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Abstract: The overall volume of freshwater entering the Arctic Ocean has been growing as glaciers
melt and river runoff increases. Since 1980, a 20% increase in river runoff has been observed in
the Arctic system. As the discharges of the Ob, Yenisei, and Lena rivers are an important source of
freshwater in the Kara and Laptev Seas, an increase in river discharge might have a significant impact
on the upper ocean circulation. The fresh river water mixes with ocean water and forms a large
freshened surface layer (FSL), which carries high loads of dissolved organic matter and suspended
matter into the Arctic Ocean. Optically active material (e.g., phytoplankton and detrital matter) are
spread out into plumes, which are evident in satellite data. Russian river signatures in the Kara
and Laptev Seas are also evident in recent SMOS Sea Surface Salinity (SSS) Arctic products. In this
study, we compare the new Arctic+ SSS products, produced at the Barcelona Expert Center, with the
Ocean Color absorption coefficient of colored detrital matter (CDM) in the Kara and Laptev Seas
for the period 2011–2019. The SSS and CDM are found to be strongly negatively correlated in the
regions of freshwater influence, with regression coefficients between −0.72 and −0.91 in the studied
period. Exploiting this linear correlation, we estimate the SSS back to 1998 using two techniques: one
assuming that the relationship between the CDM and SSS varies regionally in the river-influenced
areas, and another assuming that it does not. We use the 22-year time-series of reconstructed SSS to
estimate the interannual variability of the extension of the FSL in the Kara and Laptev Seas as well as
their freshwater content. For the Kara and Laptev Seas, we use 32 and 28 psu as reference salinities,
and 26 and 24 psu isohalines as FSL boundaries, respectively. The average FSL extension in the Kara
Sea is 2089–2611 km2, with a typical freshwater content of 11.84–14.02 km3. The Laptev Sea has a
slightly higher mean FSL extension of 2320–2686 km2 and a freshwater content of 10.15–12.44 km3.
The yearly mean freshwater content and extension of the FSL, computed from SMOS SSS and Optical
data, is (as expected) found to co-vary with in situ measurements of river discharge from the Arctic
Great Rivers Observatory database, demonstrating the potential of SMOS SSS to better monitor
the river discharge changes in Eurasia and to understand the Arctic freshwater system during the
ice-free season.

Keywords: arctic; freshwater fluxes; remote sensing; physical oceanography; sea surface salinity;
ocean color; data fusion

1. Introduction

The Arctic Ocean has been experiencing a decline of sea ice cover for the last two
decades [1,2]. The ice extent in September 2020 was the second-lowest over four decades
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of satellite monitoring [3]. Additionally, the total volume of freshwater entering the Arctic
Ocean has been increasing, not only due to sea ice decline but also because of Greendland
Ice Sheet and Arctic glaciers melting and river runoff increase [4–6]. Concomitantly, the
temperature of the upper layer of the Arctic Ocean has also been increasing, as more
solar heat is absorbed by the increasing ice-free areas [7]. Such acceleration of the Arctic
hydrological cycle has biological and physical consequences in the Arctic and the global
ocean [8–10].

Evidence of increasing discharge rates of the major Arctic rivers—that is, the Yenisei,
Lena, Ob, Mackenzie, and Yukon—into the Arctic Ocean has been reported as a result
of global warming [11–14]. Large river discharges play a dominant role in the Arctic
freshwater circulation. They affect sea surface salinity, vertical stratification of surface
layers and, consequently, the dynamics of the area [15]. Moreover, riverine waters bring
terrestrial organic matter, inorganic particles, micronutrients, and macronutrients into
the Arctic shelf seas. This mobilized matter entering the Arctic shelf seas results in the
increased absorption of solar energy in the mixed layer, potentially contributing to the
general sea ice retreat [16].

However, the precise impact of any increase in the Arctic freshwater runoff remains
unclear, due to scarce measurements in the Arctic. Measuring in polar oceans is limited by
its intrinsic conditions: Few ice-free months, low solar elevation, polar night conditions,
and the persistence of clouds and fog during summer months. Since the 1970s, polar-
orbiting satellites have been the monitoring workhorse for the detection of changes over
time across the Arctic. A new Arctic variable has recently been derived from passive
microwave remote sensing observations: the Arctic sea surface salinity (SSS). This variable
allows us to monitor freshwater signatures of river plumes and regions of freshwater
influence [17,18]. Although SSS measurements in the mid-latitudes are the forte of the
European Space Agency (ESA) Soil Moisture and Ocean Salinity (SMOS) satellite [19,20],
retrievals at polar latitudes have remained a real challenge, due to the lower sensitivity of
L-band brightness temperatures to salinity in cold waters [21]. However, accurate Arctic
SSS measurements are starting to become possible, thanks to recent advancements in SSS
retrieval algorithms [22,23] and the recently produced enhanced Arctic+ SSS product [24].

Consistent time-series of optical properties estimated from satellite-based sensors
have been available since 1998. Although they are deeply affected by cloud coverage,
remote sensing of Ocean Color provides a synoptic view of the riverine plume areas in the
Arctic ocean. Two examples are the absorption coefficient of colored detrital matter (CDM)
at several wavelengths (e.g., 355, 400 and 443 nm) and the diffuse attenuation coefficient at
490 nm (K490). CDM is the sum of colored dissolved organic matter (CDOM) and non-algal
particles (NAP). CDOM light absorption properties differ from those of phytoplankton, and
they have spectral features that are similar to those of nonalgal particles (NAP). Bio-optical
inversion techniques can derive CDOM and CDM light absorption coefficients from optical
parameters, such as sea surface reflectance, using their particular optical properties (i.e.,
decreasing exponential shape of light absorption) [25].

Several papers have described a linear conservative mixing relation between SSS
and optical parameters (e.g., diffuse attenuation coefficient, colored detrital matter, and
dissolved organic carbon—CDOM) in river plumes using in situ and satellite data [26,27];
for example, in the Baltic Sea [28], Clyde Sea [29], Chesapeake Bay [30], in the Amazon
plume [31,32], the Gulf of Mexico [33,34], the Mississippi River plume [35], Changjiang
river in the East China sea [36] or in the Hudson Bay [37]. Negative linear correlations
between the SSS and CDM, K490, or CDOM have frequently been reported for numerous
river estuaries, as the river water is rich in dissolved and suspended matter and is fresh,
having a diluting effect as a result of entrainment with saline seawater. Although physical,
chemical, and biological processes across the fluvial-marine transition zone (e.g., mixing
with more than one endmember, influence of landfast sea ice melt, photochemical oxidation,
or microbial utilization) can cause deviations from the linear conservative mixing [38–40],
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the negative linear correlation between SSS and optical parameters allows us to infer one
variable by using the other as a proxy.

In this paper, we focus on the Kara [41] and Laptev Seas [38,42,43], where most of
the continental runoff is discharged during the ice-free period (June–September) by the
Ob–Yenisei and Lena rivers, respectively. These rivers alone make up about half of the
freshwater flux to the Arctic Ocean [44,45]. The mixing of fresh river waters and saltier sea
waters on the Siberian shelves of the Laptev and Kara Seas creates large, stable freshened
surface layers (FSLs) with spatial extents of hundreds of kilometers and typical thickness
of 10–20 m deep, making them among the largest freshwater reservoirs in the Arctic
Ocean [4,46–48]. The formation of large FSLs prevents vertical water exchange and nutrient
supply from nutrient-rich waters to the euphotic zone, limiting primary production and
explaining low productivity areas [49].

The objective of this paper is to explore the conservative mixing relationship between
the SSS and CDM in the FSLs of the Kara and Laptev Seas, estimating the SSS backwards in
time using CDM as a proxy, therefore allowing us to monitor the interannual variability of
the FSL generated in the Arctic Ocean by the Ob, Yenisei, and Lena river flows from 1998
to 2020. The paper is organized as follows: Section 2 provides information about the in situ
and satellite data used in this study. Section 3 presents the methodology applied. Section 4
presents the results and discussion regarding: (a) Assessing the relationship of newly
produced SMOS SSS Arctic products in conjunction with the standard optical products
of CDM in the river plumes of Kara and Laptev Seas from 2011 to 2020; (b) presenting
modeled SSS from CDM data since 1998, as well as a comparison of remotely sensed and
reconstructed SSS fields; and (c) analyzing the extent and interannual variability of the
FSLs since 1998 in the Kara and Laptev shelf seas, and the associated freshwater content.
Section 5 presents our final conclusions.

2. Data

We used the Level-3 running 9-day mean daily SMOS SSS BEC ARCTIC v3.1 product
at 25 km resolution [23,24] from 2011 to 2019, obtained from the Barcelona Expert Center on
Remote Sensing (BEC) of the ICM-CSIC (http://bec.icm.csic.es/, accessed on 1 September
2021).

The ocean sub-surface optical parameter we used was the Level-3 daily, 25 km resolu-
tion estimate of the colored dissolved and detrital organic materials absorption coefficient
at 443 nm (CDM) from 1998 to 2020. This product is developed, validated, and distributed
by the ACRI-ST GlobColour service, merging available sensors in the GlobColour data set
(http://www.globcolour.info/, accessed on 1 September 2021). A 9-day running mean was
applied, in order to obtain the same temporal resolution as the SMOS SSS product.

Daily sea ice concentration (SIC) estimates from the OSI-SAF Sea Ice Climate Change
Initiative product OSI-450 [50,51] and OSI-430-b [52] were obtained from the Satellite Ap-
plication Facility on Ocean and Sea Ice (http://www.osi-saf.org/, accessed on 1 September
2021).

Monthly and annual means for river discharge data of Lena, Ob, and Yenisei rivers
from version 20210527 of the Arctic Great Rivers Observatory Discharge Data set (http:
//www.arcticgreatrivers.org/, accessed on 1 September 2021) were used for the period
1998 to 2019. Only data with no provisional flags were used [53].

3. Methods
3.1. Data Fusion

The used data fusion method was based on estimating the local functions â(~x) and
b̂(~x) of the linear approximation between SSS and CDM, such that the SSS and CDM
variables are related in a smoothed way. Then, we applied â(~x) and b̂(~x) to the CDM fields
in order to construct the fused SSS f estimates (Equation (1)).

SSS f (~x) = â(~x) CDM(~x) + b̂(~x). (1)

http://bec.icm.csic.es/
http://www.globcolour.info/
http://www.osi-saf.org/
http://www.arcticgreatrivers.org/
http://www.arcticgreatrivers.org/
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The estimates â(~x) and b̂(~x) were obtained from the original values of SSS and CDM
by performing linear regressions weighted around each point, similarly as described in
Nieves et al. [54]. The estimates for the local slope and intercept functions, â(~x) and b̂(~x),
provide particular useful information about the structure of the ocean, as they convey
information on the local functional dependence between CDM and SSS.

To estimate â(~x) and b̂(~x), we first computed the order-2 moments of SSS and CDM,
applying a local averaging function to produce filtered fields 〈〉, as follows:

σ2
SSS(~x) = 〈SSS2〉~x − 〈SSS〉2~x, (2)

σ2
CDM(~x) = 〈CDM2〉~x − 〈CDM〉2~x, (3)

σSSSCDM(~x) = 〈SSSCDM〉~x − 〈SSS〉~x〈CDM〉~x, (4)

where 〈 f 〉~x denotes the following weighted average

〈 f 〉~x =
1

N(~x) ∑
~x 6=~x′∈sea

f (~x′)
|~x′ −~x|4 (5)

and
N(~x) = ∑

~x 6=~x′∈sea

1
|~x′ −~x|4 . (6)

The averaging function N(~x) gives more weight to the points closer to ~x. Then, we
obtained the local slope â(~x) as

â(~x) =
σSSSCDM(~x)

σ2
SSS(~x)

, (7)

and the local intercept b̂(~x) as

b̂(~x) = 〈SSS〉~x − â(~x)〈CDM〉~x. (8)

An additional benefit of the use of local regressions to estimate a(~x) and b(~x) is
that it diminishes the impact of noise on the SSS variable, leading to a filtered variable
SSS f . Furthermore, as we performed local linear regressions, we retrieved the local
regression coefficient:

r(~x) =
σSSSCDM(~x)

σSSS(~x)σCDM(~x)
. (9)

This local regression coefficient informs us about the quality of the local regression,
which is affected by the local level of noise being filtered and the fitness of the local
regression scheme to describe the data.

To reconstruct the SSS backward in time using the CDM since 1998 as a proxy, we
took a step further by using the mean values of the local regression coefficients for the
extrapolation ability of our fusion method. Therefore, the modeled salinity SSSm was
computed by the following:

SSSm(~x) = a(~x) CDM(~x) + b(~x), (10)

where a(~x) and b(~x) are the temporal mean values of the estimates â(~x) and b̂(~x) in
Equation (1).

3.2. FSL Characterization

Using the modeled SSS backward in time, we estimated the FSL mean area extension
and the mean FreshWater Content (FWC). To estimate the FSL extension (km2), we defined
the surface boundary of the FSL using the isohaline of 26 psu for the Kara Sea and 24 psu for
the Laptev Sea as intermediate values to those commonly reported for the region [43,55–57].
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We counted the number of pixels inside the selected FSL boundary for each region and
multiplied the area of each pixel to estimate the total FSL extension (in km2).

The FWC (in km3) was estimated as described in [4] for the two study regions: Ob–
Yenisei (66–88◦E, 72–76.6◦N) and Lena (118–140◦E, 72–76.6◦N). We first computed the
freshwater fraction, f , at each pixel of the study area, as follows:

f (~x) = (S0 − SSS(~x))/S0, (11)

where S0 is the reference salinity. We used S0 = 32 as a reference in the Kara Sea and
S0 = 28 in the Laptev Sea, based on previous studies [58–60].

The total liquid FWC (km3) was then calculated by integrating f over the horizontal
area and the FSL depth.

Therefore, we computed the FWC as follows:

FWC =
∫

f (x, y, z)dxdydz. (12)

We considered the FSL depth to be constant, based on previous references: 12 m for
the Kara Sea [61] and 10 m for the Laptev Sea [59,60].

4. Results and Discussion
4.1. Correlation between Sea Surface Salinity and Colored Detrital Matter

We explored the capability of the newly produced SMOS SSS Arctic+ product, in
conjunction with standard ocean color products, to assess the relationship between the SSS
and CDM in two large Siberian rivers: the Lena and Yenisei–Ob plumes (Figure 1).

The average SSS and CDM maps throughout the ice-free summer season (July–
September) from 2011 to 2019 (Figure 1) depict the spatial SSS and CDM average plume
extent in the Kara and Laptev Seas, characterized by the extension of fresh and highly
absorbing waters. The Kara Sea was observed to be saltier (30–34 psu) than the Laptev
Sea (26–30 psu), and both Seas were affected by plume waters (fresher than ∼24–26 psu)
that spread from the Ob and Yenisei Rivers to the south-eastern Kara Sea and from Lena
River to the south-western Laptev Sea, up to more than 400 km northward from the river
mouths [62,63]. The large river discharges are also evident in the CDM maps, as they
carry higher loads of dissolved organic matter and suspended matter, associated with a
higher concentration of detrital matter, with typical mean monthly values of 0.6 m−1 at the
river mouth and descending to 0.05 m−1 at the edge of the plume extension delimited by
24–26 psu.

The two study areas exhibited different SSS–CDM relations. The Laptev Sea exhibited
a higher, fresher FSL, but with lower CDM concentrations, compared to the Kara Sea. The
CDM product for the Laptev Sea had reduced data coverage, due to cloud cover during
the high discharge season, potentially reducing the average. Variations in the SSS–CDM
relationships in both basins could also be attributed to geophysical characteristics (e.g.,
differences in vegetation, topography, and hydrology in both watersheds; differential
permafrost thaw; or fires in both locations [64,65]). The delimitation of the area influenced
by river plume waters—of 26 psu for the Kara Sea and 24 psu for the Laptev Sea—was
chosen to illustrate the areas where the SSS and CDM co-vary as well as to be consistent
with prior research characterizing these plumes [48,66].

The river plumes extension presented an interannual variation in SSS and CDM,
when examining monthly means from 2011 to 2019 (see Figures A1 and A2). Interannual
variability in the FSL extension and mean SSS–CDM can be attributed to several processes,
including variability in the hydrography coupled with wind forcing; variability in the
mobilization of sediments, particles, and CDOM from catchments; different precipitation;
and river discharge variability, all of which have a significant impact on the dynamics of
freshwater and CDM transport to the shelf seas. Note, for example, how the plumes of
the Yenisei and Ob rivers extended further north and westward in July 2017 than in 2016
(Figure A1). We can see another example of the interannual variability in the Lena plume,
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extending further northward in July 2015 than in July 2019. The CDM, as expected, varied
with the salinity in general (the higher the CDM, the lower the SSS). However, some CDM
interannual changes were not totally consistent with the SSS; for example, in the northern
part of the Kara FSL, a lower CDM amount was detected in July 2018 than in July 2019
(Figure A2).

Figure 1. (a) Mean SSS and (b) mean CDM for the months of July–September in the years 2011–2019,
with isohalines of 26 psu (solid black line) and 24 psu (solid red line) superimposed in both. (c)
Standard deviation of SSS and (d) CDM for the months of July–September in the years 2011–2019.
Black boxes indicate the areas of study: Ob–Yenisei region (66–88◦E, 72–76.6◦N) and Lena region
(118–140◦E, 72–76.6◦N).

In the Kara and Laptev seas, there is an eastward freshwater transport that spreads
surface-advected river plumes from the Kara to the Laptev through the Vilkitsky Strait,
and from the Laptev to the East-Siberian seas through the Laptev and Sannikov straits.
The effect of eastward transport [61] can be seen in satellite images (Figures A1 and A2).
Except for the year 2015, where fresh and highly absorbing waters extended further
northward than in the rest of the study period (2011–2019), waters typically had higher
CDM and lower SSS eastward of the river mouth than northward. This can be explained as
follows: (i) The eastward transport is wind-driven and characterized by a quick response
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to synoptic variability of wind forcing [57,61]. Therefore, waters reaching east had less
time to experience removal processes; (ii) it could also be related to the contributions of
smaller tributaries along the coastline; or (iii) the erosion of permafrost coasts that release
CDM into the coastal seas. Furthermore, waters reaching the north have generally been
exposed to air-sea exchanges over longer periods and advected over larger distances from
their source, therefore being more affected by removal processes such as degradation
and remineralization.

Osadchiev et al. [48] have described the seasonal variability of FSL in the Kara Sea
using in situ data. They found the FSL to be shallow (5–10 m deep) and fresher in the
June–July discharge peak. The depth of the FSL extended (13–18 m) in August, as a result
of conservative mixing with saline waters. Meanwhile, in September, the FSL is saltier and
shallower (5–10 m) as a result of the mixing and decreasing river freshwater inputs [67,68].
The seasonal spreading patterns seen by satellite data are coherent with the seasonal vari-
ability described using in situ data [48]. An example for the years 2014 and 2017 with
transects extracted data along the transect from the Ob river mouth (A: 73.5◦E, 72◦N) to
the open sea (B: 73.5◦E, 77.56◦N) is shown in Figure 2. The FSL was fresher in July, with
pronounced gradients between the FSL and seawater surroundings (Figure 2a,d,e,h), then
starting to mix with saline waters in August (Figure 2b,f) and September (Figure 2c,g), lead-
ing to a freshwater area extension in the Kara Sea due to the river water effect (Figure 2d,h).
Similar seasonal variability can be described following ocean color data, despite the short-
age of CDM measurements in September due to cloud coverage (Figure 2k,l,o,p), with the
FSL extending in August compared to July (Figure 2j,l,n,p).

The remotely sensed mean SSS and CDM from 2011 to 2019 presented strong linear
negative correlations in the river-affected regions (Figure 3), with correlation coefficients
of −0.72 for the Ob–Yenisei region and −0.91 for the Lena region (correlations were
significant, as p-values were lower than 0.05). As expected, fresher riverine waters were
associated with higher quantities of dissolved and particulate matter, and saltier marine
water corresponded to lower CDM concentrations [38,57].

The correlation between SSS and CDM changed slightly over the months, from July to
September (pink, blue, and yellow points in Figure 3). In the Ob–Yenisei area (Figure 3a),
the slope values were −34.16 for July, −26.60 for August and −30.32 for September, while
the correlation coefficients are −0.81 for July, −0.50 for August and −0.56 for September.
The correlation was higher in July, due to being closer to the discharge peaks and the higher
data availability due to lower cloud cover. The differences in the SSS–CDM relationships
could be due to seasonal variability of the FSL, the different timing of discharge peaks in
spring of Ob and Yenisei [48], the different CDM signatures of the rivers, or the different
availability of data (September is more cloud covered). We discerned two different clouds
of points, which could be due to different SSS–CDM signatures in the Ob and Yenisei rivers,
or due to local sources of CDM causing a deviation above the linear fit.

In the Lena area (Figure 3b), the correlation between the SSS and CDM changed from
July to September, with slope values ranging from −58.12 for July, −63.46 for August
and −43.98 for September, while the correlation coefficients were −0.79 for July, −0.90 for
August and −0.84 for September. The correlation coefficients were higher in this area over
the studied period than those in the Ob–Yenisei area. The relationship between low SSS
and high CDM was weaker than the relationship between high SSS and low CDM in both
the Ob–Yenisei and Lena areas. In shallow coastal high CDM areas, higher CDM errors are
expected due to the optical complexity of those waters and the bottom effect [69], especially
in regions with an extensive shallow area as the Kara and Laptev Seas. On the other hand,
the outer shelf areas, with low CDM and more stable hydrographic conditions, present
the lowest errors [69]. Regarding the SSS retrievals, the Land Sea Contamination leads to
biases that degrade the quality of the satellite SSS measurements at the first 50 km from
the coast.
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Figure 2. The July (first column), August (second column), and September (third column) monthly
means of SSS (a–h) and CDM (i–p) in 2014 and 2017. The mean monthly isohaline of 26 psu is shown
as a solid black line and the isohaline of 24 psu is solid red. Fourth column: Extracted data along
the transect from the river mouth (A: 73.5◦E, 72◦N) to open sea (B: 73.5◦E, 77.56◦N), for July (green),
August (blue), and September (orange).

There was an interannual variation of the relationship between the SSS–CDM for
the years 2011–2019 in both the Ob–Yenisei and Lena regions (Table 1), with some years
exhibiting a better correlation than others. In the Lena region, the correlation coefficients
ranged from −0.57 to −0.90, when years were evaluated separately. In the Ob–Yenisei
region, we also found a negative linear correlations between the mean SSS as a function of
mean CDM, but with lower correlation coefficients (ranging from −0.45 to −0.87); except
for the year 2011, for which no clear relation was observed. The correlations were lower in
this region than in the Lena region. We expect that the changes in the SSS–CDM relationship
over time are primarily related to sampling limitations (i.e., as the data availability varied
from year to year due to cloud coverage). The overall agreement between CDM and SSS
observed by satellite in low-salinity waters was in line with the negative linear correlation
observed by in situ profiles between CDOM absorption and salinity close to the river mouth
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by [38,40]. Using a CDOM product would have been a viable alternative option for this
study, as it is a good descriptor for tracing freshwater. We chose CDM over CDOM, based
on the studies of [32,70], and taking into account that river discharge contains a considerable
amount of dissolved organic matter, suspended matter, and non-algal particles of terrestrial
origin. The CDM product contains both particulate detritus and CDOM absorption. As
their absorption coefficient spectra are similar, the particulate and dissolved terms are
merged into a single product [71].

Figure 3. Monthly averaged SSS as function of monthly averaged CDM for 2011–2019 period in the
Ob–Yenisei (a) and Lena (b) regions. Each point represents one pixel. The black line represents the
linear regression.

Table 1. Interannual variability of the summer monthly mean of CDM as a function of the summer monthly mean of SSS
in the years 2011–2019 for the Ob–Yenisei and Lena study areas. Slope is in psu/m−1, Y-intercept in psu, and R is the
correlation coefficient.

SSS–CDM 2011 2012 2013 2014 2015 2016 2017 2018 2019

Ob–Yenisei

Slope −16.92 −55.34 −25.38 −13.12 −17.80 −28.75 −26.45 −27.08 −16.91
Y-intercept 27.68 32.12 28.49 27.85 29.08 30.93 29.53 28.83 27.57

R2 0.09 0.76 0.44 0.20 0.27 0.68 0.42 0.35 0.20
R −0.30 −0.87 −0.66 −0.45 −0.51 −0.82 −0.65 −0.59 −0.45

Lena

Slope −46.23 −39.60 −37.36 −47.63 −41.48 −43.38 −27.42 −43.19 −41.59
Y-intercept 29.30 28.99 28.27 30.56 31.33 28.25 27.13 30.46 27.79

R2 0.39 0.80 0.32 0.36 0.49 0.68 0.37 0.73 0.38
R −0.63 −0.90 −0.57 −0.60 −0.70 −0.83 −0.61 −0.86 −0.62

The time evolution of the mean SSS and the mean CDM in the Ob–Yenisei and Lena
regions (Figure 4) showed a seasonal cycle in accordance with the River discharge cycles,
as expected, based on the strong negative SSS CDM correlations. The SSS and CDM signals
exhibited a strong overall anticorrelation with short-term fluctuations. In the Ob–Yenisei
area (Figure 4a,b), an intense inflow of freshwater starts in late spring-early summer and
relaxes in autumn [47]. Once per year, as these riverine waters reach a given area, the
SSS locally drops below 28 psu, and the CDM increases. The Yenisey had a much higher
discharge peak (maximum annual discharge 12× 104 m3/s) compared to Ob (maximum
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annual discharge 4× 104 m3/s) in late spring–early summer (i.e., late May–beginning
of June); however, during the considered period (July–September), the discharges were
similar, or the Ob even had a greater discharge (Figure 4b).

In the Lena region (Figure 4c,d), we observed a similar pattern; that is, when the river
discharge increased in late spring, the surface salinity decreased up to 24 psu and the
CDM started increasing. In 2013 and 2018 in the Ob–Yenisei region (Figure 4a) and 2016
in the Lena region (Figure 4c), the SSS began at such a low level that we considered those
estimates to be incorrect. However, in most years, we saw an SSS transition from high
(probably before break-up) to annual low (freshet), then to higher SSS in the fall (due to
vertical mixing and weakening of discharge influx).

Figure 4. (a) Time-series of the mean SSS (green), the mean CDM (orange), and the mean SIC (light
grey) computed for the Ob–Yenisei region (66–88◦E, 72–76.6◦N); (b) time-series of the Yenisey (solid)
discharge at Igarka gauge and Ob (dashed) discharge at Salekhard gauge [53]; (c) time-series of the
mean SSS (green), the mean CDM (orange), and the mean SIC (light grey) computed for the Lena
region (118–140◦E, 72–76.6◦N); and (d) time-series of the Lena discharge at Kyusyur gauge [53].
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Another factor to take into account in this area is the presence of sea ice. Therefore,
some salinity signatures linked to ice formation and ice retreat were expected. The time
evolution of the mean sea ice concentration (SIC) from the OSISAF in the study areas
(Figure 4a,b; solid light grey line) indicates how the area is deeply affected by sea ice
coverage throughout the year. Overlap of mean SSS and mean SIC evolution in the study
regions occurs when part of the region being averaged has ice and part of the region is
ice-free. We can retrieve the SSS from July to October (ice-free months), but we need to take
into account that some of the freshening observed in the SSS may originate from local sea
ice melting, and not only from river discharge [67,72]. Local ice melt water should have
a low CDM signature; therefore, this would allow us to distinguish between sea ice melt
water and river water, as detailed in [73] where they used SSS and Ocean Color data to
discriminate between water masses. However, the analysis of isotope characteristics of
freshened surface layers in the Kara Sea has revealed that its volume is composed of river
water directly mixed with saline water [40,74–76]. During late summer and autumn, the
large river discharge determines the freshwater balance, while the contribution of sea ice
melt is negligible [48]. Net precipitation is also expected to play a significant role in the FW
distribution during open-water season in the Kara and Laptev Seas, as precipitation minus
evaporation is the third major net source of FW in the Arctic Ocean and high-latitude
precipitation has been increasing, as related to global warming [4,77,78].

4.2. SSS Reconstruction Using Data Fusion

In this section, we construct a modeled SSS from available CDM measurements (since
1998), by exploiting the linear correlation between the two parameters and using data
fusion, as described in [79–82].

Following Equation (1), we produced daily SSS f maps using CDM as a proxy. A sample
map of the resulting SSS f (Figure 5c,f), the original SSS (Figure 5a,d), and proxy CDM
(Figure 5b,e) are presented for 27 July 2012 (top row) and the monthly mean for July of 2012
(bottom row). Note that the original SMOS SSS lacks information close to the coast and that
CDM data are affected by clouds. Furthermore, pixels with higher measurement errors
close to the coastal areas are sometimes masked. SSS f had the same missing values as the
CDM map, as it was used as a template to create the fused map (Equation (1)). Therefore,
these type of fusion methods allow for the filling in of missing values close to the coast
with physically coherent values, while maintaining the salinity structures present in the
original SSS maps (Figure 5a,d).

The mean local slopes â(~x) along July, August, and September presented negative
values, as the SSS decreases as the CDM increases, a behavior typically observed, as salinity
is affected by major river discharges. These values were more negative close to the river
mouth and increased as the plume extended. The strongest signal of river discharge
corresponded to the lowest values of the local intercept b̂(~x). The local intercept varied
spatially, being higher far from the plume (around salinity 30), and lower in the plume-
affected area and next to the mouth (around salinity 20). We assumed that these coefficients
are stable in time, in order to reconstruct SSS backward in time; although this relation was
expected to vary during the year, being driven by the seasonal cycle of sea ice and river flow.
However, the analyzed ice-free months of July, August, and September exhibited fairly
stable temporal patterns (Figure A3). The regression coefficients were impacted by the
current levels of noise in SMOS at high latitudes, and are deteriorated under reduced SSS or
CDM data coverage due to ice or clouds. Nevertheless, negative regression coefficients less
than −0.4 are generally found in the area from 2011 to 2019, implying that the assumption
of a local linear relationship between the CDM and SSS was reliable.



Remote Sens. 2021, 13, 3828 12 of 29

Figure 5. Original maps of SSS (a,d), CDM (b,e) and the resulting SSS f (c,f) corresponding to 27
July 2012 (a–c) and the July monthly mean in 2012 (d–f).

To construct the mean coefficients a(~x) and b(~x), we averaged â(~x) and b̂(~x) over
the months of July, August, and September for the period 2012–2019 in the river-affected
area. We only used points where the local regression coefficients (Equation (9)) were lower
than −0.4, to ensure the goodness of the local linear relationship and that the coefficients
â(~x) and b̂(~x) were stable in time. The assumption of a CDM–SSS linear correlation is not
valid for clear open ocean waters weakly affected by river waters; therefore, we masked
all points outside the defined river-affected extended area domains: Kara Sea (60–90◦E,
66–78◦N) and Laptev Sea (112–144◦E, 70–78◦N).

Following Equation (10), we produced daily SSSm estimates from 1998 to 2020, using
the CDM as a proxy and the mean coefficients a(~x) and b(~x) (Figure A3). Monthly means
for July of the resulting SSSm for even years from 1998 to 2020 are shown in Figure A4.
Inter-annual variability of the river plumes present in CDM data was translated to SSSm;
see, for example, the higher extension of the Lena plume in 2000 as compared to 2006, or
higher extension of the Ob–Yenisei plume in the 2004 July monthly mean, compared to that
in 2018.

An alternative modeled salinity, SSSm2, was obtained by using the linear regression
coefficients obtained in Table 1. Linear correlation coefficients between annual mean SSS
and CDM in river-affected regions were estimated by averaging the year mean slopes and
y-intercepts. The mean slopes were −40.87 for Lena and −25.30 for Ob–Yenisei, and the y-
intercepts was 29.19 both for Lena and Ob–Yenisei. Maps of the monthly means for July for
the resulting SSSm2, for even years from 1998 to 2020, are shown in Figure A5. The salinity
range decreased when using this alternative method, and the salinity was overestimated
far from the river mouth. Over the different years, the SSS was not well-retrieved for SSS
higher than 30 psu. It corresponded to the plume limit where the SSS and CDM no longer
co-varied. There, at high SSS values, the CDM signal tied to salinity was weak, as it had
reached the open ocean value; this result has also been observed in the Amazon plume [32].
However the SSSm estimations (Figure A4) obtained using local slope estimation a(~x) and
b(~x) (Figure A3) performed better far from the river plume, reproducing more realistic,
higher SSS.
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The evolutions of the mean modeled salinity, in terms of SSSm and SSSm2, from 1998
to 2020 were compared with the mean SSS evolution from 2011 in the Ob–Yenisei (Figure 6a)
and Lena (Figure 6c) regions, defined by black boxes in Figure 1. Means were only computed
if more than 15% CDM was present in the region. In the Lena region, SSSm2 (Figure 6c;
yellow line) tended to underestimate the salinity, as compared with SSSm (Figure 6c; purple
line). Modeled salinities from ocean color followed the original temporal evolution of SMOS
SSS (Figure 6; blue line) reasonably well, except at the beginning and end of each ice-free
season, where cloud presence decreased the data coverage of CDM (used as a template),
therefore leading to a reconstruction with low data coverage, providing an unrealistic
decrease in salinity in mid-late September. Furthermore, note the unrealistic decrease in
mean SSS in the Lena region (Figure 6c; blue line) in the original salinity, due to lack of data
coverage for the year 2016 (Figure A1), likely due to the presence of ice.

Figure 6. (a) The 1998–2019 time-series of modeled SSSm (purple), modeled SSSm2 (yellow) from
ocean color, and original SMOS SSS (blue) in areas affected by the Yenisei and Ob rivers; (b) timeseries
of Yenisey (solid) monthly discharge at Igarka gauge and Ob (dashed) monthly discharge at Salekhard
gauge [53]; (c) the 1998–2019 time-series of modeled SSSm (purple), modeled SSSm2 (yellow) from
ocean color, and original SMOS SSS (blue) in areas affected by the Lena river; and (d) time-series of
monthly Lena discharge at Kyusyur gauge [53].
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Table 2 provides the average spatial error, by displaying the mean and the standard
deviation of the difference between yearly means of modeled and original salinities from
2011 to 2019 within the two study areas. SSSm data were more precise than SSSm2, in terms
of standard deviation and correlation coefficients. When analyzing the temporal variability
of the error in both FSLs (Figure A6), the mean modeled salinity SSSm and SSSm2 displayed
similar values, when compared to the original SMOS SSS, with a common error close to
20% at the extremes of the period, but which did not reach 10% for the period 15 July–15
August, in comparison with SMOS. For each daily image, the reconstruction error was
defined as the difference between the mean modeled SSS and the original SSS divided by
the original SSS inside each region. As stated above, the errors increased at the end of each
ice-free season, as the number of reconstructed pixels decreased drastically.

Table 2. Interannual variability of the mean and standard deviation for the difference and correlation between SSSm and
SSSm2 with original SSS summer monthly means for years 2011 to 2019 in the Ob–Yenisei and Lena study areas.

Ob–Yenisei 2011 2012 2013 2014 2015 2016 2017 2018 2019 Mean

SSSm − SSS

Mean 1.57 0.09 1.58 0.67 0.20 −0.44 0.70 1.15 1.26 0.75
STD 1.39 1.35 1.52 1.74 1.31 1.20 1.52 1.41 1.41 1.42

R 0.86 0.95 0.89 0.70 0.84 0.93 0.84 0.89 0.81 0.86

SSSm2 − SSS

Mean 0.73 −0.60 0.79 −0.32 −0.56 −1.22 −0.12 0.31 0.43 −0.06
STD 2.42 2.22 2.51 2.50 1.98 2.07 2.26 2.33 2.40 2.30

R 0.20 0.84 0.63 0.35 0.54 0.79 0.56 0.56 0.31 0.53

Lena 2011 2012 2013 2014 2015 2016 2017 2018 2019 Mean

SSSm − SSS

Mean 0.40 0.69 0.81 0.07 −0.48 1.31 1.00 −0.21 1.16 0.53
STD 1.17 1.13 1.56 1.60 1.31 1.14 1.65 0.74 1.70 1.33

R 0.96 0.96 0.94 0.96 0.94 0.96 0.92 0.98 0.93 0.95

SSSm2 − SSS

Mean 0.48 0.05 0.42 −0.92 −2.37 2.26 0.64 −1.48 0.88 −0.00
STD 2.76 1.94 3.34 3.40 2.96 1.17 3.45 2.13 3.34 2.72

R 0.74 0.88 0.58 0.60 0.66 0.84 0.57 0.86 0.60 0.70

The SSS estimated from ocean color products, assuming conservative mixing, can be
impacted by several sources of inaccuracy. Primary production and removal processes,
such as CDOM degradation due to irradiance exposure or microbial degradation, are
biogeochemical activities that can cause the regression line to deviate from the conservative
mixing relation. CDM retrieval approaches in coastal waters, where highly absorbing
waters predominate, may potentially be insufficiently precise, contributing to inaccuracies
in the modeled SSS. Moreover, colored detrital matter contributes to overall attenuation
in the blue region of the spectrum, where chlorophyll-a absorbs heavily, which could add
errors to CDM retrievals [83,84].

4.3. FSL Extension and Fresh Water Content

Large volumes of freshwater are discharged by the Ob and Yenisei rivers into the Kara
(mean annual discharge of 427 and 673 km3/year from Ob and Yenisei Rivers, respectively)
and Laptev (mean annual discharge of 581 km3/year from the Lena River) seas [39,45,85].
This freshwater volume accounts for approximately one half of the total river runoff into the
Arctic Ocean. The area of the FSL extension depends on the amount of fresh water flowing
into the sea, the strength and direction of summer wind forcing, and the vertical water
structure of the Kara and Laptev Seas. During years with weak or predominantly westerly
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winds, FSL water propagates along the coast toward the East Siberian Sea; whereas, during
summers with easterly or southerly winds, the plume remains on the central and northern
shelf and is exportable into the Arctic Basin. The vertical structure tends to be strongly
stratified during spring and summer, due to the great river discharges [68,86].

In order to estimate the annual FSL extension and the freshwater content entering the
Kara and Laptev Seas, we only used the modeled SSSm and SSSm2 reconstructions from 15
July–15 August for each year, as the accuracy of the reconstructions was higher and the
data coverage was at its maximum. Years in which the data coverage for the CDM in the
study region was less than 80% were not used to estimate the extension of the FSL nor the
freshwater content.

We estimated the FSL area from 1998 to 2020 by computing the area of SSSm and
SSSm2 with less than 26 psu in the Ob–Yenisei region (Figure 7, top) and less than 24 psu in
the Lena region (Figure 8, top). The FSL mean area estimates in the Kara Sea were 2089 km2

(±668 km2) for SSSm and 2611 km2 (±807 km2) for SSSm2. Figure 7 (middle panel) shows
the mean FSL area from 1998 to 2020 and the area anomaly, computed by subtracting the
mean FSL area over the same period. The FSL area evolution was compared with the mean
salinity evolution inside the FSL and mean river discharge volume (Figure 7, bottom panel).
The salinity anomaly was computed using the mean SSS for the 1998–2020 period (Figure 7,
bottom panel) and the River discharge anomalies (blue bars in Figures 7 and 8, top panel)
were computed by subtracting the Lena (Ob+Yenisei) river discharge mean from 1998 to
2019 [45]. Discharge anomalies of Ob+Yenisei river were correlated, as expected, with
FSL area anomalies and surface salinity; that is, in general, negative discharge anomalies
corresponded to negative FSL anomalies (i.e., lower extension of FSL) and with positive
salinity anomalies (i.e., higher mean SSS), such as in 2012 or 2016. To the contrary, it can be
observed that, in 2001, 2007, and 2015, when higher river discharge occurred, there was a
larger FSL extension and lower mean SSS.

The FSL area anomaly in 2011 was clearly negative, although the river discharge
anomaly was positive, which was unexpected. This could be due to the CDM extension
being lower than usual after the Ob and Yenisey discharge peak (Figure 4), causing the
modeled SSS to reflect the reduced FSL extension. The mean correlation coefficient for
2011 was −0.30 (Table 1), further revealing that there was no clear relationship between
the original SSS and the CDM. This provides an example of how modeled salinities (and,
hence, FSL extension) are dependent on the quality of the CDM estimations used as a proxy,
as well as their consistency in capturing river discharge and SSS variability.

The initial volume (∼1100 km3) arriving from rivers annually to the Kara Sea [85,87],
mixes and dilutes with salty waters, forming freshened surface layers of ∼2089 km2 under
the SSSm methodology (and of ∼2611 km2 under the SSSm2 methodology), with typical
FSL depth of 12 m [48]. This freshened water generates an eastward buoyancy boundary
current, accounting for the large-scale zonal freshwater transport along the Siberian part of
the Arctic Ocean [61].
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Figure 7. (a) Summed annual discharge fluxes from Yenisei and Ob (solid line) at Igarka and
Salekhard gauges [45] and discharge anomaly (bars) for Yenisei plus Ob. Anomalies are computed
each year with respect to the 1998–2019 mean Yenisei plus Ob discharge; (b) FSL area and anomaly
computed from modeled SSSm (black) and SSSm2 (red) in the Kara sea; (c) mean salinity in the FSL
and anomaly computed from modeled SSSm (green) and SSSm2 (yellow) in the Kara Sea; and (d)
freshwater content and anomaly computed from modeled SSSm (violet) and SSSm2 (light blue) in the
Ob–Yenisei region.
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Figure 8. (a) Lena annual discharge fluxes at Kusur (solid line) and discharge anomalies (bars)
computed each year with respect to the 1998–2019 mean Lena discharge [45]; (b) the FSL area and
anomaly computed from modeled SSSm (black) and SSSm2 (red) in the Laptev sea; (c) mean FSL
salinity and anomaly computed from modeled SSSm (green) and SSSm2 (yellow) in the Laptev Sea;
and (d) freshwater content and anomaly computed from modeled SSSm (violet) and SSSm2 (light
blue) in the Lena region.
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In the Laptev Sea, the estimated FSL mean area was 2320 km2 (±284 km2) for SSSm
and 2686 km2 (±436 km2) for SSSm2, with interannual variability as shown in Figure 8
(middle panel). Part of this extension was due to the 581 km3/year of freshwater annually
discharged from the Lena River [85,87] mixing with the surrounding salty water, and
potentially also due to the freshwater arriving from the Kara Sea spreading into the Laptev
Sea, as governed by eastward Ekman transport dominant in Siberian Seas [61]. The mean
FSL extension and mean salinity from 1998 to 2020 were used to compute the FSL area
anomaly and SSS anomalies (Figure 8; middle and bottom panels). The Lena river discharge
(Figure 8; top panel) tended to co-vary with the FSL extension positively and with the mean
SSS negatively for each year. The positive discharge anomaly period from 2005 to 2009
corresponded to an increase in the FSL area and a decrease in SSS; the same was true in
2014 and 2018. The tendency to decrease river discharge in 2011 corresponded to a descline
of salinity in 2011. In this area, the co-variation with Lena river discharge was not always
as expected—we suspect that some of the freshwater observed was not only related to Lena
river discharge, but also to other rivers discharging along the coastline (e.g., Khatanga and
Olenek rivers), or transported from the Kara Sea by the eastward transport prevailing in
the Siberian Seas [61].

The Freshwater Content (FWC) was estimated by integrating the freshwater fraction
for the two study regions: Ob–Yenisei and Lena (Figures 7d and 8d, respectively). The
freshwater fraction, f , (Equation (11)) indicates the percentage of freshwater at each pixel
with respect to the reference used (S0 = 32 for Kara Sea and S0 = 28 for Laptev), with
high values near the river mouth and low values at the FSL boundary. Figure 9 shows an
example of the freshwater fraction for minimal and maximal FSL extension in the Kara Sea
in 2011 (a) and 2015 (b), and the minimal and maximal FSL extension in the Laptev Sea
in 2013 (c) and 2018 (d). The total liquid FWC (km3) was, then, calculated by integrating
f over the horizontal area and the FSL depth (Equation (12)), which we considered as a
constant, based on previous references: 12 m for Kara Sea [61] and 10 m for the Laptev
Sea [59,60]. In this analysis, we assumed that the FSL depth was constant to compute the
FWC. The FSL thickness, on the other hand, varies with location, year, and season [60,68].
This oversimplification is a source of inaccuracy in the FWC computation, which will be
assessed and addressed in future studies.

The FWC in the Kara Sea was examined from 1998 to 2020 (Figure 7d), and was
found to be linked to Yenisey plus Ob river discharges, similar to the FSL extent. The
minimal and maximal FSL extension in the Kara Sea in 2012 and 2015 corresponded to
the minimal and maximal FWC extent. The mean FWC in the Ob–Yenisei region (Kara
sea) estimated from SSSm was 11.85 km3 (±2.22 km3), while the mean FWC estimated
from SSSm2 was 14.02 km3 (±2.32 km3). Thus, the approximately mean 1100 km3/year of
freshwater entering annually from the Ob–Yenisei rivers [87] would extend in freshened
surface layers of 2089 km2 (or 2611 km2 for SSSm) into the Kara Sea, with a typical depths
of 12 m [61], which would contain approximately 11.85–14.02 km3 of freshwater, when
S0 = 32.

The FWC evolution in the Laptev Sea (Figure 8d) indicated that, as in the case of FSL
extent, it was correlated with the Lena river discharge. Years corresponding to freshwater
maxima coincided with those having a maximum FSL extent (i.e., 2008 and 2018). Analo-
gously, years having the smallest FSL extent (i.e., 2005 and 2013) corresponded to those
with freshwater minima, implying that the FSL extension is mainly due to the amount of
river water entering the Laptev Sea. For the period 1998–2020, the mean FWC in the Lena
region (Laptev Sea) was 10.15 km3 (±0.93 km3) when estimated using SSSm; meanwhile,
it was 12.45 km3 (±1.48 km3), when estimated using SSSm2. The estimates of FWC and
FSL extension from SSSm had lower standard deviations than when estimated from SSSm2.
For the Lena river, the mean 581 km3/year discharging annually into the Laptev Sea [87]
would form a freshened surface layer of 2320 km2 (or 2686 km2 for SSSm2), with typical
depth of 10 m [59,60] and FWC of 10.15-12.44 km3 of freshwater, when S0 = 28.
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Figure 9. Freshwater content in the Ob–Yenisei region in 2011 (a) and 2015 (b) with the isohaline of
26 psu (red solid line). Freshwater content in the Lena region for years 2013 (c) and 2018 (d) with the
isohaline of 24 psu (red solid line).

5. Conclusions

We used the recently released SMOS SSS Arctic+ product in combination with a satel-
lite CDM ocean color product in order to study the dynamics and interannual variations of
freshened surface layers (FSLs) created by the discharges of the main Siberian rivers—the
Lena, Ob, and Yenisei—into the Laptev and Kara Seas. The combination of fresh river water
and saltier sea water on the Siberian shelf of the Laptev and Kara Seas produced extensive
FSLs, with a typical thickness of 10–20 m in depth. Ocean water properties were considered
to follow a conservative mixing assumption when affected by dilution processes. CDM
maps associate FSL (areas with SSS lower than 26 psu in the Kara Sea and less than 24 psu
in the Laptev Sea) with greater concentrations of detrital matter than in the surrounding
marine water, with mean monthly values of ∼0.6 m−1 near the river mouth and ∼0.05 m−1

at the edge of the FSL. Satellite images show that waters tend to have higher CDM east of
the river mouth than northward, probably due to the eastward transportation of freshwater
in the Kara and Laptev seas. As a result, this extends the surface-advected FSL from the
Kara to the Laptev Sea and from the Laptev to the East-Siberian seas. Waters advected
northward from the river mouth to the Siberian seas have high salinity and low CDM [84].
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The satellite data also revealed seasonal spreading dynamics. The FSL was fresher
in July, with noticeable gradients between the FSL and the surrounding seawater. Then,
the FSL area extended as it mixed with saline water in August. The inflow of the river
water was reduced in September, resulting in a smaller affected area. Cloud cover had
an adverse effect on CDM images. The number of missing points increased in September,
although estimates for July and August showed reasonable coverage for the majority of
the considered period. The impact of freshwater inflow from sea ice melting is likely to be
minor, as the entire region was nearly ice-free from July. During the period 2011–2019 (i.e.,
the period of SMOS salinity maps availability), the FSL extension presented interannual
variability. The amount of CDM along the FSL also varied from year to year. With mean
correlation coefficients of−0.74 for the Kara Sea and−0.92 for the Laptev Sea, we observed
a high negative correlation between the mean SSS and CDM, with short-term oscillations
inside the FSL of the Kara and Laptev Seas, demonstrating that CDM co-varies with salinity,
as expected (i.e., higher CDM values where the SSS is fresher), which is consistent with
prior research describing similar plumes during the ice-free summer season [38,62].

Assuming conservative mixing in the FSL of the Kara and Laptev Seas, the SSS was
estimated from ocean color, going all the way back to 1998. The negative linear relationship
between the SSS and CDM was used to model one variable, using the other as a proxy, from
1998 to 2020 using two distinct methodologies. The key difference between these methods
was that the coefficients used to generate SSSm varied spatially across the region, whereas
those used to generate SSSm2 were the same scalars in each region. When utilizing the latter
approach (i.e., SSSm2), the salinity range was reduced, and the salinity was overestimated
far from the river mouth. The SSSm2 is not well-recovered for SSS higher than 30 psu in
different years at the FSL limit, where the SSS and CDM no longer co-varied. However,
outside the FSL area, the SSSm predictions performed better, recreating realistically higher
SSS. Overall, the methods for modeling SSS based on the conservative mixing relationship
corresponded well to the original SMOS SSS data from 2011 to 2019 in the FSL. Except at
the start and end of each ice-free season, when CDM data coverage dropped due to the
presence of clouds, salinities modeled from ocean color accurately reflected the original
temporal evolution of the SMOS SSS, with a typical error of less than 20%.

The largest sources of potential errors expected when retrieving the SSS from CDM
using the conservative mixing assumption are: (a) Potential inaccuracies of satellite prod-
ucts and errors in retrieving algorithms, especially close to the coast and sea-ice, and (b) in
places where the CDM is not only acting as a passive tracer of freshwater but is affected by
biogeochemical processes such as primary production or degradation. The method could
be extended to other regions of the Arctic affected by large rivers, such as the Kolyma,
Yukon, and Mackenzie, in order to monitor trends in Freshwater content.

The inferred SSS during the ice-free periods of 1998 to 2020 was used to estimate the
extension and freshwater content of the FSL in the Kara and Laptev Seas. To do so, we
used the mean modeled SSSm and SSSm2 from 15 July to 15 August, as the reconstruction
accuracy was higher and the data coverage was optimal in this period. The annual river
flow into the Kara Sea mixes and dilutes with salty waters, resulting in a FSL extension of
2089 km2 with SSSm (and 2611 km2 with SSSm2). Discharge anomalies, as expected, were
correlated with FSL area anomalies and surface salinity, with negative discharge anomalies
corresponding to lower FSL extension and positive discharge anomalies corresponding to
higher mean SSS. The estimated FSL mean area in the Laptev Sea was 2320 km2 for SSSm
(and 2686 km2 for SSSm). The Freshwater Content (FWC) was calculated by integrating the
freshwater fraction over the horizontal area and the depth of the FSL in the Kara Sea and
the Laptev Sea for the period 1998–2020. When S0 = 32 was chosen as the reference salinity,
the freshened surface layers in the Kara Sea would contain approximately 11.85–14.02 km3

of freshwater (roughly half of the total extension of FSL). Furthermore, when S0 = 28 is
used, the freshwater content in the Laptev Sea would be 10.15–12.44 km3 (less than half of
the total extent of FSL). The years when the FSL reached its maximum/minimum extent
corresponded to freshwater content maxima/minima, respectively, demonstrating that the
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FSL extension is primarily determined by the amount of river water entering the Kara and
Laptev Seas.

These promising results suggest that the SMOS SSS has the potential to better monitor
river discharge changes in the Eurasian Basin and to assess the Arctic freshwater system
throughout the ice-free season and encourage the exploration of further ocean color–
surface salinity comparisons. SMOS SSS has the potential to aid in determining the region’s
circulation, which is impacted by variances in the buoyancy of river-affected fresher and
saltier ocean water as well as changes in the prevailing wind. The reported increase in
river runoff since the 1940s [1] is primarily produced during the winter–spring period,
whereas discharge during the flooding period (late spring–summer) has remained nearly
constant [45]. Our FSL extent estimation was based on the July-September period from
1998 to 2020. It is not within the scope of this study to discern a climatic trend. Long-term
trends and their implications can be addressed in future studies. However, the future
acquisition of remotely sensed surface salinity data with the CMIR ESA mission should
allow us to examine climatic patterns using at least 30 years of data. Continuous efforts in
acquiring and exploiting remotely sensed SSS and optical data will allow us to understand
the complex relationships and feedbacks between sea ice formation, river discharges, and
stratification in the Arctic Ocean.
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Appendix A. Additional Figures

Figure A1. The July monthly mean of the SMOS SSS maps for 2011–2019. The mean monthly
isohaline of 26 psu is shown as a solid black line, and the isohaline of 24 psu is shown as a solid
red line.
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Figure A2. The July monthly means of CDM for 2011–2019. The mean monthly isohaline of 26 psu is
shown as a solid black line, and the isohaline of 24 psu is shown as a solid red line.
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Figure A3. Temporal means of the local slope estimation a(~x) (top left) and local intercept estimation
b(~x) (top right). Temporal standard deviation of the local slope estimation a(~x) (bottom left) and
local intercept estimation b(~x) (bottom right).

Figure A4. Monthly mean of SSSm for July for even years from 1998 to 2020, from the original CDM,
using a(~x) and b(~x) coefficients (only even years are shown). The mean monthly isohaline of 26 psu
(24 psu) shown as solid black (red) line.
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Figure A5. Monthly mean SSSm2 for July for even years from 1998 to 2020, from the original CDM,
using a(~x) and b(~x) coefficients (only even years are shown).

Figure A6. Error estimation for SSSm (purple discontinuous line) and SSSm2 (yellow discontinuous
line) in Yenisei–Ob (top) and Lena regions (bottom). The error is defined as the difference between
the mean modeled SSS and the original SSS, divided by the original SSS.
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