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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 additioaal freshwater flux on the
trend in sea ice extent and concentration in simulatieith data assimilation, spanning the period
1850-2009, as well as in retrospective forecasts (hindastialised in 1980. Irthe simulatiors
with data assimilation, including an additional freshwdliex that follows an autoregressive process
improves the reconstruction of the trend in ice extent anttentration between 1980 and 2009.
This islinked to a better efficiency of the data assimilation pragedout can also bpartly due

to a better representation of the freshwater cycle in thetlfgon Oceapbutthe-additionatflux
could-alsocompensatéorsemeor to some compensations forodel deficienciesThe results of
the hindcast simulations show that an adequate initiak stah lead to an increase in the sea ice
extent spanning several decades that is in satisfying agmeewith satellite observations, even in
the absence of any major change in the freshwater input.efdrer, while the additional freshwater

flux appears to play a key role in the reconstruction of thdugian of the sea ice in the simulation

with data assimilation, it does not seem absolutely requirehe hindcast simulationtr-additien,

agreementvith-satelliteebservationsThe present workhus constitutes encouraging results for sea

ice predictions in the Southern Oceas n our simulation, the positive trend in ice extent over the



25

30

35

40

45

50

55

last 30 years is largely determined by the state of the systetine late 1970's.Ne-irereasein
s § _ red.

1 Introduction

The sea ice extent in the Southern Ocean has been incredsintageestimated to be between

0.13 and 0.2 milliorkm? per decade between November 1978 and December R0

). The recent work (sz Eisenman glt EI. (2014) suggestshbagositive trend in Antarctic sea

ice extent may be in reality smaller than the value given ingfean et gJI. (ZQ;[S). Indeed, an ap-
proximate continuation of the trends in sea ice extent spwading 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 (Jf Eisenman g]l M14). Nevertheless) awslight expansion of the Antarctic
sea ice is in clear contrast with the behaviour of its Arctamterpart which is currently shrinking
(e.g.,ﬁummnd_OleLLaHi_zdowhe processes that drivkee evolutionof the Antarctic sea ice
and the causes @f recentexpansion are still debated. The hypothesis that the sprh@wic ozone
depleti0n9) could have been responsiblééinicrease in sea ice extent is not com-

patible with the results of recent analyses (Mm@ﬁ@_lbl Bitz and PQ|VA i, 2012;
LSmjlh_el_al.I_ZQJIZLSingud_and_Elyke._zblS). Besides, ottuglies have underlined the fact that
the positive trend in sea ice extent could be attributed édriternal variability of the system (e.g.,
Mabhlstein et a|||.LO_H Zunz et Mig Polvani and érh@i Swart and Fylfé;lQl?;). Never-
theless, this explanation cannot be confirmed by presengéaeral circulation models (GCMs)
involved in the 5th Coupled Model Intercomparison Projéd\/l(P5,ha)d9_r_e_t_a|I.L2Qi1). Indeed,
because of the biases present in those models, they ofterasira seasonal cycle or an inter-

nal variability (or both) of the Southern Ocean sea ice tlisagtees with what is observed (e.g.,

Turner et aH,;Oj:L Zunz et all_.,ﬁl?;).

Hypotheses related to changes in the atmospheric cironlati in the ocean stratification (e.g.,
Bitz et aI.J ZQQH; ZhanL bz, Lefebvre and QQ[J.S_&Q_\_HWFIO?WH et elIL_O_bb_‘Q_O_O_S_s_e_ét al.,
|_0_0;$ Kirkman and Bi J_O_H) Landrum g1| L_zbhz Holland &w Qd |;0;12I Goosse and ZLlan
|2Qlfll LdE_LalQLgﬂ_e_el_laL_Zd14) have also been proposed. riicytar, apetential link between

the melting of the Antarctic ice sheet, especially the icehsts, and the formation of sea ice has

been recentlyproposede.g.,lHellm Arllo_dzl Swingedouw g]£ " bbg Bmtamdlel@_i) The

meltwater input from the ice sheet leads to a fresher ancecslaface layer in the ocean surrounding

Antarctica. As a consequence, the ocean gets more stratifi¢dhere is less interaction between
the surface and the warmer and saltier interior ocean,dgadian enhanced cooling of the surface.
This negative feedback could counteract the greenhousaingand could thus contribute to the

expansion of the sea ice. Estimates of the Antarctic icetshass imbalance are available thanks to

satellite observations and climate modelling. These ed@sreport an increase in the melting of the
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Antarctic ice sheet over the past decade, mainly coming Vst Antarctica (e. al.,
Mhﬂmgnlaljo_cbiﬂmhﬁm_ejm h.z.jhguhgndézﬂﬁ) According to_B

), incorporating realistic changes in the Antaratie $heet mass in a coupled climate model

could lead to a better simulation of the evolution of the smain the Southern Ocean. For past
periods, this may be achieved using estimates of changes$s talance but, for the future, this
requires a comprehensive representation of the polar eetstn models. Besidyfe

) have shown that the freshwater derived from the ieetsh unlikely to affect significantly the
recent trend in sea ice extent simulated by CMIP5 modelspihgosing 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 projectiéor the changes at the end of the 21st century
and predictions for the next months to decades. Such pieacare generally performed using
GCMs. Unfortunately, as mentioned above, current GCMs béges that reduce the accuracy of
the simulated sea ice in the Southern Ocean. In additioimgakto account observations to initialise
these models, generally through simple data assimilab@y) (hethods, did not improve the quality
of the predictions in the Southern Oce(}]GWever, two recent studies performed
in a perfect model framework, i.e. using pseudo-obsermatipovided by a reference simulation
of the model instead of actual observations, underlinedespradictability of the Southern Ocean

sea ice (e.gL_I:IglLa_nd_elJaL_Zd)ii;_Zmz_elt[aL,_i014). Adiogy to these studies, at interannual

timescales, the predictability is limited to a few yearsaheBesides, significant predictability is

found for the trends spanning several decades. Both stbdiespointed out that the heat anomalies
stored in the interior ocean could play a key role in the priadiiility of the sea ice. In particulan
their idealised stud.4) havdescribeda link between the skill of the prediction of
the sea ice cover and the quality of the initialisation ofdlsean below it.

On the basis of those results, the present study aims atfidegta procedure that could improve
the quality of the predictions of the sea ice in the Southeread at multi-decadal timescales. Un-

like Holland et a|. (20ﬂ3) anlg Zunz et eJI. (2&)14), the resdissussed here have been obtained in

a realistic framework. It means that actual observatioasiaed to initialise the model simulations

as well as to assess the skill of the model. The resuils_o_blﬂde_t_ah.[(ZQ]b) ar{d_Zuﬂz_e_tl éLL(2b13,

) encouraged us to focus on the prediction of the meltadal trends in sea ice concentration

or extent rather than on its evolution at interannual tiraésx: Our study deals with two aspects that
could influence the quality of the predicted trend in seandabé Southern Ocean: the initial state of
the simulation and the magnitude of the freshwater ingggociatedor instanceo the Antarctic ice
sheet mass imbalance. The initialisation procedure iscbasehe nudging proposal particle filter

(NPPF,) Dubinkina and Goo%.i.e, 2b13), a data assimilatiohadahat requires large ensemble of

simulations. Such a large amount of simulations cannotfoedsfd with GCMs because of their re-

quirements in CPU time. We have thus chosen to work with athEarstem model of intermediate
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complexity, LOVECLIM1.3. It has a coarser resolution andwér level of complexity than a GCM,
resulting in a lower computational cost. However, it belsasienilarly to the GCMs in the Southern
Ocean [(_G_o_Qﬁ_e_and_ZsLlLL_ZbM). It thus seems relevant thigsaddel to study the evolution of
the Southern Ocean sea ice.

The climate model LOVECLIM1.3 is briefly described in Sécill,2along with a summary of the
simulations performed in this study. The data assimilati@ihod used to compute the initial con-

ditions of the hindcast simulations is presented in $egt. Rectio 2.8 explains how the additional
freshwater flux is taken into account in the simulations. ddetabout theestimationof the model
skill are given in Secf.2]4. The discussion of the resultivigled into three parts: the simulations
with data assimilation that provide the initial states (38d), theimpact of the additional freshwa-
ter flux on the efficiency of the data assimilation proced@ect[3.2) and the hindcast simulations

(Sect[3.B). 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 J ZOILO) used here includes representatitims afmosphere (ECBiItt al.,
), the ocean and the sea ice (CLIb3, Goosse and FH@) and the vegetation (VECODE,

[BI'_OALISLD_e_t_aj.,LZ_O_dZ). The atmospheric component is a T2krésponding to an horizontal
resolution of aboub.6° x 5.6°), three-level quasi geostrophic model. The oceanic compion

consists of an ocean general circulation model coupled éadace model with horizontal resolution
of 3° x 3° and 20 unevenly spaced vertical levels in the ocean. Thdaaggecomponent simulates
the evolution of trees, grasses and desert, with the sanmohtal 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 increasetioasian volcanic activity, solar irradiance,
orbital parameters and land use) as the ones adopted indtogitél simulations performed in the

framework of CMIP5|.(la;L|QLe_t_41|L_2_Qh.1).

Three kinds of simulation are performed in this study andfthem consist of 96-member en-

sembles. First, a simulation driven by external forcingyomovides 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 actany 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 slighghysbed, to have an experimental de-
sign as close as possible to the simulations with data dasiom (see below). Second, simulations
that assimilate observations of surface air temperatuweaties (see Se¢t. 2.2 for details) are used

to reconstruct the past evolution of the system, from Jgni&b0 to December 2009, and to pro-
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vide initial conditions for hindcast simulations. Thirthethindcast simulations are initialised 1
January 198from a state extracted from a simulation with data assiimiteand are not constrained
by the observations during the model integration.

Threesimulations with data assimilation, from 1850 to 2009, amalgsed here: one without
additional freshwater flux (DANOFWF in Table[]l) andwo that are forced by an autoregres-
sive freshwater flux described in Sdct.]2BA(FWF_1 andDA_FWF_2 in Table[1), representing
crudely the meltwater input to the Southern Ocean. The sitimi DA NOFWF provides the initial
state of the first hindcast (HINDCAST in Table1).The three hindcasts HINDCASZ.1, HIND-
CAST_2.2 and HINDCAST2.3 (see Tablgl1) are initialised from a state extracted fPé&m-WF_1.
These three hindcasts differ to each other in the addititeahwater flux they receive during the
model integration. No additional freshwater flux is appliedHINDCAST_2.1. HINDCAST_2.2
is forced by a time series resulting from the ensemble mednec&dditional freshwater flux diag-
nosed in DAFWF_1. The average over the period 1980-2009 of the ensemble neegmoded from
DA_FWF_1is appliedin HINDCASTZ2.3as a constant additional flugimilarly, three hindcast sim-
ulations are initialised from a state extracted from BWF_2 (HINDCAST_3.1, HINDCAST.3.2
and HINDCAST.3.3 in Tabld1l). These latter hindcasts also differ from eztbler in the additional
freshwater flux applied to them: no additional freshwatex fluHINDCAST_ 3.1, a time evolving
additional freshwater flux in HINDCASB.2, corresponding to the freshwater flux diagnosed from
DA_FWF_2, and a constant additional freshwater flux in HINDCAS.B, equal to the average over
the period 1980-2009 of the freshwater flux diagnosed fromHWAF_2.

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 systemasaie as possiblﬂ%?).
The data assimilation simulations performed here provitecanstruction of the past evolution of
the climate system over the period 1850-2009. Such a lorigchappears necessary because of
the long memory of the Southern Ocean. It allows the ocea tybamically consistent with the
surface variables, constrained by the observations, owg@depth range. The state of the system
on 1 January 1980 is then extracted and used to initialistitigcast. 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 filtler (Dubinkina arme;H, 20i3). The assimilated observa-
tions are from the HadCRUT3 dataslet (Brohan Ha_l.‘_|200605 d&taset has been derived from in
situ land and ocean observations and provides monthly salfisurface air temperature anomalies

(with regard to 1961-1990) since January 1850. Model aneshaf 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.
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The NPPF is based on the particle filter with sequential resiam (e.g., van LQQLJWHJ, 2d09;
[D_ubiﬂlslna_e_t_al.l._zg_il) that consists of three steps. Farsensemble of simulations, tparticles,

is integrated forward in time with the model. These partidee initialised from a set of different

initial conditions. Therefore, each particle representifferent solution of the model. Second,
after three months of simulation, a weight is attributeddoheparticle 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 resampedones 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 partid¢tegenerate 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 theehintegration. It consists
of adding to the model equations a term that pulls the salutiavards the observations (e.g.,

). The nudging alone, i.e. not in combinatiothvanother DA method, has been

used in many recent studies on decadal predictions

' ILZDLJ)&._Bthmanﬂ_e} al.,
|2_0_0;$; Dunstone and Sr_th, ZMQ; Smith gtm 10; Krd (JELOLJZI Swingedouw et lall., 2£L12;
Matei et al.l ZQﬂi; Servonnat gd £I., 2b14). In LOVECLIM1I8 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 26,2 K, a value similar to the ones used
in other studies (e. cl Keenlyside e M@WMI Smith et ELI , Qllb Matei gﬂ

M,@mmww014) Tidgimg is applied on every ocean grid
cell, except the ones covered by sea ice and the amplitudeeaiudging a?ﬁlled on a particle is

taken into account in the computation of its Weigjuh_t(ggm&mdﬁm_sls 2013).
2.3 Autoregressive additional freshwater flux

As the freshwater related to the melting of the Antarcticsbheet may contribute to the variability

of the sea ice extent (e.b., HQII[ng, 2HQ4; Swingedouw ALQOLH Bintanja et AI[ 29113), it appears

relevantto check its impact on the data assimilation sitiaria as well as on the hindcasts. However,

deriving the distribution of the freshwater flux fraime estimate 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 MI ), on each particle during
the data assimilation simulatie®A_FWF_1 and DA FWF_2 (see Tabl&]1 for details). This allows
determining the most adequate value of the additional fvagdr flux for the model using the NPPF.

Because of this additional freshwater flux, the parametelected to define the error covariance
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matrix, required to compute the weight of each particle l@geinkina et aHLOjl), are slightly
modified in comparison to the values applied for these patenm@n the data assimilation without
additional freshwater flux (DANOFWF).

The freshwater flux is computed every three months, i.e. thithsame frequency as the particle
filtering. Two distinct definitions of the autoregressive process baesn used in the two simulations
DA_FWF_1 and DAFWF_2. In DA_FWF_1, the additional freshwater flux is defined as:

FWF_1(t) = 0.8FWF(t — 1) 4 epwra(t) (D)

whereerwe1 is a random noise following a Gaussian distributii0, orwr1), With orpwra equal
to 40 mSv.
In DA_FWF_2, the additional freshwater flux follows a definition simil®@ the one used in

[Malhim_el_al. [(ZQ].IS):

FWF_2(t) = FWF_2(t — 1) + 0.25epwr2(t — 1) + epwr2(?) 2)

whereerwr is a random noise following a Gaussian distributig0, orwr 2), with orpwr2 equal
to 10mSv. The parameters of the autoregressive presessscribed in Eq[}1) and (Bave been
chosen in order to obtain a freshwater fltoughly compatible with the estimates of the current
Antarctic ice sheet mass los$levertheless, the additional freshwater flux F\&Risplays large
amplitude variations that in turn generate strong and mayiealistic variations in several climate

variables such as the sea ice extent and the ocean heattcastdiscussed in Sefl. 3.

The melting of the Antarctic ice sheet being particularlsosyy over West Antarctica (e.g.,
@M@dg Pritchard Atmmpﬂem_et_iilLlQllZ), we have chosen
to distribute uniformly the freshwater flux in the ocean betw 0 and 170 W, southof 70° S (area

in blue on Fig[l). Here, the distribution of the freshwatexfl thus not limited to the cells adjacent

to the Antarctic shelf, unIikLe_B_inla.nia_e_dJ.L(Zﬁl)ll;i);_Smmﬁ_aLde [(2Q1|3). This is based on the as-

sumption that a part of the freshwater might be redistrithatiéshore by icebergs (e. al.,

006) or coastal currents not well represented in a coasaution model. Alternatively, we can
also consider that the ice sheet mass imbalance is not tieontributor to the additional freshwa-
ter flux required by the model. For instance, variations iecjpitation are also expected to impact
the freshwater balance in the Southern Ocean and might reitrhgated adequately by the model.
Furthermore, the spatial distribution of the additionalstiwater flux likely impacts the model re-
sults. Here, we have chosen a spatial structure as simplesathfe, consistent with the available
observations, in order to limit the parameters associattdtie additional freshwater flux. Investi-
gating in details the impact of different spatial distribuis of the additional freshwater input would
probably provide insightful results but this is out of thege of the present study.

The additionaffreshwater flux increases the range of solutions reachetidoparticles andan

randomly bring some of them closer to the observations. Whparticle is picked up because of
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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 autoregressivenuld 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 ljk provide a state compatible with the

observations.
2.4  Skill assessment

In order to measure the skill of the model combined with thegmaation of observations, the results
of the data assimilation simulations and of the hindcagsampared to observations of the annual
mean sea ice concentration (the fraction of grid cell caybsesea ice) and sea ice extent (the sum of
the areas of all grid cells having a sea ice concentrationahb %), between 1980 and 2009. This
corresponds to the period for which reliable observatiditis@whole ice covered area are available.
The sea ice concentratiand extendata used here arenless specified otherwisderived from
the Nimbus-7 SMMR and DMSP SSM/I-SSMIS satellite obseoratithrough theersion 2 of the
Bootstrap algorithn‘] (Comilsb, 1999, updated Jlai%eseaieee*te%is—p#eﬂdedby—the%emee

aile impact

of the uncertainty of those estimates on our conclusionsisudised in Sedi] 3 ahH 4.

Particular attention is paid on the trend in sea ice cona#intrand extent. Significance levels for
the trends are computed on the basis of a two-tailezst. The autocorrelation of the residuals is
taken into accountin both the standard deviation of thedteard in the number of degrees of freedom

used to to determine the significance threshold (Ie.gm.,LZD_QbLS_Lm_eALe_e_LMﬂ). This

statistical test provides an estimate of the relative §icamice of the trend, but we have to keep in

mind that the assumptions inherent to this kind of test arelydotally satisfied in the real world
(e.g.J_S_a.Dle_l’_e_t_LlL_ZdOO).

The ensemble means computed for the results of the dataika$gim simulations consist of

weighted averages. The ensemble mé&&py, m) of the variabler, for the monthm in the year

y is thus defined as

K
X () = 2= > wnlym).wn(gom), €
k=1

wherek is the member indexXy is the number of members within the ensemble @ply, 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&aémnhual mean.

The standard deviation of the annual mean of the ensembf®tha 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 standawig¢ion is however assessed by multi-

plying the weighted standard deviation of each month of a lpga coefficient and averaging it over
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the year. These coefficients are introduced to take intowatdbe 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 sthdelaation of the annual mean and
the ensemble standard deviation of each month in the sionlsiODA.

The ensemble means and standard deviations calculateddDANand 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 (Eatgle[1 for details) are discussed. First,
the reconstructiosiof the evolution of the sea ice between 1850 and 2009, prdwigiehe simula-
tions NODA, DANOFWF, DA_FWF_1 and DAFWF_2, arepresented in Sedi._3.1 and compared
to observations. Second, the link betweenéffeciency of the particle filterin@nd theadditional
freshwater inputs presented in Se¢t._3.2. Third, the hindcasts initialisid a state extracted from
a data assimilation simulation are analysed to measurekith@fthe prediction system tested in
this study (Secf_313).

3.1 Data assimilation simulations

The observations of yearly mean sea ice exteased on version 2 of the Bootstrap algorithm,
display a positive trend between 1980 and 2009 equabto x 10% km?yr—!, significant at the
99 % level (Fig[R). This trend in sea ice extent is the residindincrease 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 (Fig.J2a and b),
similar to the one found in other climate models (e). Consequently, for the
ensemble mean, 3@:ar trends are negative during the whole period of the simulatithout data
assimilation (Figl2b). Over the period 19802009, the mtde 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
melting of sea ice occurs everywhere in the Southern Ocegn3@B), except in the Ross Sea and
in the Western Pacific sector. This negative trend obtainedhie ensemble mean is the result of
a wide range of behaviours simulated by the different membefonging to the ensemble (light
green shade in Fif] 2a and b) and, considered individubyntembers can thus provide positive or
negative values for the trend. This indicates thus thasdare members, the natural variability could
compensate for the negative trend in sea ice extent sintulateesponse to the external forcing.
Positive trends similar to the one observed over the last3@ are however rare in NODA. For

instance, only 14 of the 96 members have a positive trendtbegperiod 1980-2009 and none of
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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 toeliween
—100 and—-500m (green solid linein Fig.[4aand b. The correlation between these two variables
equals 0.8 over the period 1980-2009 (Table 2). This warming of the neceaults directly from the
increase in the external forcing and is consistent with teehase in sea ice extent (. 2a). Besides,
the ocean salt content in the first 100decreases (Fig.d This is likely due to the enhanced
hydrological cycle in a global warming context and the ir@mgrincrease in precipitations at high
southern latitudes that freshens the ocean surface|(eugand Currblﬂd; Fyfe et IaLﬁlZ). In
the simulation NODA, the negative correlation-60.94 between the ocean heat and salt content in
the first 100n below the surface over the period 1980-2009 (see Table R)kisd to the response

of these two variables to the external forcimgevertheless, this contribution of the external forcing

can be masked in individual members by internal variabikgding to low correlations between the
heat content at surface and in the interior or between hehsalt contents at surface on average
over the ensemble (Tatlé 2).

If observations of the anomalies of the surface air tempeeadre assimilated during the simu-
lation, without additional freshwater flux (DAOFWF), the model is able to capture the observed
interannual and multi-decadal variability of this variaphs expected (Fif] 5b). Consequently, the
trend in the ensemble mean sea ice extent is more variablannttdODA. Over the period 1850—
2009, the values of the 3@ar trend in sea ice extent, computed from the ensemble mearg 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 observation are tatceaccount during the simulation
but it still has a sign opposite to the observed onke difference with the estimates derived from
version 2 of the Bootstrap algorithm between November 19iBRecember 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 10% km?yr—! (Eisenman et 41|Lﬂ|14ﬂ'he trends in sea ice
concentration display a pattern roughly similar to the obse one (FigiBa and c), with an increase

in theeasteriWeddell Sea, in the eastern Indian sector, in the Westerifiesector and in the Ross
Sea, the sea ice concentration decreasing elsewhere. Gile@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 until&®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
equals0.34 over the period 1980-2009 (Talile 2) and is thus lower foathe ensemble mean
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NODA. This could be due to the interannual variability captlithanks to the data assimilation that
mitigates the global warming signal (see below). The ocedtncentent is larger in DANOFWF
than in NODA until 1980, likely because of the weakening o thydrological cycle associated
to the lower simulated temperature. From 1980 ahead, thendeeat content, in both the upper
and middle layer, increases and the salt content decreasesgonse to the external forcing, as in
NODA. Nevertheless, as the ocean heat content is stillthjiggwer in the simulation DANOFWF
than in the simulation NODA, the quantity of energy avaitatm melt the sea ice at the surface is
also lower. This can explain why the absolute value of thedia sedce extent between 1980 and
2009 is smaller in DANOFWF than in NODA.

Including a freshwater flux following the autoregressiveqass defined in Eq[](1) in the simu-
lation DA_LFWF_1 increases the variance of the ensemble of particles. T$usstightly 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 thga® trend in sea ice extent, computed from
the ensemble mean, lie betwees5.2 x 102 km? yr~! and20.3 x 103km? yr—! (Fig.[2f). Over
the period 1980-2009, the trend in sea ice extent inMAF_1 equals—2.8 x103km?yr—! and is
thus slightly less negative than in the simulation DKOFWF. The spatial distribution of the trends
in sea ice concentration in DAWF_1 is also in good agreement with the observations [Fig 3d).
The decrease in sea ice concentration occurring in thergshiausen and Amundsen Seas is less
widespread than in DANOFWF but it is still overestimated. The increase in the eesiVeddell
and Ross Seas is better represented than ilNO&xWF as well.

The additional freshwater flux in DAWF_1 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 Tabléd 2). It means that when the ocean susfaotder, the intermediate layer is
warmer and vice-versa. This indicates that in this expemintbe heat content in the water columns
is strongly influenced by vertical mixingThe amplitude othis mixing depends on the difference
in density between the surface and the deeper layers, whiahturn determined by the difference
in temperature and salinity. In the simulation AVF_1, the correlation between the ocean salt
and heat contents in the first 1@0reaches a value df.35 while it is negativefor the ensemble
meanin NODA and in DANOFWF (see TablE]2). This confirms that, during periods oféase
in salt content in the upper layer, the vertical mixing in tieean is enhanced, allowing positive
heat anomalies to be transported from the interior to theeuppean. The heat content in the first
100m increases while the one betweell00m and—500m decreases. On the contrary, when the
salt content in the upper layer decreases, the ocean becgunoresstratified, preventing the heat
exchange between the surface and the interior ocean. Théshespped in the interior ocean that
gets warmer, and the upper ocean cools doWnms process appears more important in OFWF
than for the individual members of NODA (see Table 2) becafsthe effect of the additional
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freshwater flux on the stratification. Remind that correlasi between the heat content in the upper
and intermediate layers is very high in the ensemble mearGidAlbecause of the contribution of
the forcing.

In the simulation DAFWF_2, the additional freshwater flux follows the definition givia Eq.[2
that allows a larger amplitude of variations at decadal sicaée (Fig[). Besides, the ensemble stan-
dard deviation of the additional freshwater flux is slighgtgaller in DAFWF_2 than in DAFWF_1.
The stronger variations of the additional freshwater fluplies a larger variability of the ensemble
mean sea ice extent (Fid. 2g,Afhis is particularly clear before 1950, i.e. during the tipeiod
over which less observations are available to constraimtbdel kDubinkina and QQQ;J&_ZJ)l:B).
Over the period 1850-2009, the ensemble mean of tlye@0rend in sea ice extent varies between
—68.3 x 102km?yr—! and70.9 x 103km?yr—!. Between 1980 and 2009, the average simulated

trend equald4.7 x 103 km? yr—! (not significant at the 99 % level), which is very close to tie o

served value 0f9.0 x 103 km?yr—! corresponding to data derived from version 2 of the Bogpstra
algorithm The distribution of the trend in sea ice concentrationpeen 1980 and 2009, fitel-
atively well the observations (Fi§ll 3a am)l. In particular, the decrease in sea ice concentration
occurring in the Bellingshausen and Amundsen Seas is wéadein DANOFWF and it is thus in
better agreement with satellite data. We shaiifdsshere that this good match with observed trends
is obtained from the constraints provided by (scarce) serfamperature observations, as no sea ice
data is used in the assimilation procelSgvertheless, this satisfying reconstruction of the tsand

ice extent and concentration has been obtained at the prime enhanced and maybe unrealistic
variability in the system. Furthermqgrihe anomalies of the sea ice extent, with regard to the simu-
lation NODA, have a mean 6f0.42 x 10° km? over the period 1980—2009. This shift in the mean
state of the sea ice is discussed in Ject. 3.2.

In DA_FWF_2, the correlation between the heat content in the upper ogéarida) and the one
in the interior ocean (Fid.] 4guals—0.84 over the period 1980-2009 (see Tdhle Pe strongly
varying additional freshwater flux in DAWF_2 leads to an even stronger relationship between the
ocean heat contents in the upper and interior ocean than iF\WA 1. This negative correlation
indicates that the direct impact of the external forcing eaker compared to the influence of the
stratification changes. This is confirmed by the correlabetween the ocean heat and salt contents
in the upper ocean which equals 0.78 over the period 1980-20@ for the sea ice extent, the
large variability occurring in the ocean heat and salt cotsteomputed from DAAWF_2 may be
unrealistic.

In summary, lecause of the additional freshwater flux that tends to stabihe water column
during some periods and to destabilise it in others (Higtt®,general behaviour of the ocean in
the simulatios DA FWF_1 andDA_FWEF_2 differs from the simulation NODA and DANOFWF.
While the latter simulations appear mainly driven by theeexal forcing, the interaction between the

differentlayers in the ocean seems to be dominab#inFWF_1 andDA_FWF_2. In the simulatios
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DA_FWF.1 andDA_FWF_2, the ocean heat and salt contents of the surface layer aieybanly
large in 1980 while the heat content between 100 andhs@low. This implies that the heat storage
at depth is much lower iDA_FWF_1 andDA_FWF_2 than in NODA. Note that the heat content of
the top 50Gn in DA_FWF_1 and inDA_FWF_2 is also lower than in NODA. After 1980, the salt
contens in both DAFWF_1 and DAFWF_2 decrease until 2009 (Figl 4c). This is associated with
a decrease in the upper ocean heat content and a strongsiaénethe ocean temperature between
100 and 506n, suggesting a reduction of the vertical ocean heat flux. iBHikely responsible for
theweaker decrease in sea ice extent between 1980 and 2009MIA1 (Fig [2e)andtheincrease

in sea ice exterin DA_FWF_2 (Fig.[2g). In DA_FWF_1 andDA_FWF_2, the additional freshwater
flux is the main cause of the variability of the stratificatioAdditionally, internal processes can
be responsible for such changes in vertical exchangessassdied in details unz
), also leading to a negative correlation between #a bontent in surface and intermediate
layers. This explains why the correlation between thosevarables is lower for the ensemble
mean of DANOFWF than in NODA. Itis also much lower in individual simtitan of NODA (0.03

on average, Tabld 2) than in the ensemble mear®(0Qable[2), the ensemble mean amplifying the

contribution of the response to the forcing associated hiigh positive value.
3.2 Impact of the additional freshwater flux on simulations with data assimilation

Over the years 1980-2009, the model, without data assiomnlaimulates too cold a surface air tem-
perature on average over the box southward 6f308ompared to the reference period 1961-1990,
i.e., a mean anomaly over 1980-2009 of 0.adn NODA against 0.13C in the observations. Be-
sides, the model is much too warm before 1960. This bias &lgleeduced in théhree simulations
with data assimilatioA_NOFWF, DA_FWF_1 and DA FWF_2, that furthermore provide a better
synchronisation between the model solutions and the ohsens (Fig[h). Nevertheless, this bias
reduction is likely achieved differentiy the different simulations with data assimilation presen
here

If no additional freshwater flux is taken into account, thétsh the model state induced by the
data assimilation procedure is partly due to the nudgingpatly to the selection of the particles
whose simulated temperature is closer to the observafidressea ice simulated by a particle is then
linked to the surface air temperature through the model ayesa Adding a freshwater flux during
the data assimilation procedure can improve the efficieridhe particle filtering by perturbing
each particle and thus increasing the range of the ensembleore dispersed ensemble more
likely contains a solution that is close to the observatimd the particle filtering can thus be more
efficient.

The additional freshwater inputodifies the structure of the ocears discussed in SeEf._Bthat
in turn impacts the sea ice formation and the temperatufeead¢ean surfacelhis is particularly

clear in the simulation DAFAWF_2 whose additional freshwater flux displays a large ampditafi
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variations (standard deviation over the period 18509 = 0.03 Sv against 0.03v in DA_FWF_1).
Because of the contribution of this proceth® correlationbetween the sea ice and the surface air
temperature is thuseaker This correlation remains negative in the presence of artiaddl fresh-
water flux, i.e., a warmer ocean surface is still associaieldmaller sea ice extent. Nevertheless,
the correlation between the ensemble mean of the averageslidace temperature and the ensem-
ble mean of the sea ice extent over the period 1850—-200@lstilslismaller in absolute value in the
simulations with data assimilation and additional frestewélux (—0.78 in DAFWF_1 and—0.56

in DA_FWF_2) compared to the simulations without any additional frester flux (—0.97 in NODA
and—0.86 in DANOFWF).

In the simulations with data assimilation and additionakfrwater fluxthe particles are still
selected on the basis of the agreement between the surfatengerature they simulate and
the observed one. As a consequence, the state of the meanesaif temperature simulated in
DA_NOFWEF is very similar to the ones IDA_FWF_1 andDA_FWF_2 but the state of the sea ice
may differ. betweerthesetwo-dataassimitationsimulationin particularthe simulation DAFWF_2
displays a lower sea ice extent over the period 1980-20@% NODA This smaller sea ice extent is
associated with an averaged additional freshwater fluxettpaals—0.03Sv (Fig.[8) over the period
1980-2009. In this case, the negative additional freshvilabe seems to contribute to a reduction
of the cold model bias in the surface air temperature overghdod (Fig.[ba).Indeed, a negative
freshwater flux makes the ocean surface saltier and dastsbthe water column. This enhances
the vertical mixing and warmer water from the interior oceaaches the surface that consequently
warms up. Therefore, particles receiving a negative fresémflux are more likely to get closer to
the observations compared to the mean of NODA that is too @edd this period. They have thus
a higher probability to be selected by the particle filteduging the model biasThis process is
likely less active in DAFWF_1 in which the additional freshwater flux equals 0.01 on ayer@ver
the period 1980-2009.

The negative value obtained for the ensemble mean of thaviasr flux between 1980 and
2009in DA_FWF_2 may appear in contradiction with the estimates of the Ani@aice sheet mass
imbalance. Indeed, these clearly indicate a melting of tieesheet that results in a freshwater
input in the Southern Ocean. Nevertheless, the freshwaterafpplied inthis simulation allows
first compensatg for model biases thanks to this negative mean value. Sgafittm a negative
value in 1980, the ensemble mean of the freshwater flux sfigitreases until 2009 at a rate of
4.53 x 10~° Svyr~!, equivalent toan acceleration of the melting of 1@tyr—2 between 1980
and 2009 (Fig1e). This value is much smaller than the ineréadreshwater flux derived from
the recent estimates of the ice sheet mass imbalance bualhesvare only available on shorter

timescales. For instance, in their reconciled estim@Mll (ZQJLZ) reported a freshwater
input from the West-Antarctic ice sheet melting 35+ 32 Gtyr—* (~ 1073 Sv) over 1992-2000
and 0f102 £ 18 Gtyr—! (~ 3 x 1073 Sv) over 2005-2010.e., a bit smaller than in DAWF_1. To
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sum up, our results show that the mean value of the additioesthwater fluxin DA_FWF_2 does
impact the simulation results by compensating for biaséise model or in the experimental design
but the increase in this flux may not be a determinant feature.

Itis also important to stress here that the parameters osifine the additional freshwater fluxes
in the simulations DAFWF_1 (Eq. [1)) and DAFWF_2 (Eq. [2)) allows seasonal variations that are
much larger than the estimates of the change in the freshimptgt associated to the recent melting
of the West-Antarctic ice sheet. Indeed, the standard tewiaf the random noiserwr1 in Eq.

@) equals 0.08v (erwr2 in Eq. @) equals 0.03v), which is equivalent to about 120& yr—*
(300Gtyr~1). Nevertheless, while the plausibility of the states coteduin DA FWF 2 is ques-
tionable, the solutions provided by DRWF_1 can be reasonably considered as realistic estimates
of the state of the system.

3.3 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 answeringuegtiaps. (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 icenmddast simulations? Including an
additional freshwater flux appears indeed to be relevanhfirave the efficiency of data assimila-
tion (see Secf. 3l1). The results of HINDCAST initialised from DANOFWF, HINDCAST_2.1,
initialised from DAIFWF_1 andHINDCAST_ 3.1, initialised from DA FWF_2, bring answers to the
first question, these hindcasts including no additionalfreater flux. The second question is specif-
ically addressed in the analysestdfNDCAST_2.2 and HINDCAST2.3, initialised from a state
provided by the simulation DAAWF_1, as well as HINDCAST3.2 and HINDCASTS3.3, initialised
from a state provided by the simulation CAWF_2, a freshwater perturbation being applied during
these four hindcast$Given that it is not clear whether it is the mean value of theitthal fresh-
water flux or its variations that matters, two configuratiémsthe additional freshwater flux have
been tested. IHINDCAST 2.2 HINDCAST_3.2), the additional freshwater flux corresponds to
the one that has been diagnosed from_FWF_1 (DA_FWF_2), shown on Fig[6, and evolves in
time. On the contrary, ilINDCAST_2.3 HINDCAST_3.3), the freshwater flux is constant in time
and equal®.01Sv (—0.03Sv), the average freshwater flux diagnosedith_FWF_1 (DA_FWF_2)
between 1980 and 2009.

In HINDCAST_1, the sea ice extent is high at the beginning of the simulaind decreases be-
tween 1980 and 2009 (Fig. 7a). The ensemble mean of the tegudgs—14.2 x 103 km?yr—!, with
an ensemble standard deviation1gf2 x 103 km?yr—!. This provides a 95 % range that does not

encompass the observed trend 6f0 x 103 km? yr—!. In this hindcast, the trend in sea ice concen-
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tration is negative over a large area in the Bellingshausdnfanundsen Seas and slightly positive
elsewhere (Fid.]8a). This pattern thus roughly fits the ofesbone but the decrease obtained in the
western part of the Southern Ocean covers too large anaar@ahe increase in the Weddell and
Ross Seas is too weaklhe regional distribution of the trend in sea ice conceiamnain HIND-
CAST_1 (Fig.[8a) isthusvery similar to the one in DANOFWF, i.e. the simulation that provided
the initial state for HINDCASTL. This suggests that the information provided at the iistdion
canslightly impact the solution of the hindcast over multi-decadal Soadesinagreementvith-the
Fesuksd%eussedn. 4). The too large decrease in sea ice ctmatiem occurring
in the Bellingshausen and Amundsen Seas already noticeA iNOFWF is however amplified in
HINDCAST_1, leading to an overall decrease similar to the mean of NOID®.ocean heat and salt
contents in HINDCAST1 follow roughly the evolution of these variables for the @mble mean
in NODA (Fig.[4). The correlation between the upper and inteocean heat content equals ®.8
and the correlation between the upper ocean heat and saétnt@guals-0.94 (see Tabl€]2). This
points out the role played by the external forcing in thisduiast, as discussed in Séct]3.1.

In HINDCAST_ 2.1, the ensemble mean of the trends over the period 1989-@fals1.3 x
103 km? yr—1, with an ensemble standard deviationidf5 x 103 km?yr—! (Fig[@b). The observed
trend is thus included in the 95% range of the ensemble. Tatasistribution of the trends in sea
ice concentration in HINDCASTR.1 is also in good agreement with the observations[(Fig RerG
that no additional freshwater flux is applied in this hindc#i#e positive trend in its sea ice extent
likely arises from the state used to initialise this simiolat This initial state is characterised by
relatively large heat and salt contents in the upper oceign[@a,c) and a small heat content in the
interior ocean (FifJ4b). This situation corresponds to akiyestratified ocean column in 1980 that
stabilises during the following years in HINDCASZ 1, leading to a cooling of the ocean surface
that in turn favours the production of sea ice.

HINDCAST_2.2 provides an ensemble mean of the trends over the per@@-2909 equal to

13.0 x 103 km? yr—!, with an ensemble standard deviation1@f4 x 103km?yr—! (Fig[dc). This
value of the trend is even closer to the observatiorfad 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 distribatiof the trends in sea ice concentration
in HINDCAST_2.2 is very similar to the one in HINDCASZ.1 (Fig[8b,c). In HINDCAST2.3,
a constant additional freshwater flux equal to 0.01, coordimg to the average over the period
1980-2009 of the freshwater flux diagnosed from_BWF_1, is applied. This also provides trends
in sea ice extent and concentration over the period 198®-2@0 agree well with the observations
((Fig[Ad and Fig Bd). 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.
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The results of HINDCAST3.1, initialised from the simulation DAWF_2, display a low sea ice
extent at the beginning of the simulation (Hig).7During the first Srears following the initialisa-
tion, the sea ice extent rapidly increases until the satuteaches the model climatology and then
remains more or less stable. Overall, the trend in sea i@neketween 1980 and 2009 computed
from this hindcast has an ensemble mean equidtb x 103 km?yr~! and a standard deviation of
15.7 x 103 km?yr—!. The ensemble is thus shifted towards positive values ofrérel in sea ice
extent compared to HINDCAST, with an ensemble mean that is very close to the observed one
Nevertheless, the increase in sea ice extent essentially®during the first 5 years after the initial-
isation. This thus suggests that the positive value of edtin sea ice extent imainly due to the
model drift caused byn abrupthange in the conditions of the experiment compared toHWAF_2
that provided the initial state. As HINDCAS3.1is not driven by any additional freshwater flux,
the sea ice extent rapidly tends to its mean climatologiéésn this configuration: this is the one
obtained in NODA which is characterised by a higher ice extiean in DA FWF. The model drift
is also clearly seen in the ocean heat and salt contentd4#&ignd b). The regional distribution of
the trend in sea ice concentration is in good agreement hitlobservations (FigE3. Nevertheless,
this apparent satisfying results provided by HINDCAST has to be moderated given the drift that
produces unrealistic trends at the beginning of the sinmuat

In HINDCAST_3.2, the additional freshwater flufwhich is negativeppplied during the simu-
lation slows down the increase in sea ice extent at the biegjrof the simulation (Figl¥j, re-
sulting in a weaker trend compared to HINDCASTL (Fig.[d). The ensemble mean (standard
deviation) of the trends equalsl x 10>km?yr—! (15.5 x 103km?yr~1), the observed value of
19.0 x 103 km? yr—! is thus well within the ensemble range. The trend is reljtistable over the
whole 30year period and not concentrated on the first years of simuladernin HINDCAST3.1.
Furthermore, the experimental conditions are much clasBAt FWF_2. There is thus no reason to
suspect that the increase in sea ice extent in HINDCAis due to a spurious drift. Such a weak
or even non existent drift is ensured by the experimentafjdesonsistent with the behaviour of the
ocean heat and salt contents that remain relatively far ftemesults of NODA (Fid.J4). The pat-
tern of the trend in sea ice concentratasoreasonably fits the observations (Fil). 8reludingan

The additional freshwater flux applied during the simulatitiNDCAST_3.3, equal to—0.03 Sv,
corresponds to the mean of the diagnosed freshwater fluxtloggreriod 1980—-2009 in DAWF_2

and thus does not require a detailed knowledge of its varidti time. Note that this value is

very close to the one of thg0-yearperiod preceding the hindcast. The trend in sea ice extent in
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HINDCAST_3.3 has an ensemble mean equallté x 103km?yr—! and a standard deviation of
16.6 x 103 km?yr—! (Fig.[7). The ensemble mean of the trend is thus slightly smallen the
one of HINDCAST3.2 but the ensemble still contains the observed trend. Furbes, the sea
ice extent does not display a rapid change during the firatsyefasimulation. This suggests that
the model drift is also prevented by the addition of a cortst@shwater flux during the hindcast
simulation. The ocean heat and salt contents stay rehafieefrom the model climatology (Fif 4),
confirming the absence of a significant model drift in HINDCAS.2. The regional distribution
of the trend in sea ice concentration is in a satisfying ageze with the observed one (Figg)3
This last hindcast thus provides trends in sea ice extentandentration that fit the observations.
ing
fermodelbiasesandaveidsmedeldrift- Therefore, while adding a freshwater fluxthe present

case is requiretb maintain the sea ice of the hindcast around a mean statpatinte with the

initial stateextracted from the results of DAWF_2, a detailed knowledge of the time evolution of
the freshwater flux does not seem to be crucial.

The results of our hindcast simulations demonstrate tleastite used to initialise these simula-
tions plays a fundamental role in determining the trendeaise extent and concentration over the
three decades following the initialisation, in agreemettih\the idealised experiments presented in

. 4). In our simulations, the additional freater flux improves the reconstruction of
the evolution of the system in the simulation with data agaiion and thus helps in providing an
adequate initial state for the hindcasts. An suitable fm@gér input during the last 30 years may
further improve the agreement with observations derivethfboth version 1 and version 2 of the

Bootstrap aIgorithnL{,Ei_s_e_nma.n_e_ll MM), as shown byesglts of HINDCAST2.2 and HIND-

CAST_2.3. Nevertheless, a change in the freshwater input fronperied to the other (for instance

between the 30 years preceding and following 1980), in tlsemde of an adequate initialisation of
the simulation, is not sufficient to account for the obsepesitive trend in sea ice extent between
1980-2009. This conclusion is supported by the results afdatitional simulation, initialised in
January 1960 from a state extracted from NODA. This simaortei$ driven by external forcing and
receives an additional freshwater input, following thetspalistribution displayed in Fifl6, equal
to —0.03 Sv between January 1960 and December 1979 and abruptly iecréas0.01 Sv in Jan-
uary 1980, i.e., a larger shift than in any of our simulatiwith data assimilation or hindcasts. The
additional freshwater flux then remains constant until the &f the simulation in December 2009.
In this simulation, the sea ice extent decreases betweeh d®kb 1980 in response to the external
radiative forcing and the negative freshwater perturlatitig S1 of the Supplementary Material).
The sea ice extent then rapidly increases after the abrapigehin the additional freshwater inputin

January 1980 but decreases again after a few years.
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4 Summary and conclusions

The trend in sea ice extent derived from satellite obsewmatis subject to uncertainties (e.qg,
Eisenman et M 20h4) 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 onlyAssimi-

lating anomalies of the surface air temperature througmtltging proposal particle filter induces
an increase in the trend in simulated sea ice extent ovenrédegades 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 assitioitethelatterdisplayingareductioneft!

extentinresponsdo-thefereing. Further improvement is achieved if an additionaloaegressive
freshwater flux is included during the data assimilatidhis freshwater flux induces a larger spread

of the ensemble and thus allows a better efficiency of theghafiltering but, in some cases, may
lead to an excessive interannual variability of the modéle &dditional freshwater input may also
compensatéor model deficiencies that affect the representation ofréghwater cycle (in particular
the variability of the meltwater input), the ocean dynamibe internal variability, etcOverall,in
combination with the data assimilation, the additionasin@ater input leads to simulated trends in
sea ice extent and concentration between 1980 and 200%:firaduce well the observations. The
freshwater flux thus appears to play an important role onithalated evolution of the sea ice, as al-
ready pointed out in previous studies (4.9., HeI|MMngedouw et AIL&&)E Bintanja eJ al.,
2013).

Hindcasts initialised from those simulations with dataragation have allowed illustrating fac-

tors that can potentially increase the model skill to prettie trend in Southern Ocean sea ice over

the next decades. This is summarised into three points below

1. Initialising a hindcast simulation with a state extradi@m a simulation that has assimilated
observations through a nudging proposal particle filterdhagnificant 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 resulte 0As 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 30ar 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 yneapliivalent to a perfect model

study, as proposed 14).

2. It has been shown that the experimental design used torpe# prediction has to be consis-
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tent with the one applied in the simulation providing théiaistate for the forecast simulation.
In particular, a shift in the mean state of the sea ice has peieied out in the simulation with
data assimilation and strongly varyingadditional freshwater fluxDA_FWF_2), that could
lead to a model drift in the hindcast initialised from thisnsilation. Such a drift could be
prevented if a freshwater flux of amplitude similar to the applied during the simulation
with data assimilation is included in the hindcast simolati

3. In hindcast simulations, ttelditional freshwater input may contribute to reproducesitjve
trend in sea ice extent such as the observed one but is nobthiaant element, in agreement

with the results 0|I Swart and FJ/fE(Zj)lB). Indeed, an abmpeiase in the additional fresh-

water flux at the beginning of the hindcast simulation, withan adequate initialisation of

the simulation, does not provide a long-term increase incgeeaxtent such as the one derived
from the observations over the last 30 yeaf$e strong link between the freshwater input

derived from the melting of the Antarctic ice sheet and tloegase in sea ice extent between
1980 and 2009, suggested by Bintanja Aal] al. (12013), is thusomdirmed in the present study.

Those resultsuggesthat the increase in ice extent, the surface cooling andréshéning sim-
ulated between 1980 and 2009, in both simulations with dsdaralation and hindcasts using ad-
ditional freshwater fluxis not dueto the anthropogenical forcing or to a particular large mglbf
the ice sheet during this period. The evolution of the vdesiat the surface of the ocean after 1980
seems rather influenced by the state of the ocean in the 1¥Haisacterised by a warm and salty
surface layer, a cold intermediate layer and a strong caiovecThis state is consistent with the
results ol‘_d_e_LasLeLgﬂ_e_eﬂ:J.L_(Zd)l4) and evolves towardsshéreand cooler upper ocean that allows
a greater production of sea ice. In our experiments, thte #tahe late 1970’s is reached thanks to

variations in the freshwater input to the Southern Ocearis flinx is very likely playing a role but
we could not determine if it is amplified or not by our experirtad design that allows variations of
this flux only and not of other forcings or model parameterhetker the addition of a freshwater
flux could compensate for biases in the simulated sea icehier @limate models still needs to be
investigated, a reduction of the model biases being alssilpleshrough other approaches. Overall,
the results that have been discussed here are rather egomuasmd open perspectives to perform
predictions of the sea ice in the Southern Ocean over thedeesdes.
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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_1 96 Jan 1850-Dec 2009 on 1 Jan 1850 YES Autoregressive Fgiiog Eq.[1.
DA_FWF2 96 Jan 1850-Dec 2009 on 1 Jan 1850 YES Autoregressive fWfwving Eq.[2.
HINDCAST_1 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO NO
from DA_LNOFWF
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.1 between 1980 and 2009 (see
Fig.[@).
HINDCAST.2.3 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO Ensemble mean of the FWF computed in
from DA_FWF DA_FWF_1, averaged over the period 1980—
2009 & 0.01 Sv).
HINDCAST.3.1 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO NO
from DA_FWF
HINDCAST.3.2 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO Ensemble mean of the FWF computed in
from DA_FWF DA_FWF2 between 1980 and 2009 (see
Fig.[@).
HINDCAST.3.3 96 Jan 1980-Dec 2009 on 1 Jan 1980 NO Ensemble mean of the FWF computed in

from DA_FWF

DA_FWF_2, averaged over the period 1980—
2009 = —0.03 Sv).

Fig. 1. Spatial distribution of the additional freshwater flux imd¢éd in model simulations.
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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 simulaiesummarised in
Table[1. The correlation is computed over the period 19802888, from the ensemble mean of the variables.
For the simulation NODA, the correlation computed for eadmrher of the simulation and averaged over the

ensemble is given in brackets.

Simulation Correlation between the upper  Correlation leetwthe 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_1 —-0.24 0.35
DA_FWF_2 —0.84 0.78
HINDCAST_1 0.86 —0.94
HINDCAST 2.1 0.07 —0.03
HINDCAST_2.2 —0.44 0.44
HINDCAST_2.3 —-0.32 0.27
HINDCAST33.1 —0.92 0.89
HINDCAST_3.2 —0.40 0.37
HINDCAST.3.3 —0.23 0.29
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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®-20d(b, d, f) 30year running
trend in sea ice extent. Results are fr@anb) the simulation without data assimilation (NODAg, d) the model
simulation that assimilates anomalies of surface air teaipee (DANOFWF), (e, f) the model simulation that
assimilates anomalies of surface air temperature andsHatdged by an additional autoregressive freshwater
flux following Eq. [@) (DA.FFWF_1) and(g, h) the model simulation that assimilates anomalies of surédce
temperature and that is forced by an additional autoreilyeefreshwater fluxollowing Eq. [2) (DA_FWF_2).

The model ensemble mean is shown as the dark green line sdadiy one standard deviation shown as the
light green shade. Observatiow@w dae shown as the black line (cross)a@ c, e )

(in b, d, f, h). The green (black) dashed line shows the linear fit of theghsidnulation (observations) ifa,

C, & ¢). The values of the trend indicated in thee ¢ eand g) correspond to the ensemble mean of the trends
along with the ensemble standard deviation for NODA. Trahds are (non-)significant at the 99 % level are
shown in green (red).
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(a) Observations

Trend in annual mean sea ice concentration (yr"1) - 1980-2009
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Fig. 3. Trend in yearly mean sea ice concentration between 1980 @@@, Zhown for(a) the observations
(Comiso,l 1999, updated dailyjb) the model simulation without data assimilation (NODAQ) the model
simulation that assimilates anomalies of surface air teaipee (DANOFWF), (d) the model simulation that
assimilates anomalies of surface air temperature andsHatded by an additional autoregressive freshwater
flux following Eg. [) (DAFWF_1) and(e) the model simulation that assimilates anomalies of surfice
temperature and that is forced by an additional autoreiyeefieshwater fluxollowing Eq. [2) (DA_FWF_2).
Hatched areas highlight the grid cells where the trend isigtificant at the 99 % level. The shaded grey areas

correspond to the land mask of the 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 Table 1. The ocean heat andosdénts are computed southward of &1n
each pane(a,b,c), the curves on the left correspond to the results of NODA drti@simulations with data
assimilation, while the curves on the right correspond &r#sults of the hindcast simulations initialised from
DA_NOFWF (HINDCAST.1), from DA_FWF_1 (HINDCAST_2.1, HINDCAST.2.2 and HINDCAST2.3) and

from DA_FWF_2 (HINDCAST_3.1, HINDCAST.3.2 and HINDCASTS3.3).
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(a) NODA (b) DA_NOFWF
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Fig. 5. Yearly mean surface air temperature anomalies with regartP61-1990, averaged over the area
southward of 30 S, from(a) the model simulation without data assimilation (NOD&)) the model simulation
that assimilates anomalies of surface air temperature \I&FWF), (c) the model simulation that assimilates
anomalies of surface air temperature and that is forced laglditional autoregressive freshwater flux following
Eq. 1) (DAFWF.1) and(d) the model simulation that assimilates anomalies of surfédiceemperature and
that is forced by an additional autoregressive freshwater filllowing Eq. [2) (DA_FWF_2). The model
ensemble mean is shown as the orange line, surrounded bytaomael deviation shown as the light orange
shade. Observatio t 006) are shown asdble lbte.
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(a) DA_FWF_1
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(a) DA_FWF_2
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Fig. 6. Freshwater fluxa) from the model simulation with data assimilation and addiél autoregressive
freshwater fluxfollowing Eq. (@) (DAFWF_1) and(b) from the model simulation with data assimilation and
additional autoregressive freshwater flux following Eh (RA_FWF_2). The ensemble mean is shown as the
blue solid line, surrounded by one standard deviation sheswviie light blue shade. The dashed blue (purple)
line shows the mean over the period 1850-2009 (1980-2008 lifiear fit between 1980 and 2009 is shown

as the solid purple line.
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(a) HINDCAST_1
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Fig. 7. Yearly mean sea ice extent anomalies with regard to 198®;200 the sevenhindcast simulations

initialised on 1 January 1980 through data assimilation {&ble[1 for details). The model ensemble mean is
shown as the dark green line, surrounded by one standamatidevshown as the light green shade. Observations
(Comis“ 1999, updated d;ily) are shown as the black line.green (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 along with the ensemble standard devialieends that are (non-)significant at the 99 %
level are shown in green (red).
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(a) HINDCAST_1

(c) HINDCAST_2.2 (d) HINDCAST_2.3

Trend in annual mean sea ice concentration (yr"1) —1980-2009

B : [ T
-0.01 -0.005 0 0.005 0.01

Fig. 8. Trend in yearly mean sea ice concentration between 1980@0®] for theseverhindcast simulations
initialised on 1 January 1980 through data assimilatioe {Egbld1 for details). Hatched areas highlight the
grid cells where the trend is not significant at the 99 % leVak shaded grey areas correspond to the land mask

of the ocean model.
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