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Abstract. Recent studies have investigated the potential link betwlee freshwater input derived
from the melting of the Antarctic ice sheet and the obsenes@mt increase in sea ice extent in
the Southern Ocean. In this study, we assess the impact afiditioaal freshwater flux on the
trend in sea ice extent and concentration in simulationk détta assimilation, spanning the period
1850-2009, as well as in retrospective forecasts (hindcastialised in 1980. In the simulations
with data assimilation, the inclusion of an additional freater flux that follows an autoregressive
process improves the reconstruction of the trend in icengxted concentration between 1980 and
2009. This is linked to a better efficiency of the data assititih procedure but can also be due to
a better representation of the freshwater cycle in the ontcean. The results of the hindcast
simulations show that an adequate initial state, recoctgduthanks to the data assimilation proce-
dure including an additional freshwater flux, can lead toremaase in the sea ice extent spanning
several decades that is in agreement with satellite obsenga In our hindcast simulations, an in-
crease in sea ice extent is obtained even in the absence afiany change in the freshwater input
over the last decades. Therefore, while the additionahfweser flux appears to play a key role in
the reconstruction of the evolution of the sea ice in the &tian with data assimilation, it does not
seem to be required in the hindcast simulations. The pregaktthus provides encouraging results
for sea ice predictions in the Southern Ocean, as in our sitoal the positive trend in ice extent

over the last 30 years is largely determined by the stateso$ystem in the late 1970's.

1 Introduction

The sea ice extent in the Southern Ocean has been incredsintpge estimated to be between
0.13 and 0.2 milliorkm? per decade between November 1978 and December 2012 (Vaeghian
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2013). The recent work of Eisenman et al. (2014) suggestghbgositive trend in Antarctic sea
ice extent may be in reality smaller than the value given ingfaan et al.[(2013). Indeed, an ap-
proximate continuation of the trends in sea ice extent epoading to the version 1 of the Bootstrap
algorithm provides a value around 0.1 milliam? per decade between November 1978 and Decem-
ber 2012 (Fig. 1b of Eisenman et al., 2014). Neverthelegs) awslight expansion of the Antarctic
sea ice is in clear contrast with the behaviour of its Arcbamterpart which is currently shrinking
(e.g., Turner and Overland, 2009).

The processes that drive the evolution of the Antarctic seand the causes of its recent expan-
sion are still debated. The hypothesis that the stratogpbeone depletion (Solomon, 1999) could
have been responsible for the increase in sea ice extent mompatible with the results of some
recent model analyses (e.g., Sigmond and|Fyfe, |2010; BdPatvani, 2012; Smith et al., 2012;
Sigmond and Fyfe, 2013) but the impact of 0zone changesvasa@omplex mechanisms that need
to be further investigated (Ferreira et al., 2015). Besiddter studies have underlined the fact that
the positive trend in sea ice extent could be attributed édriternal variability of the system (e.g.,
Mabhlstein et all., 2013; Zunz etlal., 2013; Polvani and Sn#613;| Swart and Fyfe, 2013). Never-
theless, this explanation cannot be confirmed by presengédaeral circulation models (GCMs)
involved in the 5th Coupled Model Intercomparison Proj&ti(P5, | Taylor et al., 2011). Indeed,
because of the biases present in those models, they ofterasima seasonal cycle or an inter-
nal variability (or both) of the Southern Ocean sea ice thsagtees with what is observed (e.g.,
Turner et al., 2013; Zunz etlal., 2013).

Hypotheses related to changes in the atmospheric cirenlati in the ocean stratification (e.g.,
Bitz et al., 2006, Zhang, 2007; Lefebvre and Goosse,|20@8nBterjohn et al., 2008; Goosse et al.,
2009; Kirkman and Bitz, 2010; Landrum et al., 2012; Holland &wok,|2012] Goosse and Zunz,
2014;/de Lavergne et al., 2014) have also been proposed.rtioydar, a link between the melting
of the Antarctic ice sheet, especially the ice shelves, haddrmation of sea ice has been recently
proposed (e.g., Hellmer, 2004; Swingedouw et al., 2008dBia et al., 2013). The meltwater input
from the ice sheet leads to a fresher and colder surfaceilayfee ocean surrounding Antarctica. As
a consequence, the ocean gets more stratified and thers istesction between the surface and
the warmer and saltier interior ocean, leading to an entthogeling of the surface. This negative
feedback could counteract the greenhouse warming and dowusdcontribute to the expansion of
the sea ice. Estimates of the Antarctic ice sheet mass imixlare available thanks to satellite
observations and climate modelling. These estimatestapancrease in the melting of the Antarc-
tic ice sheet over the past decade, mainly coming from Wesaratica (e.g., Rignot et al., 2008;
Velicogna/ 2009; Pritchard etlal., 2012; Shepherd et allZP0According ta Bintanja et all. (2013),
incorporating realistic changes in the Antarctic ice sime&s$s in a coupled climate model could lead
to a better simulation of the evolution of the sea ice in thatBern Ocean. For past periods, this

may be achieved using estimates of changes in mass balanfoe future projections this requires
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a comprehensive representation of the polar ice sheets delsioBesides, Swart and Fyfe (2013)
have shown that the freshwater derived from the ice sheetlikealy to affect significantly the re-
cent trend in sea ice extent simulated by CMIP5 models, wimgosing a flux whose magnitude is
constrained by the observations.

In addition to the studies devoted to a better understarafitige causes of the recent variations,
models are also employed to perform projections for the gbarat the end of the 21st century
and predictions for the next months to decades. Such pieascare generally performed using
GCMs. Unfortunately, as mentioned above, current GCMs bé&&es that reduce the accuracy of
the simulated sea ice in the Southern Ocean. In additiomgahkto account observations to initialise
these models, generally through simple data assimilab@y) (hethods, did not improve the quality
of the predictions in the Southern Ocean (Zunz et al., 20H8)vever, two recent studies performed
in a perfect model framework, i.e. using pseudo-obsermatijovided by a reference simulation
of the model instead of actual observations, underlinedespradictability of the Antarctic sea ice
(e.g.,Holland et all, 2013; Zunz et al., 2014). Accordinghese studies, at interannual timescales,
the predictability is limited to a few years ahead. Besigamificant predictability is found for the
trends spanning several decades. Both studies have poutéuat the heat anomalies stored in the
interior ocean could play a key role in the predictabilityttoé sea ice. In particular, in their idealised
study/ Zunz et all (2014) have described a link between title$khe prediction of the sea ice cover
and the quality of the initialisation of the ocean below it.

On the basis of those results, the present study aims tdfiglagrocedure that could improve the
quality of the predictions of the sea ice in the Southern @@anulti-decadal timescales. Unlike
Holland et al. [(2013) and Zunz etlal. (2014), the resultsudised here have been obtained in a re-
alistic framework. It means that actual observations aesl s initialise the model simulations as
well as to assess the skill of the model. The resulis of Hdlktral. (2013) and Zunz etial. (2013,
2014) encouraged us to focus on the prediction of the meltadal trends in sea ice concentration
or extent rather than on its evolution at interannual timéess: Our study deals with two aspects
that could influence the quality of the predicted trend inisean the Southern Ocean: the initial
state of the simulation and the magnitude of the freshwafartiassociated, for instance, with the
Antarctic ice sheet mass imbalance. The initialisatiorcpdure is based on the nudging proposal
particle filter (NPPF, Dubinkina and Goosse, 2013), a dataralsition method that requires a large
ensemble of simulations. Such a large amount of simulatiansiot be afforded with GCMs be-
cause of their requirements in CPU time. We have thus chasenrk with an Earth-system model
of intermediate complexity, LOVECLIM1.3. It has a coarsesalution and a lower level of com-
plexity than a GCM, resulting in a lower computational cddbwever, it behaves similarly to the
GCMs in the Southern Ocean (Goosse and Zunz,|2014). It trussseelevant to use this model to
study the evolution of the Antarctic sea ice.

The climate model LOVECLIML1.3 is briefly described in Sécill,2along with a summary of
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the simulations performed in this study. The data assimilainethod used to compute the initial
conditions of the hindcast simulations is presented in.&&8t Sectiol 213 explains how the addi-
tional freshwater flux is taken into account in the simulasio Details about the estimation of the
model skill are given in Sedi. 2.4. The discussion of theltessi divided into two parts: the simu-
lations with data assimilation that provide the initialteta(Sec{_311) and the hindcast simulations

(Sect[3.2). Finally, Sedi] 4 summarises the main resuttpamposes conclusions.

2 Methodology
2.1 Model and simulations

The three-dimensional Earth-system model of intermediatamplexity LOVECLIM1.3
(Goosse et al., 2010) used here includes representatitims atmosphere (ECBIlt2, Opsteegh et al.,
1998), the ocean and the sea ice (CLIO3, Goosse and Fich@¢s) and the vegetation (VECODE,
Brovkin et al.,| 2002). The atmospheric component is a T2Irésponding to an horizontal
resolution of aboub.6° x 5.6°), three-level quasi geostrophic model. The oceanic compbn
consists of an ocean general circulation model coupled éaace model with horizontal resolution
of 3° x 3° and 20 unevenly spaced vertical levels in the ocean. Thaatge component simulates
the evolution of trees, grasses and desert, with the saneohtal resolution as ECBIlt2. The sim-
ulations performed in this study span the period 1850-20@%ae driven by the same natural and
anthropogenic forcings (greenhouse gases increaseti@asian volcanic activity, solar irradiance,
orbital parameters and land use) as the ones adopted indtogitél simulations performed in the
framework of CMIP5|(Taylor et al., 2011).

Three kinds of simulation are performed in this study andfthem consist of 96-member en-
sembles. First, a simulation driven by external forcingyomlovides a reference to measure the
predictive skill of the model that can be accounted for by ¢keernal forcing alone (NODA in
Table[1). This numerical experiment does not take into accany observation, neither in its ini-
tialisation nor during the integration. At the initialigat and every three months of simulation, the
surface air temperature of each members of NODA is slighehywbed, to have an experimental de-
sign as close as possible to the simulations with data dssioni (see below). Second, simulations
that assimilate observations of surface air temperatusenaties (see Se¢i. 2.2 for details) are used
to reconstruct the past evolution of the system, from JanL&b0 to December 2009, and to pro-
vide initial conditions for hindcast simulations. Thirthethindcast simulations are initialised on 1
January 1980 from a state extracted from a simulation with dssimilation and are not constrained
by the observations during the model integration.

Two simulations with data assimilation, from 1850 to 200® analysed here: one without ad-
ditional freshwater flux (DANOFWF in Tabld1L) and one that is forced by an autoregressighi
water flux described in Sedt. 2.3 (DAWF in Tabld 1), representing crudely the meltwater input
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to the Southern Ocean. The simulation DEOFWF provides the initial state of the first hindcast
(HINDCAST_1 in Table[1). The three hindcasts HINDCAZTL, HINDCAST.2.2 and HIND-
CAST_2.3 (see TablEl1) are initialised from a state extracted fgxaFWF. These three hindcasts
differ amongst each other in the additional freshwater ftheytreceive during the model integration.
No additional freshwater flux is applied for HINDCASX1. HINDCAST.2.2 is forced by a time
series resulting from the ensemble mean of the additioeahfvater flux diagnosed in DBWF.
The average over the period 1980-2009 of the ensemble magnadied from DAFWF is applied

in HINDCAST_2.3 as a constant additional flux.

2.2 Data assimilation: the nudging proposal particle filter

Data assimilation consists of a combination of the modebé&quos and the available observations,
in order to provide an estimate of the state of the systemagaie as possible (Talagrand, 1997).
The data assimilation simulations performed here provitecanstruction of the past evolution of
the climate system over the period 1850-2009. Such a loriggpappears necessary because of
the long memory of the Southern Ocean. It allows the ocea tybamically consistent with the
surface variables, constrained by the observations, owéd@depth range. The state of the system
on 1 January 1980 is then extracted and used to initialiséitigrast. After the initialisation, the
hindcast is driven by external forcing only and no obseoratiare taken into account anymore.

In this study, observed anomalies of surface air tempezaite assimilated in LOVECLIM1.3
thanks to a nudging proposal particle filter (Dubinkina armb&se, 2013). The assimilated observa-
tions are from the HadCRUT3 dataset (Brohan et al., 2006)s d&taset has been derived from in
situ land and ocean observations and provides monthly safisurface air temperature anomalies
(with regard to 1961-1990) since January 1850. Model anieshaf surface air temperature are
computed with regard to a reference computed over 1961-d99@!l, from a simulation driven by
the external forcing only, without data assimilation anditidnal freshwater flux.

The NPPF is based on the particle filter with sequential redam (e.g., van Leeuwen, 2009;
Dubinkina et al., 2011) that consists of three steps. Farsgnsemble of simulations, tparticles,
is integrated forward in time with the model. These parficee initialised from a set of different
initial conditions. Therefore, each particle representifi@erent solution of the model. Second,
after three months of simulation, a weight is attributedaolteparticle of the ensemble based on its
agreement with the observations. To compute this weighy,amomalies of surface air temperature
southward of 30S are taken into account. Third, the particles are resamgiedones with small
weight are eliminated while the ones with large weight atained and duplicated, in proportion
to their weight. This way, a constant number of particles @ntained throughout the procedure.
A small perturbation is applied on the duplicated partigegenerate different solutions of the
model and the three steps are repeated until the end of theelmdrinterest.

In the NPPF, a nudging is applied on each particle during tbeehintegration. It consists
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of adding to the model equations a term that pulls the salutimvards the observations (e.g.,
Kalnay, 2007). The nudging alone, i.e. not in combinatiothvéinother DA method, has been
used in many recent studies on decadal predictions (e.enliside et &ll, 2008; Pohlmann et al.,
2009; Dunstone and Smith, 2010; Smith etlal., 2010; Krogah £2012] Swingedouw et al., 2012;
Matei et al.| 2012; Servonnat et al., 2014). In LOVECLIM1®& nudging has been implemented as
an additional heat flux between the atmosphere and the 6gean(Timod— Tobs)- Tmod @NdTops are
the monthly mean surface air temperature simulated by tteehamd from the observations respec-
tively. v determines the relaxation time and equals 1262 K, a value similar to the ones used
in other studies (e.g., Keenlyside et al., 2008; Pohlmairh €009, Smith et al., 2010; Matei et al.,
2012; Swingedouw et al., 2012; Servonnat et al., 2014). Tidgimg is applied on every ocean grid
cell, except the ones covered by sea ice and the amplitudeeafudging applied on a particle is

taken into account in the computation of its weight (Dubirgkand Goosse, 2013).
2.3 Autoregressive additional freshwater flux

As the freshwater related to the melting of the Antarcticsheet may contribute to the variability
of the sea ice extent (e.qg., Hellmer, 2004; Swingedouw! g2@08; Bintanja et al., 2013), it appears
relevant to check its impact on the data assimilation sitiaria as well as on the hindcasts. However,
deriving the distribution of the freshwater flux from theiestte of the observed Antarctic ice sheet
mass imbalance is not possible for the whole period coveyenibsimulations, because of the lack
of data. Furthermore, the configuration of the model useduinstudy does not allow simulating
this freshwater flux in an interactive way. We have thus chdseapply a random freshwater flux,
described in term of an autoregressive process as in Mahadt (2013), on each particle during
the data assimilation simulations DAWF (see Tablg]1 for details). This allows determining the
most adequate value of the additional freshwater flux fontbeel using the NPPF. Because of this
additional freshwater flux, the parameters selected to eléfia error covariance matrix, required to
compute the weight of each particle (see Dubinkina et al. 120are slightly modified in comparison
to the values applied for these parameters in the data dasoniwithout additional freshwater flux
(DA_NOFWF).

The freshwater flux is computed every three months, i.e. thithsame frequency as the particle

filtering. In DA_FWF, the additional freshwater flux is defined as:
FWF(t) = 0.8FWHF(t — 1) + epwr(t) 1)

whereerwe1 is a random noise following a Gaussian distribut®i0, orwr1), With orpwr1 equal
to 40 mSv.

The parameters of the autoregressive processes desarmilked (1) have been chosen with the
goal to obtain a freshwater flux roughly compatible with tiséireates of the current Antarctic ice

sheet mass loss. The standard deviation of the resultingaud freshwater flux obtained from the
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simulation DAFWF (see Figl16), computed from the averages over indepé6elgrar time periods
between 1850 and 2009, equalsnBv (=~ 218 Gtyr—1). This value of the standard deviation is
about three times larger than the changes in the freshvmget derived from the West-Antarctic ice
sheet melting between the periods 1992-2000 and 2005-20ted in the reconciled estimates
of [Shepherd et all (2012) 64 Gtyr~!). Alternatively, we can also consider that the ice sheet
mass imbalance is not the only contributor to the additidreshwater flux required by the model.
For instance, variations in precipitation are also exmbtdeimpact the freshwater balance in the
Southern Ocean and might not be simulated adequately bydtelnA formulation of the additional
freshwater flux that allows stronger variations of this lfreater flux and implies a larger impact
has also been tested. The results of this additional siiulatre discussed in section S1 of the
Supplementary Material, along with three additional hamtsimulations.

The melting of the Antarctic ice sheet being particularlsosgy over West Antarctica (e.g.,
Rignot et al.| 2008&; Velicogha, 2009; Pritchard etlal., 2(Bf2epherd et al., 2012), we have chosen
to distribute uniformly the freshwater flux in the ocean batw 0 and 170 W, south of 70 S (area
in blue on Figl[l). Here, the distribution of the freshwatexfls thus not limited to the cells adjacent
to Antarctica, unlike Bintanja et al. (2013); Swart and H#813). This is based on the assumption
that a part of the freshwater might be redistributed offsHoy icebergs (e.d., Silva et al., 2006) or
coastal currents not well represented in a coarse-resolutiodel. The spatial distribution of the
additional freshwater flux likely impacts the model resultgere, we have chosen a spatial struc-
ture as simple as possible, consistent with the availatder@hations, in order to limit the parameters
associated with the additional freshwater flux. A detaifegstigation of the impact of different spa-
tial distributions of the additional freshwater input o ttnodel solutions would probably provide
insightful results but is out of the scope of the presentystud

The additional freshwater flux increases the range of soiatreached by the particles and can
randomly bring some of them closer to the observations. Whparticle is picked up because of
its large weight, it is duplicated and the copied particldserit the value of the freshwater flux
that possibly brought the particle close to the observatidihis value keeps influencing the copied
particles because the freshwater flux is autoregressiveould thus improve the efficiency of the
particle filter. Furthermore, by selecting the solutionatthest fit the observations, the particle
filter allows estimating the freshwater flux that is more lijki» provide a state compatible with the
observations.

2.4 Skill assessment

In order to measure the skill of the model combined with theraation of observations, the results
of the data assimilation simulations and of the hindcagtampared to observations of the annual
mean sea ice concentration (the fraction of a grid cell el sea ice) and sea ice extent (the sum

of the areas of all grid cells having a sea ice concentratimve 15 %), between 1980 and 2009.
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This corresponds to the period for which reliable obseovettiof the whole ice covered area are
available. The sea ice concentration and extent data usedurdess specified otherwise, have been
derived from the Nimbus-7 SMMR and DMSP SSM/I-SSMIS satelibservations through version
2 of the Bootstrap algorithm (Comiso, 1999, updated dailyje impact of the uncertainty of those
estimates on our conclusion is discussed in $éct. 8land 4.

Particular attention is paid on the trend in sea ice conagotr and extent. Significance levels
for the trends are computed on the basis of a two-tdiledt. The autocorrelation of the residuals
is taken into account in both the standard deviation of thadrand in the number of degrees of
freedom used to determine the significance threshold (@amter et all, 2000; Stroeve et al., 2012).
This statistical test provides an estimate of the relatigeicance of the trend, but we have to keep
in mind that the assumptions inherent to this kind of testarely totally satisfied in the real world
(e.g.,Santer et al., 2000).

The ensemble means computed for the results of the dataika$gim simulations consist of
weighted averages. The ensemble m&&py, m) of the variablez, for the monthm in the year
y is thus defined as

1 K
k=1

wherek is the member indexXs is the number of members within the ensemble @apy, m) is the
weight attributed to the membérduring the data assimilation procedure. The ensemble nafans
each month of the year are then averaged over a year to ob&aamhual mean.

The standard deviation of the annual mean of the ensembimtha computed explicitly because
of the possible time discontinuity in the results of indived members, arising from the resampling
occurring every three months. An estimate of this standaviation is however assessed by multi-
plying the weighted standard deviation of each month of & lpga coefficient and averaging it over
the year. These coefficients are introduced to take intowattdbe fact that the standard deviation
of the annual mean is not the mean of the standard deviatiom évery month. They are obtained
here by computing the mean ratio between the ensemble sthtielaation of the annual mean and
the ensemble standard deviation of each month in the sironlBiODA.

The ensemble means and standard deviations calculatedd®ANand for the hindcast simu-
lations correspond to classical values that does not iecard/ weight as this procedure is only
required when data assimilation is applied.

3 Results

In this section, the results of the various simulations {&d#e[]1 for details) are discussed. First, the
reconstructions of the evolution of the sea ice between B88(2009, provided by the simulations
NODA, DA_NOFWF and DAFWF, are presented in Sect.13.1 and compared to observageas
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ond, the hindcasts initialised with a state extracted frashata assimilation simulation are analysed
to measure the skill of the prediction system tested in thidys(Sectl 3.2).

3.1 Data assimilation simulations

The observations of yearly mean sea ice extent, based oiowe2<of the Bootstrap algorithm,
display a positive trend between 1980 and 2009 equabto x 102 km?yr—!, significant at the
99 % level (Fig[2). This trend in sea ice extent is the residinoincrease in sea ice concentration in
most part of the Southern Ocean, particularly in the RosgHgd3a).

When no data assimilation is included in the model simutaidODA), the ensemble mean
displays a decreasing trend in sea ice extent in respondeetexternal forcing (Fid.J2a and b),
similar to the one found in other climate models (e.g., Zurelle2013). Consequently, for the
ensemble mean, 3¢ear trends are negative during the whole period of the simulatithout data
assimilation (FiglRb). Over the period 1980-2009, the \riBe mean of the trend in sea ice extent
equals—15.5 x 103 km? yr—!, with an ensemble standard deviation@f5 x 103 km?yr—!, and the
reduction of sea ice concentration occurs everywhere iSthehern Ocean (Fig] 3b), exceptin the
Ross Sea and in the Western Pacific sector. This negativkatgained for the ensemble mean is the
result of a wide range of behaviours simulated by the differeembers belonging to the ensemble
(light green shade in Fidl] 2a and b) and, considered indaliguthe members can thus provide
positive or negative values for the trend. This indicatestthat, for some members, the natural
variability could compensate for the negative trend in seaextent simulated in response to the
external forcing. Positive trends similar to the one obsdraver the last 30ears are however rare
in NODA. For instance, only 14 of the 96 members have a pesitend over the period 1980-2009
and none of them have a trend larger than the observed one.

In NODA, the ensemble mean displays an increase in the hatdioed in both the upper ocean,
defined here as the first 1@0below the surface, and the interior ocean, considered toelieeen
—100 and-500m (green solid lines in Fid.J4a and b). The correlation betwbese two variables
equals 0.89 over the period 1980-2009 (Téble 2). This waymfrthe ocean results directly from
the increase in the external forcing and is consistent vhiehdecrease in sea ice extent (fEig. 2a).
Besides, the ocean salt content in the first &0D8ecreases (Fidl 4c). This is likely due to the
enhanced hydrological cycle in a global warming contexttaednherent increase in precipitation at
high southern latitudes that freshens the ocean surfage l@&1 and Curry, 2010; Fyfe et al., 2012).
Indeed, in NODA, the freshwater input resulting from préeifion integrated south of 68 is about
365 mSv in the early 1850’s and increases up to about 375 m308. In the simulation NODA,
the negative correlation 6£0.94 between the ocean heat and salt content in the firshl@low
the surface over the period 1980-2009 (see Table 2) is littkétk response of these two variables
to the external forcing. Nevertheless, this contributidrihe@ external forcing can be masked in

individual members by internal variability, leading to l@a@rrelations between the heat content at
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surface and in the interior or between heat and salt cond¢sisrface on average over the ensemble
(Tablel2).

As the ocean heat content in ice covered regions is relatéldetéemperature of the freezing
point, which is in turn determined by the salinity of the sagev, the co-variations of the ocean heat
and salt contents may be constrained by the salinity depeedaf the freezing point temperature.
Nevertheless, in all our simulations, the variations in $ka surface salinity associated with the
freshwater input imply very weak changes in the freezinghptamperature (standard deviation =
0.001°C over the period 1850—-2009). Besides, the variations irupiper ocean heat content in
NODA correspond to a standard deviation of the ocean terhperaveraged over the first 100,
south of 60S, equal to 0.03C. Therefore, it can be reasonably assumed that the sal@itgndance
of the freezing point temperature has a negligible impad¢herocean temperature and heat content.

If observations of the anomalies of the surface air tempegare assimilated during the simu-
lation, without additional freshwater flux (DANOFWF), the model is able to capture the observed
interannual and multi-decadal variability of this variaphs expected (Figl 5b). Consequently, the
trend in the ensemble mean sea ice extent is more variablanttdODA. Over the period 1850—
2009, the values of the 3@:ar trend in sea ice extent, computed from the ensemble meard sta
between—29.1 x 103km?yr—! and13.6 x 103km?yr—! (Fig.[2d). Between 1980 and 2009, the
trend in sea ice extent equals.0 x 103 km?yr—'. On average over the ensemble, the trend is thus
less negative than in the case where no observations ane itateaccount during the simulation
but it still has a sign opposite to the observed one. Theriffee with the estimates derived from
version 2 of the Bootstrap algorithm between November 19uBRecember 2009 is of the order
of 20 x 102 km?yr—!. The difference with the estimates from version 1 of the Bwap algorithm
is slightly smaller, being arounth x 103 km?yr—! (Eisenman et al., 2014). The trends in sea ice
concentration display a pattern roughly similar to the obse one (FiglBa and c), with an increase
in the eastern Weddell Sea, in the eastern Indian sectdreiWestern Pacific sector and in the Ross
Sea, the sea ice concentration decreasing elsewhere. Gie@ade in sea ice concentration occurring
in the Bellingshausen and Amundsen Seas is, however, aveatsd by the model, leading to the
decrease of the overall extent.

In the simulation DANOFWEF, the ocean heat content in both the upper and intedeam is
lower than the ones obtained in the simulation NODA untila®80 (Fig[#a and b). This arises
from the lower surface air temperature in IMOFWF compared to NODA (Fid.]5a and b) that
cools down the whole system. The correlation between thergpd interior ocean heat contents
equals 0.34 over the period 1980-2009 (Table 2) and is tiwesrlthan for the ensemble mean in
NODA. This could be due to the interannual variability captiithanks to the data assimilation that
mitigates the global warming signal (see below). The ocadincentent is larger in DANOFWF
than in NODA until 1980, likely because of the weakening ¢ thydrological cycle associated
to the lower simulated temperature. Indeed, in_.B®OFWF, the freshwater input associated with

10
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precipitation integrated over the area south df$@quals 363nSv on average between 1850 and
1980, against 368:Sv in NODA over the same period. From 1980 ahead, the ocean begrt, in
both the upper and middle layer, increases and the saltmadereases in response to the external
forcing, as in NODA. Nevertheless, as the ocean heat coigtstill slightly lower in the simulation
DA _NOFWEF than in the simulation NODA, the quantity of energyikalde to melt the sea ice at the
surface is also lower. This can explain why the absoluteevafithe trend in sea ice extent between
1980 and 2009 is smaller in DNOFWF than in NODA.

Including a freshwater flux following the autoregressiveqarss defined in EqL](1) in the sim-
ulation DA FWF increases the variance of the ensemble of particless dlko slightly enhances
the variability of the ensemble mean sea ice extent at interal and multi-decadal timescales (Fig.
[Ze,f). Over the period 1850-2009, the values of the/&Qd-trend in sea ice extent, computed from
the ensemble mean, lie betweef5.2 x 103 km? yr—! and20.3 x 103 km? yr—! (Fig.[2f). Over the
period 1980-2009, the trend in sea ice extent in DAF equals-2.8 x103km?yr—! and is thus
slightly less negative than in the simulation IMOFWF. The spatial distribution of the trends in sea
ice concentration in DAFWF is also in good agreement with the observations[(Fig Bag.decrease
in sea ice concentration occurring in the Bellingshausenfanundsen Seas is less widespread than
in DA_NOFWF but it is still overestimated. The increase in the @astWeddell and Ross Seas is
better represented than in DMOFWF as well.

The additional freshwater flux in DAWF also induces a higher variability of the heat and salt
contents in the upper ocean compared to the simulatiodNO&xWF (Fig.[4a,c). The correlation
between the upper and interior ocean heat contents has tveeggue of—0.24 over the period
1980-2009 (see Tablg 2). It means that when the ocean susfacdder, the intermediate layer
is warmer and vice-versa. This indicates that, in this expent, the heat content in the water
column is strongly influenced by vertical mixing. The amydié of this mixing depends on the
difference in density between the surface and the deeperdawhich is in turn determined by the
difference in temperature and salinity. In the simulatigf.BWF, the correlation between the ocean
salt and heat contents in the first d@eaches a value of 0.35, while it is negative for the ensemble
mean in NODA and in DANOFWF (see TablEl2). This confirms that, during periods ofdéase
in salt content in the upper layer, the vertical mixing in tte@an is enhanced, allowing positive
heat anomalies to be transported from the interior to theuppean. The heat content in the first
100m increases while the one betweed00m and—500m decreases. On the contrary, when the
salt content in the upper layer decreases, the ocean beaupresstratified, preventing the heat
exchange between the surface and the interior ocean. Théshespped in the interior ocean that
gets warmer, and the upper ocean cools down. This procesa@gpore importantin DAWF than
for the individual members of NODA (see Table 2) because@gffect of the additional freshwater
flux on the stratification. Keep in mind that correlation beén the heat content in the upper and

intermediate layers is very high in the ensemble mean of N®Béause of the contribution of the
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forcing.

Because of the additional freshwater flux that tends to lsdakihe water column during some
periods and to destabilise it in others (Fiyy. 6), the gerleehhviour of the ocean in the simulation
DA_FWEF differs from the simulation NODA and DAIOFWF. While the latter simulations appear
mainly driven by the external forcing, the interaction beén the different layers in the ocean seems
to be dominant in DAFWF. In the simulation DAFWF, the ocean heat and salt contents of the
surface layer are particularly large in 1980 while the heaitent between 100 and 560is low.
This implies that the heat storage at depth in 1980 is muckdéawDA FWF than in NODA. Note
that the heat content of the top 5080in DA_FWF is also lower than in NODA. After 1980, the salt
content in DAFWF decreases until 2009 (FIg. 4c). This is associated witecaease (increase) in
the upper (interior) ocean heat content until the early %iggesting a reduction of the vertical
ocean heat flux. This is likely responsible for the weakere&se in sea ice extent between 1980
and 2009 in DAFWF (Fig[2e). In DAFWF, the additional freshwater flux is the main cause of the
variability of the stratification. Additionally, intern@rocesses can be responsible for such changes
in vertical exchanges, as discussed in detdil in Goosse an#l 2014), also leading to a negative
correlation between the heat content in surface and indiateslayers. This explains why the
correlation between those two variables is lower for theeeride mean of DANOFWF than in
NODA. It is also much lower in individual simulations of NOD@.03 on average, Tallé 2) than in
the ensemble mean (0.89, Table 2), the ensemble mean aimglife contribution of the response
to the forcing associated with high positive value.

The additional freshwater flux also weakens the link betwtbersea ice and the surface air tem-
perature because of the larger role of the changes in ocstatification. The correlation between
the sea ice and the surface air temperature remains neyettieepresence of an additional freshwa-
ter flux, i.e., a warmer ocean surface is still associateld aimaller sea ice extent. Nevertheless, the
correlation between the ensemble mean of the averaged daaestemperature and the ensemble
mean of the sea ice extent over the period 1850-2009 is snirabévsolute value in the simulation
with data assimilation including an additional freshwdhax (—0.78 in DAIFWF) compared to the
simulations without any additional freshwater flux@.97 in NODA and—0.86 in DANOFWF).
Keep in mind that the reconstruction of the surface air tawatpee provided by both DANOFWF
and DA_FWF is based on the assimilation of surface air temperatat@ d\s expected, the surface
air temperature simulated in DNOFWF is thus very similar to the one in DRWF, both simula-
tions achieving a clear model bias reduction. This biasetdu is, however, obtained differently in
the two simulations DANOFWF and DAFWF. For instance, the sea ice simulated in. R®FWF,
in particular the trend in sea ice extent between 1980 an@,2fifers from the one in DAFWF.
These differences in the simulated sea ice extent are tensigith the modification of the link

between the surface air temperature and the sea ice extieiweid by the additional freshwater flux.
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3.2 Hindcast simulations

In this section, we focus on simulations that are initiais® 1 January 1980 with a state that has
been extracted from the data assimilation simulationsudised in Secf._3.1. After the initialisa-
tion, the hindcast simulation is driven by external forcimg no observation is taken into account
anymore. The analyses discussed here aims at answeringuegtians. (1) Can the information
contained in the initial state persist long enough to implaetsimulated trend in sea ice extent? (2)
How does an additional freshwater flux impact the sea icerid¢ast simulations? Including an ad-
ditional freshwater flux appears indeed to be relevant taawpthe efficiency of data assimilation
(see Secf{_3l1). The results of HINDCAgT initialised from DANOFWF and HINDCAST2.1,
initialised from DA FWF, bring answers to the first question, these hindcasisdimg no additional
freshwater flux. The second question is specifically adérbss the analyses of HINDCASZ.2
and HINDCAST.2.3, initialised from a state provided by the simulation BXWF, a freshwater
perturbation being applied during these two hindcasts.eihat it is not clear whether it is the
mean value of the additional freshwater flux or its variagidimat matters, two configurations for
the additional freshwater flux have been tested. In HINDCAST, the additional freshwater flux
corresponds to the one that has been diagnosed frorf\E, shown on Fid.16, and evolves in time.
On the contrary, in HINDCAST.3, the freshwater flux is constant in time and equals $vQ1he
average freshwater flux diagnosed in [BAVF between 1980 and 2009.

In HINDCAST_1, the sea ice extent is high at the beginning of the simuiadiod decreases
between 1980 and 2009 (Fid. 7a). The ensemble mean of thatsteguals-14.2 x 103 km?yr—*,
with an ensemble standard deviationldf2 x 103km? yr~'. This provides a 95 % range that does
not encompass the observed trendl8f0 x 103km?yr—!. In this hindcast, the trend in sea ice
concentration is negative over a large area in the Belliagsén and Amundsen Seas and slightly
positive elsewhere (Fifi] 8b). This pattern thus roughlyttiesobserved one (Fifll 8a) but the decrease
obtained in the western part of the Southern Ocean coveratge an area and the increase in the
Weddell and Ross Seas is too weak. The regional distribatidhe trend in sea ice concentration
in HINDCAST_1 (Fig.[8b) is thus very similar to the one in DROFWF, i.e. the simulation that
provided the initial state for HINDCAST. This suggests that the information provided at the
initialisation can slightly impact the solution of the hoat over multi-decadal timescales. The too
large decrease in sea ice concentration occurring in tHeBshausen and Amundsen Seas already
noticed in DANOFWF is however amplified in HINDCAST, leading to an overall decrease in sea
ice extent similar to the mean of NODA. The ocean heat anccealients in HINDCASTL follow
roughly the evolution of these variables for the ensemblamie NODA (Fig[4). The correlation
between the upper and interior ocean heat content equésOdBthe correlation between the upper
ocean heat and salt content equas94 (see Tablg 2). This points out the role played by therate
forcing in this hindcast, as discussed in Secil 3.1.

In HINDCAST_ 2.1, the ensemble mean of the trends over the period 1980-@&fials1.3 x
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103 km? yr—!, with an ensemble standard deviationidf5 x 103 km? yr—! (Fig[@b). The observed
trend is thus included in the 95% range of the ensemble. Th#asmlistribution of the trends
in sea ice concentration in HINDCASZ.1 is also in acceptable agreement with the observations
(Fig[8a,c). Given that no additional freshwater flux is apglin this hindcast, the positive trend in
its sea ice extent likely arises from the state used to liséighis simulation. This initial state is
characterised by relatively large heat and salt contentiseérupper ocean (Fid.] 4a,c) and a small
heat content in the interior ocean ([l 4b). This situatiormesponds to a weakly stratified ocean
column in 1980 that stabilises during the following yeartliNDCAST_2.1, leading to a cooling
of the ocean surface that in turn favours the production afice.

HINDCAST_2.2 provides an ensemble mean of the trends over the per@@-2809 equal to
13.0 x 103 km? yr—!, with an ensemble standard deviationl@f4 x 103km?yr—! (Fig[dc). This
value of the trend is thus closer to the observationdof x 103 km?yr—! (corresponding to version
2 of the Bootstrap algorithm) than the one provided by HINCEIA2.1. Nevertheless, in realistic
conditions, this would require to obtain information on thass balance of the ice sheets spanning
the period of the prevision itself. The spatial distributiof the trends in sea ice concentration
in HINDCAST_2.2 is very similar to the one in HINDCASZ.1 (Fig[8c,d). In HINDCAST2.3, a
constant additional freshwater flux equal to 0.01, corredpw to the average over the period 1980—
2009 of the freshwater flux diagnosed from [BAVF_1, is applied. This also provides trends in sea
ice extent and concentration over the period 1980-200%tteatompatible with the observations
(Fig[@dd and Fig Ba,e). For both HINDCASZ.2 and HINDCAST2.3, no clear change in the ocean
heat and salt contents is noticed compared to HINDCARSIT(Fig[4). Nevertheless, the additional
freshwater flux results in a slightly higher increase in seaeixtent compared to HINDCASZ.1.

The results of our hindcast simulations demonstrate theatthte used to initialise these simu-
lations plays a fundamental role in determining the tremdseia ice extent and concentration over
the three decades following the initialisation, in agrertwéth the idealised experiments presented
inlZunz et al.|(2014). In our simulations, the additionakfrevater flux improves the reconstruction
of the evolution of the system in the simulation with datairagation and thus helps to provide
an adequate initial state for the hindcasts. An appropfiaghwater input during the last 30 years
may further improve the agreement with observations ddrfvem both version 1 and version 2
of the Bootstrap algorithm_(Eisenman et al., 2014), as showthe results of HINDCAST2.2 and
HINDCAST_2.3.

As mentioned in Sect[_2.3, another formulation of the addil freshwater flux that allows
stronger variations has also been tested. The resultsaduitional simulation are not discussed
in detail here for brevity’s sake (for details, see Sect. Sthe Supplementary Material). In the
corresponding simulation with data assimilation, the tiddal freshwater flux seems to contribute
to a reduction of the model biases. Nevertheless, the stateemted with such a strongly varying

additional freshwater flux is characterised by an enhantedannual and multi-decadal variability
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of the sea ice extent as well as the ocean heat and salt cotieitmay be unrealistic (Fig. S2
and S4 of the Supplementary Material). In addition, thergjhp varying additional freshwater flux
applied during this simulation with data assimilation inds a shift of the system compared to the
solution of the model in the absence of any additional fregbwflux. The hindcasts initialised in
January 1980 from a state extracted from this simulatiomigedtrends in sea ice extent and concen-
tration, as HINDCAST2.1, HINDCAST.2.2 and HINDCAST2.3, that agree relatively well with
the observations. Nevertheless, since the initial stagd ursthese hindcasts is shifted, it is essential
to apply a constant additional freshwater flux of adequatgmtade during the hindcast simulation
in order to ensure the consistency of the experimental desid to prevent a drift of the model (for
details see Sect. S1 of the Supplementary Material).

A change in the freshwater input from one period to the otfmrigstance between the 30 years
preceding and following 1980), in the absence of an adequiétalisation of the simulation, is
not sufficient to account for the observed positive trenceia ise extent between 1980-2009. This
conclusion is supported by the results of an additional &tran, initialised in January 1960 from a
state extracted from NODA. This simulation is driven by enta forcing and receives an additional
freshwater input, following the spatial distribution disped in Figld, equal te-0.03 Sv between
January 1960 and December 1979 and abruptly increased.€d Sv in January 1980, i.e., a larger
shift than in any of our simulations with data assimilatiarhindcasts. The additional freshwater
flux then remains constant until the end of the simulation @c@&@nber 2009. In this simulation, the
sea ice extent decreases between 1960 and 1980 in responsekternal radiative forcing and the
negative freshwater perturbation (see Sect. S2 of the Buppitary Material). The sea ice extent
then rapidly increases after the abrupt change in the additfreshwater input in January 1980 but

decreases again after a few years, in contrast to obsersatio

4 Summary and conclusions

The trend in sea ice extent derived from satellite obsesmatis subject to uncertainties (e.qg,
Eisenman et al., 2014) but even the lowest estimate of #msltindicates a slight increase in Antarc-
tic sea ice extent that is not reproduced in our simulatiavedrby external forcing only. Assimi-
lating anomalies of the surface air temperature througimtitging proposal particle filter induces
an increase in the trend in simulated sea ice extent ovenrédeeades in the Southern Ocean, com-
pared to the case where no observation is taken into accobistleads to a better agreement with
satellite data than in the simulation without data assitioita Further improvement is achieved if
an additional autoregressive freshwater flux is includethduhe data assimilation. This freshwa-
ter flux induces a larger spread of the ensemble and thussalobetter efficiency of the particle
filtering. The additional freshwater input may also compgador model deficiencies that affect

the representation of the freshwater cycle (in particliarvtariability of the meltwater input), the
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ocean dynamics, the internal variability, etc. Overallc@ambination with the data assimilation, the
additional freshwater input leads to simulated trends mise extent and concentration between
1980 and 2009 that reproduce reasonably well the obsengfidhe freshwater flux thus appears to
play an important role on the simulated evolution of the seaas already pointed out in previous
studies (e.gl, Hellmelr, 2004; Swingedouw etlal., 2008;8ijat et al.,. 2013).
Hindcasts initialised from those simulations with dataragation identify several factors that can

help increase the model skill for predictions of trends irtakotic sea ice extent and concentration
for coming decades. Specifically, we highlight two findings.

1. Initialising a hindcast simulation with a state extradi@m a simulation that has assimilated
observations through a nudging proposal particle filterahagnificant impact on the simu-
lated trends in sea ice extent and concentration over thed®®80—2009. This indicates that
the information contained in the initial state influencesrtbsults of the simulation over multi-
decadal timescales, confirming the results of Zunzlet all{R0As a consequence, an initial
condition that adequately represents the observed stegqu#red in order to perform skillful
predictions for the trend in sea ice extent over the nextdiesaNevertheless, the conclusions
drawn from our hindcast simulations have to be consideretiausly since they are based
on the analyses of the only 3@ar period for which we have relevant observations. Similar
analyses could be performed for periods starting befor®198ng the reconstruction of the
sea ice provided by the simulation with data assimilatiotaeget for the hindcast instead of
actual observations. However, this approach would be yneaplivalent to a perfect model
study, as proposed in Zunz et al. (2014).

2. In hindcast simulations, the additional freshwater tnpay help to correctly reproduce the
observed positive trend in sea ice extent. Nevertheleissdditional freshwater flux is not the
dominant element in our experimental design, in agreeméihtie results of Swart and Fyfe
(2013). Indeed, an abrupt increase in the additional frasbmflux at the beginning of the
hindcast simulation, without an adequate initialisatiéth@ simulation, does not provide a
long-term increase in sea ice extent such as the one deriv@dlie observations over the last
30 years (Fig. S7).

Our results suggest that the increase in ice extent and tfeceicooling between 1980 and 2009
are not due to the greenhouse gas forcing or to a particutge faelting of the ice sheet during this
period. The evolution of the variables at the surface of teao seems rather influenced by the state
of the ocean in the 1970's, characterised by a warm and safigce layer, a cold intermediate layer
and strong vertical mixing. This state of the system is cxieat with the results of de Lavergne et al.
(2014). It then evolves towards a fresher and cooler uppesirothat allows a greater production of
sea ice after 1980. In our experiments, this state in thellaf®'s is reached thanks to variations in

the freshwater input to the Southern Ocean. This flux is vigghl playing a role but we could not
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determine if it is amplified or not by our experimental dediigat allows variations of this flux only
and not of other forcings or model parameters. Overall, #sellts that have been discussed here
are rather encouraging and open perspectives to perfordicions of the sea ice in the Southern
Ocean over the next decades.
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Table 1. Summary of the simulations analysed in this study.

Simulation Number of Time period Initialisation Data Additional freshwater flux during the
members assimilation  simulation

NODA 96 Jan 1850-Dec 2009 on 1 Jan 1850 NO NO

DA_NOFWF 96 Jan 1850-Dec 2009 on 1 Jan 1850 YES NO

DA_FWF 96 Jan 1850-Dec 2009 on 1 Jan 1850 YES Autoregressive BIé®ing Eq.[1.

HINDCAST_ 1 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO NO
from DA_NOFWF

HINDCAST 2.1 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO NO
from DA_FWF

HINDCAST 2.2 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO Ensemble mean of the FWF computed in
from DA_FWF DA _FWF between 1980 and 2009 (see Elg. 6).

HINDCAST 2.3 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO Ensemble mean of the FWF computed in
from DA_FWF DA_FWEF, averaged over the period 1980-2009

(=0.01Sv).

Table 2. Correlation between the ocean heat content in the firshl®@low the surface and the ocean heat
content betweer-500m and —100m (2nd column) and correlation between the ocean heat coatehthe
ocean salt content in the first 180below the surface (3rd column), for the different simula@ummarised in
Table[1. The correlation is computed over the period 198028068, from the ensemble mean of the variables.
For the simulation NODA, the correlation computed for eadmhber of the simulation and averaged over the

ensemble is given in brackets.

Simulation Correlation between the upper  Correlation leetmthe upper
and interior ocean heat content ocean heat and salt contents
NODA 0.89 (0.03) —0.94 (-0.02)
DA_NOFWF 0.34 —0.28
DA_FWF —-0.24 0.35
HINDCAST_ 1 0.86 —0.94
HINDCAST2.1 0.07 —0.03
HINDCAST_2.2 —0.44 0.44
HINDCAST_2.3 —0.32 0.27
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Fig. 1. Spatial distribution of the additional freshwater flux imdéd in model simulations (shaded blue). The

shaded grey areas correspond to the land mask of the oceah. mod
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(a) NODA — sea ice extent (b) NODA — SIE 30-yr running trend
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Fig. 2. (a, c, e)Yearly mean sea ice extent anomalies with regard to 198®-a0a(b, d, f) 30-year running
trend in sea ice extent. Results are fr@m b) the simulation without data assimilation (NODAS;, d) the
model simulation that assimilates anomalies of surfaceaiperature (DANOFWF) and(e, f) the model sim-
ulation that assimilates anomalies of surface air tempegand that is forced by an additional autoregressive
freshwater flux following Eq.[{1) (DAFWF). The model ensemble mean is shown as the dark greeruline s
rounded by one standard deviation shown as the light gremesiObservations (Comiso, 1999, updated daily)
are shown as the black line (cross)@ c, €)(in b, d,f). The green (black) dashed line shows the linear fit of
the model simulation (observations) (@, c, €) The values of the trend indicated ia, (C, § correspond to the
ensemble mean of the trends, computed over the period 1680--2long with the ensemble standard deviation

for NODA. Trends that are (non-)significant at the 99 % levelghown in green (red).

24



(a) Observations (b) NODA

180°W 180°W
Trend in annual mean sea ice concentration (yr'1) - 1980-2009
T H |
-0.01 -0.005 0 0.005 0.01

Fig. 3. Trend in yearly mean sea ice concentration between 1980 @®@, Zhown for(a) the observations
(Comiso| 1999, updated daily}y) the model simulation without data assimilation (NOD£), the model sim-
ulation that assimilates anomalies of surface air temperdDANOFWF) and(d) the model simulation that
assimilates anomalies of surface air temperature andsHatded by an additional autoregressive freshwater
flux following Eq. [A) (DA.-FWF). Hatched areas highlight the grid cells where the tienbt significant at
the 99 % level. The shaded grey areas correspond to the lasidahthe ocean model.
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(a) Ocean heat content between 0 and —100 m
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(b) Ocean heat content between —100 and —500 m
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(c) Ocean salt content between 0 and —100 m
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Fig. 4. Ensemble mean of yearly meéa) ocean heat content in the first 1@0below the surface(b) ocean
heat content between100 and—500m and(c) ocean salt content in the first 180below the surface, for the
simulations summarised in Talfle 1. The ocean heat and sakms are computed south of°68. The ocean

heat content is computed against absolute zero.
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(a) NODA
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Fig. 5. Yearly mean surface air temperature anomalies with regat®61-1990, averaged over the area south
of 30° S, from (a) the model simulation without data assimilation (NODA)) the model simulation that as-
similates anomalies of surface air temperature (®MAFWF) and(c) the model simulation that assimilates
anomalies of surface air temperature and that is forced additional autoregressive freshwater flux follow-
ing Eg. [A) (DAFWF). The model ensemble mean is shown as the orange limeusded by one standard

deviation shown as the light orange shade. ObservatiorshéBret all, 2006) are shown as the black line.
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Diagnosed freshwater flux
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Fig. 6. Freshwater flux from the model simulation with data assitinfaand additional autoregressive fresh-
water flux following Eq.[(1) (DAFWF). The ensemble mean is shown as the blue solid line,suiea by one

standard deviation shown as the light blue shade. The dddbedpurple) line shows the mean over the period

1850-2009 (1980—-2009). The linear fit between 1980 and 2088awn as the solid purple line.
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Fig. 7. Yearly mean sea ice extent anomalies with regard to 198®;2f@d the four hindcast simulations

initialised on 1 January 1980 through data assimilatior {&ble[1 for details). The model ensemble mean is

shown as the dark green line, surrounded by one standamtidevshown as the light green shade. Observations

(Comiso| 1999, updated daily) are shown as the black line.gfen (black) dashed line shows the linear fit of

the model simulation (observations). The values of thedtiedicated in each panel correspond to the ensemble

mean of the trends, computed over the period 1980-2009g alith the ensemble standard deviation. Trends

that are (non-)significant at the 99 % level are shown in g(es).
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(a) Observations (b) HINDCAST _1

Trend in annual mean sea ice concentration (yr"1) —1980-2009
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Fig. 8. Trend in yearly mean sea ice concentration between 1980 @0®i for(a) the observations (Comiso,
1999, updated daily) an¢b,c,d,e)the four hindcast simulations initialised on 1 January 1880@ugh data
assimilation (see Tablé 1 for details). Hatched areas igighthe grid cells where the trend is not significant at

the 99 % level. The shaded grey areas correspond to the lasidahthe ocean model.
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