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Abstract.

This paper presents the first Soil Moisture and Ocean Salinity (SMOS) Sea Surface Salinity (SSS) dedicated products over

the Baltic Sea. The SSS retrieval from L-band brightess temperature (TB) measurements over this basin is really challenging

due to important technical issues, such as the land-sea and ice-sea contamination, the high contamination by Radio-Frequency

Interferences (RFI) sources, the low sensitivity of L-band TB at SSS changes in cold waters and the poor characterization5

of dielectric constant models for the low SSS and SST ranges in the basin. For these reasons, exploratory research in the

algorithms used from the level 0 up to level 4 has been required to develop these dedicated products. This work has been

performed in the framework of the European Space Agency regional initiative Baltic+ Salinity Dynamics.

Two Baltic+ SSS products have been generated for the period 2011-2019 and are freely distributed: the Level 3 (L3) product

(daily generated 9-day maps in a 0.25◦ grid, https://doi.org/10.20350/digitalCSIC/13859) (González-Gambau et al., 2021a)10

and the Level 4 (L4) product (daily maps in a 0.05◦ grid, https://doi.org/10.20350/digitalCSIC/13860) (González-Gambau

et al., 2021b)), that are computed by applying multifractal fusion to L3 SSS with Sea Surface Temperature (SST) maps. The

accuracy of L3 SSS products is typically around 0.7-0.8 psu. The L4 product has an improved spatio-temporal resolution with

respect to the L3 and the accuracy is typically around 0.4 psu. Regions with the highest errors and limited coverage are located

in Arkona and Bornholm basins and Gulfs of Finland and Riga.15

The impact assessment of Baltic+ SSS products has shown that they can help in the understanding of salinity dynamics in

the basin. They complement the temporally and spatially very sparse in situ measurements, covering data gaps in the region

and they can also be useful for the validation of numerical models, particularly in areas where in situ data are very sparse.

1 Introduction

The Baltic Sea is a strongly stratified semi-enclosed shallow sea that has several sub-basins, which are mostly separated from20

each other by underwater sills. The water balance is positive with large freshwater supply from rivers and precipitation and
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with occasional high-saline water input from the North Sea through the narrow and shallow Danish Straits. The propagation

of the saline water inflows in the deeper layersThe water exchange in the Danish Straits is hampered by bathymetry, the basins

are connected to each other through narrow channelsbathymetric conditions ,and and shallow sills ) and by hydrodynamic

restrictions including brackish water outflow, (fronts and mixing ). The mean depth of the Baltic Sea is only 54 m,The depth25

of The Baltic Sea is very shallow, with a mean depth of only 54 m, which yields to highly variable ocean dynamics mainly

controlled by local atmospheric forcing (Leppäranta and Myrberg, 2009). The sill area between the basins are usually shallower

than the halocline depth. The bottom waters in the southern and central basins are mainly ventilated by major Baltic saltwater

inflows (Matthäus and Franck, 1992; Fischer and Matthäus, 1996; Mohrholz, 2018). Therefore, the central Baltic Sea and

western Gulf of Finland deep waters suffer from anoxia, which is not the case in other sub-basins. The Gulf of Bothnia and30

Gulf of Riga are ventilated by upper layer waters from the central Baltic Sea. However, there is a growing concern that changes

are going on and environmental state of these areas may worsen.

The surface layer salinities in the southern and central basins are between 6.5-8.5 psu, being highest in the southern part and

decreasing towards north. Due to the voluminous river discharge the salinity decreases towards the ends of the sub-basins in the

northern and eastern extrimity. SSS in the basins also differ from each other clearly. In the Bothnian Sea, the surface salinity35

is typically between 5-6 psu in the Bothnian Bay between 2-4 psu and in the Gulf of Riga 4.5-6 psu. The Gulf of Finland

is an exception, because it is a direct continuation of the central basin and resembles a very large estuary, having continuous

salinity gradient in the surface salinity decreasing from 6 psu in the western part close to 0 psu in the eastern part. Surface

salinity is thus an indicator of the dynamics and changes in the conditions of the basins and of the exchange between them.

More detailed description of the salinity variation and dynamics in the Baltic Sea can be found e.g. in Leppäranta and Myrberg40

(2009); Lehmann et al. (2021).

Complex oceanographic conditions within the Baltic Sea are a challenge for oceanographic models and, for example, the

salinity dynamics cannot be comprehensively simulated by the present model systems (e.g. Meier et al., 2006; Hordoir et al.,

2019; Lehmann et al., 2021). Furthermore, model simulations of the Baltic Sea are constrained by the measurements available

for calibrating and validating the models, and compiling and assimilating the initial fields. Hence, additional satellite data is45

crucial to improve the performance of the Baltic Sea models.

In-situ temperature and salinity observations in the Baltic Sea have been performed from research vessels regularly since

1898. Traditionally, the countries around the Baltic Sea deliver data to the International Council for the Exploration of the Sea

(ICES). The present internationally coordinated monitoring data is collected under programs of HELCOM (http://www.helcom.fi),

which is the governing body (since 1979, Helsinki) in the Convention on the Protection of the Marine Environment of the Baltic50

Sea. There are other oceanography data portals that also include Baltic Sea data (e.g. SHARK, SeaDataNnet, EMODnet, Baltic

Nest Institute). The contents of these data sources are largely overlappingand, in general. In general, the sampling of the in situ

data is stillvery heterogeneous in space and time.

Remote sensing has been used for decades in the Baltic Sea to follow the ice conditions, surface temperature and algal

blooms. However, salinity conditions have remained outside of an overall synoptic view so far. There is a need to put in55

situ data in context because of the strong seasonal cycles and strong meso-scale dynamics with fronts and eddies, that have
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horizontal dimensions of the order of kilometres to ten kilometres. Remotely sensed salinity information would be a valuable

addition to the available tools for understanding the changes.

For all the above, Earth Observation sea surface salinity (SSS) measurements have a great potential to help in the understand-

ing of the dynamics in the basin (Omstedt et al., 2014): they can complement temporally and spatially the in situ measurements60

in the region, and they also can be useful for validating numerical models, especially in those areas where in situ data are sparse.

Nonetheless, the Baltic Sea is one of the most challenging regions for the SSS retrieval from L-band satellite measurements.

The available EO-based global SSS products over this region are quite limited, both in terms of spatio-temporal coverage and

quality due to several technical limitations. In particular, the SSS retrieval from SMOS (Soil Moisture and Ocean Salinity)

measurements presents the following challenges in the Baltic Sea:65

• The contamination of ocean brightness temperature (TB) measurements close to land, particularly crucial since few

points are further than 110 km from the nearest coast (Martín-Neira et al., 2016).

• The contamination of ocean TB close to ice edges, since the Bothnian Bay and the eastern part of the Gulf of Finland

are ice covered every year and also the Baltic Proper in severe winters.

• The high contamination by Radio-Frequency Interference (RFI) sources (Oliva et al., 2016).70

• The low sensitivity of L-band TB to SSS changes in the cold waters (Yueh et al., 2001) of the Baltic Sea, with a typical

average value of the sea surface temperature (SST) during winter below the 3◦C.

• Dielectric constant models that relate the TB and the SSS were derived from salinity measurements in the range of the

global ocean (32-38 psu) and they are not fully tested in the low SSS and low SST regimes of the Baltic Sea.

In the case of SMOS (Soil Moisture and Ocean Salinity), there are two major sources of error strongly affecting the75

brightness temperatures (TB) measurements: (i) the high contamination by Radio-Frequency Interferences (RFI) sources

(Oliva et al., 2016) and (ii) the contamination close to land and ice edges (Martín-Neira et al., 2016). The latter is particularly

crucial in the TBs over the Baltic Sea: few points are further than 110 km from the nearest coast and the Bothnian Bay and

the eastern part of the Gulf of Finland have ice cover every year and in severe winters there is ice also in the Baltic Proper.

Besides, since the sensitivity of L-band TB to SSS changes is very low in cold waters (Yueh et al., 2001), much larger errors80

than in temperate oceans are expected in the Baltic Sea, where the typical average values of the Sea Surface Temperature (SST)

during winter are below the 3◦C. Moreover, available dielectric constant models were derived from salinity measurements in

the range of the global ocean (32-38 psu) and they are not fully tested in the low SSS (typical average value of 7 psu) and low

SST ranges of this basin.

For all the above conditioning factors, essential modifications have been required in the algorithms used from the very low85

level of processing up to the SSS retrieval to develop dedicated SSS products over the Baltic Sea:.

• In the brightness temperatures generation, the ALL-LICEF calibration approach and the correction of the correlators’

efficiency errors proposed by Corbella et al. (2015) are used to mitigate the land-sea and ice-sea contamination on TB

measurements.
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• In the SSS retrieval, two major changes have been introduced with respect to the original Debiased non-Bayesian retrieval90

(Olmedo et al., 2017) used in the generation of the current global Barcelona Expert Center (BEC) SSS product (Olmedo

et al., 2021b):

� The empirical correction of the dielectric constant model for the low SST and low SSS regimes of the Baltic Sea.

� The characterization and correction of SSS systematic errors, depending not only on the acquisition conditions, but

also on the SST.95

To improve the quality of the SMOS brightness temperatures, the technique focused on the correction of the correlators’

efficiency errors proposed by Corbella et al. (2015) is used to mitigate the land-sea and ice-sea contaminations. In the SSS

retrieval, the two major changes with respect to the original Debiased non-Bayesian retrieval (Olmedo et al., 2017) used in

the generation of the current global Barcelona Expert Center (BEC) SSS product (Olmedo et al., 2021b) are: (i) the empirical

correction of the dielectric constant model for the low SSS regimes of the Baltic Sea, and, (ii) the characterization and correction100

of residual systematic errors of SSS, depending not only on the acquisition conditions, but also on the SST.

In this work, we present the dedicated algorithms used to develop the Baltic+ L3 and L4 SSS products and their quality

assessment. The article is structured as follows: Section 2 describes the datasets (section 2.1) and algorithms (section 2.2)

used in the generation of the Baltic+ SSS products. Section 3 presents the quality assessment of the SSS products. Section 3.1

presents the different datasets used for comparison and validation, section 3.2 describes the methods, section 3.3 explains the105

quality metrics used in the validation and section 3.4 shows the validation results. The conclusions are summarized in Section

4.

2 Generation of Baltic+ SSS products

This section is devoted to explain the datasets and the main algorithms used in the generation of the Baltic+ L3 and L4 SSS

products (see Figure 1). The processing starts from the SMOS L0 data distributed by ESA. The general algorithm encompasses110

several blocks (detailed in section 2.2):

• Computation of brightness temperatures at antenna reference frame (ARF) from level 0 data by using the ALL-LICEF

calibration and applying the Gkj correction to reduce ocean TB errors close to land and ice edges.

• Computation of the measured TB at the bottom of the atmosphere (BOA).

• Computation of the difference between SMOS TB and modeled TB and inversion to retrieve SSS.115

• Correction of systematic biases on SSS by means of a SMOS-based climatological data.

• Generation of the Baltic L3 salinity maps.

• Correction of temporal biases found in L3 SSS maps.
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• Multifractal fusion of L3 SSS maps with an SST field to generate the L4 SSS maps.

Figure 1. Block diagram of the Baltic+ SSS processor.

2.1 Data sets used in the generation of the products120

2.1.1 SMOS Brightness Temperatures

We generate the TB dataset starting from the SMOS ESA Level 0 data (https://smos-diss.eo.esa.int/oads/access/). Level 0 is

the raw data containing both observation data and housekeeping telemetry.

2.1.2 Auxiliary data used in the salinity retrieval

The auxiliary data used for the SSS retrieval comes from the European Centre for Medium range Weather Forecast (ECMWF)125

(Sabater and De Rosnay, 2010). They can be accessed at https://smos-diss.eo.esa.int/oads/access/collection/AUX_Dynamic_

Open. ESA provides an ECMWF auxiliary file spatially and temporally colocated with each SMOS overpass. The following

fields are used in the SSS retrieval: sea ice cover, rain rate, 10-meter wind speed, 10-meter neutral equivalent wind (zonal
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and meridional components), Significant Wave Height (SWH) of wind waves, 2-meter air temperature, surface pressure, and

vertically integrated total water vapour (Zine et al., 2008).130

We use a regional climatology as annual reference SSS field, which is added to the debiased SMOS SSS anomalies (see

section 2.2.4). This regional climatology is distributed by SeaDataNet and provides temperature and salinity monthly clima-

tologies computed from an historical dataset (mainly from CTD (Conductivity, Temperature and Depth) devices and discrete

water samplers in the period 1900-2012) (SeaDataNet Baltic Climatology), with a spatial resolution of 0.11◦ in longitude and

0.065◦ in latitude. The salinity field at 0 m depth is used. Monthly climatologies are averaged to obtain an annual reference135

field. A nearest neighbour interpolation is used to compute the reference value at the grid of the debiased SMOS SSS anomalies.

2.1.3 Sea Surface Temperature

Since the SST is one important driver of the SSS errors, we analysed the errors of all the available SST datasets over the Baltic

sea: i) ECMWF (Sabater and De Rosnay, 2010); ii) OSTIA (Donlon et al., 2012); iii) CMC (Canada Meteorological Center,

2012); iv) REMSS (Remote Sensing Systems, 2017); v) CCI (Merchant et al., 2019), and; vi) CMEMS Baltic Sea reanalysis140

(Axell, 2019). For this, we computed the differences with respect to the SeaDataNet in situ measurements (see section 3.1.3).

We use the SST product that provided the best performance: the ESA Sea Surface Temperature Climate Change Initiative (SST

CCI) Level 4 Analysis Climate Data Record, version 2.1 ((Merchant et al., 2019), https://data.ceda.ac.uk/neodc/esacci/sst/

data/CDR_v2/Analysis/L4/v2.1 for the period 2011-2016 and the Operational Sea Surface Temperature and Sea Ice Analysis

(OSTIA) product for the period 2017-2019 ((Donlon et al., 2012)).145

The ESA CCI SST combines data from both the Advanced Very High Resolution Radiometer (AVHRR) and Along Track

Scanning Radiometer (ATSR) SST_CCI Climate Data Records, providing daily global SST on a 0.05 degree regular latitude-

longitude grid.

The OSTIA dataset uses satellite data provided by international agencies via the Group for High Resolution SST (GHRSST).

These products include data from microwave and infrared satellite instruments. The OSTIA dataset has also daily global150

coverage on a 0.05 degree regular latitude-longitude grid.

These SST products are used in the SSS retrieval (section 2.2.4), in the correction of SMOS SSS systematic biases (section

2.2.4) and as a template in the fusion scheme to generate the L4 SSS product (section 2.2.8).

2.1.4 Sea Ice FractionConcentration

A sea-ice mask is required to discard those SSS retrievals in ice-covered regions. This sea-ice mask is created from the sea155

ice fraction (SIF) information provided by OSTIA (product ID ”OSTIA-UKMO-L4-GLOB-v2.0”, (Donlon et al., 2012)). We

generate an ice filtering flag (SSS are discarded when SIF>0) in order to discard those raw SSS retrievals acquired when sea

ice is present.
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2.1.5 CMEMS Baltic Sea reanalysis

We use the Baltic Sea physics reanalysis (CMEMS_product_ID: BALTICSEA_REANALYSIS_PHY_003_011, (Axell, 2019))160

for the temporal correction of the Baltic+ L3 SSS maps (see section 2.2.7) and for the estimation of the L4 SSS uncertainty

(see section 2.2.9). This product provides a 24 years (1993-2019) reanalysis for the Baltic Sea using the ice-ocean model

NEMO-Nordic and the LSEIK data assimilation scheme. Daily mean salinity at 1.5 m depth (the uppermost available salinity)

are used to generate 9-day salinity fields at 0.25◦ with the same temporal coverage than the SMOS L3 SSS maps.

2.1.6 Three-dimensional coupled sea ice-ocean model of the Baltic Sea (BSIOM)165

We use the daily SSS of the BSIOM hindcast simulation using the model configuration described in (Lehmann et al., 2014) with

ERA5 atmospheric forcing. The horizontal resolution of the coupled sea-ice ocean model is 2.5 km, and we use the uppermost

salinity of the 60 vertical levels. This data is used for the estimation of the L4 SSS uncertainty (see section 2.2.9).

2.2 Algorithm developments for Baltic+ SSS productsdescription

2.2.1 Generation of SMOS brightness temperatures170

Some of the corrections we propose to improve the quality of TBs over the Baltic Sea are not included in the current operational

ESA L1B products. For this reason, we have used the MIRAS Testing Software (MTS) (Corbella et al., 2008), developed by

the Universitat Politècnica de Catalunya (UPC), that provides TBs at antenna reference frame from SMOS ESA level 0 data,

to generate the TB dataset.

We use the ALL-LICEF mode as the calibration approach (Corbella et al., 2016). The main advantage of using this calibration175

mode is that the measurements of the zero-baseline visibility, and the rest of the visibility samples, are more consistent. The

up-to-date methods developed by the UPC in the recent years for reducing image reconstruction errors are also included in the

MTS. Details on the used image reconstruction strategy can be found in Corbella et al. (2009, 2019).

2.2.2 Mitigation of errors in SMOS brightness temperatures

Corbella et al. (2015) showed that the dominant contribution to both Land/Sea Contamination (LSC) and the Ice/Sea Contam-180

ination (ISC) is caused by a mismatch between the amplitude of the zero-baseline visibility (mean antenna noise temperature)

and the rest of visibilities. In particular, it was found that the error comes from an overestimation of the MIRAS correlator

efficiencies (known as the Gkj parameter) and proposed a 2% correction factor to the Gkj parameter calibrated every 2 months

during the long calibration sequences (Brown et al., 2008). This correctedGkj parameter is the one used in the denormalization

of the calibrated visibilities (Corbella et al., 2005) previously to the TB image reconstruction.185

The application of this correction leads to an overall reduction of the TB contamination close to the coasts (Corbella et al.,

2015). This enhancement is also reflected globally in the quality of the SSS retrievals from the corrected TBs (González-

Gambau et al., 2017).
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(a) (b)

Figure 2. 9-day 0.25◦ map (June 2014) of the mean anomaly (TBSMOS −TBmod) of the fFirst Stokes parameter divided by two , that is,

the average between the horizontal and vertical polarizations of the TB ((TBH +TBV )/2) [K]. (a) TB without the Gkj correction, (b) TB

after applying the Gkj correction.

In the Baltic, the ALL-LICEF calibration approach and the Gkj correction are crucial to reduce the LSC/ISC close to coasts

and ice edges. As an indicator of the TB quality, the differences between the SMOS TB measurements and the theoretically190

modeled TBs at ocean surface (hereafter referred to TB anomaly) are analyzed. Details on the derivation of the modeled TBs

can be found in González-Gambau et al. (2017).

The impact of the Gkj correction on the SMOS TB over the Baltic Sea is shown in Figure 2. A significant overall reduction

of the systematic biases is observed in the whole basin (∼ 2− 3 K), improving the quality of TBs.

González-Gambau et al. (2015); González-Gambau et al. (2016) proposed a dedicated technique, the Nodal Sampling (NS),195

to mitigate the impact of RFI contamination. This technique has been successfully applied at a global scale (González-Gambau

et al., 2017) and in the Black Sea (Olmedo et al., 2021a). However, the application of the NS for the specific case of the

Baltic Sea did not show a significant improvement . In fact, this is the only basin where we did not find a positive impact

when applying NS technique., indeed this is the unique basin where we did not find it. Further investigation is required to fully

understand the reasons of this under-performance.200

Before the salinity retrieval process, the corrected brightness temperatures are transformed from antenna to ocean surface as

detailed in section 2.2.2 of Olmedo et al. (2021a).

2.2.3 Empirical correction of the dielectric constant model for the Baltic Sea

The SSS retrieval is based on finding the appropriate value of raw SSS that makes the GMF (Geophysical Model Function) of

TB closer to the actually measured TB. The GMF is derived from a dielectric constant model for sea water. All the dielectric205

constant models found in the literature are built by empirical fitting of laboratory measurements. The dielectric constant model

of Klein and Swift (1977) has been used until recently in the operational SMOS L2OS (Level 2 Ocean Salinity) processor.

The dielectric constant model of Meissner and Wentz (M&W) (Meissner and Wentz, 2004; Meissner et al., 2018) is used in

Aquarius and SMAP salinity processors. The M&W model was reported as more suitable at low SST ranges (Meissner and
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Wentz, 2004; Zhou et al., 2017). Therefore, we propose to use the M&W dielectric constant model to retrieve SSS in the Baltic210

Sea.

In a first analysis of the retrieved raw SSS, a low number of retrievals was obtained in some regions of the Baltic, specially

in regions where the SSS values are very low. Figure 3 (a) shows the difference between the SMOS and the modelled TB (i.e.,

the TB associated to the retrieved raw SSS using the GMF) for all the measurements in 2013 under the following acquisition

conditions (latitude, longitude, overpass direction, across-track distance, incidence angle): (ϕ= 56◦,λ= 19◦,Ascending,x=215

0km,θ = 42.5◦). Those values for which a salinity retrieval is obtained are marked with green circles.

It was found that raw SSS values were only retrieved if TBmeas −TBmod ≤ 0. In the Baltic Sea, the values of SSS and

SST are very low and the sensitivity of SSS to TB is also very low at cold waters. Thus, large biases on TB translate to large

biases on SSS, what typically leads to negative raw SSS values in the retrieval. These negative salinity values do not have any

physical meaning; they just reflect the presence of instrumental biases that must be corrected.220

The M&W dielectric constant model is reviewed for the SST and SSS conditions of the Baltic Sea. Figure 3 (b) shows

the modelled half first Stokes parameter as a function of the salinity for a given incidence angle (40◦) and SST (0◦C). The

problems at low SSS values are evident: the dielectric model presents at least a maximum value for very low SSS, what causes

an inversion problem for TB values that are close to this maximum (i.e., the same TB can be attributed to two different SSS

values). This behaviour of the models is non-physical and come from the fact that models are constructed by polynomial fitting225

of experimental observations taken at the typical salinity values for the global ocean, (i.e, in the range of [32-38] psu) and,

therefore, the value of the dielectric constant at low SSS is an extrapolation.

For very diluted solutions, the conductivity depends almost linearly on the salinity (IOC et al., 2010)as shown in Figure 3.

For low concentrations of salt ions (low enough to neglect interactions among ions), conductivity and emissivity depend on the

amount of available ions. Thus, for low SSS, the dielectric constant should also depend almost linearly with salinity.230

However, as shown in Figure 3 (b), MW model starts deviating considerably from the almost linear dependence on SSS at

about 20 psu. Therefore, lacking of a better characterization of the dielectric constant at low SSS, we decided to perform a

linear extension of M&W dielectric constant model for SSS lower than 20 psu.

2.2.4 Debiased non-Bayesian SSS retrieval

The debiased non-Bayesian (DNB) SSS retrieval (Olmedo et al., 2017) focuses on the correction of the residual systematic235

biases in SSS (produced by LSC and permanent RFI) and on the increase of coverage with respect to the standard (Bayesian)

retrieval algorithm. The original debiased non-Bayesian approach has been fine-tuned for retrieving SSS in the Baltic Sea.

Major modifications are highlighted in this section.

Non-Bayesian salinity retrieval

A single SSS value is retrieved for each TB measurement (at a given incidence angle), unlike the conventional Bayesian240

retrieval, where a single SSS is retrieved from the entire set of multi-angular TB. Details on the SSS retrieval (referred as raw

SSS, since they need to be corrected from systematic biases and filtered) can be found in section 2.2 of Olmedo et al. (2017).

These raw SSS are then appropriately classified, filtered, and combined, to build global SSS maps.
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(a) (b)

Figure 3. (a) Difference of SMOS and modeled TB (blue stars) for ascending orbits in 2013 for the following acquisition conditions:

(ϕ= 56◦,λ= 19◦,Ascending,x= 0km,θ = 42.5◦). Green circles indicate those measurements for which a valid SSS is retrieved.

(b) Half first Stokes modeled TB (MW model) versus raw SSS for θ = 40◦ and Ts = 0◦C. Note that negative SSS values do

not have any physical meaning. They only reflect the presence of instrumental biases that need to be corrected.

Characterization and correction of SMOS SSS systematic errorsDefinition of a SMOS-based climatology

We want to characterize the systematic errors in SMOS SSS. This characterization is based on the hypothesis that systematic245

errors are the same for all those SSS acquired under the same conditions. Seven years of SMOS SSS retrievals (2013-2019, the

cleanest period in terms of RFI contamination) are used for the characterization of those systematic biases on raw SSS that do

not depend on time.

The raw SSS are grouped together according to their geolocation in the same fixed grid of TB measurements (coordinated

by the latitude and longitude), overpass direction (ascending or descending, denoted by d), across-track distance to the center250

of the swath (in 50-km bins, denoted by x) and incidence angle (in 5◦ bins, denoted by θ). Then, for each group, we use the

central estimator of the distribution for characterizing the systematic biases of this group. We call this central estimator the

SMOS-based climatological dataclimatology (see the original DNB method in Olmedo et al. (2017) for more details).

When we applied the original DNB SSS retrieval to the Baltic Sea, we observed that seasonal variations were much higher

than in the global ocean (Olmedo et al., 2020) and that high gradients not corresponding to geophysical gradients (they are255

not observed either in the reanalysis nor in the in situ measurements) appeared close to the coastsa non-expected spatial

gradient. These effects were evidenced when computing the monthly mean difference between SMOS SSS and CMEMS

Baltic reanalysis salinity field (Figure 4).

Then, we analyzed the dependence of these differences on SST. SMOS SSS fields retrieved in 2013 were collocated with

the salinity and temperature outputs from the CMEMS Baltic reanalysis. Figure 5 shows the mean of the difference between260

the salinity, as observed by SMOS, and the reanalysis for each bin of 1◦C of SST. To mitigate these systematic spatial biases
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Figure 4. Maps of monthly mean differences between SMOS SSS and the salinity field of CMEMS Baltic reanalysis [psu] for year 2013.

dependent on SST, we modify the original DNB to include the SST (Ts) as one more parameter in the classification of the SSS

retrievals for the computation of the SMOS-based climatological dataclimatology.

Figure 5. Difference between the SMOS SSS and reanalysis salinity variability as a function of the SST.
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Therefore, for each given 6-tuple (instead of the 5-tuple of the original DNB), c= (ϕ,λ,d,x,θ,Ts), all the raw SSS retrievals

SSS(ϕ,λ,d,x,θ,Ts) in the period 2013-2019 are accumulated. The introduction of the SST in the classification of SSS sys-265

tematic errors leads to an important reduction in the number of measurements under given acquisition conditions. Therefore,

to increase the number of measurements and have significant statistics, we have extended the SST range when computing the

SMOS-based climatological data.To avoid lack of statistics Seven bins of SST are defined (note that bin size varies depending

on the SST range) with a certain overlap for the low ranges of SST (see Table 1).

Bin SST [◦C] Range of SST to be applied [◦C]

1 < 4 < 2

2 < 6 [2,4]

3 [2,8] [4,6]

4 [4,10] [6,8]

5 [6,12] [8,10]

6 [10,15] [10,15]

7 > 15 > 15

Table 1. Bins of SST for the computation of SMOS-based climatological data and the corresponding ranges of SST to be applied.

Still, the classification of the raw SSS for the 6-tuple leads to SMOS-based climatological distributions with a significantly270

reduced number of events. For this reason, the strategy for computing the SMOS-based climatological dataclimatology, i.e., the

central estimator of all the raw SSS acquired under a given 6-tuple, is changed with respect to the original DNB. We base the

correction of systematic biases and filtering criteria only on the first and second order moments. In the Baltic Sea, the presence

of outliers in the raw SSS highly impacts on the estimation of the statistical parameters that characterize the SMOS-based

climatological distributions. To avoid this, the statistics are computed only with raw SSS belonging to the interval between275

the 5-quantile (IQ5) and the 95-quantile (IQ95). Hence, the mean (m0) and the standard deviation (σ0) of the distributions are

computed in the interval [IQ5,IQ95]. Then, the SMOS-based climatological dataclimatology is defined for a given acquisition

condition as the averaged value of the raw SSS in the interval [m0 −σ0,m0 +σ0].

Examples of maps of the mean and the standard deviation of the SMOS-based climatological distributions are shown in

Figure 6 for two different bins of SST: bins 2 and 6 in Table 1. Note that the SMOS-based climatological values are very280

different for the two bins of SST and the distributions at colder temperatures are noisier, as expected, due to the low sensitivity

of TB to SSS at cold waters (Yueh et al., 2001).

Generation of debiased non-Bayesian SMOS salinities

For the generation of the debiased non-Bayesian SMOS SSS values, each raw SSS acquired at a time t and at the given ac-

quisition condition (ϕ,λ,d,x,θ,Ts) is corrected with the corresponding SMOS-based climatological dataclimatology sssclim,285

thus giving the SMOS-based anomalies.
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(a) (b) (c)

(d) (e) (f)

Figure 6. SMOS-based climatological distributions for descending overpasses, x= 0 km and θ = 42.5◦. (a) Mean value for the bin 2 of SST

(-10◦C<Ts<6◦C), (b) standard deviation for the bin 2 of SST, (c) number of measurements for the bin 2 SST, (d) mean value for the bin 6 of

SST (10◦C<Ts<15◦C), (e) standard deviation for the bin 6 of SST, (f) number of measurements for the bin 6 of SST. Note that axis units are

km.

Then, a time-independent SSS reference is added to the SMOS SSS anomalies to obtain the final debiased SSS values. The

annual reference SSS field used is the Baltic SSS regional climatology provided by SeaDataNet (see section 2.1.2).

We study now whether the multi-annual mean of the salinity (required for the bias mitigation) changes with SST. For this,

the impact of adding the regional climatology computed per bins of SST versus using a unique regional climatology as the290

annual reference field is analyzed. We use the salinitySSS and temperatureSST provided by CMEMS Baltic reanalysis in the

period 2013-2019 to compute the averaged salinitySSS for each bin of temperatureSST. The mean error when using the single

regional climatology as the annual reference field, instead of using the mean salinitySSS value per bin of temperatureSST

(taking into account the frequency of each temperatureSST value), is shown in Figure 7. The typical error is around 0.05 psu,

except in the Danish straits, where can reach up to 0.4 psu. Since this error is, in general, quite low in the basin, a single annual295

reference field is used to generate the debiased SMOS SSS.

2.2.5 Filtering criteria

Errors in SSS retrievals over the Baltic Sea are expected to be much larger than in the global ocean, due to the low sensitivity of

SSS to TB at cold waters. Moreover, residual errors caused by land/sea and ice/sea contamination, as well as perturbations by

RFI sources, are also affecting the salinity retrievals. For this reason, the filtering criteria defined for the BEC global product300
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Figure 7. Mean error when applying a single annual reference climatology instead of a different climatology computed per each bin of

temperatureSST.

(Olmedo et al., 2021b) are not suitable for this basin. In this work, the filtering criteria are reviewed and madeto be less

restrictive while giving accurate enough values for the Baltic Sea.

The filtering criteria are the following:

• Any raw SSS out of the range [-150, 100] psu is not considered as part of the raw SSS values. Note that negative values

have not any physical meaning. They reflect the instrumental biases and other systematic errors that need to be corrected305

• For a given 6-tuple, c= (ϕ,λ,d,x,θ,Ts), the SMOS-based climatological distribution under at least one of these condi-

tions is discarded:

– The histogram has less than 30 measurements.

– The standard deviation is greater than 35 psu.

If the SMOS-based climatological distribution corresponding to a given 6-tuple has been discarded following the previ-310

ous criteria, then all the associated raw SSS are discarded.

• Raw SSS are discarded if they deviate too muchare considered to deviate too much deviated from the SMOS-based

climatological dataclimatology. That is, any raw SSS value outside the interval defined by [m0 −σ0,m0 +σ0] (see

section 2.2.4) is discarded (see examples in Figure 6). Note that the standard deviation of the distributions is much

higher than the expected geophysical variability of SSS. Therefore, this criterion is not very restrictive.315

• In order to improve the quality of L3 SSS maps, all SSS values with an associated SSS uncertainty (estimated as detailed

in section 2.2.2 of Olmedo et al. (2021b)) larger than 2 psu are also discarded before the generation of the L3 maps.

These points mainly correspond to ice-covered areas during the cold season, such as the Bothnian Bay and the Gulf of

Finland, as well as some grid points closest to the coast (see examples in Figure 8).

14



• After applying the temporal correction (section 2.2.7), the SSS values outside the range [0, 35] psu are also discarded.320

SSS retrievals in the Skagerrak and the Kattegat straits (grid points with longitudes lower than 14◦E) are also filtered

out because of the large SSS uncertainties in the region, mainly during the cold season (see section 2.2.6).

2.2.6 Generation of SSS for a given satellite overpass and L3 maps

The Baltic+ L3 SSS data product is provided in a regular longitude-latitude grid of 0.25◦ (final grid). All the debiased and

filtered SSS obtained for a given grid point in one overpass are averaged using an area-weighted average. An extrapolated value325

of SSS can be assigned to the cells of the final grid, by conveniently weighting the contributed values for each overlapping cell

of the original grid (Lambert Azimuthal Equal Area grid of 25 km). We compute the L3 SSS maps by weight-averaging the

SSS of the different overpasses in a 9-day period. Each contributing SSS is weighted by the inverse of its error variance.

(a) (b)

(c) (d)

Figure 8. (a) 9-day 0.25◦ L3 SSS map 15th to 23rd January 2017, (b) 9-day 0.25◦ L3 SSS map 15th to 23rd July 2017, (c) Error of SSS map

in (a), (d) Error of SSS map in (b).

An example of a L3 SSS map and its associated error are shown in Figure 8 for the cold (November to May) and warm (June

to October) seasons. The estimated SSS error in the L3 product comes from the propagation of the errors in the debiased non-330

Bayesian SSS (in essence, coming from radiometric errors on TB, see Eq. (1) in Olmedo et al. (2021b)). Note the increase of
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uncertainty in the winter period (8(c)) with respect to summer period (8(d)). These larger errors in the cold season are expected

due to the loss of TB sensitivity to SSS changes at cold waters.

2.2.7 CorrectionMitigation of time-dependent biases

SMOS measurements are affected not only by spatial biases, but also by biases that depend on time (Martín-Neira et al., 2016).335

In the debiased non-Bayesian retrieval, time-dependent biases are not corrected: the SMOS-based climatologies integrate a

multi-year period, providing a reference that is constant in time (section 2.2.4). Therefore, an additional correction for the

time-dependent biases is required.

In the BEC global product (Olmedo et al., 2021b), the assumption used to mitigate these time-dependent biases is that the

spatial average of SSS anomalies in the global ocean is zero at any instant. This hypothesis has been shown to hold well with340

in situ SSS (Argo) in the global ocean. But this assumption is not suitable regionally, and even less in the Baltic Sea due to the

net exchanges of salinity across region boundaries. In other BEC regional SSS products, such as the ones of the Mediterranean

Sea (Olmedo et al., 2018b) and the Arctic Ocean (Olmedo et al., 2018a), time-dependent biases were corrected by using Argo

measurements as reference. However, due to the scarce spatio-temporal coveragelack of Argo floats (restricted to Bothnian

Sea, Gotland Deep and Bornholm Deep), this approach cannot be applied in the Baltic Sea. Instead, we assess the temporal345

correction by using two different reference datasets: in situ measurements from SeaDataNet (section 3.1.3) and the CMEMS

Baltic reanalysis (section 2.1.2). As it can be observed in Figure 9, both corrections are in agreement. However, due to the

lack of in situ measurements and their spatio-temporal inhomogeneity, the temporal correction computed with in situ is much

noisier and not always provides a value for the correction, what leads to data gaps. For these reasons, the CMEMS Baltic

reanalysis is used for the temporal correction.350

2.2.8 Multifractal fusion of SSS and SST

L4 SSS product has been generated by applying multifractal fusion techniques (Umbert et al., 2014; Olmedo et al., 2016),

which allows to reduce the noise of the SSS maps (Turiel et al., 2014) without loosing effective spatial resolution (Olmedo

et al., 2016). The application of this technique is aimed at improving the spatio-temporal resolutions of the Baltic+ L3 SSS

maps to approach user requirements (Baltic+ team, 2019).355

The same SST data that is used as auxiliary data in the SSS retrieval, is used here as template in the fusion scheme. L4 SSS

maps are produced with the same spatio-temporal resolutions as the template, i.e., daily maps at a spatial grid of 0.05◦×0.05◦.

Before applying the fusion, the salinity field from CMEMS Baltic reanalysis is used to complete the coverage where SMOS L3

SSS is not available. Salinities from reanalysis are previously filtered by using the SIFC information available in the OSTIA

SST product. Figure 10 shows the number of times per year (as ratio to one) where the salinity reanalysis is used at each360

grid cell of the L4 map. Overall, those regions with extrapolated values coming from the reanalysis are reduced to the gulfs,

Bothnian Bay and in those cell grids closest to coast. As it can be observed, during the first period of the mission (mainly during

2011-2012), the reanalysis is also occasionally used in other regions when the maps are strongly affected by RFI contamination
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Figure 9. Temporal bias correction computed for the SSS product during 2013 by using the CMEMS Baltic reanalysis (red) and SDN in situ

measurements (blue). Note that peaks in the correction computed from SDN in situ measurements are due to the very scarce and fragmentary

spatial distribution of collocated in situ data.

(Oliva et al., 2016). For filtering purposes, a flag included in the product indicates if the SSS provided at each pixel comes from

an extrapolated reanalysis value.365

2.2.9 Estimation of the L4 SSS error

To assess the inherent uncertainty of the L4 SSS product, the Correlated Triple Collocation (CTC) method is used (González-

Gambau et al., 2020). When applying CTC, the data are assumed to represent similar spatio-temporal scales withand that two

of the datasets possibly havingcan have correlated errors. Under these conditions, CTC can be used to obtain maps of error

variances of triplets of remote sensing SSS maps.370

We consider three sets of collocated SSS maps in the period 2016-2018: (i) Baltic+ L4 SSS product, (ii) CMEMS Baltic

reanalysis product (Axell, 2019) and (iii) the BSIOM hindcast simulation (section 2.1.6). As it is shown in Figure 8, the L3

SSS error during the cold season is higher than in the warmer season. Since the expected errors are quite different between

both seasons, we performed the CTC analysis for the warm and the cold seasons separately. This analysis is done with all

the products reduced to the common resolution (that of Baltic+ L4, 0.05 degrees and daily frequency). Figure 11 shows the375

estimated error standard deviations of Baltic+ L4 SSS. L4 SSS errors are around 0.4-0.6 psu. These errors are in agreement to

the differences found in the comparison to in situ measurements (see validation section 3.4). There is a very significant error

reduction in the L4 SSS with respect to the L3 SSS (0.6-0.9 psu, see section 3.4.3). Note that, unlike the overall reduction of
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 10. Ratio of time when the SSS from CMEMS Baltic reanalysis is used in those gridpoints where the SMOS SSS L3 product is not

available (from (a) 2011 to (i) 2019).

the error in the warmer season for the L3 SSS product, in the case of the L4 SSS product there is not a clear improvement

for any of the seasons. This is likely due to the errors present in the SST employed as a template in the fusion scheme for the380

generation of the L4 SSS product.

(a) (b)

Figure 11. Error standard deviations computed by CTC for Baltic+ L4 SSS during (a) cold season, (b) warm season.
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3 Quality assessment

3.1 Datasets for validation

3.1.1 Satellite Sea Surface Salinity

We compare the performance of the new Baltic+ SSS to those of other existing EO SSS products. The satellite SSS products385

used for this inter-comparison are the following:

- SMOS CATDS: 9-day SMOS SSS maps provided by Centre Aval de Traitement des Données SMOS (CATDS). We use

the L3 debiased v5 freely available at: https://www.seanoe.org/data/00417/52804/#79565 (Boutin et al., 2018, 2020).

- ESA CCI: 7-day CCI SSS product. We use the v1.7 (Boutin et al., 2019).

- SMAP JPL: 8-day SMAP SSS maps are provided by Jet Propulsion Laboratory (JPL). We use the Level-3 version 4.2390

freely available at https://podaac-opendap.jpl.nasa.gov/opendap/allData/smap/L3/JPL/V4.2/ (JPL Climate Oceans and

Solid Earth group, 2019; Fore et al., 2016).

- SMAP REMSS: The 8-day running Remote Sensing Systems SMAP Level 3 Sea Surface Salinity Standard Mapped

Image version v4 is used, which is freely available at http://www.remss.com/missions/smap. In particular, we have used

the smoothed measurement at approximately 70 km resolution (Remote Sensing Systems (RSS), 2019; Meissner et al.,395

2018).

Figure 12 shows the spatio-temporal coverage during 2016 (percentage of valid SSS retrievals with respect to the total

number of maps in the year) per each one of the above-mentioned satellite SSS products. The SMOS CATDS product shows

very limited temporal and spatial coverage. SMAP JPL L3 SSS product exhibits a very good temporal and spatial coverage

and SMAP REMSS covers mainly the central part of the basin with a good temporal coverage. The ESA CCI SSS product,400

developed from SMOS and SMAP measurements, shows a very limited spatial coverage but with good temporal coverage.

3.1.2 FerryBox lines in situ salinity

Ship tracks from the FerryBox voluntary network measure both temperature and salinity in mounted thermosalinographs

(TSG) in voluntary vessels, making routinely transects in the Baltic Sea. This data was available at CMEMS under the

product identifier INSITU_BAL_TS_REP_OBSERVATIONS_013_038 (it was retired in March 2020 and replaced by IN-405

SITU_GLO_TS_REP_OBSERVATIONS_013_001_b. (https://doi.org/10.48670/moi-00039).

The data collected from these vessels pass quality control checks before being distributed to the science community. All the

ship routes available for the validation of Baltic+ SSS products are collected in Table 2. They are used for validation depending

on data availability (i.e. each ship track has different operating time) and its quality check passed as “good data”(PSAL_QC=1).
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(a) (b) (c)

(d) (e)

Figure 12. Spatio-temporal coverage of year 2016 (percentage of valid SSS retrievals with respect to the total number of maps in the year)

per each satellite product: (a) SMOS CATDS, (b) ESA CCI, (c) Baltic+ L3 SSS, (d) SMAP JPL, (e) SMAP REMSS.

Ship route Operating period Spatial coverage

BalticQueen 2015-2018 Gulf of Finland

FinnMaid 2011-2018 South-North Baltic Proper to the Gulf of Finland

SiljaSerenade 2014-2018 Horizontal transect at 60◦N

Transpaper 2011-2018 Western coast of the Baltic, from the South to the Bothnian Sea

Victoria 2015-2016 Horizontal transect at 60◦N

Table 2. FerryBox ship routes and periods of operation.

3.1.3 SeaDataNet and ICES in situ salinity410

SeaDataNet (SDN) Temperature and Salinity historical data collection for the Baltic Sea V2 (http://dx.doi.org/10.12770/

1610aa44-0436-4b53-b220-98e10f17a2d4DOI 10.127701610aa44-0436-4b53-b220-98e10f17a2d4) contains all open access

temperature and salinity in situ data retrieved from SeaDataNet infrastructure (CTD and discrete water samplers) until the end

of 2014. Data has been quality checked using Ocean Data View software. Quality flags of anomalous data have been revised

using basic quality control procedures. For this validation, the following SSS and SST quality control provided within SDN415

dataset is applied: var3_qc=49 (good quality of SSS) and var2_qc=49 (good quality of SST).

The in situ data in the period 2015-2019 was downloaded from ICES (International Council for the Exploration of the Sea)

Oceanography CTD and bottle data (nowadays ICES Data Portal https://www.ices.dk/). Data quality in ICES is solely on the

responsibility of the data originator, though ICES data center may do random quality checks for the data.
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Furthermore, to keep consistency with the other datasets, the uppermost available SSS measurements are used for this420

validation, lying in the range of [1-5] m depth.

3.2 Validation methods

3.2.1 Collocation strategy of satellite-in situ data

The collocation strategy we follow for the comparison to in situ is the following:

• Spatial collocation425

– Ferrybox lines: These datasets provide SSS information at a very high temporal frequency. The location of in situ

data are gridded to the nearest satellite grid cell, so, all the in situ measurements corresponding to the same cell

grid in the satellite SSS product (0.25◦ in the case of the L3 product and 0.05◦ in the L4 product) are averaged.

– SeaDataNet: In this dataset the temporal sampling is quite sparse. Several measurements in depth are available at

each station. We consider that the water in the upper 5 meters is homogeneously mixed and it is representative of430

the surface water. Thus, we keep the shallowest measurement acquired between [1-5] meters depth, to be compared

with the satellite SSS. The location of in situ data are referred to the nearest satellite grid cell and compared to the

corresponding Baltic+SSS measurement. In this case, in contrast to the case of the Ferrybox measurements, almost

no average of in situ in a single grid is expected.

• Temporal collocation435

– For all the datasets, all the in situ available in the 9 days (for L3 product) of SMOS data used to generate the

product, and in the same day (for L4 product) of the map are considered in the comparison.

3.3 Quality metrics for the comparison to in situ

The quality assessment of the SSS satellite retrievals results from the comparison against the reference datasets presented

in sections 3.1.2 and 3.1.3. The validation metrics are based on statistical measurements of the difference between the two440

quantities at the collocations (∆SSS = SSSsat −SSSinsitu).

The following metrics are computed both for Baltic+ L3 and L4 SSS products:

• Global statistics of ∆SSS for the datasets per year.

• Analysis of the products performances in the cold and warm seasons separately. The separation in these two periods is

based in the expected SST ranges for the different months and the expected SSS error due to those SST values. The cold445

season ranges from November to May (average temperature of 3.9◦C) and the warm season refers to the period of June

to October (average temperature of 13.4◦C). This analysis per seasons is devoted to assess if a quality improvement is

observed during the warmer months, since the sensitivity increases and lower SSS errors than at colder temperatures are

expected.
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• Maps of the spatial distributions of ∆SSS statistics: the temporal mean and the temporal standard deviation of ∆SSS450

are computed per each grid point in the map. This metric is devoted to track the possible origin of the errors (residual

land sea contamination, sea-ice contamination, ice contamination itself, etc).

3.3.1 Correlated Triple Collocation

The three satellite SSS products with the best temporal and spatial coverage (see section 3.1.1) are inter-compared. It must be

pointed out that the salinity values provided by each one of the three satellite products are very different between them. We455

applied the CTC analysis using one year period (2016), which suffices to evaluate the performance of the datasets. Three sets of

collocated SSS maps are considered: JPL SMAP v4.2 SSS, 8-day maps; REMSS SMAP v4.0 SSS, 8-day maps and Baltic+ L3

SSS, 9-day maps. We only consider Baltic+ L3 SSS here because it is the product with similar spatio-temporal resolutions as

JPL and REMSS SMAPS maps, a condition needed to apply the CTC method. In this triplet, the two variables with correlated

errors are the JPL and REMSS products, both from SMAP measurements. Time collocation is done by identifying the first460

day of the three periods used in the generation of the corresponding maps. As JPL SMAP and REMSS SMAP maps are 1-day

shorter, time collocation is not perfect but differences are considered to be negligible taking into account the orbital gaps in a

9-day period. Spatial collocation is straightforward, since the three products are provided in the same grid.

3.3.2 Baltic+ SSS variability and comparison to reanalysis and in situ data

The objective of this assessment is to analyse the SSS dynamics captured by Baltic+ SSS products and the CMEMS Baltic465

reanalysis (Axell, 2019) and to compare them to the 22 in situ observation stations visited by research vessels (Figure 13).

Those stations are intended to cover different types of sea areas: from coastal regions to open sea. We choose the uppermost

salinity observations, which means observations from 1 - 1.5 meters depth.

Time-series of Baltic+ L3 and L4 SSS products are analysed and compared to the salinity provided by the CMEMS Baltic

reanalysis and the in situ measurements. For that, we define boxes over given regions of interest where, both, the reanalysis470

salinity and the Baltic+ L3 and L4 SSS products are averaged and compared to the in situ stations that are located in the region

defined by each box. The boxes used for each region are shown in Figure 13.

3.4 Validation Results

3.4.1 Comparison to FerryBox lines salinity

All the in situ measurements from the different ferry routes are analyzed per year. The statistics are computed considering all475

the collocations available for the Baltic+ L3 SSS product and FerryBox data (see Table 3, first row). Note that the number of

match-ups corresponds to all the collocated measurements of SMOS and ferry data. In overall, similar statistics are obtained

for all the years. In the year 2012 there is a significant reduction of the accuracy due to the strong RFI affectation in the North

Atlantic for that period (Oliva et al., 2016). Slightly higher biases are found for years 2014 and 2015.
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Figure 13. Map of the in situ stations and the boxes used in the analysis of the time-series per each region. Red: Arkona basin, grey: Northern

Baltic Proper, blue: Bothnian Sea, cyan: Eastern Gotland basin, pink: Western Gotland basin, green: Gulf of Finland, yellow: Gulf of Riga.

2011 2012 2013 2014 2015 2016 2017 2018 Full period

L3

Mean -0.16 0.21 -0.19 -0.23 -0.21 -0.16 0.03 -0.19 -0.11

Median -0.2 0.16 -0.18 -0.23 -0.22 -0.17 0.02 -0.16 -0.13

STDD 0.88 1.12 0.84 0.86 0.81 0.83 0.87 0.85 0.89

R 0.87 0.73 0.85 0.83 0.83 0.87 0.81 0.88 0.83

Match-ups 3827327 6240087 6835592 10026054 12565303 7089550 13384262 8951692 68919867

L4

Mean -0.11 0.15 -0.15 -0.2 -0.21 -0.08 -0.05 -0.1 -0.11

Median -0.12 0.07 -0.14 -0.19 -0.25 -0.1 -0.08 -0.08 -0.13

STDD 0.55 0.73 0.55 0.56 0.57 0.53 0.56 0.52 0.58

R 0.94 0.89 0.93 0.92 0.91 0.94 0.87 0.92 0.91

Match-ups 481038 781871 854449 1254285 1585228 890838 1678201 1119688 8645598

L4 filtered

Mean -0.14 0.2 -0.16 -0.21 -0.22 -0.1 -0.04 -0.14 -0.11

Median -0.17 0.13 -0.17 -0.21 -0.25 -0.12 -0.08 -0.12 -0.14

STDD 0.57 0.76 0.58 0.58 0.58 0.55 0.59 0.54 0.6

R 0.94 0.87 0.93 0.9 0.9 0.93 0.86 0.91 0.9

Match-ups 362726 594404 633280 933735 1187949 727614 1143172 773918 5287648
Table 3. Global statistics Baltic+ L3, L4 and filtered L4 (not considering extrapolated measurements from reanalysis) SSS products against

FerryBox in situ data. Note the high variability in the number of match-ups is due to the different cruises operated each year.
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To analyse the spatial distribution of the differences (∆SSS) between the Baltic+ L3 SSS product and the in situ provided480

by ferry lines, we compute the mean of ∆SSS (Figure 14), and the standard deviation of ∆SSS (Figure 15), for all the

measurements accumulated during one year, for each cell of the Baltic+ L3 SSS product grid. The number of match-ups is

shown in Figure 16. Note that only grid cells with more than 10 accumulated measurements are considered. Higher standard

deviation values are obtained for those cells closer to coast and ice edges, particularly close to Gotland, in the Arkona and

Bornholm basins, and in the Bothnian Bay. Errors in these regions notably increase the standard deviation when computing the485

statistics considering all the match-ups differences (see Table 3,first row).

To analyze the spatial distribution without the effect of the non-homogeneous spatial sampling, the histograms of the spatial

distributions of the mean and the standard deviation of ∆SSS are computed (not shown). The most probable value of the mean

∆SSS for the L3 product is in the range of [-0.35:-0.15] and the most probable value for the standard deviation of ∆SSS

ranges between [0.57:0.72], depending on the year and it reaches 0.97 for the year 2012 (affected by strong RFI contamination).490

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 14. Comparison of L3 SSS and ferry data: Spatial distribution of the mean of ∆SSS [psu] per year (from (a) 2011 to (h) 2018). The

reason behind the positive biases for years 2012 and 2017 in the Gulf of Bothnian is under investigation.

Global statistics are also computed considering all the collocations available for the Baltic+ L4 SSS product and FerryBox

data (see Table 3, middle row). We can observe a clear reduction of the standard deviation and an increase of the correlation

coefficient with respect to the statistics computed for L3 SSS product (see Table 3, first row). Similar biases to the ones for L3
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Figure 15. Comparison of L3 SSS and ferry data: Spatial distribution of the standard deviation of ∆SSS [psu] per year (from (a) 2011 to

(h) 2018).

product are found for the L4 product. This is expected because the fusion methodology aims at reducing the standard deviation

of the error but not the biases present in the original L3 maps (Turiel et al., 2014).495

We compute also global statistics of the collocations of Baltic+ L4 SSS and FerryBox data per year, considering only those

Baltic+ L4 SSS that come from the L3 SSS (i.e., extrapolated data from reanalysis are filtered out) (see Table 3, last row). As it

can be seen by comparing to the statistics considering all the measurements in the L4 product (Table 3, middle row), statistics

have not significantly changed.

The spatial differences between the L4 SSS and the SSS provided by ferry data are computed in 0.05◦ grid of the L4500

product (not shown). However, due to the low number of accumulated measurements for each grid cell, measurements are

accumulated in a coarser grid (0.25◦) to have significant statistics (see Figures 17, 18, 19). Besides, grid cells with accumulated

measurements lower than 10 are filtered out. The standard deviation is reduced in all the basin with respect to the L3 product

(see Figure 18 in comparison to Figure 15). The histograms of the spatial distributions of the mean and the standard deviation

of ∆SSS are also computed. The most probable value of the mean ∆SSS for the L4 product is in the range of [-0.35:-0.25]505

psu and the most probable value for the standard deviation of ∆SSS ranges between [0.33:0.47] psu, depending on the year.
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(d) (e) (f)

(g) (h)

Figure 16. Comparison of L3 SSS and ferry data: Number of match-ups per each gridpoint in the map per year (from (a) 2011 to (h) 2018).

3.4.2 Comparison to SeaDataNet salinity

Global statistics are computed considering all the collocations available for the Baltic+ L3 SSS product and SeaDataNet data

per year (see Table 4, first row). In overall, statistics are in agreement to the statistics of the comparison to the FerryBox data.

However, higher values of standard deviation are obtained. This is likely due to the fact that Arkona and Bornholm basins are510

highly sampled with respect to the rest of the Baltic Sea and these regions present higher SSS errors.

The spatial distribution of the SeaDataNet in situ measurements allows us to analyse the performances of the Baltic+ L3

SSS product in the whole Baltic basin and the influence of the proximity to land and ice edges in the quality of the Baltic+

SSS products. We compute the mean of ∆SSS and the standard deviation of ∆SSS for all the measurements accumulated for

each cell of the Baltic+ L3 SSS product grid. Measurements are accumulated in the original L3 grid (0.25◦) for all the 9 years,515

since there are not enough in situ observations to perform the analysis per year separately, as we do in the case of FerryBox

data. Since the number of match-ups is still quite limited, we compute the same maps by accumulating the measurements in a

0.5◦. In this way, we increase the number of measurements in each cell to get significant statistics. In addition, all those grid

cells with less than 10 measurements are discarded. Higher errors are detected in Arkona and Bornholm basins, which are

highly sampled regions. We also repeat this spatial analysis for the cold and the warm seasons. In the warm season the standard520

deviation is significantly reduced with respect to the cold season, as expected. The most probable value of the mean ∆SSS for
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Figure 17. Comparison of L4 SSS and ferry data: Spatial distribution of mean ∆SSS [psu] per year (from (a) 2011 to (h) 2018).

the L3 product is -0.15 in the cold season and -0.35 during the warm season. For the standard deviation of ∆SSS, the most

probable value is around 0.72 in the warm season and 0.78 in the cold season, although other mode appears around 1.05.

Global statistics are computed considering all the collocations available for the Baltic+ L4 SSS product and SeaDataNet

data per year (see Table 4, middle row). Overall, statistics are in agreement to the statistics of the comparison to the ferry data.525

However, higher values of standard deviation have been obtained. This is likely due to the fact that Arkona and Bornholm

basins are highly sampled with respect to the rest of the Baltic Sea basin and these regions present higher SSS errors. In any

case, the improvement in terms of the standard deviation and correlation coefficient with respect to the L3 SSS product is very

significant (see Table 4, first row).

Global statistics are also computed considering all the collocations available for the Baltic+ L4 SSS product when the530

extrapolation of the reanalysis data is not considered and SeaDataNet data per year (see Table 4, last row). As it can be observed

by comparing to the statistics when considering all the measurements in the L4 product, statistics have not significantly changed

for most of the years. Higher differences are found for years 2011 and 2012, where the extrapolated data are not limited to the

coastal pixels (see Figure 10).

The spatial distribution of the differences between the Baltic+ L4 SSS product (considering all the measurements) and the in535

situ provided by SeaDataNet is also analyzed. For that, we compute the mean of ∆SSS and the standard deviation of ∆SSS

for all the measurements accumulated in each cell of a 0.5◦ grid (to get significant statistics) (see Figure 21). Measurements
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(d) (e) (f)
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Figure 18. Comparison of L4 SSS and ferry data: Spatial distribution of the standard deviation of ∆SSS [psu] per year (from (a) 2011 to

(h) 2018).

have been accumulated per all the 9 years since the match-ups are not enough to perform the analysis per year separately.

In agreement to the analysis of the L3 product, higher errors are detected in Arkona and Bornholm basins, which are highly

sampled regions. We perform this spatial analysis for the cold and the warm seasons separately. Once again, for the warm540

season the standard deviation is reduced with respect to the cold season, as expected. The most probable value of the mean

∆SSS for the L4 product is -0.25 in the cold season and -0.35 during the warm season. For the standard deviation of ∆SSS,

the most probable value is around 0.47 in the warm season while during the cold season is around 0.53.

3.4.3 Estimated SSS uncertainty by CTC

Maps of the estimated error standard deviations per each SSS dataset are shown in Figure 22. Notice that the estimated errors545

for the Baltic+ L3 SSS are in agreement with the differences found with respect to in situ measurements (see sections 3.4.1

and 3.4.2). Differences between both SMAP products and the Baltic+ L3 SSS are shown in Figure 23. As shown in the figure,

the Baltic+ L3 SSS product has the smallest error in the whole basin, except in some grid points of the Bothnian Bay, where

the SMAP REMSS product presents a lower error.
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Figure 19. Comparison of L4 SSS and ferry data: Number of match-ups per each gridpoint in the map per year (from (a) 2011 to (h) 2018).

(a) (b) (c)

Figure 20. Spatial distribution of ∆SSS [psu] with SDN in a coarser grid (0.5◦): (a) mean, (b) standard deviation, (c) number of match-ups.

The analysis of the Baltic+ L3 SSS product and the comparison with the other satellite products reveals that the Baltic+ L3550

SSS product is currently the satellite-derived SSS product with the lowest salinity error among the currently available products,

highlighting specially the improved spatial coverage and oceanographic resolution.

3.4.4 Description of salinity dynamics

Figure 24 shows the spatio-temporal collocations of the Baltic+ L3 and L4 SSS products and reanalysis with in situ measure-

ments. It must be pointed out that the sampling frequency is too low to capture some relevant events in some in situ stations,555

as for example in the regions of the Bothnian Sea and the Gulf of Riga. An overall agreement in the main events is observed
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2011 2012 2013 2014 2015 2016 2017 2018 2019 Full period

L3

Mean -0.2 -0.15 -0.2 -0.32 -0.4 -0.35 -0.26 -0.22 -0.17 -0.26

Median -0.19 -0.09 -0.21 -0.31 -0.36 -0.37 -0.3 -0.19 -0.12 -0.25

STDD 1.06 1.36 0.94 0.97 0.95 1.05 1.03 0.91 1.06 1.04

R 0.73 0.46 0.68 0.7 0.6 0.74 0.73 0.73 0.75 0.69

Match-ups 4526 8352 9695 5689 11619 7871 7701 10009 8742 74204

L4

Mean -0.16 -0.15 -0.16 -0.25 -0.32 -0.3 -0.23 -0.16 -0.11 -0.2

Median -0.09 -0.14 -0.14 -0.22 -0.31 -0.31 -0.25 -0.16 -0.1 -0.19

STDD 0.63 0.79 0.58 0.56 0.59 0.71 0.61 0.58 0.73 0.65

R 0.87 0.73 0.84 0.9 0.83 0.88 0.87 0.89 0.87 0.86

Match-ups 917 1459 1603 987 1780 1242 1349 1629 1510 12476

L4 filtered

Mean -0.2 -0.14 -0.18 -0.29 -0.33 -0.32 -0.23 -0.18 -0.09 -0.22

Median -0.16 -0.14 -0.22 -0.28 -0.32 -0.33 -0.28 -0.18 -0.09 -0.23

STDD 0.69 0.86 0.61 0.59 0.61 0.74 0.59 0.55 0.75 0.67

R 0.85 0.66 0.82 0.88 0.78 0.85 0.87 0.87 0.85 0.83

Match-ups 570 1019 1185 692 1418 953 938 1200 1078 9053
Table 4. Global statistics Baltic+ L3, L4 and filtered L4 (not considering extrapolated measurements from reanalysis) SSS products against

SeaDataNet in situ data.

(a) (b) (c)

Figure 21. Comparison of L4 SSS and SDN: Spatial distribution of ∆SSS [psu] (0.5◦ grid): (a) mean, (b) standard deviation, (c) number

of match-ups.

between satellite, model and in situ along the time-series. However, salinity from reanalysis shows a very stable behaviour

along the time-series for some particular regions, while the variability shown by the satellite SSS better reflects the variability

captured by the in situ measurements. This is observed very clearly in the Northern Baltic Proper, in the Eastern and Western

Gotland basin and in the Gulf of Riga.560
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(a) (b) (c)

Figure 22. Error standard deviations [psu] for the satellite SSS products computed by CTC for all the collocated maps in 2016: (a) SMAP-JPL

(mean error in the basin: 2.81 psu), (b) SMAP-REMSS (mean error: 0.83 psu), (c) Baltic+ L3 SSS (mean error: 0.56 psu).

(a) (b)

Figure 23. (a) Difference between SMAP JPL and Baltic+ L3 SSS error standard deviations [psu], (b) difference between SMAP REMSS

and Baltic+ L3 SSS error standard deviations.

Baltic+ SSS products can be very useful to validate the models in areas, where in situ data are sparse. Also, the location of the

salinity gradients and their variability is a valuable knowledge in evaluating the model performance. For example, Westerlund

et al. (2018) discussed that model development is needed to better capture the large salinity gradients in the Gulf of Finland,

but this work is hindered by the low temporal coverage of the data and lack of measurements from the eastern part of the Gulf

of Finland. Same is also true for other sub-basins of the Baltic Sea and, especially, for the northern parts (Bothnian Sea and565

Bothnian Bay), where monitoring data is still too sparse. Thus, the new products will foster model development and provide

the possibility to assimilate SSS fields derived from space assets.

4 Conclusions

In this work, we present the first regional satellite-derived SSS maps over the Baltic Sea. To date, these are the unique dedicated

remote sensed SSS products available over the region, mainly due to the technical difficulties for retrieving SSS from satellite570

measurements over this basin. Several technical improvements have been required, being the major ones (i) the study of the

dielectric constant models for the low salinity regimes of the Baltic Sea, and (ii) the characterization of SMOS SSS systematic

errors depending also on the SST. These improvements developed in the context of the Baltic+ Salinity Dynamics project have
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(c) (d)

(e) (f)

(g)

Figure 24. Spatio-temporal collocations of Baltic+ L3 SSS, Baltic+ L4 SSS, CMEMS Baltic reanalysis salinity fields with in situ salinity.

Regions: (a) Bornholm Basin (BB), (b) Bothnian Sea (BS), (c) Northern Baltic Proper (NBP), (d) Eastern Gotland Basin (EGB), (e) Western

Gotland Basin (WGB), (f) Gulf of Finland (GOF) and (g) Gulf of Riga (GOR).

a clear impact on other regional initiatives (such as EO4SIBS (4000127237/19/I-EF) and SO-Fresh (4000134536) projects)

and in the SSS retrieval from satellite L-band measurements in general.575

Baltic+ SSS products are proved to have a good spatio-temporal coverage with an accuracy of 0.7-0.8 psu for the L3 product

(9-day, 0.25◦) and around 0.4 psu in the case of the L4 product (daily, 0.05◦). Regions with higher errors and limited coverage

are located in Arkona and Bornholm basins and Gulfs of Finland and Riga (section 3). The impact assessment of Baltic+ SSS

products reveals that they provide valuable information about the changes in the salinity gradients and about the temporal

variability in the sea surface salinity. They also show a geophysically-consistent seasonal variability in surface salinity, which580

results from the melting of sea ice in spring and increased run-off from land when snow cover melts after the winter.

For all the above, Baltic+ SSS products can help in understanding the salinity dynamics of the basin. On one hand, this EO

SSS data can fill the temporal and spatial observational gaps in the region left by the very sparse in situ measurements. On
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the other hand, Baltic+ SSS products can also be useful for the validation and improvement of numerical models. Besides,

the capability of the Baltic+ SSS product to map the horizontal gradients and their variability is of much value to evaluate the585

performance of models, and provide the possibility to assimilate SSS fields.

Several scientific studies with Baltic+ SSS data are currently in progress, such as (i) the analysis of the consistency between

the structures detected in the Baltic+ SSS products with the ones detected in the SST and in the DOT (Dynamic Ocean

Topography); and (ii) the use of Baltic+ SSS time-series as part of the HELCOM indicators to study the correlation between

the SSS variability and the extreme events of different species in the Baltic Sea. Interactions with the scientific communities590

working in the Baltic, and in particular with Baltic Earth Working Group on Salinity Dynamics, has allowed to identify that

Baltic+ SSS products can help in some knowledge gaps (Lehmann et al., 2021), such as (i) the determination of the SSS annual

trends in the basin in the last decade, and (ii) the study of the inflow and outflow dynamics at the entrance of the North Sea.

For these potential applications, some additional technical developments in the product would be appropriated, mainly focused

in applying a temporal correction of SSS maps without using external references, and applying fusion techniques at brightness595

temperature level for improving their quality in terms of coverage and spatial scales.

5 Data availability

Access to the data is provided by the Barcelona Expert Center, through its FTP service, for more details go to http://bec.icm.csic.es/

bec-ftp-service/. The L3 product is available per year in the directory becftpdata/OCEAN/SSS/SMOS/Baltic/v1.0/L3/9days.

The DOI of the L3 product is: https://doi.org/10.20350/digitalCSIC/13859 (González-Gambau et al., 2021a). The L4 product600

is available per year in the directory becftpdata/OCEAN/SSS/SMOS/Baltic/v1.0/L4/daily. The DOI of the L4 product is: https:

//doi.org/10.20350/digitalCSIC/13860 (González-Gambau et al., 2021b). Seasonal averaged L4 SSS products are also available

at HELCOM catalogue (https://metadata.helcom.fi/geonetwork/srv/eng/catalog.search#/metadata/9d979033-1136-4dd1-a09b-7ee9e512ad14)

and they can be visualized in the HELCOM Map and Data service ( https://maps.helcom.fi/website/mapservice/?datasetID=

9d979033-1136-4dd1-a09b-7ee9e512ad14).605
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