Dear Editor,

We thank the two reviewers for their critical and constructive comments on our
research. Their comments have significantly improved our manuscript. The main
modifications in the revision are las follows:

e Use the new version of the BEC SSS to replace the previously used in
this study.

e Extend the SSS from 5 m to 8 m near the surface when extracted from in-
situ data, in order to involve the ITP observations.

e Rearrange the orders in Section 3 and Section 4 to highlight the
evaluation against in-situ data, and which has been divided into two
parts referred to dependent and independent in-situ dataset in the Sec.
4.

e All figures have been updated due to the above two changes and two
scatterplots showing the SSS against in-situ data from CORAS5.1 are
complemented in the revision.

e We have improved the English and expanded/shortened the text as
recommended by the reviewers.

Below are the detailed responses to their comments: the reviewer comments are in

black oud our response is in red.

Anonymous Referee #1

The paper shows an intercomparison among 6 arctic salinity products (2 based on SMOS
acquisitions, 2 climatologies and 2 reanalysis products). All products are also compared with
in-situ data CORA 5.1. In addition to the intercomparison by itself, the aim of the paper is to
evaluate the best SMOS product to be assimilated by TOPAZ4 reanalysis product.

-A: We thank the referee for the detailed evaluation of our manuscript and
constructive suggestions. We appreciated this very much, all the comments are

taken into account in the revised version.

General Comments
The paper needs a general improvement of the writing. In some cases the concepts are no

clear and English should be improved.



-A: We thank the reviewer for pointing out this weakness in the manuscript. We have
improved the English, in addition to extending, shortening and rearranging the text for

improved clarity.

Other general comment refers to the version of the BEC SMOS product included in the
comparison. The version of the SMOS BEC product is only clearly defined at the end of the
conclusions (lines 543-546). This should be explained in section 2. According to the
expressed in conclusions, the version of the BEC SMOS product used in this paper is version
1.0. This version is not accessible now because it has been superseded by version 2.0. Why
authors have not included v2.0 instead v1.0 in this study?

-A: Thank you for this comment, we agree with the reviewer. Note that BEC product
was released just before the submission of this manuscript. The SMOS BEC product
used has been replaced by the version of 2.0, which is also defined in Section 2.1.

We update all figures and results in the revised manuscript.

This reviewer knows the effort that implies to redo this validation using the new BEC product,
but taking into account that v1.0 is not available, the inclusion of this product in the study is
not interesting and v2.0 should be used. It is not necessary to proceed with all the period of
the current v2.0, only the studied period (2011-2013) will be enough. Please, use v2.0 of
2011-2013 period instead v1.0. Change "BEC product"” section accordingly.

-A: Agreed. The revision will replace the previous BEC product with version 2.0 and

the concerned figures and analysis are updated.

Specific Comments

Lines 142-145: The BEC Arctic product 1.0 is not created as is described here. Systematic
bias of the retrieved salinity data is corrected computing the so-called SMOS climatology (the
most probable value for a given lat-lon, incidence angle and across swath distance) and
substituting this one by a reference. The used reference is the annual WOAI3 (the same
reference for all maps) and not Argo float extrapolated at 7.5km. The second correction (the
temporal bias correction) was computed for version 1.0 of the Arctic product in the same way
as in the global one: assuming that the quantity of salt is constant in the surface. This coarse
approach has been refined in version 2.0 (the current one) using Argo to compute the mean
value of salinity for each Arctic map.

-A: Thank you for this informative and constructive comment, the text is changed to:



Lines 135-143: “The BEC SSS product was generated from ESA L1B (v620)
products, and accumulates salinity data over 9 days with a spatial grid resolution of
25 km. With respect to its previous version, a systematic bias in the retrieved salinity
is corrected by computing the SMOS climatology (the most probable value for a
given lat-lon, incidence angle and across-swath distance) which is substituted by a
reference value from WOA13. In addition, a temporal bias correction has been
refined in this version using near-surface Argo salinity to compute regional averages
(see the details in Olmedo et al., 2018).”

Line 147: The anomaly is referenced to WOA13 (not WOA09)

-A: Thank you. It is corrected.

Section 3: Many comparisons are made involving different regions and products. A table
similar to table 1 but for intercomparisons would help to the reader.

-A: It is a good suggestion. A new table (Table 1) is added to clearly explain the
product specifications. Moreover, the concerned sections are rearranged, and the
evaluations against in-situ data are divide into two part according to dependent and

independent observations in Section 4.

Line 466: Beware both SMOS products do not use different BT filtering flags. The main
difference between both is that they are applying a completely different salinity retrieval
method.

-A: Thanks for this point. It is deleted and replaced by other statement as

Line 447: “... due to the different retrieval applied in these two datasets.”

Lines 5-9: Suppress “respectively”. This long sentence probably sounds better as “Recently,
two independent gridded SSS products have been derived from .... mission: the developed by
the Barcelona... and the one developed by Ocean....” Here a mention about the regional or
global character of both products will help to the reader to know about the general
characteristics of each product (one can expect that a product specifically developed for
Arctic will provide better results)

-A: Thank you for this suggestion. Here is the revised text as



Lines of 2-6: “Recently two gridded Sea Surface Salinity (SSS) products that cover
the Arctic Ocean have been derived from the European Space Agency’s (ESA) Soil
Moisture and Ocean Salinity (SMOS) mission: one developed by the Barcelona
Expert Centre (BEC) and the other developed by the Ocean Salinity Expertise Center
of the Centre Aval de Traitement des Données SMOS at IFREMER (CEC).”

Line 42: “northern North Atlantic”. Authors are referring to the north of the North Sea (a
relative mall region) or the authors are referring to the thermohaline circulation between
Arctic Ocean and North Atlantic? (probably is this second option but “northern North
Atlantic” sounds strange to me)

-A: Thank you for this comment. This sentence referred to the thermohaline
circulation between Arctic Ocean and North Atlantic. And this sentence will be
changed as

Lines of 41-43: “The SSS also affects the decadal variability of hydrography in the

upper waters of the North Atlantic (Reverdin et al., 1997)

Lines 47-50. This sentence is difficult to read. “a significant change in the global warming
scenario” should be *“ or a significant”? Probably no, but I do not clearly understand what is
the meaning of this sentence.

-A: This sentence will be corrected by the lines of 46-49:

“Additionally, the increased melting of glaciers and sea-ice in the Arctic (McPhee et
al., 1998; Macdonald et al., 1999) leads to significant changes in the salinity
distribution and fresh water pathways (Steele and Ermold, 2004; Morison et al.,
2012).”

Macdonald, R. W., Carmack, E. C., McLaughlin, F. A., Falkner, K. K., and Swift, J. H.:
Connections among ice, runoff and atmospheric forcing in the Beaufort Gyre. Geophys.
Res. Lett., 26, 2223-2226, 1999

McPhee, M. G., Stanton, T. P., Morison, J. H. and Martinson, D. G.: Freshening of the upper
ocean in the Arctic: is perennial sea ice disappearing? Geophys. Res. Lett. 25, 1729-1732,
1998.

Morison, J., Kwok, R., Peralta-Ferriz, C., Alkire, M., Rigor, 1., Andersen, R., and Steele, M.:
Changing arctic ocean freshwater pathways. Nature, 481:66—70, 2012.



Steele, M. and W. Ermold (2004) Salinity Trends on the East Siberian Shelves, Geophysical
Research Letters, Vol. 31, L.24308, doi:10.1029/2004GL021302, 2004.

Line 112: There exist, at least, two different versions of WOA13 (1.0 and 2.0) with significant
differences between them in the Arctic data. Please, indicate the one used in this study.

-A: Thanks for this point. It is the WOA13 version 2.0, clearly stated in the revision.

Line 130: “non geophysical sources” should be better than “unphysical contaminations”

-A: Thank you for this suggestion. It is corrected.

Line 131: ice-sea contamination should be mentioned because is an important source of
biases in the Arctic.

-A: Thank you for this suggestion. The following statement has been added on 124-
127:

“The SSS retrieval from SMOS is subject to biases originating from various non-
geophysical sources such as the so-called land-sea contamination and the latitudinal
biases, mainly caused by the thermal drift of the instrument. A particular challenge in

the Arctic is the sea-ice edge because of ice-ocean contamination.”

Line 193: Acronyms EnKF (Ensemble Kalman Filter) and DEnKF have not been defined in
the text

-A: It is corrected.

Line 268: “Marches” should be “matches’?

-A: It is corrected.

Lines 281-282: Have in mind that comparison of BEC product and WOA is not recommended
because BEC product incorporates as reference WOAI3.

-A: Thank you for pointing out this issue. In fact, even if the BEC product has
incorporated WOA13as reference, the updated evaluation of the BEC version 2.0 still

shows values far from the referred climatology as shown in Fig. A1. In the Barents



Sea, there is a clear salinity bias of BEC even if this product has been referred to
WOA13.
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Fig. A1 Monthly SSS (unit: psu) in March from satellite products of (a) BEC and (b) CEC,
reanalyzes of (b) TP4 and (e) MOB, and climatology of (c) PHC and (f) WOA. The black

shaded isoline represents the salinity of 35 psu near surface regarding to the product self.

The statement is changed as the Lines of 251-256:

“In comparison to the March situation, the BEC and CEC SSS in the Nordic Seas
are both less saline, indicated by the 35 psu isoline. The sea ice masking of the two
SMOS products differ considerably in the Canadian Basin and in the Arctic marginal
seas. Although the SSS of TP4, MOB, PHC and WOA agree relatively well in the

northern Atlantic Ocean, the discrepancies become dramatic in ice-covered areas.”

Lines 285-286: For this reviewer is not clear what do you mean with “over the sea-ice
conver” and “under the sea-ice cover”... Under sea-ice cover means “below the ice”?
Probably the meanin is related with latitudes not covered by ice?

-A: Thank you for this point. It is corrected as the lines of 256-260:

“Below the ice or near the sea-ice edge (denoted by the brown thick line in Fig. 2
and 3), TP4 and PHC share common features, which can be explained by the model
restoring to PHC. On the other hand, the MOB and WOA differ significantly in spite of
WOA being used as input to the MOB.”



Line 294: This sentence refers to figure 6? This figure is only referred in conclusions (line
487)
-A: No, it refers to Fig. 4 and Fig.6, this has been clarified in the text.

Line 413: The mentioned four observations, are outliers?

-A: Yes, a more detailed explanation had been included on lines 381-385:

“Looking at the low-salinity observations (~27 psu) collected at (136.4°W, 70.5°N) on
15" August 2011, marked by anti-triangles (Fig. 1b) near the Mackenzie River
estuary, TP4 has a significant negative bias (< -4 psu) visible as the outliers above
the dashed-black line in Fig. 11a. This hints to a lack of fresh water signatures from
river discharge.”

Line 536: In my opinion this is not a validation. Is a comparison.

-A: Right, ‘validation’ is changed to ‘evaluation’.

Line 61. Typo: MIRIAS should be MIRAS

-A: It is corrected.

Technical corrections (Typos)
Line 122: Typo: “in in Section” ("in" written twice)

-A: It is corrected.

Line 133: Typo: “march-up” should be “match-up”?

-A: Thanks for this point. It is corrected

Line 139: Correct address is http://bec.icm.csic.es

-A: It is corrected.

Line 163: Typo: should be EASE instead of EASA
-A: Here, it means an Equal-Area Scalable Earth Grid (EASE-Grid), and also

changed in the revision.

Line 281: Typo: then should be than. The correct ending for the sentence should be “than the
provided by BEC product”



-A: Thank you for this point. It is corrected

Line 317: Word SMOS is used twice.

-A: It is corrected.

Line 552: The correct URL is bec.icm.csic.es

-A: Thanks, it is corrected.

Anonymous Referee #2

The paper aims to quantify uncertainties of Arctic observation-based sea surface salinity to
be included in the TOPAZ reanalysis. Two SMOS products are considered and compared
against climatologies, observed data sets and reanalysis. This is an important problem in
advancing in the data assimilation technics and improving the quality of CMEMS reanalyses.
Anyway this study is not a significant step along that path. The paper has some unclear or
incomplete reasoning. I do not feel that this research is ready to be published in OS. I do
encourage resubmission after a much more detailed and careful investigation.

-A: We thank the referee for the time spent and for the detailed revision of our
manuscript. We appreciated very much for the comments which are all taken into

account in the revised version of the manuscript.

My primary concerns are i) the research is poorly presented, with vital details missing

-A: Thank you for this comment. We have improved the presentation of the work to
help the reader understand. This evaluation has two parts: the first part is an
intercomparison with reference to the TP4 reanalysis, the second part is an
evaluation with respect to two types of in-situ datasets which are involved in the
TOPAZ system and independent respectively. In the revision, the observed SSS by
in situ near surface will be extended from no deeper than 5 m depth to 8 m depth,

which will involve more observation samples for this evaluation.

ii) the BEC SMOS product selected from this study should actually be updated to version 2.
-A: Yes. In the revision, we use the version 2.0 of BEC product to replace all the
figure and the concerned analysis (also see the response to the same comment of
Referee #1).



iii) the PHC data set is old, is included in WOAI3 and assimilated in TOPAZ. It does not add
much to the analysis

-A: Thank you for this suggestion. The PHC dataset is one of the most important
climatology in the Arctic Ocean, and still implemented widely in quantitative
evaluation works (Carton et al., 2018, 2019). The PHC is based on the archive of
observations primarily from the 1950s through the 1980s and so may have a
somewhat cool climatology. In the current version of TOPAZ, the combined
climatology of PHC and WOA13 are used as relaxation so that the quantitative
comparison of two climatologies still could be helpful to reasonably reject this or not

for the improving of the model relaxation process.

Carton, J.A., G.A. Chepurin, and L. Chen, 2018: SODAS3: a new ocean climate
reanalysis, J. Clim., 31, 6967-6983, doi:10.1175/JCLI-D-18-0149.1.

Carton, J.A., S.G. Penny, and E. Kalnay, 2019: Temperature and salinity variability in
soda3, ECCO4r3, and ORASS5 ocean reanalyses, 1993-2015, J. Clim., 32, 2277-
2293, doi:10.1175/JCLI-D-18-0605.1.

iv) MOI is not a reanalysis. The CMEMS product MULTIOBS GLO _PHY REP 015 002 is
a combination of four data set. I do define a reanalysis as a combination of ocean modeling,
data assimilation scheme and observed data sets. I would rather include in this study a global
CMEMS ocean/sea ice reanalysis to be compared with TOPAZA.

-A: Thank you for this comment. We agree that evaluating more global reanalysis
products in CMEMS would be very interesting, and give more knowledge of the
uncertainties in the different model systems, but it would go beyond the initial aim of
directing our next assimilation work.

As an objective analysis product MOB uses the multivariable optimal interpolation
method and can be used as a special representative in reanalysis products just like
Simple Ocean Data Assimilation (SODA, Carton et al., 2018) is often used for
comparative analysis with respect to other traditional reanalysis products (Uotila et
al., 2018).



So in this study, we choose to use these two representative types of reanalysis
products in CMEMS to evaluate the new satellite SSS products.

v) The region of interested is the Arctic Ocean, but results are mostly related to the North
Atlantic/Nordic Seas area.

-A: Thank you for this comment. In the current evaluation, the comparison in the
Beaufort Sea has been presented referred to the independent SSS from BGEP and
CLIVAR, which is directly linked to one of the main conclusions to support the BEC
product. In addition, our forecast products more focus on the wide Arctic region
(north of 60N), where our general interest is and discussed in this study.

In this study, the in situ SSS from CORAS.1 were used by the TOPAZ system either
assimilated or filtered during pre-processing for QC. It results these dependent SSS
from CORAS.1 primarily are distributed in the Nordic Sea as shown in that figure.
There are in general few observations in Arctic, the additional reason is a strictly
used limit for the SSS observations - near the surface no deeper than 5 m depth. In
fact, if extending the limit to 8 m depth, more SSS observations extracted from Ice-
Tethered Profiler (ITP) will be involved. The Fig. A2 shows the locations of the SSS
from ITP in the three years. Clearly, the evaluation referred to this dataset would

enrich our knowledge of the Arctic SSS uncertainty.
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Fig. A2 The locations of the SSS observations extracted at the 8m depth from the
ITP living more than 30 days during the years of 2011-2013.

In addition, compared with the in-situ SSS from CORAS5.1, the scatterplots of the six
SSS products have been added in the revision to investigate the uncertainties
according to different areas in the Arctic Ocean, also see the lines of 326-353.

vi) Section 5 summarizes main results but a proper discussion to support the BEC SMOS and
the "certain benefit (line 537) is missing. These points significantly detract from the
conclusions of the study, make the conclusions much weaker than the present manuscript
states.

-A: Thank you for this comment. The revision manuscript includes more discussion

about this issue, with more consistence to the present results.

English need to be generally improved.
-A: Thanks for your comments. We will further improve the concerned parts.
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the ocean dynamics, especially in the Arctic Ocean where our knowledge of the SSS
variability is limited due to non-homogenous and sparse in-situ data. The European
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Over the ocean, Level 2 products (L20S) are comprised of three different ocean
salinities, together with the BTs at the top of atmosphere and at the sea surface,
distributed by ESA with swath-based format (e.g., SMOS Team, 2016; ESA, 2017). \

As a result of the efforts of the national agencies in France and Spain respectively,

two Level 3 (L3) data products of SSS are freely available, which are independently
developed by the Ocean Salinity Expertise Center (CECOS) of the Centre Aval de
Traitement des Donnees SMOS at IFREMER and the Barcelona Expert Centre,
These two SMOS products have successfully resolved the Agulhas salinity front

(D’Addezio et al., 2016) and proven useful for the estimating precipitation (Supply et

al., 2018). The work of Olmedo et al. (2018) quantitatively evaluate the accuracy of
the SMOS Arctic and sub-Arctic SSS to less than 0.35 psu, but this evaluation

against Argo data was limited by the lack of data in the Arctic proper. The present

study thus investigates the accuracy of these two SMOS SSS products in the Arctic

Ocean.,
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A good estimate of surface salinity is a necessary step towards the knowledge of the

three-dimensional water mass properties, for which data assimilation and optimal

interpolation methods must be invoked. In a recent study, Uotila et al. (2018)

investigated the Arctic salinity in ten reanalysis products and found disagreements
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but understanding well their differences requires an intimate knowledge of their

setup, and is out of scope of the present study.

We assess the quantitative deviations of Arctic SSS among the two SMOS products

and the two CMEMS products, together with fwo climatology datasets: WOA13
(version 2.0 of World Ocean Atlas of 2013; Zweng et al., 2013) and_the older PHC
(Polar Science Center Hydrographic Climatology version 3.0; Steele et al., 2001). We

further extend the evaluation using available in-situ salinity observations during the

years 2011-2013 from different data sources. Can the evaluation against the in-situ

data also, shed light on the uncertainty of the SMOS products? Can it also give useful

information needed for the assimilation of the SMOS SSS products into an Arctic

ocean forecast/reanalysis system?

The paper is organized as follows: Section 2 describes all SSS products and the in-

situ datasets. The monthly mean SSS from these six products are intercompared,and

monthly differences from the TOPAZ SSS are analyzed in Section 3. Section 4

evaluates the SSS products against jn-situ data, which are divided petween

assimilated and independent data. A summary of this study is provided in Section 5.

2. Data description
2.1 Sea surface salinity from SMOS

The SSS retrieval from SMOS is subject to biases originating from various non-

geophysical sources such as the so-called land-sea contamination and the latitudinal

biases, mainly caused by the thermal drift of the instrument. A particular challenge in

the Arctic is the sea-ice edge because of ice-ocean contamination. Based on

different statistical

roaches, match-up criteria, and SMOS data filtering flags, fwo

centers have developed separate processing chains producing a Level 3 SSS

product on a regular grid. These two SSS products are hereafter named respectively
CEC and BEC jn this study, evaluated during the three years of 2011-2013 (see
Table 1).

e The BEC product
The latest regional Arctic product (version 2.0) from BEC js available from
http://bec.icm.csie.es since December 2018 (last access: March 2019). The BEC

SSS product was generated from ESA L1B (v620) products, and accumulates salinity
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data over 9 days with a spatial grid resolution of 25 km, \With respect to its previous

version, a systematic bias jn the retrieved salinity is corrected by computing the

SMOS climatology (the most probable value for a given lat-lon, incidence angle and

across-swath distance) which is substituted by a reference yalue from WOA13. In
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addition, a temporal bias correction has been refined in this version using near-

surface Argo salinity to compute regional averages (see the details in Olmedo et al,,

2018).

e The CEC product
The third version of LOCEAN SMOS SSS L3 maps (L3_DEBIAS_LOCEAN_v3) was
released by the CECOS jn July 2018. Every 4 days, the SSS maps averaged over 9

days are released on ftp.ifremer.fr (last access: December 2018). This product uses

the Equal-Area Scalable Earth Grid (EASE-Grid) which has limited grid distortion and

a spatial resolution of 25km. Using a Bayesian retrieval approach (Kolodzejczyk et
al., 2016), the SMOS systematic errors in the vicinity of continents are discarded o
improve the product quality. Further, a ‘de-biasing’ method (Boutin et al., 2018) has

been applied in this version of the CEC product, jn which the non-Gaussian

distribution of SSS is taken into account, refining the latitudinal correction at high

latitude, and preserving the naturally seasonal variability of SSS.

2.2 Sea surface salinity from fwo CMEMS products

e The TOPAZ4 Arctic MIFC reanalysis

JTOPAZA4 uses the version 2.2 of Hybrid Coordinate Ocean Model (HYCOM,

Chassignet et al., 2003; Bertino and Liseeter, 2008) coupled with a simple
thermodynamic sea ice model (Drange and Simonsen, 1996) in which the elastic-

viscous-plastic rheology describes the sea ice dynamics (Hunke and Dukowicz,

1997). The model domain covers the Arctic Ocean and the north Atlantic Ocean with

a horizontal resolution of 12-16 km. In order to obtain an accurate and dynamically

consistent reanalysis in the Arctic Ocean, the deterministic EnKF (DEnKF; Sakov and
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decay, is used as most pcean models

but restricted to,the areas where the difference

to climatology is smaller than 0.5 psu. The EnKF assimilates_various ocean and sea-

ice observations (e.g., Xie et al., 2016, 2018) into a multivariate state update of the
HYCOM model.
The understanding for the uncertainty of the TOPAZ4 SSS has been hindered by

poor coverage of in-situ data over the Arctic domain, although Xie et al. (2017) had

comprehensively assessed the TOPAZ4 reanalysis during 1991-2013 against various

types of ocean and sea-ice observations. For the sake of brevity, the TOPAZ4
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2.3 Surface salinity from in-situ data

The in-situ SSS data are acquired here from three quality-controlled datasets. The
first data source is CORA from CMEMS (product id:
INSITU_GLO_TS_REP_OBSERVATIONS_013_001_b), also used in the MOB SSS.
CORA contains temperature and salinity profiles from various in-situ data sources
(Cabanes et al., 2013). Since 2013, the CORA dataset has been updated every year
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Toole et al., 2011), XBT, CTD, and XCTD data. The latest version of the dataset,
CORAA5.1, covers the period of 1950-2016. Figure 1a shows, the distribution, of SSS
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measurements over the Beaufort Sea region every summer. Symbols, (anti-triangle,
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obtained from BGEP. The, in-situ dataset used in this study is obtained from the, GO-
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best with the satellite SSS measurements. Contrarily to the CORA data, both BGEP

and CLIVAR data are independent from all the evaluated datasets.

3. Intercomparison of monthly SSS fields
Prior to the intercomparison of different SSS products, all the gridded products from

satellite, reanalysis and climatology have been mapped on the same grid used in the

TP4 model by a “nearest neighbor” interpolation, To quantitatively evaluate the SSS

deviation in the Arctic, the bias and the root mean square deviation (RMSD) are
defined by
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Where p is the Jength of the time series, x! is the valid salinity from different sources
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e Monthly mean comparison of SSS

Figure 2 shows the monthly mean Arctic SSS in March from the six products. Notable

differences in the two SMOS products_appear in the Nordic Seas, Barents Sea, and
around the Labrador Sea in the northern North Atlantic Ocean. At first sight, the

large-scale SSS features from SMOS products are similar to the other products,

However, the CEC_SSS is fresher (as shown by the isolines of 35 psu) compared to

the BEC, TP4, MOB and both climatologies. The location of the sea-ice edge in the

two SMOS products match comparatively well with the TP4 reanalysis (Fig. 2a, d). Jn

sea-ice covered region, TP4 shows a gradual decrease in SSS from the European to

the American sector, with fwo minima near the Beaufort Sea and the East Siberian
Sea (ESS; Fig. 2b) consistently with the PHC (Fig. 2c). Those are unclear in the

MOB and WOA (Fig. 2e, f), especially the SSS minimum in the Beaufort Sea. The

lJatter two products also show artificial projection artefacts around the North Pole.

Figure 3 shows the corresponding SSS fields in September, In comparison to the

March situation, the BEC and CEC SSS in the Nordic Seas are both less saline,

indicated by the 35 psu isoline. The sea ice masking of the fjwo SMOS products differ \

considerably in the Canadian Basin and jn the Arctic marginal seas. Although the

SSS of TP4, MOB, PHC and WOA agree relatively well in the northern Atlantic

Ocean, the discrepancies pecome dramatic in ice-covered areas. Below the ice or

near the sea-ice edge (denoted by the brown thick line in Fig. 2 and 3), TP4 and PHC

share common features, which can be explained by the model restoring to PHC. On

the other hand, the MOB and WOA differ significantly in spite of WOA being used as

input to the MOB. Short of a universal reference for Arctic SSS, the monthly mean

SSS deviations will be quantified using TP4 as a reference.

e Deviation analysis of monthly SSS referred to TP4

Figure 4 and Figure 5 show the deviations of the monthly mean SSS of the five

products with reference to the TP4 SSS in August and September respectively. In
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| Deleted: SSS deviation of BEC in August is about -0.5

(>60°N), the mean deviation of the BEC SSS is -0.87 psu and its root mean square is
]

1.75 psu. The CEC SSS shows considerable negative deviations over 1 psu in the

northern Atlantic, from north of Denmark Strait to the west coast of Ireland. This is

remarkably different from the BEC, and does not discern the subpolar from the

subtropical waters there (Hatun et al., 2005). The deviations of MOB and the two

climatology products are comparatively small in the open ocean of the northern
.4b, e).

larger, particularly both the MOB and WOA show strong saline anomalies (> 1 psu) in

Atlantic (Fi

the Eurasian basin and low anomalies in the American basin.

A

lear and below the sea-ice cover, the deviations are much

. | The deviations in the northern Atlantic in MOI (Fig. 4d)
.| and the two climatology products are surprisingly small

psu with RMSD of 1.51 psu. Away from the sea-ice
edge, the deviation of BEC has a slight positive bias
widely distributed in the Northern Atlantic Ocean. For
the CEC SSS, the averaged deviation is about -0.42
psu with RMSD about 1.73 psu. Notably clear negative
deviations appear in both BEC and CEC products
consistently along the sea-ice edge in the Beaufort Sea,
the ESS, the Laptev Sea and the Kara Sea. However,
the deviations of two SMOS products in August have
clear differences over the north Atlantic and Arctic
domain. While the CEC has considerable negative
deviations in the northern Atlantic with a minimum over
1 psu located at the north of Denmark Strait, it has
relatively strong positive deviations near the coasts of
the marginal seas around the Arctic.{

(Fig. ...

In September, the SSS deviations of BEC, MOB, PHC and WOA show similar fresher

patterns as in August, but the CEC deviations becomes surprisingly positive around

the ice edge. The SSS deviation of CEC, averaged over the Arctic domain (>60°N),

swaps from -0.42 to 0.42 psu from one month to the next one. The seasonal

evolution of monthly SSS deviations from TP4 for all five remaining products,

averaged over the Arctic, are shown in Fig. 6. Among the five products, the MOB

shows the strongest seasonality with the RMSD higher than 4 psu in July and August

(Fig. 6a), and close to 2 psu in winter. The spatially averaged deviation is much

fresher than TP4, over -2 psu in summer and -0.5 psu in winter (Fig. 6b). The

deviations of the two SMOS SSS show a relatively smaller seasonality (Fig. 6a).

During summer months, their RMSDs reach 1.5 psu (Fig. 6a) in summer, and they

decrease to 0.5 and 1.0 psu (for BEC and CEC respectively). Throughout the whole
year, the BEC RMSDs (Fig. 6a) are consistently smaller than that of CEC, and the

seasonal cycles are different. This shows that the BEC SSS is closest to TP4,

although it is overall fresher in the Summer.

4. Evaluation against in-situ observations
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Deleted: However, over the sea-ice covered region and
its surrounding sea waters, the differences are rather
significant. The PHC has a relatively small negative
deviation over the majority of the Arctic and north
Atlantic Oceans (Fig. 4b). However, around the sea-ice
edge, the deviations are much larger. On the other
hand, MOl and WOA have strong positive deviations
over the Eurasian basin (> 1 psu), with respective
RMSD of 4.21 and 3.29 psu in the whole Arctic region.{|
In September (Fig. 5d, e), the SSS deviations of MOI
and WOA still show an anomalously large RMSD of
2.96 and 2.28 psu respectively. The averaged SSS
deviation of PHC (Fig. 5b) becomes slightly less than in
August mainly due to the positive deviations along the
sea-ice edge in the marginal seas. Although the two
SMOS SSS products from SMOS have the smallest
deviation among the five products (Fig. 5a, c) with _ 68]
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the in-situ observations. Owing to the fact that the SSS from BEC, CEC and MOB are
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averaged over either 9 days or one week (see Table 1), the product dates, at the

center of the averaging window lag 5 or 4 days compared to the observation date,

- '[Deleted: . For CEC and MO, the corresponding

For PHC and WOA, the in-situ observations are sorted to monthly pins and evaluated

for each month. The quantitative evaluation is divided into two main sections starting

[Deleted: nearest backwards in time to the observing

with dependent and then independent observations.

4.1Aqainst SSS from CORAS.1
As shown in Fig. 1a, the distribution of SSS observations from CORAS5.1 over the

h CDeleted: bin

| Deleted: SSS observations from CORAS.1 during the

Arctic is very inhomogeneous during the three years. Due to this, the evaluation of

the gridded SSS products against in-situ observations is yestricted to the observation-

-| Deleted: limited to the observational-dense domains.

rich regions. The SSS misfits bias and RMSD for the six products are reported in

Table 2 according to the eight Arctic sub-regions defined previously (Figure 1a). The

observations are displayed on scatterplots (Figure 7 and 8) to exhibit their

uncertainties for fresh and saline waters in different areas. ,

v(Formatted: Font: Italic, Font color: Auto )

~ | In the northern Atlantic Ocean and Nordic Seas|

e Central Arctic

Figure 7 shows the SSS products compared with discrete observations in the central
Arctic (sub-regions S0, S1, S2, and S3). The observed SSS in SO and S1 are mainly
from the ITP at a minimal depth of 8 m. Around the North Pole (S0), where the

satellite SSS are absent, the TP4 reanalysis and MOB reprocessing show opposite

biases: +0.48 psu and -0.52 psu respectively (Table 2). The two climatologies used

by them, PHC and WOA respectively, also show opposite biases. Considering the

latter climatologies, both SSS scatterplots shows a fresh bias for high salinity water

(>33 psu) and a saline bias for low salinity water (<31 psu).

In the Canadian basin (in S1), the two climatological SSSs show an obvious gap in

comparison to the ITP observations. Comparing to the fresh in-situ SSS from 24 to

30 psu, the PHC has strong saline bias (from 2 to more than 5 psu). On the other

hand, the WOA shows both a fresh bias for relatively high salinity water (>28 psu)

and saline bias for fresher water (<26 psu). Owing to the different time periods (Table

1) of the in-situ data they used, this result confirms the freshening of the Canadian
basin since in the 1990s (Morison et al., 2012).
In the S1 sub-region, the satellite SSS from BEC and CEC have only 20 and 42 data

points for evaluation respectively. The resulting scatterplots show a significantly
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three years are distributed unevenly over the pan-Arctic
area. Due to the non-homogenous
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Here, we specifically focus our evaluation over the two
domains: the northern Atlantic Ocean during the entire
period and the Beaufort Sea during summer seasons
when the surface is exposed owing to the sea ice
melting....
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In the northern Atlantic Ocean including the sub-regions
from S4 to S7 (Fig. 1a), 23626 salinity observations are
available for this evaluation, corresponding to more than
97% of all valid observations over the Arctic domain
from CORADS.1. Figure 7 shows the mean deviation of
SSS for each product during the years of 2011-2013.
Over the northern Atlantic oceans including the
Norwegian Sea and the Greenland Sea, the
considerable negative biases (<-0.16 psu) are shown in
the products of CEC, PHC and WOA (Fig. 7c, d, f).
Among of them, the CEC shows significantly high
spatial variability. The SSS products of BEC, TP4 and
MOI (Fig. a, b, e) have relatively small bias (<0.08 psu),
especially the MOI shows the minimal deviations in
most of this region. |

If only comparison of the SSS between the BEC and the
TP4, the latter has two stronger positive biases
appearing along the southern Norwegian coast and
along the Greenland west coast, although it has
obviously smaller bias than the BEC in the open seas.
Against the Argo profiles from the Coriolis data center,
SMOS-BEC Team (2016) found the RMSDs of the BEC
SSS in the Arctic (>50°N) are mostly less than 0.4 psu,
but also showing the interannual variability like in the
summer of 2012 the RMSD close to 0.8 psu. The
RMSDs of the BEC SSS in the northern Atlantic Ocean
(S6 and S7 in Table 1) are less than 0.4 psu, but near
the coast regions (S4 and S5 in Table 1) the RMSDs
are over 1 psu. It further indicates the BEC quality has a
strong dependency on the locations. 1

Figure 8 shows the Root Mean Square (RMS)
deviations of SSS for the all products over the northern
Atlantic Ocean and the Nordic Seas. Averaged in the
local domain, the maximal deviation among the six
products can be found about 1.0 psu in the CEC (Fig.
8d) in which high spatial variability is also profound. The
minimal deviation among them is found about 0.4 psu in
the MOI (Fig. 8e), in which similar magnitude of the
RMSDs are distributed over the entire domain relatively)
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positive salinity bias (>4 psu) for fresh waters (<27 psu). For relatively higher salinity

water (> 27 psu), the CEC has a stronger saline bias than the BEC.
In the Kara Sea (sub-region S2), the TP4 SSS has the smallest RMSD at 1.7 psu,

which is significantly smaller than other products. The scatterplot also shows a good

linear relationship between the TP4 and the in-situ SSS, while other products

generally show fresh biases, indicating that the SSS variability in the Kara Sea is well

captured by TP4. In the Barents Sea (sub-region S3), TP4 gives as well the smallest
misfit (RMSD: 0.34 psu; bias: -0.14 psu). The SSS scatterplots exhibits linear
relationships for all products except the CEC, which underestimates the Atlantic
water SSS.

e Northern North Atlantic and Nordic Seas

Figure 8 shows the paired scatterplots of the six SSS products in the subpolar seas

from sub-regions S4 to S7 (see Fig. 1a). In S4 and S5, the bias of SSS products is
relatively small, less than 0.15 psu (Table 2), except for CEC in S4 and TP4 in S5,
both too saline by 0.2 psu. The scatterplots further indicate that low salinity waters

are too saline in all SSS products in S4 (<31 psu) and in S5 (<28 psu). Meanwhile,

the respective bias and RMSD of the SSS products are less than 0.1 psu and 0.43
psu respectively, except for the CEC in S6 and S7. The MOB SSS has the smallest
salinity bias. Among the eight regions compared here (S0 to S7), the SSS bias is

lowest in S6 (Irminger Sea).

Over the northern North Atlantic and the Nordic seas, Fig. 9 shows maps of the mean

SSS deviation for each product during the period 2011-2013. Considerable negative
biases (<-0.2 psu) are found in the CEC, whereas the MOB and WOA have the
smallest bias, less than 0.02 psu (Fig. 9 d, e, f). The SSS products from BEC, TP4
and PHC (Fig. 9 a, b, ¢) have slightly higher bias (~0.05 psu) in comparison to the
MOB and WOA. On average, the BEC bias is only -0.04 psu, much smaller than that
of the CEC (<-0.2 psu). Focusing on the BEC SSS, Fig 9a shows that while a fresh
bias dominates the Nordic Seas, the product is too saline in the northern North
Atlantic and the North Sea.

The inter-comparison of the biases against the in-situ data in Fig. 9a and 9b exhibits

S (Formatted: Header

two strong positive biases of TP4 along the Norwegian coast and along the West

Greenland coast. Notably, the BEC has smaller bias along both coasts, although it

has a slightly saline bias offshore. This indicates potential benefits of the BEC SSS
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for the TOPAZ system along the Norwegian and Greenland coasts, were it

successfully assimilated into the system. Figure 10 shows RMSDs of SSS for all the

products over the northern North Atlantic Ocean and the Nordic Seas. On average,
the largest uncertainty is found with the CEC (~1.0 psu; Fig. 10d), with RMSDs as
large as 1.5 psu in the Greenland Sea and the Barents Sea. The SSS RMSDs for the

five other SSS products are much smaller (~0.5 psu).

4.2Independent SSS in the Beaufort Sea,

Independent in-situ data from BGEP and CLIVAR are used during the summer ‘

months of 2011-2013 in the Beaufort Sea for the evaluation of the six SSS products |

(Fig. 11). The in-situ SSS observations range from 15 to 32 psu, The range of BEC

SSS s limited to 24 to 31 psu with a minor bias of 0.09 psu and a RMSD of 1.82 psu. | (Formatted

On the other hand, the range of TP4 SSS is even shorter from 19 to 32 psu, with a |

large saline bias of 2.59 psu and a RMSD of 3.63 psu. The linear regression i/

marked by anti-triangles_(Fig. 1b) near the Mackenzie River.estuary, TP4 has a

significant negative bias (< -4 psu) visible as the outliers above the dashed-black line

in Fig. 11a. This hints to a lack of fresh water signatures from river discharge.

Jhe range of PHC SSS climatology is only reaching from 24 to 31 psu, similar to
TP4, with a saline bias of 1.65 psu and RMSD of 2.85 psu. Compared to the TP4
deviation at the Makenzie River basin, the PHC saline bias is present, but smaller.

The strong positive bias in TP4 at these points can then be partly attributed to the

SSS relaxation of the TOPAZ model towards the PHC climatology, albeit rather

weak. The range of the WOA js much wider, from 12 to 31 psu, Among the six

products, the WOA bias is the smallest (~0.02 psu) over the Beaufort Sea during all

three summers. However, it should be noted that the variability of in-situ observations

Is very large for salinities lower than 24 psu, which contributes fo the large RMSD
(>3.0 psu) of both PHC and WOA. It confirms that the two climatologies have a
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TP4 ranges from 26 to ...2 psu, with a bias of 2.73 psu
and RMSD of 3.85 psu. ... The range of BEC SSS is
limited to 24 to 31 psu with a minor bias of 0.09 psu and
a RMSD of 1.82 psu. On the other hand, the range of
TP4 SSS is even shorter from 19 to 32 psu, with a large
saline bias of 2.59 psu and a RMSD of 3.63 psu. The
linear regression coefficients for BEC and TP4 are
0.6...7 and 0.15...7 respectively. It is found
that...ooking at the significant deviations of BEC and
TP4 from the in-situ...ow-salinity observations are
attributed to the particular four observations around, 77

..[731)

Deleted: collected ...n 15" August 2011 of which
locations are... marked in Fig. 1b ...y anti-triangles.
They become on the continental shelf...(Fig. 1b) near
estuary of ...ackenzie River, where the strong fresh
water signature could be originated to .. [74]
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ranges...SS climatology is only reaching from 25...4 to
31 psu, which is ...imilar to that of ...P4, with a saline
bias of 1.77...5 psu and RMSD of 3.13....85 psu.
Compared to the TP4 deviation at the Makenzie River
basin, the deviations of the ...HC are quite

bias is present, but slightly lower range. This infers that
the...maller. The strong positive bias in the ...P4 at
these points mostly originated...an then be partly
attributed to the SSS relaxation in...f the TOPAZ model
towards the PHC climatology. In case... albeit rather
weak. The range of another climatology, ...he WOA
ranges...s much wider, from 12 to 31 psu, much wider
than the range of PHC. This contributes the minimal
bias of the WOA about 0.02 psu among... Among the
six products, the WOA bias is the smallest (~0.02 psu)
over the Beaufort Sea during all the...hree summers.
However, it should be noticed...oted that the
range...ariability of in-situ observations becomes much
wider under...s very large for salinities lower than 24
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that the two climatologies have a big
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sizable uncertainty over Jow salinity regions (<24 psu),in the Arctic Ocean.

The CEC SSS ranges from 13 psu to 34 psu, which is much wider than the range of //
the BEC SSS. The saline bias of CEC is however larger at 2.38 psu and its RMSD is /

about quite large at 3.77 psu. Futhermore, the CEC deviations from the in-situ

observations are larger in waters fresher than 27 psu. The MOB combined product,

13
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which is significantly wider than the range of the BEC.
The SSS bias of ...he CEC SSS ranges from 13 psu to
34 psu, which is about...uch wider than the range of the
BEC SSS. The saline bias of CEC is however larger at
2.7...8 psu and its RMSD is about quite large at 3.9...7
psu. Again...uthermore, the CEC deviations from the in-
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combined product, a ... [76]
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performs poorly with the largest negative bias (>5 psu) and an RMSD jn excess of 8

psu. Jn contrast to the other five SSS products, the anomalously fresh SSS observed ./

/
/

/

around the point (140°W,_71°N) near the Mackenzie River estuary are represented

by even fresher values of, 12 psu in MOB, which may hint at an amplification of the

(Formatted: Header

Deleted: is significant of more than 4...>5 psu) and
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anomalies.

In order to characterize dependencies of the bias for the six SSS products against

the in-situ data, their absolute differences are plotted as a function of observed SSS

in Fig. 12. In general, all products show considerable deviations with the maxima

reaching 8 to 14 psu. While the absolute misfits of most of the SSS products

monotonically increase towards lower salinity, the bias of MOB shows its peak

around 20 psu shown in Fig. 12c. The fourth-order polynomial curve function,

F(8§) =p1S* + P25 + p3S? + puS + s ®3)

is then fitted to the absolute bias for each of the SSS products, where S represents

the in-situ salinity. The fitting coefficients, p1 to ps, for each product are listed in Table //s

3. The norm residuals are displayed on each panel jn Fig. 12 and clearly show that

fitting for MOB has the largest uncertainty, while the minimal norm residuals are

about 10 and 7 psu? respectively for BEC and TP4. This suggests the derived fitting

curves for BEC and TP4 have credible skill in charactering its error distribution as a
function of the observed SSS. Both curves monotonically decrease towards the
salinity higher than 28 (30) psu for BEC (TP4) and increase slightly afterwards. The

absolute bias in TP4 is consistently larger than that in BEC. The fitted curves of PHC
and WOA have the similar functional forms fo TP4 and BEC, but with lower

amplitudes.

5. Conclusions
To understand the uncertainties in the Arctic SSS, our study evaluates the two
gridded SMOS SSS products (BEC and CEC), two CMEMS products (TP4 and
MOB), and two climatology products (PHC and WOA) by their inter-comparison and

comparisons against both of dependent and independent in-situ datasets during the
years of 2011-2013.

The differences in the spatial coverage of the two SMOS SSS were clearly shown in

the monthly mean (Fig. 2 and Fig.3). due to the different retrieval applied jn these two

datasets. The gpatial distributions of SSS from TP4 and PHC are considerably close
to each other, mainly as for the fact that the SSS in the TOPAZ model is relaxed
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fowards PHC at each time step. Relative to TP4, the SSS deviations of the four
products (BEC, MOB, WOA and PHC) in summer show similar magnitude over the

open waters, On the contrary, the CEC SSS shows 2 negative bias (<-1 psu) over

the region extending from the Iceland towards the western side of Ireland (Fig. 4. 5)
but clearly the BEC SSS has a slightly negative bias over the region. In general, the

most significant differences jn the SSS deviations relative to TP4 are found under the

Ssea-ice cover and in its surrounding marginal jce zones.

Furthermore, the intercomparison of the SSS products shows that the BEC SSS in

August and September (Fig. 4, 5) has consistent negative deviations along the sea-
ice edge in the Beaufort Sea and the Chukchi Sea, but the CEC SSS has opposite

deviations in these two months. Thus, it may be arguable that the ftwo SMOS _

-

products would give rise to significantly different effects to the upper ocean state in

the TOPAZ system if it to be assimilated into. Hence the SSS quantitative

evaluations of two products for optimal selection or blending would be worth,of

investigating further,

Focusing on the wide Arctic domain (>60°N), the deviations of the five SSS products |

relative to TP4 show diverse seasonal characteristics (Fig. 6). Although the SSS

products of BEC and CEC have the similar deviation of about 1.5 psu (Fig. 6a) in

summer, the BEC deviations in winter months are clearly lower (~0.5 psu). The

deviations of MOB and WOA (Fig. 6a) varies from over 1.5 psu in winter to around 4

psu in summer, which suggests a considerable gap with the TP4. Consequently, the

intercomparison suggests that the BEC SSS has the most consistent pattern with the \:\\ ( Deleted: core

Q\ (Formatted: Font color: Text 1
\\

TP4 SSS among all pther SSS products.
Against the in-situ data from CORAS5.1 which were used in pboth TP4 and MOB, the
quantitative evaluations of the six SSS products were investigated in the eight sub-

regions (Fig. 1a). It was divided into two parts: in the central Arctic Ocean; the

northern North Atlantic Ocean and the Nordic Seas. Due to the limited coverage of \

BEC and CEC in S1, the scatterplots (Fig. 7) show a positive saline bias (>4 psu) for
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Arctic Ocean due to its large negative bias and the RMSD in regions where the

product is based on limited number of observations.

Evaluations, of the SSS products against TP4 product and in situ data conducted

above suggest certain benefit can be expected in assimilating one of the SMOS

salinity products, the BEC SSS, into the TOPAZ Arctic ocean analysis-forecast

system. The knowledge of error structure in the SSS products provided, in this study
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products, PHC and WOA, the SSS scatterplots of the PHC in the central Arctic (Fig.

7) show salinity bias for Jow saline water. Considering the different time periods of

their compiled in-situ data sources (Table 1), it independently verifies that the

freshening in the Canada Basin since 1990s is rather significant as discussed by

Morison et al. (2012). Based on this evaluation, the next TOPAZ system will use the

WOA to replace the PHC as the target relaxation field.
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The mean deviation of SSS for the six datasets compared to in situ observations from
CORA 5.1 during the three years of 2011-2013 in the northern Atlantic and
Nordic seas. The SSS observations are distributed into the coarse grid cells of 9x9 grids
in TP4, with a gray mask if the valid observations less than 10.
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