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Abstract : 

We evaluate the skills of ocean–sea ice general circulation models involved in the Ocean Modeling 
Intercomparison Project in simulating the ocean mixed layer depth and its seasonal cycle in the Arctic 
region. During summer months, all models consistently underestimate the mixed layer depth compared 
to observational data from the Monthly Isopycnal Mixed layer Ocean Climatology and the Ice Tethered 
Profilers. In fall and winter, the models exhibit great variability compared to observational data, and inter-
model comparison reveals differences up to several tens of meters. We analyze the origin of the fall and 
winter model biases in ice-covered regions, where the seasonal cycle of the surface salinity and mixed 
layer depth is strongly influenced by brine rejection resulting from ocean–sea ice interactions.  

Focusing first on the central Arctic Ocean, defined here as the region north of 80 N, we show that all 
models simulate more or less the same vertical sea ice mass balance and thus similar salt fluxes into the 
ocean during sea ice freezing. Furthermore, the model ensemble features a strong relationship between 
the stratification profile in September and the mixed layer depth at the end of winter. The models whose 
stratification compares the best to observational data also display the most realistic values of the mixed 
layer depth at the end of winter. We argue that the discrepancies between models are therefore not so 
much linked to the surface salt balance but rather to the accuracy with which those models reproduce the 
vertical salinity profile. In short, a weakly stratified ocean tends to create a deep mixed layer, while strong 
stratification leads to a shallow mixed layer. To substantiate this conclusion, we apply a simple conceptual 
model, which simulates the month-to-month evolution of the mixed layer depth using as input the vertical 
salinity gradients and the surface salt fluxes from general circulation models. Quite surprisingly, this 
simplified dynamics captures very well the behavior of the general circulation models, emphasizing the 
role of the different vertical stratification in the control of the mixed layer depth. Furthermore, this interplay 
may also significantly account for the large mixed layer biases observed in other ice-covered regions of 
the pan-Arctic seas, even though sea–ice ocean interaction is not the only driver of mixed layer variability 
in fall and winter there. 
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Highlights 

► Large biases in the fall and winter mixed layer depth are present in ocean models. ► OMIP models 
simulate similar salt fluxes into the ocean during sea ice freezing. ► A simple model of the ice-ocean salt 
flux captures much of OMIP mixed layer depth. 
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We evaluate the skills of ocean–sea ice general circulation models involved in the Ocean17

Modeling Intercomparison Project in simulating the ocean mixed layer depth and its seasonal18

cycle in the Arctic region. During summer months, all models consistently underestimate the19

mixed layer depth compared to observational data from the Monthly Isopycnal Mixed layer20

Ocean Climatology and the Ice Tethered Profilers. In fall and winter, the models exhibit great21

variability compared to observational data, and inter-model comparison reveals differences up22

to several tens of meters. We analyze the origin of the fall and winter model biases in ice-23

covered regions, where the seasonal cycle of the surface salinity and mixed layer depth is strongly24

influenced by brine rejection resulting from ocean–sea ice interactions.25

Focusing first on the central Arctic Ocean, defined here as the region north of 80° N, we show26

that all models simulate more or less the same vertical sea ice mass balance and thus similar27

salt fluxes into the ocean during sea ice freezing. Furthermore, the model ensemble features a28

strong relationship between the stratification profile in September and the mixed layer depth at29

the end of winter. The models whose stratification compares the best to observational data also30

display the most realistic values of the mixed layer depth at the end of winter. We argue that31

the discrepancies between models are therefore not so much linked to the surface salt balance32
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but rather to the accuracy with which those models reproduce the vertical salinity profile. In
short, a weakly stratified ocean tends to create a deep mixed layer, while strong stratification
leads to a shallow mixed layer. To substantiate this conclusion, we apply a simple conceptual
model, which simulates the month-to-month evolution of the mixed layer depth using as input
the vertical salinity gradients and the surface salt fluxes from general circulation models. Quite
surprisingly, this simplified dynamics captures very well the behavior of the general circulation
models, emphasizing the role of the different vertical stratification in the control of the mixed
layer depth. Furthermore, this interplay may also significantly account for the large mixed layer
biases observed in other ice-covered regions of the pan-Arctic seas, even though sea–ice ocean
interaction is not the only driver of mixed layer variability in fall and winter there.

ntroduction
he Arctic mixed layer (ML) is the upper layer of the Arctic Ocean that controls the exchanges between the
er ocean, sea ice and the atmosphere. Those transfers are influenced by complex thermodynamical and dynamical
esses likely to create strong heterogeneities in ocean surface properties, such as discontinuous and dynamic sea
over, ocean eddies, or salinity fronts and filaments at the kilometre-scale (Rippeth and Fine, 2022; Goosse et al.,
; Horvat et al., 2016). The ML is characterized by a homogeneous density profile, which goes from the oceanic
ce to the beginning of the pycnocline. An accurate characterisation of the mixed layer depth (MLD) is relevant
large number of physical and biological processes. From a physical point of view, the ML mediates the transfer
at between ocean, sea ice and atmosphere, and therefore plays a key role in the global energy budget and oceanic
lation (McPhee, 2008; Gettelman and Rood, 2016). In the last decades, global climate change has strongly affected
rctic region, in particular leading to a fast decrease in sea ice extent (Timmermans and Marshall, 2020; Nummelin

., 2016; Perovich and Richter-Menge, 2009). This retreat of the sea ice affects the dynamics of the ML. From
logical point of view, a major spatial expansion of under-ice phytoplankton blooms at high latitudes has been
rved by Arrigo et al. (2012), Boles et al. (2020) and Horvat et al. (2017). These organisms benefit from the mixing
e upper layer of the ocean (Ardyna et al., 2020).
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n the ability of OMIP models to simulate the ocean mixed layer depth and its seasonal cycle in the Arctic Ocean

odel name Phase Spatial
resolution

Vertical
resolution OM SIM VMS

AS-ESM2-0
ong et al. (2021) OMIP-I tripolar 1° 30 layers LICOM3 CICE4 One-Point Closure Model

Canuto et al. (2001, 2002)

ESM2
anabasoglu et al. (2020) OMIP-I dipolar 1° 60 layers POP2 CICE5 K-Profile Parameterization

Li et al. (2016)

MCC-CM2-SR5
herchi et al. (2019) OMIP-I ORCA-1° 50 layers NEMO3.6 CICE4 Turbulent kinetic energy scheme

Blanke and Delecluse (1993)

MCC-ESM2
ovato et al. (2022) OMIP-I ORCA-1° 50 layers NEMO3.6 CICE4 Turbulent kinetic energy scheme

Blanke and Delecluse (1993)

SL-CM6A-LR
oucher et al. (2020) OMIP-I eORCA-1° 75 layers NEMO-OPA LIM3 Turbulent kinetic energy scheme

Blanke and Delecluse (1993)

RI-ESM2-0
ukimoto et al. (2019) OMIP-I tripolar 1°

×(0.3 − 0.5)° 60 layers MRI.COMv4 MRI.COMv4 Length scale scheme
Umlauf and Burchard (2003)

ESM2
anabasoglu et al. (2020) OMIP-II dipolar 1° 60 layers POP2 CICE5 K-Profile Parameterization

Li et al. (2016)

MCC-CM2-HR4
herchi et al. (2019) OMIP-II ORCA-0.25° 50 layers NEMO3.6 CICE Turbulent kinetic energy scheme

Blanke and Delecluse (1993)

MCC-CM2-SR5
herchi et al. (2019) OMIP-II ORCA-1° 50 layers NEMO3.6 CICE4 Turbulent kinetic energy scheme

Blanke and Delecluse (1993)

RI-ESM2-0
ukimoto et al. (2019) OMIP-II tripolar 1°

×(0.3 − 0.5)° 60 layers MRI.COMv4 MRI.COMv4 Length scale scheme
Umlauf and Burchard (2003)

e 1
description of the OMIP models used in our study, featuring their name, associated OMIP phase, spatial resolution,

cal resolution, underlying ocean (OM) and sea ice models (SIM) and the vertical mixing scheme (VMS).

hile crucial, an accurate modeling of the MLD remains a challenge for global climate models. In particular, large
epancies are found among the climate models that performed climate projections for the assessment reports of
ntergovernmental Panel on Climate Change (IPCC) (Cassotta et al., 2022; Meredith et al., 2019). Previous studies
lıcak et al. (2016) and Tsujino et al. (2020) highlighted the poor skills of general circulation models (GCM) in
lating the MLD in Arctic regions, with large biases between the models and the observational data. In the present

y, we aim to substantiate those discrepancies by assessing the skills of the ocean–sea ice GCM that participated
e Ocean Model Intercomparison Project (OMIP). We study the ability of these models to reproduce the seasonal
e of the MLD in the ice-covered regions of the pan-Arctic seas. Specifically, we focus on the central Arctic Ocean,
fort Sea, Chukchi Sea, East Siberian Sea, Laptev Sea, Kara Sea and Barents Sea. In these regions, the MLD
s seasonally from 20 to 80 m in winter to 5 to 30 m in summer. Peralta-Ferriz and Woodgate (2015) showed that,
ese areas, the MLD is strongly correlated to the ocean stratification and the wind mainly affects the ML during
ree periods. Our goal here is to study the ability of OMIP models to reproduce the fall and winter deepening of

LD compared to the Monthly Isopycnal Mixed layer Ocean Climatology (MIMOC) (Schmidtko et al., 2013)
Ice-Tethered Profilers (ITP) observations (Toole et al., 2011; Krishfield et al., 2008). We describe and quantify
biases, and we give some insights about the origin of the differences by using a simplified surface model inspired
the work of Martinson (1990). We focus on the fall and winter seasons because we aim to identify the origins of

-model differences, which are much larger during these seasons.
he paper is organized as follows. Section 2 gives a brief description of the OMIP dataset, MIMOC climatology, and

observational data. Section 3 presents a diagnosis of the MLD in the central Arctic Ocean simulated by the OMIP
els, and analyzes other variables relevant to understand ML seasonal changes such as the sea-ice concentration,
urface fluxes, the salinity profiles, and the ocean stratification. We also describe the simplified surface model and
ss its skills with respect to the OMIP models in the central Arctic as well as in the other pan-Arctic seas. Finally,
ion 4 presents concluding remarks and discusses implications of our work.
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n the ability of OMIP models to simulate the ocean mixed layer depth and its seasonal cycle in the Arctic Ocean

ethod
n this section, we briefly present the selected OMIP models and the observational data. MIMOC provides us
monthly observational data of the MLD (Schmidtko et al., 2013). MIMOC climatology is available at the

onal Oceanic and Atmospheric Administration, and it contains fields of ocean physical properties such as density,
erature, and salinity as a function of depth. Such values are obtained by conductivity - temperature - depth (CTD)
uments from shipboard data of the World Ocean Database, Ice-Tethered Profilers (ITP) and Argo Program. Due
ta availability, the climatology is set-up between 2007 and 2011. MIMOC has a spatial resolution of 0.5° from

S to 90° N, and vertical resolution of 81 levels. The MLD is calculated using the algorithm of Holte and Talley
9), which performs a statistical optimization based on traditional threshold and gradient methods over temperature,
ity and density individual profiles, thereby improving the accuracy of the depth between homogeneous mixed layer
turbulent mixing. As previously discussed by Schmidtko et al. (2013), this methodology yields a good agreement
the common threshold density criteria Δ𝜌 = 𝜌(𝑧) − 𝜌(𝑧𝑟𝑒𝑓 ) = 0.03𝐾𝑔∕𝑚3 used in the OMIP framework –
known as the sigma-t criterion (Griffies et al., 2016). This criterion has been introduced by Levitus (1982) and
es the MLD as the position from the shallowest depth down to the first depth for which the relative difference of
ity exceeds 0.03𝐾𝑔∕𝑚3. Note that the surface level is only indicative. In the model simulations, it is defined in
d-hoc manner and could vary from one model to another (Treguier et al., 2023). In order to estimate the impact
eraging different datasets and observations in MIMOC, we also computed directly the MLD from individual Ice-
ered Profilers (ITP) (Toole et al., 2011; Krishfield et al., 2008), using the completed missions available at Woods
Oceanographic Institution (WHOI). We calculate the vertical potential density profiles using the TEOS-10/GSW

bs Sea Water) Python library from the conservative temperature and the absolute salinity profiles. We applied the
a-t criterion to compare ITP observational data with OMIP models, where the reference surface depth for ITP
ore or less 5 meters. The ITP includes data from 2004 until 2019, with the majority of the observations between
ears 2007 to 2015. We use here the ITP data from 2004 until 2011. Finally, we use the OSI-450 observational

set for sea ice concentration (Lavergne et al., 2019). The OSI-450 dataset is available at the EUMETSAT data
ices, and it contains the sea ice concentration calculated from swath observations. The period covered by OSI-450
rvational data goes from January 1979 to December 2015, and its grid spacing is about 25 Km. We have used the
n over the period covered by MIMOC data for consistency (2007-2011).
or the GCM models, we use models participating in the OMIP project. We work with models that contributed
th phases of the project: OMIP-I using as forcing the Coordinated Ocean-ice Reference Experiments version 2

ffies et al., 2016, CORE-II) and OMIP-II using as forcing the updated Japanese 55-year atmospheric reanalysis
jino et al., 2020, JRA55-do). In order to compare models with observational data, we set-up two climatologies:
een 2007 and 2009 for OMIP-I and between 2007 and 2011 for OMIP-II, both using the last cycle (sixth) of
rotocol. The difference between the two periods is due to OMIP-I experiments ending in 2009. Our results and
lusions are not affected by this set-up. Our study uses the variables:

ocean mixed layer depth (mlotst), for which the models follow the previously explained sigma-t criterion;
sea ice mass change from thermodynamics (sidmassth), defined as the ice mass balance due to surface and basal
heat fluxes, i.e. melting, sublimation and freezing;
sea water salinity (so), defined as the salt content of sea water (it is a dimensionless variable expressed in parts
per thousand);
sea water potential temperature (thetao), defined as the mean potential temperature in °𝐶 using as reference the
ocean surface;
sea ice concentration (sicon), defined as the percentage of the grid cell covered by sea ice.

he definitions of these variables follow the OMIP protocol (Griffies et al., 2016). OMIP models do not generically
uce the sidmassth variable, hence we restrict our analysis to those which do. We thus work with a subsample of 10
els with different ocean and sea ice components, as well as vertical resolution, and for which the nominal resolution
es between 1° and 0.25° (see Table. 1). It is worth mentioning that all variables are interpolated to the MIMOC
inal spatial resolution before analyzing them.

llende et al.: Preprint submitted to Elsevier Page 3 of 22
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n the ability of OMIP models to simulate the ocean mixed layer depth and its seasonal cycle in the Arctic Ocean

re 1: MLD maps in September for the MIMOC climatology, the ITP observational data, each OMIP model, the
mble average of the models, and the ensemble standard deviation. Data is averaged in time between 2007-2009 for
P-I and between 2007-2011 for OMIP-II. ITP data correspond to the individual profiles from 2007 until 2011. A brief
ription of the OMIP models is shown in Table 1.

esults
Mixed layer in permanent ice-covered regions
ur analysis focuses first on the central Arctic Ocean, geographically defined here as the region from 80° N to
orth pole. We first single out this area because it contains the largest sea ice extent in the Arctic region and is

y the region where vertical mass exchanges between sea ice and the MLD are most dominant, in addition to the
-driven mixing in the upper part of the ocean and horizontal advection exchanges that potentially play a major role

l regions. Fig. 1 and Fig. 2 show the pan-Arctic MLD spatial distributions from MIMOC, ITP profiles, and OMIP
els with the ensemble average of the models and its standard deviation in September and March, respectively. In

llende et al.: Preprint submitted to Elsevier Page 4 of 22
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n the ability of OMIP models to simulate the ocean mixed layer depth and its seasonal cycle in the Arctic Ocean

re 2: MLD maps in March for the MIMOC climatology, the ITP observational data, each OMIP model, the ensemble
ge of the models, and the ensemble standard deviation. Data is averaged in time between 2007-2009 for OMIP-I and
een 2007-2011 for OMIP-II. ITP data correspond to the individual profiles from 2007 until 2011. A brief description
e OMIP models is shown in Table 1.

ember, MIMOC and OMIP models have a shallow and quite homogeneous mixed layer. The OMIP MLD ensemble
age has a similar behavior to individual models, and the ensemble standard deviation reaches only a few meters.
ITP profiles display larger spatial variability with some deeper spots compared to MIMOC and OMIP models. The
reement between models and observations is higher in March. Many models tend to systematically overestimate
LD by several tens of meters compared to the MIMOC and the ITP observational data. The ensemble average

displays deeper ML compare to observational data, with a large standard deviation in the central Arctic Ocean
h of Svalbard and in the Barents Sea. CORE-II-forced models studied by Ilıcak et al. (2016) display a similar
vior with strong biases of the March MLD compared with the MIMOC dataset.

llende et al.: Preprint submitted to Elsevier Page 5 of 22
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n the ability of OMIP models to simulate the ocean mixed layer depth and its seasonal cycle in the Arctic Ocean

re 3: Seasonal cycle of the MLD in the central Arctic Ocean. Data is averaged in time between 2007-2009 for OMIP-I
between 2007-2011 for OMIP-II and ITP. Data is averaged in space between 80° N to 90° N in latitude and 180°
180° E in longitude. Solid lines with points represent OMIP models, the black dashed-line is the ensemble average

ose models, the black-shading range is the ensemble standard deviation, and the blue dashed-line is the average of
rvational data. Red and yellow solid lines represent the MIMOC climatology and the ITP profiles, respectively.

e now analyze the seasonal cycle of the spatially averaged MLD. This cycle is shown in Fig. 3 for all OMIP
els, MIMOC climatology and ITP observations. We observe that the ML from MIMOC and ITP observational data
ins shallow during the whole year. Both seasonal cycles exhibit less than 10 meters of amplitude, only varying
een 25 meters at the low summer value and 35 meters at the peak winter value for MIMOC, and between 22 and
eters for ITP observations. Please note that the seasonal cycle from ITP observational data displays a different
vior than in Peralta-Ferriz and Woodgate (2015), where they show a larger amplitude of the MLD seasonal cycle
e central Arctic Ocean. The differences in the MLD criterion explain it: In Peralta-Ferriz and Woodgate (2015),
calculate the MLD using the threshold criterion Δ𝜌 = 0.1𝐾𝑔∕𝑚3. In contrast, in our study, we use the sigma-t
rion Δ𝜌 = 0.03𝐾𝑔∕𝑚3. Several criteria are used to compute the MLD in the Arctic region (Cole and Stadler,
; Stranne et al., 2018; Polyakov et al., 2013; Timmermans et al., 2012; Mizobata and Shimada, 2012; Jackson

., 2012), and there is still no clear consensus as to which criterion is the best. However, our aim here is to compare
P models and then we employ the threshold 0.03𝐾𝑔∕𝑚3 criterion to obtain the MLD. It explains our choice of
rion.
dditionally, Fig. 3 shows that most OMIP models exhibit a large dispersion compared with the observational data
OC and ITP). All the models display two clear seasonal phases: (i) In spring, almost all the modeled ML are

er than the observational data, and in summer all the models underestimate it by about 15 meters. (ii) In fall and
er, the simulated ML becomes deeper, and discrepancies with observations reach up to several tens of meters in
e models. The differences are also large between the models.The standard deviation of the OMIP models ensemble
age reaches about 20 meters. For instance, CMCC models generate too-deep mixed layers, and the CAS-ESM2-0
el a too-shallow MLD. Comparing OMIP-I to OMIP-II protocols, a systematic decrease exists for the amplitude
e MLD seasonal cycle in the latter case. This effect was previously observed by Tsujino et al. (2020), presumably
to the more significant freshwater discharge from Greenland in the OMIP-II models. For CMCC-CM2-SR5, this

is hardly significant and may as well be due to statistical biases. In such cases, one could not rule out that OMIP-II
cols may produce larger MLD at a very local level, as for instance reported by Shu et al. (2022) comparing the

mble average spatial distribution of OMIP-I and OMIP-II in the central Arctic Ocean.For CESM2 and MRI-ESM2-
e difference is clearly visible, with differences in the March MLD of 17 and 11 meters, respectively. However, even
is case, switching from OMIP-I to OMIP-II hardly compensates the biases with the observed MLD. Additionally,

llende et al.: Preprint submitted to Elsevier Page 6 of 22



Journal Pre-proof

O

Figu
the c
and
stand
180°

incre172

CM2173

OMI174

T175

devi176

cent177

mete178

10 a179

whe180

relat181

valu182

not t183

100%184

varia185

impo186

more187

do n188

data189

3.2.190

Sea191

We r192

ice c193

lowe194

Arct195

a va196

mod197

form198

faith199

the O200

et al201

S. A
Jo
ur

na
l P

re
-p

ro
of

n the ability of OMIP models to simulate the ocean mixed layer depth and its seasonal cycle in the Arctic Ocean

re 4: Left panel: Spatial standard deviation of OMIP models, MIMOC climatology and ITP observational data, in
entral Arctic Ocean. Right panel: Spatial relative standard deviation (RSD) of OMIP models, MIMOC climatology
ITP observational data, in the central Arctic Ocean. The RSD is defined as the percentage of the ratio between the
ard deviation and the mean value. Data is averaged in in space between 80° N to 90° N in latitude and 180° W to
E in longitude.

asing the resolution does not seem to correct the biases either: The model with the highest resolution is CMCC-
-HR4 OMIP-II, and it simulates close to the exact same cycle as its low-resolution counterpart CMCC-CM2-SR5
P-II.
o quantify the MLD spatial variability from OMIP models and observational data, we show their spatial standard

ation for each month in the left panel of Fig. 4. This quantity measures the dispersion of the MLD around the
ral Arctic Ocean. For most OMIP models and MIMOC dataset, the standard deviation remains lower than 10
rs over the entire year, while the standard deviation for ITP observational is slightly higher with values between
nd 15 meters. The CMCC and IPSL models display a more significant standard deviation during fall and winter,
re the IPSL model reaches more than 100 meters in March, April, and May. The right panel of Fig. 4 shows the
ive standard deviation (RSD), defined as the percentage of the ratio between the standard deviation and the mean
e. During the year, most OMIP models display a RSD smaller than 50%. It means that the spatial variability is
oo large. However, CMCC-CM2-HR4 OMIP-II and CESM2 OMIP-II models reach large RSD of more or less
, and the IPSL-CM6A-0 OMIP-I model even has values close to 400%. These models have an important spatial
bility, with standard deviation values larger than their mean. It is also observed in Fig. 2, where these models show
rtant spatial differences in this region. Some studies distinguish between Eurasian and Makarov basins to have
homogenous conditions in the central Arctic Ocean (see, for instance, Peralta-Ferriz and Woodgate (2015)). We

ot make this choice because the spatial variations are not too large in most OMIP models and MIMOC observational
.
Sea ice and ocean physical properties

ice concentration. A key feature of the central Arctic Ocean is the presence of sea ice during the whole year.
efer to this area as a permanent ice-covered regions. The left panel of Fig. 5 illustrates the seasonal cycle of sea
oncentration at the surface of the ocean. A 100 % value means that the surface is fully covered by sea ice, while a
r value means that there exist uncovered sectors. Observational data shows that sea ice concentration in the central
ic is approximately 100 % during fall, winter and spring, only decreasing to 80 % in summer, hence exhibiting
riation of about 20 % in magnitude. At a qualitative level, this decrease is correctly reproduced by most of the
els. At a quantitative level, the OMIP-II models perform slightly better than their OMIP-I counterparts. In the
er models, the sea ice concentration typically varies between 15 and 40 % from summer to winter. This is more
ful than the variation of 60 % simulated by CAS-ESM2-0, CESM2, CMCC-CM2-SR5 and CMCC-ESM2 part of
MIP-I experiment. This effect was previously noticed by Tsujino et al. (2020) and thoroughly explained by Lin

. (2022) due to the change of shortwave radiation fluxes from OMIP-I to OMIP-II simulations.

llende et al.: Preprint submitted to Elsevier Page 7 of 22
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re 5: Left: Sea ice concentration seasonal cycle in the central Arctic Ocean. Color lines represent OMIP models sea
oncentration from sicon variable. The red dashed-line corresponds to the observational data OSI-45. Right: Seasonal
of the salinity flux in the central Arctic Ocean. Color lines represent OMIP models, and the salinity flux is derived
sidmassth variable. The black dashed-lines represent the ensemble average of OMIP models, and the black-shading

es the ensemble standard deviation. Data is averaged in time between 2007-2009 for OMIP-I and between 2007-2011
MIP-II and OSI-45. Data is averaged in space between 80° N to 90° N in latitude and 180° W to 180° E in longitude.

transfer. From a physical point of view, the permanent presence of a sea ice layer reduces the interactions
een the upper ocean and the atmosphere, for instance limiting the shear produced by winds and waves. The ML
acteristics are then largely determined by the interactions between the ML and the sea ice. The rough physical
re is then the following: In fall and winter, the growth of sea ice is associated with brine rejection, i.e. salt is
ted from crystal structures of water ice, increasing salinity in the upper layer of the ocean. In spring and summer,
ce melts and freshwater goes to the ocean, decreasing the salt concentration. The details of the mass transfer may
nd on the dynamics of each model and its parameterization. For instance, Barthélemy et al. (2015) studied the
ct of this process in the ocean using the NEMO-LIM3 global ocean–sea ice model. We can estimate this transfer
ass, associated with sea ice formation and melting, directly from the sidmassth output in the OMIP protocol. We
ert it into an equivalent salt flux, measured as the meters of salt transferred in each month. The right panel of
5 shows the seasonal cycle of the corresponding salt flux Φ𝑆 for OMIP models. During fall and winter, when
alt flux is positive, inter-model comparison displays small variations: for instance the mean value in January is
[ppt meters/month] with a standard deviation of 0.6 [ppt meters/month]. Fig. A.1 shown in Appendix reveals
all the models simulates a similar amount for salt transfers towards the ocean totaled over the winter months,
out any clear link with the MLD in winter. This suggests that the biases observed in the OMIP MLD are not due to
epancies related to the sea ice mass budget but rather to other processes involved in the MLD seasonal evolution,
as wind-driven and horizontal exchanges.
ical salinity profile and stratification. The fluxes from sea ice affect the physical properties of the ocean, in
cular the vertical density profile. This in turn causes variations in the ocean stratification. We recall that the MLD
MIP models is determined by applying a density criterion, which is by construction sensitive upon the underlying
cal density profile. While ocean density is in general a non-linear function of temperature and salinity, the density
rmanent ice-covered regions is mostly controlled by ocean salinity and temperature variations are relatively small
e top layers of the ocean. – see for instance Gettelman and Rood (2016, Chapter 6). This behavior is indeed
rved in OMIP models, when monitoring the spatially averaged ocean salinity and temperature vertical profiles
after simply referred to as the “mean salinity profile” and “mean temperature profile”). Fig. 6 shows that in most
e OMIP models and in the MIMOC dataset, while the temperature is not vertically changing much (less than 1°
he first abrupt change of the mean salinity profile indicates the bottom of the mixed layer and the beginning of the
cline. This suggests that in ice-covered regions, including but not limited to the central Arctic, the halocline shape
ides a reliable indicator to estimate the ocean stratification.

llende et al.: Preprint submitted to Elsevier Page 8 of 22
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re 6: Vertical salinity (red lines) and temperature (blue lines) profiles of September for OMIP models and MIMOC
tology. The shading ranges correspond to the spatial standard deviation, and the dotted lines show the MLD. The
P dataset is averaged in space between 80° N to 90° N in latitude and 180° W to 180° E in longitude.

he vertical stratification below the mixed layer at the month 𝑚 is estimated here as the mean vertical gradient of
ean salinity profile 𝑆𝑚 between the MLD ℎ𝑚 and the current depth 𝑧, that is

𝛾𝑚(𝑧) =
𝑆𝑚(𝑧) − 𝑆𝑚(ℎ𝑚)

𝑧 − ℎ𝑚
. (1)

vertical salinity profile is not linear, as shown in Fig. 6, hence the stratification varies with depth. The vertical
ity profile also varies with time. To monitor its evolution, we compute the ocean stratification of the current
th 𝑚 using Eq. 1 (see Fig. 7). Please note that the stratification is calculated over the halocline profile, using as an
oximation for 𝑧 the depth corresponding to the ML of the following month. As expected, all OMIP models and
OC climatology display a decrease in ocean stratification as winter progresses, as a consequence of the transfer
lt from sea ice. Among the OMIP models, the largest variations between models for the stratification occur in
ember and decreases over fall and winter. The fall/winter evolution of OMIP models ocean stratification is far

pronounced than MIMOC observational data. Focusing on September, we note that OMIP models with ocean
ification values closer to MIMOC also show a seasonal cycle similar to observational data.
A surface model for the salt balance

ace model. We propose to use a simple framework to reproduces the fall and winter deepening of the ML, in
s of the salt balance and mixed layer dynamics. This framework is inspired by the work of Martinson (1990) and
ustrated in Fig. 8. The model neglects the non-linearity of the vertical salinity profile, as well as the effect of the

stress and horizontal exchanges. It links the salt flux Φ𝑆 flowing into the ocean between September and month

Φ𝑆 (𝑚) =
(
𝑆𝑚+1(ℎ𝑚+1) − 𝑆𝑚(ℎ𝑚)

) ℎ𝑚+1 + ℎ𝑚
2

, (2)

llende et al.: Preprint submitted to Elsevier Page 9 of 22
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re 7: Ocean stratification calculated from Eq. 1 between the base of the ML and the depth corresponding to the ML
e following month for OMIP models and MIMOC climatology. The x-axis corresponds to the months of September,
ber, November, December, January, and February. The black dashed-line represents the ensemble average of OMIP
els, and the black-shading range is the ensemble standard deviation.

re ℎ𝑚 and ℎ𝑚+1 represent the MLD at month 𝑚 and 𝑚 + 1, and 𝑆𝑚(ℎ𝑚) and 𝑆𝑚+1(ℎ𝑚+1) the salinity values at
orresponding MLD. In principle, the salt flux, the MLD, and the salinity depend on the latitude and longitude
dinates. For the sake of clarity, we later omit to explicitly feature this spatial dependence. Eq. (2) can be interpreted
midpoint approximation, as illustrated in the right panel of Fig. 8. It relies on the observation that essentially, in
MIP models, the vertical salinity profiles stay piecewise linear during fall and winter months, as shown in the left

l of Fig. 8. To estimate the salinity at the MLD, we use the data-driven approximation
𝑆𝑚+1(ℎ𝑚+1) ≃ 𝑆𝑚(ℎ𝑚) + 𝛾𝑆𝑒𝑝𝑡(ℎ𝑀𝑎𝑟)

(
ℎ𝑚+1 − ℎ𝑚

)
, (3)

lving the September stratification until the MLD in March 𝛾𝑆𝑒𝑝𝑡(ℎ𝑀𝑎𝑟), which is obtained by Eq. (1). Using Eq. 3,
alt flux of Eq. (2) becomes

Φ𝑆 (𝑚) =
𝛾𝑆𝑒𝑝𝑡(ℎ𝑀𝑎𝑟)

2
(
ℎ2𝑚+1 − ℎ2𝑚

)
. (4)

this formula, one can now explicitly relate the MLD at month 𝑚 to the MLD at month 𝑚 + 1 as

ℎ𝑚+1 = ℎ𝑚

√
1 +

2Φ𝑆 (𝑚)
ℎ2𝑚𝛾𝑆𝑒𝑝𝑡(ℎ𝑀𝑎𝑟)

. (5)

e use Eq. 5 to reproduce the fall and winter ML deepening for each OMIP model. The formula depends on two
inputs, namely the salt flux 𝜙𝑆 (𝑚) and the September stratification between the basis of the ML and a depth

esponding to the ML in March 𝛾𝑆𝑒𝑝𝑡(ℎ𝑀𝑎𝑟). To prescribe those values, we use the outputs of the OMIP models.
es for the salt flux 𝜙𝑆 correspond to the ones previously shown in the right panel of Fig. 5. The September
ifications for the various models are calculated from the OMIP salinity profiles. We later discuss two series of
lations obtained either with

) a local methodology, in which Eq. 5 is applied at each grid point (𝑥, 𝑦) using the local value for the September
stratification 𝛾𝑆𝑒𝑝𝑡(ℎ𝑀𝑎𝑟) and salt fluxes Φ𝑆 (𝑚) – The local MLD ℎ𝑚+1(𝑥, 𝑦) obtained from the surface model
is then averaged in space for the plots;

) an average methodology, in which Eq. 5 is applied to the salinity gradients and salt fluxes averaged in space;
first methodology should in principle be able to capture spatial fluctuations, but may be more sensitive to the

zontal transport that is neglected in the present framework. In contrast to the second one, which is only driven by
aged OMIP output quantities.
llende et al.: Preprint submitted to Elsevier Page 10 of 22
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re 8: Left panel: Illustration of the salt balance dynamics prescribed by Eq.(5). Left: brine rejection mechanism.
t: piecewise modeling of the ML, where Φ𝑆 represents the salt flux, 𝛾𝑚(𝑧) the ocean stratification, ℎ𝑚+1 the MLD of
onth 𝑚 + 1, ℎ𝑚 the MLD of the month 𝑚, 𝑆𝑚+1 the vertical salinity profile of the month 𝑚 + 1, and 𝑆𝑚 the vertical

ity profile of the month 𝑚. Right panel: Month-to-month evolution of the first 100m of the vertical salinity profile
he CESM2 OMIP-I model between September and March. Dotted lines represent the MLD in September and March.
ed line represents the ocean stratification 𝛾𝑆𝑒𝑝𝑡(ℎ𝑀𝑎𝑟), with ℎ𝑀𝑎𝑟 is the MLD in March.

ace model vs OMIP models We here analyze the skills of both methodologies to reproduce the fall and winter
deepening. Fig. 9 displays the full fall and winter MLD seasonal cycle simulated by the surface model for each
P model and MIMOC observational data. The fall and winter deepening from MIMOC observational data is
shown in the average methodology because we do not have access to salt flux observations. We use as an

oximation the ensemble average salt flux from OMIP models. At a qualitative level, the surface model provides
rrect representation of the MLD growth in the first three months (October, November and December) for both
odologies, but the local one displays remarkable quantitative agreement with most of the OMIP seasonal cycles.
elate this feature to the fact that averaged inputs loose tracks of the spatial fluctuations, which are present in OMIP
lations. Specifically, we observe strong spatial variations in the ocean stratification, measured here by using the
ity profile (see Fig.A.2 and Fig.A.3 in Appendix). Besides, we notice that the models CAS-ESM2-0 OMIP-I and
-CM6A-0 OMIP-I have most disagreement with the surface model. To quantify this behavior, we have calculated
LD relative error
relative error = 𝑀𝐿𝐷𝑂𝑀𝐼𝑃∕𝑀𝐼𝑀𝑂𝐶 −𝑀𝐿𝐷𝑆𝑢𝑟𝑓𝑎𝑐𝑒

𝑀𝐿𝐷𝑂𝑀𝐼𝑃∕𝑀𝐼𝑀𝑂𝐶
, (6)

re 𝑀𝐿𝐷𝑂𝑀𝐼𝑃∕𝑀𝐼𝑀𝑂𝐶 corresponds to the MLD from OMIP models or MIMOC observational data and
𝐷𝑆𝑢𝑟𝑓𝑎𝑐𝑒 is the estimated MLD from the surface model. The March MLD error is shown in the bottom right
l of Fig. 9. Almost all OMIP models display less than 15 % error, and MIMOC more or less 25 % of error.
mong the OMIP models whose MLD in March is quasi perfectly reproduced by the simple model, we find the

els CESM2 OMIP-I and CMCC OMIP-I. For those two models, the surface model displays less of 10 % error. We
ever recall that, compared to observational data, both CESM2 OMIP-I and CMCC OMIP-I largely overestimate
mplitude of MLD seasonal cycle and, in particular, the MLD in March. The fact that a simplified model, which
considers the vertical salt flux, captures much of the MLD evolution when those values are biased compared
observational data, suggests that the MLD modeling could improve by including other processes responsible for
ges in MLD, such as wind-driven and horizontal exchanges, neglected in the simple model. Conversely, CAS-
2-0 OMIP-I and IPSL-CM6A-0 OMIP-I display the largest mismatch with the surface model, while those models

he OMIP models which most consistently reproduce the MLD seasonal cycle in comparison to observational data.
suggests that those models represent better the ML dynamics and that this dynamics is more complex that the one
e simple surface model.

e conclude this section by noticing that there exists a strong relationship between the September ocean
ification and the March MLD in OMIP models. This relationship is shown in the left panel of Fig. 10, where we
llende et al.: Preprint submitted to Elsevier Page 11 of 22
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re 9: Reproduction of the seasonal cycle of the MLD from each OMIP model and MIMOC observational data in the
ral Arctic Ocean using Eq. 5. Blue dashed line use the values in each grid point. Red dashed line use the averaged
s of the salinity gradient and the salinity flux. Please note that while the seasonal cycle is here represented with
ths varying from January to December, our iteration procedure uses September as initial time. Right bottom panel
sents the relative March MLD error for each OMIP model, with the corresponding methodologies in red and blue
bars.

rve that deep mixed layers relate to weakly stratified oceans, while shallow mixed layers relate to strongly stratified
ns, as expected. Furthermore, compared to MIMOC dataset, the OMIP models with the best representation of the
ification in September are also the ones with the best mixed layer in winter. This suggests that the representation
e stratification is a strong signature of the MLD biases in OMIP models.

Adjacent seas of the central Arctic Ocean
e now analyze if a similar behavior for the MLD dynamics is present in neighboring seas of the central Arctic

n. Specifically, we look into the Beaufort, Chukchi, East Siberian, Laptev, Kara, and Barents Seas; their boundaries
hown in the right panel of Fig. 10. Their MLD seasonal cycle from MIMOC, ITP and OMIP models are displayed
g. 11. ITP observations are only available during the whole year for the Beaufort and Chukchi Seas, in the other
ns, we only compare with MIMOC climatology. The seasonal cycle of the MIMOC MLD in the Beaufort, Chukchi,
Siberian, Laptev, and Kara Seas exhibits a similar behavior than in the central Arctic Ocean, characterized by a
l seasonal amplitude and a shallow ML throughout the year – about 20 meters over the year. The behavior is
different in the Barents Sea, where the MIMOC MLD seasonal cycle shows a high seasonal amplitude: It is

acterized by a 60-meter difference between January and August, with a maximum MLD of 80 meters in January.
ch region, the OMIP models differ strongly with each other, some having MLD close to the MIMOC one, while

rs overestimate it in winter by tens of meters. Regarding ITP observations, the MLD seasonal cycles in the Beaufort
Chukchi Seas are a few meters shallower compared to MIMOC, as already noticed for the central Arctic Ocean. The
nitude of the inter-model variations differs depending on the sea under consideration. In the Beaufort, Chukchi,
, East Siberian and Laptev Seas, discrepancies between models reach up to 30 meters on average. In the Barents
the MLD inter-model variations reach more than 100 meters.

llende et al.: Preprint submitted to Elsevier Page 12 of 22
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re 10: Left panel: Relation between the MLD in March and the ocean stratification in September until the MLD in
h, for all OMIP models and MIMOC climatology. Right panel: Pan-Arctic MIMOC MLD map in March. The dashed
show the boudaries of Beaufort (BeS), Chukchi (CS), East Siberian (ESS), Laptev (LS), Kara (KS), and Barents
) Seas.

re 11: Seasonal cycle of the MLD in the Beaufort, Chukchi, East Siberian, Laptev, Kara and Barents Seas. Data
eraged in time between 2007-2009 for OMIP-I and between 2007-2011 for OMIP-II and ITP. Data is averaged in
e between 80° N to 90° N in latitude and 180° W to 180° E in longitude. Solid colors represent OMIP models, black
ed-line the ensemble average of those models, and red dashed-line MIMOC climatology.

ith the exception of the Barents Sea, the Arctic adjacent seas have more than 80% of sea ice concentration during
er months (see Fig.A.5 in Appendix). This suggests that, in these almost fully ice-covered regions, brine rejection
large impact on the ML fall and winter dynamics, in addition to other processes such as wind-driven mixing and

zontal advection, similarly to the central Arctic Ocean. In these regions, the fall and winter salt flux shows small
tions between models (see Fig. A.4 in Appendix).
o get more quantitative insights, we also applied the surface model in its averaged version for all OMIP models in
region. The relative errors of the March MLD are shown in Fig. 12. In the Beaufort and Chukchi Seas, the surface

llende et al.: Preprint submitted to Elsevier Page 13 of 22
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re 12: Relative error of the MLD seasonal cycle amplitude between OMIP outcomes and the MLD estimated using
with the averaged values.

el display a similar behavior than the central Arctic Ocean. Almost all OMIP models reach less than 15% error in
eproduction of the fall and winter MLD deepening. In the East Siberian and Laptev Seas, a more subtle feature
served. The small relative errors are due to the shallow ML, and not to the good prediction of the surface model.
e Kara Sea, the relative errors are larger than in the other almost fully ice-covered regions, and then the surface
el is not pertinent to explain the MLD variations. This could be due to the lower concentration of sea ice in winter
pared to other regions, as well as exchanges with the Barents Sea. The surface model displays a poor ability to
duce the fall and winter deepening of the ML in the Barents Sea. As expected, in this area, which is partly covered
a ice (see Fig. A.5 in Appendix), the fall and winter ML deepening is not dominated by the salt balance associated
the exchanges with sea ice but is controlled by surface cooling, wind-driven mixing and horizontal advection.
e mechanisms are not considered by the surface model, explaining its poor performance at reproducing the results
e GCM models. Those results suggest that only the Beaufort and Chukchi Seas display similar behavior compared
e central Arctic Ocean: OMIP models with larger biases compared with observational data are the ones with the
representation using the simplest model, suggesting that this missing the impact of more complex processes leads
erestimating the MLD seasonal cycle.
s a side remark, large errors are obtained with the CAS-ESM2-0 OMIP-I model in some almost fully ice-covered
ns. Fig. 11 shows that mismatches come from the model itself, with a poor representation of the MLD seasonal

e in the East Siberian, Laptev and Kara Seas. This is confirmed by looking at its MLD spatial distribution during
hole year (see Fig. A.6 in Appendix). We observe that, during April, May and June, the CAS-ESM2-0 model

lates large MLD, especially on the East Siberian and Laptev coasts. Shu et al. (2022) suggest that one possible
n for these discrepancies is that the CAS-ESM2-0 model has the Canadian Arctic Archipelago passes closed.
inally, in all the regions apart from the Kara Sea, OMIP models whose ocean stratification compares the best to
IMOC observational data also show the closest ML deepening at the end of the winter (see Fig. 13). Besides,

the Beaufort and Chukchi Seas display a strong relation between the stratification in September and the MLD
e end of winter, also observed in the central Arctic Ocean. This is compatible with the general idea that strongly
ified oceans lead to shallow ML, and weakly stratified oceans lead to deep ML. However, for the others regions,
elation is not so clear.

llende et al.: Preprint submitted to Elsevier Page 14 of 22
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re 13: Relation between the mixed layer depth in March and the ocean stratification in September for the Beaufort
), Chukchi (CS), East Siberian (ESS), Laptev (LS), Kara (KS), and Barents (BrS) Seas.

iscussion and conclusion
e have studied the ability of OMIP models to reproduce the fall and winter deepening of the ML in pan-Arctic

: central Arctic Ocean, Beaufort, Chukchi, East Siberian, Laptev, Kara, and Barents Seas. We have shown that in
ese regions, OMIP models poorly represent the MLD seasonal cycle. In summer, a large part of OMIP models
restimates the MLD by about 15 meters compared to MIMOC climatology. During fall and winter, large biases
ar with some models with very deep ML and others with values closer to observational data. In particular, we
observed that the CAS-ESM2-0, IPSL-CM6A-0, and MRI-ESM2-0 models from OMIP-I protocol are consistent
gh in simulating the fall and winter deepening in more than one region of the pan-Arctic seas. However, CMCC
els at low and high resolution and from OMIP-I and OMIP-II protocols, display too depth ML in almost all the seas.
ng these seasons, discrepancies between models reach up to 30 meters on average in all the regions, except in the
nts Sea, where the MLD inter-model variations reach more than 100 meters. We showed that OMIP models provide
istent sea ice concentrations and ice-ocean salt fluxes. At the same time, discrepancies have been observed in the
n stratification at the beginning of the sea ice growth season. In the central Arctic Ocean, Beaufort, and Chukchi
, we have shown a strong relationship between the ocean stratification in September and the MLD at the end of
er: Weakly stratified oceans lead to large MLD and strongly stratified oceans lead to small MLD. It should be noted
this is not a causal relation, and then we can also reverse the relationship. For instance, shallow ML in winter leads
rongly stratified oceans at the beginning of the fall. Furthermore, OMIP models with similar ocean stratification
pared to MIMOC observational data perform better in the reproduction of the MLD at the end of the winter.

e use the MIMOC climatology and the ITP observational data to compare OMIP models. We have found that both
rvational data have similar MLD seasonal cycles in the central Arctic Ocean, Beaufort and Chukchi Seas, using
MIP-recommended density threshold of 0.03𝐾𝑔∕𝑚3 to compute the MLD. The depth of the mixed layer varies

nding on the criterion used. For instance, the ML is deeper using a criterion of 0.1𝐾𝑔∕𝑚3 instead of 0.03𝐾𝑔∕𝑚3

n-Arctic regions (Peralta-Ferriz and Woodgate, 2015). The different choices of criterion by different authors make
el-data comparisons more difficult. Additionally, due to ITP data availability, the East Siberian, Laptev, Kara, and
nts Seas Seas are only compared with MIMOC climatology. In principle, MIMOC climatology is strongly based
rgo/ITP observation during this period. The spatial distribution of Argo float data is very sparse in Laptev and
Seas (Fournier et al., 2020). It suggests that MIMOC may not represent the full reality regarding MLD in these
ns.
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e were able to reproduce the fall and winter deepening of the ML simulated by the OMIP models using a simple
ce model based on the vertical salt balance dynamics. This model uses as inputs the vertical salinity gradient in
ember and the salinity flux from OMIP models. In the central Arctic Ocean, Beaufort, and Chukchi Seas, we have
d that OMIP models with the largest relative errors from the reproduction of the fall and winter ML deepening
g the surface model, are the ones that display more realistic values of the MLD seasonal cycle compared with
rvational data. It suggests that these models accurately reproduce the ML dynamics and that these dynamics is

complex that the one of the simple surface model. In the other regions, the MLD dynamics is different. For
nce, in the Barents Sea, the retreat of ice cover during summer is larger than in the central Arctic, hence favoring
anges with the atmosphere. This feature is likely to foster deeper ML: the Barents Sea displays a larger MLD
onal cycle than the other regions.
till, and despite these different behaviors, the poor modeling of GCM in pan-Arctic seas seems to be linked to

ry simple modeling of the processes involved in its dynamics. Here, we focused on the vertical mass exchanges
ciated with salt balance. A natural perspective is to study the impact of the other mechanisms, such as surface
ing, wind-driven mixing, and horizontal advection. Furthermore, an appealing perspective to our work concerns
tudy of the MLD inter-annual variability, particularly the effect of the feedback between the sea ice and the mixed
. In this prospect, we expect to analyze the GCM of the coupled part of the CMIP6 protocol from the historical
lations, in the same line as previous works by Watts et al. (2021) and Keen et al. (2021) in the inter-model analysis
a-ice and mass budget in the Arctic.
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Appendix
e here compile additional figures related to: the relation between the MLD in March and the cumulative salt flux

. A.1); the sea surface salinity maps from the MIMOC dataset and OMIP models in September (Fig. A.2) and
ch (Fig. A.3); the salinity flux in the pan-Arctic seas (Fig. A.4); the sea ice concentration in the pan-Arctic seas
. A.5); and the spatial distribution of the sea surface salinity from the CAS-ESM2-0 OMIP-I model (Fig.A.6).
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re A.1: Relation between the MLD in March and the cumulative salt flux (ppt m/months) during fall and winter in
entral Arctic Ocean.

re A.2: Sea surface salinity (ppt) maps in September from the MIMOC climatology (top left) and the OMIP models
in Table 1.
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re A.3: Sea surface salinity (ppt) maps in March from the MIMOC climatology (top left) and the OMIP models listed
ble 1.
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re A.4: Seasonal cycle of the salinity flux (ppt m/months) in the Beaufort (BeS), Chukchi (CS), East Siberian (ESS),
ev (LS), Kara (KS), and Barents (BrS) Seas.

re A.5: Seasonal cycle of sea ice concentration in the Beaufort (BeS), Chukchi (CS), East Siberian (ESS), Laptev
, Kara (KS), and Barents (BrS) Seas. Red dashed-line corresponds to the observational data OSI-45 averaged from
to 2011.
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Figure A.6: MLD maps from the CAS-ESM2-0 OMIP-I model averaged during the years 2007-2009.
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