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The discharge of rivers and the subsequent dispersion of their plumes play a

pivotal role in the biogeochemical cycling of the Arctic Ocean. Based on the data

collected during annual transects conducted in the autumn period (September-

October) from 2015-2020, this study explores the effect of River Lena plume

dispersion on the seasonal and interannual changes in the hydrophysical and

biogeochemical structure of the southeastern Laptev Sea. The temperature-

salinity relationship (T-S), Redfield ratio and multiparameter cluster analysis were

used to investigate variations in the water mass structure along the transect. The

results revealed that the plume’s interannual and seasonal spreading patterns

play a crucial role in regulating the local physical, biogeochemical, and biological

processes in the southern Laptev Sea. During September-October, the

hydrochemical water mass structure along the transects shifted from highly

stratified to unstratified as the plume’s mixing intensity increased. Anomalous

hydrochemical distributions were observed due to coastal upwelling, which was

primarily characterized by high total alkalinity and nitrate levels, and low organic

phosphorus, nitrite, and ammonia levels in the seawater. Wind and cold weather

conditions drive deep vertical mixing of seawater, causing the resuspension of

bottom sediment and the subsequent enrichment of bottom water by nutrients.

Multi-parameter cluster analysis is used to describe the details of water mass

structures in the highly dynamic southern Laptev Sea, with water mass structures

typically undergoing significant changes within two weeks between September

and October. The migration and transformation of water masses throughout the
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seasons are influenced by the volume of river discharge, fall-winter cooling, and

atmospheric circulation patterns. Furthermore, the general atmospheric

circulation is confirmed to be the primary cause of the interannual variation in

the spread of the Lena River plume over the southeast Laptev Sea.
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1 Introduction

Climate change has led to remarkable environmental changes in

the Arctic, including an increase in riverine discharges (Savelieva

et al., 2000; Wang et al., 2021). The role of the rivers in the Arctic

Ocean is especially large, taking into account the ratio between the

annual river discharge and the Arctic Ocean volume (Semiletov

et al., 2000; Semiletov et al., 2013; Osadchiev et al., 2021). The Arctic

Ocean is surrounded by permafrost, which is being degraded at an

increasing rate due to warming conditions that are most severe in

Siberia and Alaska (Semiletov et al., 2012). The Arctic region stores

approximately 1100-1672 Pg of organic carbon (OC) buried inland

and within the Arctic Ocean sedimentary basin, which could

become involved in current biogeochemical cycling due to the

thawing of on-land and sub-sea permafrost, increasing coastal

and bottom erosion, accelerating river discharge and carbon

losses from soils (Semiletov et al., 2000; Freeman et al., 2001;

Kuhry et al., 2013; Hugelius et al., 2014). Thaw and release of OC

from Arctic permafrost are postulated to be one of the most

powerful mechanisms causing a net redistribution of carbon from

land and ocean to the atmosphere (Semiletov, 1999a; Semiletov,

1999b; Gruber et al., 2004; ACIA, 2005; Canadell and Raupach,

2009; Shakhova et al., 2014; Shakhova et al., 2019). Determining the

magnitude of particulate and dissolved fluxes of modern, old OC,

and nutrients from vast Great Siberian Rivers watersheds is critical

to constraining a range of issues in the Arctic shelf-basin system,

including carbon cycling, the health of the ecosystem, and the

interpretation of sediment characteristics (Guo et al., 2004;

Gustafsson et al., 2011; Semiletov et al., 2011; Semiletov et al.,

2016; Bröder et al., 2019; Dudarev et al., 2022; Martens et al., 2022).

East Siberian Arctic seas (ESAS) has the broadest and shallowest

shelf of any ocean, making its biogeochemistry and ecosystems

especially vulnerable to Climate-driven alterations (Guo et al., 2004;

Gustafsson et al., 2011; Semiletov et al., 2011; Reyes and Lougheed,

2015; Semiletov et al., 2016; Polukhin, 2019). For example, the Great

Siberian Rivers (Ob, Yenisey, Lena, Kolyma, and Indigirka rivers)

are likely to carry and transport a combined signal of terrestrial

organic matter (OM) and nutrients released from soil and

degrading permafrost within their vast watersheds to the ESAS

shelf (Guo et al., 2004; Dudarev et al., 2006; Sánchez-Garcıá et al.,

2011; Semiletov et al., 2011), altering the flux of OC and nutrients.

Due to the ESAS receive and transmit the integrated signal to the

Arctic Ocean through shelf water, which acts as the signal carrier
02
(Semiletov et al., 2000; Semiletov et al., 2007; van Dongen et al.,

2008; Pipko et al., 2010; Vonk et al., 2010; Charkin et al., 2011;

Gustafsson et al., 2011; Karlsson et al., 2011; Pipko et al., 2011;

Semiletov et al., 2011). It is essential to study the interaction

between river plumes and the water column in the ESAS,

including the Laptev Sea, East Siberian Sea, and the Russian part

of the Chukchi Sea, to comprehend the interplay between changing

riverine runoff and water mass dynamics.

The system Lena River-Laptev Sea is among the key ESAS land-

shelf component. The Lena River carries substantial amounts of

both dissolved and particulate matter, making it a significant carrier

of diverse chemical signals to the sea margin, and playing a crucial

role in the biogeochemical system of the Laptev Sea (Semiletov,

1999a; Semiletov, 1999b; Guo et al., 2004; Semiletov et al., 2007;

Pipko et al., 2008; van Dongen et al., 2008; Anderson et al., 2009;

Pipko et al., 2010; Vonk et al., 2010; Charkin et al., 2011; Karlsson

et al., 2011; Pipko et al., 2011; Semiletov et al., 2011; Semiletov et al.,

2012). However, during its flow to the sea, the river integrates

multiple and complex characteristics of the basin, such as

meteorological conditions, soil features, vegetation affecting,

groundwater, and basin chemical weathering variables (Pipko

et al., 2010; Semiletov et al., 2011; Tesi et al., 2016; Pipko et al.,

2021; Vorobyev et al., 2021). The complex and uncertain nature of

the Lena River is likely to cause the variability of the biogeochemical

structure of the Laptev Sea.

In the nearshore region of the Laptev Sea, the degradation of

POM causes the formation of anomalously high partial pressure of

CO2 (pCO2) and nutrient concentrations, where the river signal

overlaps with the biogeochemical signal from highly eroded coastal

ice complexes enriched by old terrestrial organics (Semiletov, 1999a;

Semiletov, 1999b; Semiletov et al., 2007; Vonk et al., 2010; Semiletov

et al., 2011). Recycling of limiting nutrients from old terrestrial OM

could influence the element stoichiometry and new production

(Codispoti and Richards, 1968; Cauwet and Sidorov, 1996; Kattner

et al., 1999). Recent data show that the decay of POM and OM at the

ESAS sediment surface results in low in situ pH values (as low as

7.24, and even less, total scale) and a naturally acidified marine

environment. Laptev sea exhibits the lowest values of calcium

carbonate saturation ever reported for the open marine

environment. In the shallow Laptev Sea strongly impacted by the

Lena River, acidification lowers the saturation state of calcite and

aragonite in the surface waters to 0.4 and 0.2, and in the bottom

water to 0.2 and 0.1, respectively (Semiletov et al., 2012; Semiletov
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et al., 2016). However, despite these investigation results, detailed

investigations into nutrient dynamics under the influence of the

river plume are still lacking.

The fresh water discharged into the Laptev Sea shelf by the Lena

River can be directly transported to the Arctic Ocean interior at the

northward shelf break, or carried to the Canadian part of the basin

after being advected eastward (Guay et al., 2001; Dmitrenko et al.,

2005; Dmitrenko et al., 2008). The fresh surface water masses on the

continental shelf undergo spreading and transformation, affecting

numerous local physical, geochemical, and biological processes,

ultimately resulting in significant vertical stratification (Kattner

et al., 1999; Savelieva et al., 2000; Stepanova et al., 2017).

Theoretically, the ratios of the concentrations of the main

nutrients in marine biomass can be described by the canonical

Redfield ratio C:N:P = 106:16:1 (Richards, 1965), which can be

extended by including oxygen and silicate: O:C:Si:N:P =

138:106:15:16:1 (Richards, 1965; Brzezinski, 1985). The Redfield

ratio can be effectively used to reveal the origin, migration, and

transformation of water masses using non-conservative nutrient

elements to analyze the structure of seawater (Broecker, 1974). This

method has been widely used in recent decades (Wilson and

Wallace, 1990; McLaughlin et al., 1996; Cooper et al., 1999;

Nelson et al., 2009; Chen et al., 2011). Isotope techniques are also

commonly used to track hydrological processes such as runoff,

mixing, oceanic convection, and diffusion, as well as to quantify the

distribution of water masses (Benetti et al., 2017; Wu et al., 2021;

Lao et al., 2022; Yang et al., 2022). However, the stable isotope of

seawater, being relatively conservative and minimally influenced by

biochemical processes, is particularly informative about the physical

processes involved in the movement of water masses (Fairbanks,

1982; Lian et al., 2016). In seawater, the cycling of N, P, and Si

elements (source, distribution, and migration) are affected

independently or interactively by various physical, chemical, and

biological factors, such as seawater dynamic conditions (Du et al.,

2013), continental runoff (Stepanova et al., 2017), coastal erosion

(Semiletov, 1999a; Semiletov, 1999b; Semiletov et al., 2011;

Semiletov et al., 2013), sediment settlement and degradation

(Bröder et al., 2018), marine plankton assimilation, feeding and

other biological activities (Carlsson and Graneli, 1999; Sukhanova

et al., 2017), human activity (Galloway et al., 2004), climate change

(Justić et al., 1996) etc. These biogeochemical elements can

provide information about biological and chemical processes that

help to better understand the impacts of freshwater inputs on

marine ecosystems.

In this study, we mainly investigated the influence of the Lena

River runoff on the biogeochemical structure of the Laptev Sea, and

used multivariate statistical analysis (cluster analysis) to process

biogeochemical data to obtain water mass information. The study

will have two objectives: і)to examine the interseasonal and

interannual variations in the biogeochemical structure of the

Laptev Sea, and ii) to track water mass using major

biogeochemical elements. Data collected during cruises in five

years (2015, 2017-2020) will be utilized for this purpose. This

study will provide valuable insights into the oceanographic

processes in the Arctic region.
Frontiers in Marine Science 03
2 Data and methods

2.1 Study area

The Laptev Sea is a marginal sea located in the center of the

Siberian sea system (Pavlov et al., 1996; Dmitrenko et al., 2005). The

total area is about 700 000 km2 with an average water depth of

578 m, over half of which (53%, in the area) is located on the

continental shelf with an average depth < 50 m (Jakobsson et al.,

2020). The sea is characterized by extensive shallow regions, a great

effect of the riverine discharge, harsh climate, free water exchange

with the Arctic Ocean, and year-round existing ice of a large part of

the water area (Pavlov et al., 1996).

To study the biogeochemical structure of the Laptev Sea

interannual changes, we summarized hydrophysical and

biogeochemical data from 5 cruises of R/V Akademik Mstislav

Keldysh performed in the eastern part of the Laptev Sea during

the ice-free period (September-October) in 2015, and 2017-2020.

The repeated during these five years transect ranged from 120°42′ to
133°36′ E in longitude and from 72° to 78°10′ N in latitude

(Figure 1). These repeated 423.9-651 km long studies allowed to

show changes from the delta of the Lena River through the Laptev

Sea shelf to the continental slope and adjacent deep-water area.

Each transect had 12-16 complex hydrophysical-biogeochemical

stations. Rosette complex with 12 or 24 Niskin bottles equipped

with a CTD probe (Sea Bird-09) was used to collect samples from

surface to bottom water (water depths vary from 0 to 350 m).
2.2 Biogeochemical parameters

The following parameters were measured during the cruises:

dissolved oxygen (DO), pH, total alkalinity (AT), phosphate (PO4
3-),

silicon (Si), nitrite nitrogen (NO2
-), nitrate nitrogen (NO3

-),

ammonia nitrogen (NH4
+), organic phosphorus (Porg) and

organic nitrogen (Norg). The biogeochemical parameters were
FIGURE 1

Transects and station locations (2015, 2017-2020)-with red
rectangle showing the study area.
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determined in the onboard laboratory using standard methods.

Temperature and salinity were measured directly with CTD-profiler

(usually SBE19+ SeaBird Electronics, USA).

Samplings on hydrological stations were carried out with 5- or

10- liter plastic Niskin bottles (General Oceanics), following ISO

51592-2000 “General requirements for water sampling”. Samples

for determination of pH, nutrients and AT were collected in a plastic

0.5- liter bottles without preservation. In 2018-2020, saturated

mercuric chloride solution was added to poison the AT samples at

the time of sampling (Dickson et al., 2007). While sampling in

waters with a lot of particulate matter (water of the inlets, in the

mixing zone of river and sea water) for nutrient determination

samples have been pre-filtered through a 0.45 micron Merc

Millipore filters (Millero et al., 1995).

DO determination was conducted with standard Winkler

method (Hansen, 1999; Parsons, 2013). pH (NBS) in 2015 and

2017 was analyzed potentiometrically using Hi 2210 HANNA and

in 2018-2020 with pH meter Metrohm 914.

In 2015 and 2017 AT was determined using an indicator

titration method in which a 25 ml aliquot of seawater was titrated

with 0.02M HCl in an open cell according to Bruevich’s method

(Pavlova et al., 2008) onboard. In 2018-2020 cruises measurements

were performed in the coastal Laboratory with a VINDTA system

(Mintrop et al., 2000) at 20°C, with cell temperature controlled to

within 0.1°C. AT measurements were performed with a precision of

±2 mmol kg-1 with the accuracy set by calibration against certified

reference materials (CRMs) supplied by A. Dickson, Scripps

Institution of Oceanography (USA). In 2000, the North Pacific

Marine Science Organization (PICES) working group on CO2 in the

North Pacific performed an intercalibration of AT in seawater using

CRMs. The results of the intercalibration showed that the AT values

obtained by Bruevich’s method were in agreement within ±1 mmol

kg-1 when the state-of-the-art analytical practice was applied

(Pavlova et al., 2008) with the same standard solutions that were

used at the VINDTA system. Therefore, we assumed the results

obtained by the both techniques as consistent ones.

Specific alkalinity (SA), the ratio of the AT to salinity AT/

Salinity was calculated, which is one of the most widely used and

reliable chemical markers to classify the water mass (Makkaveev

et al., 2018).

Nutrient measurements in 2015-2019 cruises were made by

spectrophotometric manual methods during some hours after

collecting samples onboard (Grasshoff et al., 2009). Technique of

nitrate nitrogen determination is based on reduction of nitrates to

nitrites and subsequent colorimetry (Parsons, 2013). Phosphates

were measured spectrophotometrically using techniques by

Murphy and Riley, while dissolved silica was measured according

to the spectrophotometric method by Koroleff (Parsons, 2013).

Ammonia nitrogen was analyzed following Solorzano (1969). In the

2020 cruise, the four-channel segmented flow autoanalyzer

QuAAtro-39 (SEAL Analytical) was used for continuous

measurements of nutrients onboard. Ammonia nitrogen was

analyzed in this cruise by two methods, manual and flow. The

results were compared and manual method was chosen, as more

realistic. Total nitrogen and total phosphorous were measured by
Frontiers in Marine Science 04
method of alkaline persulphate digestion with colorimetric

determination of nitrates and phosphates (Valderrama, 1981).

Based on these data we calculated the ratios: Si:P (Si: PO4
3-), Si:

N (Si:(NO3
-+NO2

-+NH4
+)), and N:P ((NO3

-+NO2
-+NH4

+):PO4
3-).
2.3 Statistics

The multivariate statistical analysis was successfully used to

explore the structure in geological and hydrochemical data

(Reyment, 1997; Chen et al., 2011; Liu et al., 2019). Cluster

analysis is a primary branch of multivariate statistical methods.

The method determines the intimacy relationship between each

case by applying a certain algorithm for multiple properties of the

sample (selected based on experience) to calculate the similarity or

difference, and finally divides all cases into multiple similar groups

(i.e., clusters). The Hierarchical clustering algorithm is to cluster

objects according to the distance between objects. This clustering

method is suitable for variables with a small sample size (n < 1000,

n=477 in this study), which has been used in water mass analysis in

shallow sea (Chen et al., 2011). Generally, the variables participating

in the Hierarchical clustering should not have a strong correlation.

Variable clustering with overlapping information will make variable

contributions repeatedly in the calculation process and affect the

clustering results.

The Mahalanobis algorithm, which measures the absolute

distance between two objects, is a special algorithm for calculating

the distance between objects in Hierarchical clustering calculations.

TheMahalanobis distance is the Euclidean distance in the normalized

principal component space, that is, it can exclude the interference of

variable correlations and variable dimension sizes that are too

different. An advantage of employing principal component analysis

(PCA) is that it obviates the necessity of excluding highly relevant

indicators. The original interrelated variables (standardized variable)

are combined into a new mutually uncorrelated co-ordinate system

by PCA, and the newly transformed principal components (original

factors) explain the same information or variance as the original

variables. The standardized variables are projected on these principal

components to obtain new data (component matrix). The factor

score matrix (multiplying the standardized variable matrix by the

component matrix) assigns weights to standardized data according to

the interpretation of different variables by the principal components,

then calculate a weighted Euclidean distance between these new data

using the factor score matrix as the clustering variable. The Ward

method is used to measure the distance between clusters. This

method can minimize the information loss during each merging.

The calculation of Euclidean distance (Otto, 1998) is as follows:

Dik =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
om

j=1(vij − vkj)
2

q
(1)

In Eq. (1): i and k represent any two different water samples; j

represents the variable type; v represents the variable value.

The selected cluster variables include temperature, salinity, DO,

oxygen saturation (O2%), AT, SA, NO3
-, NO2

-, NH4
+, PO4

3-, and Si.

For a few missing values, we use IBM SPSS Statistics 19 to perform
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linear trend (linear fitting) replacement at points. In addition, when

the variable values are scattered, the overall variance will be mainly

controlled by the variable with larger variance. To eliminate the

possible impact of different dimensions, we use the Z-Score

standardization method to standardize the variables.

We conducted KMO (Kaiser-Meyer-Olking) and Bartlett’s Test

(Bartlett’s test of sphericity) before PCA analysis. Both the KMO

statistic greater than 0.600 (0.619) and Bartlett’s test were significant

(p < 0.05) (Table S1), which indicated that all samples are suitable

for PCA. Accumulated Variance Contribution Rate represents the

sum of the variance explained by each factor for each variable. A

cumulative variance contribution rate of 60-70% was regarded as a

good explanation for hydrochemical information. In this study, we

extracted three initial factors with principal component eigenvalues

>1. These three initial factors account for 74.38% of total variance,

which can adequately explain the selected variable information. To

conduct a deeper analysis of the variables, the factor loadings were

rotated using the maximum variance method, with multiple

iterations until the results converged. Twiddle factor loadings

present a better explanation for variables in particular

components because it makes the variance of the variables

more significant.

T-S and cluster analysis results were used as qualitative

additional variables in PCA analysis with standardized variables.

In the principal component map plot, all water samples are grouped

by water mass type. The principal component plot contains a lot of

information, including sample PCA scatter points (samples), water

mass grouping (different colors), and the abundance and

correlation of principal components. The ellipse represents the

core area added by the default 95% confidence interval, providing

a straightforward way to determine whether the groups are

separated. The arrows within the plot depict variables, where

length indicates the data’s contribution to the principal

component and direction represents the correlation between the

variable and the principal component.
3 Results

3.1 River discharge and wind

The daily flow of the Lena River from May to November in

2015, and 2017-2020 at Kyusyur gauging station was obtained from

the Arctic GRO dataset (https://arcticgreatrivers.org/data/). The

annual total discharge (January to December) of Lena River was

shown in column diagram (Figure 2), in which the maximum

(663.40 km3) and minimum annual total discharge (463.21 km3)

occurred in 2018 and 2019, respectively. The other three years kept

a medium level ranging from 582.80 to 593.75 km3. The main peak

of Lena River discharge occurred around 1st June. In 2015, 2018,

and 2020, its value was about 150 000 m3·s-1, followed by 120 000

m3·s-1 in 2017 and 83 000 m3·s-1 in 2019. After the main peak, the

discharge dramatically declines, until the second peak occurs in

August. In 2018, the Lena River’s discharge from August to October

was overwhelmingly higher than that in other years. From the

beginning of October to the beginning of November, the river
Frontiers in Marine Science 05
discharge decreases sharply, reducing to the minimum discharge,

that is maintained till the next flood period.

The weekly wind direction and speed in the eastern part of the

Laptev Sea during the ice-free period of 2015, 2017-2020 are shown

in Figure 3. In the second half of August 2015, southeasterly winds

prevailed in the southeast of the Laptev Sea, with an average wind

speed > 8 m·s-1, and the average sea level wind speed in some parts

exceeded 10 m·s-1. The average wind direction for the first week of

September turned to the northwest. In the first two weeks of

September 2017, the sea level was affected by the easterly wind of

8-10 m·s-1. In the final week, it was influenced by west winds with

speeds of 9-10 m·s-1. In 2018, the wind direction was mainly west or

southwest (except for the average wind direction of east or southeast

in the first two weeks of August), and the average wind speed was 7-

10 m·s-1. In the second half of September 2019, the strong easterly,

southeasterly winds dominated, and in October strong

northeasterly winds dominated (average wind speed > 8 m·s-1). In

late August and early September 2020, the southeasterly wind

prevailed on the sea surface (average wind speed was about 7-10

m·s-1). The winds were also strong (9-11 m·s-1 on average)

southeasterly during the last two weeks of October.
FIGURE 2

The discharge of Lena River in 2015, 2017-2020. Data were from the
Arctic GRO dataset (https://arcticgreatrivers.org/data/).
FIGURE 3

The wind direction and speed in the eastern part (Latitude range:
70°30′-79°40′ N; Longitude range: 95°-150°E) of the Laptev Sea
during the ice-free period of 2015, 2017-2020. To investigate the
wind speed pattern, we use ASCAT-A scatterometer weekly data
produced by Remote Sensing Systems. Data are available at http://
www.remss.com.
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3.2 Distributions of physical and
chemical characteristics

The data were obtained between the beginning of September

and the end of October across multiple years, allowing for analysis

of interannual and seasonal variations. The observed distributions

of physical and chemical characteristics are shown in Figures 4–9.

According to hydrophysical data (Figures 4A, B), in early

September 2015, the differences in temperature and salinity

between the Lena River plume water and the surrounding water

were largest due to the nearby August flood period, in this period

maximum values of temperature (> 8°C) and minimum values of
Frontiers in Marine Science 06
salinity (< 10 psu) were detected. The plume layer (0-15 m, marked

out by 2-3°C isotherm, 22-24 psu isohaline) was isolated from the

bottom water with a well-pronounced thermocline and halocline. At

a distance of 180-300 km from the estuary, the 20 psu isohaline was

depleted, salt water penetrated to the surface layer, and the water

temperature decreased. In early September 2017, the isohaline of 20

psu and the isotherm of 3°C onsets were observed at a distance of

about 320-350 km away from the estuary. In early October 2018, the

processes of degradation of the pycnocline, decrease of temperature,

and increase in salinity led to the deepening of the thermocline to

35 m depth. The surface salinity decreased from 11 psu near the delta

to 20 psu at 250 km distance. In early October 2019, the low-salinity
B

C D

A

FIGURE 4

Distributions of (A) temperature, (B) salinity, (C) total alkalinity (AT, mmol·kg-1), and (D) specific alkalinity (SA) along the transect at 120°42′-133°36′ E
in 2015, 2017-2020.
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(< 20 psu) water layer became thinner (<10 m). Significantly different

from other years, this period formed a local high temperature layer

(2-6.4°C) in the subsurface water (10-25 m) within 290-530 km from

the estuary. This may be due to the cooling effect of cold air on the

surface seawater. In mid-to-late October 2020, the plume was mixed

with high-salinity seawater, which made the variation in water

temperature and salinity in the vertical direction non-obvious. The

surface water temperature dropped to 0-3°C, while the salinity

increased to 22-32 psu, even a 20 psu isohaline onset was detected

at a distance of only 100 km from the coast.

AT increased from the estuary to the open sea, and also with the

depth (Figure 4C). This distribution of AT was similar to that of
Frontiers in Marine Science 07
salinity (Figure 4B). The isolines of 1 950 mmol kg-1 AT and 0.75-

0.08 SA roughly correspond to a salinity of 26 psu in all the years. In

early September 2015, the minimum AT (1 073 mmol kg-1) and

maximum SA (0.36) were recorded in the surface layer near the

delta, suggesting the substantial presence of river waters. Further

toward the sea AT increased and SA decreased. Around 600 km

away from the delta AT was 1 950 mmol kg-1 and SA was 0.08. A

significant influence of river flow on surface water was recorded in

the southern part of the transect (50-250 km from the delta) in early

October 2018. Low AT (< 1 650 mmol kg-1) and high SA (> 0.075-

0.08) water was distributed closer to the bottom than in other

transects. However, the river’s horizontal influence appears to be
B

C

A

FIGURE 5

Distributions of (A) DO, (B) O2 saturation, and (C) pH along the transect at 120°42′-133°36′ E in 2015, 2017-2020.
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limited, as evidenced by the shortest northward extension of the

1950 mmol kg-1 AT isoline boundary over 5 years. The 2250 mmol

kg-1 AT isoline in early October (2018, 2019) moved deeper

compared to early September (2015, 2017). This suggests that

mixing of the plume with seawater occurs at deeper locations

over the seasons. In mid-to-late October 2020, the influence of

the river weakened, leading to a rise in AT and a decrease in SA

across the transect, resulting in a more homogeneous distribution of

AT and SA.

In early September 2015 and 2017, the ranges of DO and O2%

values were between 223-359 mM and 234-371 mM, 62-99% and 64-

97%, respectively (Figures 5A, B). In the bottom water of the mixing
Frontiers in Marine Science 08
zone, where the vertical salinity gradient was the highest, the DO and

O2% dropped below 270 mM and 70%, respectively. In addition, we

observed that the DO of the surface water within 220-320 km from

the estuary in early September 2015 was lower than in the

surrounding seawater. The variabilities of the DO (217-412 mM,

182-452 mM) and O2% (60-108%, 50-126%) in early October 2018

and 2019 were larger than those in early September. Compared with

early September, a high-oxygen layer appeared in the surface water in

early October, while the DO in the low-oxygen region at the bottom

decreased further. In 2018, the hyperoxic layer (partial seawater O2%

>100%) was detected in the surface layer within 120-370 km from the

delta. In 2019, the surface high-oxygen seawater was distributed at
B

C

A

FIGURE 6

Distributions of (A) nitrate (NO3
-), (B) nitrite (NO2

-), and (C) ammonium (NH4
+) along the transect at 120°42′-133°36′ E in 2015, 2017-2020.
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120-550 km (including O2% supersaturation in the 470-550 km

region). In mid-to-late October 2020, the distribution of DO (290-

388 mM) and O2% (80-105%) in the transect were more uniform. The

low-oxygen zone at the bottom disappeared this season.

pH distribution in September 2015, 2017 and early October

2018, was characterized by clear stratification near the delta

(Figure 5C). The minimum pH values (7.55, 7.67, 7.35,

respectively) were observed in the low oxygen bottom layer, and

the highest pH values (7.99, 8.13, 7.88, respectively) were found in

the surface layer where DO concentrations were also high.
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The distributions of nitrate, nitrite, ammonium nitrogen (N) species,

and nitrate phosphorus (P) species are shown in Figures 6 and 7A. In

September-October, the distributions of NO3
- and PO4

3-were generally

similar (Figures 6A, 7A). They had low values in the surface waters and

gradually increased with depth. In early September 2015, the averaged

surface (0-10 m) NO3
- and PO4

3-concentrations were 3.34 mM and 0.17

mM, respectively. The highest contents of NO3
- (1.37 mM) and PO4

3-

(1.22 mM)were found in the bottomwaters of the transect from the delta

to 420 km. In early September 2017, the NO3
- concentrations were lower

compared to 2015, however, PO4
3- levels did not change significantly.
BA

FIGURE 7

Distributions of (A) phosphate (PO4
3-) and (B) silicon (Si) along the transect at 120°42′-133°36′ E in 2015, 2017-2020.
BA

FIGURE 8

Distributions of (A) organic nitrogen (Norg) and (B) organic phosphorus (Porg) along the transect at 120°42′-133°36′ E in 2015, 2017-2020.
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NO3
- and PO4

3- seem to show different seasonal variations in

September-October. In early October (2018, 2019), NO3
- remained

low (< 2 mM) in the entire surface layer (0-10 m). The highest content

of NO3
- (10-12.64 mM) was detected near the shelf edge > 25 m deep

in 2018 while it was 8-9.98 mM in 2015. On the contrary, the PO4
3-

content of surface water (0-10 m) increased from 0.3 mM in 2018 to

0.57 mM in 2019, respectively. In 2019, the maximum PO4
3- content

(1.74 mM) was recorded at the bottom of the plume-affected region.

The concentrations of NH4
+ and NO2

- were much lower than of

NO3
- (Figure 6). There was no evident seasonality (September-

October) in the spatial distribution of NH4
+ in the 5 transects, but it

was synchronized with NO2
-. In early September 2015, the maxima
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of NH4
+ (2.15 mM) and NO2

- (1.11 mM) were observed near the

delta, and another peak value was at the bottom of the plume-salt

water mixed transition layer (300-500 km from the estuary). At a

distance of 150-300 km from the delta it was a decrease in NH4
+ and

NO2
- values. In early September 2017, early October 2018, and mid-

late October 2020 transects, the low contents of NH4
+ and NO2

-

were detected. In early October 2019, high NH4
+ (0.8-2.88 mM) and

NO2
- (0.2-0.5 mM) concentrations were observed in the 120-550 km

distance from the coast, in which a peak content of NH4
+ (2.88 mM)

across all five profiles observed in the bottom layer.

Generally, Si concentrations decreased rapidly with increasing

depth and distance from the river mouth (Figure 7B). The water
B

C

A

FIGURE 9

Distributions of (A) inorganic N:P ratio ((NO3
-+NO2

-+NH4
+):PO4

3-), (B) inorganic Si:P ratio (Si : PO4
3-) and (C) Si:N ratio (Si:(NO3

-+NO2
-+NH4

+))
along the transect at 120°42′-133°36′ E in 2015, 2017-2020.
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with high Si content was distributed as a thin surface layer. In the

subsurface layer, extensive low Si zones (< 5 mM) were formed at

370-610 km distance from the estuary. In early September (2015),

concentrations of Si in the shallow water layer near the delta had the

highest value of 67 mM. In early September 2017, Si concentrations

were in the same location lower compared with September (2015).

2018-2020 data show that later in the autumn Si concentration in

the surface layer decreases. It is worth noting that the vertical

structure of Si content was more visible in early October 2019 than

in 2018 and 2020.

In this study, Norg and Porg were measured in 2015, 2017, and

2020 (Figure 8). In early September (2015), the Porg ranged from

0.01-1.63 mM. There were two Porg-enriched regions (Porg > 0.5 mM)

in the surface seawater at 300-380 km from the delta. In the region

(170-250 km) between these two zones, fully mixed water body was

characterized by low Porg (< 0.1 mM) from bottom to the surface.

Compared to 2015, the early September 2017 transect had lower

Porg values (0-0.22 mM) and had its uniform distribution. Norg was

high in 2017, where most of the seawater had Norg above 8 mM. The

highest value (18.47 mM) was recorded in the subsurface layer in the

northern part of the transect. In mid-late October (2020), Porg and

Norg contents ranged from 0.05-0.68 mM and 4.0-15.3 mM,

respectively. In general, both the Porg and Norg contents were

enriched in the surface layer and depleted at the bottom layer.

Norg content also showed a decreasing trend from the river mouth

to the open sea, which supports previous data (Semiletov et al.,

2011; Semiletov et al., 2012).

Figure 9 show the distribution of N:P, Si:P and Si:N ratios. N:P

and Si:P ratios varied with the seasons. In early September (2015), a

strong stratification of the water column caused the surface N:P and

Si:P to be significantly higher than near the bottom. The ratios of N:

P and Si:P closer to the river mouth tended to be higher. The N:P

ratio was lower than Redfield ratio (16:1) at the bottom seawater

affected by the plume (i.e., the area with high NO3
- and PO4

3-) and

subsurface seawater at 460-530 km from the river mouth. The Si:P

ratio in the bottom layer (about 25 m) in the northern part of the

transect fell below 15:1. Unlike 2015, in September 2017 water with

high N:P and Si:P ratios was observed only in the surface layer close

to the river mouth. The Si:P ratio in surface seawater in October

(2018-2020) was considerably lowered due to the vertical mixing

process, but vertical stratification could still be seen. The Si:P ratio

at the plume’s mixed layer’s boundary is around 15:1.

In early September (2015), the Si:N ratio decreased from the

surface layer to the bottom layer, and the Si:N ratio was close to 2:1

at a depth of about 20 m. Mixing affected the Si:N ratio distribution

in the region 150-280 km from the river where the vertical gradient

was smooth compared to the surrounding water body. The Si:N

ratio of surface water was significantly higher in early September

2017 than in early September 2015, and the contour distribution

was denser. Because of a consumption of inorganic nitrogen in the

surface seawater and a dilution of Si with vertical mixing, the

seasonal variation in Si:N ratio was not visible in October (2018-

2020). The Si:N ratio in the three October transects (2018-2020)

showed a decreased trend from the surface layer to the bottom layer,

with the highest value distributed near the river. The Si:N ratio in
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the 0-15 m layer in the southern and middle parts of the transect

(50-470 km from the river) was higher in early October 2018 than in

early 2019 and mid-late 2020, but it rapidly decreased to 2:1 at about

470 km from the estuary. The Si:N ratio at the profile 0-250 km

away from the estuary was generally greater than 6:1 in 2020, as a

result of the vertical mixing process.
3.3 Identification of water masses

Figure 10 shows the relationship between temperature and

salinity of the profiles studied for all 5 years’ cruise (2015, 2017-

2020) (Figure 10A) and in separate year (Figures 10B-F). During the

process of mixing warm fresh plume water and cold salty water, the

properties gradually changed and did not show a clear boundary

between them. Totally, to track a transformation of river plumes

during different seasons (from September to October), 6 water

masses were identified in the eastern part of the Laptev Sea: (I)

warm fresh water with the temperature > 3°C and salinity < 24 psu;

(II) cold fresh water with the temperature < 3°C and salinity < 24

psu; (III) warm mesohaline water with the temperature > 3°C and

salinity = 24-30 psu; (IV) cold mesohaline water with temperature <

3°C and salinity = 24-30 psu; (V) warm salinity water with the

temperature > 3°C and salinity > 30 psu; (VI) cold salinity water

with the temperature < 3°C and salinity > 30 psu.

The transportation, mixing and property transformation of

water masses make the hydrological structure very complicated.

As a result, there is uncertainty in the interpretation of the

temperature-salt relationship for water mass dynamics studies. To

obtain more reliable results, we used additionally different

biogeochemical characteristics for water categorization and

analysis utilizing the hierarchical clustering method.

On the standardized transformed dataset, we did PCA analysis

and got PCA principal component interpretations of the variables

(Table 1). PC1 had a large factor loading in Temperature, Salt, AT,

SA and Si. These indicators are generally considered to be

conservative tracers of Arctic Ocean river plumes (Stepanova

et al., 2017). PC2 had a large factor loading in DO, O2% and

NO3
-. PC3 had a large factor loading in NO2

-, NH4
+, and PO4

3-.

PC2 and PC3 are thought to be involved in biological activities such

as photosynthetic production by phytoplankton and OM deposition

and decomposition. Cluster analysis will use the information

revealed by the major components to roughly identify and classify

water samples.

Figure 11 depicted the visualization results of T-S analysis and

cluster analysis. The water mass type was included as a qualitative

additional variable (grouping variable) in the PCA ranking analysis

to determine whether the groups were separated (Figure 12). The

PCA plot showed that the T-S method’s ellipses were highly

overlapped and could not be easily classified. In contrast to the

former, the samples in the same group were clustered together in

the output results of the clustering method, and the discrimination

between groups was higher with more independent ellipses,

indicating that the cluster analysis can better distinguish seawater

with different properties. Then we quantified the physical and
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biogeochemical characteristics of the water masses classified by

clustering analysis to investigate the interannual and interseasonal

hydrological changes in the southeastern Laptev Sea.

In early September, CI (water mass classified by clustering

analysis) was distributed in the surface waters of the southeastern

Laptev Sea (2015). This warm and low-salinity water mass was most

likely a mixture of fresh water from the Lena River and surface

seawater. In October, CII was found below CI, or in the delta area,

where the river and sea water were further mixed during the

seasons. As a result, the salinity of CII increased while the Si

content decreased. The concentrations of NO3
- and PO4

3- in CI

and CII were close to the lowest of all studied samples due to

phytoplankton consumption. CIV distribution appeared to be

influenced by atmospheric circulation and varied from year to

year. In early September 2015, CIV emerged near the bottom of

the plume influence transect. In early September 2017, CIV

emerged at the northern boundary of CII and CIII likely due to

the weak wind force. CIV, together with CII and CIII, was dispersed

closer to the estuary in 2017 than that in 2015. CIV is dispersed in

the middle of the profile in October (2018) when onshore wind

predominated. CIV was widely spread from the bottom layer near

the estuary to the sea region further from the estuary in the years

(2019 and 2020) influenced by offshore winds. The DO content of

CIII and CIV was low (especially in CIV), but the inorganic nutrient
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content (NO3
-, NH4

+, PO4
3-) was relatively high. The sea area where

such water masses appear was most likely a site of widespread

organic nutrient deposition and mineralization. CV formed on the

surface near the open sea and with a low river water content. With

the mixing of seawater, CV occasionally entered the bottom layer of

the northern boundary of the CIV water mass. The cold, salty

bottom seawater far from the estuary was referred to as CVI. The

distinction between CV and CVI was primarily determined by their

distribution positions in the transect as well as their DO and

inorganic nitrogen concentrations. The CV in surface seawater is

high in DO owing to oxygen exchange at the air-water interface, but

the concentration of Si and NO3
- in this area is low due to a lack of

nutrient input sources. The bottom CVI water mass has the highest

concentration of NO3
- and a somewhat lower DO content than CV,

owing to the resuspension of sedimentary nutrients at the bottom or

the decomposition (oxidation) of dead organic material.
4 Discussion

4.1 Plume dispersion

The most widely used and reliable indicators of the presence

riverine origin water are salinity and SA. One can assume a
B C
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A

FIGURE 10

Temperature-Salinity diagram along the transect at 120°42′-133°36′ E in 2015, 2017-2020, color coded by depth. (A) all five years; (B) 2015;
(C) 2017; (D) 2018; (E) 2019; (F) 2020.
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significant presence of freshwater plume when salinity is less than

24 psu, and SA is greater than 0.08 (Semiletov et al., 2005;

Stepanova et al., 2017; Makkaveev et al., 2018; Osadchiev et al.,

2021). Temperature, salinity, and SA data show that the plume

had the largest size in 2015 (early September) and 2020 (mid-to-

late October) (Figure 4). The plume northward spread could reach

600 km from the estuary. In 2018, the plume spread was the

smallest, about 250 km. 2017 and 2019 (approximately 420 and

500 km) were intermediate cases. Spatial-time dynamics of the

riverine plume are driven by precipitation patterns and wind
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characteristics caused by the Arctic Oscillation (AO) (Johnson

and Polyakov, 2001; Dmitrenko et al., 2005; Semiletov et al., 2005;

Dmitrenko et al., 2010; Semiletov et al., 2016; Osadchiev et al.,

2020a). This conclusion can be supported by the records of river

flow, location of salinity gradient boundaries (24 psu), and

seawater SA (> 0.08) (Figures 2, 4). Some studies have linked

the Arctic Oscillation (AO) index to freshwater content on the

Arctic Ocean or continental shelves (Steele et al., 2004; Morison

et al., 2014). When averaging the AO index during the summer

months (June to October), we found a strong correspondence
BA

FIGURE 11

Vertical distribution of (A) T-S water mass and (B) Clustering water mass.
TABLE 1 Component loadings by PCA for all samples (n=477) along the transect at 120°42′-133°36′ E in 2015, 2017-2020.

Parameters
Factor loadings Rotated factor loadings

PC1 PC2 PC3 PC1 PC2 PC3

Temperature 0.842 0.076 -0.035 0.746 0.398 0.014

Salt -0.933 -0.208 0.075 -0.893 -0.343 -0.066

DO 0.589 -0.590 0.375 0.106 0.903 -0.093

O2% 0.553 -0.667 0.407 0.032 0.950 -0.117

AT -0.857 -0.168 0.230 -0.866 -0.244 0.078

SA 0.658 0.348 -0.376 0.829 -0.060 -0.074

NO3
- -0.649 0.162 -0.379 -0.340 -0.665 -0.183

NO2
- 0.054 0.456 0.606 0.032 0.063 0.757

NH4
+ 0.111 0.607 0.550 0.163 -0.032 0.810

PO4
3- -0.557 0.490 0.351 -0.374 -0.434 0.588

Si 0.656 0.566 -0.070 0.815 -0.036 0.301
front
Significant (p > 0.5) loadings are in bold.
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between AO and the Lena River discharge (Figures 2, 13). In this

study, the river discharge from August to October were the largest

in 2018, almost twice that of 2019, corresponding to positive AO

values. The river discharges among 2015, 2017 and 2020 were

close, and they were all at an intermediate level. The lowest

discharge occurred in 2019 when the AO was negative.

However, from August through October 2018 the Laptev Sea

was dominated by northerly and westerly (onshore) winds. As a

result, the surface water was pushed towards the coast. Years

(2015, 2020) with predominantly southerly to south-easterly

(offshore) winds were characterized by an offshore transport of

the river plume, which led to the most development of plumes.

Biogeochemical processes associated with the river plume.

In early September (2015-2017), the concentrations of NO3
-

and PO4
3- in the surface seawater (0-10 m) were exceptionally low,

at 3.34 mM and 0.17 mM, respectively. This could be connected with

their consumption for photosynthesis, or with the Lena River’s

water properties in this period (Lara et al., 1998). Although the data

indicated that photosynthesis was weaker than the oxidation

process throughout this period (O2% was undersaturated, O2% <

99%, Figure 5B), nutrients values were still significantly less than

that of the Lena River delta (6.00 mM and 0.80 mM; Cauwet and

Sidorov, 1996; Kattner et al., 1999; Kostyleva et al., 2020). NO3
- and

PO4
3- data indicated that this Arctic river with the lowest inorganic

nutrient concentration in the world (Dittmar and Kattner, 2003)

continued to support primary production in the southern Laptev

Sea. The high N:P ratio in the surface layer, on the other hand,

indicated that phytoplankton productivity may be P-limited

(Figure 9A) which contradicts with the other Arctic regions with

a known N limitation (Pogojeva et al., 2022). Arctic rivers are rich in

OM (Dittmar and Kattner, 2003) and in the autumn, the fluvial-

derived SPM (detritus) and other organic components can

abundantly be deposited in the bottom of the light-rich layer and

participated in aerobic and anaerobic oxidation (Cauwet and

Sidorov, 1996; Kostyleva et al., 2020), resulting in detected low

oxygen (DO < 270 mM, O% < 70%, Figure 5A), low pH (7.32), and

high NO3
- and PO4

3- (Figures 5C, 6A, 7A) there.

The presence of estuarine OM and heterotrophs might promote

NO3
- regeneration in the surface layer (early September 2015), as

indicated by the buildup of specific quantities of NH4
+ and NO2

-
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(Carlucci et al., 1970; Stepanova et al., 2017) and (Figures 6B, C).

In the bottom of the transition layer, where the plume and sea water

mixed (2015, 300-500 km from the estuary), it was very likely that

there was a short-term increase in dissolved organic nitrogen

content and organic nitrogen decomposition and conversion

processes (ammonification and nitrification processes) (Lomas

and Lipschultz, 2006), as the NH4
+ and NO2

- concentrations were

higher than in the surrounding water. Sukhanova et al. (2017)

confirmed on the same voyage that moderate desalination of the

Lena River resulted in the reproduction of Thalassiosira

nordenskioldii and Chaetoceros in local areas on the continental

shelf edge, providing evidence for the production of large amounts

of OM in the short term.

In early September (2015, 2017), the surface layer Si

concentration was significantly higher (> 30 mM, Figure 7B) than

inorganic nitrogen and phosphorus, greatly exceeding biological

needs (Cauwet and Sidorov, 1996; Kattner et al., 1999), especially in

shallow waters near estuaries. Si:P ratios in surface seawater that

were significantly greater than the Redfield ratio did not influence

primary production restriction (Figure 9B). This was most likely

because diatoms and dissolved silicon entered the southern Laptev

Sea via plumes in late summer and early autumn and accumulated

in the estuarine mixing zone (Levasseur et al., 1984; Heiskanen and

Keck, 1996; Kattner et al., 1999). Additionally, the strong

pycnocline under the plume limited vertical mixing of oxygen

and nutrients in seawater. During this period, possible nutrient

deficits and reduced turbulence resulted in the death, disintegration,

and fast deposition of diatoms (Moon and Dunstan, 1990;

Heiskanen and Keck, 1996).

In early September 2015, an uprize of cold and salt bottom

water (150-300 km) was observed, testifying to a local upwelling

there. Here, the depth of the plume increased abruptly, salinity

stratification reduced suddenly, and sea surface temperature

decreased. Osadchiev et al. (2020b) also provided a detailed

description of this coastal upwelling event near the Lena River

delta. At the upwelling zone, bottom turbulence resuspended and

injected sediments upward, bringing seawater with high AT, high

NO3
- and low Porg content to the surface (Figures 4C, 6A, 8B).

However, an increase in NO3
- concentrations could be due to

organic nitrogen in the sediments participating in the nitrification
BA

FIGURE 12

The Principal Component Analysis (PCA) of (A) T-S water mass and (B) Clustering water mass. Color coded by water mass.
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process under relatively favorable DO conditions at the surface

(Osadchiev et al., 2020b).

Despite a decline in phytoplankton photosynthesis in

September, it still reached approximately half of the August levels.

(Demidov et al., 2020). In early October (2018-2019), with the

increase of phytoplankton uptake and an increase of the depth of

vertical mixing (as indicated by the downward shift of the AT 2250

mM contour in Figure 4C), the thickness of the surface layer with

low NO3
- concentration gradually increased (Figure 6A). By 2019,

the NO3
- depleted layer reached its deepest point. In early October

of 2018, there occurred a localized oxygen saturation zone (O2% >

100%) in the estuary. On the one hand, the large river flow

increased the solubility of oxygen. On the other hand, this section

of the river plume is strongly stratified, resulting in the abundance

of phytoplankton such as motile nanoflagellates (Pyramimonas

spp., Cryptomonadales), blue-green algae and chlorophytes

(Heiskanen and Keck, 1996), which promote oxygen saturation

of seawater.

In 2018, a small peak in NO3- near the bottom of the delta

(approximately 100 km) was detected. This could be due to (1) the

abundant input of total particulate matter (PM) to the Laptev Sea

from summer rainfall (Juhls et al., 2020), which led to the

deposition and degradation of OM from river and coastal erosion

near the bottom, and (2) the high river flows throughout the year

(Figure 2), which strengthened the upper water layers and

minimized vertical mixing, resulting in the accumulation of

inorganic nitrogen nutrients there.

The strong onshore wind (8-10 m·s-1, Figure 3) promotes an

advective mixing process in the bottom water in the northern

part of the transect , then might cause compensatory

countercurrents caused by water subsidence to bring high-

nutrient seawater from the open shelf part (Savelieva et al.,

2010). The above-mentioned compensatory countercurrents is

also the main reason for the significantly higher NO3
-

concentration centers (>10 mM) at the outer edge of the

continental shelf at depths >25 m in the 2018 transect than

that in the 2019 transect.

Unlike NO3
-, the concentration of PO4

3- in early October (2018,

2019) showed a clear upward trend from surface to bottom. This

demonstrated that vertical mixing was insufficient to homogenize

the water column during this period. Except for the near-bottom

layer along the 2018 transect, the total concentration of PO4
3- in

early October 2019 was generally higher than in 2018, particularly

in the bottom layer, where the maximum phosphate concentration

across the 5-year journey was recorded (1.74 mM, Figure 7A). The

disagreement in vertical distribution between these characteristics

was likely caused by the fact that NO3
- was often consumed at a

faster rate than PO4
3- (Tyrrell, 1999). We also suggest that an

increase in PO4
3- concentration in 2019 was related to vertical

mixing of seawater and resuspension of sediments-simple

extraction of nutrients. It could decrease surface seawater

temperature and enhance DO solubility (Weiss, 1970; Figure 5).

Both factors accelerated the mineralization of phosphorus-

containing suspended particulate matter, thus increasing the

PO4
3- concentration. The 2019 distributions show larger
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concentrations of NO2
- and NH4

+ than in 2018 (Figures 6B, C),

indicating the inorganic nitrogen regeneration process.

We observed destratification of the water column in mid-to-late

October (2020) when the Lena River’s flow declined (Figure 2),

indicating further dilution of river water by seawater. The chemical

characteristics of water tended to be evenly distributed throughout

the transect with less concentration difference (Figures 5–7). High

Si concentration near the delta suggested a scenario to a decay of

residual biodetritus from autumn and subsequent sedimentation

losses (Heiskanen and Keck, 1996). Due to an increase of NO3
-

concentration in river water in this period compared to the summer

(Cauwet and Sidorov, 1996; Holmes et al., 2000), a small NO3
-

maximum could be detected near the delta. Low concentrations of

NH4
+ and NO2

- in October 2020 (Figures 6) showed that the

nitrification process in the water was proceeding slowly prior to

freezing over (Cauwet and Sidorov, 1996).
4.2 Water masses transport
and transformation

Classical T-S analysis and multiparameter cluster analysis based

on hydrochemical indicators were used to examine the seasonal and

interannual distribution of shallow marine water masses under the

influence of plumes. On different time scales, these two approaches

have been verified to be appropriate to water sample type

identification (Chen et al., 2011; Tarasenko et al., 2021). New

technical tools, such as satellite measurements, can make

obtaining data on ocean surface temperature and salinity easier,

which would also enable T-S analysis relatively simple to perform

for researchers to monitor the temporal and spatial variations of

ocean surface water in great detail just using temperature and

salinity data (Tarasenko et al., 2021). Chemical and biological

processes, on the other hand, had a big influence on the

migration and transformation of water masses in shallow sea

shelves like the Laptev Sea (Chen et al., 2011), therefore the

traditional T-S analysis approach would have certain limitations.

It was vital to include water chemistry indicators such as nutrients

to clarify the driving variables that determined the change in water

mass. Multi-parameter cluster analysis, compared to T-S analysis,

performed better to discern between different types of water masses,

such as surface and bottom seawater, and to be more explanatory

for water masses (Figure 12, Table 2). Even though interannual

fluctuations caused a wide variety of physical and chemical features

in water masses (such as huge standard deviations, Table 2), cluster

analysis approaches can still identify statistically significant water

mass groups.

In this study, during the summer and autumn the freshwater

plume spread and changed significantly. The vertical mixing caused

by atmospheric circulation, the weakening of the Lena River flow,

the seasonal cooling and reduction of radiative income, the

mineralization of OM, the recycling of inorganic nutrients, and

other biogeochemical processes all have an impact on the

distribution of water mass with different properties, according to

the cluster analysis results (Figure 11B). The water mass usually
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changes a lot in roughly two weeks, as evidenced by the water mass

variations in early October and mid-to-late October, which

coincided with Tarasenko et al. (2021).

The seawater properties of the continental shelf regions affected

by rivers are related to the amount of organic and inorganic

nutrients supplied by river and the photosynthetic production/

respiration (Dittmar and Kattner, 2003). Water mass CIII,

characterized by organic mineralization, was distributed to

550 km north of the estuary. It suggested that in early September

(2015) the upper waters provided a considerable amount of OM

with the freshwater discharge and partly from the photosynthetic

production. According to previous studies, both terrigenous

replenishment and primary production in the Laptev Sea would

provide a certain amount of OM and inorganic nutrients in

the summer and autumn periods (Kattner et al., 1999). Transport

and fate of eroded carbon play a crucial role in shallow water
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biogeochemistry and sedimentation, because the Lena River PM/

POC is mostly settled down in the nearshore mixing zone

(Semiletov et al., 2011; Bröder et al., 2016; Tesi et al., 2017). The

eroded carbon resuspension and dissolved gases ventilation can be

clearly seen from the nearshore zone to water depth up to 40-50 m

(Shakhova et al., 2014; Bauch and Cherniavskaia, 2018). Seasonal

cooling and increased salinity caused by vertical mixing resulted in a

considerable deepening in the volume of the water masses (CI, CII)

where the fresh, warm plume in the surface mixed with the surface

sea water by October (Figure 11B). The photosynthetic production

reached its lowest level of the year due to decreased irradiance

(Vetrov et al., 2008; Demidov et al., 2020). In the late summer-fall

season, river origin dissolved OM discharge was reduced due to

decline of the water discharge (Cauwet and Sidorov, 1996; Dittmar

and Kattner, 2003), but rates of coastal erosion are still high

providing export of eroded carbon which is oxidized quickly to

CO2, decreasing pH and water acidification as well (Semiletov,

1999a; Anderson et al., 2009; Vonk et al., 2010; Semiletov et al.,

2016), that is not observed in the Arctic regions not affected by the

rivers (Yakushev and Sørensen, 2013). Note that the decay of

eroding OM might contribute to increasing nutrient content in

shallow areas (Semiletov et al., 2013). As a result, the distribution

range of the organic mineralized water mass (CIII) was narrowed to

the delta area. We might deduce from this that the OM input and its

transformation could give a basis for analyzing the water mass

characterization. However, the major determinant of water mass

migration and transformation is wind-regime (Proshutinsky and

Johnson, 1997; Semiletov et al., 2005).

Our findings demonstrate that variations in wind conditions,

OM input, and river discharge can all affect the characteristics of

water masses formed on the shallow Arctic shelf. Fortunately, we

obtained several transects over a number of years, allowing us to

understand the contribution of various influencing factors by

comparison. We achieved two important conclusions: (1) During
TABLE 2 The average properties for different cluster water masses along the transect at 120°42′-133°36′ E in 2015, 2017-2020. .

Water
mass

Temperature
(°C)

Salt
(psu)

DO
(mM)

O2

(%)
AT

(mmol kg-1) SA NO3
-

(mM)
NO2

-

(mM)
NH4

+

(mM)
PO4

3-

(mM)
Si

(mM)

CI 3.38 14.84 354.51 95.07 1458.37 0.107 1.34 0.15 0.88 0.28 31.14

(1.93) (3.99) (27.13) (5.83) (182.23) (0.038) (1.18) (0.22) (0.43) (0.23) (9.32)

CII 2.23 23.92 342.63 95.65 1889.60 0.081 1.09 0.07 0.67 0.33 19.30

(1.13) (2.83) (20.39) (4.93) (139.66) (0.009) (1.23) (0.05) (0.31) (0.17) (8.61)

CIII 1.11 25.89 308.62 85.09 2053.24 0.076 3.26 0.31 1.46 1.00 22.01

(1.07) (3.67) (21.95) (5.09) (142.06) (0.005) (1.14) (0.08) (0.57) (0.30) (4.79)

CIV -0.70 32.07 277.24 76.43 2212.97 0.071 5.28 0.12 1.07 0.78 17.05

(1.15) (2.95) (33.79) (9.17) (136.26) (0.004) (2.07) (0.10) (0.43) (0.30) (8.07)

CV 0.84 31.02 344.90 98.01 2186.75 0.07 1.60 0.18 0.76 0.40 5.35

(1.67) (2.03) (16.90) (3.30) (71.95) (0.003) (1.60) (0.12) (0.51) (0.19) (3.57)

CVI -1.29 33.74 312.27 85.94 2265.09 0.069 7.78 0.06 0.20 0.59 7.49

(0.36) (0.65) (15.32) (4.46) (142.17) (0.005) (2.72) (0.04) (0.24) (0.11) (3.22)
frontie
The standard deviation is given in parentheses.
FIGURE 13

Time series of the Artic Oscillation (AO) index from 2015 to 2020.
Data were provided by the Climate Prediction Center of the
National Oceanic and Atmospheric Administration (NOAA) (http://
www.cpc.ncep.noaa.gov).
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the same season, wind conditions control the migration and

transformation of plume-influenced water masses (such as water

mass CI, CII and CIII) and push them to the further open sea

(Figure 11). For example, strong anticyclonic conditions (2015)

brought water masses strongly influenced by the plume (e.g., water

masses CI, CII, CIII) to the open sea when river flows were not

significantly different (2015 vs. 2017). When the difference in the

river discharge is very large (the river flow in 2018 is roughly twice

that in 2019), the “onshore” wind reduces the northern boundary of

the distribution of water masses CII and CIII to within 250 km of

the transect. When the flow is large, whereas “offshore” winds

pushed water masses CII, CIII further away in comparison to 2018.

(2) During different seasons and under the same wind conditions, a

decrease in OM concentration caused by reduced river flow and

photosynthesis would affect the distribution of water mass

characteristics. In early September 2015, early October 2019, and

mid-late October 2020, the circulation was characterized by an

anticyclonic regime. In 2019 and 2020, the fresh water mass (CI)

disappeared in October due to a weakening of river flow and

reduced photosynthetic, and the distribution area of CII and CIII

water masses in the entire transect was significantly reduced (2019)

or almost disappeared (2020). Note, that re-routing of the Lena

River plume from the northward direction to the eastward is driven

by atmospheric circulation conditions: usually by the switch

between Zn and Az conditions (Semiletov et al., 2000; Semiletov

et al., 2005).

Furthermore, the upwelling and downwelling currents caused

by specific regimes of atmospheric circulation have the potential to

significantly alter the properties of seawater. In 2015, an upwelling

caused the CIII and CIV water masses to rise to the surface.

Furthermore, the sinking current in 2019 transported surface

layer seawater with a high relative oxygen content and high

temperature into the subsurface layer. Intense vertical mixing

promoted bottom sediment resuspension, and OM mineralization

occurred abundantly under these conditions. This was consistent

with previous studies (Lentz, 2004; Osadchiev et al., 2020b; Dudarev

et al., 2022; Martens et al., 2022).
5 Conclusions

September and October are critical periods for the dispersion of

Lena River plume in the Laptev Sea, influenced by atmospheric

circulation. The interannual and seasonal diffusion patterns of the

plume shape the hydrochemical characteristics of the Laptev Sea.

In early September, anticyclonic weather conditions result in

water column stratification, limiting vertical mixing of oxygen and

nutrients. The surface waters are richer in oxygen and silica

compared to the bottom layer (DO > 360 mM; Si > 30 mM), but

deficient in nitrogen and phosphorus (DO < 270 mM; Si < 5 mM).

Various processes, including plant photosynthesis, OM oxidation,

and inorganic nutrient regeneration, influence the distribution of

biogeochemical features in the seawater. By early October, vertical

mixing of the plume increases, but the water column remains
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insufficiently homogenized, with significant variations in

phosphate concentration between the surface and bottom layers

(0.57 mM vs 1.74 mM). In mid to late October, the destratification of

the water column tends to evenly distribute hydrochemical

characteristics along the transect. The dilution process of river

water has the greatest impact on the silicon concentration, which

exhibits a strong negative correlation with temperature and salinity

from September to October. Additionally, a coastal upwelling event

in early September brings up bottom waters with high nitrate and

low organic phosphorus levels to the surface. However, the

concentrations of ammonium and nitrite may decrease due to

preferential utilization by organisms. In early October (2019),

wind-driven deep vertical mixing resuspended nutrient

regeneration in bottom sediments, accelerating the mineralization

of suspended particulate matter and the regeneration of nitrate in

the fracture surface (PO4
3-: 0.57 mM; NH4

+: 0.8-2.88 mM; NO2
-: 0.2-

0.5 mM).

Multivariate cluster analysis reveals the water mass typically

undergo significant changes within two weeks between September

and October, with alterations in OM input, Lena River flow, coastal

erosion, seasonal cooling, and biophotosynthetic income affecting

the migration and transformation of water masses throughout the

seasons. In addition, wind conditions play a significant role in

shaping water mass characteristics.
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