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Abstract

The consistency between a new quantitative reconstruction of Arctic sea-ice concen-
tration based on dinocyst assemblages and the results of climate models has been
investigated for the mid-Holocene. The comparison shows that the simulated sea-ice
changes are weaker and spatially more homogeneous than the recorded ones. Fur-5

thermore, although the model-data agreement is relatively good in some regions such
as the Labrador Sea, the skill of the models at local scale is low. The response of the
models follows mainly the increase in summer insolation at large scale. This is mod-
ulated by changes in atmospheric circulation leading to differences between regions
in the models that are albeit smaller than in the reconstruction. Performing simulations10

with data assimilation using the model LOVECLIM amplifies those regional differences,
mainly through a reduction of the southward winds in the Barents Sea and an increase
in the westerly winds in the Canadian Basin of the Arctic. This leads to an increase in
the ice concentration in the Barents and Chukchi Seas and a better agreement with the
reconstructions. This underlines the potential role of atmospheric circulation to explain15

the reconstructed changes during the Holocene.

1 Introduction

Sea-ice is a key element of the global climate system. First, it enhances climate re-
sponse at high latitudes of the Northern Hemisphere as it is involved in various feed-
backs, in particular the classical ice albedo feedback (Holland and Bitz, 2003; Serreze20

et al., 2009; Screen and Simmonds, 2010; Stroeve et al., 2011). Second, sea-ice plays
a role in deep water formation through brine rejection which is a crucial driver of the
global thermohaline circulation (Lohmann and Gerdes, 1998; Goosse and Fichefet,
1999). Third, it modifies the exchanges of heat and gases between the atmosphere
and polar oceans because of its insulation properties (Ebert and Curry, 1993). Conse-25

quently, changes in Arctic sea-ice cover and thickness influence the atmospheric and
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hydrographic conditions at high latitudes, which may in turn have an impact on the Eu-
ropean and the North-American climate (e.g. Serreze et al., 2007; Francis and Vavrus,
2012).

The processes involved in the sea-ice behavior are complex, which explains why cli-
mate models still have clear biases in simulating sea-ice for present-day conditions5

(Stroeve et al., 2012; Massonnet et al., 2012). It is thus important to improve our
understanding of sea-ice and its representation in climate models, especially in the
current context of a decreased Arctic sea-ice cover and thickness over the past few
decades (Serreze et al., 2007; Stroeve et al., 2011), likely related to anthropogenic
climate change (e.g. Notz and Marotzke, 2012).10

The analysis of past sea-ice fluctuations provides an interesting complement to the
study of the last decades, in particular the ones focusing on the Holocene (the current
interglacial) as the boundary conditions of the climate system were roughly similar to
the present ones (Wanner et al., 2008). In the absence of direct instrumental measures,
this can be achieved by two complementary approaches, proxy-based reconstructions15

(e.g. Funder et al., 2011; Müller et al., 2012) and modelling (e.g. Goosse et al., 2013;
Berger et al., 2013). This allows, amongst others, to contextualize the recent climate
changes, to validate climate models results, and to improve the physical understanding
of the system (Zhang et al., 2010; Braconnot et al., 2012).

Here we will focus on the mid-Holocene (6 ka, hereafter MH) as it is a classical period20

that is reasonably well documented as much in terms of proxy data (see Sect. 3.1) as
in terms of models results since it is a standard target for the Paleoclimate Model
Intercomparison Project (PMIP, e.g. Braconnot et al., 2007). The MH coincides with
the end of a warm period in the Arctic that started about 9 ka (Sundqvist et al., 2010)
due to a high orbitally-driven summer insolation. Insolation has its maximum at around25

11 ka (Berger, 1978) but the warmest conditions have been asynchronous across the
Arctic due to the effect of the lingering Laurentide Ice Sheet (Kaufman et al., 2004;
Renssen et al., 2009). At 6 ka, some regions were thus already experiencing a cooling
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(for instance Alaska) while others were still close to their maximum temperature (like
northeast Canada) (Kaufman et al., 2004).

Although most Arctic proxies support lower sea-ice conditions during the MH as com-
pared to the entire Holocene, the recorded changes are not homogeneous between
the different regions (see Sect. 3.1). In addition to modifications in the oceanic and5

atmospheric circulations or to the influence of the remnant Laurentide Ice Sheet that
could have an impact at a large scale, complex local topography can be responsible for
a high heterogeneous response on small spatial scales. This is particularly the case
in the Canadian Arctic Archipelago (CAA) with its complicated disposition of narrow
straits, where proxy records display contrasted signals for nearby locations (e.g. Vare10

et al., 2009; Atkinson, 2009). Furthermore, the uncertainties related to the interpreta-
tion of proxies or to their dating can also explain some of the discrepancies (Polyak
et al., 2010; Sundqvist et al., 2010).

In qualitative agreement with data, models simulate less sea-ice extent in summer
during the MH as compared to the pre-industrial (PI) conditions, following the higher15

summer insolation (Berger et al., 2013; Goosse et al., 2013). However, no quantitative
estimate of the agreement exists up to now given the lack of a consistent quantitative
sea-ice reconstruction covering the Arctic. In this context, this paper aims at compar-
ing the MH sea-ice concentration simulated by the model of intermediate complexity
LOVECLIM and by general circulation models (GCMs) with a new quantitative recon-20

struction of Arctic sea-ice concentration based on dinocyst assemblages (de Vernal
et al., 2013). This model-data comparison is intended first to estimate if climate models
are able to reproduce the spatial pattern deduced from proxy records. In a second step,
a simulation with data assimilation is performed with the climate model LOVECLIM. The
impact of this additional constraint improves by construction the consistency between25

the models results and the reconstructions. This allows investigating in more details
the processes governing sea-ice conditions at 6 ka and analysing the potential origin
of the biases seen in the simulations without data assimilation.
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The models selected, the experimental design and the proxy reconstruction based on
dinocyst assemblages are presented in Sect. 2. Section 3 starts with a short description
of the observed sea-ice changes. It is followed by an analysis of the results of the
simulations without data assimilation and finally of the simulation with data assimilation.
Conclusions are presented in Sect. 4.5

2 Methodology

2.1 Models description

Experiments have been performed with the three-dimensional Earth climate model of
intermediate complexity LOVECLIM version 1.2 (Goosse et al., 2010). It includes a rep-
resentation of the atmosphere, ocean, sea-ice and land surface including vegetation.10

The atmospheric component is ECBilt2 (Opsteegh et al., 1998), a quasi-geostrophic
spectral model with T21 horizontal resolution (corresponding to 5.6◦ ×5.6◦ latitude-
longitude) and 3 vertical levels in addition to the surface. Ocean and sea-ice are sim-
ulated by CLIO3 (Goosse and Fichefet, 1999), which is a general circulation model
coupled to a comprehensive thermodynamic-dynamic sea-ice model. Its horizontal15

resolution is of 3◦ by 3◦ and the ocean is divided into 20 unevenly spaced vertical
levels. LOVECLIM also contains the vegetation model VECODE (Brovkin et al., 2002),
that takes into account the distibution of 3 different land covers (deserts, grasses and
forests) using the same resolution as ECBilt2. Due to its coarse resolution and to sim-
plifications introduced in the representation of some atmospheric processes, LOVE-20

CLIM is much faster than the more sophisticated coupled climate models. It allows
to produce the large amount of simulations required for the data assimilation process
(see Sect. 2.2). In this study, two different 6 ka LOVECLIM simulations are examined:
LOVECLIM without assimilation (referred as LOVECLIM no assim) and LOVECLIM with
sea-ice data assimilation (LOVECLIM assim SIC).25
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In addition to LOVECLIM simulations, MH experiments performed with GCMs follow-
ing the framework of the third phase of the Paleoclimate Modelling Intercomparison
Project (PMIP3, Otto-Bliesner et al., 2009), referred as midHolocene, are analyzed.
The simulations from which the PI reference values have been obtained cover the pe-
riod 1850–2000 and are referred as historical in the fifth phase of the Coupled Model5

Intercomparison Project (CMIP5, Taylor et al., 2012). The GCMs selected here (Table
1) are the ones for which the variables of interest for our diagnostics were available at
the time of the analysis.

2.2 Data assimilation method

LOVECLIM results have been constrained to follow a proxy-based sea-ice reconstruc-10

tion through a process of assimilation, using a particle filter with re-sampling (van
Leeuwen, 2009; Dubinkina et al., 2011), in the same way as in several recent stud-
ies (e.g. Goosse et al., 2012; Mathiot et al., 2013; Mairesse et al., 2013). First, an
ensemble of 96 simulations (called particles) is initialized from slightly different sea
surface temperature for each particles, allowing different time developments. After 1 yr15

of simulation, the likelihood of each particle is computed from the difference between
the proxy-based reconstructed and the simulated sea-ice concentration. The particles
too distant from the reconstruction are abandoned whereas the ones close enough are
kept as a basis for the next year simulation. In order to maintain a constant number of
particles until the end of the simulated period, a resampling function of the particles20

likelihood is conducted annually. The sea surface temperature of the copies is once
more perturbed to obtain different time developments for the following year, and the
whole procedure is repeated sequentially every year until the end of the simulation,
here 400 yr.
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2.3 Proxy-based sea-ice reconstruction

The MH proxy-based sea-ice reconstruction used to evaluate models performance and
to constrain LOVECLIM simulations is derived from cysts produced by dinoflagellates
(dinocyst). The dinocyst distribution in Arctic and sub-Arctic seas is indeed controlled
by several environmental parameters including productivity, salinity, temperature and5

most importantly sea-ice (de Vernal and Rochon, 2011). The dataset is based on the
dinocyst content of 18 cores collected in the North Atlantic and Arctic Oceans (Table 2
and Fig. 1). Sea-ice reconstruction is expressed in terms of annual mean concentration
(in %) and is associated with a standard error of ±11 % (de Vernal et al., 2013). This
value is used as the estimate of the reconstruction uncertainty for the evaluation of the10

likelihood in the experiment with data assimilation.
The proxy records include variability at (multi-)centennial time scale that could not

be reproduced in the time-slice experiments performed following the PMIP protocol.
Therefore, we consider the MH as a period of 1 kyr, i.e. 6±0.5 ka, which limits the con-
tribution of internal variability and non-orbital forcings. The choice of such an interval15

length also allows neglecting the potential biases related to dating uncertainties.
The model-data comparison and the data assimilation are performed using anoma-

lies considering the PI conditions (1850–1900 yr AD) as reference period. We have
preferred this option rather than using recent observed sea-ice cover, since comparing
sea-ice conditions inferred from dinocyst content with satellite data would have lead20

to additional uncertainties. Furthermore, the recent period is far from being adequate
for calculating anomalies since it presents rapid changes characterized by a significant
decrease in sea-ice (e.g. Stroeve et al., 2011). Unfortunately, many of the available
reconstructed time series used here are not continuous up to 1900. We have thus de-
cided to reconstruct the reference dataset by computing a linear interpolation of those25

time series up to the period 1850–1900 AD. To avoid extrapolating over too long peri-
ods, the proxy records ending before 2 ka have been discarded from our analysis.
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2.4 Experimental design

All the MH simulations represent equilibrium conditions corresponding to 6 ka. They
use the orbital forcing following Berger (1978). The changes in greenhouse gases con-
centration are taken from Flückiger et al. (2002) for LOVECLIM simulations, which is
slightly different of the ones used in the framework of CMIP5/PMIP3 (http://pmip3.lsce.5

ipsl.fr/). As in Mathiot et al. (2013) and Mairesse et al. (2013), LOVECLIM simulations
also consider slight changes in ice sheets topography and surface albedo following
the reconstruction of Peltier (2004), as well as in freshwater fluxes from Antarctic ice
sheet melting according to Pollard and DeConto (2009) results. This represents a small
difference as compared to the CMIP5/PMIP3 protocol as the latter prescribes present-10

day ice sheet topography and no change in freshwater fluxes at 6 ka with respect to
present. However, this has virtually no effect on results.

For the reference period corresponding to PI values, we have averaged all the results
from available members for each GCM and from a set of experiments with LOVECLIM
(Crespin et al., 2012) over the period 1850–1900 (over the period 1860–1900 in the15

cases of HadGEM2-CC and HadGEM2-ES).

3 Results and discussion

3.1 Sea-ice changes at 6 ka deduced from observations

Despite the general context of high summer temperatures and low sea-ice conditions
characterizing the high northern latitudes during the early to mid-Holocene (Wanner20

et al., 2008; Polyak et al., 2010; Sundqvist et al., 2010), the quantitative proxy based
sea-ice reconstructions based on dynocists display heterogeneous and weak anoma-
lies at 6 ka (Fig. 1). Lower annual mean sea-ice concentration is recorded at the MH in
the Fram Strait, northern Baffin Bay and Labrador Sea as compared to PI period. On
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the contrary, the MH is characterized by higher sea-ice concentration in the Chukchi
Sea, and to a lesser extent, in the Barents Sea and in the Barrow Strait (in the CAA).

Most of these dinocyst-based sea-ice records appear directly consistent with local
temperature and other sea-ice MH records. In agreement with the reduced ice con-
centration in Nares Strait and in Fram Strait (id 5 and 17 on Fig. 1), several sea-ice5

conditions reconstructions based on driftwood deposits and on beach ridges show rare
or absent multiyear sea-ice at the MH as far North as the northern coasts of Greenland
(Bennike, 2004; Funder and Kjaer, 2007; Funder et al., 2009; Möller et al., 2010; Fun-
der et al., 2011) and Ellesmere Iceland (England et al., 2008), while these coastlines
are presently permanently surrounded by pack ice (Polyak et al., 2010). Low sea-ice10

conditions as compared to the entire Holocene are also inferred from the analysis of
IP25 in sediment cores collected at the continental slope of West Spitsbergen (Müller
et al., 2012).

Further south, along the East Greenland Shelf, Müller et al. (2012) highlighted rela-
tively high sea-ice cover at the MH as compared to the whole Holocene based on IP2515

and brassicasterol. This contradicts the reconstruction of Jennings et al. (2002) de-
rived from records of ice-rafted detritus, while dinocyst-based reconstruction show no
changes at 6 ka as compared to the PI period (id 15). Off northern Iceland, the extent
of drift ice seemed to reach a minimum at the MH relative to the past 10 kyr, according
to a reconstruction based on the presence of quartz (Andrews et al., 2009).20

In the CAA, the MH sea-ice record deduced from various proxies is very hetero-
geneous which is consistent with the dinocyst-based records (id 3 to 5). On the one
hand, the little amount of bowhead bones found indicates high sea-ice coverage (Dyke
et al., 1996; Atkinson, 2009) but on the other hand, the analysis of IP25 in several sed-
iment cores suggests low spring sea-ice occurrence at the MH compared to the whole25

Holocene period (Vare et al., 2009; Belt et al., 2010). Further west, the higher sea-ice
concentration recorded over the Chukchi Sea at the MH (id 1 and 2) is in agreement
with the MH temperature lower than present inferred from oxygen isotope ratios in lake
sediments in Alaska (Anderson et al., 2001).
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Finally, the negative sea-ice concentration anomaly displayed in the Barents Sea (id
18) appears to stand in contrast to continental proxies that show high temperatures at
the MH relative to the entire Holocene in the North of Scandinavia, although these latter
represent July means (e.g. Seppä and Birks, 2001, 2002). The conclusions derived
from the dinocyst-based reconstruction of de Vernal et al. (2013) are thus generally5

confirmed by other proxy-based reconstructions, even if some discrepancies exist.

3.2 Simulations without data assimilation

We first discuss the simulated sea-ice cover for the model grid points that contain one
sea-ice proxy record displayed on Fig. 1. We assume that the spatial representative-
ness of each core corresponds to the matching grid cell for each model, while the latter10

have different spatial resolution. We mainly focus on 8 of the 18 available cores (id 1, 2,
3, 4, 5, 15, 17 and 18) because the other ones are located south of the simulated sea-
ice edge for most of the GCMs and LOVECLIM for both the MH and the PI periods, and
thus display no change in sea-ice concentration. Since the proxy records are calibrated
to represent annual means, we primarily focus on the annual means of the models, al-15

though seasonal means are also considered in order to get a better understanding of
the processes that drive the simulated sea-ice cover.

As compared to the reference period 1850–1900, models results show globally lower
annual mean sea-ice concentrations for the MH at the studied locations in the Arctic
(Fig. 2). This is consistent with the smaller extent and thinner Arctic sea-ice obtained in20

models for the MH (Berger et al., 2013). The signal is especially clear over the Chukchi
Sea (id 1 and 2) and the CAA (id 3 to 5) where all models depict weak negative anoma-
lies. This annual decrease in sea-ice cover is mainly due to a lower sea-ice concen-
tration in summer in response to the relatively strong increase in insolation (in average
24.35 Wm−2 for these regions, Fig. 3c). To a lesser extent, fall also contributes to the25

decrease in annual sea-ice cover especially in the Chukchi Sea, despite a dwindling
insolation at 6 ka (in average −7.27 Wm−2, Fig. 3d). This can be explained by the in-
ertia of the system: higher summer insolation leads to a decrease in ice thickness and
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concentration in summer and thus larger oceanic heat fluxes during the following sea-
sons (Manabe and Stouffer, 1980; Renssen et al., 2005; Boé et al., 2009; Crespin et al.,
2012). No change in winter and spring sea-ice cover is simulated over the Chukchi Sea
and the CAA, these regions being then fully covered by sea-ice and far from the ice
edge (Fig. 3a and b).5

In the Barents Sea (id 18), the annual mean sea-ice concentration is also lower at
the MH compared to the PI period for the majority of the models (Fig. 2). However, the
spread is larger than in the Chukchi Sea and two GCMs (CCSM4 and MIROC-ESM)
even display positive anomalies. These latter models show higher MH sea-ice concen-
tration all year long with a maximum in spring which is consistent with the decreased10

insolation during this season (−2.79 Wm−2). As for the other models which show neg-
ative annual sea-ice concentration anomalies, they have their maximum decrease in
sea-ice in fall (CSIRO-Mk3–6-0, MRI-CGCM3, BCC-CSM1–1 and LOVECLIM; Fig. 3d)
or in winter (CNRM-CM5, HadGEM2-CC, HadGEM2-ES and MPI-ESM-P; Fig. 3a).
This contrasts with the previous situation since the maximum decrease in sea-ice con-15

centration appears delayed compared to the West Arctic and inconsistent with the inso-
lation anomalies during the corresponding season (−7.92 Wm−2 in fall and 0.04 Wm−2

in winter). However, this can easily be explained by the mean state of the models, i.e.
the simulated sea-ice concentration in absolute values for PI conditions. In summer, the
models cannot melt any sea-ice at the MH compared to PI since most of them depict20

almost ice-free conditions over the Barents Sea (Fig. 4). The models that have their
maximum decrease in sea-ice in fall are the ones that already display a reasonable ice
cover during that season for PI, the formation of sea-ice being delayed for MH because
of a larger oceanic warming. The other models have a later beginning of the ice season
(November–December) for PI, and thus a maximum reduction at that time.25

The annual mean simulated MH sea-ice concentration is also lower in Fram Strait
(id 17) and in the Greenland Sea (id 15) as compared to the PI values. As in the
Barents Sea, the changes in insolation cannot explain alone the simulated sea-ice
cover fluctuations as they vary both in timing and in magnitude. Between the models,
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the simulated mean state likely plays a role there too but the interpretation seems more
complex.

As compared to the signal of the proxy-based reconstruction, the simulated sea-ice
concentration signal is weaker (the average of all the modelled annual mean anoma-
lies over the studied locations is 3.3 % compared to 6.5 % for the proxy data) and spa-5

tially more homogeneous (the average of standard deviations equals 4.5 % compared
to 8.8 %). The most noticeable discrepancy between models and data occurs in the
Chukchi Sea, where all models simulate a lower sea-ice concentration while the two
proxy-based reconstructions show the opposite (Fig. 2). The very heterogeneous sea-
ice cover recorded over the CAA is also not reproduced by the models, but this was10

expected given the complex circulation pattern having local effects on sea-ice (e.g.
Lietaer et al., 2008). In the Fram Strait, the sea-ice record agrees with the models
mean signal. This is not the case in the Denmark Strait and in the Barents Sea where
the mean simulated sea-ice anomalies are negative while the proxy based reconstruc-
tions show positive anomalies (Fig. 2), even if some models are able to reproduce the15

sign and magnitude of the reconstructed signal.
The low skill of the models at the grid scale can be confirmed in a more quantita-

tive way through the calculation of the root mean square error (RMSE) between the
results of each climate model and the proxy-based sea-ice reconstructions (ranked in
the Fig. 5). Note that this ranking supposedly representing the ability of the climate20

models in simulating the MH sea-ice concentration should be considered with caution.
First, the calculation is performed from the difference between each proxy-based re-
construction and the simulated sea-ice in the corresponding grid cell. This means that
a small shift in the spatial structures in the models or small biases in the mean state
can lead to large errors. Second, the uncertainty associated to the proxy-based recon-25

struction, whose value for each location is of the same order of magnitude as the RMSE
(Fig. 5), is not taken into account explicitly. Still, this computation of the RMSE displays
some interesting features. The models are in better agreement amongst themselves
than with the proxy-based reconstructions since the difference in RMSE between any
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models is smaller (largest difference is equal 5.6 %) than any RMSE using the re-
construction (smallest RMSE is equal to 8.8 %). Furthermore, assuming no change in
sea-ice concentration between PI and MH provides an even lower RMSE than the one
of any model (this is equivalent to compute the RMSE using a constant field of anoma-
lies being equal to zero for the models results, see the purple bar on Fig. 5). This is5

consistent with the absence of skill at the local scale discussed in Hargreaves et al.
(2013) and in Mairesse et al. (2013) for temperature data.

At a larger scale, the atmospheric circulation changes may explain the spatial struc-
ture of the simulated sea-ice anomalies in various models. Here the atmospheric cir-
culation is inferred from the surface pressure for the GCMs because the geopotential10

heights were not available for all of them at the time of the analysis. For the LOVECLIM
simulations, we preferred using the geopotential heights at the pressure level 800 hPa
because it is a direct dynamical variable that gives more reliable results than the sur-
face pressure. We have checked for the models for which both the geopotential heights
and the surface pressure were available and these two variables give qualitatively the15

same atmospheric patterns.
The simulated atmospheric circulation changes between the MH and the PI are rel-

atively weak, and appear to have a relatively complex spatial structure (Fig. 6 and 7).
Overall, the models disagree on many aspects of the changes, although some common
atmospheric patterns can be found in spring (trend similar to a more negative Arctic Os-20

cillation regime), summer and autumn (higher geopotential height over northern Pacific
and globally lower over the Eurasian continent) (not shown). Depending on the model
selected, the atmospheric circulation can exacerbate or mitigate the decreased sea-
ice cover initially due to the higher summer insolation over the Chukchi Sea. Indeed,
some models display atmospheric circulation patterns that tend to induce some sea-ice25

converging towards that region (e.g. CCSM4, MRI-CGCM3, MIROC-ESM) or to push it
away (e.g. LOVECLIM no assim, BCC-CSM1-1). Nevertheless, the link between atmo-
spheric circulation and sea-ice concentration is hard to estimate because of the likely
dominant role of the thermodynamical response to insolation changes.
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The role of the atmospheric circulation does not appear to be clearer in the Bar-
ents Sea where the positive annual anomalies displayed by CCSM4 and MIROC-ESM
cannot be explained by the respectively southerly and easterly winds anomalies sim-
ulated there, although the northerly winds simulated by CNRM-CM5 could explain the
large negative sea-ice anomalies simulated by this model. The different responses of5

the models appear thus to imply too many processes to be analyzed in the present
framework using available diagnostics. The potential role of atmospheric circulation
will be more deeply analyzed in the next section involving data assimilation. In that
case, model physics is the same and the only differences are the ones induced by the
data constrain which manifests itself in our experiments mainly through atmospheric10

circulation changes.

3.3 Simulations with data assimilation

Without assimilation, the sea-ice concentration simulated by LOVECLIM is far from the
reconstructed one (Fig. 5), especially in the Chukchi Sea where it displays the most
negative anomalies among all models while the proxy-based reconstructions show pos-15

itive ones (Fig. 2). As expected, data assimilation leads to a better agreement with the
majority of the proxy-based reconstructions (green triangle to be compared with green
squares on Fig. 2). In particular over the Chukchi Sea (id 1 and 2), LOVECLIM with
data assimilation has an annual mean ice concentration higher than LOVECLIM with-
out data assimilation by respectively 9.7 % and 12.1 % where the cores 1 and 2 are20

located. This strong increase is however not sufficient to get positive anomalies. Over
that region, the increase of the simulated sea-ice can only occur in summer and autumn
because the rest of the year is already fully covered by sea-ice at the MH. However, the
significant higher insolation in summer and its lingering effect in autumn prevents any
massive increase in sea-ice. Furthermore, the proxy-based reconstruction uncertainty25

is larger than the signal depicted by the first core, which leads to a too weak constraint
to get positive anomalies.
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Over the CAA (id 3 to 5), the signal of the proxy-based reconstructions is too het-
erogeneous to be simulated by LOVECLIM. Compared to the simulation without data
assimilation, the simulation with data assimilation provides a slightly increased annual
mean sea-ice concentration because of a less reduced summer sea-ice. Yet, the an-
nual anomalies are still negative which is consistent with two out of the three cores5

located there (id 3 and 5). At the Denmark Strait (id 15), the consistency between
LOVECLIM and the proxy-based reconstruction is lower after data assimilation, due
to a decreased winter and spring sea-ice concentration (Fig. 3a and b). However, the
simulated sea-ice stays within the range of the proxy-based reconstruction error.

Further North, in Fram Strait (id 17), LOVECLIM without assimilation is very close to10

the data and the assimilation has virtually no effect on the simulated sea-ice. Eventu-
ally, the simulated annual sea-ice concentration at the Barents Sea (id 18) is increased
by 4.8 % in the simulation with data assimilation compared to the simulation without as-
similation. LOVECLIM gets this way closer to the data but fails at simulating a positive
anomaly to be really consistent with the data that shows an increased sea-ice con-15

centration by 5.7 %. This last proxy-based reconstruction may appear inconsistent with
other reconstructions at the MH (see Sect. 3.1). Its trend over the Holocene is more
than twice as small as the confidence interval and it is not statistically significative ac-
cording to the t test (95 % confidence). As it is the only core on the Eurasian coast
and is then potentially important, its effect on the whole assimilation process has been20

tested in additional sensitivity experiments. However, changing its sea-ice concentra-
tion value (to 0 and −20 % instead of 5.75 %) does not lead to large changes in sea-ice
concentration at the other cores locations or in the RMSE of the model (not shown).
This core is thus not critical for the assimilation process at a large scale, LOVECLIM
being able to fit locally the new core values without altering significantly the sea-ice25

results somewhere else.
Overall, the data assimilation leads to a modest decrease of the RMSE (9.6 % com-

pared to 12.8 %, Fig. 5), but the agreement between LOVECLIM with data assimila-
tion and the sea-ice reconstruction is still far from being perfect. This is not surprising
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considering first the uncertainty of the data which is of the same order of the signal
at many locations making the constraint relatively weak. Second, the initial difference
between the simulated sea-ice by LOVECLIM without data assimilation and the recon-
structed one is large compared to the magnitude of the anomalies. The data assim-
ilation method used here does not consist in changing the physics or parameters of5

the model but instead in selecting the simulations among an ensemble that best fit the
data. Consequently, the potential to modify significantly the way LOVECLIM simulates
the sea-ice at the MH is limited. Furthermore, the spatial resolution is rather coarse
in LOVECLIM and therefore it cannot take into account small spatial scale processes
potentially dominant over regional processes for some records.10

The simulation with sea-ice data assimilation is thus not fully consistent with the
sea-ice proxy-based reconstruction, but is overall closer to it. The improved consis-
tency associated mainly with higher sea-ice concentration in the Chukchi Sea and in
the Barents Sea is achieved through changes in the atmospheric circulation. Indeed,
the higher pressure anomaly centered on the Aleutian in the simulation with data as-15

similation 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 (Fig. 8). On the other
side of the Arctic, the lower pressure anomaly centered on Russia is responsible for
a cooling over the Barents and thus leads to the increased simulated sea-ice where
core 18 is located.20

4 Conclusions

We have compared a new quantitative reconstruction of mean annual sea-ice concen-
tration at the MH with models output. Overall, the simulated sea-ice changes at the MH
as compared to the PI period are weaker and spatially more homogeneous than the
reconstructed ones. As evidenced by the RMSE, the skill of the models at local scale25

is low and the models are in better agreement between themselves than with data.
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A general agreement between models and proxy-based reconstructions is found in
the Labrador Sea while a large discrepancy occurs in the Chukchi Sea, where mod-
els are not able to reproduce the recorded increase in sea-ice concentration at the
MH compared to the PI period. Over that region, the increased summer insolation ap-
pears to be a dominant driver for the simulated sea-ice changes, while atmospheric5

circulation can mitigate or exacerbate the decrease in sea-ice concentration. Between
Greenland and the Barents Sea, the simulated sea-ice concentration is more variable
amongst models making the agreement between models and data depending on the
model considered. Over the whole Arctic, but particularly in this regions, the mean
state of the models influences the timing of the simulated sea-ice changes with obvi-10

ously a reduction of the MH sea-ice concentration compared to PI values only at the
time when there is already sea-ice in PI.

In addition to the role of insolation and to the link between the mean state and the
models response, the mechanisms that control the simulated sea-ice concentration are
difficult to precisely identify for all models in the present framework.15

When LOVECLIM is constrained to follow the signal recorded in the proxy-based
reconstructions using data assimilation, the resulting simulation show overall a bet-
ter agreement with data. This is mainly due to a decrease in the magnitude of the
southerly winds in the Barents Sea and to stronger westerlies in the Beaufort and
the Chukchi Seas. The agreement between models results and proxy based recon-20

structions is, however, still far from perfect. This can be explained to some extent by
the relatively small magnitude of the reconstructed signal compared to the uncertain-
ties. The atmospheric circulation anomalies induced by data assimilation can then be
viewed as the main process leading qualitatively to a better model-data agreement.
A larger amplitude of this pattern would lead to smaller model-data discrepancies but25

the value obtained in our simulation is setup by the experimental design, in particular
the selected data uncertainties.
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Table 1. CMIP5/PMIP3 GCMs characteristics and references.

Model name Modelling center Reference

BCC-CSM1-1 Beijing Climate Center, China Meteorological Ad-
ministration

http://bcc.cma.gov.cn/
bcccsm/

CCSM4 National Center for Atmospheric Research Gent et al. (2011)
CNRM-CM5 Centre National de Recherches Meteo-

rologiques/Centre Europeen de Recherche et
Formation Avancees en Calcul Scientifique

Voldoire et al. (2012)

CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research
Organization in collaboration with Queensland Cli-
mate Change Centre of Excellence

Rotstayn et al. (2009)

HadGEM2-CC Met Office Hadley Centre Collins et al. (2011)
HadGEM2-ES Met Office Hadley Centre Collins et al. (2011)
MIROC-ESM Japan Agency for Marine-Earth Science and Tech-

nology, Atmosphere and Ocean Research Institute
(The University of Tokyo), and National Institute for
Environmental

Watanabe et al. (2011)

MPI-ESM-P Max Planck Institute for Meteorology Stevens et al. (2013)
MRI-CGCM3 Meteorological Research Institute Yukimoto et al. (2012)
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Table 2. Description of all the cores available in 6±0.5 ka (−4050±0.5 kyr AD) used to recon-
struct sea-ice cover (de Vernal et al., 2013). The table shows the cores id used in this study,
their name, location, latitude, longitude and the reconstructed sea-ice concentration anomalies
(reference period 1850–1900 AD).

Id Core name Location Lat Lon 6k sic ano (%)

1. HLY05JPC 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. HU008 Nares Strait 77.27 −74.32 −14.53
6. HU021TWC Labrador Sea 58.37 −57.51 −5.82
7. HU013 Labrador Sea 58.21 −48.31 −12.59
8. MD2227 Atlantic 58.21 −48.37 −5.08
9. HU044 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. HU085 Atlantic 53.98 −38.64 −1.85
13. MD2254 Atlantic 56.8 −30.66 3.53
14. HM025 Faroe-Shetland Chan. 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
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Fig. 1. Proxy-based annual mean sea-ice concentration anomalies (in %) at the MH (reference
period 1850–1900 AD).
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Fig. 2. Mid-Holocene annual mean sea-ice concentration anomalies (in %) for the proxy-based
reconstructions (black diamonds with error bars) and the corresponding climate models re-
sults. The thick black line is the models mean. The grey shaded areas is the models mean
±2 standard deviations. The dashed red line represents the annual mean insolation at each
studied location (in Wm−2) and corresponds to the reversed right axis. The reference period is
1850–1900 AD.
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Fig. 3. Mid-Holocene seasonal mean sea-ice concentration anomalies (in %) for the climate
models results corresponding to the cores locations. The thick black line corresponds to the
models mean. The grey shaded areas is the models mean ±2 standard deviations. The dashed
red line represents the seasonal mean insolation at each studied location (in Wm−2) and cor-
responds to the reversed right axis. The reference period is 1850–1900.
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Fig. 4. Mid-Holocene (6 ka) and pre-industrial (1850–1900 AD) mean seasonal cycles of sea-
ice concentration (in %) in the Barents Sea (id 18).
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(i) MRI-CGCM3
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Fig. 6. Annual mean surface pressure anomalies (in Pa) simulated by the GCMs for the MH
(reference period 1850–1900 AD).
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(a) Without data assimilation
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(b) With data assimilation
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Fig. 7. MH annual geopotential height anomalies (in m) at 800 hPa simulated by (a) LOVECLIM
without assimilation and (b) LOVECLIM with assimilation of sea-ice proxy data. The reference
period is 1850–1900 AD.
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Fig. 8. Difference between the geopotential height anomalies (in m) at 800 hPa of LOVECLIM
with sea-ice data assimilation and LOVECLIM without data assimilation. The black arrows show
the flow responsible for the change in sea-ice at the Barents Sea and the Chukchi Sea.

6549

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/6515/2013/cpd-9-6515-2013-print.pdf
http://www.clim-past-discuss.net/9/6515/2013/cpd-9-6515-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

