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plumes: wind—driven
dynamics and variability
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River plumes formed by the Ob, Yenisei, and Lena rivers in the Eurasian Arctic are
among the largest river plumes globally in terms of area. In this article, a detailed
analysis of newly available satellite-derived surface salinity data retrieved for the
Eurasian Arctic is presented. Two dominant spreading types of the Ob—Yenisei
plume in the Kara Sea are identified. Under westerly—southwesterly winds, the
plume remains coastally trapped along the southern coast of the sea, propagates
eastward toward the Vilkitskiy Strait and into the Laptev Sea. Its area scales
linearly with the combined Ob-Yenisei river discharge volume. Under easterly—
northeasterly winds, the Ob-Yenisei plume expands toward the central and
northern Kara Sea. Strong northeasterly winds can drive its advection into the
northern part of Kara Sea, with plume areas up to 320 thousand kmZ. In the
Eastern Arctic, the Lena plume exhibits two patterns governed by the presence or
absence of wind—driven advection from the Laptev Sea to the East Siberian Sea
via the Sannikov and Laptev Straits, controlled by winds over the southeastern
Laptev Sea. Within the East Siberian Sea, the Lena plume behaves largely
independently and is primarily wind—forced. Its area could exceed 800
thousand km? and shows weak sensitivity to river discharge volume.
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1 Introduction

The Arctic shelf seas are subject to substantial river runoff influence. Discharge from
the three largest Arctic rivers, namely, the Ob, Yenisei, and Lena, forms extensive river
plumes, constituting some of the largest freshened areas in the World Ocean (Aagaard and
Carmack, 1989; Kang et al., 2013; Haine et al., 2015; Williams and Carmack, 2015;
Osadchiev et al., 2021a, Osadchiev et al., 2021b).

The freshened surface layer (FSL) in the Kara Sea originates primarily from two main
sources, namely, the Yenisei River and the Gulf of Ob, which receives inflow from the Ob,
Pur, Taz, and Nadym rivers. The total annual runoff into the Kara Sea is approximately
1500 km? (Figure la) (Gordeev et al., 1996; Pavlov et al., 1996). Area of the Ob-Yenisei
plume reaches 200-250 thousand km?, comprising about one quarter of the Kara Sea
surface area (Osadchiev et al., 2021a). The direction of plume spreading during the ice-free
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FIGURE 1

Bathymetry map of the Kara Sea (a), Laptev Sea and East Siberian Sea (b) (GEBCO Compilation Group, 2025). The histograms at the insets show
average annual discharge values of the major rivers in km?® based on (Gordeev et al., 1996).
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season could vary substantially from year to year. In previous
studies, three main spreading patterns of the Ob-Yenisei plume
were described, namely, the western, northern/central, and eastern
spreading types (Rusanov and Vasil'ev, 1976; Moretskii, 1985;
Kubryakov et al,, 2016). Under the eastern pattern, the plume
spreads eastward across the Kara Sea and could extend further
into the Laptev Sea through the Vilkitskiy Strait. The western type is
characterized by advection of the Ob-Yenisei plume into the
southwestern part of the Kara Sea between the Yamal Peninsula
and Novaya Zemlya. In the northern/central pattern, the
plume predominantly moves northward from the Ob and
Yenisei estuaries.

FSL in the Eastern Arctic is formed in the Laptev Sea and the
East Siberian Sea mainly by discharge of the Lena River (mean
annual runoff of about 600 km?), as well as the Khatanga, Olenyok,
and Yana rivers in the Laptev Sea and the Indigirka and Kolyma
rivers in the East Siberian Sea. The annual discharges of the Kolyma
and Khatanga rivers (that are the largest after the Lena River) are
approximately 100 km? (Figure 1b) (Gordeev et al., 1996). The total
annual runoff into the Laptev and East Siberian seas is
approximately 1000 km?® (Figure 1b) (Gordeev et al., 1996; Pavloy
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et al., 1996). Area of the FSL in the Eastern Arctic is 250-500
thousand km? (Osadchiev et al., 2021b), but at its maximal extent it
could cover up to half of the Laptev and East Siberian Seas, i.e., 700-
800 thousand km?> (Rogozhin et al., 2025). During the last decades,
two main Lena plume spreading patterns were described
(Dmitrenko et al., 2005, Dmitrenko et al., 2008; Janout et al.,
2020; Osadchiev et al., 2021c). The eastern spreading type occurs
under prevailing westerly winds that press the Lena plume to the
southern parts of the Laptev and East Siberian seas, resulting in a
small area of the plume. Under predominant easterly winds and
northern spreading type, the Lena plume advects northward and
occupies wide area in the central parts of the Laptev and East
Siberian seas.

Structure and dynamics of large river plumes in the Arctic
Ocean are mainly determined by river runoff volume and wind
conditions (Harms and Karcher, 2005; Dmitrenko et al., 2005;
Panteleev et al., 2007; Osadchiev et al., 2017; Mulligan and Perrie,
2019; Clark and Mannino, 2021; Rogozhin et al., 2023; Konik and
Osadchiev, 2025). Formation and spreading of FSL in the Arctic
Ocean are also significantly influenced by coastline features and ice
conditions, particularly the presence and arrangement of ice fields
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(Osadchiev et al., 2017, Osadchiev et al., 2020a, Osadchiev et al.,
2020c; Spivak et al., 2021; Osadchiev et al., 2024).

For the long time, the main method of studying river plumes in
the Arctic Ocean was in situ measurements in the surface layer
conducted during oceanographic expeditions. Although such
measurements offer the highest accuracy, they have several
drawbacks. First, the Arctic river plumes have large spatial extents
(hundreds of kilometers) and high temporal variability. This fact
makes it hardly possible to simultaneously cover the entire plume
area by in situ observations. Secondly, the Arctic seas are
characterized by difficult accessibility and harsh climate
conditions. As a result, the amount of available in situ
measurements is very limited. There are almost no measurements
under ice coverage and very few measurements were taken in the
early ice-free season or shortly before autumn ice formation.

In recent decades, remote sensing methods for sea surface
monitoring have developed rapidly. In particular, satellite salinity
data from the SMOS (Kerr et al.,, 2010), Aquarius (Le Vine et al,,
2007), and SMAP (Entekhabi et al., 2010) missions are available
since the early 2010s. These data enable coverage of wide areas and
allow assessment of temporal variability of many large-scale
processes in the surface ocean. However, the quality of satellite
salinity data in the Arctic Ocean is significantly lower compared to
equatorial and tropical regions. Nevertheless, certain studies based
on satellite salinity observations provide opportunities to address
spreading of FSL in the Arctic Ocean (Kubryakov et al.,, 2016;
Fournier et al., 2019; Martinez et al., 2021; Zhuk and Kubryakov,
2021; Zhao et al., 2022).

To improve the accuracy of sea surface salinity (SSS) data, the
regional numerical model for SSS in the Eurasian Arctic seas was
recently developed (Savin et al., 2024). This model uses machine
learning approaches to process SMAP measurement data. In situ
observations collected during oceanographic expeditions in the
Eurasian Arctic seas in 2015-2021 were used for model training
and validation. The described model made it possible to obtain
satellite-derived salinity data for the surface layer of the Eurasian
Arctic seas with significantly higher accuracy than it was previously
available. These satellite data are provided for each day of the ice-
free season starting from 2015.

The current study focuses on variability and dynamics of FSL
formed by large river plumes in the Kara, Laptev, and East Siberian
seas. The work is based on the analysis of SSS data obtained using
the regional model described above. Based on these data, spreading
of the Ob-Yenisei and Lena plumes during every ice-free season
from 2015 to 2024 was described in detail. Also, novel SSS data
enabled identification of the main Ob-Yenisei and Lena plume
spreading patterns that determine their interannual variability. The
obtained results significantly refined previous knowledge about
these processes. This study also investigates wind-driven
dynamics of the Ob-Yenisei and Lena plumes and identifies
fundamental differences between the wind-driven motion of the
Ob-Yenisei plume in the Kara Sea, the Lena plume in the Laptev
Sea, and the Lena plume in the East Siberian Sea. Finally, the
response of the Ob-Yenisei and Lena plumes to wind variability on
synoptic temporal scale is examined and discussed.
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2 Data and methods
2.1 Sea surface salinity data

Analysis of spatial variability and dynamics of FSL in this study
is carried out primarily using SSS data. For this purpose, satellite
data acquired by the SMAP mission are used after additional
processing developed for the Eurasian Arctic seas (Savin et al,
2024). The model is based on statistical correction of satellite data
and their validation against in situ measurements collected during
multiple oceanographic expeditions. SMAP data are available since
2015, therefore, the period considered in this study is from 2015
to 2024.

To analyze spatial distribution of SSS in the Eurasian Arctic,
satellite data were interpolated onto a regular grid with a step of 0.5’
in latitude and 0.125  in longitude. With this resolution, the grid
becomes nearly square in the vicinity of 75" N, with a step size of
about 15 km. It is important to note that regular grid interpolation
is not a part of the statistical processing algorithm of SMAP SSS
data. RMSE error between the interpolated data and in-situ
measurements on all available data is 2.40 psu, which is
comparable to the quality of the model before interpolation equal
to 2.15 psu. For high salinity values (>24 psu), the error is 1.84 psu
(1.71 psu before interpolation), 2.59 psu for medium (15-24 psu)
salinity values (2.70 psu before interpolation) and 3.61 psu for low
(<15 psu) salinity values (3.43 psu before interpolation).

The SSS data were additionally averaged over 3 days, as during
this period the satellite orbit reliably covers the entire study region.
Usage of 1 day or 3 days averaged data does not affect the analysis of
spreading of the Ob-Yenisei and Lena plumes because both data sets
demonstrate similar patterns in plume border changes. However, 3
days averaged SSS data provides stable spatial coverage of the Kara,
Laptev and East Siberian seas, while 1 day averaged SSS data have
large gaps between satellite orbits. Therefore, in this study we
analyzed the 3 days averaged SSS data.

2.2 River discharge, wind forcing, sea
surface temperature and altimetry, and sea
ice data

To assess the influence of river discharge volume on spreading
of river plumes, data from the Arctic Great Rivers Observatory
(ArcticGRO) are used (The Arctic Great Rivers Observatory, 2025),
namely, the Ob (hydrological station in Salekhard), Yenisei
(Igarka), Lena (Kyusyur), Kolyma (Kolymskoye), Indigirka
(Vorontsovo), Yana (Yubileynaya), and Olenek (Tyumati) rivers.

Wind forcing exerts the primary control on the surface layer
motion. In the Kara Sea, wind strength and direction determine the
circulation and seasonal spreading regimes of the Ob-Yenisei river
plume. In the East Siberian Sea, wind conditions also govern the Lena
plume dynamics in the Laptev Sea and its northward and eastward
propagation. Typical monthly mean wind speeds are about 3-4 m/s,
whereas extreme winds can reach more then 20-30 m/s. In this study,
the large spatial scales of the Ob-Yenisei and Lena plumes are
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assumed to ignore extreme winds. Consequently, the analysis focuses
on monthly mean winds during the ice-free season.

Wind data are taken from the ERA5 reanalysis provided by the
European Centre for Medium-Range Weather Forecasts (ECMWEF)
and distributed by the Copernicus Climate Change Service (C3S) of the
European Commission (Hersbach et al., 2020). Wind stress that affects
the sea surface layer is described from wind speed (v) by the equation.

T=Copav V. (1)

The Ekman theory of wind-driven currents provides the
following equations for the zonal (U) and meridional (V)
components of the total flow (Ekman, 1905):

- &
fpo’ fpo’

To describe the motion of the plume boundaries in accordance

U )

with Equations 1, 2, the following values are used: air density p, =
1.225 k gm >, seawater density p, = 1025 kg m ™, Coriolis frequency
f=141-10"* sec’’, drag coefficient C,, = 1.3 - 10>, The plume
thickness is assumed to be 10 meters.

In addition to SSS data, sea surface temperature (SST) data are
also used to detect river plume areas and characterize the motion of
river plume boundaries. These data are obtained from SMAP
satellite observations and mapped onto the same grid as SSS data.

Satellite altimetry data on absolute dynamic topography (ADT)
is available since 1993. In this work, daily data from the European
Union Copernicus Marine Service Information are used (doi
10.48670/moi-00148).

Finally, the spatial extent of the river plumes is analyzed in
accordance to local ice conditions. Sea ice concentration data are
taken from the University of Bremen (data.seaice.uni-bremen.de/
databrowser/) and the Arctic and Antarctic Research Institute
(aari.ru/data/) websites.

3 Results

3.1 The Ob-Yenisei plume in the Kara Sea

Multiple studies describe the western, central/northern, and
eastern spreading types of the Ob-Yenisei plume in the Kara Sea.
The novel high-accuracy satellite-derived SSS data made it possible
to analyze the statistics of the Ob-Yenisei plume distribution in the
Kara Sea. For each grid point, the ratio of the number of days when
salinity at this grid point is less than 27 psu (which corresponds to
salinity of the Ob-Yenisei plume) to the total number of days with
available SSS data (i.e., ice-free conditions) was calculated.
Therefore, each grid point is assigned a value from 0 to 1,
reflecting how often the Ob-Yenisei plume (or in some cases
freshening from recently melted sea ice) occupies this grid point.
The results are shown in Figure 2.

The resulting map represents the Ob-Yenisei plume area in the
Kara Sea averaged over 10 years. It indicates typical spreading area

Frontiers in Marine Science

10.3389/fmars.2025.1681563

of the Ob-Yenisei plume in different months of the ice-free season
and could be used to assess its seasonal variability. In July, the Ob-
Yenisei plume is usually located in the central part of the Kara Sea,
its averaged northern boundary is located to the south from 76'N.
The averaged western boundary is situated to the west of the mouth
of the Gulf of Ob at 67" ~68'E (Figure 2a). Later the median plume
spreading area (the blue isoline in Figure 2) gradually expands. By
September, in the northwest direction it reaches the southern coast
of Novaya Zemlya (Figure 2c). In September—October, the Ob-
Yenisei plume could flow into the Laptev Sea through the Vilkitskiy
Strait (Figures 2¢,d). While blue isoline demonstrates median plume
position, the green isoline indicates its mean position, namely, the
averaged position of the isohaline of 27 psu during ice-free season in
2015-2024. The mean isoline covers a larger area than the median
isoline, that could be explained by the influence of meltwater, which
expands mean plume border and is especially prominent in July.
The median isoline is more stable without outliers associated with
meltwater, so the blue isoline is considered as the typical border of
the Ob-Yenisei plume.

It is also important to consider the seasonal variability of the
Ob-Yenisei plume boundary with a 30% occurrence frequency (the
red isoline in Figure 2). This boundary actually reflects the possible
spreading types of the Ob—Yenisei plume in individual years. In this
work, the western spreading type of the Ob-Yenisei plume is
defined as a situation when the western boundary of the plume
generally coincides with the 0.3 isoline in Figure 2 for each month.
The northern and eastern types of plume spreading are determined
in this work in the analogous way. On the other hand, the 0.7 isoline
demonstrates the area of the almost constant presence of the Ob-
Yenisei plume. The plume occupies this area regardless of its
spreading type.

The term “central spreading type” is not used in the present
work when considering the Ob-Yenisei plume spreading. To
describe spreading of the plume northward of 76" N, the term
“northern spreading pattern” is the most appropriate. Based on the
analyzed data, there are no cases when the northern boundary of the
Ob-Yenisei plume is located southward of 74 N and no eastward or
westward spreading occurs, i.e., when the entire plume is
concentrated in the estuarine area. This kind of case could be
referred to as “central spreading type”, but in fact, this spreading
type does not occur.

Figure 3 shows the typical position of the Ob-Yenisei plume in
the Kara Sea for each year considered in this study. The eastern
spreading type corresponds to the plume position in 2016, 2018,
2020, and 2021. During the years with the eastern spreading type,
the Ob-Yenisei plume is typically pressed against the coast of the
Taymyr Peninsula and penetrates into the Laptev Sea through the
Vilkitskiy Strait. The western and northern spreading types occur
mainly simultaneously, e.g., in 2015, 2019, 2022, 2023, and 2024.
The western spreading type without any northward propagation of
the Ob-Yenisei plume was observed only in 2017. All spreading
types of Ob-Yenisei plume in the Kara Sea during the considered
years are discussed in more detail below.
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Probability of the Ob—Yenisei plume occurrence in the Kara Sea in in July (a), August (b), September (c), and October (d) based on SSS data from
2015 to 2024. The red, blue, and black isolines correspond to values 0.3, 0.5, and 0.7, respectively. The green isoline shows 10 years mean Ob—
Yenisei plume border determined by averaged position of the isohaline of 27 psu.

3.1.1 Northern spreading of the Ob-Yenisei
plume

The farthest northern spreading of the Ob-Yenisei plume was
observed in 2015. In early July, a stable Ob-Yenisei plume was
formed in the central part of the Kara Sea, which was well
distinguishable by temperature (6-7'C) and salinity. By mid-July,
the northern boundary of the plume reached 76.5 N, and its area by
that time was almost 250 thousand km” (Figure 4a). During July,
strong northeasterly wind prevailed over the central part of the Kara
Sea (73"~ 78" N, 70" - 85  E) with a monthly mean speed of 5.1 m/s
(meridional component -4.6 m/s, zonal component -2.1 m/s) that is
non-typical for the summer-autumn period in the Kara Sea.
Notably, for 17 days in July, the daily mean speed of the
northeasterly and easterly wind exceeded 5 m/s, i.e., during more
than a half of the month the monthly average was exceeded. In
early August, the northern boundary of the plume reached
78.5N (Figure 4b).

During the first ten days of August, northeasterly wind still
prevailed in the central part of the Kara Sea. It was especially strong
along the southern coast, leading to wind-induced upwelling in the
Yenisei Gulf and near the northern coast of the Taymyr Peninsula
(Figure 4b). The water temperature in the upwelling area was 4-5 °
C, while the plume temperature was 10-11°C. The salinity in the
upwelling area was 28-29 psu, compared to about 20 psu for the
plume in the same area earlier. From mid-August, the wind speed
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began to subside, but northward movement of the Ob-Yenisei
plume continued. In mid-August, it reached 79" N, where it mixed
with low-saline waters formed by sea ice melting. The area of the
plume increased to 320 thousand km?, which is more than 35% of
the Kara Sea area (Figure 4c). Such an abnormally rapid 200 and far
northern spreading of the Ob-Yenisei plume north of Novaya
Zemlya to 79N apparently results from the influence of the West
Novaya Zemlya Current and its continuation (schematically
indicated by black arrows in Figures 4b,c) (Osadchiev et al,
2022). This assumption is supported by wind conditions in 203
August, when a prevailing northerly wind occurred over the
Kara Sea.

In the second half of August, the northern boundary of the Ob-
Yenisei plume reached the region of sea ice melting in the northern
part of the Kara Sea. The river plume mixed with meltwater,
forming a joint FSL (Figure 4c). Meltwater could be distinguished
from plume water by its lower temperature, although it quickly
warmed and reached plume temperatures within about a week.
From this time until mid-September, further northward spreading
of the Ob-Yenisei plume in the northern part of the Kara Sea could
not be detected due to presence of sea ice. The maximal northward
extension of the plume was observed in late August, when its
northern boundary reached 81'N (Figure 4c).

By mid-September, dissipation of the Ob-Yenisei plume in the
northern Kara Sea began. The explicit outer boundary of the Ob-
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FIGURE 3

Surface salinity in the Kara Sea during indicative three-day periods in August—September demonstrating spreading type of the Ob—Yenisei plume for
each individual year in 2015-2024. Blue and red isolines correspond to the 15 and 27 psu values, respectively.
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Yenisei plume disappeared according to SSS data, together with
sharp cooling of the surface layer. This process is associated both
with intensive mixing in the area due to the strong surface current
(Osadchiev et al., 2022; Zabudkina et al., 2025) and autumn
convection (Osadchiev et al., 2023a, Osadchiev et al., 2023b).
Warm and low-saline plume remained only in the central part of
the Kara Sea and southward of Novaya Zemlya. Until the end of the
first decade of October, the Ob-Yenisei plume was still observed in
the central (northward of the Ob and Yenisei estuaries up to 76.5'N)
and southwestern parts of the Kara Sea according to salinity data.
After that, active ice formation began and by 20 October the central
part of the Kara Sea was covered with ice.

The Ob-Yenisei plume boundary reached the northern part of
the Kara Sea (northward of 77° N) also in 2019, 2022, and 2024. At
the end of August 2019, the plume boundary remained at 78" N,
while in early August 2022 it remained at 77.5° N (Figure 3).
Unfortunately, it was not possible to track the plume spreading in
August-September 2022, as during that period the satellite
radiometer failed, and no SSS data are available for one and a half
months. However, wind conditions observed during that period did
not provide any conditions for further northward advection of the
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Ob-Yenisei plume. In 2024, northward advection of the plume
began in late September, when its boundary passed northward of
Novaya Zemlya. Note that the northern spreading of the Ob-
Yenisei plume in 2019, 2022, and 2024 was not as far as in 2015.
In 2015, joint impact of several factors resulted in very far
northward plume spreading including early ice melting in the
central part of the Kara Sea, anomalously strong northeasterly
winds, and late ice melting in the northern part of the Kara Sea
that increased the total FSL volume.

3.1.2 Western spreading of the Ob—Yenisei plume

Western spreading type of the Ob-Yenisei plume was observed
in the already discussed year of 2015. In this year, the southwestern
part of the Kara Sea cleared from sea ice in the second decade of
July. By that time warm and low-saline plume waters reached the
southern coast of Novaya Zemlya, where they were mixed with cold
meltwater. The western boundary of the Ob-Yenisei plume reached
65 E and remained stable. Southern part of the western plume
boundary was almost stationary near the Beliy Island (locared at the
mouth of the Gulf of Ob), while its northern part gradually
advanced westward (Figures 4b—d). This process was facilitated by
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Northern spreading type of the Ob—Yenisei plume in the Kara Sea on 19-21 July (a), 8-11 August (b), 24-26 August (c), and 8-10 September (d)
2015. The black arrows in panels b—c indicate the West Novaya Zemlya Current and its continuation in the northern part of the Kara Sea. Blue and
red isolines correspond to the 15 and 27 psu values, respectively. The black lines schematically demostrate location of the ice edge.

wind forcing in the southern part of the Kara Sea (in the region 73’
- 765 N, 60 — 80 E). In July, the speed of the northeasterly wind
was 4.9 m/s; in August, the wind shifted to northerly with speed of
2.8 m/s. Altimetry data show that rise in sea level formed along the
southern coast of Novaya Zemlya, as a consequence of wind setup.
After the Ob-Yenisei plume reached Novaya Zemlya, it started
spreading both westward and eastward along the coast. On the
eastern side, plume waters reached the central part of the Kara Sea
and merged with the Ob-Yenisei plume in this area. On the western
side, the movement of the plume along Novaya Zemlya formed the
northern segment of the western boundary of the Ob-Yenisei
plume. As a result, by early September, the western boundary of
the Ob-Yenisei plume reached 60" E and extended almost strictly
westward from the Beliy Island (Figure 4d).

Another example of the western spreading type of the Ob-
Yenisei plume was observed in 2017 (Figure 5). In the second part of
July, the plume reached 75  N. At that time, the western part of the
Kara Sea was still covered by ice, and the western boundary of the
Ob-Yenisei plume reached the sea ice edge (Figure 5a). As the ice
melted, the western boundary of the plume visible at SSS data
shifted westward. In early August, meltwater formed a narrow cold
surface layer between the remaining ice and the Ob-Yenisei plume.
This meltwater quickly (within 3-5 days) became indistinguishable
at salinity data, but remained noticeably colder for a long time, until
early September. At the end of August, the plume was pressed
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against the southern coast of the Kara Sea in the estuarine zone of
the Ob and Yenisei rivers at about 74.5° N. A part of the plume
remained isolated in the western Kara Sea, westward from the Beliy
Island (Figure 5b).

In September, spreading of the Ob-Yenisei plume acquired a
more pronounced western type (Figure 5c). This was facilitated by
sharply increased wind speed. While in July and August
northeasterly winds were mostly weak (1 m/s on average), in
September wind direction changed to northeasterly and its speed
significantly increased. The monthly average wind speed in
September in the region 73" — 75.5" N, 65 — 85 E was 3.2 m/s.
Under this wind forcing, both parts of the plume moved in
northwestern direction. However, during two weeks they
remained separated by a region of saline seawater between them
(Figure 5¢). In the second half of September, these two parts merged
(Figure 5d), and the Ob-Yenisei plume remained in the central and
western parts of the Kara Sea until late October, when active ice
formation began. The maximal area of the plume was observed in
the second half of September and exceeded 200 thousand km>.

3.1.3 Eastern spreading of the Ob—Yenisei plume
Tracking the eastward propagation of the Ob-Yenisei plume in
the Kara Sea based on available data is rather challenging. This is
due, first, to multiple islands in the eastern part of the Kara Sea, and,
second, to the common presence of sea ice near the Vilkitskiy Strait.
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Western spreading type of the Ob-Yenisei plume in the Kara Sea on 28-30 July (a), 24-26 August (b), 2—4 September (c), and 17-19 September (d)
2017. Blue and red isolines correspond to values of 15 and 27 psu, respectively. The black lines schematically demostrate location of the ice edge.

SSS data is not available near the coastline and in ice-covered areas.
These regions remain uncovered by satellite measurements that
could be directly used for analysis.

Nevertheless, in certain years, it is possible to observe steady
propagation of the Ob-Yenisei plume toward the eastern part of the
Kara Sea and its subsequent advection into the Laptev Sea. A typical
example of this process was observed in 2018. Throughout July,
northwesterly winds prevailed over the Kara Sea (in the region 73" —
76N, 70" — 85  E) with an average monthly wind speed of 3.5 m/s.
Shortly after the ice retreat, the plume occupied the central part of
the Kara Sea. In the southwestern part of the sea, by mid-August the
plume reached Novaya Zemlya because wind forcing became weak.
In the eastern part of the Kara Sea it reached the ice-covered area
near the Vilkitskiy Strait. In early September, the plume passed
through the Vilkitskiy Strait and entered the Laptev Sea, where it
was clearly identified at SSS data. In this region, the Ob-Yenisei
plume was observed until mid-October, while in the Kara Sea it
remained pressed to the coast of the Taymyr Peninsula.

In 2020, by mid-July, the northern boundary of the Ob-Yenisei
plume reached 78" N. In July, northeasterly winds predominated at the
central part of the Kara Sea (in the region 73° = 77°N, 70" = 90" E) with
speed of 5 m/s. This wind resulted in spreading of the Ob-Yenisei
plume to the central part of the Kara Sea. The Ob-Yenisei plume was
present in the eastern part of the Kara Sea in July presumably because
in June it advected eastward under sea ice as a geostrophic current. In
August, wind direction changed to easterly and the plume moved

Frontiers in Marine Science

northward, where formed a joint FSL with meltwater accumulated
southwestward of Severnaya Zemlya. According to salinity data, these
waters are indistinguishable, though their temperatures are notably
different. At the end of August, plume temperature was 9-10C,
whereas meltwater temperature in the eastern part of the Kara Sea
was significantly lower (6-7'C). The ice melting process ended in the
first half of September, and by this time the temperatures of the plume
and meltwater became equal at around 8 C. The boundary between
them disappeared both in salinity and temperature satellite data. In
late August, when this boundary was still visible, it could be estimated
that the eastern edge of the plume reached 90" E. A slight advection of
FSL into the Laptev Sea was observed only in early October. During
that time the plume in the Kara Sea was pressed to the coast of the
Taymyr Peninsula.

In 2021, as in 2020, the eastward spreading type of the Ob-
Yenisei plume was observed. Similarly to the previous year, the
plume rapidly reached the meltwater area in the eastern part of
the Kara Sea. In 2021, the ice massif remained in the eastern part
of the Kara Sea during the entire warm season. Advection of FSL
from the Kara Sea to the Laptev Sea through the Vilkitskiy Strait
was observed in salinity data strating from the middle of August
(Figure 6b). By mid-September, the eastern part of the Ob-Yenisei
plume reached the Khatanga plume (Figure 6d) in the Laptev Sea.
The presence of FSL eastward of the Vilkitskiy Strait indicates
advection of the Ob-Yenisei plume below the ice coverage, which
remained in the eastern part of the Kara Sea and in the Vilkitskiy
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Eastward spreading type of the Ob—Yenisei plume in the Kara Sea and its advection into the Laptev Sea on 6-8 August (a), 18—20 August (b), 2-4
September (c), and 14-16 September (d) 2021. Blue and red isolines correspond to the 15 and 27 psu values, respectively. The black lines

schematically demostrate location of the ice edge.

Strait. Interaction of warm plume with sea ice accelerated its
melting, which increased the volume of the eastern part of the
Ob-Yenisei plume, but resulted in a decrease in its temperature.

In 2016, intense ice melting in the Kara Sea started in early June
in the southwestern part of the sea. The central part of the Kara Sea
became ice-free only in July. By mid-July, the northern boundary of
the Ob-Yenisei plume reached 75.5° N and remained at this latitude
until mid-August. During that year, the Ob-Yenisei plume exhibit
predominantly eastward spreading, therefore, it was difficult to
determine location of its eastern boundary. However, it is
estimated to be between 88" and 90" E. In late July, the area of the
plume was estimated at 150 thousand km?. This moderate extent is
attributed to nearly zero wind speed in July (in the 73" - 76 N, 70" —
88" E region) and the late ice clean-up of the central part of the
Kara Sea.

In August 2016, the plume spreading type changed dramatically.
While the average monthly southerly wind speed was 1.2 m/s in July,
it increased to 5.1 m/s and changed to westerly in August. This
change pressed the plume to the southern shore of the Kara Sea,
shifting the northern boundary at 80" E down to 74.5 N, reducing its
area to 75 thousand km®. In the end of August, the plume remained
only in the estuarine region of the Ob and Yenisei rivers, its area
decreased to 50 thousand km”. However, eastward advection of the
Ob-Yenisei plume also continued and by mid-September it reached
the Laptev Sea. The weakening of the zonal wind component, which
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pressed the plume to the coast of the Taymyr Peninsula in August,
resulted in northward spreading of the plume from the estuarine
region up to 74.5" N. Its area increased to 100 thousand km?® by
mid-September.

The eastward spreading type of the Ob-Yenisei plume shows
good agreement between river plume area visible at SSS data and
elevated sea level visible at satellite altimetry data. A comparison of
altimetry and in situ salinity measurements for the Kara Sea is
discussed in detail in (Frey and Osadchiev, 2021). The authors
conclude that plume detection using altimetry data is trustworthy
only during periods of weak winds (less than 6 m/s). This approach is
applicable for July 2016, when the Ob-Yenisei plume was pressed to
the southern coast of the Kara Sea. During strong wind events (e.g., in
August 2016), wind conditions near the southern shore of the Kara
Sea and near Novaya Zemlya create a sea level rise that is not related
to the Ob-Yenisei plume. Nevertheless, during eastward spreading
type, the plume is pressed by wind to the southern shore of the Kara
Sea. In this case, the southern and eastern parts of the Kara Sea
experience sea level rise from wind set-up, so the plume boundary
determined by salinity coincides with the area of increased sea level.

3.1.4 Summary of spreading types of the Ob—
Yenisei plume

To summarize the information given above, there are two main
spreading types of Ob-Yenisei plume in the Kara Sea. The first type
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is the northwestern type, when the plume reaches Novaya Zemlya
and, flowing around its northern part, could spread further
northward. In this case, the northern boundary of the plume
reaches 77" ~78" N with the western boundary at about 63" —65 E.
Notably, within one summer-autumn season, advection of the
plume may first occur westward and later northward, as occurred
in 2023. The reverse situation is also possible, change from northern
to western spreading was observed in 2017. The second type is the
eastern spreading type, which occurs when the Ob-Yenisei plume is
pressed to the Taymyr Peninsula coast and propagates eastward
along the southern shore of the Kara Sea. This spreading type often
features an interaction with melting sea ice in the eastern part of the
Kara Sea and an advection of the plume into the Laptev Sea through
the Vilkitskiy Strait.

In most cases, only one of the two spreading types of the Ob—
Yenisei plume is realized in an individual year. The type is set at the
beginning of the ice-free season and is likely related to the ice
melting pattern in the central part of the Kara Sea. The exceptions
are 2022 and 2024. In 2022, the northwestern spreading type was
observed in July, but by late October the plume also reached the
eastern part of the Kara Sea. Unfortunately, in August-September
2022 (which is the most indicative period for plume spreading) the
satellite radiometer failed making it impossible to reliably determine
the plume spreading pattern. In 2024, the opposite situation was
observed. In July, the Ob-Yenisei plume occupied the eastern part
of the Kara Sea, but it was not detected in the Laptev Sea. Instead, in
August and September it extended to the western and northern
parts of the Kara Sea forming a joint FLS with meltwater in these
areas. Nevertheless, in 8 out of 10 years considered, the spreading
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type of the Ob-Yenisei plume remained the same during the entire
warm season from ice clean-up in July till start of ice formation
in October.

3.2 The Lena plume in the Eastern Arctic

Based on new surface salinity data, the average spreading area of the
Lena River plume in the Laptev Sea and East Siberian Sea during 2015-
2024 was calculated (Figure 7). The seasonal variability of the Lena
plume extent in the Laptev Sea (the blue isoline in Figure 7)
demonstrates northward shift of its mean northern boundary from
75 N in July (Figure 7a), to 76 N in August (Figure 7b), and 77" N in
September—October (Figures 7c,d). The western part of the Lena plume
often merges with the plumes of the Khatanga and Olenyok rivers,
forming a joint FSL in the southwestern part of the Laptev Sea. In
October, the Khatanga plume becomes significantly smaller, saline
seawater area forms between it and the Lena plume, and the western
boundary of the Lena plume is registered near 125 E. Median position
of the Lena plume (that is almost the same as the mean plume position
in the Eastern Arctic) in the East Siberian Sea is much more stable. The
eastern plume boundary is located at 160" E, and shows little change
from July to October. The possible spreading types of Lena plume in
individual years, which correspond to 30% occurrence frequency (the
red isoline), are consistent with previous studies. These studies identified
two main types of Lena plume spreading, namely, the northern type and
the eastern type. In the Laptev Sea, the difference between the 30% and
50% occurrence frequency lines is much smaller than that in the East
Siberian Sea, especially in September and October.
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Probability of the Lena plume occurrence in the Eastern Arctic in July (a), August (b), September (c) and October (d) based on SSS data from 2015 to
2024. The red, blue, and black isolines correspond to values 0.3, 0.5, and 0.7, respectively. The green isoline shows 10 years mean Lena plume

border determined by averaged position of the isohaline of 25 psu.
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Figure 8 presents the most typical positions of the Lena plume
in the Laptev and East Siberian seas for each of the years considered
in this study. It is important to note that the boundary of the river
plume in this region is defined by the 25 psu isohaline (the value
chosen for the Kara Sea was 27 psu). This is due to the fact that the
background surface salinity (i.e., outside the influence of river
runoff) in the southwestern and northern parts of the Kara Sea is
higher, as these areas are subject to significant inflow of saline
Barents Sea waters. In contrast, the seas of the Eastern Arctic are
covered by sea ice for the majority of the year. Prolonged summer-
autumn ice melting forms a lower surface salinity layer outside the
areas influenced by river runoff. It results in a lower threshold value
(25 psu) to define the boundaries of the Lena plume.

Based on the distributions of surface salinity in the Eastern
Arctic in August-September, as shown in Figure 8, the most typical
Lena plume spreading types during the ice-free season from 2015 to
2024 could be identified. In 2016, 2018, 2019, 2021, 2023, and 2024,
a distinctly pronounced eastward spreading of the Lena plume was
observed. In contrast, in 2015, 2017, 2020, and 2022, advection of
the Lena plume to the East Siberian Sea was significantly weaker. At
the same time, spreading of the Lena plume in the Laptev Sea
demonstrated very little interannual variability, except for 2016,
which is discussed in more detail below. Therefore, the greatest
variability in position of the Lena plume in the Eastern Arctic is
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FIGURE 8

Surface salinity in the Eastern Arctic during indicative three-day periods in August—September demonstrating spreading type of the Lena plume for
each individual year in 2015-2024. Blue and red isolines correspond to the 15 and 25 psu values, respectively.
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associated with its eastward advection to the East Siberian Sea,
rather than with its northward extension from the Lena Delta in the
Laptev Sea. Typical examples of different spreading types of the
Lena plume during ice-free season are considered below.

3.2.1 Spreading of the Lena plume in the Laptev
Sea

The Lena plume in the Laptev Sea almost always is spreading
northward, regardless of its advection to the east. In all years (except
for 2016), the northern boundary of the plume reached 76" -77° N
and was occasionally even farther north, beyond 78" N. By
September—October, the Lena plume occupied the area northward
of the New Siberian Islands. The only exception was in 2016 when
the Lena plume remained arrested near the southern coast of the
Laptev Sea during the entire ice-free season.

The most extensive northward spreading of the Lena plume was
observed in 2015 (Figure 9). In that year, intense retreat of sea ice in
the central part of the Laptev Sea started in the second half of July.
In August, the area of the Laptev Sea near the Lena Delta was
completely ice-free, and the Lena plume occupied the entire eastern
part of the Laptev Sea. In July, southeasterly winds predominated
over this part of the sea (in the region 72°-78° N, 123°-145" E), with
a mean monthly wind speed of 3.7 m/s. These wind conditions
favored northeastward spreading of the Lena plume in the Laptev
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location of the ice edge.

Sea. In the beginning of August, its northern boundary reached
76.5 N and its eastern boundary remained in the Laptev Sea
(Figure 9a). During August, the Lena plume advanced northward
and in early September reached 78°-79" N (Figure 9¢). In
September, the plume advected to the East Siberian Sea through
the Sannikov Strait and northward of the New Siberian Islands. Its
northeastern boundary reached the ice edge and it was not possible
to identify a distinct boundary between the plume and the
meltwater region by both salinity and temperature satellite data.

In the western part of the Laptev Sea, the Lena plume could merge
with the Khatanga and Olenyok plumes. Usually, all three plumes
could be distinguished by areas of decreased salinity in their river
mouth areas, especially at the beginning of the ice-free season. In most
cases, the Lena plume does not extend westward of 120'-125 E in July
and August. At the end of ice-free season, the Lena, Khatanga, and
Olenyok plumes could form a joint FSL in the western part of the
Laptev Sea. FSL could either be pressed to the coast (as in 2016, 2018,
and 2023) or occupy the majority of the western part of the Laptev Sea
(as in 2017, 2022, and 2024) (Figure 8). The boundary between the
Lena and Olenyok plumes becomes more distinct under the influence
of northwesterly winds northward of the Lena Delta. Such winds cause
upwelling between the Lena and Olenyok plumes, which occurred
during several weeks in 2019 and 2021.

3.2.2 Spreading of the Lena plume in the East
Siberian Sea

In the East Siberian Sea, the Lena plume forms a joint FSL with
the Indigirka plume. In most cases, the Indigirka plume is
distinguished in July by the reduced salinity in the river mouth
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area, but in the end of August it merges with the Lena plume. This
joint plume extends eastward up to 155~160" E. The Kolyma plume
could only be identified in certain years (even in its river mouth
area) when this region is free of ice.

Spreading of the Lena plume in 2016 differs greatly from all
other years and requires separate consideration (Figure 10 top). In
that year, sea ice in the central part of the Laptev Sea northward of
the Lena Delta did not melt until mid-September. In addition,
during July and August, westerly winds with speeds of 2.5 m/s
prevailed in this region (72°-75 N, 128’~140" E). Such strong and
stable wind forcing blocked the usual northward advection of the
Lena plume, but contributed to its eastward advection to the East
Siberian Sea till 167" E. In September, sea ice in the central part of
the Laptev Sea melted, wind weakened to 1.5 m/s and shifted to
northwesterly direction. The northern boundary of the plume in the
Laptev Sea reached only 75" N.

Separate consideration is also required for spreading of the Lena
plume in the East Siberian Sea in 2019 and 2024. In these years, the
eastern boundary of the plume reached Wrangel Island located near
180" E (Figure 10 bottom). In both years, unlike 2016, the Lena
plume also was spreading far northward in the East Siberian Sea. In
2019, an anomalously distant spreading of the Lena plume to the
northeast in the northern part of the East Siberian Sea was observed.
Apparently, this process was facilitated by early ice clean-up of the
East Siberian Sea. The area of the Lena plume in 2019 and 2024
reached 700-800 km®.

In September and October 2019 and 2020, advection of the
northern part of the Lena plume in the East Siberian Sea was also
observed in the direction of the Beaufort Sea (Figure 8). Similar
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Eastern spreading of the Lena plume in the Eastern Arctic in 2016 (top) and central spreading of the Lena plume in the Eastern Arctic in 2024
(bottom). The blue and red isolines correspond to the 15 and 25 psu values, respectively. The black lines schematically demostrate location of the

ice edge.

situation may occurred in 2018, 2021, and 2024, but the position of
the northern boundary of the Lena plume could not be determined
due to presence of ice in the northeastern part of the East Siberian
Sea. The question if the Lena plume is trapped by the Beaufort Gyre
at least during certain years remains poorly studied and requires
further investigation (Jeon et al., 2025). Nevertheless, the observed
advection of the Lena plume in the East Siberian Sea toward the
Beaufort Sea in 2019 and 2020 confirms the possibility of
this process.

3.2.3 Summary of spreading types of the Lena
plume

In summary, it could be concluded that there is no distinct
northern spreading type of the Lena plume in the Laptev Sea. The
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plume almost always expands to 77’ 78" N. Only during one of the
ten considered years, its boundary expanded farther northward
(78’~79" N in 2015), and during another year it was located much
southern (75 N in 2016). Significant interannual variability of the
Lena plume is observed in the East Siberian Sea, specifically in
the distance of its eastward and northeastward advection. Among
the considered years, the eastern spreading type of the Lena plume
in the East Siberian Sea, i.e., eastward spreading along the Siberian
coast, was observed in 2016, 2018, 2021, and 2023 (Figure 8). The
western spreading type, when the Lena plume did not expand
further than the western part of the East Siberian Sea, was observed
in 2015, 2017, 2020, and 2022. The central spreading type, when the
Lena plume occupied almost the entire area of the East Siberian Sea,
was observed in 2019 and 2024.
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3.3 The Ob—Yenisei and Lena plumes in
SST data

The Ob-Yenisei plume in the Kara Sea often could be well
distinguished in satellite SST data, because river plume waters in
July and August are warmer than marine waters. Typically, from
mid-June to mid-July (depending on the dates of ice melting), the
Ob-Yenisei plume temperature is about 5-6 ‘C due to mixing with
meltwater (Figure 11a). After the end of the ice melting period, the
plume warms up to 10-13 ‘C in late July or early August
(Figure 11b). During this period, the boundary of the plume is
clearly visible in SST data.

Nevertheless, it is not possible to reliably identify the Ob-
Yenisei plume boundary in the Kara Sea based only on SST data.
This is due to the general cooling of the surface layer during the ice-
free season. Usually, cooling occurs in August, when plume
temperature drops from peak values of about 10-13"C (reached in
July) back to 6-8°C (Figure 11c). Simultaneously, the southwestern
part of the Kara Sea experiences general warming, making the
temperature outside the plume similar to that within the plume. As
a result, in August, the western boundary of the plume could not be
detected by SST. At the same time, the northern and eastern
boundaries of the Ob-Yenisei plume in August remain detectable
by SST and, in general, coincide with the boundaries determined by
SSS (Figure 4). Satellite temperature data in July and August also is
helpful to distinguish the Ob-Yenisei plume from low-saline areas
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formed by meltwater. In September-October, general cooling of sea
surface layer occurs and all plume boundaries become undetectable
by SST (Figure 11d).

The boundaries of the Lena plume in the Eastern Arctic are
much less clear in SST data as compared to the Ob-Yenisei plume.
Increased SST (up to 10-12 °C) is observed within the Lena plume
near the Lena Delta in areas of the lowest salinity (Figure 12).
However, the boundaries of the Lena plume as defined by SST and
SSS generally do not coincide. The northern part of the Lena plume
in the Laptev Sea is usually indistinguishable from the surrounding
seawater by SST data.

A rare case when the Lena plume boundary could be reliably
identified by SST (only within the Laptev Sea) was observed in
August 2023 (Figures 12¢, d). In certain years, SST in August is
useful to separate the Lena and Olenyok plumes. For example, in
August 2023, inner parts of the both plumes are distinctly visible
not only comparing to cold seawater (with temperatures as low as 4°
C), but also comparing to the outer parts of FSL (8'C), as the
temperature in both plumes near their deltas exceeded 10°C. Similar
situation was registered in August 2024, when the Lena and
Olenyok plumes were distinctly visible in SST, while they merged
and became nearly indistinguishable in SSS (Figures 12e, f).

In some years, SST data for July and August also could be applied
to identify the Indigirka and Kolyma plumes. In particular, they are
well distinguishable in 2017. In that year, the Lena plume almost did
not expand to the East Siberian Sea, so reduced salinities near the
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mouths of the Indigirka and Kolyma rivers were associated primarily
with their river plumes. In early August 2017, the Indigirka and
Kolyma plumes (with temperatures of 8-9°C) contrasted sharply with
the cold surrounding waters, which still remained low temperatures of
meltwater (Figures 12a, b). In early September, the Indigirka and
Kolyma plumes were spreading far northward to 74’ N and 73" N,
respectively. Increased surface temperatures were observed near the
Siberian coast within these plumes, but their boundaries in salinity and
temperature data did not coincide. SST in the western part of the East
Siberian Sea near the New Siberian Islands, where the Lena plume was
present, was notably lower (2-4°C) than that outside the river plumes.
This is likely due to intense mixing of the Lena plume while passing
through the shallow Sannikov and Laptev Straits. Depths in these
straits are less than 20 m, so the Lena plume occupies the entire water
column and interacts with seafloor as it advects through the straits.
Such low Lena plume temperatures in the East Siberian Sea, compared
to its values in the Laptev Sea, are typical for all considered years.

In conclusion, identification of the Ob-Yenisei plume by SST
data in the Kara Sea is sufficiently reliable at the beginning of the
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ice-free season (July and early August). Later in August, the western
plume boundary disappears in SST data due to warming of the
southwestern part of the Kara Sea. The eastern boundary of the Ob-
Yenisei plume remains distinguishable for longer period, and
disappears only in September as a result of general sea surface
cooling. In the Eastern Arctic, in specific cases, SST is useful to
distinguish the Khatanga, Olenyok, Indigirka, and Kolyma plumes
when they merge with the Lena plume. However, SST could not be
considered as a reliable source of information about the Lena plume
boundary, especially in the East Siberian Sea.

4 Discussion

4.1 River plume areas and river discharge
volumes

Based on sea surface salinity data, it became possible to estimate
the typical spreading area of the Ob-Yenisei plume for each year

frontiersin.org


https://doi.org/10.3389/fmars.2025.1681563
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Savin and Osadchiev

considered in this study. Together with the plume area, the total
river discharge from the Gulf of Ob and the Yenisei River during the
freshet period (from early May to late August which is 60% of the
total annual discharge) is considered according to ArcticGRO data.

The discharge patterns of the Ob and Yenisei rivers have
different seasonal cycles. The Yenisei freshet peak occurs in May-
July, after which the water discharge abruptly drops. The Ob River
has two discharge peaks at the end of May and in August-
September. Nevertheless, the second discharge peak does not
contribute to the plume area. Current velocity estimates in the
Gulf of Ob show that it takes 1-1.5 months for river discharge to get
from Salekhard, where the hydrological station is located, to the
Kara Sea. It means that discharge registered in August in Salekhard
would reach the Kara Sea only in late September (Osadchiev et al.,
2017, Osadchiev et al., 2020c). By that time, the distinct structure of
the Ob-Yenisei plume is no longer observed according to satellite
salinity data. Thus, the area of the Ob-Yenisei plume is calculated
for an earlier period.

Figure 13a presents the dependence of the typical area of the
Ob-Yenisei plume on river discharge volume during the freshet
period. Years with the eastern spreading type are highlighted in red.
For these years, a linear dependence of the plume area on discharge
volume is observed. This is caused by the relatively minor variability
in plume shape as it spreads eastward along the coast of the
Taymyr Peninsula.

No such dependence is observed in years with northwestern
spreading types (blue dots in Figure 13a). During these years, the
plume spreading is influenced not only by wind, but also by surface
currents in the northern Kara Sea and changing of the plume shape
during advection along the southern coast of Novaya Zemlya. As a
result, the plume area does not show direct dependence on river
discharge volume.

Similar dependence of the Lena plume area on river discharge
volume was also analyzed (Figure 13b). The volume of Lena
discharge significantly exceeds that of the other rivers in the
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Eastern Arctic. However, discharge from the Indigirka and
Kolyma rivers was also included in the considered freshwater
volume for years when the Lena plume reached the Indigirka and
Kolyma river mouths. The Lena plume area typically ranges
between 400-600 thousand km?> The exceptions are 2019 and
2024, when the Lena plume was spreading anomalously far
northward and northeastward in the East Siberian Sea and
reached an area of 700-800 thousand km” The minimal area of
the Lena plume were observed in 2015 (360 thousand km?), when it
was not spreading eastward to the East Siberian Sea, and in 2016
(300 thousand km?), when it did not advect northward in the
Laptev Sea.

For the Lena plume in the East Siberian Sea, there is also no
linear dependence between discharge volume and plume area for all
three spreading types. This probably results from the distribution of
freshwater sources over large distances in the East Siberian Sea. In
addition to the Lena River, there are other major rivers that
contribute to FSL. In particular, the Yana River always forms a
plume that merges with the Lena plume in the Laptev Sea. It is also
the case of the Kolyma and Indigirka plumes, which often merge
with the Lena plume in the East Siberian Sea. While these processes
provide a minor contribution to the total freshwater volume as
compared to the Lena River discharge, they could affect advection of
the Lena plume (Osadchiev et al., 2020b). Furthermore, sea ice
melting provides a substantial freshwater source for the Lena plume
(up to 25% (Osadchiev et al., 2024)), which also distorts the area—
discharge relation. Note that this is not the case for the Ob-Yenisei
plume with small contribution of meltwater.

4.2 Wind-driven dynamics of river plumes
Idealized motion of a river plume under wind forcing could be

described by the Ekman theory of surface layer dynamics (Ekman,
1905). According to the Equations 1, 2, advection of the plume
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Dependence of area of the Ob—Yenisei plume (a) and the Lena plume (b) on river discharge volume. In panel (a) red dots indicate years with the
eastern spreading type, blue dots indicate years with the northwestern spreading type. In panel (b) red dots indicate years with the eastern spreading
type, blue dots indicate years with the western spreading type, green dots indicate years with the central spreading type.
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occurs at certain angle to wind direction (to the right in the
Northern Hemisphere). This theory predicts that meridional
motion of the northern boundary of the Ob-Yenisei plume is
governed by the zonal wind component. Northward movement
toward the central Arctic Ocean occurs under a negative zonal wind
component, while southward transport of the plume toward the
Siberian coast occurs under a positive zonal wind component.

4.2.1 Wind-driven motion of the Ob—Yenisei
plume

In the present study, the motion of the northern boundary of
the Ob-Yenisei plume is examined using SSS data. Plume boundary
dynamics are considered along the meridian of 80 E. It is assumed
that northward and southward shifts of the plume boundary are
controlled by meridional transport of the surface layer as given by
Equation 2.

In Figure 14, the latitude at which the northern boundary of the
Ob-Yenisei plume crosses 80" E is shown as a red dashed line. The
solid red line indicates the preceding 3 day change in this latitude in
[km], i.e., the difference between the current position and its value
three days earlier. The solid black line represents the Ekman drift in
the meridional direction calculated using the Equation 2 and
assuming plume thickness H as 10 meters. To compare boundary
movement with wind forcing, Ekman drift is also calculated over a 3
day period in [km] as W

Wind velocity, used for calculation of Ekman drift, refers to the
3 day mean values of the zonal and meridional wind components
averaged over the current position of the northern part of the Ob-
Yenisei plume. These boundaries in most cases the area is bounded
by 70" - 85 Eand 73" - 78" N, but could vary by year and season for
better plume area coverage. In 2016 northern boundary shifted to
76" N, in 2021 to 77" N. In 2017 area coverages region 68 — 83" E
and 73" - 76 N, in 2018 region 68" — 85 E and 73" — 76 N. Wind
velocity data are taken from the ERA5 reanalysis with spatial
resolution of 0.25  and temporal resolution of 1 hour.

In the Northern Hemisphere, a negative zonal wind component
causes northward motion, while a positive component leads to
southward motion. For more convenient interpretation of
Figure 14, the wind velocity, used for calculation of Ekman drift,
is taken with the reversed sign, such that a positive zonal wind speed
(and therefore positive Ekman drift meridional component)
corresponds to northward plume movement. In this case the axes
for plume boundary movement and Ekman drift become aligned.
Figure 14 clearly demonstrates synchronous changes in the solid red
and black lines. The red line displays the actual change in latitude of
the northern boundary of the Ob-Yenisei plume, whereas the black
line represents meridional plume boundary motion due to wind
forcing following the Ekman theory. Both axes on Figure 14 are
given in [km].

Figure 14 demonstrates a qualitative agreement between the
Ekman drift in the meridional direction and changes in the position
of the northern boundary of the Ob-Yenisei plume (solid lines). An
increase in wind speed, i.e., Ekman drift increase, leads to
northward shift of the northern boundary of the plume, while a
decrease results in southward motion. The response of the plume
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movement to changes in wind speed could occur with a delay of
several days. This is explained by the inertia of the Ob-Yenisei
plume, which covers an area of hundreds of thousands of square
kilometers. In some cases, the motion of the plume does not
respond to wind changes. It was observed in August 2015 and
September 2019. During these periods, the plume exhibited a
distinct northern spreading type. The advection of the plume in
the northern part of the Kara Sea was determined by the
continuation of the West Novaya Zemlya Current. Therefore,
when the plume propagated northward of Novaya Zemlya, the
advection of its northern boundary no longer responded to
wind conditions.

It is important to note the general patterns in the variation of
the northern boundary of the Ob-Yenisei plume under wind
forcing. For large positive wind values, the change in the
boundary is also positive (i.e., the movement is northward), while
for negative wind values, the shift is negative (the plume boundary
moves south). Low wind speed values usually do not result in
significant displacement of the boundary. Short-term changes in
wind speed on timescales of several days also do not lead to
pronounced change in position of the northern boundary of
the plume.

The correlation between changes of the northern boundary of
the Ob-Yenisei plume and surface layer transport according to the
Ekman theory varies considerably across different years. The
highest correlation (0.91) was recorded in 2022, high correlation
(0.55-0.80) was also observed in 2016, 2017, 2018, and 2020. In
these years, the Ob—Yenisei plume was not spreading far northward
from the central part of the Kara Sea during the majority of the ice-
free season. It was either pressed to the coast with subsequent
eastward movement (2016, 2018, 2020), or propagated westward
(2017). In years with the northern spreading type (2015, 2019,
2023), the correlation was the lowest (below 0.5).

In contrast to the qualitative relationship, the calculated Ekman
drift consistently underestimates the actual displacement of the
northern boundary of the Ob-Yenisei plume by a factor of about 3-
4. This feature was reported in (Zatsepin et al., 2010), where it was
explained by influence of sea ice, depth inhomogeneity of the
plume, and underestimation of wind speed due to its averaging.

In this study, plume motion is described only during the ice-free
period, so sea ice influence could not affect this process. Daily wind
averaging indeed removes wind gusts, which could contribute to the
observed difference, as well as could do the plume thickness
variability. Nonetheless, the 3-4 fold underestimation persists for
all years considered, i.e., for a wide range of wind conditions and
plume propagation types. Therefore, the differences between the
velocity of the Ob-Yenisei plume and the value of the Ekman
transport have a more fundamental cause that remains stable across
a broad spectrum of wind and ice conditions.

An alternative explanation for the observed effect is related to
the smaller thickness of the Ob—Yenisei plume (10-20 m) compared
to the thickness of the Ekman layer for the open sea without strong
salinity stratification. Ekman layer depth is estimated from 20 to 60
meters for different seasons (Rio and Hernandez, 2003; Rio et al.,
2011; Price et al., 1987). As a result, the thickness of the Ob-Yenisei
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plume is too small for fully developed Ekman spiral. The velocity of
the partial flow M to a depth H according to the formulas.
V(z) =V, - explz/ ) T +sin(z/8)- js

- [cos(z/ &) (3)

H
M(H) = A V(z)dz, (4)

makes up half of the full flow velocity when H is up to 40% of
the Ekman layer thickness. In hquatlons 3,4, Vo = , vis the

turbulent viscosity coefficient, é/; is the c aracterlstlc
Ekman layer thickness. Therefore, wind energy transferred from
the atmosphere to the upper ocean layer is not fully expended on
the motion of the river plume. The remainder part could be
consumed by two processes. The first is that across the sharp
density change at the vertical interface between the plume and
subjacent seawater, mechanical energy is partially transformed into
smaller scale internal waves and could dissipate as heat due to
internal friction. The second process involves accumulation of
energy in the lower layer of the river plume. As a result, speed of
the Ob-Yenisei plume could be 2-4 times greater than the value of
the Ekman transport calculated under the assumption of a purely
drift flow for the full flux.

In addition to analyzing the dependence of meridional
movement of the northern boundary of the Ob-Yenisei plume on
meridional Ekman transport (i.e., zonal wind), the effect of both
(meridional and zonal) components of the wind on the meridional
movement of the plume boundary was evaluated. For this purpose,
a multivariate regression model of the northern boundary
movement A in [km] was constructed as a function of two
Ekman transport components: A(U, V) = const - VU? + V* - (a- U
+b- V). During the optimization of the best fit between the
observed and predicted boundary motion, the coefficients a and b
were determined.

No significant increase in correlation was obtained between the
linear combination of meridional and zonal transport and the actual
boundary movement. In most cases, the coefficient a was an order of
magnitude greater than the coefficient b. Therefore, it could be
concluded that the meridional movement of the Ob-Yenisei plume
in the Kara Sea is mainly determined by the zonal wind component.

4.2.2 Wind-driven motion of the Lena plume
Similar investigation was also carried out for the movement of
the northern boundary of the Lena plume in the Laptev Sea. In this
case, the motion of the plume boundary along 130 E was analyzed.
Unlike the movement of the Ob-Yenisei plume in the Kara Sea, the
relationship between the position of the Lena plume boundary in
the Laptev Sea and wind conditions is significantly less pronounced.
First, as noted in Section 3.2, the northward movement of the Lena
plume occurs almost every year (except for 2016), and the northern
boundary of the Lena plume reaches approximately the same
latitudes. Despite differences in the nature and velocity of the
Lena plume movement in the Laptev Sea during ice-free season,
which could indeed be explained by wind conditions, the resulting
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position of its northern boundary turns out to be the same during
all years. Secondly, the portion of the Lena plume that is spreading
to the East Siberian Sea varies greatly from year to year. It
complicates any possible dependence of the Lena plume
movement in the Laptev Sea on wind forcing.

Given the above, greater interest lies not in the northward
movement of the Lena plume in the Laptev Sea, but in the conditions
of its advection to the East Siberian Sea and its further spreading there.
To study this process, wind conditions over the eastern part of the
Laptev Sea in the area of 130" — 140" E, 72" — 76" N in July-September
were analyzed, as well as over the East Siberian Sea in August-
September for years with the eastern or central spreading types of the
Lena plume in the area of 150" = 175 E, 71" = 76 N (Table 1).

Intense advection of the Lena plume to the East Siberian Sea was
observed in years with the eastern and central spreading types
(2016, 2018, 2019, 2021, 2023, and 2024). In contrast, much less
advection occurred in years with the western spreading type (2015,
2017, 2020, and 2022), when the eastern boundary of the Lena
plume reached only 160-165 E and merged with the Indigirka
plume, but did not reach the Kolyma River mouth. In these years,
during July or July-August, i.e. the period when the eastern part of
the Laptev Sea becomes occupied by the Lena plume and the sea is
free of ice, a strong negative zonal wind component (i.e., prevailing
easterly winds) was observed. On the one hand, this wind facilitated
the northward movement of the Lena plume in the Laptev Sea. On
the other hand, it impeded its eastward advection. An exception was
registered in July 2017, which was characterized by late ice melting
in the western part of the Laptev Sea. With a relatively weak zonal
wind component in August and September, the meridional
component was slightly negative (i.e., prevailing northerly wind).
Such winds in August pressed the Lena plume to the southern shore
of the Laptev Sea and prevented its eastward spreading.

In years with eastern and central spreading types, two distinct
wind situations led to eastward advection of the Lena plume. In
most cases (2016, 2018, 2019, 2023, 2024), eastward advection was
caused by strong and prolonged positive zonal wind component,
especially in July, when active ice melting occurs and open water
areas determine the direction of initial spreading of the Lena plume.
In other cases (August 2018, August-September 2019, July 2021),
positive meridional wind component caused advection of the Lena
plume eastward to the East Siberian Sea.

Further spreading of the Lena plume in the East Siberian Sea is
governed by wind conditions in that sea. In most years, the Lena
plume continued eastward spreading along the Siberian coast.
However, under strong negative zonal wind components over the
East Siberian Sea (e.g., August 2019, September 2024), it propagated
into the northern part of the East Siberian Sea. It resulted in the
largest recorded areas of the Lena plume (700-800 thousand km?).
In 2018, wind conditions in September also resulted in far
northward spreading of the plume, but persistent ice massif
remained in the central and northern parts of the East Siberian
Sea. Motion of the plume under the ice is possible and could have
occurred. However, there are no means to confirm this event due to
the lack of satellite salinity data near the ice edge.
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TABLE 1 Wind speed over the Laptev Sea in July—September (for all spreading types of the Lena plume) and over the East Siberian Sea in August—
September (for eastern and central spreading types of the Lena plume) in 2015-2024.

Venr Lena plume spreading Laptev Sea East Siberian Sea
type August September August September
u=-24 u =-36 u=19
2015 western
v=-0.6 v =13 v=0.1
2016 castern u=26 u=22 u=038 u=09 u=03
v=-02 v=11 v=-11 v=18 v=-20
=14 = -0. =02
2017 western " “ 06 " 0
v=-09 v=-02 v=-15
u=08 u =-20 u=07 u=-06 u =-31
2018 eastern
v=038 v =18 v=-02 v=-11 v =05
u=0.5 u =-29 u =-2.8 u=-20 u=-23
2019 central
v=-18 v =11 v =14 v=-05 v=-04
2020 western =46 w=-17 w=17
v=-13 v=-19 v=22
=-04 = =2. =02 =0. =1.
2021 eastern u 0 u 0 u=0 u=038 u 3
v =13 v =02 v=-05 v=-15 v=-23
u=-21 u=-15 u =-24
2022 western
v=-05 v=0.0 v =02
u=15 u=10 u=14 u=21 u =-01
2023 eastern
v=03 v=-09 v =06 v=-12 v =03
2024 central u=0.1 u=05 u =-11 u=25 u =-21
v=-0.8 v=-18 v =07 v=-11 v =00

The general scheme of the Ob-Yenisei and Lena plume motion
under wind forcing is demonstrated in Figure 15. In the Kara Sea,
the Ob-Yenisei plume moves according to the Ekman theory at a
right angle to wind direction. Wind influence weakens as the Ob-
Yenisei plume propagates to the northern part of the Kara Sea,
where its motion is governed by the surface current.

Eastward spreading of the Lena plume to the East Siberian Sea
occurs under strong westerly wind in July. Ice and wind conditions
at the very beginning of the warm season have a decisive influence
on the subsequent spreading type of the Lena plume. Apparently,
both area and depth of the southeastern part of the Laptev Sea
between the Lena Delta and the New Siberian Islands are too small
for full development of surface layer motion according to the
Ekman theory. As a result, the angle between wind direction and
the direction of the plume movement is significantly less than 90",

In case of the eastern and central spreading types, the part of the
Lena plume that enters the East Siberian Sea moves independently
from the part of the plume that remains in the Laptev Sea. It
happens due to the presence of large New Siberian Islands and
shallow straits between them, as well as the regional differences in
wind conditions. In particular, the Lena plume advection in the East
Siberian Sea occurs according to the Ekman theory. In most cases,
the Lena plume in the East Siberian Sea retains its eastward
propagation. Under strong easterly winds and in the absence of
sea ice, the Lena plume is spreading northward, occupying large
area, which is referred as the central spreading type.

Frontiers in Marine Science

5 Conclusion

The present work is devoted to detailed description of the Ob-
Yenisei and Lena plumes spreading in the Eurasian Arctic. The
variability of the boundaries of the Ob-Yenisei and Lena plumes is
considered on synoptic, seasonal, and interannual time scales. The
main tool for investigating motion of the freshened waters of river
plumes is sea surface salinity data obtained from SMAP satellite
observations and processed using a regional algorithm. These data
represent a reliable source that allows daily monitoring of the
position of the freshened surface layer in the Eurasian Arctic
during the ice-free season since 2015.

In addition to satellite salinity data, satellite observations of sea
surface temperature and absolute dynamic topography are also
analyzed to describe the spreading of the Ob-Yenisei and Lena
plumes. As demonstrated in this study, unlike satellite salinity, these
datasets separately do not contain sufficient information to
determine the boundaries of the Ob-Yenisei and Lena plumes as
well their internal structure. The main problem in detecting the
Ob-Yenisei and Lena plumes using satellite temperature data is
intense cooling of sea surface that starts in August. Furthermore,
detection of the Ob-Yenisei plume using satellite temperature is
biased by inflows of warm water from the Barents Sea into the
southwestern part of the Kara Sea. Detection of the Lena plume by
temperature data is absolutely impossible due to rapid cooling of
plume waters as they spread northward in the Laptev Sea and
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Scheme of the Ob-Yenisei plume spreading under wind forcing in the Kara Sea for the northwestern (a) and eastern (b) spreading types. Scheme of
the Lena plume spreading under wind forcing in the Eastern Arctic for the western (c) and eastern or central (d) spreading types. Black arrows show
wind direction, blue arrows indicate the Ekman drift direction of the surface layer. Black lines schematically indicate the plume boundaries. Red

rectangles indicate areas of wind averaging.

eastward to the East Siberian Sea via the Sannikov and Laptev
straits. Satellite altimetry data could not be used to detect the Ob-
Yenisei and Lena plumes due to significant influence of wind-
induced changes of sea level near the coast in the shallow and semi-
enclosed Kara, Laptev, and East Siberian seas.

Nevertheless, analysis of satellite temperature and altimetry
data, in addition to the satellite salinity data, provides more
detailed description of several processes in the surface layer of the
studied areas. For example, sea surface temperature in the Kara Sea
is useful to distinguish river plume waters from freshening caused
by sea ice melting, especially at the beginning of ice-free season. In
the Eastern Arctic, in some cases, sea surface temperature data make
it possible to separate the Lena plume from plumes formed by
smaller rivers, which together coalesce into a joint freshened surface
layer. Finally, in case of eastward spreading of the Ob-Yenisei
plume along the coast, altimetry data could significantly
complement salinity data, which are unavailable near the coastline.

Spreading of the Ob-Yenisei plume in the Kara Sea is governed
mainly by wind, in accordance with the Ekman theory. The zonal
wind component plays the key role in this processes. Among the
considered years (2015-2024), two main spreading patterns of the
Ob-Yenisei plume are distinguished, namely, northwestern (driven
by easterly winds), and eastern (driven by westerly and
southwesterly winds). The northwestern spreading type was
recorded in 2015, 2017, 2019, 2022, 2023, and 2024, while the
eastern spreading type was observed in 2016, 2018, 2020, and 2021.

Under predominant westerly winds, the Ob-Yenisei plume is
pressed against the western coast of the Taymyr Peninsula and
spreads eastern as a coastal geostrophic current toward the
Vilkitskiy Strait. In all considered years with the eastern

Frontiers in Marine Science

21

spreading type (2016, 2018, 2020, 2021), the Ob-Yenisei plume
advected to the Laptev Sea through the Vilkitskiy Strait. In these
years, the plume could be detected in the Laptev Sea at the distance
up to 300 km far from the Vilkitskiy Strait. During years with the
eastern spreading type, the area of the Ob-Yenisei plume has a
linear dependence on the total volume of the Ob and Yenisei river
discharge. Therefore, under westerly winds the volume of river
discharge determines the extent of the Ob-Yenisei plume
propagation into the eastern part of the Kara Sea and further into
the western part of the Laptev Sea.

Prevailing easterly and northeasterly winds cause northward
and northwestward spreading of the Ob-Yenisei plume into the
central part of the Kara Sea and to Novaya Zemlya. In most years
with the northwestern spreading type (2017, 2019, 2022, 2023), the
Ob-Yenisei plume advects westward and southwestward in the area
between Novaya Zemlya and the Yamal Peninsula. In this case, the
plume area is 200-250 thousand km?® In August 2015 and
September 2024, the different spreading pattern was observed.
Under the influence of strong northeasterly winds, the Ob-
Yenisei plume advected to the northern part of the Kara Sea,
namely, to the St. Anna Trough. In this area, the Ob-Yenisei
plume expanded further northward along the eastern slope of the
St. Anna Trough influenced by local surface circulation. It resulted
in sharp increase in the plume area. In particular, area of the Ob-
Yenisei plume in September 2015 reached 320 thousand km?.

In the Eastern Arctic, two main types of Lena plume spreading
could be distinguished. They are determined by presence or absence
of an intensive inflow of the Lena plume from the Laptev Sea to the
East Siberian Sea through the Sannikov and Laptev Straits.
Formation of this inflow is governed by wind conditions,
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specifically westerly winds over the southeastern part of the Laptev
Sea. On the contrary, the prevailing easterly winds result in
accumulation of the Lena plume predominantly within the Laptev
Sea. In this case, inflow of the Lena plume to the East Siberian Sea
becomes less pronounced, and the plume does not extend to the east
from 160  E, which was observed in 2015, 2017, 2020, and 2022.
This pattern of the Lena plume motion could be classified as the
western spreading type. The area of the Lena plume in the case of
the western spreading type is 460-580 thousand km> A notable
exception was the situation in 2015, when the Lena plume remained
in the Laptev Sea and its area was less than 350 thousand km?.

Regardless of presence or absence of advection to the East
Siberian Sea, the Lena plume covers the entire southeastern part of
the Laptev Sea between the Lena Delta and the New Siberian
Islands. In all the considered years, the northern boundary of the
Lena plume gradually shifted northward during the ice-free season,
reaching 76 — 78" N. Only in 2016, under the influence of strong
westerly winds, the northern boundary of the Lena plume was
located significantly farther south, at 75" N. Therefore, the motion
of the Lena plume in the Laptev Sea does not correspond to the
Ekman theory. Apparently, this is due to relatively small spatial
scale and shallow depths in the southeastern Laptev Sea, which
prevent the full development of the wind-induced Ekman transport.

During years with prevailing westerly winds in the Laptev Sea,
intense spreading of the Lena plume to the East Siberian Sea occurs.
In this case, the New Siberian Islands and the shallow Sannikov and
Laptev Straits essentially isolate the dynamics of the Lena plume in
the Laptev Sea from the dynamics of the Lena plume in the East
Siberian Sea. Unlike the Laptev Sea, spreading of the Lena plume in
the East Siberian Sea is determined by regional wind conditions in
accordance with the Ekman theory. Westerly winds in the East
Siberian Sea lead to eastward advection of the Lena plume along the
Siberian coast up to the Wrangel Island. This situation was recorded
in 2016, 2018, 2021, and 2023 and is considered as the eastern
spreading type of the Lena plume. The total area of the Lena plume
(including the Laptev Sea) in these years was equal to 450-550
thousand km?. The notable exception occurred in 2016, when the
area of the Lena plume was much smaller (290 thousand km?)
under strong easterly winds. In 2019 and 2024, strong easterly
winds, on the contrary, resulted in advection of the Lena plume to
the northern and northeastern parts of the East Siberian Sea, which
could be regarded as the central spreading type of the Lena plume.
In these cases, the maximal area of the Lena plume was the largest
and amounted to 730-800 thousand km”.
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