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Sea ice decline in the Eastern
Arctic results in expansion of
the freshened surface layer
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Alexander Savin1,3, Ekaterina Rogozhina1,
Anton Georgiev4 and Olga Konovalova2,4

1Shirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia, 2Marine Research
Center at Lomonosov Moscow State University, Moscow, Russia, 3Moscow Institute of Physics and
Technology, Dolgoprudny, Russia, 4Biological Faculty, Lomonosov Moscow State University,
Moscow, Russia
In this study, we report an anomalously large freshened surface layer in the

Eastern Arctic during ice-free season in 2019. This freshened surface layer is

formed by river discharge and sea ice meltwater and is also referred to as the

Lena plume, due to the Lena River discharge is its major freshwater source. Based

on in situ and satellite data, we demonstrate that in August-September 2019 the

Lena plume extended from the Lena Delta in the west to theWrangel Island in the

east, i.e., its zonal extent was approximately 2000 km. The area of the Lena plume

varied between 750 000 and 870 000 km2 during this period, which is 1.5 times

greater than the assessment of its maximal area in previous years, albeit they

were often hindered by the presence of sea ice coverage. The main reasons for

this anomalous spreading of the Lena plume are the following. First, intense sea

icemelting in the Eastern Arctic in 2019 provided a significantly greater volume of

meltwater inflow to the freshened surface layer, as compared to other years.

Second, sea ice cleared out of the Laptev and East Siberian seas by the beginning

of August and September 2019 respectively, and these seas remained free of ice

during for 2 to 3months (longer ice-free period occurred only in 2007 and 2020).

Three months of favorable wind forcing on the Lena plume in July-September

2019 caused its anomalously extensive eastward and northward expansion,

together with changes in the vertical structure of the Lena plume. This plume

expansion affected the composition of phytoplankton communities, with the

intrusion of freshwater species in the eastern part of the East Siberian Sea. The

reported expansion of the large Lena plume under favorable sea ice and wind

conditions provides the baseline for forecasting the future state of large-scale

freshwater cycle in the Arctic Ocean, with an expectedly reduced ice cover.
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1 Introduction

In the last decades, the Arctic Ocean has experienced intense sea

ice decline during the warm season (Stroeve and Notz, 2018) due to

ice-ocean albedo feedback (Kashiwase et al., 2017) and changes in

the atmospheric circulation (Ding et al., 2017). The most significant

decline in sea ice coverage during the warm season is observed in

the Laptev and East Siberian seas (Matveeva and Semenov, 2022).

The increase in duration of the ice-free period leads to the

intensification of the wind influence on sea surface layer (Wang

et al., 2021; Ding et al., 2022; Vavrus and Alkama, 2022).

One of the possible consequences of this process is the change in

structure and spreading area of the freshened surface layer in the

Eastern Arctic, which is formed by the large river runoff (Lena,

Kolyma, Khatanga, Indigirka, Olenyok, Yana and smaller rivers) to

the Laptev and East Siberian seas (Figure 1), as well as sea ice

melting (Janout et al., 2020; Osadchiev et al., 2021b). The Lena River

provides more than half of the total freshwater content in this

freshened surface layer (Gordeev et al., 1996). Therefore, in this

work, we will refer to the freshened surface layer in the Eastern

Arctic as the Lena plume. However, other rivers and sea ice melting

also make a significant contribution to its formation.

Note that the distribution of riverine water of different origin

within the Lena plume still remains generally unknown, which is also

the case of other large river plumes formed by discharges of several

rivers (e.g., the Amazon-Orinoco plume in the tropical Atlantic

Ocean (Fournier et al., 2017), the Ob-Yenisei plume in the Kara

Sea (Osadchiev et al., 2021a), the Irrawaddy-Salween plume in the

Andaman Sea (Pargaonkar and Vinayachandran, 2022).

Climate changes in river runoff to the Eastern Arctic, namely,

the increase of river discharge and river water temperature, as well

as earlier onset of the flooding period (Magritsky et al., 2023;

Vasilenko et al., 2024) could also accelerate sea ice decline in
Frontiers in Marine Science 02
summer and late autumn (Park et al, 2020). Moreover,

stratification associated with the spreading of the freshened

surface layer is the key factor that governs vertical convection and

sea ice formation at the beginning of the cold season (Davis et al.,

2016; Osadchiev et al., 2023c). As a result, the alteration of the Lena

plume spreading in reduced sea ice and increased wind forcing

conditions could significantly affect sea ice conditions, as well as

local biogeochemical processes.

Despite the reduction of ice cover, the Eastern Arctic shelf

(especially its northern and northeastern parts) is still among the

most remote and least studied shelf areas in the Arctic Ocean. Even

during the last 10–20 years, the duration of ice-free period in the

northern and northeastern parts of the East Siberian Sea rarely

exceeded several weeks. The lack of oceanographic expeditions and

in situ data in this area results in many gaps in understanding of the

structure and circulation of local water masses (Semiletov et al.,

2005; Makhotin and Dmitrenko, 2011; Pipko et al., 2023; Kodryan

et al., 2023; Dubinina et al., 2024), especially in comparison with the

southern and western parts of the Eastern Arctic, which were

addressed in many previous studies based on in situ data (Pipko

et al., 2005; Dmitrenko et al., 2005; 2010; Savelieva et al., 2010;

Semiletov et al., 2012, 2016; Pugach and Pipko, 2013; Thibodeau

et al., 2014; Spivak et al., 2021; Osadchiev et al., 2023b, c; Xie et al.,

2023; Wild et al., 2023; Konovalova et al., 2024).

The most comprehensive studies of the vertical structure and area

of the Lena plume, based on in situmeasurements of temperature and

salinity, are presented in the work by Osadchiev et al. (2021b). This

study indicates that the primary factor influencing the variability of

the Lena plume area is the direction and speed of wind forcing during

the flood period of the Lena River. Additionally, the studies

conducted by Janout et al. (2020); Fofonova et al. (2015);

Dmitrenko et al. (2005), and Zhuk and Kubryakov (2021), also

identify wind influence as a critical factor affecting the Lena plume.
FIGURE 1

Bathymetry of the Eastern Arctic and location of hydrological stations (colored circles) from oceanographic surveys in the eastern part of the East
Siberian Sea in 2018, 2019, 2021, and 2023. The bathymetric data was taken from the International Bathymetric Chart of the Arctic Ocean (IBCAO)
(Jakobsson et al., 2012).
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It is further observed that, depending on the prevailing wind

direction, the area of plume distribution is formed either

northward, extending up to 76-77°N in the Laptev Sea, or

eastward, reaching up to 170-175°E in the East Siberian Sea. Janout

et al. (2020) also noted a more extensive distribution of freshened

waters in the Laptev Sea over the past decade, in the context of

declining ice cover, although this phenomenon occurs outside the

region we are investigating in the eastern part of the East Siberian Sea.

Satellite observations generally could substitute lack of in situ

data in the study area, especially for studying the freshened surface

layer and surface processes in the Arctic Ocean (Mulligan and

Perrie, 2019; Rogozhin et al., 2023; Konik et al., 2023). However,

there are certain factors inherent in the Eastern Arctic that hinder

the effective usage of satellite data. First, a common cloudy weather

in the Laptev and East Siberian seas during summer and autumn

(frequency of overcast sky is 80-90%) (Pavlov et al., 1996)

significantly limits applicability of optical and infrared satellite

imagery, which are obstructed by clouds. Second, the usage of the

satellite altimetry to detect large river plumes in the Eastern Arctic is

challenging and often misleading due to shallow shelf area (< 50 m),

proximity of the coastline in the marginal Laptev and East Siberian

seas and changes in the vertical plume structure due to mixing with

ambient seawater (Frey and Osadchiev, 2021). Finally, sea surface

salinity (SSS) products also do not depend on cloud conditions and

potentially could be applied for study of the spreading area and

internal structure of the freshened surface layer in the Eastern

Arctic (Supply et al., 2020; Tarasenko et al., 2021; Zhuk and

Kubryakov, 2021). However, standard algorithms applied for

reconstruction of SSS from satellite data have low accuracy for

shelf areas in the Arctic Ocean with low seawater temperature and

salinity values, which requires development of specific Arctic shelf

algorithms (Savin et al., 2023, 2024).

In this paper, we report and analyze thermohaline and in situ

measurements performed during 4 oceanographic surveys in the

eastern part of the East Siberian Sea in 2018, 2019, 2021, and 2023.

We address the spreading of the Lena plume in the Eastern Arctic

using these in situ data supported by satellite data, including SSS

acquired from the Soil Moisture Active Passive (SMAP) satellite data

using a new algorithm for the Arctic shelf (Savin et al., 2023, 2024), as

well as sea ice thickness acquired fromCryosat-2 satellite data, using a

new algorithm for the warm season (Landy et al., 2022). The latter

dataset was used to calculate meltwater fluxes into the sea surface

layer during the warm season (Osadchiev et al., 2024).

Based on this extensive (for this undersampled region) set of in

situ and satellite data, we reconstructed the response of the

freshened surface layer in the Eastern Arctic on wind forcing

typical for the ongoing sea ice decline. In particular, we describe

the anomalously large Lena plume during the ice-free season in

2019 caused by favorable wind and sea ice melting conditions.

Finally, we assess the influence of anomalous spreading of the Lena

plume on the local phytoplankton communities using in situ

measurements performed in the eastern part of the East Siberian

Sea (Figure 1) in 2019 and 2023.

This paper is organized as follows: Section 2 provides detailed

information about in situ, satellite, river discharge and wind forcing
Frontiers in Marine Science 03
data used in this study. The relationship between the external

forcing conditions, on the one hand, and the spatial distribution

and vertical thermohaline structure of the freshened surface layer in

the Eastern Arctic, on the other hand, is described in Section 3 with

an emphasis on the anomalous spreading of the Lena plume

registered in August-September 2019. The influence of the latter

process on the phytoplankton communities in the eastern part of

the East Siberian Sea, as well as the assessment of the Lena plume

variability on inter-annual time scales, is analyzed and discussed in

Section 4, followed by the conclusions in Section 5.
2 Data and methods

2.1 In situ measurements

In this study, we analyzed thermohaline measurements in the

eastern part of the East Siberian Sea obtained during 4 oceanographic

surveys in 2018, 2019, 2021 and 2023 (colored circles in Figure 1).

The information about the oceanographic surveys is summarized in

Table 1. Thermohaline measurements were performed using SBE

911plus CTD profiler with a vertical resolution of 0.2meters and were

carried out from the end of August to the beginning of October

covering the early autumn period.

Phytoplankton sampling with the Niskin bathometer was

performed at the surface layer at the same 20 stations during the

oceanographic surveys in 2019 and 2023. Samples with a volume of

1 liter were concentrated to 50 ml using a reverse filtration chamber

(Vinogradov, 1983) immediately after sampling, then fixed with

formaldehyde (4% final concentration approximately). The samples

were examined in the laboratory using a light microscope.

Phytoplankton abundance and species composition was

determined in counting chambers (Nageotte and Fuchs-

Rosenthal) at a magnification of ×400. Microalgae biomasses were

calculated by cell volume using the geometric similarity of shapes

method (Hillebrand et al., 1999; Radchenko et al., 2010). The

phytoplankton species list is given in accordance with the

international database AlgaeBase (Guiry et al., 2018).
2.2 River discharge, wind and sea ice fluxes
data

Discharge measurements at the Lena and Kolyma rivers

analyzed in this study were acquired from two most downstream
TABLE 1 Periods of 4 oceanographic surveys analyzed in this paper.

Period Data reference

11.09 – 21.09.2018 This paper

29.08 – 03.09.2019 This paper

21.09 – 01.10.2021 This paper

15.09 – 26.09.2023 This paper
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gauge stations located in Kyusyur and Kolymskoe respectively. The

river discharge data were downloaded from the Arctic Great Rivers

Observatory (ArcticGRO) website (https://arcticgreatrivers.org/

data). Due to the absence of high-quality daily discharge data for

the Khatanga, Indigirka, Olenyok, Yana and smaller rivers

inflowing to the Laptev and East Siberian seas, the total annual

river discharge forming the freshened surface layer in the Eastern

Arctic was assessed as the annual discharge of the Lena River,

multiplied by a coefficient of 1.55 according to the annual river

discharge data presented in Gordeev et al. (1996), Magritsky et al.

(2018) and Shiklomanov et al. (2021).

Wind forcing conditions and atmospheric pressure were

examined using ERA5 atmospheric reanalysis with a 0.25° spatial

and hourly temporal resolution (Hersbach et al., 2020). The ERA5

reanalysis data were downloaded from the European Centre for

Medium-Range Weather Forecasts (ECMWF) website (https://

www.ecmwf. int/en/forecasts/datasets/archive-datasets/

reanalysisdatasets/era5). The sea ice data retrieved from satellite

products were downloaded from the Arctic and Antarctic Research

Institute (AARI) website (https://www.aari.ru/data/realtime/

ledovye-karty-2/slo2024) and University of Bremen (https://

seaice.uni-bremen.de/sea-ice-concentration/amsre-amsr2/).

Ekman transport and wind stress curl values were calculated

using the standard equations. First, we calculated zonal and

meridional wind stress components tx and ty: tx = ra · Cd · v ·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 + v2
p

, ty = ra · Cd · u ·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 + v2
p

, where u and v are the zonal

and horizontal wind components, ra is the atmospheric density

equal to 1.225 kg/m³, Cd is the drug coefficient equal to 1.2×10−3.

Further, we calculated the zonal and meridional Ekman transport

(Qx and Qy) using the equations: Qx =
ty
rf , Qy = − tx

rf , where r is the

seawater density equal to 1025 kg/m³, f is the Coriolis parameter

equal to 1.35·10-4. Wind stress curl C was calculated using the

equitation: C =
∂ ty
∂ x − ∂ tx

∂ y .
2.3 SMAP sea surface salinity data

To assess the spatial and temporal variability of the Lena plume,

sea surface salinity (SSS) data obtained from the Soil Moisture

Active Passive (SMAP) satellite mission (Meissner et al., 2022) were

analyzed for period 2015-2023. SMAP provides SSS data with a

spatial resolution of ~25 km and a temporal resolution of 3 days.

The SMAP sea surface salinity data shows good agreement (Bao et

al., 2019) with in situ data at low latitudes (from 40°N to 40°S).

However, in the Arctic Ocean, especially in the shelf seas affected by

the river discharge, the quality of the SSS data is significantly

reduced, with an overall root-mean-square deviation (RMSD) of

3.15 psu, and a maximum RMSD of 6.06 psu for low salinity waters

(salinity less than 15 psu) (Supply et al., 2020; Savin et al., 2024).

To improve the quality of the SMAP SSS data, additional

processing was performed using a gradient boosting composite

neural network algorithm, which is described in detail in Savin et al.
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(2024). The key feature of this algorithm is its training on an

extensive dataset of in situ temperature and salinity measurements

performed in the surface layer in the Barents, Kara, Laptev and East

Siberian seas. As a result of this additional processing, the overall

quality of SSS retrieval improved, i.e., root mean square deviation

decreased from 3.15 to 2.15. Furthermore, the correlation of the

developed SSS dataset with the in situ data increased from 0.82 to

0.90 (Savin et al., 2024). The root mean square deviation and

correlation were especially improved for salinity values, typical for

river plumes (<25), which previously reconstructed with very low

quality for standard SMAP SSS algorithms. Thus, the additional

processing of SSS SMAP data has significantly improved its

consistency with in situ measurements.

In order to further assess the quality of SSS data, a comparison of in

situ salinity measurements at the surface layer with synchronous SSS

satellite measurements was performed (Figure 2). The boundary of the

Lena plume was determined by the location of the frontal zone

manifested by a sharp increase in salinity values on the sea surface.

Multiple previous studies of the Lena plume in the Laptev and East

Siberian seas demonstrated that this frontal zone is consistent with the

isohaline of 25 psu (Polukhin, 2019; Osadchiev et al., 2021b; Spivak

et al., 2021). The resulting location of the outer boundary of the Lena

plume, determined from in situmeasurements, shows good agreement

with the boundary determined from the satellite SSS data (Figure 2).
2.4 Meltwater fluxes

To estimate the volume of sea ice meltwater that contributed to

formation of the freshened surface layer in the EasternArctic in 2018 and

2019, freshwater fluxes were calculated according to the methodology

presented in Osadchiev et al. (2024). The cumulative volume of

freshwater flux from sea ice meltwater during every two weeks at the

80 km grid points was calculated using the following equation QSIM =

DV·AS·AV/S, where V = Cice·Tice is the sea ice volume at the grid point

equal to the product of sea ice concentration Cice (reprojected to 80 km

grid) and sea ice thickness Tice, AS equal to 0.8 is the coefficient to

normalize meltwater salinity (prescribed equal to a salinity of 6) to fresh

water (salinity of 0), AV equal to 0.9 is the coefficient to normalize ice

volume to meltwater volume, S equal to 640 km2 is the area of a grid cell.

Sea ice concentration data derived from AMSR2 satellite data with a

spatial resolution of 6.25 km and a temporal resolution of 1 day (Spreen

et al., 2008) and sea ice thickness derived from Cryosat-2 satellite data

with a spatial resolution of 80 km and a temporal resolution of 2 weeks

from May to September (Landy et al., 2022).

In this work, the calculation was performed with refined

boundaries of the freshened surface layer based on SMAP SSS

data presented in detail in Section 2.2. It is important to note that

sea ice thickness data for the period from May to September is

available only for 2012-2020. This limitation restricts our ability to

determine sea ice meltwater fluxes only for 2018 and 2019, while

these fluxes in 2021 and 2023 remain unknown.
frontiersin.org
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3 Results

In this section, we assess major forcing conditions of the

distribution of the Lena plume and examine its vertical and

horizontal structure based on in situ and satellite salinity data. In

addition, we investigate quantitative and qualitative characteristics

of the phytoplankton communities in East Siberian Sea, based on

the analysis of in situ samples. In Section 3.1, we analyze variability

of the Lena River discharge and sea ice conditions during the study

period (2018, 2019, 2021 and 2023). Also, in this section we assess

wind forcing conditions on the Lena plume based on ERA5

reanalysis data and calculate freshwater fluxes from sea ice

meltwater to understand shares of river discharge and meltwater

in the Lena plume. In Section 3.2, we analyze the vertical and

horizontal structure of the Lena plume in August 2019, September

2018, September 2021 and September 2023 based on in situ

measurements. In Section 3.3, we analyze the spatial distribution

of the Lena plume based on SMAP SSS data to estimate the total

plume area during the periods of in situ measurements. In Section

3.4, we examine quantitative and qualitative characteristics of

phytoplankton communities to assess the possible impact of the

Lena plume distribution on the ecosystem of the East Siberian Sea.
3.1 River discharge, sea ice, and
atmospheric conditions

River runoff to the Laptev and East Siberian seas is one of the

most important sources of freshwater to the freshened surface layer

in the Eastern Arctic (Anderson et al., 2004; Gordeev et al., 1996;
Frontiers in Marine Science 05
Osadchiev et al., 2024). This volume has large inter-annual

variability, in particular, total annual discharge of the Lena and

Kolyma rivers (the largest rivers of the study area) varied from 750

to 1100 km3 and from 86 to 145 km3, respectively, during the last 20

years (Figure 3). The majority of annual river runoff (80-90%)

inflows to the Eastern Arctic during warm season in June-

September (Pavlov et al., 1996). The maximum discharge of the

Lena and Kolyma rivers, which is observed during the flooding

period in early summer, also has significant inter-annual variability.

In 2018–2023 the maximal discharge of the Lena and Kolyma rivers

varied from 82000 (in 2019) to 152000 (in 2018) m3/s and from

21000 (in 2019) to 31000 (in 2018) m3/s respectively (Figure 4).

Discharges of the Lena and Kolyma rivers after flood peak, i.e., in

July-October, were similar in 2018-2023, except the case of 2018

with secondary discharge peak at both rivers in August-

September (Figure 4).

In order to evaluate the freshwater fluxes into the Lena plume

from the Lena and Kolyma rivers, a comprehensive analysis of the

total river discharge of the Lena and Kolyma rivers was conducted

for the period from May to September in 2017, 2018, 2019, 2020,

2021, and 2023. These calculations were conducted to align with the

assessment of sea ice meltwater volumes presented later in this

section. The peak level of the river discharge volume was recorded

in 2018, equal to 985 km³, while the lowest discharge level was

observed in 2019 equal to 606 km³ (Figure 4). During May, June,

July, August, September in 2017, 2020, 2021, and 2023, the

cumulative volume of river flow remained relatively stable, equal

in total to 845, 838, 787, and 806 km³, respectively.

The Eastern Arctic is covered by ice from October-November

till July-September (Pavlov et al., 1996; Osadchiev et al., 2021b).
FIGURE 2

Location of the Lena plume boundary (red lines) reconstructed by in situ salinity data (left) and SMAP SSS data (right) on 29 August 2019 and 3
September 2019.
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Despite the distinct increase of duration of ice-free period during

the last two decades caused by earlier onset of ice melting and later

beginning of ice formation (Liang and Su, 2021; Shabanov et al.,

2024), sea ice conditions in the Laptev and East Siberian seas still

have large inter-annual variability. During certain years, namely, in

2007, 2017, 2019, and 2020, the Laptev and East Siberian seas

became free of ice in August. On the opposite, in 2008-2011, 2013-

2014, 2016, 2018, 2021–2022 sea ice remained in the northern parts

of these seas during the whole warm season. As a result, duration of

ice-free period in the northeastern part of the East Siberian Sea

varied from several weeks (e.g., in 2018, 2021, 2022, and 2023) till

2–3 months (e.g., in 2019 and 2020). Sea ice meltwater is the second

most important source of freshwater in the Eastern Arctic, which on
Frontiers in Marine Science 06
average provides 20% of the total freshwater volume in the

freshened surface layer (Osadchiev et al., 2024). The inflow of

meltwater to the Lena plume is governed by intensity of sea ice

melting in the Eastern Arctic in August and September, which is the

period of active expanding of the Lena plume (Osadchiev et al.,

2024). In order to address this issue, we present sea ice conditions

during oceanographic surveys in the eastern part of the East

Siberian Sea in 2018, 2019, 2021, and 2023. Sea ice occupied

almost the whole area in the East Siberian Sea in July and August

2018 and reduced by half by late September 2018 (Figure 5a). In

2019, the southern part of the East Siberian Sea was ice-free as early

as the middle of July. The Intense ice melting in early August

resulted in an ice-free East Siberian Sea by mid-August (Figure 5b).

In 2021 and 2023, the East Siberian Sea was similarly covered by ice

in July and early August. Ice coverage steadily decreased by half by

late August and was almost completely gone by late September

(Figures 5c, d).

The contribution of meltwater to the Lena plume (Figure 6) was

calculated by reconstructing the shares of river discharge and sea ice

meltwater based on Osadchiev et al. (2024). Unfortunately, the

shares of sea ice meltwater could be calculated only for 2018 and

2019 due to lack of the reliable data on sea ice thickness during

warm season in subsequent years. We also made additional

calculations for 2017 and 2020 due to long ice-free period in

these years in order to compare it with the anomalous case of

2019. The proportion of meltwater (Figure 6) in 2019 (22%) was

larger than in 2018 (19%) and in 2020 (18%), but less than in

2017 (26%).

According to Figure 6 in Osadchiev et al. (2024), the share of sea

ice meltwater in the total volume of the Lena plume was the second

highest in 2019 (after 2017 with the share of 26%) during period of

2012-2020. The quantitative attribution of freshwater fluxes from

sea ice meltwater is characterized by slightly different distribution

through the considered years. The total volume of sea ice meltwater

was the largest in 2017 (298 km3) with a decrease in 2018 (230 km3).
FIGURE 4

Discharges of the Lena (solid lines) and Kolyma (dashed lines) rivers
during the warm season in 2018, 2019, 2021, 2023 according to
https://www.arcticrivers.org/data.
FIGURE 3

Total annual discharge of the Lena and Kolyma rivers in 2003–2023 according to https://www.arcticrivers.org/data.
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In 2019 and 2020 the total volume of freshwater was approximately

equal and amounted to 175 and 182 km3 respectively. Thus, the

share of meltwater in 2019 was the lowest during the study period,

despite fairly qualitative estimates due to variability in river

discharge. It is important to note, that the impact of meltwater is

significantly influenced by the timing of sea ice melting and the
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extent of river plumes. Once intense ice melting occurs after the

initial spreading of the Lena plume, sea ice meltwater significantly

contributes to surface freshening, thereby expanding the Lena

plume volume and area.

As illustrated in Figure 5, the ice edge retreated to the northern

part of the East Siberian Sea in 2019, resulting in a substantial
FIGURE 6

Shares of river discharge (red) and sea ice meltwater (blue) in total freshwater volume in the Lena plume during 2017-2020.
FIGURE 5

Position of the seasonal sea ice edge in the Laptev and East Siberian seas on 15 July (brown line), 1 August (blue line), 15 August (red line), 1
September (green line), and 15 September (yellow line) in 2018 (a), 2019 (b), 2021 (c), and 2023 (d). The different colored contours in the figure
represent the location of ice coverage at a specific point in time, as indicated by the map legend. The area inside the closed contour is the location
of the ice coverage. The position of the seasonal sea ice edge was visualized based on sea ice data provided by the Arctic and Antarctic Research
Institute (https://www.aari.ru/data/realtime/ledovye-karty-2/slo2024) and the University of Bremen (https://seaice.uni-bremen.de/sea-ice-
concentration/amsre-amsr2).
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volume of meltwater remaining in the Lena plume by September

2019. In contrast, the East Siberian Sea was completely ice-covered

throughout September in 2018, with only a limited amount of

meltwater persisting in the plume at its maximum extent.
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Wind forcing conditions during two months preceding and one

month during oceanographic surveys in 2017, 2018, 2019, 2020, 2021,

2023 are shown in Figure 7. Figures 7a, c, d, g, l, n and q demonstrates

prevailing moderate (4–6 m/s) western (including northwestern and
FIGURE 7

Monthly averaged wind forcing (direction is shown by arrows, mean sea level pressure is shown by color) in the Laptev and East Siberian seas in
September 2017 (a-c), July – September 2018 (d-f), July – September 2019 (g-i), July – September 2020 (j-l), July – September 2021 (m-o), and
July – September 2023 (p-r) according to ERA5 reanalysis data.
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southwestern) winds at the shelf area of the Laptev and East Siberian

seas in July 2017, September 2017, July 2018, July 2019, September

2020, August 2021 (in the East Siberian Sea) and August 2023. These

winds are favorable for eastward spreading of the Lena plume

(Dmitrenko et al., 2005; 2010; Janout et al., 2020; Osadchiev et al.,

2021b). On the opposite, moderate (5–7 m/s) northward, eastward and

south-eastward winds in August 2017, August – September 2018,

August – September 2019, July-August 2020, July 2021, July 2023 (in

the East Siberian Sea), September 2021 and September 2023 are

favorable for northward spreading of the Lena plume are shown on

Figures 7b, e, f, h–k, m, o, p and r respectively.

Therefore, wind conditions (wind speed and direction) in July

2017, September 2017, July 2018, July 2019, September 2020,

August 2021 (in the East Siberian Sea) and August 2023 were

most favorable for eastward propagation of the Lena plume. It is

important to note that wind conditions in July 2017 - September

2017 and July-August 2019 were favorable during the period when

the area of sea ice in the Laptev and East Siberian seas had already

experienced seasonal reduction (Figure 5). As a result, wind forced

the freshened surface layer directly. In contrast, during the other

years (July 2018, September 2020, August 2021 and August 2023) a

stable ice mass remained during early summer in the study area,

hindering the impact of wind on the plume spreading.

To quantitatively assess the wind forcing on the Lena plume,

Ekman transport and wind stress curl values were calculated using

wind reanalysis data and presented in Figure 8. The analyzed data

clearly illustrate the direction of the Lena plume advection under

the influence of wind forcing. The highest values of the Ekman

transport, ranging from 0.1 to 0.2 m²/s, were observed during

August-September 2018, August-September 2019, and July 2020.

They were associated with the northern plume propagation type

(Figures 8e, f, h–j). In contrast, during July 2017, September 2017,

August 2020, August-September 2021, and August-September 2023

(Figures 8a, c, k, n, o, q, r), Ekman transport values were notably

lower, between 0.05 and 0.1 m²/s, and the direction of the plume

advection was southward and westward, pressing the plume to the

Siberian coast, which contributed to eastward direction of the

Lena plume.

In September 2020, the Lena plume advection in the Laptev Sea

was eastward, with the Ekman transport of 0.15 m²/s (Figure 8l).

During August 2017, July 2018, July 2019, and July 2023

(Figures 8b, d, g, p), the Ekman transport values were

significantly low (less than 0.05 m²/s), indicating the likely

absence of significant Ekman transport on the Lena plume during

these periods.

Therefore, wind conditions in July 2017, September 2020,

September 2021, and July-September 2023 were the most

favorable for the eastward propagation of the Lena plume. It is

important to note very low wind influence on the plume in July

2018 and July 2019, which was favorable for the eastward

propagation of the plume. It was especially important in 2019 due

to rapid seasonal decline of sea ice cover in the Laptev and East

Siberian seas (Figure 5). In contrast, during the other years

(September 2021 and July-September 2023) a stable sea ice mass

remained during early summer in the study area and hindered the
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impact of wind on the plume spreading - relatively high values of

Ekman transport (due to 0.15 m2/s) and positive wind forcing.
3.2 Thermohaline in situ measurements

Oceanographic surveys performed in the eastern part of the East

Siberian Sea in September 2018, 2019, 2021 and 2023 demonstrated

large inter-annual variability of salinity and temperature in the

study area (Figures 9, 10). In 2018, surface salinities (Figure 9a)

steadily increased from 26 in the southwestern part of the study area

to 28.5 in its eastern part, while temperatures decreased from 2°C to

-1°C (Figure 9b). No pronounced thermohaline gradients in the

surface layer were observed. In 2019, on the opposite, sharp salinity

gradient (frontal zone) was observed at the latitudes of 72-72.5°N

separating warm (3-4°C) and low saline (19-21) water in the south

and cold (1-2°C) and high saline (26-28) water in the north of the

study area (Figure 9b). At the frontal zone, salinity increased from

21.5 to 25.5, while temperature decreased from 4 to 2°C at the

distance of ~100 km. In 2021, the thermohaline characteristics in

the study area were homogenous. Salinity and temperature varied

from 28.0 to 28.5 and -0.5 to -1.5°C, respectively (Figure 9c).

In 2023, hydrological conditions in the eastern part of the East

Siberian Sea were similar to those recorded in 2018, with the lowest

salinity values of 26 observed approximately 50 km from the

Siberian coast (Figure 9d), but temperature values were 1-2°C

lower than in 2018.

Figure 10 illustrates the vertical salinity and temperature

structure along quasi-zonal transects in the eastern part of the

East Siberian Sea for September 2018, August-September 2019,

September-October 2021 and September 2023 and reveals

significant differences in the depth and thermohaline

characteristics of the surface layer.

Measurements taken along nearly the same transect during

slightly different time periods allow for a comparison of the

variations in the vertical thermohaline structure of this region

over several years. It is important to note that comparing the

vertical structure during the ice-free season is crucial, as this

season occurs during different days and months in the East

Siberian Sea (Figure 5), which leads to variations in the timing of

in situ measurements.

The vertical distribution of salinity and temperature in 2018

(Figure 10a) demonstrated freshened (26-28) and warm (0.5-1.5°C)

surface layer near the Siberian coast. Below this 5 m deep layer,

values of salinity and temperature decreased to 30–31 and -1.5°C,

respectively. In 2019, the vertical thermohaline structure along the

southern part of the transect was characterized by much lower

surface salinity (19-26) and higher temperatures (2-4°C) till the

depth of 15 m, which is typical for the Lena plume in the Laptev and

East Siberian seas (Spivak et al., 2021; Osadchiev et al., 2021b). The

freshened surface layer with salinities 27–29 and temperatures 0.5-

1.5°C (similar to that observed in 2018) occupied the central and

northern parts of the transect in 2019.

In 2021, the meridional transect was shifted slightly to the west

as compared to transects in 2018–2019 and 2023 due to presence of
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seasonal sea ice in the eastern part of the East Siberian Sea. In 2021,

the entire water column down to the depth of 20–25 meters was well

mixed due to late autumn vertical convection processes (Osadchiev

et al., 2023c). As a result, salinity values in the upper mixed layer
Frontiers in Marine Science 10
ranged from 29 to 32, with salinity gradient at the depths of 25–35

meters. Temperature values were stable throughout the entire water

column ranging from -1 to -1.5°C. In 2023, vertical distribution of

temperature and salinity was slightly similar to 2018. However,
FIGURE 8

Monthly averaged Ekman transport (direction is shown by arrows, values are shown by arrows size) and wind stress curl (shown by color) in the
Laptev and East Siberian seas in July – September 2017 (a-c), July – September 2018 (d-f), July – September 2019 (g-i), July – September 2020 (j-
l), July – September 2021 (m-o), and July – September 2023 (p-r) according to ERA5 reanalysis data (https://www.ecmwf.int/en/forecasts/datasets/
archive-datasets/reanalysisdatasets/era5).
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salinity values in the northern part of the transect were lower (27-

28) and surface temperature also was low (-0.5-0°C).
3.3 Satellite-derived surface salinity
measurements

The analysis of in situ data collected in the eastern part of the

East Siberian Sea allows us to estimate presence or absence of the

Lena plume in this area. In order to assess the spreading area of

the Lena plume in the Eastern Arctic and to compare it with the

available in situ data, we analyzed new SSS satellite data (Savin et al.,

2024). Figure 11 illustrates spatial distribution of the Lena plume
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(defined by the isohaline of 25) in the Laptev and East Siberian seas

during the periods of oceanographic surveys in 2018-2023. The

spatial distribution of the Lena plume in 2017 and 2020 was also

compared with the plume area in study period due to similar ice

conditions in 2017 and 2020 to 2019. Location of the eastern

boundary of the Lena plume according to SSS data (Figure 11) is

consistent with the in situ measurements in the eastern part of the

East Siberian Sea (Figures 9, 10).

Spreading of the Lena plume shows significant inter-annual

variability (Figure 11g). First, the Lena plume occupied the whole

eastern part of the East Siberian Sea till the Wrangel Island in

August 2019 (Figure 11b), which was also registered by vertical

salinity measurements (Figure 10b). Second, in September 2017,
FIGURE 9

Surface salinity and temperature distribution during oceanographic surveys in September 2018 (a), 2019 (b), 2021 (c) and 2023 (d) in the eastern part
of the East Siberian Sea are shown by colored lines, values of salinity and temperature are shown by numbers between colored lines. Blue color
indicates the sea ice area.
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September 2018 and September 2023, the Lena plume was

distributed mainly in the coastal zone of the East Siberian Sea till

the Long Strait (Figures 11a, d, e), as a result low salinities were

observed in the southern parts of the transects (Figures 10a, d).

Third, the eastern boundary of the Lena plume in September 2020

and 2021 was located far from the Wrangel Island (Figure 11c) and

surface salinities in the eastern part of the East Siberian Sea were the

highest among the analyzed years (Figure 9c).

The eastward spreading of the Lena plume in the East Siberian Sea

in 2017, 2018, 2019, and 2023 and its accumulation in the
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southwestern part of the East Siberian Sea in 2020 and 2021 is

consistent with wind forcing conditions in the study area

(Figures 7, 8). It is important to note that sea ice remained in the

eastern part of the East Siberian Sea in early September 2018, 2021,

and 2023 (Figure 5). Consequently, the moderate surface freshening at

the northern part of the transect during these periods (Figures 11a, c,

d) resulted from sea ice melting.

The area of the Lena plume demonstrates significant inter-

annual variability (Figure 11). The largest plume area (757–000

km2) during study period was registered in late August 2019, due to
FIGURE 10

Vertical distribution of salinity and temperature till the depth of 50 meters along quasi-zonal transects in the eastern part of the East Siberian Sea in
2018 (a), 2019 (b), 2021 (c), and 2023 (d) based on in situ measurements. Locations of oceanographic stations are shown on the top of each
transect by black triangle and station number. Black arrows on the left insets show locations of the starting points of the sections. Colored areas on
the left insets show locations of the Lena plume during in situ measurements based on SMAP SSS data. Red (salinity distribution) and yellow
(temperature) distribution lines on transect (10B) show vertical and horizontal borders of the Lena plume.
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presence of the Lena plume in the eastern and northeastern part of

the East Siberian Sea. The smallest plume area (476 000 km2) was

observed in late September 2021 due to presence of the plume only

in the southwestern part of the East Siberian Sea. In September

2018, the Lena plume covered an area of 600 000 km², while in

August 2017, September 2020 and September 2023, the areas were

588 000 km², 564 000 km² and 583 000 km², respectively. These

intermediate values were significantly smaller than the area
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observed in August 2019, despite similar ice conditions in 2017

and 2020.
3.4 Phytoplankton communities

The species diversity of phytoplankton in the East Siberian Sea

were addressed in several previous studies (Okolodkov, 1993;
FIGURE 11

Spreading area of the Lena plume during the periods of oceanographic surveys on 17 September 2018 (a), 3 September 2019 (b), 22 September
2021 (c), 22 September 2023 (d), 26 August 2017 (e), 22 September 2020 (f) and location of the Lena plume boundary during these days (g)
according to SMAP SSS data. Dates are presented in dd.mm.yyyy format.
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Polyakova, 1982; Polyakova et al., 2021; Sukhanova et al., 2021). In

total, 215 phytoplankton species are reported in the East Siberian

Sea, among them 147 species (68%) are diatom algae. Seven algal

divisions are represented, namely, Bacillariophyta, Chlorophyta,

Cryptophyta, Cyanobacteria (Cyanophyta), Euglenophyta, Miozoa

(Dinophyta), Ochrophyta. The genera Chaetoceros, Navicula,

Nitzschia, Protoperidinium, Thalassiosira have the largest number

of species, which is typical for the Arctic seas. Most species are true

planktonic forms, several species belong to the ice flora. Relatively

low species diversity and presence of a single cold-water Arctic-

boreal diatom complex dominating the phytoplankton composition

is typical for the phytoplankton of the East Siberian Sea. This

diatom complex includes mainly cryophiles and early spring

(mostly diatom) species that develop near ice edge during ice-

opening period. At the same time, the species diversity of

phytoplankton in the neighboring seas (the Chukchi and Laptev

seas) is much higher (Sergeeva et al., 2010; Druzhkova and

Makarevich, 2013; Sukhanova et al., 2017).

The distribution of quantitative indicators of development and

qualitative composition of phytoplankton in the East Siberian Sea is

characterized by significant heterogeneity, which is similar to the

Chukchi Sea (Sergeeva et al., 2010) and the Laptev Sea (Sukhanova

et al., 2017). Cell abundance in these seas varied from 0.93 to 322

million cells/m3 and biomass ranged from 4.2 to 1070 mg/m3

(Glebov et al., 2016; Polyakova et al., 2021; Sukhanova et al., 2021).

The composition of phytoplankton communities is influenced

by different parameters of environment, including sun radiation,

salinity, temperature, nutrients, etc. (Edwards et al., 2013). Many

phytoplankton species could be assigned to distinguish ecological

group based on their occurrence (Ahyong et al., 2025). There are

algal species that live only in freshwater and river plume (Polyakova

et al., 2021), which are indicators of riverine influence on algal

communities. In addition, a group of species that are cryophilic or
Frontiers in Marine Science 14
associated with ice is clearly distinguished. They are found both in

ice directly and then in meltwater around seasonal ice (Werner

et al., 2007; Szymanski and Gradinger, 2016), and gradually

disappear with further succession of marine phytoplankton

communities (Druzhkova and Makarevich, 2013).

To assess the impact of thermohaline conditions on the state of

phytoplankton communities in the eastern part of the East Siberian

Sea, phytoplankton samples were collected in the surface layer in

2019 and 2023. In 2019, a total of 52 taxa of microalgae (of which 43

were identified to species) were recorded in the study area (Table 2).

All noted forms belong to the following 5 divisions: Bacillariophyta

(28 species), Miozoa (Dinophyta) (18 species), Ochrophyta (2

species), Cryptophyta (1 taxon), Haptophyta (1 taxon).

The greatest diversity is characterized by diatom algae (54% of

the total number of taxa). They were represented by 13 genera,

among which the greatest number of species is represented by the

genus Chaetoceros (12 species), genera Attheya (2 species),

Coscinodiscus (2 species), Navicula (2 species), and Pseudo-

nitzschia (2 species). The other 8 genera were represented by

single species. Most of the recorded species are planktonic forms

with arcto-boreal or cosmopolitan distribution. Among diatom

algae, Chaetoceros borealis and C. diadema were recorded at

almost all stations (91% of encounters). The following species

were observed at more than half of all stations: C. decipiens

(52%), Chaetoceros sp. (65%), C. ingolfianus and Synedropsis

hyperborea (56.5%), Cylindrotheca closterium (74%).

Dinophyte algae accounted for 38% of the total number of taxa.

The diversity of dinophytes was represented by 7 genera, including

Protoperidinium (7 species), Gyrodinium (4 species), Amphidinium

(2 species), with one species each from the remaining genera. The

highest occurrence of dinophyte algae was observed in Gyrodinium

cf. crassum (43% of stations), Scrippsiella acuminata (39%),

Amphidinium crissum (30%), Gyrodinium cf. pingue (30%), P.
TABLE 2 Phytoplankton communities from the 2019 and 2023 surveys.

Year 2019 2023

Taxonomic diversity 52 species, 24 genera;
Bacillariophyta – 28 species;
Dinophyta – 20 species,
Ochrophyta - 2 species;
Cryptophyta - 1 species,
Haptophyta - 1 species

48 species, 22 genera;
Bacillariophyta – 24 species,
Dinophyta – 21 species,
Chlorophyta – 1 species,
Ochrophyta – 2 species

Number of taxa per station 7-24 (13 on average) 5-19 (9 on average)

Total number of cells, mln cells/m3 2.3-1195.9 (167 on average) 0.1-37.7 (2.3 on average)

Main dominants by abundance Chaetoceros diadema,Pseudo-nitzschia delicatissima,
Chaetoceros sp., Skeletonema costatum, C. borealis,
Synedropsis hyperborea, C. socialis, Cylindrotheca
closterium, Attheya septentrionalis, C. holsaticus, C.
ingolfianus, Scrippsiella acuminata, Dinobryon balticum

Aulacoseira islandica,
Chaetoceros diadema, Protoperidinium brevipes, P.
pellucidum, Scrippsiella acuminata, P. bipes, Dinophysis
acuminata, Dinobryon balticum, Octactis speculum

Total biomass, mg/m3 13.0-365.9 (133.1 on average) 0.5-60.4 (5.2 on average)

Main dominants by biomass Chaetoceros diadema, C. borealis, C. decipiens,
Gyrodinium cf. crissum, Protoperidinium pellucidum,
Pseudo-nitzschia delicatissima, Scrippsiella acuminata,
Skeletonema costatum

Aulacoseira islandica, Thalassiosira angustelineata,
Chaetoceros diadema, Rhizosolenia hebetata,
Protoperidinium brevipes, P.pellucidum, P.pallidum,
Dinophysis acuminata, Actiniscus pentasterias,
Protoperidinium cf. subinerme, Octactis speculum
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brevipes and P. pellucidum (30%). The contribution of other algal

divisions (Cryptophyta, Haptophyta, Ochrophyta) to the species

diversity of the study area is insignificant and amounts to 8% of

the total number of taxa. Among them Dinobryon balticum had the

highest occurrence (17%).

In 2023, a total of 48 taxa of microalgae were registered in the

study area (Table 2). All noted forms belonged to four divisions,

namely, Bacillariophyta (24 species), Dinophyta (Miozoa) (21

species), Chlorophyta (1 species), Ochrophyta (2 species). The

greatest diversity was registered for diatom algae, which provided

50% of the total number of taxa in the phytoplankton community.

They are represented by 10 genera, among which the genus

Chaetoceros is represented by the largest number of species (11

species). Among the frequently occurring genera, the genus

Thalassiosira is represented by 4 species, the genus Coscinodiscus

is represented by 2 species, and the remaining seven genera are

represented by one species. Other taxa occurred at less than half of

all stations, among them Chaetoceros borealis, Chaetoceros

diadema, Chaetoceros sp., Thalassiosira angustelineata were

recorded at 6–8 stations. Dinophyte algae constituted 44% of the

total number of taxa in the community and were represented by 9

genera. Among them, 11 species were registered in the genus

Protoperidinium, 3 species were registered in the genus

Dinophysis, the other genera were represented by one species. The

detected species are typical for the planktonic marine biota at the

study region. The highest occurrence of dinophyte algae was

recorded for Protoperidinium brevipes, high occurrence was

observed for Protoperidinium pellucidum, Scrippsiella acuminata,

Protoperidinium bipes and Actiniscus pentasterias, the other taxa

were recorded at less than half of the stations. Additionally, three

species from Chlorophyta and Ochrophyta divisions were recorded

in the study area. Freshwater species Crucigenia tetrapedia

(Chlorophyta) were registered only at the southernmost station,

where salinity values were < 26. The Ochrophyta species, Dinobryon
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ba l t i c um (Ch r y s o ph y c e a e ) a nd Oc t a c t i s s p e c u l um

(Dictyochophyceae) were recorded in the whole study area.

Comparison of alpha diversity in 2019 and 2023 shows that the

Chao-1 index (Figure 12) has good correlation with the number of

taxa and was higher in 2019 than in 2023. The Shannon diversity

index is very different for these years due to the fact that species

occurrence was uniform in 2023.

Hereby, we observed marine phytoplankton communities in

2019 and 2023 in different succession stages, but similar to those

described previously (Polyakova et al., 2021; Sukhanova et al.,

2021). The community in September 2019 was at the final stage

of bloom or spring-summer stage, as indicated by the diversity and

abundance of the genus Chaetoceros, as well as the presence of

Scrippsiella acuminata and Skeletonema costatum. In September

2023, the community had already entered an autumn stage of

during the study period, indicating a decrease in the abundance

and biomass, as well as an increase in the proportion of

heterotrophic species of Dinophyta. However, the community is

typical for the shelf waters of the Eastern Arctic seas. In 2019 and

2023, the most algal species belonged to boreal neritic

(characteristic of shelf waters) marine planktonic algae (Ahyong

et al., 2025). However, among them, indicators of different

freshened water masses were found and they were associated with

the river runoff or meltwater.

In 2019, the sea ice-associated algae Pseudo-nitzschia

delicatissima (Szymanski and Gradinger, 2016) was registered in

the northern part of the study area, and Cylindrotheca closterium

(Werner et al., 2007) was observed throughout the whole study area.

Both of these species, as well as Chaetoceros socialis, are typical for

shelf waters of the Eastern Arctic, which are affected by large river

runoff (Polyakova et al., 2021). In 2023, these species were recorded

sporadically in the southern part of the study area.

In 2023, the species Aulacoseira islandica was recorded at 19

stations, with the exception of several stations in the southern part
FIGURE 12

Alpha diversity of phytoplankton communities in the eastern part of the East Siberian Sea during oceanographic surveys in 2019 and 2023.
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of the study area. This taxon is considered to the river plume areas

and was previously recorded in the East Siberian Sea only near river

mouths (Polyakova et al., 2021). The freshwater species Crucigenia

tetrapedia (Guiry et al., 2018) was also registered in 2023 at the

station with the lowest salinity (< 26). The cryophilic species

Thalassiosira nordenskioeldii (Szymanski and Gradinger, 2016)

was found in the northern part of the study area. Pseudo-

nitzschia cf. seriata supposed to be a cryophilic species (Werner

et al., 2007; Szymanski and Gradinger, 2016) occurred in the

southern part of the water area in both years.

To summarize the above, the phytoplankton communities

consist of predominantly marine species with strong influence of

low-salinity water originating from sea ice meltwater and river

discharge. Ice-derived species were rarely found at individual

stations, while species of river plume origin were found over a

significant part of the study area. The extended spreading time of

the Lena plume in 2019 in the study area provided enough time for

formation of a specific low-salinity phytoplankton community with

the elimination of riverine species, while moderate presence of the

Lena plume in 2023 brought riverine algae species into the

study area.
4 Discussion

Spreading of the Lena plume in the Laptev Sea and in the

adjacent western part of the East Siberian Sea is rather well studied

(Dmitrenko et al., 2005; 2010; Savelieva et al., 2010; Janout et al.,

2020; Osadchiev et al., 2021b; Spivak et al., 2021). Wind forcing

determines the general spreading direction of the Lena plume in this

area. Position of the northern boundary of the Lena plume varies

from 74-76°N in case of eastward winds to 76-78°N in case of

westward winds (Osadchiev et al., 2021b). The depth of the Lena

plume in the Laptev Sea and in the western part of the East Siberian

Sea is 10–20 m (Osadchiev et al., 2021b). However, the spreading of

the Lena plume in the eastern part of the East Siberian Sea has not

been reported previously. The previous in situ measurements

performed in 2003-2017 (Figure 7 in Osadchiev et al. (2021b))

and registered the eastern boundary of the Lena plume at the

longitudes of 160-170°E.

In situmeasurements performed in 2018, 2019, 2021, and 2023,

which are described in this study, demonstrate that well-developed

freshened surface layer was present in the eastern part of the East

Siberian Sea in September 2019 (Figures 9, 10). During this period,

the 15 m deep layer with salinities <26 and temperatures >2°C was

observed to the west from the Wrangel Island, i.e., till the longitude

of 180°E (Figures 9b, 10b). We associate this deep, warm, and low

saline layer bounded by sharp salinity and temperature gradient

with spreading of the Lena plume (albeit with a certain contribution

of meltwater, which will be addressed below). The Lena plume was

also observed along the Siberian coast in the southern part of the

study area in September 2018 (Figures 9a, 10a) and September 2023

(Figures 9d, 10d).
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The low-saline surface layer was also observed in the

northeastern part of the East Siberian Sea in September 2018,

September 2021, and September 2023 (Figures 9, 10). However,

we associate this layer with inflow of meltwater without the

influence of river discharge due to following reasons. First,

salinities of the surface layer during these periods were 27-29,

which is typical for meltwater (Salganik et al., 2023; Osadchiev

et al., 2024), but higher than those registered in the Lena plume

(Spivak et al., 2021; Osadchiev et al., 2021b). Second, temperatures

of the surface layer were ~ 0°C, which is also typical to meltwater

(which has source temperature of 0°C), but much lower than those

typical to river discharge (which has source temperature of 12-14°

C) (Osadchiev et al., 2021b; Chalov et al., 2023). Third, depth of the

surface mixed layer was 25–35 m, which is greater than depth of the

Lena plume. Finally, absence of sharp horizontal and vertical

temperature and salinity gradients observed in the study area in

2018, 2021, and 2023 is typical for mixing of meltwater with saline

seawater rather than spreading of the Lena plume.

Wind forcing conditions observed during the warm season in

2021 and 2023 (Figures 7, 8) resulted in the eastward spreading of

the Lena plume described above. On the opposite, during July 2018

and 2019, the wind influence was minimal that it had very low effect

on the river plume and did not shift its spreading in the eastward

direction under the influence of the Coriolis force. However, the

Lena plume occupied much greater area in the eastern part of the

East Siberian Sea in 2019, as compared to 2018, 2021 and 2023. This

feature is caused by different sea ice conditions in July – September

during these years (Figure 5). Early sea ice decline along the Siberian

coast at the Laptev and East Siberian seas (Figure 5b) and the

absence of negative (here and further – wind direction which

limiting plume distribution in the Laptev Sea and reducing its

area) wind forcing in July 2019 resulted in eastward spreading of the

Lena plume (Figure 11b). We presume that the Lena plume in 2019

reached the Wrangel Island in late July or early August, albeit there

are no distinct evidences of that due to absence of in situ and

satellite salinity data.

It is important to note that it is not always the case that rapid

decrease in the extent of sea ice directly determines of the

subsequent expansion of the Lena plume. In particular, area of

the Lena plume in 2020 was significantly smaller than in 2019

(Figure 11), despite similar ice conditions during both years.

Moderate eastward winds (up to 6–7 m/s) contributed to

distribution of the Lena plume in northward direction due to

Ekman transport and reduced its area. In 2017 area of the Lena

plume had type of distribution slightly the same to 2018 and 2023

and less than in 2019 despite early sea ice decline due to eastward

winds in September, which contributed to advection of the Lena

plume to the west.

The subsequent northward and westward wind forcing in

August and September 2019 under ice-free conditions in the East

Siberian Sea resulted in eastward and northward spreading of the

Lena plume and caused a significant increase of its area (Figures 9,

11). On the opposite, presence of consolidated ice coverage in the
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East Siberian Sea till the beginning of September in 2023 (Figure 5d)

and the middle of September in 2018 (Figure 5a) effectively isolated

the Lena plume from positive wind forcing. As a result, the eastern

part of the plume remained localized along the Siberian coast in

2018 and 2023.

The quick and energetic response of the Lena plume on wind

forcing during ice-free conditions, which is typical for river plumes

(Korotkina et al., 2014; Osadchiev et al., 2016, 2021), is illustrated by

abrupt changes in its position in August – September 2019, as

reconstructed from SSS data (Figure 13). During the intense sea ice

decline in the middle of August, the eastern part of the Lena plume

remained localized along the Siberian coast in the East Siberian Sea

(Figure 13a). Moderate (4–7 m/s) eastward winds over the notably
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ice-free southern part of the East Siberian Sea shifted offshore the

eastern part of the Lena plume to the latitude of 72-73°N. As a

result, the wide area in the northeastern part of the East Siberian Sea

became covered by the Lena plume in la te August

2019 (Figure 13b).

Subsequent strong (up to 7–8 m/s) southeastward and eastward

wind forcing in the East Siberian Sea pressed the Lena plume off the

Wrangel Island (Figure 13c) in early September and then shifted it

to the northwestern part of the East Siberian Sea in late September

(Figure 13d). Due to ice-free conditions, the northern boundary of

the Lena plume reached the latitude of 78°N. The area of the Lena

plume during its anomalously far eastward and northward

propagation of the in August – September 2019 varied between
FIGURE 13

Surface salinity in the Laptev and East Siberian seas according to satellite data and location of the Lena plume boundary indicated by black lines on
19 August (a), 3 September (b), 8 September (c), 27 September (d) 2019. Difference in the Lena plume area between 3 September (green color) and
27 September 2019 (dark blue color) is shown in (e). Vertical salinity profiles during 29 August 2019 are shown by red lines in (f). Black lines between
panels (e) and (f) show location of salinity in situ measurements.
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757 000 and 870 000 km2 (Figure 13e), which is much greater than

was observed in previous years (Osadchiev et al., 2021b).

Relative contribution of river discharge and meltwater to the

formation of the Lena plume in 2012–2020 was recently described

by Osadchiev et al. (2024). The total volume of freshwater fluxes,

consisting of river discharge and sea ice meltwater fluxes from sea

ice, was significantly greater in 2018 (1215 km3), 2019 (781 km3)

and 2020 (1020 km3) and quite similar to 2017 (1144 km3). At the

same time, the relative share of meltwater in 2019 (22%, 175 km3)

was larger than that in 2018 (18%, 230 km3) and 2020 (18%, 182

km3). Relatively high contribution of meltwater to the Lena plume

(Figure 6) in 2019 was caused by favorable sea ice conditions,

namely, late but quick retreat of sea ice in the Eastern Arctic shelf

(Figure 5a). This process significantly increased area and volume of

the Lena plume in August-September 2019 in conditions of

dramatically low volume of total river discharge (606 km3),

especially in the eastern part of the East Siberian Sea located far

from river mouths. In contrast, the majority of the East Siberian Sea

remained covered by ice in early September 2018, as a result, a

limited volume of meltwater contributed to the Lena plume

(Figure 5b). In case, fluxes of the significant volume of meltwater

(175 km3) with a relatively small volume of river runoff (606 km3)

into the Lena plume with eastward distribution in 2019 causes a

significant increase in its area, compared to 2017, when the Lena

plume area was lower due to negative wind forcing despite a

significantly larger volume of freshwater flows.

The role of sea ice meltwater in formation of the Lena plume in

the eastern part of the East Siberian Sea is also confirmed by the

study of local phytoplankton communities. In 2019, both cryophilic

and riverine phytoplankton species (Cylindrotheca Closterium,

Chaetoceros socialis) were found in the study area, indicating high

shares of both river discharge and meltwater in the Lena plume. In

2023, only freshwater species (Crucigenia tetrapedia) were

registered in the southern part of the study area indicating

predominantly riverine origin of the freshened surface layer.

These observations highlight the significant influence of

meltwater on formation of the anomalously far eastern

propagation of the Lena plume in August 2019.
5 Conclusions

This study is focused on spreading of the Lena plume in the East

Siberian Sea during the ice-free season in the last several years

(2018, 2019, 2021 and 2023). This freshened surface layer

commonly occupies wide area (up to 500 000 km2) in the Laptev

and East Siberian seas and strongly affects local processes in the sea

surface layer (Osadchiev et al., 2021b). Analysis of in situ

thermohaline data collected in the eastern part of the East

Siberian Sea and satellite-derived SSS obtained using specific

regional Arctic algorithm (Savin et al., 2024) revealed

anomalously far eastward and northward spreading of the Lena

plume in August-September 2019 (Figure 11b). During this period,
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the eastern boundary of the Lena plume reached the Wrangel Island

(the longitude of 180°E), while the northern boundary of the Lena

plume reached the latitude of 78°N. The area of the Lena plume in

August-September 2019 determined from satellite SSS data varied

between 757 000 and 870 000 km2. The reported values of the area,

zonal (2000 km), and meridional (900 km) extents of the Lena

plume in the Eastern Arctic are much greater than those observed in

previous years.

The main reason for the anomalously large spreading of the

Lena plume in August-September 2019 is the combination of

favorable sea ice and wind forcing conditions. Intense sea ice

melting during July and August 2019 resulted in the ice-free

southern part of the East Siberian Sea in the middle of July and

the ice-free East Siberian Sea by the early of August. Notably, the sea

ice edge abruptly moved from the latitudes of 70-71°N on 1 August

to 76-78°N on 15 August. Intense sea ice melting provided

significant freshwater contribution to the Lena plume, i.e.,

approximately one quarter of freshwater volume in the Lena

plume originated from meltwater (Osadchiev et al., 2024). The

large share of meltwater in the Lena plume was confirmed by high

presence of cryophilic phytoplankton species in the eastern part of

the East Siberian Sea (Figure 12).

Favorable wind forcing during July-September 2019 under ice-

free conditions in the study area was the second important factor

that caused anomalously far eastward and northward spreading of

the Lena plume. Note, that similar wind forcing observed in 2018,

2021 and 2023 did not result in similar spreading of the Lena plume

due to presence of sea ice coverage in the East Siberian Sea during

the whole warm season, which reduced wind influence on the Lena

plume distribution (Figures 11a, c, d).

Early reduction of seasonal ice cover, in absence of positive

wind influence, does not lead to a significant increase in the area of

the Lena plume, as occurred in 2017 and 2020 (Figures 11e, f). In

these years, despite rapid ice reduction, prevailing eastward winds

constrained the plume primarily to southern and southwestern

parts of the East Siberian Sea in 2017 and to the northern part of the

Laptev Sea in 2020. Historical analysis suggests that in 2007 and

2012 (the other years with exceptionally low sea ice cover) - the

Lena plume likely experienced similar eastward expansion pattern

as in 2019, though precise verification remains impossible due to

the absence of SMAP salinity data for those years.

Rapid reduction of sea ice cover (Vavrus and Alkama, 2022)

and the increase of duration of the ice-free season (at least 5 days

per decade (Stroeve et al., 2014; Shabanov et al., 2024)) that is

observed in the Laptev and East Siberian seas during the last

decades, is the key factor that made it possible for the

anomalously large spreading of the Lena plume. Therefore,

formation of the anomalously large Lena plume in the Eastern

Arctic similar to that registered in 2019 and described in this study,

could become a common feature during the future decades based on

CMIP6 models predictions (Muilwijk et al., 2024) in increasing of

wind forcing conditions and accelerating of the Arctic Ocean

surface circulation - at least by 31–47% by 2100 (Muilwijk et al.,
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2024). Frequent occurrence of these conditions could significantly

alter zonal and meridional transport of freshwater and river-borne

constituents, intensify sea ice formation (Carmack et al., 2016),

modify local phytoplankton communities and food webs (Ardyna

et al., 2014; Castro de la Guardia et al., 2019). As a result, the

reported expansion of the Lena plume under favorable sea ice and

wind forcing conditions could contribute for understanding the

future state of the large-scale freshwater cycle in the Eastern Arctic.
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