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Abstract
In the Arctic, the sea surface salinity (SSS) plays a key role in processes related to
water mixing and sea ice. However, the lack of salinity observations causes large
uncertainties in Arctic Ocean forecasts and reanalysis. Recently the Soil Moisture and Ocean
Salinity (SMOS) satellite mission was used by the Barcelona Expert Centre to develop an

Arctic SSS product. Jn this study, we evaluate the impact of assimilating this data in a

coupled ocean-ice data assimilation system. Using the, Deterministic Ensemble Kalman filter

from July to December 2016, two assimilation runs respectively assimilated two successive
versions of the SMOS SSS product, on top of a pre-existing reanalysis run. The runs were

validated against independent in;situ salinity profiles in the Arctic. The results show that the

biases and the Root Mean Squared Differences (RMSD) of SSS are reduced by 10% to 50%

depending on areas, and highlight the jmportance of assimilating satellite salinity data. The

time series of Freshwater Content (FWC) further shows that its seasonal cycle can be

adjusted by assimilation of the SSS products, which is encouraging for its use in a long-time

reanalysis to petter reproduce, the Arctic water cycle.
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1. Introduction

The Arctic Ocean is undergoing a dramatic warming, yesulting in the loss of sea ice

Hdocumented by previous studies (Johannessen et al., 1999; Stroeve and Notz, 2018). Sea

ice melt contributes freshwater to the Arctic Ocean, together with other sources, and has far-

reaching effects on the Arctic Ocean environment,(Carmack et al,, 2016). The Arctic

observing system, compared to other oceans, lacks the capability to provide a complete
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picture of pcean salinity, particularly because of obstruction by sea ice. A complete

reconstruction of Arctic environmental variables thus requires a data assimilative numerical
model capable of propagating information below sea ice during the winter as practiced by
ocean operational forecast systems (Dombrowsky, 2009; Fujii et al., 2019). As with other

ocean data assimilation (DA) applications, Arctic reanalysis products of ocean and sea ice

: CDeleted: , as reviewed in
. (Deleted: (

Deleted: A recent update of the review paper showed a
stabilization of the Freshwater Content (FWC) of the
Arctic Basin, although observations indicate that the

. | Beaufort Gyre keeps freshening

(Deleted: , contrary

play an important role in understanding climate change and its mechanisms. In recent years,
many studies (Storto et al., 2019; Uotila et al., 2019) evaluated the quality of the Arctic

reanalysis products and recommended experiments fo maximize the usefulness of new

observations, as done in Kaminski et al. (2015) and Xie et al. (2018). However, there are no

impact studies of salinity observations in the Arctic to our knowledge.

Ocean salinity has been used to study the water cycle for the last 20 years (e.g., Curry et al.,
2003; Boyer et al., 2005; Yu, 2011; Yu et al., 2017). A recent review paper showed a
stabilization of the Freshwater Content (FWC) in the Arctic Basin, although observations

indicate that the Beaufort Gyre keeps getting fresher (Solomon et al., 2021). Salinity

variations have far-reaching implications for ocean mixing, water mass formation, and ocean

general circulation, but suffer from large uncertainties_in the Arctic, mainly due to sparse

observations and the lack of a steady-state reference time period (e.g., Stroh et al., 2015; Xie
et al., 2019). Measuring sea surface salinity (SSS) from passive microwave remote sensing
is a comparatively new but promising way to reduce the uncertainty in salinity. Launched in
November 2009, the Microwave Imaging Radiometer using Aperture Synthesis (MIRAS)
instrument of the European Space Agency’s (ESA) Soil Moisture and Ocean Salinity (SMOS)
mission measures the brightness temperature (Tg) on the sea surface. The passive 2-D
interferometric radiometer on the satellite operating in L-band (1.4 GHz) is sensitive to water
salinity and sufficiently free from electromagnetic interference (e.g., Font et al., 2010; Kerr et
al., 2010). Since May 2010, SMOS operationally provides SSS records over the global ocean
(Mecklenburg et al., 2012). During the last 12 years, large improvements have been

introduced in the SMOS data processing chain, increasing the accuracy and coverage of the

salinity data up to levels that were unthinkable at the beginning of the mission (Martin-Neira
et al. 2016, Olmedo et al., 2018; Reul et al., 2020; Boutin et al., 2022).
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[Furthermore, the assimilation of satellite;derived SSS products using an ensemble DA

method has been found to significantly improve the surface and subsurface salinity fields in
the tropics (Lu et al. 2016). The advantages of assimilating three SSS products from SMOS,
Aquarius (ref., Lee et al, 2012), and Soil Moisture Active Passive Mission (SMAP; e.g., Tang

et al., 2017) into a global ocean forecast system using 3D-Var DA method have also been /i
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demonstrated by Martin et al (2019). Their results show the, benefits of assimilating both the |
g

SMOS and SMAP datasets in the intertropical convergence zone in the tropical Pacific.

However, very few studies jnvestigated, the jmpact of assimilating SSS products in the Arctic i/

or high latitudes. Since the beginning, the salinity retrieval from SMOS in cold regions has F i

been very challenging for three main reasons; i) the lower sensitivity of Tg jn cold waters '
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leading to larger SSS error (Yueh et al., 2001; e.g, the sensitivity drops from 0.5 to 0.3 K )

PSU-! when sea surface temperature decreases from 15 to 5°C); ii) Land-sea and ice-sea

contaminations resulting from abrupt changes of Ts values across these two interfaces,

combined with the large ground footprint of SMOS; jii) the requirement, of a well-observed

steady-state period, for the removal of biases, Addressing these challenges in the SMOS

salinity retrieval approach, Olmedo et al. (2017) introduced a non-Bayesian retrieval method

to debias the Level 1 baseline (L1B) salinity against the reference SSS from Argo data. Level h

1 data, from the satellite is available within 24 hours, but the additional processing steps

require high-quality auxiliary data so that the Level 3 and 4 SSS are only provided in delayed
mode. Starting with the ESA L1B (v620) product from SMOS, the Barcelona Expert Centre
(BEC) released Version, 2.0 of the, Arctic gridded SSS product (25 km resolution; Olmedo et
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al., 2018), Xie et al. (2019) evaluated the V2.0 SSS product and another gridded Arctic
SMOS SSS product developed by LOCEAN (Boutin et al., 2018) during the years 2011-

2013. These two SSS observations, together with an Arctic reanalysis (Xie et al., 2017) and

|

one objective analysis product (its upgradated product is available to see Greiner et al.,

\

2021), were validated against in-situ observations and compared with two climatology
datasets: the World Ocean Atlas of 2013 (WOA2013; ref. .Zweng et al., 2013) and the Polar -
science center Hydrographic Climatology (PHC 3.0; ref. . Steele et al., 2001). They found ‘ k

considerable discrepancies among the different gridded, SSS products, especially in the

freshest seawater (<24 psu). The intercomparison of these Arctic SSS products shows room \1
for improvement of the SMOS-based SSS in the Arctic. ‘%

[Recently, under the framework of the ESA project Arctic+Salinity (AO/1-9158/18/I-BG), and
further development of the non-Bayesian scheme, (Olmedo et al., 2017), the effective

resolutions of SSS data were enhanced both in space and time, (Martinez et al., 2022), The
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new version of the SSS product (V3.1) shows the capability to monitor, the mesoscale
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Theoretical Baseline Document (ATBD) of the Arctic+Salinity project (Martinez et al., 2020).
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The two successive versions of the BEC SMOS SSS products are assimilated jnto the

JTOPAZ Arctic reanalysis system (detailed in Section 2) during the summer of 2016, These

two assimilation runs are compared to the Arctic reanalysis without assimilation of satellite
SSS data, which js identical to the product ARCTIC_REANALYSIS PHYS 002 003 in the

Copernicus Marine Services, The model validation against independent observations
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presents the differences stemming from these two SSS products, although they are from the

same initial data source (SMOS). Their jmpact on the assimilation in the Arctic coupled ice-

ocean model shows large differences, thereby motivating further efforts to improve SSS

retrievals in the cold Arctic.
The paper is organized as follows: Section 2 describes briefly the coupled ocean and sea ice
data assimilation system and the assimilation experiments; Section 3 describes the in;situ

observations and the validation metrics; yesults presented in Section 4 jnclude the validation
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using independent SSS observations, separated into different ocean basins. Section 4 also

examines the impact of SSS assimilation on the weekly increments of other related variables

near the surface, and explores the integrated effect on the freshwater simulated by the

model. In Section 5, the findings of this study and future perspectives are summarized.

2. Assimilation system and experimental design
2.1The Arctic pcean and sea-ice coupled data assimilation system

TOPAZ js a coupled ocean and sea ice data assimilation system, built using the

Deterministic Ensemble Kalman Filter (DEnKF; Sakov et al., 2012) to simultaneously

assimilate multiple types of observations for the ocean and sea ice (Xie et al., 2017). The

ocean model in this system uses,version 2.2 of the Hybrid Coordinate Ocean Model

(Formatted: Font: (Asian) SimSun, Font colour: Black

NN A N

Deleted: Martinez et al., 2022), and was released
through the BEC portal (also at doi:
10.20350/digital CSIC/12620; last accessed May 2022).

NN

gl

Formatted . [40
CDeleted: days
(Deleted: the
(Formatted: Font: (Asian) SimSun, Font colour: Black
(Formatted: Font: (Asian) SimSun, Font colour: Black
(Deleted: -

(Formatted: Font: (Asian) SimSun, Font colour: Black
(Formatted: Font: (Asian) SimSun, Font colour: Black
Deleted: Another SMOS-based Arctic surface salinity
product from LOCEAN (Supply et al. 2020, Boutin et al.,

2022) has been released posterior to Xie et al. (2019),
but not assimilated in this study

NN AN

Deleted: in...nto the TOPAZ4...OPAZ Arctic reanalysis
system (detailed in Section 2) during the summer of
2016, and... These two assimilation runs are compared
to the Arctic reanalysis without assimilation of satellite
SSS data,...which consistes the Arctic reanalysis...s
identical to the product
ARCTIC_REANALYSIS_PHYS_002_003 in the
Copernicus Marine Services at that time.... The model
validation against independent observations will
show...resents the differences stemming from these
two SSS products, although they are originating ...rom
the same initial data source (SMOS). Their effect once
assimilated...mpact on the assimilation in an...he Arctic
coupled ice-ocean model shows large differences,

thereby also ... ... [41]

Deleted: ...situ observations and the validation metrics;
The ...esults are ...resented in Section 4 which
includes...nclude the validation using independent SSS
observations, separated into different ocean basins.
Section 4 also analyses...xamines the impact of the
assimilation using the regional ...SS assimilation (" T427

AN (Formatted . [43]

; (Formatted: Font: (Asian) SimSun,

—/

(HYCOM; Chassignet et al., 2003) with a low-distortion square grid with a horizontal

resolution of 12-16 km. The river discharge input is climatological, using the ERA-Interim

runoffs channeled in a simple hydrological model, which tends to underestimate the

£

(Formatted . [44]

~— ( Deleted: was built as...s a coupled ocean and seq__ [45] }

,(Formatted: Default Paragraph Font, Font colour: Black

/ ,(Formatted: Default Paragraph Font, Font colour: Black )

(Formatted

[N




B15
B16
B17
B18
B19
B20
321
B22
B23
B24
B25
B26
B27
328
B29
B30
331
B32
B33
B34
335
B36
B37
B38
B39
B40
B41
B42
B43
B44
B45
B46
B47
B48
349

amplitude of the seasonal cycle and thus a saline bias at the surface (Xie et al. 2019). The

coupled sea ice model uses a single:category thermodynamic model (Drange and Simonsen,

1996) and dynamics by the modified elastic-viscous-plastic rheology (Bouillon et al., 2013) in

an early version of the CICE model (Liszeter et al. 2003). The model covers the whole Arctic

Ocean, (shown in Fig. 1 in Xie et al., 2017). A seasonal inflow of Pacific Water is imposed

across_the Bering Strait, based on observed transports (Woodgate et al., 2012). At all lateral
boundaries, the temperature and salinity stratifications are relaxed to a climatology

combining yersion 2.0 of WAO2013, and yersion 3.0 of PHC, with a 20-grid cells buffer zone.

To avoid a potential model drift, the surface salinity is relaxed to the combined climatology as

~(Moved (insertion) [2]
g (Deleted:

: CDeleted: combined with the
CDeleted: of
CDeleted:

‘ (Deleted: .
. (Moved up [3]: Zweng et al.,

CDeleted: WOA13;

(Deleted: basin excluding the Pacific

( Deleted: the 2013 World Ocean Atias (

mentioned above, with a 30-day timescale, but the relaxation is suppressed wherever the

difference from climatology exceeds 0.5 psuy,to avoid the artificial formation of stable surface

freshwater layers.

JThe two steps of the assimilation system can be franslated by the following concept ‘ ' 1

expressions (update and model propagation):
Xo = Xp +K(y = HXp) —_M
Xp = M(Xq) e
Where the matrix X represents the model states with all 3-D and 2-D variables needed by

the model forward integration, represented by the operator M. The subscripts ‘a’ and ‘f’

respectively indicate the analyzed model state obtained through optimization after DA, and

the model forecast. The vector y is composed of the quality-checked observations during the

weekly cycle, the observation operator H gives the model equivalent matching the

observations. The innovation term (in parentheses in Eq.1) represents the differences

between the model and the various observations on the observation space. The TOPAZ

model runs an ensemble of 100 members. The K matrix (Kalman gain) is calculated using

the ensemble covariance matrix. On a weekly basis, we use the DEnKF to assimilate

different types of ocean and jce observations, including along-track sea level anomaly (SLA),

sea surface temperature (SST), in-situ profiles of temperature and salinity, sea ice

concentrations (SIC) and sea ice drift products all sourced from the Copernicus Marine

Environment Monitoring Services (CMEMS; https://marine.copernicus.eu). The same TOPAZ

system provides a 10-day forecast of ocean physics and biogeochemistry in the Arctic

(Bertino et al., 2021) every day via the CMEMS portal. Like other square root versions of the

Ensemble Kalman Filter, the DEnKF splits Eq. 1 into two steps: the K calculation is applied to
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ensure observation in the water grid same as the model used; ii) omit the invalid profiles if

the top depth is deeper than 8 m; iii) remove redundant observations. Since the model does

not reproduce local gradients of the vertical salinity profiles shown in Supply et al. (2020), all
the salinity profiles are averaged over the upper 8 meters below the surface. This also avoids
the loss of the profiles that do not reach the surface.

e Data from the Beaufort Gyre Experiment Project (BGEP) « Formatted: Outline numbered + Level: 1 + Numbering
Style: Bullet + Aligned at: 0,63 cm + Indent at: 1,27 cm

The BGEP has maintained an observing system in the Canadian Basin since 2003 and
provides in-situ observations over the Beaufort Gyre every summer. Although the BGEP has
maintained three bottom-tethered moorings since 2003, the shallowest depth of the
measured profiles for temperature and salinity is below 50 m. Hence, in this study, we only
use the Conductivity Temperature Depth (CTD) dataset from the cruise in 2016
(https://www2.whoi.edu/site/beaufortgyre/data/ctd-and-geochemistry/, last access: 14"

February 2022). SSS observations from these CTD profiles in the time, period from 13" Sep Q)eleted: - )

to 10" Oct 2016 are represented by the red triangles in Fig. 2. (Deleted: 1 )
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ocean in melting Greenland’s glaciers. Over a five-year campaign, this project collected
temperature and salinity profiles by Airborne eXpendable Conductivity Temperature Depth
(AXCTD) launched from an aircraft (e.g., Fenty, et al, 2016). The deployed probe can sink to
a depth of 1000 meters, connected with a float by a wire. The measured temperature and

conductivity are then sent back to the aircraft. These salinity profiles collected during the first

OMG campaign in 2016,are downloaded from (Deleted: ,
https://podaac.jpl.nasa.gov/dataset/OMG L2 AXCTD/ (last access: 10" February 2022). The (Deleted: red-
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Salinity profiles were also obtained from the ICES portal (https://www.ices.dk). Shown as y '%De'e‘edz L
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blue squares in Fig. 2, the locations of the profiles during the last 6 months of 2016 are
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model experiment, the first relevant cruise in ADC was SKQ201612S which was operated by

University of Alaska Fairbanks with the RV Sikuliag. This cruise collected data from Nome,
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Alaska on 3™ September, to the northeast Chukchi Sea, and then back to Nome at the end of
September 2016. The temperature and salinity profiles were collected by a Sea-Bird 911
CTD instrument package. All measurements at each station were done both down- and up-
cast ways. To produce water column profiles at each station, the down-cast data were
binned at 1 m intervals (Gofii et al.,2021). Besides the CTD profiles of SKQ201612S, more

seawater samples were collected via the surface underway system on the RV Sikuliaq.

Through a sea chest below the waterline (g.g., 4-8 m), the uncontaminated seawater was

pumped into the ship and the corresponding filtration system supplies samples every 3 hours
to the sensors (More details in Gofii et al., 2019). These SSS observations were obtained on

the 927" of September, indicated as blue crosses in Fig. 2.

Moreover, SSS measurements were also collected from the Seabird CTD on board Sir

Wilfrid Laurier (SWL,), but only in July 2016. This cruise is part of the annual monitoring from

the Canadian Coast Guard Service (Cooper et al., 2019). The SSS observations are
obtained near the Bering Strait close to the Pacific boundary of our model.,

After skipping the diurnal signals in observed surface salinity, all valid SSS measurements
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from the above data sources are compared with the daily average SSS of the three
assimilation experiments listed in Table 1. All the assimilation runs use a weekly assimilation

cycle: The model runs forward 7 days after each assimilation step and provides daily
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averages for each day from the ensemble mean, which we refer to as “forecast” even when
using delayed-mode observations and atmospheric forcings. The model data has been
collocated with the observations for validation. To estimate the forecast differences to

observations, we use the standard statistical moments:
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Where i is the ith day, O, represents the number of observations on this day, and N

represents the total number of days depending on the, source of observations, Then X;
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three assimilation runs.,

In addition, we further introduce a two-sample Student’s t-test to evaluate the significance of
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Yoo

(Deleted: SSS

(Deleted: among
(Formatted: Font: (Asian) SimSun, Not Italic, Not Highlight )
(Format‘ted: Default Paragraph Font, Font colour: Black )
(Format‘ted: Default Paragraph Font, Font colour: Black )

A A A AN A A A A

' | Formatted: Normal, Right: 0,63 cm, Border: Top: (No

border), Bottom: (No border), Left: (No border), Right: (No
border), Between : (No border), Tab stops: 7,96 cm, Centred
+ 15,92 cm, Right, Position: Horizontal: Left, Relative to:
Column, Vertical: In line, Relative to: Margin, Wrap Around




638
639

640

p41
042
643
b44

645
46

47

48
649
Fso
651

F70
671
72

from ExpV2 or ExpV3 is called e;. Thus, considering the null hypothesis HO: e; and e, are

the means of indiscernible random draws, the t-value can be calculated as follows:

[¢2 ~ €]

t=
st/ —1) +5s3/(np — 1)
Where si(s2) is the standard deviation in the es(e2), and n4 (n2) is the number of observations.

For every t-value, the p-value from the above equation is the probability that random errors

would prove HO wrong. Low p-values (<0.05) indicate that the change of bias due to

assimilation is significant.

4. Results «

The SSS innovations in the two assimilation runs, ExpV2 and ExpV3,are compared |nF|g,§;
together with the number of assimilated SSS observations and the ensemble spread

calculated by the ensemble standard deviation. The total number of observations is at its
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maximum in September when the sea ice cover is minimal. Since both versions of the SSS

product share the same time:frequency (9-day average) and gridded format, the number of

assimilated observations in the two runs remains identical, (gray lines in Fig. 3). For ExpV2,

the Root Mean Square (RMS) of the SSS innovation varies between 0.4 and 1.2 psu, but the
mean of SSS innovation, calculated as the pbservation minus the model simulation (cf. the

bracket in Eq.1), shows fhe saline bias of 0.4 psu, hic
the salinity bias quickly disappears after a few data assimilation cycles. The RMS of the SSS

innovation js larger in ExpV3 between 0.6 and 1.6 psu, which can partly be explained by the
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higher effective resolution of the V3.1 product,and the double penalty effect. In ExpV3, the

RMS of the SSS innovation (the red line) jumps down after the first SSS assimilation step.
The RMS of SSS innovations and the observation errors both decrease from summer to

winter, following a seasonal cycle as the areas of fresher water get gradually ice-covered.

The domain-averaged observation errors are only slightly larger in ExpV3 than in ExpV2, as
explained above, and the RMS of SSS innovations become lower than the observation errors

near the end of the run, which indicates that the pbservation errors for the V2.0 SSS have

been overestimated.
Jn the top panels of Fig. 4, the SSS maps present the control run (Exp0) jn August and

September 2016, respectively. For ExpO0 in August, low salinity waters are found jn the /

Beaufort Sea near the Mackenzie River and along the East Siberian coast. In September, the
fresher waters, below 30 psu, bridge the two areas in Exp0 probably due to sea ice melt,
although the lowest salinity near the Siberian coast remains unchanged from August to

September (as indicated by the 28 psu isoline). Compared with the SSS observations from
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than 28 psu are broader in ExpV3. On the European
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SMOS (Fig. 1), these two low salinity waters are clearly underestimated in Exp0. Meanwhile,

the relatively saline 32 psu isoline crosses both the Eurasian basin and the Baffin Bay. In the

Laptev Sea, due to the significant effects of river runoff and ice melt, the salinity shows a

strong gradient from the southeast to the northern part. During winter, the salinity increases

to 34 psu, and decreases in summer near to 30 psu (Janout et al., 2017). In the northwest

Laptev Sea, the saline tongue of 32 psu extends eastward to Taymyr Peninsula (TP),North
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of the TP, the Kara Sea freshwater meets with the Atlantic Water pathways from the Fram
Strait and Barents Sea (shown in Figure 1 by Janout et al., 2017). Close to the TP, the

observations at the mooring profiles in Janout et al. (2017) show much fresher surface
salinity (29 psu) than the subsurface salinity (32 psu) in summer. Compared to the SMOS

SSS maps (Fig. 1), only the V3.1 product shows the 32 psu isolines around the TP. Another

difference between the two SMOS products arises in the Chukchi Sea where the V3.1

product is more saline than both the V2.0 product and SSS in Exp0.

Then the middle and bottom panels of Fig. 4 show the SSS differences in August and

September 2016 between the SSS assimilation runs and the control run_Fi

show a freshening of the coastal areas in the Kara Sea, Laptev Sea, and East Siberian Sea,

but in ExpV3 the freshening is stronger and wider (Fig. 4e and 4f). In the Beaufort Sea,

ExpV2 mainly brings a local freshening near the mouth of the Mackenzie River in August,

which then spreads out along the coast in September. The freshening in the BS brought by

ExpV3 affects a broader area, even including the Canadian Archipelago. ExpV3 also

freshens the SSS on both sides of Greenland Island. From August onwards, the SSS in

ExpV3 freshens by over 1 psu along the whole east Greenland coast, which clearly does not

happen in ExpV2. In fact, the 32 psu isoline in ExpV3 (not shown) extends hundreds of

kilometers further to the South East Greenland coast in comparison to Exp0 and ExpV2. The

rest of the Greenland coast is also fresher by 0.5 psu in ExpV3 during both months. This is a

sign of a consistent change in the V3.1 product.

Even though most of the SSS assimilation leads to a freshening of the surface, a few

locations show higher salinity than Exp0, these are different from ExpV2 to ExpV3. For

example, the saline increment near the Bering Strait is larger in ExpV3 in excess of 1 psu,

consistently with the difference between the two remote sensing products (Fig. 1).

Other increases in SSS concern small areas near estuaries and are more common in ExpV3.+"

~Acand 4dboth .
| Deleted:

Deleted: In ExpV2, the salinity tongue extends
eastwards but is narrower, but in ExpV3 it remains to
the West of Severnaya Zemlya.

(Deleted: of

A AN

[ Deleted: This motivates the assimilation of the SSS

products to compensate for the paucity of in-situ
observations...

(Moved (insertion) [5]

The 32 psu isoline in ExpV3 extends
hundreds of kilometers further South along east
Greenland in comparison to Exp0O and ExpV2. The
change between simulations is larger than the
differences between August and September. Another
area of notable differences is in the northern Baffin Bay.
In ExpV3, the area above 32 psu is shrunken to the
South of Nares Strait under the assimilation of the V3.1
SSS product, which may compensate for the lack of
mass loss from the Greenland ice sheet in the model.q|
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The increase to the west of the Yamal Peninsula can be explained by a model setup bias in

the location of the Ob river but compensated by the SSS assimilation. In the above

comparisons of SSS maps, the central Arctic is not discussed, since the region is covered by

sea ice and the effect of assimilation js indirect.
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suggests that the improvements near the coast will be the next challenge for future versions

of the SSS product.
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Above quantitative validation of SSS against
these two satellite products brings many positive

real conditions, although the improvements are quite
dependent on the locations. Surface salinity changes in
the three runs (Fig. 8) contrasts the averaged increment
of SSS in 2016. The increment means the difference
between the analysis model state and the previous
forecast model state, and represents the model
correction of SSS by DA. As a control reference, the
SSS increment in Exp0 is mainly in the river mouths,
such as those around the Lena River (LR) and the
Yenisey River (YR), while in open ocean it is extremely
small. This is an indication that the presently
assimilated observations in Exp0 are not able to correct
the surface salinity very much. Assimilation of version
2.0 SSS product (Fig. 8b) shows four dominant areas
around the central Arctic with negative increment in
SSS. Two of them are in the Kara Sea (KS) and the
East Siberian Sea (ESS). These are regions where the
model has an underestimation for the affected extent of
the freshwater impulse around rivers. The third region,
the southern Laptev Sea (LS), is found to be further
separated into two small areas. The fourth region is
along the coastline in Beaufort Sea. On the contrary, a
positive increment in SSS is found in the Hudson Bay
(HB), outside the central Arctic{|

In comparison to ExpV2, except for the wide negative
SS8S increment area around ESS, much more areas are
found with the different incremental patterns in ExpV3
(Fig. 8c). Two strong positive SSS increment centers
appear around the Kara Sea and the north of LS, which
is clearly different from the increment pattern in ExpV2.
The difference is likely due to the processing of the two
versions of the SSS products using different
climatologies (Martinez et al., 2022). The two nearby
regions (BS coast and HB) with negative SSS
increment regions in ExpV2 are found to form a dipole
of negative and positive increment regions in ExpV3.
This pattern is likely due to the benefits of the increase
in the horizontal resolution in the newest version” "T149]
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