September) MH sea ice concentration anomalies (in %, with respect to the PI reference
period) and location of the ice edge for 6ka (solid lines) and for the Pl period (dashed lines), defined as 15% concentration limits, as
simulated by LOVECLIM without data assimilation.

hide larger differences in sea ice that occur in different seawith a maximum in spring which is consistent with the de-
sons between the MH and the PI period. In winter, the seareased insolation during this seaser2(79 W n12). As for
ice tends to be more variable (Figph for LOVECLIM and the other models which show negative annual sea ice concen-
Fig. A2), nearly all models simulating some regions with a tration anomalies, they have their maximum decrease in sea
higher ice extent and others with a sea ice retreat, but withice in fall (CSIRO-Mk3-6-0, MRI-CGCM3, BCC-CSM1-
different patterns. In summer, the agreement is better with & and LOVECLIM; Fig. 4d) or in winter (CNRM-CM5,
significantly decreased sea ice concentration in all the sectorslad GEM2-CC, HadGEM2-ES and MPI-ESM-P; Fidp).
(Fig. 2c for LOVECLIM and Fig.A3 for the other models).  This contrasts with the previous situation since the maximum
When looking at the locations of the sea ice reconstruc-decrease in sea ice concentration appears delayed compared
tions, the simulated signal is homogeneous over the Chukchio the western Arctic and inconsistent with the insolation
Sea (id 1 and 2) and the CAA (id 3-5), where all models de-anomalies during the corresponding seasei.92 W n12
pict weak negative anomalies (Fig). This annual decrease in fall and 0.04 W n72 in winter). However, this can easily
in seaice cover is mainly due to a lower sea ice concentratioibe explained by the mean state of the models, i.e. the simu-
in summer in response to the relatively strong increase in inlated sea ice concentration in absolute values for the PI pe-
solation (on average 24 WTA for these regions; Figic). To riod. In summer, the models cannot melt any sea ice in the
a lesser extent, fall also contributes to the decrease in annudH compared to the Pl since most of them depict almost
sea ice cover especially in the Chukchi Sea, despite a dwinice-free conditions over the Barents Sea (B)g-The models
dling insolation at 6ka (on average7 Wm~=2; Fig. 4d). that have their maximum decrease in sea ice in fall are the
This can be explained by the inertia of the system: higherones that already display a reasonable ice cover during that
summer insolation leads to a decrease in ice thickness anseason for the PIl. The other models have a later beginning
concentration in summer and thus larger oceanic heat fluxesf the ice season (November—December) for the PI, and thus
during the following seasonsvianabe and Stouffer198Q a maximum reduction at that time.
Renssen et gl2005 Boé et al, 2009 Crespin et al.2012). The annual mean simulated MH sea ice concentration is
No change in winter and spring sea ice cover is simulatedalso lower in Fram Strait (id 17) and in the Greenland Sea
over the Chukchi Sea and the CAA (Fita and b), these re- (id 15) as compared to the Pl values. As in the Barents Sea,
gions being then fully covered by sea ice and far from thethe changes in insolation alone cannot explain the simulated
ice edge (Fig2b for LOVECLIM and Fig.A2 for the other  sea ice cover fluctuations as they vary both in timing and
models). in magnitude between the models. The simulated mean state
In the Barents Sea (id 18), the annual mean sea ice concettikely plays a role there too but the interpretation seems more
tration is also lower in the MH compared to the PI period for complex.
the majority of the models (Fig). However, the spread is As compared to the signal of the proxy-based reconstruc-
larger than in the Chukchi Sea and two GCMs (CCSM4 andtions, the simulated sea ice concentration signal is weaker
MIROC-ESM) even display positive anomalies. These latter(the average of all the modelled annual mean anomalies over
models show higher MH sea ice concentration all year longthe studied locations is 3.3% compared to 6.5% for the
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Figure 3. Mid-Holocene annual mean sea ice concentration anomalies (in %) for the proxy-based reconstrudgoveriodl et al(20133

(black diamonds with error bars) and the corresponding climate models results. The thick black line is the model mean. The grey shaded
areas are the model meat? standard deviations. The dashed red line represents the annual mean insolation at each location studied (in
W m*2) and corresponds to the reversed right axis. The reference period is AD 1850-1900.
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Figure 5. Mid-Holocene (6 ka) and pre-industrial (AD 1850—1900) mean seasonal cycles of sea ice concentration (in %) in the Barents Sea
(at the location of the proxy-based reconstruction id 18).

proxy data; red lines on Fig) and spatially more homo- N —————r————————————

L ( 14F = : I | OVECLIM without data assimilation | |
geneous (the average of standard deviations equals 4.5 sl I | OVECLIM with data assimilation
compared to 8.8%). The most noticeable discrepancy be ,| o I:N““a”ge between MHand P ||
tween models and data occurs in the Chukchi Sea, wher 11} ---- -SSR - - - - .- B s

all models simulate a lower sea ice concentration while the 1°r 1
two proxy-based reconstructions show the opposite @ig. £ ° T
This could be partly due to the misrepresentation of theg
exchanges between the Arctic and the Pacific through thé
Bering Strait by the models. The very heterogeneous sei
ice cover recorded over the CAA is also not reproduced
by the models, but this was expected given that the com:
plex circulation pattern has local effects on sea ice (e.g.
Lietaer et al. 2008. In the Fram Strait, the sea ice record
agrees with the model mean signal. This is not the case it
the Denmark Strait and in the Barents Sea where the mea
simulated sea ice anomalies are negative while the proxy
based reconstructions show positive anomalies @jigven
if some models are able to reproduce the sign and magnitudgigure 6. Ranked RMSE between the MH sea ice anomalies (ref-
of the reconstructed signal. erence period AD 1850—_1900) simulated by each model and the
A more quantitative way to study the (dis)agreement pe-Proxy-based reconstructhns. The error bars cc_>rrespond to the range
tween models and data is to compute the root mean Squal%fthe RMSE when changing the refe_rence period to AD 1850-1875
error (RMSE) between the results of each climate model an nd AD 1875-1900. The purple bar is the RMSE computed assum-

h based . . Th | ing no change between the MH and the Pl and is thus a measure of
the proxy-based sea ice reconstructions (fjg.The val- the mean signal of the data. The dashed red line is the estimate of

ues range from 9 to 14%. The models are in better agreeme mean data error (to be read with the right axis). The red lines are
ment amongst themselves than with the proxy-based reconnhe mean signals of the models and the data (purple bar), both esti-
structions since the difference in RMSE between any of themated as the mean of the absolute value of the difference between
models is smaller (largest difference is equal 5%) than anythe MH and the PI period (to be read with the right axis).

RMSE using the reconstruction. Furthermore, assuming no

change in sea ice concentration between the MH and the PI

period provides an even lower RMSE than any of the mod- o ) .

els (this is equivalent to computing the RMSE using a con-that a §mal| §h|ft in the spatial structures in the models or
stant field of anomalies being equal to zero; see the purpléma” biases in the mean state can lead to large errors. More
bar on Fig.6). However, those RMSE should be analysed importantly, the difference bgtween model and datall is of the
with caution. First, the calculation is performed based on theS@me order as the uncertainty of the reconstructions. The
difference between each proxy-based reconstruction and th@ignal depicted by the proxy-based reconstructions appears

simulated sea ice in the corresponding grid cell. This meandarger and more heterogeneous but we could not determine
with good confidence which part of this discrepancy is due

T
i
Sea-ice concentration

Models
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to the non-climatic noise present in the proxies and in the3.3 Simulations with data assimilation

uncertainties in the reconstruction method, or to the biases of

models results. This prevents estimating explicitly the mod-Without assimilation, the sea ice concentration simulated by
els’ skills as done, for instance, Hargreaves et a(2013 LOVECLIM shows some clear differences with the best esti-
and inMairesse et al2013 for temperature data. The main mates given by the reconstructionsdafVernal et al(20133
robust conclusion is that models and reconstructions agre@-ig. 6), especially in the Chukchi Sea where the model dis-
that the changes between the MH and the PI period annugdlays the most negative anomalies among all models while
mean sea ice concentration are relatively weak. the proxy-based reconstructions show positive ones @ig.

On a larger scale, the atmospheric circulation changes mays expected, data assimilation leads to better agreement with
explain the spatial structure of the simulated sea ice anomathe majority of the proxy-based reconstructions (compare the
lies in various models. Here, the atmospheric circulation isgreen triangles in Figd with the green squares). In particular
inferred from the surface pressure of the GCMs because thever the Chukchi Sea (id 1 and 2), LOVECLIM with data as-
geopotential heights were not available for all of them atsimilation has an annual mean ice concentration higher than
the time of the analysis. For the LOVECLIM simulations, LOVECLIM without data assimilation, respectively 9.7 and
we preferred using the geopotential heights at the pressur&2.1 % where cores 1 and 2 are located. This strong increase
level 800 hPa because it is a direct dynamical variable thats, however, not sufficient to get positive anomalies, since
gives more reliable results than the surface pressure. We havaver that region, the increase of the simulated sea ice can
checked the models for which both the geopotential heightonly occur in summer and autumn, the rest of the year be-
and the surface pressure were available and, qualitativelying already fully covered by sea ice in the MH. However, the
these two variables give the same atmospheric patterns.  significantly higher insolation in summer and its lingering

The simulated atmospheric circulation changes betweerffect in autumn prevents any massive increase in sea ice.
the MH and the PI are relatively weak, and appear to hava-urthermore, the proxy-based reconstruction uncertainty is
a relatively complex spatial structure (Figsand8). Over- larger than the signal depicted by the first core, which leads
all, the models disagree on many aspects of the change$p a constraint too weak to get positive anomalies.
although some common atmospheric patterns can be found Over the CAA (id 3-5), the signal of the proxy-based re-
in spring (a trend similar to a more negative Arctic Os- constructions is too heterogeneous to be simulated by LOVE-
cillation regime), summer and autumn (higher geopotentialCLIM. Compared to the simulation without data assimila-
height over the northern Pacific and globally lower over thetion, the simulation with data assimilation provides a slightly
Eurasian continent) (not shown). Depending on the modeincreased annual mean sea ice concentration because of a less
selected, the atmospheric circulation can initially exacerbateeduced summer sea ice. Yet the annual anomalies are still
or mitigate the decreased sea ice cover due to the highemegative, which is consistent with two out of the three cores
summer insolation over the Chukchi Sea. Indeed, some modeocated there (id 3 and 5). In the Denmark Strait (id 15),
els display atmospheric circulation patterns that tend to in-the consistency between LOVECLIM and the proxy-based
duce some sea ice convergence towards that region (e.geconstruction is lower after data assimilation, due to a de-
CCSM4, MRI-CGCM3, MIROC-ESM) or to push it away creased winter and spring sea ice concentration (&g.
(e.g. LOVECLIM no assim, BCC-CSM1-1). Nevertheless, and b). However, the simulated sea ice stays within the range
the link between atmospheric circulation and sea ice concenef the proxy-based reconstruction error.
tration is hard to estimate because of the likely dominantrole Further north, in Fram Strait (id 17), LOVECLIM with-
of the thermodynamical response to insolation changes.  out assimilation is very close to the data and the assimilation

The role of the atmospheric circulation does not appearhas virtually no effect on the simulated sea ice. Eventually,
to be clearer in the Barents Sea, where the positive annuahe simulated annual sea ice concentration at the Barents Sea
anomalies displayed by CCSM4 and MIROC-ESM cannot(id 18) is increased by 4.8 % in the simulation with data as-
be explained by the respectively southerly and easterly windsimilation compared to the simulation without assimilation.
anomalies simulated there, although the northerly winds simin this way, LOVECLIM gets closer to the data but fails to
ulated by CNRM-CMS5 could explain the large negative seasimulate the positive anomaly necessary to really be consis-
ice anomalies simulated by this model. The different re-tent with the data that shows an increase in sea ice concen-
sponses of the models appear thus to imply too many protration by 5.7 %. Since there is a lack of other independent
cesses to be analysed in the present framework using avaikea ice proxy records, this last proxy-based reconstruction of
able diagnostics. The potential role of atmospheric circula-de Vernal et al(20133 could not be validated, even qual-
tion will be more deeply analysed in the next section, involv- itatively. As it is the only core on the Eurasian coast and
ing data assimilation. In that particular case, model physicss, therefore, potentially important to the whole assimilation
is the same and the only differences are the ones induced byrocess, its effect has been tested in additional sensitivity ex-
the data constraint, which manifests itself in our experimentgperiments. However, changing its sea ice concentration value
mainly through atmospheric circulation changes. (to 0 and—20% instead of 5.75 %) does not lead to large

changes in sea ice concentration at the other core locations or
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Figure 7. Annual mean surface pressure anomalies (in Pa) simulated by the GCMs for the MH (reference period AD 1850-1900).

in the RMSE of the model (not shown). This core is thus notthe sea ice reconstruction is still far from being perfect.
critical to the assimilation process on a large scale, LOVE-This is not surprising considering first the uncertainty of the
CLIM being able to fit the new core values locally without data, which is of the same order of the signal in many lo-
significantly altering the sea ice results somewhere else.  cations, making the constraint relatively weak. The data as-
Overall, the data assimilation leads to a modest decreassimilation method used here does not consist of changing the
of the RMSE (9.6 % compared to 12.8%; F&@), but the  physics or parameters of the model but instead of selecting
agreement between LOVECLIM with data assimilation andthe simulations from among an ensemble that best fit the
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(a) Without data assimilation (b) With data assimilation

180°W

M08

Figure 8. MH annual geopotential height anomalies (in m) at 800 hPa simulaté b@VECLIM without assimilation angb) LOVECLIM
with assimilation of sea ice proxy data. The reference period is AD 1850—1900.

180°W higher pressure anomaly centred on the Aleutians in the sim-
ulation with data assimilation compared to the simulation
without data assimilation leads to a cooling in the Chukchi
Sea and to a convergence of sea ice in that region @ig.

On the other side of the Arctic, the lower pressure anomaly
centred on Russia is responsible for a cooling over the Bar-
ents Sea and thus leads to the increased simulated sea ice
where core 18 is located.

Mo06
90°E

4 Conclusions

We have compared new quantitative reconstructions of mean
annual sea ice concentration in the MH with models output.
Overall, the sea ice changes between the MH and the PI pe-
riod are relatively weak both in the simulations and the re-
Figure 9. Difference between thg geopotgntial height .an.orr?alies (inconstructions but they are weaker and spatially more homo-
m) at 800 hPa of LOVECLIM with sea ice data assimilation and o005 in models. The simulated ice changes are higher for
LOVECLIM without data assimilation. The black arrows show the = . . . . . .
flow responsible for the change in sea ice at the Barents Sea and th'gdlvIdual seasons, with .a relatlvely Stron.g Se"’? ice retrgat n
Chukchi Sea. summer and a more variable sea ice during winter. This un-
derlines the need for quantitative seasonal reconstructions for
a more comprehensive model-data comparison in the future.
A general agreement between models and proxy-based re-
data. Consequently, the potential to significantly modify the constructions is found in the Labrador Sea while a large dis-
way LOVECLIM simulates the sea ice for the MH is limited. crepancy occurs in the Chukchi Sea, where models are not
Furthermore, the spatial resolution is rather coarse in LOVE-able to reproduce the relatively high sea ice concentration
CLIM and, therefore, it cannot take into account small spatialreconstructed for the MH compared to the PI period. How-
scale processes potentially dominant over regional processesver, the uncertainty of the reconstructions, which is of the
for some records. same order as the changes, prevents a precise evaluation of
The improved consistency between the simulation with seahe models’ skills on a regional scale.
ice data assimilation and the sea ice proxy-based reconstruc- Over the Chukchi Sea, the increased summer insolation
tions is associated mainly with higher sea ice concentratiorappears to be a dominant driver for the simulated sea ice
in the Chukchi Sea and in the Barents Sea. This is achievedhanges, while atmospheric circulation can mitigate or ex-
through changes in the atmospheric circulation. Indeed, thecerbate the decrease in sea ice concentration. Between
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Greenland and the Barents Sea, the simulated sea ice con-When LOVECLIM is constrained to follow the signal
centration is more variable amongst models meaning that theecorded in the proxy-based reconstructions using data as-
agreement between models and data depends on the modgilation, the resulting simulation shows overall a better
considered. Over the whole Arctic, but particularly in these agreement with data. This is mainly due to a decrease in
regions, the mean state of the models influences the timing othe magnitude of the southerly winds in the Barents Sea and
the simulated sea ice changes with a reduction of the MH se#o stronger westerlies in the Beaufort and the Chukchi seas.
ice concentration compared to Pl values obviously only at theThe agreement between model results and proxy-based re-
time when there is already sea ice in the PI. In addition to theconstructions is, however, still far from perfect. This can be
role of insolation and to the link between the mean state andxplained to some extent by the relatively small magnitude of
the model response, it is difficult in the present framework tothe reconstructed signal compared to the uncertainties. The
precisely identify the mechanisms that control the simulatedatmospheric circulation anomalies induced by data assimila-
sea ice concentration for all models. tion can then be viewed as the main process leading, qualita-
tively, to a better model-data agreement. A larger amplitude
of this pattern would lead to smaller model-data discrepan-
cies but the value obtained in our simulation is determined
by the experimental design, in particular the selected data
uncertainties.
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Appendix A
(a) BCC-CSM1-1 (b) ccsm4 (C) CNRM-CM5
300\ ﬁpN ﬁw
‘\\ a - b \\\
ol /1\‘\.. & / - ) é\ /éu/ T f\ &
: Y 2 I3 23 g 2
S Aoy 3 S & S z
/ \ \
[ \ “/ [
A\ \ S age
& s Y g S/ 4 e Ny Y
60N " @ 60N o 60N ¥ 3
f / i /! i /
45 N / 45 N / 45 N /
0 — ) _— 0 -
(d) CSIRO-MK3-6-0 (e) HadGEM2-CC (f) HadGEM2-ES
—308 I
/,// \\ /,/ g \\\
y BN
& B F 2
‘ “‘ -~ ‘ ‘\ £Y
/A < ) g 5
.,w/ . N\ f_""’/ % . ‘/'"“\/ ’ K
S \9, BN < \é 60°N &
/' ‘\\ /'/ \\ /"
AN 45N 2 L 45N g
‘\\\77 ok _ ‘\x,, 5 oni k _

(g) MIROC-ESM

3081

N

(i) MRI-CGCM3

3 uox
/’*

4}‘ A~ ~ % T = 20,
/@ | 2 IS A
/ \\ /
If‘ -J\
A~ / S
2, : <Y % ! Y
% 60N 9 2 60°N =~ 9
o 4 o 7 \\ o
45N ) 45N 3 N 45N
\ 5 - o /// S~ =L —
T T T
M . . . L ThEe
-60 -40 -20 0 20 40 60

Sea-ice concentration anomaly (%)

Figure Al. Mean MH annual sea ice concentration anomalies (in %, with respect to the PI reference period) and location of the ice edge for
6 ka (solid lines) and for the PI period (dashed lines), defined as 15 % concentration limits.
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Figure A2. MH winter (March) sea ice concentration anomalies (in %, with respect to the PI reference period) and location of the ice edge
for 6 ka (solid lines) and for the PI period (dashed lines), defined as the 15 % concentration limits.
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Figure A3. MH summer (September) sea ice concentration anomalies (in %, with respect to the PI reference period) and location of the ice
edge for 6 ka (solid lines) and for the Pl period (dashed lines), defined as 15 % concentration limits.
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