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Abstract: The Lena River plume significantly affects the thermohaline, optical and chemical prop-
erties of the eastern Arctic seas. We use sea surface salinity (SSS), temperature (SST), and altimetry
measurements to study features of the Lena plume propagation during 1993-2020. A comparison
of Soil Moisture Active Passive (SMAP) SSS measurements with in situ data obtained using the
flow-through system in oceanographic surveys in 2018-2019 demonstrates good coincidence with
correlation ~ 0.96 and RMSD ~ 1 psu. The SMAP data were used to reconstruct the plume evolution
in 2015-2020 and to identify three main types of Lena plume propagation, which are mainly related
to the variability of dominant zonal wind direction: «northern»—the plume moves to the north from
the delta up to 78° N; «eastern»—the plume moves eastward along the Siberian coast up to 180° E;
«mixed» between two main types. Brackish plume waters were characterized by increased temper-
ature and sea level, which provides the opportunity for studying the Lena plume dynamics using
satellite altimetry and infrared measurements. These data were analyzed to study the interannual
variability of plume propagation during the ice-free period of 1993-2020. The obtained results show
that the «northern» type is observed twice more often than the «eastern» one, but the «eastern» type
has intensified since 2010.

Keywords: Lena River plume; sea surface salinity; SMAP; satellite altimetry; sea surface temperature;
Laptev Sea; interannual variability; Arctic Ocean

1. Introduction

Riverine freshwater significantly affects the hydrological structure, dynamic charac-
teristics, and ecosystem of the Arctic Ocean [1-3]. The waters of the continental runoff
of the Laptev and East Siberian Seas extend over hundreds of thousands km? and are
among the largest freshwater sources in the Arctic Ocean [1,4,5]. The Lena is one of the
large rivers of the Arctic with an annual discharge of ~538 km? /year [6]. This corresponds
to about 15% of all river discharge in the Arctic basin [5]. Brackish riverine water plays
a significant role in the formation of the thermohaline structure and stratification of the
Eastern Arctic, especially in its coastal and shelf areas [7-10]. Buoyancy gradients at the
periphery of river plumes play an important role in the formation and variability of large-
and mesoscale dynamics of the coastal seas of the Arctic basin [3,11-13]. Riverine waters
bring a large amount of dissolved organic matter [3,14,15] and sharpen stratification, which
decreases light availability and upward nutrient fluxes suppressing the development of
phytoplankton [16]. Riverine heat flux plays an important role in the heat balance of the
Arctic seas [17,18], especially in the summer season, when their temperature exceeds ~15°,
which is significantly higher than the temperature of the Laptev Sea (~2°) [18-22]. These
publications also show that riverine waters can significantly affect sea ice melting in the
Arctic [22,23].
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The propagation of the Lena River plume is characterized by significant interannual
variability, which depends on meteorological and hydrological conditions, in particular, on
wind forcing, large-scale circulation, runoff intensity, and self-organizing plume buoyant
circulation. The patterns of plume propagation define the regions, which will be most
affected by warm, brackish, and chemically complex riverine waters. Hydrological mea-
surements [7-10,24-26] and numerical simulation data [11,26-29] showed that one of the
main factors determining interannual changes in plume position is wind forcing [24,26-28]
and, in particular, wind vorticity [10,27]. The cyclonic atmospheric circulation promotes
the transport of the river plume to the east into the East Siberian Sea, while the anticyclonic
circulation promotes its transfer to the north [27,28].

The propagation and salinity of the plume also are characterized by significant
high-frequency variability associated with changes in wind speed and mesoscale dy-
namics [29,30]. Coastal upwelling arising from westerly and northwesterly winds in the
near-delta region can cause significant transformation and dilution of the river plumes
near the river mouth [30]. In rare cases, the penetration of brackish waters of the Kara Sea
through the Vilkitsky Strait can also affect the salinity field in the Laptev Sea [7,31,32].

Riverine waters are characterized by increased temperature and concentration of sus-
pended matter, which makes it possible to study them using optical and infrared satellite
measurements [9,30,33,34]. However, the most direct information about the propagation
of brackish plume waters is provided by satellite salinity measurements. Several previ-
ous studies demonstrated that modern passive microwave salinity measurements can be
used for the investigation of the river plumes in the Arctic basin and their interannual
variability [9,12,13]. In particular, Aquarius data were used to study the features of the
propagation of the Ob-Yenisei plume in the Kara Sea and its relationship with geostrophic
and wind circulation [12,13]. In a recent work [9], the authors showed the possibility for the
investigation of the Lena River plume propagation using Soil Moisture and Ocean Salinity
(SMOS) satellite measurements in August-September 2018.

Global warming and the decrease in sea ice coverage [35,36] give a possibility to obtain
more satellite data on the processes in the Arctic regions. The new device, Soil Moisture
Active Passive (SMAP), launched in 2015 with the largest antenna size provide salinity
measurements with higher resolution and accuracy [37]. The temperature of riverine
waters in the summer period is significantly higher [18-21] than the temperature of the
open sea, which gives a possibility to track them using infrared (IR) measurements. In
addition, the influx of warm freshwater causes a rise in sea level due to the steric effect
and direct rise of water volume. Modern altimetry data provide regular information on
sea level fields and provide new information on the spatio-temporal variability of plume
dynamics in the Arctic seas [12,13].

In this study, for the first time, we investigate the features of interannual variability
of the Lena plume propagation in 1993-2020 based on SMAP salinity measurements,
MODIS IR radiometer data, and satellite altimetry measurements. The data are described
in Section 2. Validation of SMAP salinity data on the base of comparison with the in situ
measurements in the Laptev Sea in 2018-2019 is given in Section 3.1. The interannual
features of plume propagation and their relationship with the wind field on the base of
SMAP data are analyzed in Section 3.2. In Section 3.3, we compare satellite measurements of
salinity, temperature, and sea level in 2015-2020. The comparison shows that the brackish
waters of the plume are characterized by increased sea level and temperature. These
characteristics are then used to analyze the interannual variability of the Lena River plume
propagation based on altimetry measurements in 1993-2020 and MODIS IR measurements
in 2003-2020 (Section 3.4).

2. Materials and Methods

We used monthly and 8-day surface salinity maps obtained from measurements of the
SMAP instrument for 2015-2020 to study the dynamics of river plumes. The product SMAP
sea surface salinity (SSS) V4.0 was downloaded from http://remss.com/missions/smap/
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salinity/ (accessed on 10 October 2021). The major change in version 4.0 from version
3.0 is an improved land correction, which allows for SMAP salinity retrievals closer to
the coast [38]. The monthly averaged maps were used for the description of the plume
propagation, while 8-day averaged maps were used for the product validation on the base
of comparison with in situ measurements. Both data sets have 0.25° spatial resolution. Data
are available since July 2015. Estimated SMAP accuracy is about 0.5 psu [38]. However,
at high latitudes (above 65° N) the accuracy of SSS measurements decrease due to lower
sea temperature. The authors of [37] show that in the Arctic Ocean RMSD (root-mean—
square deviation), bias, correlation coefficients between SMAP data and in situ salinity
measurements are 1.20, —0.16, and 0.93, accordingly.

Altimetry data were used to investigate the plume propagation based on its mani-
festation in sea level fields. We obtained the gridded altimetry data (product identifier:
SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_088_047) for 1993-2019 from the Coper-
nicus Marine Environmental Monitoring Service (CMEMS). This product consists of daily
gridded maps of Absolute Dynamic Topography (ADT) in ice-free regions. These maps
are computed as a sum of mapped sea level anomalies (SLA) calculated from combined
measurements by different satellites and mean dynamic topography (MDT) [39]. The
data were corrected for instrumental errors, tidal influence, wind, and pressure effects,
and objectively interpolated to a 1/4° Mercator projection grid [40]. Altimetry maps are
produced using spatial interpolation of the along—track data [41]. Quantitative validation
of altimetry data on sea level in the Arctic basin was made in several specialized stud-
ies [42,43]. The authors of [42] showed that altimetry data generally match tide gauge data
and the standard deviation between them, partly related to the differences in the position
of the measurement, varies from 2 to 12 cm.

Only altimetry satellites with high-inclination orbits provide useful information in
high-latitude regions. However, the convergence of satellite tracks at high latitudes in-
creases the spatio-temporal resolution of altimetry along-track measurements [29]. The
maximum number of tracks was available in 2001-2008 [29] when this area was covered
simultaneously by three satellites with high orbit inclination (GFO, ERS-2, Envisat). In this
period, up to 15-20 altimetric tracks were available in a month in August-September in
a1l x 1° box, that is, the measurements were available almost every two days. During
1991-1996 and in 2012 only one such satellite was at work, resulting in only two tracks per
month, while six tracks per month were available in 1998-2000 and 2009-2011 and about
10 tracks in 2013-2020.

We use MODIS Level 3 daily sea surface temperature (SST) with a spatial resolution of
4 km. Data for the 2002-2020 period were downloaded from the OceanColor data archive
(http:/ /oceancolor.gsfc.nasa.gov/, accessed on 10 October 2021). These data are corrected
routinely for atmospheric and sea surface effects using standard atmospheric correction
algorithms. MODIS SST accuracy for the global ocean is 0.07 °C [44]

A sufficient number of measurements were collected only in the ice-free period of a
year. This period was shorter for passive microwave SSS measurements with a footprint
~ 40 km (August-October) and longer for altimetry data with a 7 km footprint (June—
November). Clouds obstruct SST measurements but are transparent for SSS and altimetry
microwave measurements.

Data on the wind velocity at 10 m height were obtained from the Era-5 reanalysis [45]
for 1993-2020. The data are available from https:/ /cds.climate.copernicus.eu/ (accessed
on 10 October 2021). The temporal resolution is 3 h and the spatial resolution is 0.25°.

3. Results
3.1. Comparison of In Situ and Satellite Measurements of Salinity

Satellite salinity measurements in the Arctic Ocean are less accurate due to the presence
of sea ice and low temperatures, which reduce the sensitivity of microwave measurements
to salinity changes [37]. Despite this, several studies [9,12,13] demonstrated the possibility
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of using these measurements to study the propagation of river plumes in the Arctic, in
which salinity differs significantly (by 5-10 psu) from the surrounding waters.

To assess the possibility of using SMAP salinity data for the investigation of the
Lena plume propagation, SSS data were compared with in situ measurements of surface
salinity obtained in several expeditions of Shirshov Institute of Oceanology of Russian
Academy of Sciences (I0 RAS) in 2018 and 2019. Continuous measurements of salinity in
the surface layer were obtained during the 73rd and 78th cruises of the R/V Akademik
Mstislav Keldysh using a flow-through system equipped with an SBE21 thermosalinograph.
Water was taken from a depth of 2-3 m. Figure 1 shows the routes of the expeditions
along which the surface salinity measurements were made in 2018 and 2019. More than
16,000 measurements were used for the comparison in total.
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Figure 1. Spatial distribution of the absolute difference of salinity (colors) between in situ data and
SMAP salinity measurements in the Laptev Sea in 2018-2019. For the comparison, SMAP data were
interpolated on the points of in situ measurements.

To assess the spatial distribution of the accuracy of satellite measurements, SMAP
salinity data were linearly interpolated on the location and time of the in situ measurements.
The color in Figure 1 shows the absolute difference between satellite and in situ data. The
satellite data error does not exceed 1-2 psu in most cases (blue and cyan colors). Larger
errors (4-5 psu) were observed at some scattered points near the coast, in the direct vicinity
of the Lena estuary, and in the Laptev Strait.

There are several possible sources of these increased errors in areas. First, the proba-
bility of the impact of the reflection from the coast or small islands on the formation of the
microwave signal increases in these shallow areas. Second, in situ data were obtained at the
horizons 2-3 m, while satellite passive measurements penetrate only to about 1 cm. Sharp
vertical gradients of salinity, which are expected in the areas of intense river discharge
may affect the comparison. Third, satellite data have a much lower spatial and temporal
resolution than in situ measurement data. Near the river mouths, significant spatial and
temporal variability of salinity can be expected, associated with the intense baroclinic
dynamics observed at river mouths, wind forcing [26-28], and the complex structure of the
mouth of the Lena River [30].

To take the difference in the spatial resolution into account the in situ measurements
were averaged in 0.25 x 0.25° cells corresponding to the grid of SMAP data. The number
of the in situ measurements in each cell varies from 3 to 40 depending on the vessel speed.
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The scatter plot between datasets demonstrates their fairly good agreement. The correlation
between the two series was 0.96. RMSD between the in situ and satellite measurements
was about 1 psu. SMAP salinity estimates are lower than in situ data on the average value
of 0.734 psu. Such a bias is possibly related to the difference in the vertical position of
the measurements. Passive microwave measurements give information about the most
surface layers of the sea (~1 cm), where salinity should be lower than at the depths of in situ
measurements (2-3 m). In the diagram (Figure 2), two clusters of points are distinguished—
points with salinity above 28 psu, corresponding to the waters of the open sea, and points
with salinity less than 26 psu, corresponding to waters affected by the river plume. Note
that in our comparison, there is almost no salinity below 20. Therefore, we cannot guarantee
an accurate quantitative estimate of salinity in a lower diapason of values.

2018-2019
a2 | 5
R? = 0.924
30 - Bias = 0.734 -
K =0.961
28 0 =1.077 7
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Figure 2. Scatter diagram between in situ and SMAP salinity measurements for 2018-2019. The
dashed line indicates the 20 region. R? is the coefficient of determination. K is the correlation
coefficient. Bias is the difference between the averages of the arrays.

The average salinity of the Arctic open sea waters is usually higher than 30 psu. The
estimate of the SMAP error is about 1 psu, so we can take 28 psu as a boundary of plume-
affected waters. Similar values, 30 psu, were used as a plume boundary in the study of [7].
The diagram in Figure 2 shows that satellite data with fairly good accuracy (+/—1 psu)
provide a possibility to separate the plume (s < 28 psu) from open sea waters (s > 30 psu).

We note that the discussed above factors also can affect the results of the analysis of
the plume propagation from satellite salinity measurements in Section 3.2. Particularly;,
plume dynamics can not be observed near the coast and ice, where passive microwave
measurements are unavailable [38]. The relatively low spatial and temporal resolution of
satellite measurements smoothes the salinity gradients and can somewhat overestimate
the observed plume area. In our article, we investigate large-scale plume dynamics on
monthly periods, so these effects should not significantly alter the presented results.

3.2. Interannual Variability of the Lena Plume Propagation from Satellite Salinity Measurements

The maximum discharge of the Lena is observed in June-July [46,47]. Satellite salinity
measurements are mainly available from August to October, as before that time, most of
the ocean is covered with ice interfering the microwave measurements. Figure 3 shows
the monthly average salinity maps for August for different years of the period 2015-2020.
Areas with low salinity correspond to the position of the river plume, which is characterized
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by significant interannual variability. It should be noted that the melting of sea ice can
also affect the salinity distribution in a warm period of a year. However, as ice covers all
the study area, its effect should be more or less constant in space. At the same time, SSS
measurements show a gradual increase in salinity with a distance from the river mouth.
This indicates the riverine origin of the observed brackish areas.

120

140

160 °E 120 140 160 °E 120 140 160 °E

Figure 3. Average SMAP salinity maps for August—October of 2015-2020.

Figure 3 shows three main types of river water propagation directions, which will
be further referred as «northern» (2015, 2020 years), «eastern» (2016, 2017), and «mixed»
(2018, 2019).

During the «northern» type of propagation, brackish waters propagate mainly to the
north from the Lena mouth. Salinity to the north of the New Siberian Islands (Sny) at
latitudes higher than 76° N significantly decreases. At the same time, the salinity of the
south East Siberian Sea (Sgs) and salinity to the southeast of New Siberian Islands are
significantly higher, i.e SNy<<Sgs,

A well-defined « northern» type was observed in 2015. Brackish waters with a salinity
of 13-17 psu are stretched from the mouth of the Lena to the north to 131.9° E 78° N.
Further, they move eastward in the area north of the New Siberian Islands. Here, they
mix with the surrounding waters and their salinity rises to ~20 psu. At the same time
salinity of the south East Siberian Sea was relatively high (~30 psu). Due to the lack of
data near the coast, it was not possible to trace how the plume moved along the islands.
However, a lower salinity in the region of 144.6-150° E along 74.38° N to the east of the
islands indicates that further, the plume moves southeast, reaching a longitude of 153° E.

A similar «northern» type of propagation was also observed in 2020. However, in this
year, the northward movement of the plume was somewhat less intense. Water masses
with salinity less than 20 psu reached the area of 124° E 77° N. Then, they also moved
eastward. In contrast to 2015, brackish waters were almost absent to the north of the New
Siberian Islands.

During the «eastern» type the plume moves eastward along the coast. Contrary to the
«northern» type, the salinity to the west of the New Siberian Islands is higher than in the
south East Siberian Sea (St > Sgs.). Such type of propagation was observed in 2016 and
2017, when plume moved predominately eastward in the form of alongshore flow. In 2016,
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the river plume elongated along the coast from longitude 130° E to 165° E, i.e., moved on
more than 1500 km to the east. Its salinity varies from 10 in the Laptev Sea area up to 17-20
in the East Siberian Sea at longitude 160-170° E. The plume was pressed to the coast of
Eurasia and its cross-shore width does not exceed 200 km.

In 2017, the plume penetrated even further to the east to ~170° E. Average salinity
in the coastal part of the East Siberian Sea in this year was less than 12 psu, while in the
central part it was above 25 psu. Note that in 2017 the plume also intensively propagated
to the north of the Laptev Sea and reached the western tip of the New Siberian Islands.

The propagation type in 2018 and 2019 can be described as «mixed». During «mixed»
type, we observe the transport of the plume both to the north, up to 76° N, and to the east
(Sni ~ Sgs)

In 2018, plume moved to the north up to the New Siberian Islands (140° E 77° N) and
to the east along the coast up to longitude 168° E (see also more details in Section 3.4).

In 2019, a rather unusual «mixed» type of propagation was observed. Brackish waters
with salinity ~10 psu spread from the mouth to the north up to 134° E 76° N. Here, probably
due to the mixing with the open sea waters, the salinity increased to 12-15 psu. After that,
the plume moved eastward across the entire East Siberian Sea. Areas of minimum values
of salinity are located at a distance of 100-200 km north of the coast in the East Siberian
Sea These propagation patterns differs from the «eastern» type in 20162017, because in
2019, the plume was not pressed to the shelf, but occupied vast areas far from the coast.
Several patches with low salinity are visible at longitudes 145-175° E. Such brackish lenses
were never observed before in these regions due to the very low amount of available
in situ measurements. Such a structure can possibly indicate pulse-like formation and
transport of the plume due to the time variability of wind mixing and currents or impact of
mesoscale eddies.

Let us consider the evolution of the «northern» and «eastern» types of propagation
using the monthly averaged salinity maps in the ice-free period 2015-2016 (Figure 4). The
salinity is minimal ~9-10 psu in August of 2015. It should be noted that these values are
less than usual plume salinities reported by in situ data in [7,9,30]. Such a difference is
probably caused by the almost complete absence of in situ salinity data in August. The
study area is almost inaccessible at this time for the ships going from the major seaports
due to complex ice conditions. In such a case, satellite salinity measurements give a unique
possibility to investigate plume distribution in August.

In September—October, active transformation and mixing of the plume with the sur-
rounding saltier waters are observed. Plume salinity increased to 15 psu in agreement with
in situ data. The likely reason for this mixing is a gradual decrease in river flow and the
impact of wind forcing in ice-free conditions. From August to September 2015 brackish
waters (S < 20 psu) observed to the north of the New Siberian Islands moved slightly
eastward from 150° E to 157-158° E. In October salinity continued to rise. Plume broke
down on several patches with minimal values of salinity located near the New Siberian
Islands. In this year there were no pronounced low-salinity areas associated with plumes
of the Kolyma and Indigirka rivers in the East Siberian Sea. Due to the absence of SMAP
data near the coast, we can only assume that during the «northern» type of propagation,
active mixing did not allow to observe the plumes of these rivers.

In 2016, plume spread to the east along the Russian coast. The boundary of the
plume in August was already located far east at a longitude of 165° E. The plume reached
a longitude of 175° E by October. It was even more pressed to the shore at this time.
The width of the brackish zone in the East Siberian Sea is about 100 km. In October, a
general increase in plume salinity is observed indicating the impact of mixing on the
plume dilution.
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Figure 4. Monthly averaged SMAP sea surface salinity maps in August-October of 2015-2016.

Note that the difference in the position of the plume from August to October in
Figure 4 is not large. This indicates that during the ice-covered period, unavailable for SSS
measurements, the plume already propagated at a large distance from the mouth. These
results are consistent with the analysis of oxygen isotopes performed in 2018 [9], which
show that the propagation of river water to the north in this year occurred long before
August when the Laptev Sea was partly covered with ice.

The wind is one of the main reasons for the transport of the Lena plume [24-28].
Figure 5 demonstrates the average monthly wind maps during two different types of
plume propagation: «northern» in 2015 and «eastern» in 2016. The analysis shows that the
zonal component of the winds over the Lena estuary in these years is different, especially
in the summer months.

In June-July 2015, prevailing northeastern winds were observed (Figure 5—left). Ac-
cording to Ekman’s theory, the freshened lens moves to the right of the wind direction.
Recent research of Ob-Yenisey plume propagation showed that plume transport is directed
on ~60° to the right from the wind direction [12,13]. Note that due to the smaller thickness
of the Lena plume, the magnitude of this angle may be different. Therefore, northeastern
winds block the plume propagation to the east. As a result, brackish riverine water accu-
mulates near the mouth. Due to the difference in salinity, anticyclonic buoyant circulation
is formed at the plume front, which transports it northward from the mouth. Southeast
winds prevailing in August of 2015 promoted additional plume transport to the north and
northeast. In September-October 2015, the wind changed direction to the western. At
this time eastern boundary of the plume located to the north of the New Siberian Islands
moved eastward and reached ~158° E.
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Figure 5. Monthly averaged maps of the wind field from the Era-5 reanalysis (Jule-September) in
2015 (left) and 2016 (right). The color shows the magnitude of the monthly averaged wind velocity.

On the contrary, in 2016, winds above Lena’s mouth were blowing from the northwest
and the prevailing zonal component was eastward (Figure 5—right). Such winds move
the plume to the south and press it to the coast. The accumulation of light brackish waters
leads to a rise of sea level near the coast (see Figure 6b in Section 3.3) and the generation of
eastward buoyant alongshore geostrophic currents. Southwest and west winds prevailing
in August and September of 2016 provide an additional contribution to the «eastward»
propagation of the plume. A similar effect of wind on the propagation of brackish waters
was observed in the Kara Sea for the plume of the Ob and Yenisei Rivers [12,13].
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Figure 6. Averaged maps of sea level for August-October (a): in 2015; (b): in 2016. Averaged maps of sea surface temperature
for August-October (c): in 2015; (d): in 2016. The black rectangle marks the area selected for the comparison salinity, surface
temperature, and sea level in Figure 7 and Table 2.

-2015 2016 2018
Kz- -0.664 K =-0.881 K =-0.849
R? = 0.441 R2=0.777 R?=0.721

SST,°C

12 14 16 18 20 22 5 10 15 20 %5 5 10 15 20 2 1 12 14 16
SSS, psu SSS, psu §SS, psu SSS, psu

Figure 7. Comparison of satellite-derived sea surface salinity, sea level, and sea surface temperature in August-September
in the region of 131-138° E 73-75° N for 2015-2018 (black rectangle in Figure 6). The dashed line denotes o. K is the
correlation coefficient. R? is the coefficient of determination.

3.3. Lena Plume Propagation from Satellite Altimetry and Temperature Measurements

River waters flowing into the Arctic seas in summer have a significantly higher
temperature reaching up to 15° in summer months [19]. A decrease in salinity and an
increase in temperature in the plume cause an increase in the volume of water due to the
steric effect. An additional contribution to the sea level increase is provided by the inflow of
a large volume of riverine waters. These factors give a possibility to determine the features
of the propagation of the waters of the Lena River by SST and altimetry measurements.
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As an example, Figure 6 shows the averaged maps of SST and sea level for the ice-free
period (August—-October) in 2015 and 2016, when SMAP data detect the «northern» and
«eastern» propagation of the plume, respectively.

It can clearly be seen that, in 2015, the warm area with SST > 3 °C extended from the
mouth to the north on more than 400 km to 78° N. Its position coincides with the area
of low salinity, indicating that the temperature rise is caused by the impact of the plume
(Figure 6¢). In 2016, during the «eastern» type, warm waters were not observed to the
north of the Lena mouth (Figure 6d). In this year, warm waters with SST > 3° moved to
the east and occupy most of the coastal zone in the East Siberian Sea. It should be noted
that several mechanisms may impact the rise of SST in the plume. First, riverine waters
are initially warmer than open sea waters [17-21]. Then, haline stratification increases the
stability of the waters, making summer heating more effective (see, e.g., [33]). Additionally,
plume waters with large concentrations of suspended matter more effectively absorb solar
radiation [48]. All these mechanisms help to trace the plume in SST maps even at a large
distance from the mouth.

Changes in sea level are related to the observed changes in temperature and salinity
and well coincide with them. In 2015 during the «northern» type of propagation the highest
sea level values are observed north of Lena’s mouth in the western part of the study area. At
the same time, a sharp decrease in sea level near the coast of Eurasia at longitudes 140-180°
was observed. Such features can be associated not only with the absence of brackish
riverine waters but also with other dynamic effects. Particularly, stronger southeast winds
in the years with “northern” propagation promote upwelling near the Russian coast [30].
Upwelling is caused by the offshore propagation of coastal waters, which also decreases
the sea level during such years.

On the contrary, in 2016, with the “eastward” propagation an increased sea level is
observed along the coast of the East Siberian Sea and the Laptev Sea (Figure 6b). Relative
high values of sea level are observed up to 170° E. The waters with increased sea level and
SST are pressed to the Eurasia coast and coincide well with the areas of decreased salinity.

The contribution of temperature and salinity to the steric sea level (k) can be esti-
mated as:

pplume Psea)
et = / S T g M
Psea

Here, H is plume thickness, pp;;,e and pseq are the density of the plume and surround-
ing sea waters. Roughly, we can take the following characteristics: plume thickness is
H =5m, salinity S = 15 psu, temperature T = 6 °C, the salinity of the open seais S = 30 psu,
the temperature of the open sea is T = 2 °C. Then, the calculated /s will be ~ 12 cm. This
estimate is close to the observed in Figure 7 difference of sea level between plume and
surrounding waters.

To find the relationship between satellite-derived salinity, surface temperature, and
absolute dynamic topography (ADT), scatter diagrams between these values were analyzed
(Figure 7). For this purpose, the monthly maps of SST with 4 km resolution were averaged
in 0.25° cell corresponded to the grid of SMAP data. Monthly maps of altimetry sea level
have the same resolution as the SMAP data. Further, the data were compared at each grid
point in the area near the mouth with coordinates 131-138° E, 73-75° N, marked with a
rectangle in Figure 6. The results of comparison for 2015-2020 are shown in Table 1, and
examples of scatterplots for 2015 and 2018 are shown in Figure 7.

In the brackish areas, a significant increase in the sea level is observed. A linear
relationship between the sea level and salinity is clearly seen with fairly high correlation
values for all years. The average coefficient of correlation is about —0.74 and in some years
it reaches minus 0.85-0.89. In some years the correlations are lower, but they are also quite
significant. For example, in 2019 they are about 0.55. The decrease in correlation may be
related to the Sharp changes in the prevailing winds from the southeast in July to the north
in August-September, which lead to a «mixed» type of plume propagation.
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Table 1. Correlation between SMAP SSS, altimetry sea level, and MODIS SST in different years.

Year Correlation with ADT Correlation with SST

2015 -0.66 -0.54

2016 -0.88 -0.82

2017 -0.73 -0.62

2018 -0.85 -0.7

2019 -0.54 -0.69

2020 no delayed data on ADT -0.56
Average -0.74 -0.66

Warm river waters are also characterized by higher temperatures. However, the
absolute values of the correlation of salinity with SST are somewhat lower than with sea
level. On average, it is —0.66 and varies from —0.54 in 2015 to —0.82 in 2016. Slightly
lower correlation values are caused by the significant influence of other factors, first of
all, summer heat fluxes and wind mixing, which can significantly affect SST depending
on meteorological conditions. Interannual variability of heating conditions linked, e.g.,
with ice cover variations also may impact the value of correlation. Additionally, summer
heating should be more intense in the shallowest southern areas. This effect increases the
coastal temperature even in years with «northern» type (Figure 6c). Therefore, the reliable
indicator of the «northern» type on SST maps is significantly higher SST to the northwest
of the New Siberian Islands and relatively low SST to the east of them in the northern East
Siberian Sea.

Thus, the results of this subsection show that satellite measurements of sea level and
SST gives a possibility to estimate the type of propagation of the Lena River plume.

3.4. Long-Term Variability of the Lena River Plume Propagation on the Base of Altimetry and
Infrared Satellite Measurements

Highly accurate satellite altimetry data have been available since 1993, which makes
it possible to study the interannual variability of Lena plume propagation for more than
25 years. Figure 8 shows examples of sea level maps for August of several years and
corresponded wind roses for June—October of these years.

The maps on the left in Figure 8 clearly show an increase in the sea level near the
coast of Siberia in 1994, 2001, and 2012, which makes it possible to identify the type of
plume propagation as «eastern». In all of these years, the prevailing winds were northwest
promoting the accumulation of the plume near the Russian coast. In 1994 and 2001, the
plume reached 173° E and was limited from the north by the New Siberian Islands. In 2012,
altimetry data revealed extremely strong eastward propagation. The largest values of sea
level are observed in the south coastal part of the Laptev Sea and the East Siberian Sea.
High values of sea level reached 175° E. At the same time in the northern part of the study
region (north of 76° N) sea level decreases. In contrast to 1994 and 2001, it is not so strongly
pressed to the coast, which can be explained by the presence of not only northwestern but
also eastern winds promoting the «northen» type of propagation (see wind roses on the
left side of Figure 8).

On the right panel of Figure 8, sea level has a significantly different distribution. The
sea level is higher in the northern part of the Laptev Sea and it is lower near the coast of the
East Siberian and the Laptev Seas. This makes it possible to identify this type as «northern».
For example, in 1995 and 2014 positive level values were observed at longitudes 110-140° E.
At these longitudes, they extend northward up to 76° N, which indicates the spread of the
plume to these latitudes. At the same time, east of 140° E, the sea level decreased, which
indicates the absence of the plume.

Even more intense displacement of the plume into the northern part of the Laptev
Sea is observed in 2011. Sea level values below —20 cm occupy vast areas east of longitude
130° up to 220 km from the coast. In all the presented cases, this type is characterized by a
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predominance of southeasterly wind, which promotes the transport of the plume from the
coast to the northern part of the Arctic Basin.

1994 Jul - Oct 1995 Jul - Oct
IR

2011

2014

140 150 160 . N
Wind velocity, m/s ADT, cm Wind velocity, m/s

10 - - 0 5 20 2 4 6 8 10

2 4 6 8

Figure 8. Average sea level maps during «eastern» (left) and «northern» (right) propagation types and corresponded wind
roses for June—October based on Era-5 reanalysis data.

Similarly, Figure 9 demonstrates the ability to track the type of propagation of the
brackish layer on the base of SST data. In years with the «eastern» type (2009, 2017), waters
with increased SST are pressed to the coast. The warmest waters with temperatures over
3° are located south of the New Siberian Islands.

2009-09 2003-09

T BT
2017-09

DR

140 150 160 170 °E 120 130 140 150

120 130 160 170 °E

Figure 9. Average September sea surface temperature maps (°C) during «eastern» (left) and «north-
ern» (right) propagation types.
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In years with the «northern» type (2003 and 2011), warm waters intensively move
to the north rom the mouth of the Lena River. Waters with SST > 4° reach the New
Siberian Islands and even higher latitudes up to 76.5-78° N. This maps demonstrate that
the «northern» propagation of river waters can affect the heat balance in the central part of
the Arctic basin and, particularly, may facilitate ice melting at high latitudes [23,48].

Satellite measurements also showed that in several years (1993, 2004, 2007, 2018,
2019), a «mixed» type of propagation is observed. A striking example of this type was
observed in 2018 (Figure 3). Unfortunately, in this year a large part of the region was
inaccessible for SSS measurements due to intense ice drift into the northeastern part of the
study area (not shown). The penetration of floating ice into the footprint of the passive
microwave imager distorts the information and makes it impossible to analyze the salinity
field. However, the propagation of the river plume in this year can be investigated using
altimetry measurements on Figure 10. Active microwave altimeters have a much higher
resolution—7 km than the data of passive salinity measurements (40 km spot). That is why
the effect of drifting ice on their coverage is not so strong. As a result, these instruments
provide information on the position of the high sea level, related to the plume, over a
longer period (from July to October) and with a much larger spatial coverage. In July 2018,
the southwestern winds led to an initially «eastern» type of water propagation—the plume
was pressed to the coast and high sea level values were observed near the Russian coast
(Figure 10). However, in August, the south-westerly winds changed on southeast winds.
These winds caused an upwelling and a decrease in the sea level off the Russian coast. At
this time the increased sea level was concentrated to the north of the estuary. Thus, the
«eastern» propagation, observed on the sea level maps in July, changed to the «northern»
in August.The wind direction changed again to the southwestern in September—October,
favoring the eastward movement of the plume. As a result, the plume, characterized by
high sea level values, began to move eastward. In September 2018, its border reaches 160°
E, and in October—170° E longitude. Thus, the total zone of influence of the plume reaches
77° N in the north and 170° E in the east. The same direction of propagation in 2018 was
documented on the basis of in situ and satellite salinity data in [9]. Altimetry data make it
possible to observe the rapid change of the plume propagation from August to September
during «mixed» type, caused by the change in the direction of the dominant winds during
the ice-free period of a year.

Analysis of the satellite altimetry measurements in 1993-2020 and SST data in 2003
2020 were used to estimate long-term interannual variability of the types of Lena plume
propagation. The results obtained by infrared and altimetry measurements almost coincide
(Table 2).

According to altimetry data (Table 2), the «northern» type of propagation of the Lena
River plume is observed more often (14 of 28 years) than the «eastern» type (6 of 28 years).
Recently the «eastern» type of propagation became more intense. Since 2012, the eastward
plume boundary was observed up to longitude 170° E (2012, 2016-2017), and in some years
it reaches 180° E (2019). At the same time, until 2010, the plume boundary reached only
169° E with maximum values in 2001-2002.

Analysis of the wind velocity variability over the Laptev Sea in the region of 125-150° E
68-80° N in June—October showed that the reliable indicator of the «eastern» type is the
positive zonal wind component (red bars in Figure 11). Western and southwestern winds
cause the transport of river waters to the east and are, apparently, the reasons for the most
intense «eastern» propagation in 2001, 2012, 2016-2017. During «eastern» propagation
salinity and density gradients in the coastal zone of the East Siberian Sea intensify eastward
geostrophic currents and are apparently one of the important reasons for the intensification
of the East Siberian Current. The results obtained in Table 2 indicate that an eastward
extension of the Lena plume during the “eastern” type of propagation is observed in recent
years. This process may intensify eastward thermohaline circulation in the coastal part of
the East Siberian Sea and strengthen the East Siberian Current.



Remote Sens. 2021, 13, 4252 15 of 20

2018-07 cm 2018-07

T e\ \
/////////)—)_’\)\\\\\\’

POV LTI PSS SR

S L

ff////////;;j\

\\\\\1”//,\\
WAL

e W

el /| 199}

120 130 140 150 160 170 °E 130 140 150 160 170 °E

Figure 10. Average monthly maps of ADT (left) and Era-5 wind velocity (right) in July—October 2018.

On the contrary, the dominance of the eastern and southeastern winds (blue bars
in Figure 11) causes the «northern» type. During the «northern» type SMAP detects a
significant increase in the salinity in the East Siberian Sea (Figure 3). This may be at least
partly related to the intensification of the inflow of the Pacific waters in the Arctic ocean
and their further spread to the west.

The wind direction above the Laptev Sea and the East Siberian Sea defines the direction
of the plume propagation, which, in its turn, affects the thermohaline structure, sea level
distribution and current intensity in the coastal part of the East Siberian Sea. Recent
investigations [49-51] show that these dynamics characteristics may play an important role
in the water exchange in the Bering Strait and modulation of the Pacific waters inflow to
the Arctic Ocean.
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Table 2. Types of the plume propagation (red—«eastern»; blue—«northern»; yellow—«mixed»;) and
maximum estimated longitude of the plume for the «eastern» and some «mixed» types according to
the averaged ice-free season maps of sea level and SST (for July-October).

ADT SST
Year Northen Eastern Mixed Max® E Northen Eastern Mixed
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Figure 11. Average in June-October zonal component of wind velocity in the region 125-140° E 72-77° N 1993-2020. The
color indicates the type of propagation: red—«eastern» type; blue—«northern» type; yellow—«mixed» type.

4. Conclusions

In this paper, we, for the first time, investigate interannual variability of the propaga-
tion of the Lena plume for more than 25 years from 1993 to 2020 using satellite surface salin-
ity measurements of SMAP, altimetry, and sea surface temperature data. This variability is
in good agreement with previous works based on in situ and satellite measurements [9,10].
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The comparison of the SMAP data with in situ measurements of salinity, obtained
in several expeditions of the IO RAS in 2018-2019, showed sufficient accuracy of satellite
measurements. The correlation coefficient between satellite and in situ data is ~ 0.96, and
the RMSD is less than 1 psu. This comparison demonstrated that SMAP satellite data can
be effectively used to identify areas of river plume whose salinity is several psu lower than
that of the open sea.

The characteristics of interannual variability and propagation of Lena plume in 2015-
2020 were determined using satellite salinity measurements. Three main types of plume
propagation were identified: «northern», «eastern» and «mixed». During the «eastern»
type, which was observed in 2016 and 2017, the river plume move is pressed to the coast of
Eurasia and moves to the east in the form of an alongshore jet, reaching sometimes 180° E.
During «northern» type (2015 and 2020), the plume moves to the north from the mouth up
to 78° N, and then turns eastward to the north of the New Siberian Islands. Such different
types of propagation significantly affect the salinity of the coastal part of the East Siberian
Sea, which decreases during the «eastern» type and increases during the «northern» type.

It is shown that the observed type of propagation depends on wind forcing in agree-
ment with previous studies [8,24-28], mainly on the direction of dominant zonal wind
above the Laptev Sea. Eastern winds block the plume propagation to the east and press the
plume to the Lena mouth. In this case, wind-driven currents and buoyant plume circulation
cause the northward transport of the plume from the mouth. On the contrast, western
winds press the plume to the coast. Accumulated brackish waters establish an eastward
buoyant current, which transports the plume along the shore to the east.

In some years a «mixed» type of propagation is observed. In these years the plume is
observed both to the north and to the east from the mouth. Such complex propagation is
caused by a sharp change in the direction of the dominant winds during the warm period
of a year. Such propagation pattern was observed in 2018 and 2019.

Comparison of SMAP salinity measurements with sea level and SST data showed that
altimetry and infrared measurements can be effectively used to determine the types of river
plume propagation. Plume waters are characterized by higher temperatures and lower
density. Steric effects and intense river inflow lead to sea level rise in the plume area. As a
result, significant negative correlations are observed between salinity and distribution of
temperature and sea level in the Laptev Sea for all types of propagation. The «eastern» type
of propagation leads to an increase in the sea level and SST in the coastal part of Eurasia in
the Laptev Sea and the East Siberian Sea. The «northern» type causes an increase in the sea
level and significant warming of the sea surface to the north of the Lena mouth.

These indirect measurements have several advantages over satellite salinity measure-
ments. Primarily, temperature and level data are available for a much longer period. In
addition, these data have a significantly higher spatial resolution. SST data have a resolu-
tion of about 4 km but are not available in the presence of cloud cover, which is extremely
high in the Arctic regions. In contrast, cloudiness does not interfer active microwave al-
timetry measurements. Altimetry data have an along-track resolution of about 7 km, which
is much higher than the SMAP spot area (40 km). This advantage is especially important
in Arctic regions partly covered by ice. When floating ice gets into the measurement spot,
the data of passive microwave radiometers can be significantly distorted and discarded
from the analysis. As a result salinity data are practically unavailable during the period of
partial ice cover—ice melting (May-July) and freezing periods (November). Altimeter data
provide much more information about the propagation of plume in these months when its
propagation is quite intensive (see an example in Figure 10).

Using the obtained relationship we determine the types of propagation of the Lena
plume on the base of altimetry data in 1993-2020 and SST measurements in 2002-2020. The
results showed that the «northern» type of propagation is observed about 2 times more
often than the «eastern» one. However, since 2012, we detect an increase in the maximum
eastward extension of the plume, which reached longitude 170° and even 180° in 2019.
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Such a change in the propagation of brackish riverine waters may significantly affect the
thermohaline structure and ecosystem of the coastal East Siberian Sea.
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