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Abstract. Satellite sea ice concentrations (SIC), together with sdweean parameters, are assimilated into a regionaldrcti
coupled ocean-sea ice model covering the period 2000-2€i88 the adjoint method. There is substantial improvenretite
representation of the SIC spatial distribution, in patacwith respect to the position of the ice edge and to the eotrations

in the central parts of the Arctic Ocean during summer marflesisonal cycles of total Arctic sea ice area show an overall
improvement. During summer months, values of sea ice ef@&#H) integrated over the model domain become underesimat
compared to observations, however absolute differenceseahn SIE to the data are reduced in nearly all months and.years
Along with the SIC, the sea ice thickness elds also beconosel to observations, providing added-value by the assimil
tion. Very sparse ocean data in the Arctic, corresponding wry small contribution to the cost function, prevent Biea
improvements of assimilated ocean variables, with the gi@e of the sea surface temperature.

1 Introduction

The Arctic region is expected to experience a dramatic apthgenic temperature increase over the years to come (IPCC,
Stocker et al. (2014)). A major decline in Arctic sea ice i®atly observed (Kwok and Rothrock, 2009; Comiso et al., 2008
and climate change projections suggest that, due to riemgpératures, a complete disappearance of summer sea icde cou
occur as soon as 2050 (Overland and Wang, 2013). Obtaining@oved understanding of the changing Arctic Ocean, its
transport properties of heat, freshwater as well as carbdnnatrients, and its interaction with sea ice and the ousgly
atmosphere is therefore of utmost importance.

Despite recent improvements in observing capabilitieg @teal., 2010), the Arctic Ocean remains one of the leasbesg|
areas of the World Ocean. This is due to the harsh enviroraheortditions of the region, but also due to logistical anlitical
dif culties in maintaining sustained Arctic-wide, ideglhutonomous, ocean observations. Fortunately, many-pabéting
satellites obtain important ocean and sea ice parameterst@/sub-Arctic region, such as sea surface height (S8klseface
temperature (SST), ocean color and sea surface salinity)($®wever, over sea ice covered regions satellite measues
of the ocean surface are limited. To enhance our insighttivgdArctic environment a joint analysis of observation&bes is
therefore required. However, to understand large scatelaition processes in the Arctic Ocean the community wilehin
rely on numerical ocean circulation models due to the cortiisubstantial under-sampling of the Arctic under seaowerc



10

15

20

25

30

35

The representation of the Arctic Ocean circulation in éxgsbcean models considerably improved during the last B0sye
to the point that today many models reasonably well repredwiability of SSH (Koldunov et al., 2014), while for the
components of the freshwater balance the picture is mixaln(ét al., 2012) and for circulation and water masses models
show signi cant discrepancies (Proshutinsky et al., 2011)

One method to further increase the resemblance betweensraodkavailable observations is data assimilation. Theatsod
with data assimilation can be used to draw conclusions alaigtions in Arctic Ocean parameters on decadal scalestcan
reveal mechanisms which drive changes in Arctic circutatio

Stammer et al. (2016) described the state of ocean dataikg®imin the context of climate research. As describedehe
ocean data assimilation became a mature eld for the ice-fi@an. However, assimilation in coupled ocean-sea icellgr f
coupled climate models is still at its infancy and needs iciamable attention. This also includes the use of sea icanpeters
to constrain coupled ocean-sea ice models and to undertarmupling between sea ice and the underlying ocean and the
atmosphere.

Chevallier et al. (2016) recently reported results from @RRA-IP inter-comparison project for Arctic sea ice paraangt
using global ocean-sea ice reanalyses with and withoun@ation of sea ice data. They found good agreement in thenrec
structed concentration but a large spread in sea ice thiskohge to biases related to the sea ice model components.

The approaches to the sea ice assimilation are similar tovaélyeocean variables are assimilated in ocean models and rang
from nudging (e.g. Lindsay and Zhang (2006); Tietsche €R&l13)) to the use of ensemble Kalman lter ( e.g. Liseetel.et a
(2003); Xie et al. (2016)). The sea ice sensitivity study ofdunov et al. (2013) was among the rst prerequisites tola fu
data assimilation attempt in the Arctic with the adjoint hret. The authors looked at the sensitivity of sea ice paramset
to external atmospheric forcing parameters (see also Kaikg. (2009)). The former study revealed the impact ofrgpri
atmospheric temperatures on summer sea ice concentraticexéent. The study of Kauker et al. (2009) underlined thatiw
stress changes are important for changing summer sea i@ &sis.

More recently, Fenty et al. (2015) studied the impact ofragating sea ice concentration (and ocean) data into a globa
eddy permitting ocean circulation model using the adjoiethod. In that study the circulation for the year 2004 wasmec
structed. By comparing a setup with and without assimitatb sea ice concentration, the authors demonstrate thatsea
concentration data reduce model mis ts in the Arctic witlspect to upper ocean strati cation and reduces ICESat«el@ri
Arctic ice thickness errors.

The present study builds on the work of Fenty et al. (2015)ahénces it by performing a multi-year data assimilatian fo
the coupled Arctic Ocean-sea ice system. To be computdiffdaasible, the study is based on a regional Arctic con afion,
nested laterally into a North Atlantic-Arctic solution (&et al., 2010). The goal of the study is to investigate th@nges
in the Arctic during the period 2000 - 2008. This period is reftderized by signi cant changes in the Arctic Ocean and by
increased amounts of Arctic observations. This makes ita gest period for the assimilation system and can provige r
scienti ¢ applications. At the same time, the consistentyhe assimilated EUMETSAT sea ice data (OSI-SAF, 2015) with
the used sea ice model is being tested, as are its impact estih@ate of the ocean circulation and unobserved ice paessne
such as sea ice thickness.
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The remaining paper is structured as follows: after an thiobion to the model con guration and the assimilation noeth
in Section 2, the impact of the assimilation on the sea iceeontmation is discussed in Section 3. Section 4 focuses wriln®
sea ice state is adjusted by changing the control variabg$Saction 5 summarizes the impact on the ocean state andahe s
ice thickness. Concluding remarks follow in Section 6.

2 Methods

Our study is based on a regional con guration of the MITgcnumled ocean-sea ice model (Marshall et al., 1997) and the
respective ECCO adjoint framework. The model set-up, tha dssimilation and the optimization results are describéide
following subsections.

2.1 Model set-up

The model domain covers the northern North Atlantic and thetié Ocean (Fig. 1) with the model grid being curvilineadan

a subset of the 16-km resolution Atlantic-Arctic model (A8) reported in (Serra et al., 2010). The model uses z-coatels
and has 50 levels, with resolution varying from 10 metersigtop layers of the water column to 550 meters in the deep part
of the ocean. The bathymetry is based on the ETOPO2 data®astn( 1997) with no arti cial deepening or widening of the
Nordic Seas passages being applied.

As atmospheric forcing, the model uses the atmospherie Btah the 6-hourly NCEP RL1 reanalysis (Kalnhay et al., 1996),
including 2-meters air temperature, precipitation ratenéters speci ¢ humidity, downward shortwave radiatiorx,unet
shortwave radiation ux, downward longwave radiation u%pD-meters zonal wind component and 10-meters meridional
wind component. The surface uxes of heat, freshwater ancher@um are derived via bulk formulas. At the open southern
boundary, roughly at 48N in the Atlantic, results from a 60-year long integratiortteé ATLO6 model are used. The ATLO6
was in turn forced laterally at 335 by a 1 resolution global solution of the MITgem forced by the sanf@B¥ data set (see
(Serra et al., 2010) for details). At the northern boundadguatropic net in ow of 0.9 Sv into the Arctic is prescribetBering
Strait, balancing the corresponding out ow through theteetn boundary. An annual averaged river run-off (Feketd.et
1999) is applied in the North Atlantic, while seasonallyyiag run-off is used for the Arctic rivers.

The MITgcm offers a wide variety of modules that can simutiifeerent aspects of the unresolved ocean physics. For the
vertical mixing parameterization we use the K-Pro le Paedenization (KPP) scheme of (Large et al., 1994). The maziel i
operated in a hydrostatic con guration with an implicitéreurface. The sea ice componentis based on a Hibler-typée¢Hi
1979, 1980) viscous-plastic dynamic-thermodynamic seamodel. The thermodynamic part of the model is the so-called
zero-layer formulation following Semtner (1976) with snoawer as in Zhang et al. (1998). The temperature pro le initee
is assumed to be linear, with constant ice conductivityhSutormulation implies that the sea ice does not store hadf,as
a result, the seasonal variability of sea ice is exagge(&ehtner, 1984). To reduce this effect we use the sub-gaie $eat
ux parameterization following Hibler (1984). Moreover,eanuse the viscous-plastic rheology scheme of Hibler (19718) w
an extended line successive over-relaxation (LSOR) medfloang and Hibler, 1997). A comparison of the effect of difet
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rheology schemes in MITgcm is provided by Losch et al. (20R@cently, Nguyen et al. (2011) applied the coupled MITgcm
in a regional Arctic Ocean study and reported values for nmaoglel parameters used in our study.

2.2 Adjoint data assimilation approach

Similar to the work of Fenty et al. (2015), our assimilatidsceemploys the ECCO adjoint methodology to bring the cadiple
sea ice-ocean general circulation model into consistentty assimilated data and prior uncertainties. The paicumhple-
mentation used here builds on the set-up of the GECCO2 syistfieohl, 2015) but was extended to facilitate the addalon
assimilation of sea ice parameters. A complete list of patars assimilated and their sources are presented in Tableel
collection of hydrographic observational data in the Ar€icean used in the present work is not comprehensive anchdbes
include, for example, ice-tethered pro ler data (Toole let2011; Krish eld et al., 2008). In the present pilot stuahg decided
to stick to two well-structured data sets available at threetive have started our efforts.

While using the adjoint method, an uncertainty-weighted s squares of model-data mis ts is minimized in an iterativ
fashion using the gradient of the cost function with respe@et number of control variables. The cost functibis de ned as

follows:

Xf
J= () EM®x®I'RE) 'yt) E®x(b)]+
= tx 1
VTP(O) v+ u-nqumlum"' Ua(t)TQa(t) lua(t) (1)
t=0

wherey(t) is a vector of assimilated data in tirhex(t) is a vector of the model statg(t) is a matrix which maps the model
state to the assimilated dataijs the difference between the rst guess initial conditiovddahe model state at the beginning
of the assimilation period (only for the rst yean), is the difference between the rst guess time mean atmosphktate
and the optimized mean atmospheric statg}) is the difference between the rst guess time-varying ajphesic state and
the optimized time-varying atmospheric state. AdditiowaightsR(t) 1, P(0) 1, Q,,! andQa(t) ! control the relative
contribution of different terms in the cost function. Moretdiled description of the cost function and optimizatioogedure
can be found in Fenty et al. (2015).

The MITgcm is suitable for the automatic generation of atjcode by the Transformation of Algorithms in FORTRAN
(TAF) source-to-source translator (Giering and Kamins898; Giering et al., 2005). Koldunov et al. (2013) used théddm
and its adjoint to perform an analysis of the Arctic-widecidlj-based sea ice sensitivities to atmospheric forcing.

Here we use a version of the MITgcm with an improved adjoird tifermodynamic ice model (Fenty and Heimbach, 2013a,
b). The adjoint model was modi ed here similarly to Kéhl and®@mer (2008) to exclude KPP module and increase diffysivit
values compared to the forward run. This is done to avoid e&ptally growing adjoint variables. The sea ice module was
active in the adjoint integration, but the part of the seadgeamics which treats rheology was switched off, so thatstee
ice model was in a free drift con guration. This approach tech reduced (approximate) adjoint producing smootheriaidjo



10

15

20

25

30

35

gradients. These gradients can still be successfully wsieddrove the large scale state of the model (see Kohl ancklvdind
(2002) and Koéhl and Stammer (2008) for more details). Singilapli cations of the adjoint model were used by Fenty et al
(2015) and Liu et al. (2012) provided an evaluation of the&fbf modi cations in the parameterizations on the adjolitey
con rm mostly small changes, although regionally some grais of the gradients may shift. Since the gradients are anly
means to nd the cost function minimum and the forward coded(thus the minimum itself) is unmodi ed, changes to the
gradient may lead to lower performance in nding the minimbut not to different states once the minimum is found.

In contrast to K6hl (2015), additional control variables aptimized and the frequency of the updates is enhancect® on
per 3 days in order to re ect shorter time scales of sea iceldity. The nal list of control variables is: surface (Jnair
temperature, surface (2m) speci ¢ humidity, surface (1@onal and meridional wind velocity, precipitation rateywawvard
shortwave radiation, and initial temperature and salifitythe rst year of assimilation. For the atmospheric cohtrariables,
uncertainties were speci ed as the maximum of the standexiation of the NCEP elds for 1948-2008 time period and
the errors for the mean components of air temperature, htypdecipitation, downward shortwave radiation and winere
specied as 1 C, 0.001 kg/kg, 1.5 x 108 mm/s, 20 W/m and 2 m/s, respectively. For the downward shortwave ramtidtoth
mean and time varying parts were set to 20 \R/m

We employ the same uncertainty weights for hydrographicsatellite data as Kéhl (2015), while for sea ice concerdmati
we specify a constant error of 50%. We veri ed the sensifiat our results by using space-time varying sea ice uncegtai
estimates as they became available, as well as differenésalf a constant error. Results of the sea ice assimilatitn w
variable uncertainties were very similar to the ones witlbastant error value of 50%.

The data assimilation is performed in one year chunks. Thefisne year segments is related to technical reasons; we are
not able to get useful sensitivities for the time period lentdpan a year for all years of our 2000-2008 assimilatiomopeiVe
were successful in completing a 2-year assimilation at @sasion (2005-2004), but the results for sea ice area ackhtbés
were not noticeably different from the 1-year chunk assitioh.

Each of the iterative cost function reductions is performetl the cost function differs by less than 1% in two congaeu
iterations. The cost is dominated by SIC and SST data, whashyerespond to the surface controls, and the adjoint ntetho
quickly reduced the mis ts of those data, so that the numib@ecations was usually less than ve (it is 3 iterations 000,
2003, 2004, 2005, 2006 and 2007, 4 iterations for 2002 an8 26d 5 iterations for 2001). After the rst year assimilatjo
we move to the next year using the nal state of the previowm'gesuccessful iteration as initial conditions. Therefahe
iteration termed O in the following makes already use of apriowed initial condition from the assimilation in the preus
year, and is thus not equivalent to a free run starting framatblogy. For the impact on the ocean circulation, we cdesi
also the free run to demonstrate the impact of changing itialiconditions by assimilating data during the precedjegr.

Fig. 2 shows the percentage decrease in model-data diffesemhe red color indicates reduction in total model-détere
ence (FC), while other colors indicate the reduction of tiffei®nces for individual variables. Negative values mewsat there
is an increase in model-data difference for that variable.

The largest total reduction (about 16%) is obtained for 2008, while the smallest (about 2%) is obtained for tla ye
2005. The average reduction for all years is about 9%. Thlmgést cost reductions for individual variables is obtdife
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the sea surface temperature (SST) and sea ice area (SIA)awibverall average of about 23% and 26%, respectively. The
least successful cost reduction is obtained for the meaardiagtopography (MDT), with many years in which the modetada
differences for this variable slightly increased. In 2004 tost reduction of sea ice area was about 30%, less thae foated
by Fenty et al. (2015) (49%), which may partly be explainedlifferences in the rst guess solution.

Taking into account differences in the amount of sea ice eotration and sea surface temperature data compared to the
amount of hydrography data, it is not surprising that moghefcontributions to the total reduction of the cost funciiwe
from SIC and SST. Hence most of the improvements can be eegpezthappen in these elds, while changes in the state of
the ocean is expected to be small.

In the following we concentrate mainly on results relatedhanges of the sea ice conditions, with only a brief discussi
of ocean state changes later on.

3 Seaice concentration changes

Fig. 3 shows in the top two rows the sea ice concentratiorhi@mtinter time period (March of the year 2005) from satellite
and from model runs, before and after data assimilatiorettay with the changes of the latter two relative to obséwat
Since most of the Arctic Ocean is covered by sea ice with hagitentrations, the largest improvements are in the positio
the ice edge. Most noticeable is the decrease in the SIC #hengast coast of Greenland after data assimilation. Duhieg
initial run of the model, there is a tongue of the sea ice aditemtowards the open ocean. After data assimilation thguen
did not disappear completely, however, it declined corsiolk.

During the summer period (September 2005), shown in theiotivo rows of Fig. 3, there are improvements both in the
sea ice edge and in the SIC of the interior sea ice eld. Ilytighe sea ice edge was not very far from observations, thet a
data assimilation the match between model and data is iredrdvhe SIC in the central parts of the Arctic Ocean increased
and became closer to the satellite data. A direct compatistime results by Fenty et al. (2015) is hindered by the faat th
differences less than 15% are blanked out in their study gnbédifferent years analyzed.

In order to test the consistency of the estimate with themfsens and the uncertainties we compare the spatiallaision
of monthly mean sea ice concentration absolute differenegse and after data assimilation to the maps of spatiailaligion
of monthly mean total standard error in the ESA SICCI seadteentration product ((ESA SICCI, 2013)). The latter pdavi
daily spatially varying estimates of sea ice concentragionrs. The absolute differences after assimilation cpoad well
to the total standard error spatially and by value with oeky Epots along the edges with very high absolute differe(roats
shown).

In contrast to 2005, identifying changes in the SIC for Ma&26b7 (Fig. 4) is more challenging. Practically all the diffieces
between simulations and satellite data are along the ice add there seems to be not much change between the init&al sta
of the model and the state after assimilation. For exampénbticeable negative anomaly around Franz Joseph Lardd is n
developed further after SIC assimilation. This particuegative SIC anomaly is most probably dynamical in naturd,can
not be handled properly by the simpli ed ice dynamics schéfree drift) used in the adjoint model to calculate chandges o
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the model parameters. The spatial distribution of SIC duBeptember 2007 (Fig. 4) already bears a good resemblance to
the satellite data before the assimilation. Improvemergsraostly visible in the central parts of the Arctic Oceangwehthe

too low SIC is increased. The ice edge also became closerse@radtions, but the amount of sea ice in the Amerasian basin
remains larger compared to observations. In this regiorStiein the unconstrained run is high (with also thicker s&g,ic
which is not easy to remove by thermodynamic correctionsefforcing and, due to the high SIC and thickness, not easy to
move by changes in wind forcing. This possibly indicatesasdimitations of the approach, where the corrections mastiye

from the thermodynamic forcing and the assimilation peigoshort.

The seasonal cycle of sea ice area (SIA) and sea ice extdnt §& shown in Fig. 5, again for years 2005 and 2007.
Results for SIA for both years show that values of SIA in gahare getting closer to satellite observations as a re$titteo
SIC assimilation. One would expect that, close to the begmaf the assimilation period (1st of January), correctiohthe
atmospheric forcing did not have enough time to considgriallence sea ice parameters. This is true for SIA in 2007ewh
sizable differences between initial and last iterationly aist appear in May. However, SIA in 2005 gets considerabliyser
to observations already in February, indicating that afghesic corrections actually can affect sea ice paramesdatively
fast even during winter.

For both years, SIA shows overall improvement during the l&/lyear; but this is not the case for the SIE. In 2005 the SIE
good match between initial iteration and satellite datardusummer months disappears after assimilation, withidenable
underestimation of SIE. In 2007 there is an overall SIE improent after the assimilation, but there are again monttts wi
a considerable SIE underestimation. Both metrics suffanfthe inability to guarantee that improvements in this moetiso
lead to an overall improved match in the spatial sea ice @meisince a perfect total SIA or SIE evolution may still esgond
to considerable differences to the data in their regiorgttithution. Chances of having SIE distribution close toevlations
with quite different spatial shape of the sea ice eld areyveigh. This calls for changing the common practice of model
evaluation by only comparing their ability to simulate pesday SIE without considering the sea ice spatial distidbue.g.
Dukhovskoy et al. (2015)).

With respect to the model performance, two better metriestlae sum of absolute differences (SoAD) for SIA and SIE,
which at least to some extent consider differences in dghstibution by penalizing positive and negative diffeces at every
grid point. Monthly values of the SIA SoAD before assimitatj after assimilation and the respective differences éetvthe
two (in percent) are shown in Fig. 6. Before assimilationgést SOAD appear during summer months2x1(® km?), while
in other seasons they are about 1.5xk6?. Interesting to note, values of SOAD in March and Septemtegaite similar,
despite the large differences in ice cover in the two mon@hee of the possible reasons is that location of the ice edge in
those extreme months is relatively stable compared to guir fall when the ice pack is contracting and expandingerAft
the assimilation the most notable improvements also ocwmusdimmer months, but with the addition of September. After
the assimilation, March values show only about 10% imprceetiywhile September values have about 25% improvement on
average. There is no clear indication that assimilationlGf @ the yearly basis gradually improves the simulated sgadiue
to, for instance, better initial conditions in January. Bome months the decrease in SIA SoAD after assimilation eaasb
little as 1%, although it is always getting smaller. The sasnmeot the case for the SIE SoAD.



10

15

20

25

30

As expected, SIE SoAD values (Fig. 7) are larger, with a maxmn summer and September before the data assimilation.
Assimilation is most effective for a reduction of SIE SOAD $September (about 25% on average). After the assimilation
October becomes, in addition to summer months, one of thelmamith relatively large SIE SoAD differences. October is
also a month when (during 5 out of 9 years) after assimilati@nSIE SOAD increased. The SIE SoAD, similarly to the SIA
So0AD, do not show any obvious tendency from the rst year ®Itst.

4 Control variables

As mentioned in Section 2.2, the model is brought into caessy with observations by adjusting a number of controi-var
ables. The strength and spatial distribution of the adjestscarry important information about the way the optiriara
procedure changes the forcing and the initial conditionsr@fer to bring the state of the model closer to the obsenatd.st
Figure 8 shows the area-mean temporal variation of the ctiores to several control variables over the year 2005 iolaits
values and normalized by the uncertainties. Also shownherspatial distribution of the corrections for the month witeeir
strength is at its maximum.

As expected, there are strong changes in the surface aterispgmperature. Its modi cation is probably the easieayw
to change the sea ice concentration by increasing tempenahen/where a reduction of SIC is required and vice-vérsa.
spatial distribution of corrections in 2005 (Fig. 8, top rdésft column) compares very well to the difference betwerst guess
and satellite SIC data in the central Arctic (Fig. 3). In artteincrease SIC in the Eurasian Basin, the optimizatiomced
the surface atmospheric temperature in June by about 2ekegréhis region on average, reaching 3 degrees in somesplace
Positive surface atmospheric temperature (SAT) correstaver the Arctic shelf seas helps to reduce extra sea icrafeal
there by the model during summer months (not shown).

The corrections to the downward shortwave radiation (FigeBond row) show temporal variations and a spatial digfdh
similar to the SAT corrections, but the magnitudes are cgritall. Corrections to the zonal and meridional wind compbse
(Fig. 8, third and last rows) are on average quite small iokibs values, but locally can reach 10 m/s. The wind coroesti
are mainly concentrated along the shore and summer ice ediye@ntrary to the SAT corrections, it is dif cult to assata
them to some particular large-scale sea ice change.

Dimensional values of the corrections do not directly pdevinformation about the relative importance of changesén t
controls for bringing the model into consistency with olys¢ions. However, due to the relatively small number ofatiems,
we can use values of the corrections normalized by uncégaias a reasonable measure of the relative importancenfels
in control parameters. Spatial distributions and monthéamns of absolute values of normalized corrections for tlae 805
are shown in Fig. 8.

Wind corrections seem to play integrally a larger role, waithaximum in May. This agrees well with results of (Kaukerlegt a
2009), who used an adjoint sensitivity analysis to deteertfie relative contribution of different atmospheric andat elds
to the September 2007 sea ice minimum and found that the MiagA@ind conditions are one of the main factors in setting up
extremely low sea ice conditions in Summer 2007. The maxiroaniribution of air temperature corrections occurs in June
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and it is about a factor of ve smaller than the contributidntlee wind corrections. However, using free drift in the adfo

biases the sensitivities towards larger sensitivitieseaf ise to wind changes. Since measuring the impact by thealized

corrections relies on the assumption of correct sensésjithe results may be also biased to too large an impacwitid.
Given the absence of proper sea ice dynamics in the adjoideh{only free drift is used) and lack of many important

processes in the forward model (such as tides or waves) uthgtiqn remains to what extent corrections to control \em

re ect de ciencies in the forcing elds or a compensationttee sea ice model or sea ice data de ciencies, particulanes

in the Arctic the NCEP reanalysis seems to perform well neaisurface (Jakobson et al., 2012). For example, tempegatur

decreasing over areas with high SIC during summer monthsderdo grow ice and temperatures increasing over low SIC

areas, could be an attempt of the assimilation system to obj@ms associated with the sea ice movement. But it could

equally also point to problems of the correct attributiorsed ice concentrations from satellite data. In both casesations

to atmospheric control variables will not improve the quyadif the original atmospheric forcing, but on the contragynmake

it worse.

5 Improvements in sea ice thickness and ocean state

The adjoint assimilation leads to dynamically consisteatied solutions, which along with directly assimilated edles may
considerably improve variables of the simulation for whith observations are available. In case of SIC assimilaboe,
obvious candidate for improvement is the sea ice thickn®EE)(We also consider changes in the ocean state whichtresul
from the combined effect of assimilating ocean parametaddradirectly of the SIC assimilation, due to the coupledinabf

the assimilation procedure and the forward model.

5.1 Seaice thickness

Changes in SIT as a result of SIC assimilation and compasisbithe former with satellite data are shown in Fig. 9. The
satellite ice thickness data are obtained from ICESat cagnpdKwok et al., 2007), distributed on a 25-km grid and kakde
from the NASA Jet Propulsion Laboratory (http://rkwok.jsa.gov/icesat/index.html). ICEsat sea ice thickneSmates
are considerably larger than those in the simulations,asibein the Canadian sector of the Arctic Ocean. One shoolg
that the uncertainty for this observational data is quitgdajust better than 0.7 m, Kwok et al. (2007)), while thetipa
distribution of the thickness is probably realistic (KwakdaCunningham, 2008).

The ice in October-November during 2005 became thickereritrasian Basin of the Arctic Ocean after assimilation and
in general became closer to the observed thickness distnibT he thickness increase is considerable, reachinmGrbsome
places. The shape of the region with the largest thicknesedse in the Eurasian Basin resembles the shape of the@egte
SIC distribution (Fig. 3) and because of its similarity intgean it is probably a result of the control variable's catiens
that aim to thermodynamically increase SIC in this regioesitts for October-November 2007 are similar, with imprbve
thickness along the continental shelf of the Eurasian B&simvever, thickness increase is not as strong as for 20@6hieg
only about 0.3 m. A general tendency of these improvemerais increase in thickness in the central Arctic and the Camadi
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Basin, while regions with thin ice over the shelf seas tertkttrease in thickness. This tendency was also shown by Eeaty
(2015) for the year 2004.
To summarize, the visual comparison with available séetlata hint to a general improvement of the SIT spatial ibistr

tion.
5.2 Ocean changes

Local changes of the SIC are caused by corrected atmospuerititions (see above), which in the coupled system wib als
affect near-surface ocean parameters. To some extentehaag also come about through change in the ocean cirgulatio
and we want to investigate therefore how large those chaageand to what extent they could contribute to the sea ice
improvements.

Fig. 10 shows differences in temperature and salinity betwbe initial and nal iterations of the assimilation systéor
June and September of year 2005. The month of June is chosaudeecorrections to thermodynamic control variablesduri
this month are largest (see above in Section 4). The seasudmperature differences are mostly positive along thedge,
where the model produces too much ice in the initial iteraffeig. 3), and lower in magnitude in the central part of thetisr
Ocean. In June, considerable temperature differences eowaich smaller area compared to September, since most of the
shelf seas are still covered by high concentrations of ssand most of the additional energy resulting from the coizado
thermodynamic control variables is spent directly in the ise melting.

The surface salinity (Fig. 10, right column) shows an insesia the Eurasian Basin, caused by additional sea ice ptioduc
(or less melting). There is a decrease of salinity aroungdélagce edge due to melting of excessive sea ice formed initied i
iteration. In September, however, there is a pronounce@@se in salinity in most of the Arctic shelf seas. This migata
result of the local increase in sea ice production in areastwtrecome free of ice due to the summer corrections (e.geliap
Sea), but still have quite negative temperatures in tharaidorcing which are not corrected in September (corogiin
September are quite small) at the onset of the freezinggerio

Due to the relatively short assimilation periods (1 yead tmthe extremely low amount of vertical temperature/sglin
pro le observations, improvements in the vertical distiion of temperature and salinity after 9 years of assimoiteéire quite
small. Nevertheless, the positive bias in the Atlantic Wktger temperature of the Eurasian Basin, which is charatitefor
the forward run, has been slightly reduced (not shown). @rother hand, changes in the upper part of the water column due
to sea ice corrections, although hardly penetrating detbperthe rst 50 meters, may in uence integral uxes at therthers
of the Arctic Ocean.

We have calculated volume, heat and freshwater uxes (T2bterough the main passages of the Arctic Ocean (except for
Bering Strait, where uxes are largely prescribed in the elday the boundary conditions). Along with the initial andah
iterations, results for a no-assimilation forward simiglatwere analyzed in order to remove the effect of changiegrifial
conditions at the beginning of each assimilation year. €heay lead to changes of long-term variability and may affieet

uxes towards the end of the assimilation period. We alsoxshtean uxes for August-September of year 2005 and compare
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them to the results of Tsubouchi et al. (2012), who applietheerse model to data obtained in summer 2005 to calculdte ne
uxes of volume, heat and freshwater around the Arctic Odeaundary.

Differences in the total mean volume ux are quite small fdrpassages. This is probably due to the fact that the volume

ux is mostly controlled by the wind stress, which means ttieg corrections of the control variables discussed aboveotio
contribute considerably to changes in the ocean circulafibis is expected since the amount of sea ice concentrdditanis
much larger than the number of hydrographic observatiotisarirctic Ocean, so that the assimilation system tries émgk
control variables in a way that will have larger impact ongba ice. However, episodically, signi cant changes canbdseoved
(for example in summer 2008) when modi cations in the thribwgvs across Fram Strait are noticed, which are about 60%
larger than in the forward simulation without data assitiola (Fig. 11a).

Differences in the heat ux (Fig. 11b) at Fram and Davis Straan be episodically relatively large, but they do not show
any particular tendency and may be related to the localingati cooling in the vicinity of the sections. Table 2 sumrnesi
the mean differences for the analyzed passages and, altlhaudly visible in the time series (not shown), heat ux diftnces
for the St. Anna Trough are the largest on average, redub@peat export from the Arctic Ocean by about 80%.

The freshwater ux differences (Fig. 11c) are most visiléhie Fram Strait time series, but positive and negativedfices
remain comparable to the forward run and compensate eaeh stith that on average the relative difference is only eRdu
Large relative differences again occur for the St. Anna gto(rable 2), which is located in an area with strong atmosphe
corrections during most of the years.

Considering Tsubouchi et al. (2012) to be a good approxonaif observed values in August-September 2005, it is hard to
de nitely conclude if ocean uxes become better or worseeathe assimilation (Table 2). Some values, such as the wlum

ux through Davis Strait and the Barents Sea Opening, or teghwater ux in the Fram and Davis Straits, have changed and
became closer to the values of Tsubouchi et al. (2012). Qtdlaes moved even further away from their estimates.

From the combined analysis of Fig. 11 and Table 2 one can adachat, while on average most of the transports are hardly
affected by the assimilation, during some periods reldtvge differences between the simulations with assinoifaéind the
forward run without assimilation can be seen and may reaeb0&80%6 for major straits.

6 Concluding remarks

Results from a multi-year data assimilation attempt based coupled Arctic Ocean-sea ice system were presented. The
largest improvements relative to simulations without dedsimilation were seen for the sea ice concentration (S1@)saa
surface temperature. Most of the improvements in the SI@éagd during summer months and manifest themselves in a more
realistic position of the sea ice edge and in SIC values closebservations in the central Arctic.

The seasonal cycle of the monthly mean sea ice area (SIA)sshavoverall improvement after assimilation, while sea
ice extent (SIE) becomes worse during some months. Thefidedemonstrates that the total mean SIE and SIA are not
good measures for the model success in simulating sea ideybarly considering the obvious improvements in sgatea
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ice distribution. In order to obtain more meaningful estiesaof the sea ice improvements, we consider sums of absolute
differences (SoAD) for SIA and SIE. The largest reductiothef SOAD happened during the summer months.

An obvious suggestion for improving the sea ice estimatioto iconsider larger assimilation periods or even best tause
single assimilation window. By this, data from later yearm@ynm uence the corrections and the state of all precedireyye
However, a long memory of the system seems to be not very mvidehe assimilation. We have assimilated data in yearly
chunks and one could expect that SOAD between observatiahsdial simulations (before assimilation) would gratlya
improve due to better initial conditions, at least over tihgt few years. However, we do not observe this effect in opeex
ments.

The comparison to available but limited sea ice thickneseniations shows that SIC assimilation reveals some ingprov
ments in sea ice thickness (SIT), despite these obsergatianbeing directly assimilated. The amount of assimilatesian
observations in the water column of the Arctic Ocean is atmegligible compared to the amount of SIC data. However,
the ocean state is affected indirectly by SIC assimilatfongxample due to the freshwater uxes related to the addéi
melting or freezing and by changes in the ocean exposuretatthosphere caused by changes in SIC. The transports of ocea
properties do not change on average after the assimildtigrepisodically they can be quite different from the cquoesling
transports in simulations without assimilation. The lattan still be important for local process studies or modé&tasion
against observations that are limited in time.

With the use of the adjoint assimilation technique, we poedia model simulation that is considerably closer to olagiEms
and at the same time dynamically consistent. This data carsdx for further understanding of the reasons and consegsien
of changes in the Arctic Ocean.
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Table 1. Datasets used in the assimilation procedure.

Dataset

Source

Mean Dynamic Topography

MDT from Technical University of Denmark (Knudsen etal., 120
Knudsen and Andersen, 2013; Cheng et al., 2014)

Monthly SST

Remote Sensing Systems [CIT]

Sea Level Anomalies

TOPEX/Poseidon, ERS-1,2 and Envisat, AVISO [CIT]

EN3 hydrographic data

Ingleby and Huddleston (2007)

NISE hydrographic data

Nilsen et al. (2008)

Sea ice concentration

OSI-SAF (2015)
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Table 2. Mean values of different uxes through Arctic Ocean passage

Parameter and passage Forward After Difference Forward After Tsubouchi et
assimilation in % 2005 assimilation al., 2012
2005
Volume ux (Sv)
Fram St. -3.12 -3.12 -0.02 -4.0 -4.49 -1.6 3.9
Davis St. -0.50 -0.55 4.72 0.44 0.03 -3.1 0.7
Barents Sea Op. 2.78 2.81 0.88 35 3.6 36 11
St. Anna Tr. -2.01 -2.01 0.18
Heat ux (TW)
Fram St. 38.76 38.62 -0.36 415 39.9 62 17
Davis St. 7.94 7.69 -3.12 8.6 6.3 28 3
Barents Sea Op. 83.10 84.07 1.17 111.8 115.8 86 19
St. Anna Tr. 1.02 0.20 -80.13
Freshwater ux (mSv)
Fram St. -113.50 -109.80 -3.20 -173.0 -141.0 -70.0 40
Davis St. -25.60 -27.27 6.50 13.5 -11.3 -119 14
Barents Sea Op. -21.81 -22.37 2.57 -22.5 -22.0 -31 13
St. Anna Tr. 6.84 8.44 23.32
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Figure 1. Model domain with bathymetry.
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Figure 2. Total cost reduction and individual contributions to thduetion from different assimilated variables. During thst two years
SST assimilation is not performed (no data).

20



2005-03
Satellite

032 0.49

frac.

0.15 032 049 0.66

frac.

0.83 1.00 0.15

-0.24 -0.12 0.00
frac.

2005-09
Satellite

015 032 049 0.66 032 049

frac.

0.83 1.00 0.15

-0.24 -0.12 0.00
frac.

0.66

0.66

2005-03
Iteration 3

2005-03
Iteration 0

1.00 015 032 049 0.66

frac.

0.83

2005-03
Iteration 3

2005-03
Iteration O

0.24 -0.24 -0.12 0.00

frac.

0.12 012 0.24

2005-09
Iteration 3

2005-09
Iteration O

083 1.00 0.15 0.32

2005-09
Iteration 3

2005-09
Iteration O

0.24 012 0.24

-0.24 -0.12 0.00
frac.

0.12

Figure 3. Spatial distribution of sea ice concentration (SIC) for ylear 2005 (year of the local sea ice maximum) during Marcist( r
row) and September (third row). Assimilated satellite dé&& column), model results from the run without correogamiddle column)
and model results during the last assimilation iteratigghrcolumn) are shown. The second and fourth rows correspothe differences

between the model solutions and the observations.
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Figure 4. Same as Fig. 3, but for year 2007 (the year of the overall mininsea ice.)
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Figure 5. Monthly mean sea ice area (left) and extent (right) for therg@005 (top) and 2007 (bottom). Assimilated satellite dgashown
in blue, model solution without corrections is shown in gread the result from the last iteration is shown in red.
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Figure 6. Sum of the sea ice area absolute differences (SoAD), comparassimilated sea ice at every grid location, for every timgim
10° km?), before assimilation (top), after assimilation (middéeid the percent difference between the two (bottom). Resiifferences

correspond to a decrease of SOAD.
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Figure 7. Same as Fig. 6, but for the sea ice extent.
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Figure 8. Corrections for different surface forcing variables: adistribution (left) and spatial distribution scaled Hye uncertainty
(middle) for the month with the largest absolute value ofrections in 2005. Also shown is the monthly climatology foe tsea ice area
mean corrections (right column) averaged over the ared md56.5 N (top panels for each variable) and the average of absobltesy
scaled by the uncertainties (lower panel for each variaklejrections are shown for June 2005 2-m air temperatust (ow), June 2005
downward shortwave radiation (second row), June 2005 zusraponent of the wind (third row) and May 2005 meridional poment of

the wind (fourth row).
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Figure 9. Sea ice thickness in October-November for years 2005 (top amd 2007 (bottom row). Left column presents satelliteadat
(ICESat, Kwok data); middle column are model results be&msmilation ( rst iteration); right column correspondsrhodel results after

assimilation (last iteration).
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Figure 10. Differences in ocean surface temperature (left column)satidity (right column) between rst guess and last itevatfor June
2005 (top row) and September 2005 (bottom row).
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Figure 11. Fluxes through the Fram and Davis Straits of (a) volume, éaXland (c) freshwater. Positive uxes are into the Arctiear.
Results are shown for the forward run (red), for the run eeémsimilation (blue) and for the run after assimilatioreéy).
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