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Abstract :   
 
One of the saltiest seas, the Mediterranean, experiences significant salinity variations in near surface 
layers. Satellite sea surface salinity (SSS) data obtained using Soil Moisture Active Passive (SMAP) 
mission indicate steady salinification of the eastern Mediterranean Levantine Basin at a rate of ~0.14 
psu/year during 2015–2018. Satellite-observed salinity changes are confirmed by Argo float data and 
suggest possible changes in properties of the Levantine Intermediate Water. Eastern Mediterranean 
salinification often coincides with a freshening of the western Ionian Sea. Based on satellite altimetry 
geostrophic currents, these salinity changes are concurrent with a weakening cyclonic circulation in the 
Levantine Basin and strengthening anticyclonic circulation in the Ionian Sea. The latter is indicative of the 
Adriatic-Ionian Bimodal Oscillation System. It is known that such circulation changes reduce (increase) 
the transport of fresh Modified Atlantic Water into the eastern Mediterranean (western Ionian Sea), and 
this is consistent with observed SSS changes. The quality and availability of satellite L-band (1.41 GHz) 
SSS estimates near the coast can be limited by land contamination. It is shown that absolute SSS 
retrievals exhibit up to 1 psu biases in the Mediterranean. This study's use of SMAP SSS anomaly 
mapping instead of absolute SSS illustrates that observed spatial/temporal SSS patterns allow 
investigation of time variable change in this basin and augment the existing regional observing system. 
 

 

Highlights 

► Monitoring complexity of Mediterranean processes is an appealing target for remote sensing. ► 
Despite strong biases, Mediterranean geophysical signals are contained in satellite SSS fields. ► During 
2015–2018, satellite SSS shows steady salinification of the Levantine at ~0.14 psu/year. ► Levantine 
salinification results from Ionic Sea circulation switch linked with the BIOS pattern. ► Satellite SSS 
compliments existing in-situ observation systems due to better spatial resolution. 
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Abstract 

One of the saltiest seas, the Mediterranean, experiences significant salinity variations in near 

surface layers. Satellite sea surface salinity (SSS) data obtained using Soil Moisture Active 

Passive (SMAP) mission indicate steady salinification of the eastern Mediterranean Levantine 

Basin at a rate of ~0.14 psu/year during 2015-2018. Satellite-observed salinity changes are 

confirmed by Argo float data and suggest possible changes in properties of the Levantine 

Intermediate Water. Eastern Mediterranean salinification often coincides with a freshening of the 

western Ionian Sea. Based on satellite altimetry geostrophic currents, these salinity changes are 

concurrent with a weakening cyclonic circulation in the Levantine Basin and strengthening 

anticyclonic circulation in the Ionian Sea. The latter is indicative of the Adriatic‐ Ionian Bimodal 

Oscillation System. It is known that such circulation changes reduce (increase) the transport of 

fresh Modified Atlantic Water into the eastern Mediterranean (western Ionian Sea), and this is 

consistent with observed SSS changes. The quality and availability of satellite L-band (1.41 

GHz) SSS estimates near the coast can be limited by land contamination. It is shown that 

absolute SSS retrievals exhibit up to 1psu biases in the Mediterranean. This study’s use of SMAP 

SSS anomaly mapping instead of absolute SSS illustrates that observed spatial/temporal SSS 

patterns allow investigation of time variable change in this basin and augment the existing 

regional observing system. 

List of abbreviations: 

BiOS: Adriatic‐ Ionian Bimodal Oscillation System 

SMAP: Soil Moisture Active Passive 

MAW: Modified Atlantic Water  

AC: Algerian Current  

MMJ: Mid-Mediterranean Jet  

LEC: Libyo-Egyptian Current  

AMC: Asia Minor Current 

LIW: Levantine Intermediate Water 
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1. Introduction 

Significant interest in the Eastern Mediterranean Sea is fueled by a hypothesis that this region 

may be considered as a fast responding laboratory of processes relevant for the global climate 

change, which regionally develop on relatively short space and time scales (Malanotte-Rizzoli et 

al., 2014). 

Due to strong net evaporation over the Mediterranean Sea, the relatively fresh Atlantic water is 

modified to become saltier Mediterranean water before eventually returning to the Atlantic 

through Gibraltar (e.g., Schroeder et al., 2012). Although the positive evaporation-minus-

precipitation, 𝐸 − 𝑃, (Fig. 1b) largely explains increased Mediterranean salinity levels in 

comparison to the neighboring salty Atlantic, the spatial pattern of Mediterranean SSS (Fig. 1a) 

doesn’t resemble the spatial pattern of 𝐸 − 𝑃 suggesting significant impacts of currents and river 

runoff, and their related horizontal salt transport (Fig. 1c). 

While a multi-decadal Mediterranean salinification tendency is generally attributable to 

corresponding changes in the Mediterranean water cycle (strengthening of 𝐸 − 𝑃, Mariotti, 

2010; Skliris et al., 2018), shorter term salinity variations are also related to changes in wind 

regime and regional circulation (Demirov and Pinardi, 2002). Salinity variation across the 

Mediterranean is greatly affected by the transport of fresher Atlantic Water that is modified on 

its eastward journey due to intense air-sea interactions and becomes a Modified Atlantic Water 

(MAW, e.g., Font et al., 1998). Along the western Mediterranean, the coastal Algerian Current 

(AC, Fig. 1c) is its main eastward route (Arnone et al., 1990; Rio et al., 2007). The AC is a 

geostrophically balanced current confined to the upper 150 m with average surface velocities of 

30 − 40 cm/s and volume transport of ~ 0.4 − 0.5 Sv. The AC transport and its associated 

eddies (e.g., Rio et al., 2007) explain the meridional structure of SSS in the western 

Mediterranean with fresher water located along the northern coast of Africa (Fig. 1a). 

Approaching the Strait of Sicily, the AC branches north into the Tyrrhenian Sea and 

southeastward into the Strait of Sicily (e.g., Font et al., 1998; Poulain et al., 2012).  

Downstream of the Strait of Sicily, the freshwater transport in the Ionian Sea is complex and 

follows multiple pathways. For simplification, it is shown by the dashed arrow in Fig.1c which 

indicates the Atlantic-Ionian stream. Finally, the eastward flow of the MAW enters the Levantine 
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Basin, where it splits into the Mid-Mediterranean Jet (MMJ) and the coastal Libyo-Egyptian 

Current (LEC, Alhammoud et al., 2005; Menna et al., 2012). Although the MMJ could be a 

result of eddy aliasing (Alhammoud et al., 2005; Millot and Gerin, 2010), we include it into our 

simplified circulation scheme (Fig. 1c) because it is evident in mean sea level data (e.g., Rio et 

al., 2007). In this scheme, the MMJ and LEC are shown as two major eastward branches of 

cyclonic circulation of the Levantine Basin. The major returning westward flow is known as the 

Asia Minor Current (AMC), which flows along the southern Turkish coast. The eastward 

transport of the MAW reaches the easternmost part of the Mediterranean generally flowing along 

southern coastal regions of the basin. This transport explains the presence of large scale eastward 

and northward Mediterranean SSS gradients (see Fig.1a). While SSS of the Atlantic Water 

entering through the Strait of Gibraltar is about 36.15 psu, the MAW in the Levantine Basin is 

saltier by about 2.5 psu (38.6 psu, see Ozsoy et al., 1989).  

The actual circulation of the Mediterranean Sea is more complex than this schematic view due to 

the diverse regional coastlines, islands, and bathymetry (e.g., Poulain et al., 2012). Its temporal 

variability is still poorly understood because of a lack of regular observations. Model simulations 

(Demirov and Pinardi, 2002) suggest a consistent response of the MAW transport to shifts in 

regional wind regimes. Although most of major Atlantic atmospheric patterns have an impact on 

winds over the Mediterranean region (Josey et al., 2011), the prime switch in the atmospheric 

circulation is associated with anomalous winds around the southern atmospheric pressure pole of 

the North Atlantic Oscillation (NAO) pattern. Strengthening of the southern pole leads to 

increased easterlies (weaker winds, anomalous anticyclonic winds) over the Western 

Mediterranean and stronger westerlies (anomalous cyclonic winds) over the Eastern 

Mediterranean. The Demirov and Pinardi (2002) study suggests that this anomalous wind pattern 

leads to a weakening of the cyclonic circulation in upper levels of the Levantine Basin and 

related weakening in the eastward transport of the fresher MAW. This change of the circulation 

increases salinities by 0.2– 0.3 psu in the central Levantine Basin. It modifies the properties and 

amount of Levantine Intermediate Water (LIW). This is correlated with SSS change in the 

Levantine, in turn, related to variable MAW pathways (Myers and Haines, 2000). Furthermore, 

with about 13 year lag, salinity variations in the Levantine basin cause downstream salinity 

variations of the LIW transported westward through the Aegean and Adriatic Seas and further 
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westward through the Strait of Sicily and thus impact the Western Mediterranean (Gačić et al., 

2013).  

Monitoring such complexity makes the Mediterranean Sea an appealing target for remote sensing 

research. In particular, satellite altimeter sea level data in combination with in-situ measurements 

allow for better quantification of the mean Mediterranean circulation (e.g., Rio et al., 2007; 

Poulain et al., 2012). But, the estimate of mean dynamical topography depends on the averaging 

period. In the Ionian Sea, there exists an apparent difference between the mean dynamic 

topography of Rio et al. (2007), shown in their Fig. 11 and that shown in Fig. 1c, which is based 

on longer data through early 2019. In fact, an Empirical Orthogonal Function (EOF) analysis of 

sea level reveals an important variability pattern concentrated in the Ionian Sea known as the 

Adriatic‐ Ionian Bimodal Oscillation System, BiOS, (Gačić et al., 2011) also noted by Borzelli 

et al. (2009). This sea level pattern plays a role in regulating the intensity of MAW transport into 

the eastern Mediterranean. During a negative BiOS phase, the Ionian circulation is cyclonic and 

the eastward MAW flow accelerates and intensifies. During a positive BiOS phase, the Ionian 

circulation switches to anticyclonic that increases the spreading of MAW northeastward and 

freshens the northwestern Ionian Sea. In this case, the MAW pathway is longer and weaker. 

Thus, the Levantine gets less dilution by MAW during the anticyclonic, positive BiOS phase, 

which explains positively correlated variations of BiOS amplitude and eastern Mediterranean 

SSS. See also a nice scheme of the BiOS mechanism in Fig. 12 from Malanotte-Rizzoli et al. 

(2014). Levantine-wide salinification due to a weaker/saltier inflow of the MAW is in line with 

model simulations of Demirov and Pinardi (2002) and Ciappa (2014). BiOS-induced multi-year 

changes in Levantine basin salinity are superimposed on longer term salinification trend 

estimated as 0.008 psu/year (Ozer et al., 2017). 

Despite newly available satellite remote sensing salinity for this region, its potential application 

in the Mediterranean, especially the eastern part, remains widely unexplored. While regional SSS 

products focusing on the western Mediterranean have been recently released (Isern‐ Fontanet et 

al., 2016; Olmedo et al., 2018), the eastern Mediterranean is still a challenging area for L-band 

salinity retrieval. Normally high errors in satellite SSS are present over cold, polar waters, where 

radiometric sensitivity to salinity is low (e.g., Meissner et al., 2016). But, as we’ll see later, high 

SSS errors are locally present over relatively warm Mediterranean waters. Although the exact 
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nature and magnitude of these regional errors have not been quantified yet, they are attributed to 

a combination of land contamination (due to multiple islands and complex coastal line) and high 

level of regional radio frequency interference.  These artifacts have stronger impacts on salinity 

retrievals from the European Space Agency Soil Moisture Ocean Salinity (SMOS) mission, 

which employs an interferometric L-band radiometer (Reul et al., 2014), than on those from the 

NASA Soil Moisture Active Passive (SMAP) mission. 

In this paper, we focus on SMAP SSS data to investigate changes in the thermohaline properties 

of the Levantine Basin that occurred during SMAP observation period since April 2015.  We 

also compare SMAP SSS data against regional in-situ observations. Although satellite retrieval 

errors are normally below 0.2 psu over open ocean warm waters (e.g. Lee, 2016), such data 

should be used with a caution in areas with high radio frequency interference as well as 

approaching continents and islands where land signal leakages through side lobes of satellite 

radiometer antenna imprint on retrieved SSS (e.g., Kao et al., 2018). The above factors are 

regionally present in the Mediterranean. Our intention is to show that, despite strong regional 

biases, Mediterranean geophysical signals are nevertheless present in satellite SSS fields. To 

infer these signals we rely on a de-seasoning procedure, which eliminates the real seasonal cycle 

along with the seasonally dependent bias, which is present in satellite SSS retrievals (Meissner et 

al., 2016). Then we focus on periods of monotonic changes in near-surface salinity (based on 

Argo float examination). It appears that almost the entire SMAP observation period is majorly 

coincident with the recent period of eastern Mediterranean salinification since 2016. This allows 

focussing on the mean tendency of satellite SSS during this period, which further smooths 

remaining errors present in instantaneous SSS snapshots. This extra smoothing allows revealing 

a pattern of salinity changes associated with changing Ionian Sea circulation regime associated 

with the BiOS pattern.  

Although the spatial distribution of SSS changes derived from satellite data has better spatial 

resolution, its magnitude is larger than that based on in-situ data. Comparisons against in-situ 

Argo data indicates the presence of an area averaged temporal component in SMAP SSS bias, 

especially noticeable over the eastern Mediterranean. The latter should be subtracted from area 

averaged SMAP tendency estimates in the east that allows making them more consistent with the 

corresponding salinification tendency obtained from the binned Argo. The new information 
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delivered by satellite SSS provides a better spatial delineation of these salinity change patterns. 

In these ways, satellite SSS compliments the existing in-situ observation systems which have 

better accuracy but limited spatial and temporal resolution. 

2. Data 

Satellite SSS: All satellite SSS data are obtained from the Soil Moisture Active Passive (SMAP) 

mission. Global SMAP SSS is provided daily as an 8-day running mean on a 0.25° spatial grid 

(Version 3 as produced by the Remote Sensing Systems (www.remss.com/missions/smap; doi: 

10.5067/SMP30-3SPCS; Meissner et al., 2018). The surface footprint of each measurement is 

39×47 km so the gridded data are oversampled and the effective resolution is close to 40 km. 

For this study, the data were averaged monthly. Although satellite SSS agrees with in-situ data in 

the open sea, its accuracy approaching coasts is less certain due to several limitations that lead to 

seasonally dependent biases (Meissner et al., 2016). In particular, SMAP comparison against 

coastal in situ thermosalingraph salinity data shows a significant bias in absolute SSS coastward 

of ~0.2% antenna land contamination factor provided in the SMAP data (Grodsky et al., 2018), 

which occupies a significant portion of the basin.  The land-impacted SSS bias is seasonally 

dependent due to seasonal changes in terrestrial microwave properties (soil moisture, in 

particular). Fortunately, it has been shown that SSS anomalies, i.e. the SSS difference computed 

relative to a monthly satellite SSS climatology, can effectively remove such seasonal salinity 

biases, but along with the real seasonal cycle (Boutin et al., 2016; Lee, 2016).  For this study, the 

monthly seasonal cycle at each pixel was estimated as the time mean for each calendar month 

(based on the entire SMAP period, April 2015 - onward). Previous work (Boutin et al., 2016; 

Lee, 2016) has suggested that satellite-based observations of monthly anomalies in SSS from 

SMOS and AQUARUIS missions, as defined above, have better accuracy and applicability to 

extend nearer to the coasts.  This assumption will be evaluated against Mediterranean Argo float 

and buoy data. 

Mooring data: In the Mediterranean, there are a number of salinity measuring moorings along 

Spanish coasts (http://www.puertos.es/en-us/oceanografia/Pages/portus.aspx ) and only two 

currently operational buoys of the M3A network (Nittis et al., 2007). The latter two are located 

in the eastern basin north of Create, E1M3A, (Fig. A1a) and in the northern Ligurian Sea of the 

western basin, W1E3A. Data are available from the Ocean Sites at 
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ftp://ftp.ifremer.fr/ifremer/oceansites/DATA/. All these buoys are located close to land that 

complicates satellite-buoy comparisons due to land signal leakages through side lobes of SMAP 

radiometer antenna. At all Spanish coast buoy locations, the SMAP land contamination factor is 

very strong (𝐿𝐶 > 2%). At the western M3A buoy location (W1E3A), the land contamination 

factor is also strong, 𝐿𝐶 ≈ 2%. Because SMAP grid points with such strong 𝐿𝐶 are not 

recommended to use (Meissner private communications), the satellite-buoy comparison is 

conducted only at the eastern M3A buoy (E1M3A) where 𝐿𝐶 ≈ 1%. There are a number of other 

buoys in the region, but they locate too close to the land to be used for microwave satellite data 

validation. 

Argo data: The primary in situ SSS proxy for this study is constructed using shallowest-level 

Argo float salinity measurements (5-10m) that are binned onto a daily 1°×1° grid without any 

attempt to fill gaps. Original Argo profile data (https://doi.org/10.17882/42182) are available 

from multiple web sites, including ftp://usgodae.org/. For comparison to this product, we also 

use the vertically-resolved Scripps Institution of Oceanography analysis that is also based solely 

on Argo data. This analysis decomposes data into climatological mean and monthly anomaly 

fields computed over the analysis period from January 2004-present (http://sio-

argo.ucsd.edu/RG_Climatology.html). It is available monthly on a 1°×1° grid (Roemmich and 

Gilson, 2009). As a proxy for SSS, the shallowest level salinity is used for each analysis, from 

which anomalies are calculated by subtracting the corresponding monthly seasonal cycle 

computed over the analysis period from January 2004-present. 

Thermosalinigraph (TSG) data: For ground truth validations, the following 3 types of TSG near-

surface salinity data are used. The first dataset is the Laboratoire d’Études en Géophysique et 

Océanographie spatiales delayed mode (LEGOS-DM) dataset, derived from TSG installed on 

voluntary observing ships. It is collected, validated, archived, and made freely available by the 

French Sea Surface Salinity Observation Service, http://sss.sedoo.fr/, (Alory et al., 2015). The 

second dataset is the Global Ocean Surface Underway Data (GOSUD) TSG data from research 

vessels. It is derived from French research vessels that have been collecting TSG data since early 

2000 in contribution to the GOSUD program. This set of homogeneous instruments is 

permanently monitored and regularly calibrated. Water samples are taken on a daily basis by the 

crew and later analyzed in the laboratory. The careful calibration and instrument maintenance, 
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complemented with a rigorous adjustment based on water samples, allows reaching an accuracy 

of a few tenths of psu in salinity. This delayed mode dataset (Kolodziejczyk et al., 2015) is 

updated annually and freely available from the SMOS Pilot-Mission Exploitation Platform, Pi-

MEP, (https://pimep.oceandatalab.com). The last TSG dataset is the GOSUD-Sailing-ship 

salinity obtained from voluntary sailing ships using medium or small size salinity sensors 

(https://doi.org/10.17882/39476). These data complement the network installed on research 

vessels or commercial ships. This delayed mode dataset (Reynaud et al., 2015) is updated 

annually as a contribution to the GOSUD program and is freely available from the Pi_MEP. For 

all TSG datasets, only good and adjusted TSG data with quality flags = 1 and 2 are used. 

AVISO sea level: The monthly AVISO multi-satellite merged absolute dynamic topography and 

its related geostrophic currents are used to identify regional sea circulation dynamics. These 

satellite altimeter data products are available since 1993 and distributed through the Copernicus 

Marine Environment Monitoring Service (http://marine.copernicus.eu). 

Other satellite data: Gridded 10m near-surface winds from the ASCAT scatterometer onboard 

the European Meteorological Satellite Organization MetOp satellites are described in Bentamy 

and Croize-Fillon (2012) and available at 

(ftp.ifremer.fr/ifremer/cersat/products/gridded/MWF/L3/ASCAT). Institut Francais pour la 

Recherche et l’Exploitation de la Mer (IFREMER Version 4) satellite sea surface turbulent 

fluxes (Bentamy et al., 2017) are available on a 0.25°×0.25° grid from the European Space 

Agency (ESA) Ocean Heat Flux project (OHF, www.oceanheatflux.org). Finally, we evaluate 

precipitation using the NASA Tropical Rainfall Measuring Mission multi-satellite daily 

combined microwave and infrared data analysis on a 0.25°×0.25° grid (TRMM_3B42 version 7) 

described in Huffman et al. (2010) and available at 

https://disc.gsfc.nasa.gov/datasets?keywords=TRMM_3B42_Daily_V7 ). 

Other data: The time mean evaporation minus precipitation (E-P) and its long term tendency 

during satellite altimetry epoch since 1993 are characterized using monthly total precipitation 

and evaporation obtained from the ERA-Interim reanalysis of atmospheric parameters produced 

by the ECMWF (Dee et al., 2011). The ERA-Interim data used in this study are monthly 

averages on a  1°× 1° grid available since 1979 at https://apps.ecmwf.int/datasets/data/interim-

full-mnth/levtype=sfc/.  
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Collocation procedure: Satellite-insitu SSS data collocation is performed on the Pi-MED 

platform. For daily SMAP SSS data that have approximately 40 km ground resolution, the 

system collects all satellite data within 12 hour/20km search radius of an insitu observation. 

3. Results 

During the SMAP period (currently 04/2015-02/2019), the Mediterranean Sea displays 

notorious, almost 3-year long monotonic changes in SSS (Fig. 2a). Regardless of the relatively 

short SMAP period, these SSS changes display important spatial patterns. They are weaker west 

of the Sicilian Strait and amplified in the eastern Mediterranean. The strongest salinification at 

an area average rate of 0.22 ± 0.03 psu/year occupies the Levantine Basin where the mission 

long change reaches ~0.5 psu (see Fig. 2a for the Levantine basin index area). Satellite-derived 

salinification rate is stronger than salinification rates obtained from the binned Argo (0.12 ±

0.02 psu/year) and the smoothed objectively analyzed Argo (0.06 psu/year), a discrepancy that 

will be discussed later. Levantine salinification is accompanied by two important upstream areas 

where salinity increases along the coast of Libya and decreases in the northwestern Ionian Sea 

(Fig. 2a). Although trend patterns inferred from satellite SSS and binned Argo show similar 

basin-wide sign distributions, the magnitude of a positive trend is overestimated in the eastern 

Mediterranean (Figs. 2a,b). This is a consequence of the spatial pattern of satellite bias (Fig. 2c) 

that also has a temporal component (0.08 ± 0.02 psu/year) in the eastern Mediterranean as will 

be seen later in Fig. A2. Due to the non-negligible impact of land emission on sea water salinity 

retrieval, SMAP SSS has a significant negative bias that is stronger and locally reaches −1 psu 

in the eastern Mediterranean (Fig. 2c). To mitigate possible impacts of this bias, all estimates of 

salinity changes are based on monthly anomalies, which (as discussed in the Data section) are 

expected to be more accurate than absolute salinities. After filtering out apparent SMAP SSS 

outliers (out of 35 –  40 psu range), the RMS difference between absolute monthly SMAP SSS 

and binned Argo near-surface salinity averaged over western part (< 15°E) and eastern part (>

15°E) of the Mediterranean is 0.47 and 0.9 psu while that for salinity anomalies is 0.3 and 0.31 

psu, respectively. 

Qualitatively, the spatial distribution of SSS tendency (Fig. 2a) is confirmed by Argo data in Fig. 

2b that shows both the positive tendency in the Levantine basin and the opposite tendency in the 

northwestern Ionian Sea. Although the time series of SSS averaged over the Levantine basin 
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index area (see Fig. 2a for the index area) show satellite SSS about 0.5 psu fresher than in-situ 

data (Fig. 3a), as expected from Fig. 2c, the size of the anomaly magnitude is consistent for 

satellite and in-situ data during the salty period since 2017. Prior to that (especially before 

August 2016) SMAP fresh anomaly is apparently stronger than that based on the binned Argo 

(Fig. 3b) that may be potentially caused by a portion of time varying radio frequency interference 

signal that wasn’t detected by SMAP sensors. Because the fresh SMAP SSS bias is especially 

strong during the early period of SMAP observations before August 2016, the SSS tendency 

estimated based on the entire SMAP period (Fig. 2a) is compared to the SSS tendency estimated 

over the period excluding these earlier data (see Appendix), both of which show qualitatively 

similar patterns (Figs. A3a,b). 

Estimates of the temporal component of SMAP bias (see Appendix) show that its spatial 

averages have different behavior in the eastern and western Mediterranean (Fig. A2), which may 

originate from the corresponding temporal changes in the magnitude of radio frequency 

interference. There is virtually neither time mean SMAP SSS bias nor its temporal tendency in 

the west. In contrast, in the east, both are present with the time mean bias of ≈ −0.5 psu (in line 

with Fig. 2c and satellite-buoy comparisons in Fig. A1b) and the temporal tendency of 0.08 ±

0.02 psu/year. For comparisons with in-situ measurements, the latter should be subtracted from 

area averaged SMAP tendency estimates in the east. Correcting the SMAP salinification 

tendency spatially averaged over the Levantine basin index area, 0.22 ± 0.03 psu/year (Fig. 2a, 

3b), for the above bias tendency gives the corrected Levantine basin salinification tendency, 

0.14 ± 0.04 psu/year, that is more consistent with the area averaged salinification tendency 

obtained from the binned Argo (0.12 ± 0.02 psu/year). 

SMAP and binned Argo records show an apparent salinification of the Levantine since 2016 

associated with the switch from a fresh state prior to 2017 to an above normal salinity state in 

and after 2017 (Fig. 3b). The magnitude of the recent salinification exceeds previous events since 

2004. Due to the paucity of Argo data, in situ records based on the binned Argo have multiple 

gaps in the Levantine domain (Fig. 3b, see also Fig 2a for the domain box). Prior to 2017, 

negative SMAP SSS anomaly is apparently larger in magnitude by ~0.2 to 0.3 psu (Fig. 2b) than 

Argo-based salinity anomaly. The 2015-16 fresh bias in SMAP SSS is not related to ARGO data 

coverage. This is indirectly illustrated by supplementary Fig. S1 that shows that 2015-16 Argo 
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data coverage was even better than in the following years. Continuous spatial and temporal 

coverage is provided by the objective Argo profile analysis (Fig. 3c) that shows salinity 

anomalies mostly confined to the upper 150 m. These objectively analyzed data also confirm the 

larger magnitude of the recent Levantine salinification in comparison with previous events, but 

with a size of about half of those observed by SMAP and deduced from the binned Argo data. 

Such a discrepancy is expected given that objective analysis techniques attenuate anomalies 

where data are missing.  

Fig. 3b shows that temporal variations of the Levantine SSS from binned Argo are positively 

correlated with BiOS amplitude, 𝑐𝑜𝑟𝑟 = 0.650.56
0.74, (the 95% confidence interval is shown as 

subscripts). Temporal correlation with SMAP SSS has the similar size, 𝑐𝑜𝑟𝑟 = 0.640.36
0.82, but the 

larger 95% confidence interval because the latter correlation is estimated from significantly 

shorter time interval. As explained in Gačić et al. (2011) and illustrated in Malanotte-Rizzoli et 

al. (2014), the reason for these in-phase variations is related to periodic switches in Ionian Sea 

circulation regime between anticyclonic (positive BiOS, Fig. 3d) and cyclonic (negative BiOS) 

cases. During negative BiOS, the direct zonal freshwater transport amplifies in the southern 

Ionian Sea that leads to stronger transport, shorter transport time and weaker modification of the 

MAW. These result in larger volume and fresher salinity of the MAW entering the eastern 

Mediterranean through the Cretan Passage. In contrast, during a positive BiOS phase, a larger 

portion of MAW flow exiting the Strait of Sicily turns northeastward and circulates anti-

cyclonically in the Ionian Sea, decreasing local salinity there (Figs. 1a, 2a). This also increases 

MAW travel time to the Cretan Passage and thus increases SSS due to longer exposure to 

evaporative flux. The sea level pattern in Fig. 3d also indicates that eastward transport through 

the Cretan Passage increases/decreases during negative/positive BiOS phases, respectively. 

Hence, the switches in the Ionian Sea circulation regime modulate the volume and properties of 

the freshwater transport into the eastern Mediterranean and thus impact its thermohaline 

properties (Fig. 3b). 

Besides the freshwater transport modification by the Ionian Sea BiOS pattern that affects salinity 

of water entering the eastern Mediterranean and thus induces salt transport anomaly associated 

with mean currents acting on anomalous salinity (termed as 𝑢𝑆′ factor), the model simulations 

presented in Demirov and Pinardi (2002) suggest the presence of atmospheric forcing driven 
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response with significant changes in the structure of circulation within the Eastern basin that 

induces anomalous salt transport associated with anomalous currents acting on mean salinity 

(termed as 𝑢′𝑆 factor). Besides the latter, wind variations may affect salinity through their impact 

on the surface freshwater flux. The primarily mode of Mediterranean wind variations is reflected 

in the leading multivariate EOF of anomalous monthly wind, evaporation, and precipitation (Fig. 

4a). This mode of atmospheric variability reflects anomalous wind circulation around the 

southern pole of the NAO pattern. Its strengthening amplifies easterlies (weaker wind and 

anomalous anticyclone) over the Western Mediterranean and stronger westerlies (stronger wind 

and anomalous cyclone) over the Eastern Mediterranean. These zonal wind changes define a 

mostly zonal anomalous evaporation pattern with higher evaporation in the east (Fig. 4b). 

Although the net atmospheric freshwater flux, 𝐸 − 𝑃, is strongly influenced by decreased 

precipitation in the north, the major east-to-west dipole is still present with an area average east 

Mediterranean evaporation-minus-precipitation anomaly of 𝛿(𝐸 − 𝑃) ≈ 0.3 mm/day. Assuming 

local balance between salinity rate of change and normalized net freshwater flux anomaly, 

𝜕𝑆/𝜕𝑡 = (𝐸 − 𝑃)𝑆/𝐷, such extra evaporation would change the mixed layer salinity by, Δ𝑆 =

𝛿(𝐸 − 𝑃) ⋅ 𝑆/𝐷 ⋅ Δ𝑡 = 0.1 psu, if acting on an 𝐷 = 100 m deep mixed layer (Fig. 3c) over 

Δ𝑡 = 3 year-long SMAP period. Such a magnitude of flux-induced salinity change is not 

negligible when compared with the total observed salinity variations (Fig. 3b).  

Next, the focus is on the temporal variability of the atmospheric (ATM) forcing and its possible 

interplay with the BiOS. Visual inspection of amplitudes associated with the two modes suggest 

a weak anti-correlation (Fig. 4d). But the maximum magnitude of the lagged correlation between 

the two is only −0.25 and corresponds to the BIOS leading the ATM by a few months (not 

shown). This, in turn, suggests that this BiOS mode is probably not atmospherically driven. The 

most notorious sporadic anti-correlation of the two modes occurs in 2011-12 (Fig. 4d) and may 

contribute to weaker eastern freshening than 2017-18 salinification despite the similar magnitude 

of the BiOS (Figs. 3b, c). 

Despite its primary influence on the eastern Mediterranean freshwater transport, the BiOS (Fig. 

3d) is only the second EOF mode that accounts only for about 7% of anomalous Mediterranean 

sea level variance over 1993-2018. The explained variance is smaller than in Gačić et al. (2011) 

where a modified EOF analysis was applied (see details therein). The relatively small explained 
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variance in standard EOF analysis is attributed to the spatial concentration of the BiOS mode in 

the Ionian basin that leads to the relatively small basin-wide explained variance. The leading 

mode of anomalous sea level (Figs. 5c,d) accounts for in-phase basin wide sea level variations 

and explains about 40% of the variance (the linear sea level rise tendency is removed). Temporal 

variations of this leading EOF display an apparent link with temporal variations of the 

atmospheric forcing (Fig. 5d). 

Altimetry epoch linear sea level tendency (Fig. 5a), which was subtracted from sea level EOF 

analysis in Fig. 5, shows a basin-wide increase with an area-averaged rate of ~2.6 mm/year. This 

rate is below the global ocean mean rate of ~3.3 mm/year, possibly due to the impact of net 

evaporation. The spatial pattern is not homogeneous with a weaker rate of less than 1 mm/year 

over the Ionian Sea and adjacent areas roughly corresponding to the BiOS pattern. The 

weakening trend of the BiOS pattern suggests a gradual increase in freshwater transport into the 

eastern Mediterranean. Despite this increase, the eastern Mediterranean gets saltier, especially in 

recent decades (e.g. Iona et al., 2018). This is perhaps due to the dominating impact of 

strengthening 𝐸 − 𝑃 (Mariotti, 2010). But, the characteristic magnitude of 𝐸 − 𝑃 tendency 

(derived from 1993-onward ERA-Interim data) is only about 0.1 (mm/day)/decade (Fig. 5b) 

that’s is not significant in comparison with the time mean 𝐸 − 𝑃 of a few mm/day (Fig. 1b). 

On shorter time scales, there is an apparent co-variability of sea level and winds (Fig. 5d). A few 

months long sea level variations occur in-phase over the entire Mediterranean with a 

characteristic magnitude of a few centimeters (Fig. 5c). The temporal correlation between 

amplitudes of ATM and sea level EOFs (not shown) peaks at zero lag with a magnitude of 

~0.55. Although the presence of such correlation is in line with previous research (e.g. Tsimplis, 

2005; Martínez-Asensio et al., 2014), it is still intriguing as per which effects may induce such 

net changes in the Mediterranean water volume. In part, they may originate from Mediterranean-

wide changes in 𝑃 − 𝐸. Basin-average changes in 𝑃 − 𝐸 are about 0.02 cm/day in magnitude 

(Fig.4c). They are forced primarily by precipitation changes in the north, while the evaporation-

only average is about three times weaker. If acting for about 3 months, such basin-average 𝑃 − 𝐸 

anomaly would change the mean sea level by 2cm, which corresponds to the basin-average EOF 

magnitude in Fig. 5c. The whole basin should adjust quickly to local net-evaporation-forced sea 

level anomalies through the ocean barotropic adjustment. If the sea level rate of change was 
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balanced by the 𝑃 − 𝐸 only, 𝜕𝜁/𝜕𝑡~(𝑃 − 𝐸), it would imply a quadrature phase relationship 

between sea level and 𝑃 − 𝐸 variations (sea level variation lags 𝑃 − 𝐸 variation by 𝜋/4). Hence, 

surface net evaporation induced sea level variations should be in quadrature rather than in-phase 

with atmospheric variations, in contrast to what is seen in Fig. 5d. 

The spatial pattern of the leading EOF also reflects a basin-wide east-to-west pressure gradient 

that balances anomalous zonal wind stress (see Figs. 5c, 4a). Besides the above features, the 

leading EOF doesn’t display any features suggesting a consistent response of geostrophic 

circulation to wind forcing. Perhaps, this observation suggests that circulation response is highly 

variable and mostly eddy-driven (e.g., Millot and Taupier-Letage, 2005), which is averaged out 

by an EOF analysis. Some weak response is present in the AC (Fig. 1c) where the negative sea 

level anomaly along African coast suggests somewhat weaker eastward freshwater flow 

consistent with local westward wind anomaly (Figs. 5c, 4a). 

The close temporal correlation between the Levantine salinity and the BiOS amplitude (Fig. 3b) 

illustrates the primarily impact of the latter on the Eastern Mediterranean salinity. But similarly 

strong BiOS events cause different magnitudes of salinity events. In particular, the recent eastern 

salinification is apparently stronger than previous events since 2004 (see e.g., Fig. 3c that is 

based on Argo only). Such deviations may be attributed to anomalous winds and their impact on 

local evaporation and currents. Next, we focus on particular changes in the circulation during the 

2015-onward eastern salinification period. As noted above, this period coincides with an increase 

in BiOS amplitude (Fig. 3b) that suggests that saltier water passes eastward through the Cretan 

Passage after a longer journey across the Ionian Sea. Additionally, the Demirov and Pinardi 

(2002) simulations suggest a weakening of cyclonic circulation and  ~0.2 psu salinification in 

the eastern Mediterranean in response to wind anomalies corresponding to positive phases of the 

atmospheric EOF (Fig. 4a). One can observe positive ATM anomalies corresponding to this 

pattern were strengthening at least during 2015-2017 with particularly strong spikes in December 

of 2015 and 2016. Although the observed changes in the circulation (Fig. 6) cannot be attributed 

firmly to the changes in wind forcing, their spatial pattern is consistent with the Demirov and 

Pinardi (2002) simulations. 
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To assess these circulation changes, we compute the linear temporal tendency (2015-onward) of 

anomalous geostrophic velocity components at each grid point. Comparing to the time mean 

geostrophic circulation (Fig. 6a), the circulation changes (Fig. 6b) show an accelerated 

freshwater transport south of Sicily and into the western Ionian Sea (a part of the BiOS pattern). 

This likely causes the fresh salinity anomaly there (Figs. 2a,b). Along with this northward 

deflection, the eastward transport weakens along the southern Strait of Sicily bringing less 

freshwater into the Libyan Basin. This may cause the salinification tendency seen in Fig. 2a. 

Interestingly, there are no or weak changes in the Algerian Current. In the eastern Mediterranean, 

the circulation tendency is consistent with a general weakening of the local cyclonic circulation 

(compare Figs. 6a,b). This includes a weakening of the eastward transport along the southern 

Cretan Passage that extends further east into the LEC along Libya and Egypt coast. The 

weakening coastal transport is also accompanied by a weakening in the mid-basin MMJ. As 

expected, weaker eastward freshwater transport into the eastern Mediterranean is accompanied 

by a weaker return westward flow in the AMC along the southern coast of Turkey and further 

west of Create. Overall, the observed changes in the circulation of the central and eastern 

Mediterranean suggest that the strong recent salinification in the east may be a cause of 

combined forcing, including the strengthening of anticyclonic circulation in the Ionian Sea (the 

BiOS pattern) and the strengthening of winds corresponding to enhanced NAO atmospheric 

pressure pattern. The impact of wind forcing is twofold and includes stronger evaporative losses 

(Fig. 4b) as well as weaker cyclonic currents (Fig. 6b) in the eastern Mediterranean. 

4. Summary 

The Levantine basin experiences periodic changes in the upper layer salinity that are primarily 

related to changes in the circulation of the Ionian Sea and related changes in the thermohaline 

properties and volume of eastward freshwater transport along the Cretan Passage (Gačić et al., 

2011). New satellite capabilities of remote sensing salinity augment in-situ observations and 

provide an enhanced spatial description of basin-wide changes in the surface salinity. Although 

absolute values of satellite-derived SSS in the Mediterranean region are still biased due to 

challenges imposed by land emission contamination and radio frequency interference, this 

analysis shows that satellite SSS anomalies are sufficiently accurate to allow examination of 

spatial patterns and time-variable SSS. In particular, the satellite SSS anomaly time series from 

the Soil Moisture Active Passive (SMAP) mission indicates a steady salinification of the eastern 
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Mediterranean Levantine Basin at a rate of ~0.22 psu/year during 2015-2018 that is 

accompanied by a corresponding freshening in the western Ionian Sea. This eastern basin 

salinification tendency estimate is partially contaminated by temporally varying satellite salinity 

bias component (estimated as about 0.08 psu/year), which probably originates from temporal 

variations of radio frequency interference unaccounted by SMAP sensors. After subtraction of 

this spurious SMAP SSS tendency, the final estimate of Levantine Basin salinification drops to 

~0.14 psu/year that is more consistent with salinity tendency estimate derived from in-situ 

(binned Argo) data (~0.12 psu/year).  Although a spatial pattern of eastern Mediterranean 

salinity change is expected from circulation changes induced by the Adriatic‐ Ionian Bimodal 

Oscillation System (BiOS), the satellite data provide a new spatial/temporal perspective. Results 

suggest that monthly satellite SSS anomaly mapping in this region can augment the existing 

regional observing system and support future circulation model interpretation. 

Both satellite and in-situ observations indicate that the recent (2015-onward) salinification 

tendency in the Levantine Basin is stronger than previous episodes despite the similar magnitude 

of the forcing BiOS sea level pattern. Although the BiOS pattern is not produced by wind 

forcing, changes in recent years were characterized by both a positive BIOS tendency and a 

positive wind tendency corresponding to enhancing NAO atmospheric pressure pattern. The 

latter wind variations may have caused the weakening cyclonic circulation of the eastern 

Mediterranean that is seen in the satellite altimeter data. Overall, the observed changes in the 

circulation of the central and eastern Mediterranean suggest that the strong recent salinification 

in the east may be a superposition of the strengthening of anticyclonic circulation in the Ionian 

Sea (the BiOS pattern that leads to decreased freshwater transport across western boundary the 

Levantine Basin) and the strengthening of local winds corresponding to enhanced southern pole 

of the NAO atmospheric pressure pattern. The impact of the strengthening wind forcing tendency 

is twofold and includes the strengthening of evaporative losses (Fig. 4b) as well as the 

weakening of cyclonic currents (Fig. 6b) in the eastern Mediterranean. 

Appendix. 
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This Appendix focuses on SMAP-buoy comparisons, estimates of the temporally varying 

component in satellite SSS retrieval bias, and sensitivity of salinity tendency estimates to a 

particular choice of the reference time period. 

The de-seasoning procedure is illustrated by comparisons of in-situ data from a buoy in the 

eastern Mediterranean (E1M3A) collocated with SMAP data using 1°/1 day search radius (Fig. 

A1). Although there are two currently operational buoys of the M3A network (Nittis et al., 

2007), both locations are very close to the coast (Fig. A1a) that complicates satellite-buoy 

comparisons due to land signal leakages through side lobes of SMAP radiometer antenna. At the 

western buoy location (W13MA), the land contamination factor is particularly strong, 𝐿𝐶 ≈ 2%. 

Because SMAP grid points with such strong 𝐿𝐶 have abnormally high noise (Meissner private 

communications), the satellite-buoy comparison is conducted only at the eastern buoy location 

where 𝐿𝐶 ≈ 1%. As a proxy for in-situ SSS, buoy salinity averaged in the upper 20 m column of 

water is used. This is dictated by buoy data availability. When both, 𝑧 < 5 m and 𝑧 = 20 m buoy 

salinity data are available, they differ by < 0.1 psu. Both, in-situ and satellite SSS show a 

gradual increase in SSS during the SMAP period since April 2015 (Fig. A1b). For each record, 

this gradual salinification is seen as the difference from the corresponding repeating seasonal 

cycle of SSS. At this southern Aegean Sea location, the seasonal cycle is pronounced, but 

apparently different for in-situ and SMAP data, which is a consequence of the presence of a 

seasonally dependent bias in SMAP SSS retrievals. Besides differences in annual phase and 

seasonal magnitude, SMAP SSS also has a time mean bias component of ~ − 0.5 psu that 

dominates the root mean square error (RMSE) versus in-situ data (Fig. A1b). The RMSE is 

decreased by a factor of two (RMSE=0.24 psu) after subtracting the seasonal cycle (Fig. A1c). 

While, for in-situ data, this de-seasoning procedure simply removes the observed seasonal cycle, 

for SMAP data, it removes both the real seasonal cycle and the seasonally–dependent bias 

component. The salinification tendency becomes clearer in SSS anomaly data (Fig. A1c). Its 

magnitude differ for in-situ (0.07 ± 0.02 psu/year) and SMAP (0.17 ± 0.04 psu/year) if all data 

are used. If only data after 2016 are used, the SSS tendency estimates for in-situ (0.08 ± 0.02 

psu/year) and SMAP (0.09 ± 0.06 psu/year) roughly converge, but SMAP-based estimate has 

larger uncertainty due to satellite data noise (Fig. A1c). SMAP and in-situ SSS tendency 
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estimates converge due to the elimination of earlier SMAP data with stronger negative bias 

associated with an unaccounted portion of the radio frequency interference (RFI). 

The anticipated impact of the RFI has spatially and temporally varying components. Due to weak 

in-situ data coverage, the two can’t be evaluated simultaneously based on observations. The 

spatial pattern of this bias is illustrated in Fig. 2c, which is conditionally separated into two 

regions with differing magnitudes of the RFI-related bias. The bias is relatively weak in the 

western Mediterranean (west of 15°E) and is apparently negative in the central and eastern 

Mediterranean (east of 15°E) where SSS normally exceeds 38 psu (Fig. 1a). Because at above 

38 psu, the sea water dielectric models are all pretty much based on extrapolation (Meissner and 

Wentz, 2004), the dielectric model errors could potentially add up to the negative SMAP SSS in 

the eastern Mediterranean. Temporal variations of the bias spatially averaged over these two 

regions show different behavior (Fig. A2). While the time mean SMAP SSS bias component and 

its temporal tendency component are relatively weak in the west, both bias components are 

apparent in the east. Here, the time mean bias is ≈ −0.5 psu (in line with Fig. 2c and Fig. A1b) 

and the temporal tendency is 0.08 ± 0.02 psu/year. The latter bias component is probably 

associated with temporally changing RFI level and leads to a spurious component in satellite-

observed SSS tendency. For comparisons with in-situ data, this spurious tendency should be 

subtracted from area averaged SMAP tendency estimates. Correcting the original SMAP 

salinification tendency spatially averaged over the Levantine basin index area (0.22 ± 0.03 

psu/year) (Fig. 2a, 3b) for the above bias tendency gives the corrected tendency (0.14 ± 0.04 

psu/year) that is more consistent with the area averaged salinification tendency obtained from the 

binned Argo (0.12 ± 0.02 psu/year). 

Because the fresh SMAP SSS bias (probably associated with the RFI) changes in time and is 

especially strong during the early period of SMAP observations before August 2016, the SSS 

tendency is estimated based on the entire SMAP period (Fig. 2a) and the period excluding these 

earlier data (Fig. A3). Both estimates show qualitatively similar spatial patterns, including the 

eastern Mediterranean salinification and the northwestern Ionian Sea freshening. Surprisingly, 

exclusion of these earlier data has a little impact on eastern Mediterranean salinification 

tendency estimate, but the shorter term estimate has apparently stronger small scale noise (Figs. 

A3a,b). Note that Fig. A3b is the same as Fig. 2a and is included here for comparisons. Although 
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the objectively analyzed (OI) Argo data generally confirm the salinification in the Levantine 

Basin, its magnitude is about two times weaker than in the SMAP (Fig. A3). This difference is 

attributed to relatively low Argo data coverage (Fig. S1) that forces OI fields to relax towards the 

climatology that, in turn, causes an underestimation of OI anomalies. In addition, the availability 

of relatively long Argo time series (in comparison with SMAP timeseries) also allows testing the 

sensitivity of salinity tendency estimates to a particular choice of the climatological mean. 

Comparisons of Ago-based salinity tendencies in Figs. A3c-f show a little change due to a switch 

between the Argo climatology computed over the entire dataset since 2004 and the climatology 

computed from shorter SMAP mission period since April 2005. 
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6. Figures 

 
Figure 1. Time mean (a) binned Argo near surface salinity (2002-2018), (b) ERA-Interim 

evaporation-minus-precipitation (1993-2018), (c) AVISO absolute dynamic topography 

(ADT, 1993-2018) in the Mediterranean Sea. Years included in time average are shown for 

each dataset. Argo coverage before 2012 is significantly lower than after 2012. 
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Figure 2. Linear temporal tendency of monthly SSS from (a) SMAP, (b) binned Argo during 

SMAP observation period 04/2015-onward. Argo SSS tendency is blanked if less than 6 

months of data are available. The rectangle in (a) encompasses the Levantine basin index 

area. (c) SMAP SSS bias versus collocated (±12h, ±20km) near-surface salinity from Argo 

and TSG. 
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Figure 3. Salinity time series averaged over the Levantine index area shown in Fig. 2a: (a) 

SMAP and Argo SSS, dashed lines show the seasonal cycle, negative/positive anomalies are 

shaded green/red, respectively, (b) SMAP and Argo SSS anomalies (SSSA), (c) SSS 

anomalies from Argo/SCRIPT analysis versus depth, (d) the Adriatic‐ Ionian Bimodal 

Oscillation System, BiOS, mode of anomalous monthly sea level (Gacic et al., 2011). BiOS 

time series is included in (b) against the right hand y-axis. BiOS EOF is estimated over the 

entire satellite altimetry period since 1993. Data are shown for Argo analysis period since 

2004. Vertical line in (b) corresponds to August 2016. 
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Figure 4. Leading multivariate EOF of anomalous (a) wind, (b) evaporation, (c) 

evaporation-minus-precipitation, (d) corresponding temporal principal component (PC) 

monthly (thin) and 5-month smoothed (bold). Shading in (a) is wind curl estimated from 

wind velocity EOF (arrows in panel a). SMAP period is shaded in (d). BiOS amplitude from 

Fig. 3b is also included in (d). Percentage of explained variance is shown in (a). 
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Figure 5. Mean tendency over 1993-2018 of (a) sea level, (b) evaporation-minus precipitation (E-P). 

Leading EOF of anomalous absolute dynamic topography (ADT) after subtraction of the mean sea level 

tendency (c) spatial part, (d) temporal amplitude (PC). Panel (d) also includes temporal amplitude of 

the leading atmospheric EOF from Fig. 4. 
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Figure 6. (a) Time mean geostrophic currents, (b) temporal linear tendency of currents 

during the SMAP observation period (2015-onward) corresponding to the period of the 

recent salinification of the eastern Mediterranean. Colors correspond to the zonal component 

(positive-eastward, negative-westward).  
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Appendix Figures. 

 
Figure A1. (a) Sample SMAP SSS (averaged over summer 2018) with two currently 

operational M3A Mediterranean buoys shown. (bottom) Comparison of collocated monthly 

SMAP SSS with near surface salinity from the E1M3A. (b) Buoy and collocated SMAP 

monthly salinity (solid) and corresponding seasonal cycles (dashed). (c) Buoy and SMAP 

monthly salinity anomalies and their linear temporal tendencies. Numbers in the legend 

show tendency magnitudes in [psu/year]. Root mean square errors (RMSE) between SMAP 

and BUOY records are included on top of (b,c). 
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Figure A2. Temporal variation of SMAP bias versus (±12h, ±20km) near-

surface salinity from Argo and TSG spatially averaged over western 

(LON<15°E) and eastern (LON>15°E) sectors of the Mediterranean Sea. 

Temporal tendency of SMAP SSS bias in the eastern sector (0.08 ±
0.02 psu/year) is shown by red dash line. Vertical bars show STD of 

SMAP/in-situ match-ups within 1-month interval. Bias time series are daily 

data smoothed by running monthly mean. 
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Figure A3. Sea surface salinity tendency estimated over (left) August 2016 – February 2019 

and (right) the entire SMAP period (April 2015 – February 2019). Left column estimates 

exclude the time period of strong fresh SMAP bias (see Fig. 3b). SSS tendency from (a,b) 

SMAP, (c-f) SCRIPPS Argo analysis. Two bottom rows compare Argo-based estimates with 

SSS anomalies calculated versus (c,d) whole Argo SSS climatology (since 2004) and (e,f) 

Argo SSS climatology based on SMAP observation period (April 2015- February 2019). 
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Highlights 

• Monitoring complexity of Mediterranean processes is an appealing target for remote 

sensing. 

• Despite strong biases, Mediterranean geophysical signals are contained in satellite SSS 

fields. 

• During 2015-2018, satellite SSS shows steady salinification of the Levantine at ~0.14 

psu/year. 

• Levantine salinification results from Ionic Sea circulation switch linked with the BIOS 

pattern. 

• Satellite SSS compliments existing in-situ observation systems due to better spatial 

resolution. 
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