
Dear Editor, 

We thank the two reviewers for their critical and constructive comments on our 

research. Their comments have significantly improved our manuscript. The detailed 

responses to their comments are listed as following: the reviewer comments are in 

black and our response is in red.   

 

Anonymous Referee #1 
Although it is clarified in the text, it is not clear in figures 7, 8 and 11 the 

corresponding dataset for each provided value of R2 (R2=X/Y). Please, indicate the 

correspondence between X/Y and the datasets in the figure caption or by write X and 

Y numbers in a different color, according to each dataset, will help to the reader. 
-A: Thanks for this comment. More explanation about R2 is added in the caption like 

“… R2 between the evaluated product and the in-situ SSS…” in Fig. 7, and same as 

in Fig.8 and Fig. 11. 

 

Anonymous Referee #2 
The authors did a satisfactory job in responding to my comments and rewriting their 

earlier draft. Minor revisions are needed and English might be improved, still. 

-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 new revision. The English has been improved especially for 

the last parts of the paper.  

 

Line 24: rephrase “all six SSS products share a common challenge to represent fresh 

water masses” 

-A: Thank you for this comment. It is changed as 

Line 21- 25: “When compared against independent in-situ data in the Beaufort Sea, 

the BEC product shows the smallest bias (<0.1 psu) in summer and the smallest 

RMSD (1.8 psu). The results also show that all six SSS products have a common 

challenge to represent fresh water masses (<24 psu) in the central Arctic.” 

 

Line 82: four SMOS products have been previously mentioned. Specify the two that 

are considered. 

-A: Thank you for this comment. The more specific statement is added.  



 

Line 81-83: “The present study thus investigates the accuracy of these two L3 SSS 

products from SMOS in the Arctic Ocean.” 

 

Line 88: add ocean to reanalysis products 

-A: Thanks for this point, it is added. 

 

Line 89: Uotila et al. presented temperature and salinity fields in the Arctic. Do you 

refer here to the seasonal cycle of both variables? Why the ten reanalysis are so 

different in the Arctic salinity, and all probably wrong? Topaz is part of the inter-

comparison, add a more specific comment on results by Uotila et al. 

-A: Thank you for this comment. Here, we only refer to the salinity seasonal cycle in 

Uotila et al. (2018). Although most reanalysis products (seven in the ten reanalyses 

in Table 1 of Uotila et al., 2018) restored salinity to climatology, it should be noticed 

that different salinity datasets were used, which also reveals the lack of a universal 

SSS reference. So we add the related comment in the text. 

 

Line 90-93: “Although most reanalysis products (seven out of ten reanalyses in Table 

1 of Uotila et al., 2018) restored salinity to climatology, they did not use the same 

salinity climatology, which betrays the lack of a universal SSS reference.” 

 

Line 112: “ can it also give…” is here the evaluation against in situ data, the subject? 

-A: Yes, it is. It is further corrected by “Can the evaluation against in-situ data also 

shed light on the uncertainties of the SMOS products?”   

 

Line 210: BGEP is available from CMEMS too, as required by the title of section 2.2? 

-A: Unfortunately not. This is why we list BGEP under Section 2.3, not 2.2. In this 

study, the in-situ observations from BGEP are directly downloaded from the website 

(http://www.whoi.edu/), and were not assimilated into TP4. The quantitative 

evaluation of SSS use that as one of the independent observations so we keep it in 

section 2.3. 

 

Caption for Figure 1: only four sub-regions are in the Arctic Ocean, the others are 

located in the Nordic Seas and North Atlantic. Please add in the manuscript a clear 



definition of the Arctic domain, North Atlantic domain. The two are often mistaken in 

the text. 

-A: Thank you for this comment. In this study, the Arctic Ocean is limited to north of 

60N. Here, considering the distributions of the valid in-situ observations from 

CORA5.1, the subregions are divided into 8 regions. Clearly, the subregions of S0-

S4 are regarded as in the Arctic region, the other regions of S5-S7 are attributed into 

the northern North Atlantic.  

 

So the caption for Fig. 1 has a change as “8 sub-regions divide the Arctic Ocean (S0-

S4) and the northern North Atlantic Ocean (S5-S7), …” 

 

In additional, more statement about this issue is added in Section 4.1 

Line 322-326: “In this study, the Arctic domain (>60N) is the core region for 

evaluation, divided into five sub-regions numbered from S0 to S4. It contains the 

central Arctic (sub-regions S0, S1, S2, and S3) and the Nordic Seas (S4). The 

regions from S5 to S7 are in the northern North Atlantic.” 

 

Line 243: the 35 psu isoline marks the Atlantic water that does only marginally reach 

the Arctic ocean. I suggest to add a lower-salinity isoline to the plot to better highlight 

also the inflow within the Arctic, something between 33 and 34 psu for example 

-A: Thank you this nice suggestion. We add the isoline of 33.6 psu and tuning the 

colorbar with a larger range as shown in the updated Fig. 2 and 3. 

 

Figure 2: the minimum salinity is not clearly shown, the blue saturates at 30 psu? 

subplot e and f: are the salinity fields correct close to North Pole? It seems there is 

an issues in the interpolation at very high latitude for these two products 

-A: Yes, the minimum salinity is not clearly shown in Fig.2 due to the colorbar is cut 

off when the salinity below 30 psu. So the colorbars in the new figures have been 

extended to represent fresh waters. In the central Arctic, the lower SSS in TP4 and 

PHC is around 30 psu, which is rather saline compared to that in MOB and WOA. 

Both suffer from interpolation artefacts due to their unfortunate regular lat-lon 

projection (singularity at the North Pole).  

 



Line 252: The comparison is between BEC/CEC with all the other products, or BEC 

against CEC? 

-A: The comparison is between BEC/CEC with all the other products, especially 

indicated by the dashed line of 35 psu in Fig. 3, they are both less saline. 

 

Line 255: I do not see that the 4 products agree in the North Atlantic. Rephrase 

-A: Thank you for this comment. The 4 products show the similar patterns by the 

dashed line (35 psu) in the North Atlantic and the Nordic seas. To avoid the 

misunderstanding, the text is changed at Line 257-259: “Although the SSS of TP4, 

MOB, PHC and WOA agree relatively well in the North Atlantic Ocean and the Nordic 

seas as shown by the dashed lines of 35 psu, …” 

 

Line 260: what is exactly a universal reference? 

-A: Here a universal reference means a common reference to Arctic SSS analysis 

that can be consensually accepted or used in both spatial and temporal resolution 

and accuracy.  

 

Line 267: the Beaufort Sea is almost all ice-covered in CEC. The area that you 

consider here is unclear. 

-A: Thank you for this comment. In August, the CEC SSS appears a smaller area 

than BEC in the Beaufort Sea. For the two SMOS products, we only consider ice free 

pixels.  

 

Line 268: CEC presents positive deviation in the Kara Sea close to coast line, 

probably due to the land-ocean interaction. Please add a line on that. 

-A: In fact, we noticed the positive deviations of CEC near the coast line (not only in 

the Kara Sea) which are rather significant even compared with that in BEC.   

A concerned comment is added as  

Line 272-273: “A positive deviation of CEC is noticeable in the Kara Sea, which 

indicates the land-ocean interaction stronger than that in BEC.” 

 

Line 273: I suggest to add a line on the missing low salinity related to the polar water 

that travels southward from the Arctic 

-A: Thank you for this suggestion. A comment is added as  



Line 280-284:”For the BEC and CEC products that use different ice masks, the 

deviations are averaged outside their respective ice mask, not their intersection. 

Comparing the low salinity lines of 33.6 psu in Fig. 3a and 3d, it clearly shows the 

polar water southward from Arctic has a misinterpretation owing to the used ice 

mask.”  

 

Line 276: near and below the sea-ice cover reproduced by TP4? 

-A: Yes, thank you this remind. This definition is added as Line 285-286: “Near and 

below the sea-ice cover reproduced by TP4 (the thick brown line in the figures), …” 

 

Line 285: how is sea ice cover treated in all products in computing the deviations in 

Fig 6? 

-A: Figure 6 reveals the monthly deviations of the five SSS products referred to TP4, 

which is constrained at north of 60N without considering sea ice cover, although the 

two SMOS products only use ice free pixels. If averaging the deviations outside of ice 

cover (defined by 0.15 concentration in TP4), the monthly deviations of the five 

products referred to TP4 are shown in Fig. A as bellow. Clearly, the BEC and the 

CEC have similar deviation features like in Fig. 6, compared with other products 

except of the specific values. 



 
Fig. A Monthly deviations in the Arctic Ocean (>60N; out of ice cover defined by TP4) 

of (a) the RMS and (b) the spatial average during the period 2011-2013 for the five 

SSS products referred to TP4. The anti-triangle (triangle, circle, star and square) line 

represents the SSS deviations from BEC (CEC, MOB, PHC and WOA respectively). 

 

Line 293-294: is that evident in fig 6b? 

-A: Referred to the TP4 SSS, the RMS deviation (Fig. 6a) of BEC has consistently 

smaller RMS compared with the other products. For the mean deviation (Fig. 6b), the 

same conclusion is evident for BEC except in the summer months. In summer, the 

SSS deviation of CEC clearly shows large deviations of opposite signs in Fig. 5c, 

which sums up to the smaller deviation compared to that in BEC in Fig. 6b.  

 

Line 379: Rephrase. The range is larger, the salinity lower. 

-A: Thank you for this point. It is revised as Line 392-393: “On the other hand, the 

range of TP4 SSS increases from 19 to 32 psu, with a larger saline bias of 2.59 psu 

and a RMSD of 3.63 psu.” 



 

Line 447: rewrite “if it to be assimilated into” 

-A: Thanks for this point. The whole sentence is rephased as Line 456-458:” Thus, it 

seems that the two SMOS products would give rise to significantly different effects to 

the upper ocean state, were they assimilated.” 
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Abstract 1 

Recently two gridded Sea Surface Salinity (SSS) products that cover the Arctic Ocean 2 

have been derived from the European Space Agency’s (ESA) Soil Moisture and Ocean 3 

Salinity (SMOS) mission: one developed by the Barcelona Expert Centre (BEC) and 4 

the other developed by the Ocean Salinity Expertise Center of the Centre Aval de 5 

Traitement des Données SMOS at IFREMER (CEC). The uncertainties of these two 6 

SSS products are quantified during the period of 2011-2013 against other SSS 7 

products: one data assimilative regional reanalysis; one data-driven reprocessing in 8 

the framework of the Copernicus Marine Environment Monitoring Services (CMEMS); 9 

two climatologies- the 2013 World Ocean Atlas (WOA) and the Polar science center 10 

Hydrographic Climatology (PHC); and in-situ datasets, both assimilated and 11 

independent. The CMEMS reanalysis comes from the TOPAZ4 system which 12 

assimilates a large set of ocean and sea-ice observations using an Ensemble Kalman 13 

Filter (EnKF). Another CMEMS product is the Multi-OBservations reprocessing (MOB), 14 

a multivariate objective analysis combining in-situ data with satellite SSS. The monthly 15 

root mean squared deviations (RMSD) of both SMOS products, compared to the 16 

TOPAZ4 reanalysis, reach 1.5 psu in the Arctic summer, while in the winter months 17 

the BEC SSS is closer to TOPAZ4 with a deviation of 0.5 psu. The comparison of CEC 18 

satellite SSS against in-situ data shows too fresh Atlantic Water in the Barents Sea, 19 

the Nordic seas, and in the northern North Atlantic Ocean, consistently with the 20 

abnormally fresh deviations against TOPAZ4. When compared against independent 21 

in-situ data in the Beaufort Sea, the BEC product shows the smallest bias (<0.1 psu) 22 

in summer and the smallest RMSD (1.8 psu). The results also show that all six SSS 23 

products share a common challenge to represent fresh water masses (<24 psu) in the 24 

central Arctic. Along the Norwegian coast and at the southwestern coast of Greenland, 25 

the BEC SSS shows smaller errors than TOPAZ4 and indicates the potential value of 26 

assimilating the satellite-derived salinity in this system.  27 

 28 
Keywords: Arctic Ocean; sea surface salinity; SMOS; reanalysis;  29 
 30 

 31 

 32 
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1. Introduction 43 

The sea surface salinity (SSS) plays a key role in tracking processes in the global 44 

water cycle through precipitation, evaporation, runoff, and sea-ice thermodynamics 45 

(Vialard and Delecluse, 1998; Sumner and Belaineh, 2005; Vancoppenolle et al., 46 

2009; Yu, 2011). SSS is known to impact the oceanic upper mixing significantly (Latif 47 

et al., 2000; de Boyer Montegut et al., 2004; Maes et al., 2006; Furue et al., 2018) 48 

and via its effect on the surface layer density (Johnson et al, 2012). The SSS also 49 

affects the decadal variability of hydrography in the upper waters of the North Atlantic 50 

(Reverdin et al., 1997). Using a coupled atmosphere-ocean model and an observed 51 

SSS climatology dataset, Mignot and Frankignoul (2003) attributed the interannual 52 

variability of the Atlantic SSS to two factors: anomalous Ekman advection and the 53 

freshwater flux. Additionally, the increased melting of glaciers and sea-ice in the 54 

Arctic (McPhee et al., 1998; Macdonald et al., 1999) leads to significant changes in 55 

the salinity distribution and fresh water pathways (Steele and Ermold, 2004; Morison 56 

et al., 2012). The freshwater flux is regarded as one of the least constrained 57 

parameters in ocean models due to poorly known river discharge, precipitation, and 58 

glacial/sea-ice melt (e.g., Tseng et al., 2016; Furue et al., 2018). In ocean models the 59 

sea-surface freshwater flux is often adjusted directly or the SSS is restored to its 60 

corresponding climatological value to avoid salinity drift. 61 

 62 

Monitoring SSS from space is crucial for understanding the global water cycle and 63 

the ocean dynamics, especially in the Arctic Ocean where our knowledge of the SSS 64 

variability is limited due to non-homogenous and sparse in-situ data. The European 65 

Space Agency’s (ESA) Soil Moisture and Ocean Salinity (SMOS) satellite, launched 66 

in November 2009, consists of the Microwave Imaging Radiometer using Aperture 67 

Synthesis (MIRAS) instrument, a passive 2-D interferometric radiometer operating in 68 

L-band (1.4 GHz, 21 cm), that measures the brightness temperature (BT) emitted 69 

from the Earth. The L-band microwave is highly sensitive to water salinity, which 70 

influences the dielectric constants in the sea, and is less susceptible to atmospheric 71 

or vegetation-induced attenuation than higher frequency measurements (Font et al., 72 

2010; Kerr et al., 2010; Mecklenburg et al., 2012). Committed to provide global 73 

salinities averaged over 10-30 days with an accuracy of 0.1 psu in the open ocean, 74 

ESA provides the MIRAS data into SMOS Level 1 (L1) and Level 2 (L2) products 75 

through a set of sequential processors (Mecklenburg et al., 2012; ESA, 2017).  76 
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 77 

Over the ocean, Level 2 products (L2OS) are comprised of three different ocean 78 

salinities, together with the BTs at the top of atmosphere and at the sea surface, 79 

distributed by ESA with swath-based format (e.g., SMOS Team, 2016; ESA, 2017). 80 

As a result of the efforts of the national agencies in France and Spain respectively, 81 

two Level 3 (L3) data products of SSS are freely available, which are independently 82 

developed by the Ocean Salinity Expertise Center (CECOS) of the Centre Aval de 83 

Traitement des Données SMOS at IFREMER and the Barcelona Expert Centre. 84 

These two SMOS products have successfully resolved the Agulhas salinity front 85 

(D’Addezio et al., 2016) and proven useful for the estimating precipitation (Supply et 86 

al., 2018). The work of Olmedo et al. (2018) quantitatively evaluate the accuracy of 87 

the SMOS Arctic and sub-Arctic SSS to less than 0.35 psu, but this evaluation 88 

against Argo data was limited by the lack of data in the Arctic proper. The present 89 

study thus investigates the accuracy of these two L3 SSS products from SMOS in the 90 

Arctic Ocean.  91 

 92 

A good estimate of surface salinity is a necessary step towards the knowledge of the 93 

three-dimensional water mass properties, for which data assimilation and optimal 94 

interpolation methods must be invoked. In a recent study, Uotila et al. (2018) 95 

investigated the Arctic salinity in ten ocean reanalysis products and found 96 

disagreements within them regarding the seasonal cycle in the upper layer (0-100 m; 97 

Figure 12 of Uotila et al., 2018). Although most reanalysis products (seven out of ten 98 

reanalyses in Table 1 of Uotila et al., 2018) restored salinity to climatology, they did 99 

not use the same salinity climatology, which betrays the lack of a universal SSS 100 

reference. Note that the full assessment of the Arctic SSS products has been 101 

hindered by the extreme paucity of in-situ data in the Arctic. The SSS data from the 102 

SMOS mission should in principle allow the evaluation of salinity on a basin scale. In 103 

this study, we use two SSS products available from the Copernicus Marine 104 

Environment Monitoring Service (CMEMS). The first is the regional Arctic CMEMS 105 

reanalysis (ARCTIC-REANALYSIS-PHYS-002-003) from the TOPAZ4 assimilation 106 

system, which is a coupled ocean and sea-ice data assimilation system using the 107 

Ensemble Kalman filter (EnKF) to assimilate the various ocean and sea-ice 108 

observations (e.g., Xie et al., 2017). The second is the CMEMS multivariate optimal 109 

interpolation reprocessing (MULTIOBS_GLO_PHY_REP_015_002, Droghei et al., 110 
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2018). The latter product directly merges in-situ data with satellite measurements 113 

including SMOS without the use of a model and is therefore a reprocessing rather 114 

than a reanalysis.  There are four other global reanalysis products under CMEMS, 115 

but understanding well their differences requires an intimate knowledge of their 116 

setup, and is out of scope of the present study. 117 

 118 

We assess the quantitative deviations of Arctic SSS among the two SMOS products 119 

and the two CMEMS products, together with two climatology datasets:  WOA13 120 

(version 2.0 of World Ocean Atlas of 2013; Zweng et al., 2013) and the older PHC 121 

(Polar Science Center Hydrographic Climatology version 3.0; Steele et al., 2001). We 122 

further extend the evaluation using available in-situ salinity observations during the 123 

years 2011-2013 from different data sources. Can the evaluation against in-situ data 124 

also shed light on the uncertainties of the SMOS products? Can it also give useful 125 

information needed for the assimilation of the SMOS SSS products into an Arctic 126 

ocean forecast/reanalysis system?  127 

 128 

The paper is organized as follows: Section 2 describes all SSS products and the in-129 

situ datasets. The monthly mean SSS from these six products are intercompared and 130 

monthly differences from the TOPAZ SSS are analyzed in Section 3. Section 4 131 

evaluates the SSS products against in-situ data, which are divided between 132 

assimilated and independent data. A summary of this study is provided in Section 5. 133 

 134 

2. Data description 135 

2.1 Sea surface salinity from SMOS  136 

The SSS retrieval from SMOS is subject to biases originating from various non-137 

geophysical sources such as the so-called land-sea contamination and the latitudinal 138 

biases, mainly caused by the thermal drift of the instrument. A particular challenge in 139 

the Arctic is the sea-ice edge because of ice-ocean contamination. Based on 140 

different statistical approaches, match-up criteria, and SMOS data filtering flags, two 141 

centers have developed separate processing chains producing a Level 3 SSS 142 

product on a regular grid. These two SSS products are hereafter named respectively 143 

CEC and BEC in this study, evaluated during the three years of 2011-2013 (see 144 

Table 1). 145 

• The BEC product 146 
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The latest regional Arctic product (version 2.0) from BEC is available from 149 

http://bec.icm.csie.es since December 2018 (last access: March 2019). The BEC 150 

SSS product was generated from ESA L1B (v620) products, and accumulates salinity 151 

data over 9 days with a spatial grid resolution of 25 km. With respect to its previous 152 

version, a systematic bias in the retrieved salinity is corrected by computing the 153 

SMOS climatology (the most probable value for a given lat-lon, incidence angle and 154 

across-swath distance) which is substituted by a reference value from WOA13. In 155 

addition, a temporal bias correction has been refined in this version using near-156 

surface Argo salinity to compute regional averages (see the details in Olmedo et al., 157 

2018). 158 

• The CEC product 159 

The third version of LOCEAN SMOS SSS L3 maps (L3_DEBIAS_LOCEAN_v3) was 160 

released by the CECOS in July 2018. Every 4 days, the SSS maps averaged over 9 161 

days are released on ftp.ifremer.fr (last access: December 2018). This product uses 162 

the Equal-Area Scalable Earth Grid (EASE-Grid) which has limited grid distortion and 163 

a spatial resolution of 25km. Using a Bayesian retrieval approach (Kolodzejczyk et 164 

al., 2016), the SMOS systematic errors in the vicinity of continents are discarded o 165 

improve the product quality. Further, a ‘de-biasing’ method (Boutin et al., 2018) has 166 

been applied in this version of the CEC product, in which the non-Gaussian 167 

distribution of SSS is taken into account, refining the latitudinal correction at high 168 

latitude, and preserving the naturally seasonal variability of SSS.  169 

 170 

2.2 Sea surface salinity from two CMEMS products  171 

• The TOPAZ4 Arctic MFC reanalysis  172 

TOPAZ4 uses the version 2.2 of Hybrid Coordinate Ocean Model (HYCOM, 173 

Chassignet et al., 2003; Bertino and Lisæter, 2008) coupled with a simple 174 

thermodynamic sea ice model (Drange and Simonsen, 1996) in which the elastic-175 

viscous-plastic rheology describes the sea ice dynamics (Hunke and Dukowicz, 176 

1997). The model domain covers the Arctic Ocean and the North Atlantic Ocean with 177 

a horizontal resolution of 12-16 km. In order to obtain an accurate and dynamically 178 

consistent reanalysis in the Arctic Ocean, the deterministic EnKF (DEnKF; Sakov and 179 

Oke, 2008) was implemented in TOPAZ with a dynamical ensemble of 100 members 180 

all driven by perturbed 6-hourly atmosphere forcing from ERA interim (Simmons et 181 
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al., 2007). The perturbations of precipitations are following a log-normal probability 183 

distribution and conserve the ensemble-average total precipitation.  184 

Along the model lateral boundaries in the South Atlantic and in Bering Strait, the 185 

temperature and salinity are relaxed to a combined climatology data from PHC and 186 

WOA. The river discharges are treated as an additional mass and a negative salinity 187 

flux. Near the surface, to avoid the salinity drift (Tseng et al., 2016; Furue et al., 188 

2018), a weak relaxation to the same combined climatological SSS with 30 days 189 

decay is used as most ocean models, but restricted to the areas where the difference 190 

to climatology is smaller than 0.5 psu. The EnKF assimilates various ocean and sea-191 

ice observations (e.g., Xie et al., 2016, 2018) into a multivariate state update of the 192 

HYCOM model.  193 

The understanding for the uncertainty of the TOPAZ4 SSS has been hindered by 194 

poor coverage of in-situ data over the Arctic domain, although Xie et al. (2017) had 195 

comprehensively assessed the TOPAZ4 reanalysis during 1991-2013 against various 196 

types of ocean and sea-ice observations.  For the sake of brevity, the TOPAZ4 197 

reanalysis SSS is named TP4 hereafter. 198 

 199 

• SSS from the Multi-OBservations dataset 200 

The CMEMS product of MULTIOBS_GLO_PHY_REP_015_002 combines the SSS 201 

observations from in-situ and satellite data, using optimal interpolation (OI, 202 

Buongiorno Nardelli et al., 2016; Verbrugge et al., 2018) at weekly interval on a 0.25° 203 

x 0.25° regular grid. The main datasets used during the OI processing are: 1) the 204 

quality controlled in-situ data, COriolis dataset for Re-Analysis (CORA, Cabanes et 205 

al., 2013) distributed through CMEMS; 2) the objectively analyzed SSS and SST data 206 

generated from CORA, also distributed by CMEMS, which uses the WOA 2013 207 

climatology as first guess and has been upscaled to the MOB grid as another first 208 

guess of the multidimensional OI; 3) The SMOS L3 binned (L3bin) data reprocessed 209 

by SMOS-BEC at 0.25° grid, although the previous version 1.0 of the product 210 

mentioned above; 4) The daily Reynolds L4 AVHRR_OI Global blended SST product 211 

on a 0.25° grid. This product is called MOB hereafter. 212 

 213 

2.3 Surface salinity from in-situ data 214 
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The in-situ SSS data are acquired here from three quality-controlled datasets. The 215 

first data source is CORA from CMEMS (product id: 216 

INSITU_GLO_TS_REP_OBSERVATIONS_013_001_b), also used in the MOB SSS.  217 

CORA contains temperature and salinity profiles from various in-situ data sources 218 

(Cabanes et al., 2013). Since 2013, the CORA dataset has been updated every year 219 

and includes all the Argo float profiles, moorings, gliders, Ice-Tethered Profilers (ITP; 220 

Toole et al., 2011), XBT, CTD, and XCTD data. The latest version of the dataset, 221 

CORA5.1, covers the period of 1950-2016. Figure 1a shows the distribution of SSS 222 

(averaged over 0-8 m depth) observations from CORA5.1 (total 69,246 observations) 223 

over the domain north of 52°N during the years 2011-2013.  224 

The second source of in-situ data is from the Beaufort Gyre Experiment Project 225 

(BGEP, http://www.whoi.edu/website/beaufortgyre/background, last access: 14th 226 

December 2018). In order to monitor the natural variabilities of the Beaufort Sea in 227 

the Canada Basin, BGEP maintains moorings since 2003 and acquires in-situ 228 

measurements over the Beaufort Sea region every summer. Symbols (anti-triangle, 229 

square, and star) shown in Fig. 1b indicate the locations of valid SSS observations 230 

obtained from BGEP. The in-situ dataset used in this study is obtained from the GO-231 

SHIP (the Global Ocean Ship-based Hydrographic Investigations Program, Talley et 232 

al., 2017) database under the Climate Variability and Predictability Experiment 233 

(CLIVAR). The SSS observations in the Beaufort Sea are extracted from 234 

CLIVAR/GO-SHIP data with EXPOCODE (33HQ20111003 and 33HQ20121005, ref. 235 

Mathis and Monacci, 2014), which are available from https://cdiac.ess-236 

dive.lbl.gov/ftp/oceans/CARINA/Healy/ (last access: 18th December 2018). All the 237 

valid salinity profiles are averaged within the upper 8 m layer, in order to match at 238 

best with the satellite SSS measurements. Contrarily to the CORA data, both BGEP 239 

and CLIVAR data are independent from all the evaluated datasets.  240 

 241 

3. Intercomparison of monthly SSS fields  242 

Prior to the intercomparison of different SSS products, all the gridded products from 243 

satellite, reanalysis and climatology have been mapped on the same grid used in the 244 

TP4 model by a “nearest neighbor” interpolation. To quantitatively evaluate the SSS 245 

deviation in the Arctic, the bias and the root mean square deviation (RMSD) are 246 

defined by   247 
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Bias = 𝟏
𝐩∑ (𝐇𝐢𝐱𝐢𝐟 − 𝒔𝐢)

𝐩
𝐢1𝟏                                                            (1) 248 

RMSD = 6
𝟏
𝐩∑ (𝐇𝐢𝐱𝐢𝐟 − 𝐬𝐢)𝟐

𝐩
𝐢1𝟏                                                     (2) 249 

Where p is the length of the time series, 𝐱9: is the valid salinity from different sources 250 

at the ith time, compared to the reference salinity field si. Hi is the observation 251 

operator projecting 𝐱9: onto si.  252 

 253 

• Monthly mean comparison of SSS  254 

Figure 2 shows the monthly mean Arctic SSS in March from the six products. Notable 255 

differences in the two SMOS products appear in the Nordic Seas, Barents Sea, and 256 

around the Labrador Sea. At first sight, the large-scale SSS features from SMOS 257 

products are similar to the other products. However, the CEC SSS is fresher (as 258 

shown by the isolines of 35 psu) compared to the BEC, TP4, MOB and both 259 

climatologies. The location of the sea-ice edge in the two SMOS products match 260 

comparatively well with the TP4 reanalysis (Fig. 2a, d). In sea-ice covered region, 261 

TP4 shows a gradual decrease in SSS from the European to the American sector, 262 

with two minima near the Beaufort Sea and the East Siberian Sea (ESS; Fig. 2b) 263 

consistently with the PHC (Fig. 2c). Those are unclear in the MOB and WOA (Fig. 2e, 264 

f), especially the SSS minimum in the Beaufort Sea. The latter two products also 265 

show artificial projection artefacts around the North Pole.  266 

Figure 3 shows the corresponding SSS fields in September. In comparison to the 267 

March situation, the BEC and CEC SSS in the Nordic Seas are both less saline, 268 

indicated by the 35 psu isoline. The sea ice masking of the two SMOS products differ 269 

considerably in the Canadian Basin and in the Arctic marginal seas. Although the 270 

SSS of TP4, MOB, PHC and WOA agree relatively well in the North Atlantic Ocean 271 

as shown by the dashed lines of 35 psu, the discrepancies become dramatic in ice-272 

covered areas. Below the ice or near the sea-ice edge (denoted by the brown thick 273 

line in Fig. 2 and 3), TP4 and PHC share common features, which can be explained 274 

by the model restoring to PHC. On the other hand, the MOB and WOA differ 275 

significantly in spite of WOA being used as input to the MOB. Short of a universal 276 

reference for Arctic SSS, the monthly mean SSS deviations will be quantified using 277 

TP4 as a reference. 278 

 279 
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•  Deviation analysis of monthly SSS referred to TP4 282 

Figure 4 and Figure 5 show the deviations of the monthly mean SSS of the five 283 

products with reference to the TP4 SSS in August and September respectively. In 284 

August, the two SMOS products (Fig. 4a, c) show coherently negative deviations (~2 285 

psu) in the marginal seas of the Beaufort Sea, the ESS, the Laptev Sea, and the 286 

Kara Sea. A positive deviation of CEC is noticeable in the Kara Sea, which indicates 287 

the land-ocean interaction stronger than that in BEC. In the North Atlantic Ocean, 288 

away from the sea-ice edge, the deviation of the BEC from TP4 is lower (bias less 289 

than 0.5 psu). Focusing on the Arctic domain (>60°N), the mean deviation of the BEC 290 

SSS is -0.87 psu and its root mean square is 1.75 psu. The CEC SSS shows 291 

considerable negative deviations over 1 psu in the North Atlantic, from north of 292 

Denmark Strait to the west coast of Ireland. This is remarkably different from the 293 

BEC, and does not discern the subpolar from the subtropical waters there (Hátún et 294 

al., 2005). For the BEC and CEC products that use different ice masks, the 295 

deviations are averaged outside their respective ice mask, not their intersection. 296 

Comparing the low salinity lines of 33.6 psu in Fig. 3a and 3d, it clearly shows the 297 

polar water southward from Arctic has a misinterpretation in CEC owing to the used 298 

ice mask. The deviations of MOB and the two climatology products are comparatively 299 

small in the open ocean of the North Atlantic (Fig. 4b, e). Near and below the sea-ice 300 

cover reproduced by TP4 (the thick brown line in the figures), the deviations are 301 

much larger, particularly both the MOB and WOA show strong saline anomalies (> 1 302 

psu) in the Eurasian basin and low anomalies in the American basin. 303 

 304 

In September, the SSS deviations of BEC, MOB, PHC and WOA show similar fresher 305 

patterns as in August, but the CEC deviations becomes surprisingly positive around 306 

the ice edge. The SSS deviation of CEC, averaged over the Arctic domain (>60°N), 307 

swaps from -0.42 to 0.42 psu from one month to the next one. The seasonal 308 

evolution of monthly SSS deviations from TP4 for all five remaining products, 309 

averaged over the Arctic, are shown in Fig. 6. Among the five products, the MOB 310 

shows the strongest seasonality with the RMSD higher than 4 psu in July and August 311 

(Fig. 6a), and close to 2 psu in winter. The spatially averaged deviation is much 312 

fresher than TP4, over -2 psu in summer and -0.5 psu in winter (Fig. 6b). The 313 

deviations of the two SMOS SSS show a relatively smaller seasonality (Fig. 6a). 314 
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During summer months, their RMSDs reach 1.5 psu (Fig. 6a) in summer, and they 318 

decrease to 0.5 and 1.0 psu (for BEC and CEC respectively). Throughout the whole 319 

year, the BEC RMSDs (Fig. 6a) are consistently smaller than that of CEC, and the 320 

seasonal cycles are different. This shows that the BEC SSS is closest to TP4, 321 

although it is overall fresher in the Summer.  322 

 323 

4. Evaluation against in-situ observations 324 

The misfits of the six SSS products from SMOS, CMEMS and climatologies are 325 

calculated as in Eqs. (1) and (2) against the pointwise in-situ observations described 326 

in Section 2.3. For TP4, the SSS evaluation is conducted on the same model day as 327 

the in-situ observations. Owing to the fact that the SSS from BEC, CEC and MOB are 328 

averaged over either 9 days or one week (see Table 1), the product dates at the 329 

center of the averaging window lag 5 or 4 days compared to the observation date. 330 

For PHC and WOA, the in-situ observations are sorted to monthly bins and evaluated 331 

for each month. The quantitative evaluation is divided into two main sections starting 332 

with dependent and then independent observations.  333 

 334 

4.1 Against SSS from CORA5.1 335 

As shown in Fig. 1a, the distribution of SSS observations from CORA5.1 over the 336 

Arctic is very inhomogeneous during the three years. Due to this, the evaluation of 337 

the gridded SSS products against in-situ observations is restricted to the observation-338 

rich regions. The SSS misfits bias and RMSD for the six products are reported in 339 

Table 2 according to the eight Arctic sub-regions defined previously (Figure 1a). In 340 

this study, the Arctic domain (>60°N) is the core region for evaluation, divided into 341 

five sub-regions numbered from S0 to S4. It contains the central Arctic (sub-regions 342 

S0, S1, S2, and S3) and the Nordic Seas (S4). The regions from S5 to S7 are in the 343 

northern North Atlantic. The observations are displayed on scatterplots (Figure 7 and 344 

8) to exhibit their uncertainties for fresh and saline waters in different areas.  345 

• Central Arctic  346 

Figure 7 shows the SSS products compared with discrete observations in the central 347 

Arctic. The observed SSS in S0 and S1 are mainly from the ITP at a minimal depth of 348 

8 m. Around the North Pole (S0), where the satellite SSS are absent, the TP4 349 

reanalysis and MOB reprocessing show opposite biases: +0.48 psu and -0.52 psu 350 

respectively (Table 2). The two climatologies used by them, PHC and WOA 351 
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respectively, also show opposite biases. Considering the latter climatologies, both 353 

SSS scatterplots shows a fresh bias for high salinity water (>33 psu) and a saline 354 

bias for low salinity water (<31 psu).  355 

In the Canadian basin (in S1), the two climatological SSSs show an obvious gap in 356 

comparison to the ITP observations. Comparing to the fresh in-situ SSS from 24 to 357 

30 psu, the PHC has strong saline bias (from 2 to more than 5 psu). On the other 358 

hand, the WOA shows both a fresh bias for relatively high salinity water (>28 psu) 359 

and saline bias for fresher water (<26 psu). Owing to the different time periods (Table 360 

1) of the in-situ data they used, this result confirms the freshening of the Canadian 361 

basin since in the 1990s (Morison et al., 2012).  362 

In the S1 sub-region, the satellite SSS from BEC and CEC have only 20 and 42 data 363 

points for evaluation respectively. The resulting scatterplots show a significantly 364 

positive salinity bias (>4 psu) for fresh waters (<27 psu). For relatively higher salinity 365 

water (> 27 psu), the CEC has a stronger saline bias than the BEC.  366 

In the Kara Sea (sub-region S2), the TP4 SSS has the smallest RMSD at 1.7 psu, 367 

which is significantly smaller than other products. The scatterplot also shows a good 368 

linear relationship between the TP4 and the in-situ SSS, while other products 369 

generally show fresh biases, indicating that the SSS variability in the Kara Sea is well 370 

captured by TP4. In the Barents Sea (sub-region S3), TP4 gives as well the smallest 371 

misfit (RMSD: 0.34 psu; bias: -0.14 psu). The SSS scatterplots exhibits linear 372 

relationships for all products except the CEC, which underestimates the Atlantic 373 

water SSS.     374 

 375 

• Northern North Atlantic and Nordic Seas 376 

Figure 8 shows the paired scatterplots of the six SSS products in the subpolar seas 377 

from sub-regions S4 to S7 (see Fig. 1a). In S4 and S5, the bias of SSS products is 378 

relatively small, less than 0.15 psu (Table 2), except for CEC in S4 and TP4 in S5, 379 

both too saline by 0.2 psu. The scatterplots further indicate that low salinity waters 380 

are too saline in all SSS products in S4 (<31 psu) and in S5 (<28 psu). Meanwhile, 381 

the respective bias and RMSD of the SSS products are less than 0.1 psu and 0.43 382 

psu respectively, except for the CEC in S6 and S7. The MOB SSS has the smallest 383 

salinity bias. Among the eight regions compared here (S0 to S7), the SSS bias is 384 

lowest in S6 (Irminger Sea).  385 
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Over the northern North Atlantic and the Nordic seas, Fig. 9 shows maps of the mean 386 

SSS deviation for each product during the period 2011-2013. Considerable negative 387 

biases (<-0.2 psu) are found in the CEC, whereas the MOB and WOA have the 388 

smallest bias, less than 0.02 psu (Fig. 9 d, e, f). The SSS products from BEC, TP4 389 

and PHC (Fig. 9 a, b, c) have slightly higher bias (~0.05 psu) in comparison to the 390 

MOB and WOA. On average, the BEC bias is only -0.04 psu, much smaller than that 391 

of the CEC (<-0.2 psu). Focusing on the BEC SSS, Fig 9a shows that while a fresh 392 

bias dominates the Nordic Seas, the product is too saline in the northern North 393 

Atlantic. 394 

The inter-comparison of the biases against the in-situ data in Fig. 9a and 9b exhibits 395 

two strong positive biases of TP4 along the Norwegian coast and along the West 396 

Greenland coast. Notably, the BEC has smaller bias along both coasts, although it 397 

has a slightly saline bias offshore. This indicates potential benefits of the BEC SSS 398 

for the TOPAZ system along the Norwegian and Greenland coasts, were it 399 

successfully assimilated into the system. Figure 10 shows RMSDs of SSS for all the 400 

products over the northern North Atlantic Ocean and the Nordic Seas. On average, 401 

the largest uncertainty is found with the CEC (~1.0 psu; Fig. 10d), with RMSDs as 402 

large as 1.5 psu in the Greenland Sea and the Barents Sea. The SSS RMSDs for the 403 

five other SSS products are much smaller (~0.5 psu).  404 

 405 

4.2 Independent SSS in the Beaufort Sea 406 

Independent in-situ data from BGEP and CLIVAR are used during the summer 407 

months of 2011-2013 in the Beaufort Sea for the evaluation of the six SSS products 408 

(Fig. 11). The in-situ SSS observations range from 15 to 32 psu. The range of BEC 409 

SSS is limited to 24 to 31 psu with a minor bias of 0.09 psu and a RMSD of 1.82 psu. 410 

On the other hand, the range of TP4 SSS increases from 19 to 32 psu, with a larger 411 

saline bias of 2.59 psu and a RMSD of 3.63 psu. The linear regression coefficients 412 

for BEC and TP4 are 0.57 and 0.07 respectively. Looking at the low-salinity 413 

observations (~27 psu) collected at (136.4°W, 70.5°N) on 15th August 2011, marked 414 

by anti-triangles (Fig. 1b) near the Mackenzie River estuary, TP4 has a significant 415 

negative bias (< -4 psu) visible as the outliers above the dashed-black line in Fig. 416 

11a. This hints to a lack of fresh water signatures from river discharge.   417 

The range of PHC SSS climatology is only reaching from 24 to 31 psu, similar to 418 

TP4, with a saline bias of 1.65 psu and RMSD of 2.85 psu. Compared to the TP4 419 
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deviation at the Makenzie River basin, the PHC saline bias is present, but smaller. 423 

The strong positive bias in TP4 at these points can then be partly attributed to the 424 

SSS relaxation of the TOPAZ model towards the PHC climatology, albeit rather 425 

weak. The range of the WOA is much wider, from 12 to 31 psu. Among the six 426 

products, the WOA bias is the smallest (~0.02 psu) over the Beaufort Sea during all 427 

three summers. However, it should be noted that the variability of in-situ observations 428 

is very large for salinities lower than 24 psu, which contributes to the large RMSD 429 

(>3.0 psu) of both PHC and WOA. It confirms that the two climatologies have a 430 

sizable uncertainty over low salinity regions (<24 psu) in the Arctic Ocean. 431 

The CEC SSS ranges from 13 psu to 34 psu, which is much wider than the range of 432 

the BEC SSS. The saline bias of CEC is however larger at 2.38 psu and its RMSD is 433 

about quite large at 3.77 psu. Futhermore, the CEC deviations from the in-situ 434 

observations are larger in waters fresher than 27 psu. The MOB combined product 435 

performs poorly with the largest negative bias (>5 psu) and an RMSD in excess of 8 436 

psu. In contrast to the other five SSS products, the anomalously fresh SSS observed 437 

around the point (140°W, 71°N) near the Mackenzie River estuary are represented 438 

by even fresher values of 12 psu in MOB, which may hint at an amplification of the 439 

anomalies. 440 

In order to characterize the dependency of the bias on the SSS values for the six 441 

SSS products, we used the in-situ data, plotting their absolute differences as a 442 

function of observed SSS in Fig. 12. In general, all products show considerable 443 

deviations as high as 8 to 14 psu. While the absolute misfits of most SSS products 444 

increase monotonically with lower salinity, the bias of MOB shows a peak around 20 445 

psu (Fig. 12c). A fourth-order polynomial function,  446 

𝐹(𝑆) = 𝑝>𝑆? + 𝑝A𝑆B + 𝑝B𝑆A + 𝑝?𝑆 + 𝑝C                                 (3) 447 

is then fitted to the absolute bias for each SSS product, where S represents the in-448 

situ salinity. The fitting coefficients, p1 to p5, are listed in Table 3 for each product. 449 

The norm residuals are displayed on each panel in Fig. 12 and clearly show that the 450 

fitting for MOB has the largest uncertainty, while the minimal norm residuals are 451 

about 10 and 7 psu2 respectively for BEC and TP4. This suggests the derived fitting 452 

curves for BEC and TP4 have relatively credible skill charactering the error 453 

distribution as a function of the observed SSS. Both curves decrease with increasing 454 

salinity above 28 (30) psu for BEC (TP4) and increase slightly afterwards. The 455 

Formatted ... [1]
Deleted: dependencies475 
Formatted ... [2]
Deleted:  against476 
Formatted ... [3]
Deleted: are plotted 477 
Formatted: Font color: Text 1

Deleted: with the maxima reaching478 
Formatted: Font color: Text 1

Deleted: of the 479 
Formatted ... [4]
Deleted: increase towards 480 
Formatted: Font color: Text 1

Deleted: its481 
Formatted: Font color: Text 1

Deleted: shown in 482 
Formatted: Font color: Text 1

Deleted: . The483 
Formatted: Font color: Text 1

Deleted: curve 484 
Formatted: Font color: Text 1

Formatted ... [5]
Deleted: of the 485 
Formatted: Font color: Text 1

Deleted: products486 
Formatted: Font color: Text 1

Deleted: for each product 487 
Formatted: Font color: Text 1

Deleted: .488 
Formatted ... [6]
Deleted: in 489 
Formatted: Font color: Text 1

Deleted: its490 
Formatted: Font color: Text 1

Deleted: monotonically 491 
Formatted: Font color: Text 1

Deleted: towards the492 
Formatted: Font color: Text 1

Deleted: higher than493 
Formatted: Font color: Text 1



 

 15 

absolute bias in TP4 is consistently larger than that in BEC. The fitted curves of PHC 494 

and WOA have similar functional forms to TP4 and BEC, but with lower amplitudes.  495 

 496 

5. Conclusions 497 

To understand the uncertainties in the Arctic SSS, our study evaluates two gridded 498 

SMOS SSS products (BEC and CEC), two CMEMS products (TP4 and MOB), and 499 

two climatology products (PHC and WOA) by mutual inter-comparison and 500 

comparisons against both dependent and independent in-situ datasets during the 501 

years 2011-2013.  502 

The differences in spatial coverage of the two SMOS SSS were shown in the monthly 503 

mean (Fig. 2 and Fig.3), due to the different retrievals applied in these two datasets. 504 

The spatial distributions of SSS from TP4 and PHC are close to each other, due to 505 

the relaxation of TOPAZ model towards PHC. Relative to TP4, the SSS deviations of 506 

the four products (BEC, MOB, WOA and PHC) in summer show similar magnitude 507 

over open waters. On the contrary, the CEC SSS shows a negative bias (<-1 psu) 508 

over the region extending from Iceland towards the western side of Ireland (Fig. 4, 5), 509 

but the BEC SSS has a slightly but clear negative bias over the region. In general, 510 

the most significant differences in the SSS deviations relative to TP4 are found under 511 

the sea-ice cover and in its surrounding marginal ice zones.  512 

Furthermore, the intercomparison of the SSS products shows that the BEC SSS in 513 

August and September (Fig. 4, 5) has consistent negative deviations along the sea-514 

ice edge in the Beaufort Sea and the Chukchi Sea, but the CEC SSS has opposite 515 

deviations in these two months. Thus, it seems that the two SMOS products would 516 

give rise to significantly different effects to the upper ocean state, were they 517 

assimilated.  518 

Focusing on the wider Arctic domain (>60°N), the deviations of the five SSS products 519 

relative to TP4 show diverse seasonal characteristics (Fig. 6). Although the BEC and 520 

CEC SSS products show similar deviations of 1.5 psu (Fig. 6a) in summer, the BEC 521 

deviations in winter are clearly lower (~0.5 psu). The deviations of MOB and WOA 522 

(Fig. 6a) vary from over 1.5 psu in winter to around 4 psu in summer, so all are in 523 

considerable disagreement with TP4. Consequently, our intercomparison suggests 524 

that the BEC SSS has more consistent pattern with the TP4 SSS among the SSS 525 

products compared here. 526 
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The in-situ data from CORA5.1, which were used in both TP4 and MOB, has been 593 

used for evaluation of the six SSS products in eight sub-regions (Fig. 1a). These 594 

were divided into two parts: the central – seasonally ice covered - Arctic Ocean and 595 

the open ocean areas (the northern North Atlantic Ocean and the Nordic Seas). Due 596 

to limited coverage of BEC and CEC in S1, the scatterplots (Fig. 7) show a positive 597 

saline bias (>4 psu) for low salinity water (< 27 psu). However, the salinity bias of 598 

BEC is slightly reduced for relatively higher salinity water (> 27 psu). In the Kara Sea 599 

and the Barents Sea, the TP4 SSS has minimal RMSD compared with others (Table 600 

2). The BEC scatterplots in S2 and S3 (Fig. 7) are similar to TP4. 601 

In the northern North Atlantic Ocean and the Nordic Seas (Fig. 8), the scatterplots of 602 

the CEC SSS show that it underestimates the Atlantic water salinity, which is also 603 

consistent with the intercomparison results (low salinity deviation) shown in Fig. 4 604 

and 5. The misfits of mean and RMSDs shown in Fig. 9 and 10, suggest the CEC 605 

SSS has considerable uncertainty (RMSD of about 1 psu), especially in the Nordic 606 

Seas with an obvious low salinity bias. By comparison, the SSS uncertainties of BEC 607 

are significantly lower than CEC, and are equivalent to both TP4 and PHC.  Two 608 

notable regions, where the BEC SSS has lower uncertainties than TP4 against the 609 

in-situ observations are along the Norwegian coast and near the west coast of 610 

Greenland. It is reasonable to expect that they should benefit the most if the BEC 611 

SSS were successfully assimilated into the TOPAZ system. 612 

Against independent in-situ observations from BGEP and CLIVAR, the SSS 613 

evaluation in the Beaufort Sea is performed in three successive summers. The linear 614 

regression against these independent SSS observations (Fig. 11) shows that the 615 

BEC SSS has the smallest RMSD of 1.8 psu with a positive bias of 0.1 psu, and the 616 

CEC SSS has larger RMSD of about 3.8 psu with a larger positive bias of 2.4 psu 617 

(Fig. 11). On the other hand, the TP4 SSS also shows large RMSD of about 3.6 psu 618 

with large positive bias of 2.6 psu. These are smaller than MOB which has the RMSD 619 

of 8.2 psu and a larger negative bias (-5.0 psu). As for the two climatology products, 620 

the RMSDs of WOA and PHC are both above 2.8 psu, but with significantly smaller 621 

bias in WOA. More specifically, the poor fit of all products is attributed to large 622 

product-observation mismatches against in-situ salinity observations below 24 psu, 623 

which are located over the continental shelf near the estuary of the Mackenzie River. 624 

In order to characterize the product-data misfits of all six products against in-situ 625 

data, a 4th order polynomial is fitted to the absolute deviation as a function of the 626 
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observed salinity (Fig.12). The absolute deviations of most of the products except the 711 

MOB decrease monotonically with increasing salinity. The norm residuals for TP4 712 

and BEC and are the smallest among all six products with 10.2 and 7.0, respectively. 713 

The fitted curve reaches its smallest value of below 1.0 psu for an in-situ salinity of 714 

28 psu and 30 psu for BEC and TP4 respectively.  Both the fitted curves for CEC and 715 

MOB have large norm residuals of 18.1 and 68.8 psu2 respectively. Note that special 716 

attention must be paid in usage of MOB in the Arctic Ocean due to a large negative 717 

bias and high RMSD in regions where the product is based on a limited number of 718 

observations. 719 

The above evaluations suggest that certain benefit can be expected in assimilating 720 

the BEC SSS into the TOPAZ Arctic ocean analysis-forecast system. The knowledge 721 

of the error structure in the SSS products provided in this study will serve as an input 722 

to the observation error for the SMOS product, as required by data assimilation. The 723 

poor spatial coverages of CORA in situ data in the Arctic Ocean beg for more data - 724 

especially from the Arctic Ocean marginal seas - to be compiled from independent 725 

data source to validate the SMOS SSS products. In addition, when comparing the 726 

two climatology products, PHC and WOA, the SSS scatterplots of the PHC in the 727 

central Arctic (Fig. 7) reveal a saline bias for low salinity waters. Considering that 728 

PHC does not include the two more recent decades of data (Table 1), this confirms 729 

that the freshening in the Canadian Basin since the 1990s is rather significant as 730 

discussed by Morison et al. (2012). Based on this, the next TOPAZ system will use 731 

WOA in replacement of PHC as target relaxation data.  732 
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Captions of Table and Figures: 
 
Table 1. Details of the six products evaluated during 2011-2013. 

Product Data 
source Resolution Provider  Website or CMEMS id Release 

year 

BEC SMOS 9 days; 25 
km 

Barcelona Expert 
Centre, Spain  http://bec.icm.csie.es  2018 

CEC SMOS 9 days; 25 
km zonal 

Ocean Salinity 
Expertise Center, 

IFREMER 
FTP: ftp.ifremer.fr  2018 

TP4 Reanalysis Daily; 12~16 
km CMEMS ARCTIC-REANALYSIS-

PHYS-002-003  2015 

MOB In situ + 
SMOS 

7 days; 
1/4x1/4o; CMEMS MULTIOBS_GLO_PHY_REP

_015_002 2016 

PHC In situ 
(1950-1994) 

Monthly; 
1x1o   

Polar Science Center, 
University of 
Washington 

http://psc.apl.washington.edu
/ 2005 

WOA In situ 
(1955~2012) 

Monthly; 
1/4x1/4o NODC, NOAA https://www.nodc.noaa.gov/O

C5/woa13/ 2013 

 
 
Table 2. Misfits of SSS relative to in-situ CORA5.1 observations during 2011-2013 in each 
sub-region. Bold numbers denote the smallest error among the six products.  
 
Region 

Bias (psu) RMSD (psu) 
BEC CEC TP4 MOB PHC WOA BEC CEC TP4 MOB PHC WOA 

S0 - - .48 -.52 .48 -.11 - - 1.25 1.78 1.28 .70 
S1 4.03 3.18 3.29 1.63 3.29 .42 4.23 3.70 3.47 2.22 3.43 1.37 
S2 -1.76 -.44 -.97 2.96 -3.30 -2.93 2.16 2.57 1.70 3.68 3.87 3.62 
S3 -.14 -.70 -.14 -.21 -.29 -.25 .45 1.17 .34 .42 .51 .44 
S4 -.09 -.20 .12 .11 -.02 .02 .91 1.21 .89 .86 .94 .84 
S5 -.07 .06 .20 .01 .02 .07 1.47 1.52 1.42 1.44 1.39 1.30 
S6 -.01 .15  .01 -.01 -.09 .05 .25 .66 .14 .12 .28 .16 
S7 .05 .34 .04 -.03 -.23 -.03 .31 .88 .33 .22 .43 .27 
 
 
Table 3. Optimal coefficients for the 4th order polynomial fit of the errors (see Eq. 3) as a 
function of in-situ SSS for each product. 

 
Product 

F(p1, p2, p3, p4, p5, s) Residual  
norm 

In situ  
samples p1(x10-3) p2 p3 p4 p5 

BEC 0.168 -0.016 0.614 -11.345 87.097 7.03 91 
CEC 0.225 -0.033 -1.550 -29.886 205.179 18.13 121 
TP4 0.993 -0.096 3.430 -54.552 335.197 10.17 232 
MOB -1.080 0.128 -5.469 99.824 -645.087 68.81 163 
PHC 1.257 -0.120 4.235 -65.938 388.808 13.98 232 
WOA -0.121 0.010 -0.322 3.998 -10.847 38.91 232 

 
  



 25 

 
 

 
Fig. 1 (a): SSS locations of the in-situ observations north of 52°N in CORA5.1 during the years 

2011-2013. 8 sub-regions divide the Arctic Ocean (S0-S4) and the northern North 
Atlantic Ocean (S5-S7), with the number of observations indicated in each region. (b): 
Independent SSS observations in the Beaufort Sea during the summer months of 2011-
2013 from the BGEP (marked by anti-triangles, squares, and starts) and the CLIVAR 
(marked by triangles and crosses). Different colors (red, black and yellow) indicate the 
years (2011, 2012 and 2013 resp.).  

 
 

 
Fig. 2 Monthly SSS (unit: psu) in March from satellite products (BEC and CEC, left column), 

reanalysis/reprocessing (TP4 and MOB, middle column), and climatology (PHC and WOA, 
right column). White areas are masked by sea ice. The thick brown line represents the 
sea ice edge (15% concentration from TP4), and the black shaded isolines represent the 
salinities of 33.6 and 35 psu near the surface.  
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Fig. 3 Similar to previous figure in September.  
 

 
 

 
Fig. 4 Deviations of monthly SSS (unit: psu) in August for (a) BEC; (b) PHC; (c) CEC; (d) MOB; 

and (e) WOA relative to TP4. The thick brown line represents sea ice edge (15% 
concentration from TP4), the black lines represent ±1 psu. 
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Fig. 5 Same as previous for September.  
 

 
Fig. 6 Monthly deviations in the Arctic Ocean (>60N) of (a) the RMS and (b) the spatial average 

during the period 2011-2013 for the five SSS products referred to TP4. The anti-triangle 
(triangle, circle, star and square) line represents the SSS deviations from BEC (CEC, MOB, 
PHC and WOA respectively).  
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Fig. 7 Scatterplots of SSS compared to the CORA5.1 in-situ observations with respect to the 
S0-S3 regions in the Arctic. The diamonds (anti-triangles, stars, squares, circles, and 
triangles) represents the SSS from TP4 (BEC, PHC, WOA, MOB, and CEC respectively). The 
black (red) lines are the linear regressions of the blue (purple) dots in each panel, and the 
coefficient R2 between the evaluated product and the in-situ SSS is indicated in the panel 
together with the number of observations in parentheses. 
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Fig. 8 Same as Fig. 7 but for the subpolar regions S4-S7.  
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Fig. 9 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 North Atlantic and the 
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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Fig. 10 The Root Mean Square deviation of SSS for six datasets compared to in situ 
observations from CORA 5.1 during the three years of 2011-2013 in the northern North 
Atlantic and the 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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Fig. 11 Scatterplots of SSS compared to the in-situ observations in Beaufort Sea during the 
summer months of 2011-2013: (a) The diamond (anti-triangle) represents the SSS from 
TP4 (BEC) with blue (purple), and the linear regression is denoted by the dashed black 
(red) line. (b) The star (square) from the climatology of PHC (WOA). (c) The circle 
(triangle) represents from MOB (CEC). The coefficient R2 is the squared linear 
relationship between the evaluated product and the in-situ SSS, and the misfits also 
shown on the panels. 

 
 
 

 
Fig. 12 Scatterplots of SSS uncertainty compared to the in-situ observations in Beaufort Sea as 

a function of the observed salinity. The black dashed line marks 5 psu. (a) The diamonds 
(anti-triangles) represent TP4 (BEC) in blue (purple). (b) The stars (squares) are the PHC 
(WOA) climatology. (c) The circles (triangles) represent the MOB (CEC). The thick dashed 
curves are fitted by a fourth order polynomial, and the norm residuals are marked on 
each panel respectively. 
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