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Abstract. Variability of surface water masses of the Laptev and the East-Siberian Seas in August-September 2018 is stud-

ied using in situ and satellite data. In situ data were collected during ARKTIKA-2018 expedition and then completed with

satellite-derived sea surface temperature (SST) and salinity (SSS), sea surface height, wind speeds and sea ice concentrations.

The estimation of SSS fields is challenging in high latitude regions, and the precision of Soil Moisture and Ocean Salinity

(SMOS) SSS retrieval is improved by applying a threshold on SSS weekly error. The validity of DMI (Danish Meteorological5

Institute) SST and SMOS SSS products is thoroughly studied using ARKTIKA-2018 expedition continuous thermosalinograph

measurements and CTD casts. The surface gradients and mixing of river and sea water in the ice-free and ice covered areas

are described with a special attention to the marginal ice zone at a synoptic scale. The Ekman transport is calculated to better

understand the pathway of surface water displacement. We suggest that the freshwater is pushed northward, close to MIZ and

under the sea ice, which is confirmed by the oxygen isotopes analysis. The SST-SSS diagram using surface satellite estimates10

showed that it offers the possibility to investigate the surface water masses transformation at synoptic scales and reveal the

presence of river water on the shelf of the East-Siberian Sea.

1 Introduction

The eastern part of the Eurasian Arctic remains one of the less studied areas of the Arctic Ocean. Carmack et al. (2016)

described this region as an "interior shelf" (Kara, Laptev, East-Siberian, together with Beaufort Seas), where 80% of the Arctic15

basin river discharge is released. The Arctic Ocean stores 11% of global river discharge, so its role in the planetary water budget

should be considered with attention. Surface stratification and freshwater content are regarded as key parameters that have to

be followed to better understand the changing state of a "New Arctic" climate (Carmack et al. (2016)). Overall, a freshening of

the Arctic Ocean in 2000-2010 was reported in the American basin (Carmack et al. (2016)), and at the same time, a decrease

in freshwater content of about 180km3 was calculated from altimetry measurements by Armitage et al. (2016). Johnson and20

Polyakov (2001) discussed the salinification of the Laptev sea since 1989 up to 1997, explaining it by the eastward freshwater

displacement and an excessive brine release in the sea ice leads. The importance of shelf seas for the freshwater content
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distribution was outlined in several recent studies (Haine et al. (2015), Armitage et al. (2016), Carmack et al. (2016)), and its

exchange with the deep basins is apparent (500 km3 for the Laptev and East-Siberian Seas, Dmitrenko et al. (2008)).

The processes occurring at the Eastern Eurasian Arctic shelf are important, as the redistribution of this freshwater income

in this region and its further path is still unclear and its amount is supposed to increase (Carmack et al. (2016)). Complex

topography, several sources of fresh and saline water masses, unstable atmospheric conditions and other parameters, like5

mesoscale activity and tidal currents, can alter the direction of this freshwater distribution. Close to the coast the riverine water

from several sources is considered to propagate eastward as a "narrow (1-20 km) and shallow (10-20 m) feature" (Carmack et al.

(2016)), but its transformation and mixing with saline sea water and sea ice melting and freezing is less studied. The shelf area

of the Laptev and the East-Siberian was described as a substantial region of sea ice production for the central Arctic (Ricker

et al. (2017)), and to better understand the impact of the freshwater income on the sea ice formation, the freshwater pathways10

in the Arctic should be understood better. Despite several studies on the freshwater in the Eastern Arctic (e.g., Semiletov et al.

(2005), Dmitrenko et al. (2012), Osadchiev et al. (2017), Bauch and Cherniavskaia (2018)), to the best of our knowledge, no

study has shown yet the evolution of the water masses on a synoptic scale in the Laptev Sea.

The Laptev Sea is shallow in its southern and central parts (less than 100 m) with a very deep opening in the north (3000

m) (Fig. 1). Several water masses are mixed in the Laptev Sea. The Lena, the Khatanga, the Anabar, the Olenyok, and the15

Yana Rivers discharge fresh water in the shallowest part of the Laptev Sea in the south. The Kara Sea water enters via the

Vilkitskiy and Shokalskiy straits, the Atlantic Water (AW) propagates along the continental slope to the north of the Severnaya

Zemlya Archipelago and further eastward, the Arctic Water exists in the northern part (Rudels et al. (2004), Janout et al. (2017),

Pnyushkov et al. (2015)). The direction of surface freshwater circulation is supposed to correspond to the general displacement

of the intermediate Atlantic Water (Carmack et al. (2016)). This eastward transport brings the water masses of the Laptev Sea20

over the shelf of the East-Siberian Sea where it falls under an additional impact of Pacific-derived waters (Lenn et al. (2009),

Semiletov et al. (2005)).

In the Arctic region, a strong seasonality of air-sea heat fluxes with sea ice melting and freezing modify temperature and

salinity in the upper layer, and therefore, result in a complicated vertical structure of water column with fronts at the surface

and "modified layers" in the interior (Rudels et al. (2004), Pfirman et al. (1994), Timmermans et al. (2012)). The most common25

concept of the upper ocean layer is a "mixed layer" concept: between the ocean surface being in contact with the atmosphere

and a certain depth, temperature and salinity are homogeneous. It extends until a specified vertical gradient in density and/or

temperature (de Boyer Montégut et al. (2004), Timokhov and Chernyavskaya (2009)), the maximum of Brunt-Väisälä fre-

quency (Vivier et al. (2016)), or via the energy vertical distribution (Tryoshnikov (1979)). In the Arctic, the reported mixed

layer depth (MLD) vary between 5-7 m and 30-50 m depending on region: open water or under the ice, the Barents Sea,30

the East-Siberian Sea or the central Arctic (Castro et al. (2017), Vivier et al. (2016), Pfirman et al. (1994), Timokhov and

Chernyavskaya (2009)).

At the same time, Timmermans et al. (2012) proposed to use the term "surface layer" instead of "mixed layer" for the Arctic

Ocean, because the water layer lying between the sea surface and the Arctic main halocline can be weakly stratified even

though the halocline hampers an active exchange of matter and energy. The main halocline is situated at 50-100 m depth in the35
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Eastern Arctic (Dmitrenko et al. (2012)), and at 100-200 m depth in the Western Arctic Ocean (Timmermans et al. (2012)).

Using the concept of "surface layer" with some assumptions, the processes in that layer can be discussed separately from the

ones in the deeper layer. The freshwater is supposed to be delivered to the central (European) Arctic from the Siberian shelf,

roughly along the Lomonosov Ridge and to the western Arctic, partly along the continental slope.

The position of the pycnocline in the Arctic is mostly de�ned by the salinity. One of the �rst studies of Aagaard and Car-5

mack (1989) devoted to the freshwater content was using 34.80 as a reference salinity value separating the "fresh" and the

"saline" water, which was considered the mean Arctic Ocean salinity at that time. This value is used as well in more recent

overviews (e.g. Haine et al. (2015), Carmack et al. (2016)), and helps to de�ne the "Atlantic Water" as saltier than this value.

Rabe et al. (2011) used a depth of 34 isohaline to estimate the liquid freshwater content in the Arctic Ocean. Carmack et al.

(2016) considered the depth of "near-freezing freshwater mixed layer" in the Eurasian Arctic Ocean being 5-10 m. Cherni-10

avskaia et al. (2018) reported an overall salinity in the upper 5-50 m layer within the range from 30.8 to 33 based on in situ data

in the Laptev Sea during 1950-1993 and 2007-2012. Between the very surface layer and the Atlantic Water, Dmitrenko et al.

(2012) found a Modi�ed "Lower Halocline" Water with typical characteristics of salinity (between 33 and 34.2) and negative

temperature (below -1.5� C); in 2002-2009 this layer was situated at 50-110 m depth. The study of Polyakov et al. (2008) on the

Arctic Ocean freshening de�ned the upper ocean layer between 0 m and a depth of a density layer� � = 27:35 kg � m� 3. This15

isopycnal is often located at 140–150 m depth, "slightly above the Atlantic Water upper boundary de�ned by the 0� C isotherm".

The mixing can be induced by winds generating surface-intensi�ed Ekman currents, mesoscale dynamics (eddies), shear in

tidal and other currents (Carmack et al. (2016), Lenn et al. (2009), Rippeth et al. (2015)). The tidal currents and internal waves

ampli�ed over the shelf edge are associated with the mixing in the interior of the water column, below or in the main Arctic20

pycnocline (Rippeth et al. (2015), Lenn et al. (2009), Lenn et al. (2011)). Dmitrenko et al. (2005) and Bauch and Cherniavskaia

(2018) showed that interannual changes of river discharge and wind patterns de�ne the position of the oceanographic fronts

in the central part of the Laptev Sea. Based on the model results, Johnson and Polyakov (2001) showed that in 1989-1997

the freshwater was driven eastward under the in�uence of winds associated with a "strong cyclonic vorticity over the Arctic".

The same study demonstrated that the associated salini�cation of the central Arctic Ocean weakens the vertical strati�cation25

of the water column. Armitage et al. (2017) discuss the importance of sea ice, as it creates a surface drag and establish the

Ekman transport of the freshwater in the surface layer, which, in turn, impacts the dynamical ocean topography and geostrophic

currents in the Arctic Ocean. Armitage et al. (2018) further mentioned that the alongshore winds correlated with AO (Arctic

Oscillation) index create the onshore Ekman transport, changing the water properties over the shelf.

Concerning the seasonal dynamics, the summertime is of a particular interest for all Arctic studies. The sea ice melting30

usually starts in June and ends in August-September, while the sea ice formation can start already in September and by

November the Laptev Sea is covered completely. The East-Siberian Sea is covered by sea ice most of the year, and is exposed

to the air-sea interaction for a shorter period of time (in August-September) and smaller ice-free surface than the Laptev

Sea. August and September are two summer months that are very important for the heat exchange between open ocean and

atmosphere over the Laptev Sea. In a recent study, Ivanov et al. (2019) reported that during this time period when the sea ice is35
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melting and the ocean is opening, the net radiative balance at the sea surface changes from 100W=m2 to zero values, following

the seasonal cycle of shortwave radiation. The sea level anomalies over the Eastern Arctic shallow seas are positive and largest

in summer (up to 10 cm at 75� N, down to 3 cm at 80� N, as it was reported by Andersen and Johannessen (2017)).

The Laptev Sea is not at all sampled by Argo products, so the recent ARKTIKA-2018 expedition measurements combined

with novel satellite sea surface salinity and other satellite-derived parameters provide an unprecedented documentation of the5

temporal evolution of the surface water properties in the Laptev and East-Siberian Seas during the summer 2018. In this study,

we propose to follow the upper ocean water displacement and discuss what causes it on a daily basis. To analyse the upper-

ocean processes, we will focus on the very surface with satellite data and on the upper 250 m layer with the CTD (conductivity,

temperature, depth) casts, showing the isohaline and isopycnal positions. Such an approach to the upper layer is required

to estimate the upper of limit of the Atlantic Water, which is one of the key contributors to the water mass transformation.10

The surface water evolution of the Laptev and the East-Siberian Seas is described and analysed considering wind speed and

direction during the ARKTIKA-2018 expedition.

2 Data and Methods

2.1 In situ measurements during the ARKTIKA-2018 expedition

Oceanographic measurements during the ARKTIKA-2018 expedition on board RV Akademik Tryoshnikov started on August15

21, 2018 and ended on September 24, 2018 (Fig.1). Oceanographic sections were organized to take into account the interests of

different scienti�c expeditions on board, NABOS (Nansen and Amundsen Basin Observational System) and CATS (Changing

Arctic Transpolar System) to observe both, shallow and continental slope processes. NABOS sections were mostly cross-shelf

(1, 5, 6-8, 10), and CATS sections were shallower (2-4, 9). Section 3 and 10 were made in the straits between the Kara and

the Laptev Sea: the section 3 in the Vilkitskiy Strait southward to the Bolshevik Island, with depths from 70 to 200 m opening20

into the deep central part of the Laptev Sea (more than 1000 m) and the section 10 in the narrow and rather shallow (250 m)

Shokalskiy Strait between the Bolshevik and the October Revolution Islands. Some measurements were carried out in marginal

ice zone (MIZ) and ice-covered area (see the sea ice edge positions at the beginning and the end of the cruise in Fig.1). In this

study we de�ne MIZ as an area with 0-30% sea ice concentration close to the ice edge. Standard oceanographic stations (145

in total) were conducted with SeaBird SBE911plus CTD instrument equipped with additional sensors. For this study, we use25

mainly the CTD measurements of potential temperature and practical salinity, but also the results of oxygen isotope analysis

from the �rst (surface) bottle samples (Alkire and Rember (2019)). All CTD data were processed and quality checked. The

cruise data can be found at https://arcticdata.io/catalog/data (Polyakov and Rember (2019)) and Ivanov (2019).

The ship was equipped with an underway measurement system Aqualine Ferrybox, widely known as a thermosalinograph,

TSG. The instrument had a temperature and a conductivity (MiniPack CTG, CTD-F) sensors and a CTG UniLux �uorometer30

installed; thus, continuous temperature, salinity and chlorophyll-a estimations were obtained along the ship's trajectory. The

in�ow is situated at 6.5 m below the surface (the in�ow hole is on the ship's hull). All data were processed and �ltered for

random noise and bad quality measurements, and then compared and calibrated with CTD measurements. When calculating
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Figure 1. Legs and stations of the ARKTIKA-2018 expedition overlayed on the bathymetry from ETOPO1 "1 Arc-Minute Global Relief

Model" (Amante and Eakins (2009)). CTD stations are shown with white dots. The color indicates the number of days since August 1, 2018.

The sea ice edge position is indicated with a red dashed line for the beginning (August 21) and with the purple dashed line for the end of

the expedition (September 21). The ice edge is based on the sea ice mask provided in the SST DMI product. Numbers indicate positions

of 10 oceanographic transects discussed below. The black triangle in the north of the Komsomolets Island shows the Arkticheskiy Cape.

The Severnaya Zemlya Archipelago consists mainly of the Komsomolets, the October Revolution, and the Bolshevik Islands (with smaller

islands not shown here). The black box indicates the Shokalskiy Strait between the October Revolution and the Bolshevik Islands. The Yana

river estuary is situated southward the Yanskiy Bay (out of the map).

a linear regression between CTD measurements at 6.5 meters depth and TSG measurements, we obtain a good correlation for

both temperature and salinity (correlation coef�cient equal to 0.979 and 0.966, respectively, not shown). The standard error

is 0.023 for temperature and 0.025 for salinity, and the standard deviation for the difference of measurements (CTD minus

TSG) wasSTDtemp = 0 :413, andSTDsal = 0 :423. To adjust the continuous TSG measurements to the more precise CTD

measurements, we applied the obtained linear regression equation to TSG data. We only use these adjusted temperature and5

salinity data further on.

The vertical pro�les of the conservative temperature and practical salinity in the upper layer are presented in Fig.2. To

investigate if the TSG measurements can be used to study the surface layer in a highly strati�ed Laptev sea, we calculated
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Figure 2. Vertical pro�les of conservative temperature (a, b) and practical salinity (c, d) from CTD measurements in the upper ocean

layer. Figures (a) and (c) show all vertical pro�les in the upper 50 m, where red stars indicate the mixed layer depth, calculated using

de Boyer Montégut et al. (2004) method (see details in the text), colored pro�les show the cases, when the MLD is below 7 m depth and gray

pro�les indicate when the MLD is above 7 m depth. Figures (b) and (c) show the median vertical pro�les of temperature and salinity in the

5-100 m layer, respectively, where the shaded area shows the associated STD.

a summer mixed layer depth following de Boyer Montégut et al. (2004) method based on density and temperature gradient

thresholds (Fig.2, a, c). The MLD is found at a depth of the �rst maximum temperature gradient below a depth of de�ned (by

given threshold) density gradient (see de Boyer Montégut et al. (2004) for details). Using the same approach, we computed

MLD with density and salinity vertical pro�les. The threshold chosen for practical density gradient was 0.3 degree per 1 m,

and 0.2 salinity units per 1 meter for conservative temperature and practical salinity gradients. Regarding the MLD calculated5

from salinity (MLD sal ), most of the measured vertical pro�les (75.17%) had theMLD sal below 7 m depth with the median

of MLD sal 11.99 m. As for the temperature (MLD temp ), 81.37% of the measured pro�les had the MLD below 7 m depth

with a median ofMLD temp = 13:50m. Thus, in most cases the upper 12 m of the surface layer was homogeneous, and our
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CTD and TSG measurements can be used for the validation of satellite data. The median vertical pro�les of temperature and

salinity in the upper 5-100 m are presented as well as the associated STD in Fig.2, b, d). We observe rather cold (0.5� C) and

fresh (30.5) water at 5 m, followed by a smooth thermo- and halocline down to 30 m depth. Below the temperature is slightly

rising to -1� C, and salinity stays close to 34.5. The STD of conservative temperature is the largest at the surface (1.55� C) and

smallest at 40 m depth (0.27� C). The STD of salinity is also the largest at the surface, 1.50, but is diminishing with depth up5

to 0.20 at 100 m. Nevertheless, it is clear that at the end of a summer season in the region with very different water origins,

these median pro�les are not representative for all water masses. Additionally, we did an important number of CTD casts in

very shallow areas with depths between 30 and 50 m, so the calculated averaged (median) vertical pro�le is a composite of

“shallow” and “deep” vertical pro�les. We do not include the very surface measurements above 5 m, because we had only 45

CTD measurements at 2 m depth among 146 possible, and taking them into account would bias the median pro�les as well.10

2.1.1 River discharge

To illustrate the amount and temporal variability of the river discharge in 2018, we used daily measurements of the Lena River

discharge from the Arctic Great Rivers Observatory (GRO) dataset (https://www.arcticrivers.org/data)). In Fig.3 we present a

time series of the Lena River discharge from May to November 2018. The river stayed under the ice with a very small discharge

up to the end of May. The main peak of the Lena River discharge occurred in the beginning of the Arctic summer in June and15

corresponds to the snow and ice melting over the river basin in Siberia. In two weeks, the discharge changed from 2 500 to 120

000m3=s. The second, smaller peak of the river discharge occurred in the beginning of August (60 000m3=s), which might be

associated with the summer precipitation. In August 2018 the river discharge was decreasing from 60 000 to 40 000m3=s, and

in September it varied very little staying close to 40 000m3=s. A signi�cant diminution of the river discharge started in the

beginning of October and continued up to the beginning of November. Since the beginning of November the river discharge20

was very weak and close to its minimum values (4500m3=s).

The described seasonal dynamics is typical for the Lena River and consistent with existing results, e.g. demonstrated in

Janout et al. (2015). It can be complemented by the results of Papa et al. (2008) study of the Siberian great rivers using satellite

data. Papa et al. (2008) showed that the maximum of precipitation over the basins of the Lena, the Ob' and the Yenisey Rivers

occurs in July, and the mean monthly air temperature is maximum at this moment.25

2.2 Satellite data

Satellite data provide an instant information about surface distribution of geophysical characteristics over the whole study area

together with their temporal evolution.

All listed below products are considered from August 1, 2018 to September 25, 2018 (the last day of ARKTIKA-2018 ex-

pedition). For consistency, when not speci�cally indicated all products are linearly interpolated on a regular grid within the30

bounding box 74-85N 90-170E, with 0.01 degree step in latitude, and 0.05 degree in longitude. The spatial resolution of

selected grid roughly corresponds to 1 km.
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Figure 3. The Lena River discharge in 2018, data from Arctic GRO dataset (https://www.arcticrivers.org/data)

2.2.1 Sea surface temperature

The SST-retrieving instruments with the highest resolution, such as AVHRR (Advanced Very High Resolution Radiometer),

MODIS (Moderate Resolution Imaging Spectroradiometer) and VIIRS (Visible Infrared Imaging Radiometer Suite) work

in Near Infrared (NIR) and Infrared (IR) bands and strongly depend on atmospheric conditions (provide measurements for

clear sky). For lower resolution microwave instruments, such as AMSR2 (Advanced Microwave Scanning Radiometer 2), the5

clouds are transparent, but the SST retrievals may still be hampered by high wind speed and precipitation events. As satellite

measurements in IR and NIR ranges are sparse because of the frequent cloudiness over the Arctic Ocean, we uses a blended

product. In this paper we use the Danish Meteorological Institute Arctic Sea and Ice Surface Temperature product (hereafter

referred as "SST DMI"). SST DMI is a Level 4 daily product provided by the Copernicus Marine service ("Level 4 product"

means that several swath measurements were interpolated to achieve a regular resolution in time and space). Daily surface10

temperatures over the sea and ice are derived on a 5 km spatial grid from several instruments: AVHRR, VIIRS for SST and

AMSR2 for sea ice concentration, using optimal interpolation (Høyer et al. (2014)).

Besides the full coverage over the studied area, the advantage of the blended SST DMI product is that it takes into account

the ice temperature, so the marginal ice zone (MIZ) is better represented and not masked out. The total number of SST

measurements ingested over the studied area from August 1 to September 25, 2018 varies from 1000 to 2500 measurements15

per pixel.

2.2.2 Validation of SST DMI

The �rst step of the SST DMI validation was its value-by-value comparison with a collocated in situ dataset (nearest neighbour

SST DMI pixel). For this analysis, we collocated SST DMI with the in situ potential temperature measurements in the upper

6.5 m layer: all available CTD measurements averaged every half a metre above 6.5 m depth and all TSG measurements at20

6.5 m depth averaged every 30 minutes. The median depth of the collocated CTD measurements is 5.25 m. As for the TSG,

the ship was moving with a median speed of 8 knots during the cruise, so an average of 30-minutes TSG measurements is an
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Figure 4. Sea surface temperature validation: example of SST DMI L4 image for September 13 (a) with the error estimates (b); comparison

of collocated SST and in situ data (CTD and TSG) in the upper 6.5 m (c) and distribution of error provided by DMI and absolute difference

derived from comparison with in situ data (d).

average over approximately 7.5 km. Thus, 30-minutes TSG average is comparable with one SST DMI pixel (10 km). There

were 1707 collocated points in the analysis.

Although, in fact, satellite SST estimates may differ from the in situ temperature measurements in the upper 6.5 m, we

expect some overall consistency between the datasets. Studies carried out by Castro et al. (2017) devoted to the validation of

MODIS SST in the MIZ, and by Vivier et al. (2016), which described in situ measurements in the iced-covered area, reported5

that the �rst 7-10 m layer below the surface was mostly homogeneous. As it is shown in Fig.2, most of our measurements

(more than 75%) were homogeneous in the upper 12 m (and were done in the ice-free areas). Nevertheless, a diurnal warming

and a local vertical mixing can affect the vertical temperature distribution in the very surface layer. The SST diurnal amplitude
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can reach more than 3 K in the Arctic Ocean (Eastwood et al. (2011)), but local diurnal variations of temperature are supposed

to be �ltered out in the SST DMI product, as it only uses observations between 21:00 and 7:00 local time (Høyer et al. (2014)).

Diurnal SST variation might be present in real in situ measurements in case of strong diurnal warming events, but no particular

observations allowing to investigate this question were done during the cruise.

To illustrate the consistency of SST and in situ temperature datasets, September 13, 2018 was considered as it was one of5

the rare days in summer 2018, when the central part of the Laptev Sea was cloud-free, which is especially important for SST

DMI.

The SST DMI product for September 13, presented in Fig. 4 (a) shows a rather complex pattern with a pronounced gradient

associated with warm river water in the central part of the Laptev Sea. The error in SST estimates provided by DMI, is shown in

Fig.4 (b, d). The percentage of occurrence is computed in temperatures classes with a size of 0.5 degrees that starts at 0 degrees10

(Fig.4, d). The highest potential error (up to 2.5� C), was observed over some open sea areas (due to potential cloudiness), but

was mostly associated with the sea ice due to its heterogeneity (Fig.4 (b)). Over most of the southern and the central part of the

ice-free Laptev and the East-Siberian Seas, the error is below 0.5� C and over the eastern part, it is below 1� C.

Comparison of the SST DMI and in situ surface-layer temperature (Fig. 4, c) shows a very good agreement almost indepen-

dent on area and time during the ARKTIKA-2018 expedition. The correlation coef�cient is 0.89, and the RMS is 0.77� C. The15

difference between mean in situ and mean SST DMI data is -0.19� C, where the SST DMI is higher than the in situ temperature.

This value seems to be realistic, as the CTD data justi�es it. According to CTD measurements, the 0-3 m water layer is on

average 0.3� C warmer than the 3-6.5 m layer (not shown). The largest deviations are observed when the expedition is working

in the MIZ or more compact sea ice, so they might be associated with either imperfect sea ice �agging of some stages of sea

ice in the SST DMI product or a noise introduced after re-interpolation of data on a regular grid. This noise together with the20

different sampling of in situ potential temperature measurements and SST DMI product lead to a standard deviation of the

difference between in situ and SST DMI larger than the error provided in the SST DMI product (Fig. 4, lower right). Overall,

SST DMI agrees well with in situ data, so we use this product for the following analysis of SST time-series.

2.2.3 Sea surface salinity

Soil Moisture and Ocean Salinity (SMOS) is the �rst satellite mission embarking an L-band (1.41 GHz) interferometric mi-25

crowave radiometer, which measurements are used to retrieve the sea surface salinity (SSS). With recent processing, the stan-

dard deviation of the differences between 18-day SMOS SSS and 100-km averaged TSG surface salinity measurements is

0.20 in the open ocean between 45� N and 45� S (Boutin et al. (2018)). However, the precision degrades in cold water as the

sensitivity of L-band radiometer signal to SSS decreases when SST decreases, even though this effect on temporally averaged

maps is partly compensated by the increased number of satellite measurements at high latitude. A possibility of using SSS30

estimates in cold regions derived from L-Band radiometry has been demonstrated recently by several working groups (Tang

et al. (2018), Grodsky et al. (2018), Olmedo et al. (2018)). However, existing L3 ("Level 3" means a product resampled at a

uniform time-spatial grid, different from swath grid) SSS products: SMAP CAP/JPL (Soil Moisture Active Passive satellite, a

product created using the Combined Active Passive algorithm by Jet Propulsion Laboratory) SSS or SMOS BEC (Barcelona

10



Expert Center) SSS, are spatially averaged from 60 km to more than 100 km.

SMAP REMSS (Remote Sensing Systems) SSS L3 v3 provides a 40 km resolution version, but do not provide a suf�cient cov-

erage in the Laptev Sea. The methodology developed in this study to retrieve SMOS SSS aims at maintaining SMOS original

spatial resolution and at attempting to retrieve SSS as close as possible to the ice edge.

A new product, hereafter SMOS SSS "A" ("A" for the Arctic Ocean) L3, investigated in this study was computed using5

SMOS L2 ("Level 2" product means that a geophysical parameter, eg. SSS, was computed at the swath grid) SSS from the

ESA (European Space Agency) last processing (v662, Arias and Laboratories (2017)). SMOS L2 SSS are available on the

ESA SMOS Online Dissemination website. The mean spatial (radiometric) resolution of SMOS product is close to 50 km, but

SMOS ESA L2 SSS products are oversampled over an Icosahedral Snyder Equal Area (ISEA) grid at 15 km resolution.

SMOS "A" SSS was obtained as described below. Seven-day running means were computed for each day and each pixel10

of the ISEA grid, with a temporal Gaussian weighting function with a standard deviation of 3 days. The full width of

SMOS ascending and descending orbits swaths was considered in order to take advantage of better temporal and spatial

sampling over the Arctic Ocean and to decrease the uncertainty with temporal averaging. In order to eliminate the SSS at

very low and high wind speeds because of its high uncertainties, SMOS ESA L2 SSS was considered only if the asso-

ciated ECMWF (European Centre for Medium-Range Weather Forecasts) wind speed was between 3 and 12 m/s. SMOS15

ESA L2 SSS measurements were also weighted by the estimated error of the SSS measurement (as in (Yin et al. (2013),

equation A7). This error was derived from the SSS theoretical error multiplied by the normalized� 2 cost function. Dinnat

et al. (2019) showed that the Klein and Swift (1977) dielectric constant model was inaccurate at low SST. In order to miti-

gate this effect, a SST-dependent correction derived from the Fig. 16 of Dinnat et al. (2019) (blue-circle line) was applied:

SSSSMOS � " A " = SSSSMOS � ESA � L 2 � (� 5 � 10� 4 � SST3
ECMW F + 0 :02� SST2

ECMW F � 0:23� SSTECMW F + 0 :69).20

Finally, a criterion on a SMOS-retrieved pseudo-dielectric constant (ACARD parameter) was applied to discard SMOS mea-

surements affected by sea ice (discarded whenACARD < 45). The error of SMOS SSS "A" was derived from the propagation

of the error on individual SMOS ESA L2 SSS pixel during 7 days. The error increases strongly in the vicinity of sea ice. For

this reason, in the following study, above 75� N, all pixels with an SSS weekly error larger that 0.8 were not considered. South

of 75� N, a higher threshold was used (1.5) allowing to maintain some measurements closer to fresh river water from the Lena25

and the Khatanga Rivers near the coast. In this area, the� 2 may increase due to the strong heterogeneity of SSS within SMOS

multi-angular brightness temperatures footprints, and the number of measurements is low due to the presence of the coast and

islands even without sea ice. A theoretical error of SMOS SSS "A" �eld is below 0.5 in the center of the Laptev Sea and up to

2 and higher close to the coastline and MIZ.

2.2.4 Validation of SMOS "A" SSS30

In this section, we compared the SMOS SSS "A" relative to in situ measurements. Figure 5 presents the SMOS SSS "A"

on September 13, 2018, the same day as the DMI SST in Fig.4. We carried a collocation of SMOS SSS "A" and in situ

measurements of salinity in the upper 6.5 m layer in a following manner: the averaging of the TSG salinity was done over

one hour period (equal to� 15 km distance, contrary to DMI SST validation) in order to be closer to SMOS SSS "A" spatial
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