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Abstract: Notable changes in the Arctic ecosystem driven by increased atmospheric temperature
and ice cover reduction were observed in the last decades. Ongoing environmental shifts affect
freshwater discharge to the Arctic Ocean, and alter Arctic land-ocean fluxes. The monitoring of DOC
distribution and CDOM optical properties is of great interest both from the point of view of validation
of remote sensing models, and for studying organic carbon transformation and dynamics. In this
study we report the DOC concentrations and CDOM optical characteristics in the mixing zones of
the Ob, Yenisei, Khatanga, Lena, Kolyma, and Indigirka rivers. Water sampling was performed in
August—October 2015 and 2017. The DOC was determined by high-temperature combustion, and
absorption coefficients and spectroscopic indices were calculated using the seawater absorbance
obtained with spectrophotometric measurements. Kara and Laptev mixing zones were characterized
by conservative DOC behavior, while the East Siberian sea waters showed nonconservative DOC
distribution. Dominant DOM sources are discussed. The absorption coefficient acponm (350) in the
East Siberian Sea was two-fold lower compared to Kara and Laptev seawaters. For the first time we
report the DOC content in the Khatanga River of 802.6 uM based on the DOC in the Khatanga estuary.

Keywords: CDOM absorbance; spectroscopic indices; DOC; Arctic; shelf seas; estuarial and coastal
areas

1. Introduction

The oceanic dissolved organic matter (DOM) pool is one of Earth’s large organic carbon
reservoirs [1], and, therefore, represents an important component of marine ecosystems and
the carbon cycle [2]. The main sources of DOM in the world ocean are primary production
of phytoplankton and ice algae, as well as the secondary production of zooplankton.
Additional DOM sources include more refractory, compared to the autochthonous material,
terrestrial-derived DOM supplied by river runoff (more than 80% of terrigenous DOM),
aeolian dust, and coastal abrasion [3].

The Arctic Ocean represents a unique ecosystem, which, on the one hand, is highly
sensitive to climate changes occurring during previous decades, and on another, is an
important feedback component of the global climate system [4]. An essential feature of
the Arctic region is its exposure to large river discharge. Representing only 1% of the
global ocean volume, the Arctic Ocean receives more than 10% of the global freshwater and,
therefore, the vast amounts of riverine DOM [5,6]. This is a key factor in regulating bio-
geochemical cycles in the area. In estuarine and coastal zones, fresh waters and terrestrial
material control the distribution of flora and fauna, their productivity, and consumption [7].
Here, the limitation of photosynthetic activity due to humic substances, absorbing sun-
light in the blue spectral range, where chlorophyll and photosynthetic carotenoids have
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absorption maxima [8], is the most significant. Conversely, humic substances absorb in the
UVB (280-320 nm) and/or UVA (320400 nm) ranges [9], diminishing the negative effects
of ultraviolet radiation on plankton populations [10]. High concentrations of terrigenous
colored DOM (CDOM) rich in humic substances have a significant impact on penetration
of light into the water column [11], water color, and its spectral features (see [12] and
references therein). Thus, humic substances providing an essential component of the
remotely sensed optical signal, affect estimates of chlorophyll concentration using satellite
imagery [13-15] or shipborne lidar measurements [16,17].

Numerous studies have contributed to understanding biogeochemical cycling of
organic carbon in the Arctic Ocean, see, for example, the PANGAEA database (https:
//www.pangaea.de/, accessed on 15 March 2021), the monographs and reviews [18-21],
etc. At the same time, seasonal variability of DOC distribution is not quite clear: significant
changes, often comparable with multiyear variations, may occur on time scales of a few
weeks [19], while most sampling expeditions are restricted to a few months during summer.
Thus, for example, Dai et al. [22] estimated the uncertainty of global river DOC discharge to
the coastal seas as 30%. Climate change in the Arctic [23-26] has already resulted in reduced
ice cover and increased flows of terrigenous DOM due to permafrost thawing and coastal
erosion. These changes require monitoring of the concentration and quality of DOM [27]
to better understand the Arctic ecosystem and its response to changing conditions and
anthropogenic stress. The development of forecasting models for predicting river export
of DOM also involves the acquisition of new field data. Thus, a great need for additional
DOC data, which can only be obtained in the field, was emphasized by Harrison et al. [28].
Taking into account the recent progress in development of quantitative CDOM and DOC
determination with the use of satellite remote sensing [29,30], new field studies of DOC
and optical properties of natural waters might be useful for validation of remote sensing
models, as well as regional algorithms for estimation of absorption coefficient of colored
organic matter [31].

In this paper, we present new data on the content of DOC in the Kara, Laptev, and
East Siberian seas obtained during expeditions in summer and fall of 2015 and 2017. We
analyze the data on the optical characteristics of the colored DOM fraction [32] to reveal its
quality and the sources of DOM input. For the first time, we present DOM concentration at
the section from the mixing zone of the Khatanga River to the continental slope obtained
with the high temperature combustion technique, which allowed us to estimate the content
of DOC in the Khatanga River. In previous studies (see, for example, the paper of Wheeler
at al. [33]), the content of DOC in the Khatanga River was evaluated on the basis of total
organic carbon concentration (TOC) and the ratio DOC/TOC = 0.9, typical for the Russian
rivers [34].

2. Materials and Methods
2.1. Sampling

Samples were collected during the 63rd (28 August—6 October 2015) and 69th (22
August-26 September 2017) cruises aboard the R/V Akademik Mstislav Keldysh (Figure 1).
Exact sampling dates for each sample are given in Supplementary Table S1. In 2015, the
sampling was performed along a cross-slope transect in the Laptev Sea, starting from the
Lena River Delta region (station 5216) and moving along the 130° E towards the continental
slope. Absorbance was measured spectrophotometrically for five surface water samples,
and DOC concentration was determined in 36 water samples from different depths. In
2017, 141 samples for DOC and 135 ones for absorbance were taken in the Kara, Laptev
and East Siberian seas. We consider four shelf-crossing transects from the mixing zones
of the Lena, Khatanga, Indigirka, and Kolyma rivers, as well as individual sampling sites
in the Kara and Laptev seas. In the Kara Sea, the samples were collected in the estuarine
zone of the Ob and Yenisei rivers (station 5588), in the central part of the Kara Sea to
the north of Novaya Zemlya Trough (station 5587), and in the Blagopoluchiya Bay (the
entrance—5641_2 and inner part of the bay water area—5642). One more station (5586) was
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located close to Novaya Zemlya Trough. In previous years, this region was characterized
as less affected by Ob and Yenisei riverine waters [35].
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Figure 1. Sample site locations during the 63rd (black crosses) and 69th (blue dots) cruises of the R/V Akademik Mstislav
Keldysh. The data from the study of Amante et al. [36] were used for the map plotting.

Water samples were taken using Niskin bottles of 5 L volume mounted on the
CTD/rosette system at surface and discrete depths, associated with boundaries of large
gradients of hydro-physical parameters. All the samples were filtered through precom-
bustion at 450 °C Whatman GF/F filters with a nominal pore size of 0.7 um. The filtrate
was collected into the acid-cleaned 10 mL glass vials and stored under dark conditions at
4 °C until further analysis. For the DOC measurements, the filtrate was acidified up to
pH = 2 before storage. Water temperature and practical salinity were derived from CTD
measurements.

2.2. Flow Measurements

During the 69th cruise, we performed continuous observations of conductivity and
temperature of subsurface water layer at 2.7 m depth. The measurements were carried out
with a temporal resolution of 3 s (at a speed of 10 knots—15 m) using a SBE 21 SeaCAT
Thermosalinograph (Sea-Bird Scientific) and a pump to supply outboard water.

2.3. DOC

DOC concentration was measured onshore by high-temperature combustion with
a Shimadzu TOC-VCPH/CPN analyzer. Precision and accuracy of our measurements
were determined relative to external laboratory standards, namely solutions of potassium
hydrogen phthalate and sodium hydrogen carbonate diluted to different concentrations
according to estimated DOC content, and amounted to +5% and 1%, respectively.

2.4. Optical Measurements and Spectroscopic Indices

Absorbance A(A) of water samples have been registered in the laboratory conditions
at room temperature 22 & 2 °C. Measurements were performed within the spectral range
from 200-700 nm at 1 nm increments using double-beam scanning spectrophotometer
Solar PB2201 with 3 or 5 cm quartz cuvettes depending on the DOC concentration and
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Milli-Q water as a blank. CDOM absorbance spectra are available online as supplementary
information to the study of Drozdova et al. [32]. The blank-corrected absorbance spectra
were converted into the Napierian absorption coefficients acpom(A) by multiplying CDOM
absorbance by 2.303 and dividing by the cuvette path length taken in meters. In accordance
with the study of Helms et al. [37], the spectral slope for the 275-295 nm range (S;75-295)
and the ratio of Syy5_295 and Szsp_400 (Sr) were determined using linear regression of the
log-transformed functions of absorption coefficients acpom(A) defined as:

acpom(A) = acpom(Ag)e 5, 1
where A is a reference wavelength [38]. Sk index was reported by Helms et al. [37] to
correlate with molecular weight and the degree of photochemical degradation of CDOM.
Thus, Sg <1 is typical for terrestrial CDOM, while Sk > 1.5 indicate the presence of oceanic
and photodegraded terrestrial CDOM, see also [12,39]. The value of Sy75_p95 is also used for
the CDOM source discrimination so that Sy75_p95 > 20 is typical for marine waters, while
Sa75.295 < 16 is a characteristic of riverine waters. A specific UV absorbance (SUVA) was
calculated by normalizing the decadic absorption at 254 nm to the DOC concentration
in milligrams per liter (mg/L). It was shown to be a useful parameter for estimating the
dissolved aromatic carbon content in aquatic systems [40]. The value of SUVA < 1.8 is an
evidence of algae and bacteria CDOM predominance, and SUVA >3 suggests the terrestrial
CDOM origin. Spectroscopic indices are given in our recent studies [32,41].

3. Results
3.1. Subsurface Water Temperature and Salinity

At the end of August 2017, an influx of warm and salty waters that originated from
the Barents Sea, was recorded in the Kara Sea (Figure 2). The eastern type of freshened
water distribution [42] was observed in the Kara Sea at the beginning of the cruise. It is
characterized by the transfer of low-salinity waters, formed under the influence of Ob and
Yenisei river runoff, along the coast towards the Wilkitsky Strait. To the east of 94° E and up
to the Laptev Sea, the drifting ice was constantly met, therefore, the thermosalinograph was
switched off. On the way back, ice did not occur, but in the northern part (north of 76° N),
the subsurface temperature was still below zero. Freshened waters were shifted westward
a month later, which is typical for the central type of freshened water distribution.

In the northwestern part of the Laptev Sea, to the east of the Vilkitsky Strait, surface
water temperature was below zero (Figure 2). The highest values of about 5 °C were
observed for the freshened waters formed under the influence of the Lena River discharge.
On the way back, the temperature and salinity distribution in the central and eastern parts
of the Laptev Sea did not change significantly. In the northeast, the temperature dropped
by 1-1.5 °C and negative water temperature values were observed between the station
5634 and the Vilkitsky Strait.

According to the thermosalinograph data, the water temperature of the subsurface
layer in the East Siberian Sea decreased from south to north (Figure 2). Negative values
were observed near the ice massif, the edge of which was located above the 70 m isobath.
Water freshening was observed in the shelf region. At the transect from the Kolyma River
estuary to the continental slope, a pronounced frontal zone to the south of station 5615
was observed. Salinity did not change significantly to the north, while to the south it
dropped sharply from 28 to 17 within 125 km distance. On the contrary, no large horizontal
gradients were observed in the Indigirka section. Similar to the Laptev Sea, the distribution
of river waters reaches an isobath of 25 m.
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Figure 2. Water temperature and salinity at the depth of 2.7 m (thermosalinograph data) along the route of the 69th cruise
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of the R/V Akademik Mstislav Keldysh in the Kara, Laptev and East-Siberian seas.

3.2. Vertical Sensing of Hydrophysical Parameters
3.2.1. Kara Sea
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In the first part of the cruise, the surface waters of the Kara Sea warmed up to 2.5~
5.5 °C (Figure 3). With the exception of the stations located in the Blagopoluchiya Bay
(5642, 5641, and 5644), a pronounced cold intermediate layer (CIL), formed during winter

convection, was observed.
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Figure 3. Temperature—salinity diagram for CTD profiles observed in the Kara Sea in Autumn, 2017. Color coding indicates

DOC concentration (uM).

The core of CIL was located at depths of about 50 m. This agrees well with the data
reported by Pavlov and Pfirman [42], who states that summer warming extends to depths
of 20-60 m. The upper heated layer thickness in different areas varied from 5 m at station
5641 to 25 m at the Ob-Yenisei coast (5588), and was absent completely in the inner part of
Blagopoluchiya Bay (5642). It was reported previously that the depth of the surface layer
in the Kara Sea was 6-8 m in shallow parts of the sea, ranging up to 20-30 m over deeper
regions [42]. Under the CIL core, the temperature profiles were quite different. The increase
of temperature with depth in the south (5586) is much sharper than the one in the northern
part of the Novaya Zemlya basin (5587, 5649). In the Novaya Zemlya Trough at depths
above 120 m, we suggest the active admixing of waters, which flow from the Barents Sea
along the St. Anna Trough. A month later (stations 5586_2, 5587_2, and 5588_2), the surface
water temperature dropped by 1-2 °C. The remaining profiles have changed insignificantly
(Figure 3). Salinity in the studied areas of the Kara Sea varied from 20, measured for the
Ob-Yenisei coast surface waters, to 34.6 (deep waters). Below 50 m, all profiles are similar,
except for the station 5587, which is characterized by fresher deep waters. High salinity >31
was measured in the Bay and at the southern station 5586, where the waters of the Ob and
Yenisei did not extend. The influence of Ob and/or Yenisei riverine waters was reported in
2015 in the Oga and Tsivol’ki Bays of the Severny Island of Novaya Zemlya [35,43], when
the western distribution of low-salinity waters [44] was observed. The temperature in the



Remote Sens. 2021, 13, 1145

7 of 21

CIL core at station 5587 was —1.8 °C. This roughly corresponds to the freezing point of
water with a salinity of 32.8. Taking into account that the formation of CIL is related to
vertical mixing during the winter period, we suggest that the salinity in the upper layer of
the Kara Sea in winter is quite high—above 32. The waters with lower salinities distributed
in the Kara Sea in the summer and fall periods is the result of current-year freshening
caused by the Ob and Yenisei rivers, the Baydaratskaya Bay, and melt waters. In the study
of Olsson and Anderson [45], such a threshold salinity value in case of the Siberian shelf
seas was reported to be 24.

3.2.2. Laptev Sea

Along the transects in the Lena Delta region, water was warmed up to 10-15 m
(Figure 4). Closer to the coastline, the temperature of the low-salinity water layer was 5 °C
and decreased to 1-2 °C away from the Lena Delta region. The bottom water layer was
characterized by temperatures below zero. The mixing of riverine and sea waters occurred
throughout the entire water column of 20 m depth in the southern part of the sections.
Compared to 2015, the spreading of freshened waters along the transect was weaker. In
2015, the salinity value of 25 was observed 200 km farther to the north. The waters in
the area of the shallow shelf were freshened up to the 20 m depth. A frontal zone was
observed above the sloping shelf brow at about 20 m depth, were the waters with salinity
of 15 or less were distributed. In opposite, salinity of 15 was measured 50 km southerly in
2015 (Figure 4). We assume that a more active horizontal mixing of sea and river waters
took place in 2015. Consequently, low-salinity waters spread far to the north, but at the
same time low salinity values were observed closer to the Lena Delta. The halocline was
located at depths of 10-15 m along the entire transect, and isohaline concentration within
the frontal zone increased above the brow of the slope. This result does not completely
support a schematic diagram of the interactions occurring in the Laptev Sea continental
shelf close to the Lena River delta region reported by Gongalves-Araujo et al. [46], since it
implied reducing the thickness of plume-influenced freshened water layer, but agrees well
with the data on salinity and temperature vertical distribution along the 130° E transect
discussed by Bauch et al. [47]. A small lens of fresher and warmer waters was observed at
station 5595. A similar lens was noted in 2015, but it was larger and located further from
the coast. It very likely was formed due to the “offshore” atmospheric forcing [47].

The vertical salinity structure and distribution of freshwater fraction at the transect
from the Khatanga River estuary to the continental slope are discussed in detail by Os-
adchiev et al. [48]. Shortly, the Khatanga plume was weakly-stratified and occupied the
whole water column in the shallow inner part of the estuary (stations 5627-2629) due to
intense tidal mixing in the Khatanga Gulf. Tidal-induced dilution caused an increase of
surface salinity and depth of the plume from 4-7 m (station 5628) to 17-25 m (station 5630)
at 120 km along the transect. In the outer part of the estuary, the plume detached from
sea bottom and its depth steadily decreased to 11 m, while surface salinity increased to
21 (station 5632). Penetration of marine waters (with salinity above 30) into the bay was
observed up to Bolshoy Begichev Island. Closer to the mouth in the bottom layer, salinity
gradually decreased from 25 to 7 (Figure 5). The impact of the Khatanga River fresh waters
decreased sharply not far from the entrance to the open sea (station 5633) due to primarily
moderate Khatanga River flow, which is about five times smaller than that of the Lena
River [49]. The boundary of freshened water lies above the 25 m isobath. The surface water
temperature varied from 3 °C in the Khatanga River estuary to —1 °C near the continental
slope (station 5635). Deep waters (>30 m) were characterized by temperatures below zero
(Figure 5).
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3.2.3. East Siberian Sea

In the East Siberian Sea, surface water temperature decreased from south to north
(Figure 5). At the section from the Indigirka River to the continental slope, the surface
water temperature near the river mouth reached 6.2 °C and gradually decreased to —1.4 °C
at station 5607 located near the ice edge. Negative temperatures of bottom water were
observed on the inner shelf (station 5601) at the depth of 26 m. Low-salinity waters
supplied by the river runoff extend to a depth of 10-15 m. At the transect from Kolyma
River estuarine region to the continental slope, the surface water temperature on the inner
shelf was 6.7 °C (stations 5619 and 5620) and decreased to 0.5 at the northern station 5612.
In most of the Kolyma section, the total temperature difference in the water column did
not exceed 1 degree. Salinity of surface waters increased from southwest to northeast
(Figure 5). In the shelf area adjacent to the estuaries of the Kolyma and Indigirka, the
minimum salinity was 17 and 15, respectively. The maximum salinity values were recorded
at the northernmost stations 5607 (30 and 32.5 at the surface and bottom, respectively) and
5612 (29.2 and 31.2). The vertical distribution of salinity at the Indigirka section showed a
pronounced freshened surface water layer, typical for the Arctic shelf under the influence
of continental runoff. A unique feature of the eastern part of the East Siberian Sea (Kolyma
transect) was a region of nearly 150 km of practically homogenous vertically mixed water
column. This area may provide vertical convection down to the bottom during autumn
water cooling.

3.3. DOC

The concentration of DOC in seawater of Arctic seas varied in a wide range between
82.8 and 886.7 M. The complete DOC dataset is given in Supplementary Table S2. In
the Kara and Laptev seas, the higher DOC concentrations were measured for the upper
fresher water layer in the mixing zones formed under the influence of Ob, Yenisei, Lena,
and Khatanga runoff (Figures 3 and 5, Tables 1 and 2). In the Kara Sea, the mean DOC
content in the upper 25-m water layer was approximately two-fold higher compared to
deep waters below 25 m. In the Blagopoluchiya Bay, the DOC was lower, compared
with the data obtained recently for the Oga and Tsivolki Bays in the case of the western
distribution of low-salinity riverine waters [35]. It confirms that terrestrial-derived DOM,
supplied by Ob and Yenisei rivers, represents the main DOM source in the bays of Severny
Island of Novaya Zemlya archipelago. At the transect from the Kolyma River mixing zone
to the East Siberian Sea continental slope, DOC varied between 125.8 and 505.0 uM for
the salinity rage 17.0-31.5. The Indigirka transect covered a larger salinity gradient from
15.2 to 33.4. The values of DOC varied there from 165.0 to 526.7 uM. The surface waters
of the transect were characterized by moderate DOC concentrations of 236.7-393.3 uM
with its local increase at the station 5606 up to 520.0 uM. In contrast to the Kara and
Laptev seas, the linkage between DOC and hydrological parameters in the East Siberian
Sea was not observed. DOC was distributed rather randomly, showing that significant
DOC concentrations of 300-526.7 uM were typical for both Indigirka and Kolyma mixing
zones and continental slope region. The DOC values measured in 2017 in the East Siberian
Sea were higher than the ones reported by Alling et al. [50]. Thus, in 2008, the upper water
layer of 15 m to the west of 160° E was characterized by mean DOC of 170 pM (mean
salinity S = 22), and to the east of 160° E 93 uM (S = 28). In the present study, corresponding
mean DOC concentrations were 285.1 uM (S = 26.0) and 168.1 uM (S =29.7).
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Table 1. Variation of DOC and optical characteristics of the Kara Sea waters.
0-25m >25m Blagopoluchiya Bay

DOC (uM) 114.2-575.0 110.0-175.8 96.7-145.8
acpom(350) (m 1) 0.22-5.73 0.27-1.07 0.32-0.75
acpom(375) (m~1) 0.14-3.64 0.16-0.64 0.19-0.45

Sy75-205 (um 1) 17.78-26.46 22.79-29.32 16.65-18.63

Sk 0.98-3.08 0.92-1.08 n/a

SUVA (m?gC~1) 0.48-2.30 0.39-0.79 0.65-0.76

Table 2. Variation of DOC and optical characteristics of the Laptev Sea and East Siberian Sea shelf
waters (2017).

0-10 m >10 m
Lena
DOC (M) 242.5-886.7 125.0-337.5
acpom(350) (m~1) 2.36-11.17 0.54-1.72
acpom(375) (m~1) 1.44-7.20 0.34-1.48
Sy75.295 (Lm 1) 16.38-20.35 19.53-23.35
Sk 0.91-1.15 1.12-2.08
SUVA (m? gC™1) 1.72-2.52 0.38-1.28
Khatanga
DOC (uM) 145.8-727.5 158.3-678.3
acpom(350) (m™1) 0.57-11.21 0.27-7.02
acpom(375) (m~1) 0.31-7.21 0.15-4.68
S75-295 (Lm 1) 15.81-24.84 14.14-25.24
Sk 0.92-1.39 0.97-2.39
SUVA (m? gC™1) 0.59-2.48 0.24-3.35
Indigirka
DOC (uM) 195.8-526.7 165.0-319.17
acpom(350) (m~1) 0.74-3.77 0.64-2.26
acpom(375) (m~1) 0.42-2.41 0.38-1.38
Sy75.295 (Lm 1) 18.73-24.45 19.17-23.81
Sk 1.00-1.38 0.92-1.97
SUVA (m? gC1) 0.35-2.6 0.1-2.0
Kolyma
DOC (M) 125.83-505 129.0-425.0
acpom (350) (m~1) 0.48-3.35 0.47-1.21
acpom(375) (m~1) 0.43-3.07 0.27-0.73
So75.295 (Lm 1) 19.36-26.21 21.39-25.84
Sr 0.94-2.07 0.91-2.20
SUVA (m? gC™1) 0.32-1.71 0.12-1.19

3.4. Optical indices
3.4.1. Kara Sea

CDOM concentrations, depicted as acpom(375) [51], followed similar trends to that
observed for DOC. The surface of mostly freshened waters had the highest acpom(375) (up
to 3.64 and the mean value 1.43 m™—1), while acpom(375) of Blagopoluchiya Bay and Kara
Sea deep waters did not exceed 0.64 m~! (Table 1).

Spectral slope ratio Sk varies between 0.9-3.4. It strongly correlates with acpom(375)
showing exponential decrease to the values, typical for the Ob (~0.87) and Yenisei (~0.91)
freshwaters reported by Stedmon et al. [26], see also Discussion Section. Similar depen-
dence was obtained for the Sy75_p95 spectral slope, indicating the predominance of terrestrial
material in a fewer number of samples (Sy75 295 < 20) and mixed or mostly autochthonous
DOM character for the others. Interestingly, the data from Blagopoluchiya Bay are grouped
separately in the S75 295—acpom(375) plot and differ by the lower Sy75_p95 values (Figure 6).
It apparently reflects local input of terrestrial-derived material from Novaya Zemlya island.
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Figure 6. Spectral slope Sy75_295 plotted against acponm(375) for the Kara Sea waters.

SUVA varied between 0.39 and 2.30 m? g C~! with the highest values observed
for the upper water layer. Since SUVA has been shown to be positively correlated to
molecular weight [52] and also to be one of the most reliable parameters for the DOM
source discrimination with regard to its changes during bio- and photodegradation [53], we
suggest the upper water layer DOM to have higher molecular weight, which is explained
by a larger fraction of humic acids [54] supplied by Ob and Yenisei rivers. SUVA values of
the Kara Sea waters were found to be lower than the ones of the Ob (2.58-2.75 m? g c 1
and Yenisei (1.95-2.97 m? g C~!) end members [26].

3.4.2. Laptev Sea

CDOM optical properties suggest the dominance of terrigenous humic substances
in surface and thermocline waters (~10 m layer) at the transect along the 130° E (see
Table 2). Absorption coefficient acpon(375) varied between 0.34 and 7.20 m~!. The lowest
absorption coefficient acpom(350) was measured for the bottom waters from the station
5592 and amounted to 0.5 m~!, which is close to the ones reported for the Polar Waters of
the East Greenland Current [55,56]. In the study of Pugach et al. [57] a comparable spatial
variability of acpom(350) was demonstrated. The maximal acpom(350) of 11.2 measured
for the surface waters with salinity 6.6 (station 5596_2) was slightly lower than the one
reported for a mid-flow regime of the Lena River of about 13.1 m~! [58]. The values of
acpom(350) were found to be lower compared to the data reported by Gongalves-Araujo
et al. for the Lena Delta region [46] (0.9< acpom(350) < 15.7 m™1), which is likely explained
by a smaller terrestrial CDOM contribution. Spectral slope 5,75 95 varied between 16.38-
20.35 um~!. Spectral slope ratios Sk obtained in the present study (0.9< Sk < 1.2) are
generally consistent with the results of Pugach et al. [57] and Gongalves-Araujo et al. [46]
(2015) (~0.87-1.00) for the Lena Delta—sea mixing zone. For comparison, Sg values of
the Lena River water samples were reported to vary between seasons and estimated
by Stedmon et al. [26] as 0.81-0.89. Higher Sg values were typical for deep waters at
depths 15-44 m, see Table 2. Values of SUVA of the upper 10 m water layer fall in the
range 1.72 < SUVA < 2.52 m? g C~!, which is comparable with the results 1.33 < SUVA <
4.80 m? g C~! reported by Gongalves-Arauijo et al. [46] for salinities of 0.90-32.63. For deep
waters with salinities 30.1-33.9, SUVA varied from 0.38 to 1.28 m? g C~, indicating a lower
impact of terrestrial-derived DOM.
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The Khatanga discharge experienced intense estuarine tidal mixing and therefore
was distributed from surface to the bottom in the inner estuary and over the 20-25m
deep water column in the outer estuary, see Section 3.2.2 and the study of Osadchiev
et al. [48]. The difference in DOC concentration and CDOM absorption between the upper
and deep waters was, therefore, not as pronounced as for the Kara Sea and the Lena
Delta region Tables 1 and 2. The data for salinities above and below 25 are summarized
in Supplementary Table S4 for convenience. At the beginning of the transect (stations
5627, 5629 and 5630), the entire water column was characterized by maximal along the
transect values of absorption (acpom(375) was 2.29-7.10 m~1) and specific absorbance
SUVA (1.44-2.48 m? g C1), while Sy75_295 (15.73-16.40 um~1) and Sy (0.92-1.09) were low.
This indicates the predominance of terrigenous CDOM in this location [12,37]. Further
north (stations 5631-5633), the contribution of terrigenous CDOM decreases and becomes
significant in the upper 10-20 m water layer only (Figure 7). In contrast, deep waters had
lower absorption and SUVA (0.32-0.93, mean 0.75 m? g C~1). The increase of spectral
slope S»75 295 was observed for the bottom waters. At the northernmost stations of the
section, the waters of different optical characteristics were observed at depths 1040 m.
They were characterized as being higher compared to oceanic waters [12] absorption at
375 nm (acpom(375) was 3.0 m 1) and Sy75.295 values typical for estuarine and coastal
waters with strong humic character (14.1-18.5 um~1). At the same time, high salinities
and spectral slope ratio Sg varying from 2.23-2.39 clearly indicates the presence of oceanic
and/or photodegraded terrestrial CDOM. We, therefore, assume that increased absorption
at 375 nm is related to the recently produced CDOM [59,60].

Indigirka

£ &S
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400

200 500 400 300 200 400
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Figure 7. Distribution of acpom(375), Sp75-295, Sk and SUVA along the Khatanga, Indigirka, and Kolyma transects.

3.4.3. East Siberian Sea

At the beginning of the transect from the Indigirka River mixing zone to the conti-
nental slope, the values of acpom(375) were typical for estuaries and coastal waters [12]
and accounted for 0.7-2.4 m~!. The waters farthest from the coast (stations 5605-5607)
exhibited lower acpom(375) values of 0.38-0.56 m~!, which is a characteristic of oceanic
waters [59]. Spectral slope 5,75 295 and Sg were distributed along the transect rather ir-
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regularly (Figure 7), resulting in similar mean values for the upper 10 m water layer and
deep waters. Spectral slope ratio Sg varied between 0.9 and 1.4, indicating that CDOM
had a weak humic character and intermediate or strong autochthonous component. The
mean values of the specific UV absorbance were 1.45 m? g C~! for the upper water layer
and 1.0 m? g C~! for the deep waters and testify the predominance of algae and bacterial
CDOM. The surface waters of the inner plume (stations 5598-5602) exhibited SUVA up to
2.6 m? g C~! caused by the presence of terrestrial-derived DOM supplied by the Indigirka
River.

Pronounced plume was not seen from the Kolyma River. The impact of the Kolyma
River waters was notable for over 150 km from the beginning of the transect (stations 2619
and 5617). Absorption at 375 nm was about 1.5 times lower compared to the Indigirka
transect. The maximal acpom(375) values were measured for the inner plume (1-2.1 m™1),
as well as for the entire water column at the northernmost station 5612. Similar to the
Khatanga transect, an increase in absorption at 375 nm, observed at salinities >29, was
accompanied by a decrease in S;75_295 and by an increase in Sg, which indicates the recently
produced CDOM. The values of acpom(350) and Sk obtained in the present study are
consistent with the data reported by Pugach et al. [57]. The values of SUVA were below
1.8 m?g C~! for all the samples, showing little freshwater input.

4. Discussion
4.1. Conservative DOC Behavior in the Kara and Laptev Seas

The DOC versus salinity plot (Figure 8) for the Kara Sea showed that the data fell
close to the DOC = 927.3 — 23.0 x Salinity regression line, characterized by the coefficient
of determination R? = 0.91. No difference in conservative DOM distribution was found
between surface (open circles) and depth profile (filled circles) samples. This agreed well
with the observations reported by Stein et al. [7], suggesting similar vertical and horizontal
mixing in the Ob and Yenisei estuaries. The conservative DOM behavior in the Kara Sea was
demonstrated recently by several studies [19,35,61-63]. We summarized the coefficients a
and b for the regression line DOC =a — bx Salinity, obtained during late summer and fall
periods 1997-2017 in Supplementary Table S3.

In September 2015, the DOC at the transect along 130° E (Laptev Sea) was distributed
conservatively. A negative correlation of DOC with respect to salinity is described by the
following equation: DOC = 545.5 — 10.4x Salinity, R%Z =0.74. In September 2017, four
stations were examined for DOC (stations 5592 and 5596 on the way there and back, 5592_2
and 5596_2). Higher DOC values were observed and accounted to 887 uM at salinity
6.6. Assuming conservative DOM behavior, our estimates for the DOC in fresh water are
545.5 uM C and 1015.4 uM C in 2015 and 2017, respectively. These results are in a good
agreement with the data reported previously (506-1252 uM C) [26,46,64—68]. The mean
DOC concentrations for the upper and deep waters are consistent with the data given by
Alling et al. [50].

At the transect from the Khatanga River to continental slope, a linear correlation DOC
— salinity was described as DOC = 802.6 — 19.3 x Salinity, R? = 0.97, for salinities varying
from 3.5-31.5 (Figure 8). Considering conservative DOC behavior within the Khatanga
River mixing zone, our evaluation of DOC in the Khatanga River is 802 pM. It is almost
twofold higher compared to the DOC value of 472 uM reported by Wheeler at al. [33]. This
assessment was based on the mean TOC in the Khatanga River and typical for Russian
rivers mean fraction of DOC/TOC = 0.9 [34]. According to the data on annual variation
of DOC in six major Arctic rivers [26], DOC concentration in September can exceed the
mean annual value no more than 10% (Ob and Kolyma rivers). For the Mackenzie, Yenisei,
Yukon, and Lena rivers, the mean annual DOC was found to be even higher than DOC
measured during the period from the end of August to the beginning of October. We,
therefore, assume that the mean annual DOC concentration of 472 uM in the Khatanga
River waters might be underestimated.



Remote Sens. 2021, 13, 1145 14 of 21

Kara Sea ESS: Indigirka - Continental slope
800 - 800 -
700 700
600 600
. y =823.81 - 20.002x
. R2=0.86 500 * s
E_, \“:' .
= S
O 400 o . 400 -
8 400 . . ° 4
a
3001 * ¢
300 - . . .
- . o,
el . © o .
200 - 0 . 200 + o .
o\‘“..' . .
PPy
100 +
100 *
T T : : T T . r . 0 T T T T T T T T T T
16 18 20 22 24 26 28 30 32 34 14 16 18 20 22 24 26 28 30 32 34
Laptev Sea: Lena - Continental slope ESS: Kolyma - Continental slope
1200 -
e Cruise 2015 800
4 Cruise 2017
1000 . 700 -
N y =1015.37 - 28.66x 600 -
g T R2=093
500 o
= °
56001 . o o
Tteall S .
s0f * ° TEe s u 300 .
y=54554-10.36x = L o° oo
2 =0, 2001
R“=0.74 N -0 o ae - .
200 - = o, ®
. 4eg 100
(]
0 T T T T T T 1 0 T T T T T T T T
0 5 10 15 20 25 30 35 16 18 20 22 24 26 28 30 32
Laptev Sea: Khatanga - Continental slope Salinity
800+,
o,
7004 e .
600 - e
. ;x\
= 500 \\\.\" L4 e
J 400 ° .2 e .
Q y =802.55 - 19.34x % e
300 A R?=0.97 NS .
.,
200 S0 VY
. %
1004
0 T T T T T T 1
0 5 10 15 20 25 30 35
Salinity

Figure 8. Distribution of DOC along the salinity gradient in the Kara, Laptev, and East Siberian seas. The data on surface
and subsurface (1 m depth) waters are shown by open circles.

4.2. Nonconservative DOC Behavior in the East Siberian Sea

In the study of Alling et al. [50], nonconservative DOM behavior was revealed in
the East Siberian Sea. It was related to the DOM removal, which explained the net DOC
deficit. The field studies conducted in 2017 have also demonstrated nonconservative DOC
distribution along the salinity gradient in the East Siberian Sea (Figure 8). While in the
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Arctic region, the maximum DOC content is usually a characteristic of low-salinity waters
of the mixing zones affected by river runoff, in this study the regions of the Arctic shelf
remote from the estuaries and deltas showed DOC concentrations that were comparable
with the ones observed at lower salinities. In order to identify the samples with a high
DOC content, which was not caused by newly released terrestrial-derived material, we
plotted DOC against absorption coefficient at 350 nm (Figure 9A). The substantial DOC
concentrations of >300 uM and acpom(350) < 2 m~! were found at the farthest from the
coast stations of the Indigirka section (5605-5607) as well as in the upper 15 m water
layer throughout the entire Kolyma section (stations 5613, 5615 and 5617). The possible
mechanisms of formation of high salinity waters exhibiting high DOC concentration is an
autochthonous DOM production, which is one of the major DOM sources to the marine
environment with limited continental influence [69,70]. This assumption is supported by
the increase in the above areas the spectral slope S;75_295 (Figure 7). A similar increase
in the DOC content, accompanied by an increase in absorption in the short-wavelength
spectral range, was observed in the region of the continental slope in the Khatanga section
(station 5634).
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Figure 9. (A)—DOC against absorption coefficient at 350 nm for the studied samples; (B)—spectral slope ratio plotted against
the absorption coefficient at 375 nm; (C)—acpom(350) against salinity for the individual mixing zones; (D)—acponm(440)

plotted against acpom(350).

4.3. CDOM Sources

A criterion suggested by Helms et al. [37] for identifying the sources of CDOM shows
that the dominant contribution of terrigenous OM (Sr < 1) is a characteristic of the mixing
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zones of the Khatanga and Lena rivers (salinities 3.5-21.5) (Figure 9B). Sk values varied
between 0.91 and 1. For comparison, Sk values for river water samples were reported
to vary between seasons and estimated by Stedmon et al. [26] as 0.82-0.92 (Kolyma),
0.81-0.89 (Lena), 0.83-0.92 (Ob), and 0.79-0.93 (Yenisei). CDOM of the Indigirka transect
was of mixed autochthonous-allochthonous character, while the stations east of 160° E
(Kolyma section) are distinguished by the presence of autochthonous CDOM in seawater.
This is consistent with the results, published by Semiletov et al. [71], demonstrating that
a significant component of freshwater from Siberian river inflows into the coastal East
Siberian Sea, extending to approximately 160° E, where the long-term average position of
the Pacific frontal zone is located.

The predominance of autochthonous CDOM was also demonstrated in the area of the
Novaya Zemlya Trough, in the Blagopoluchiya Bay, and the northern part of the Khatanga
transect. Expectedly, the decrease of the influence of the Lena, Khatanga, Indigirka, and
Kolyma river runoff farther seaward along the studied transects was accompanied by an
increase of salinity, Sy75-295 and Sg, while the water temperature, CDOM absorption at 350
and 375 nm, and SUVA decreased. At the northern stations of the Khatanga and Kolyma
sections, however, an increase of acpom(375) was observed and very likely was associated
with the recently produced DOM [59].

4.4. CDOM Absorption at 350 nm and 440 nm

The absorption coefficient acpom(350) was repeatedly used earlier as a quantitative
measure for CDOM concentrations, see for example [58], due to its ability to estimate
lignin concentrations and inputs of terrestrial DOM to the Arctic Ocean [26,72]. While
no correlation between DOC and salinity was found in the case of mixing zones of the
Kolyma and Indigirka rivers, acpom(350) plotted against salinity (Figure 9C) showed good
correlations described separately for each studied water area in Table 3. We suggest that
Indigirka and Kolyma river waters were characterized by similar acpopm(350) values of
~6.2m ™. This is about twofold smaller compared to the Khatanga, Lena, and Ob/ Yenisei
rivers (~12.3 m~!). The obtained results are consistent with data on the Ob, Lena, and
Kolyma rivers during mid-flow [58]. Lower acpom(350) values in the Kolyma River were
explained by lower vascular plant inputs during freshet and its more extensive microbial
degradation in the Kolyma watershed.

Table 3. Coefficients a and b of the acpom(350) = a +b x Salinity regression line and corresponding
coefficients of determination obtained for the Kara, Laptev, and East Siberian seas during August—
September 2017.

A B R?

Kara Sea 129 + 0.6 —0.365 + 0.019 0.93
Lena 123 +£0.5 —0.352 + 0.017 0.96
Khatanga 11.8 £ 04 —0.327 + 0.013 0.94
Indigirka 62403 —0.170 + 0.011 0.87
Kolyma 6.1+07 —0.188 + 0.026 0.77

Another important optical characteristic of seawater is a CDOM absorption coefficient
at 440 nm acpom(440). CDOM represents an essential constituent affecting ocean color.
Thus, in the Arctic Ocean, the contribution of acpop(443) to the total non-water absorption
can reach ~50% [73]. It was shown that systematic differences in chlorophyll retrievals
resulting from different ocean color models are related to each model’s ability to account
for the absorption of light by CDOM [14]. In the present study, most of the acponm(440)
data showed a good negative correlation with salinity, similar to the ones reported for
the acpom(350) absorption coefficients (Figure 9C). Some of the water samples, however,
were failed to be described by the linear dependence on salinity due to high absorption
coefficients acpom(440); they were taken in the Blagopoluchiya Bay, at the station 5586
in the Kara Sea and northern parts of the Khatanga (stations 5633 surface waters, 5590_2
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24 m, and 5634 surface waters and 18 m) and Kolyma (5612) transects. In the acpom(350)
against acpom(440) plot (Figure 9D), such data points are grouped separately, they are
characterized by acpom(350) below 4 m~! and higher acpom(440) values. This group of
points that are aligned on a regression line characterized by different slopes represents a
group of CDOM absorption spectra characterized by a shallower slope coefficient. The
increase of acpom(440) may be caused by autochthonous CDOM. Thus, in the study of the
South Brazilian Bight, a strong correlation between Chl-a and acpop(440) was revealed
and described with a regression line lying close to the one observed for the global pelagic
oceans reported by Bricaud et al. [74]. The CDOM—Chl-a correlation allowed suggesting
the presence of an autochthonous source of CDOM to the region driven mostly by the
phytoplankton community over the shelf domain [75]. Our assumption is also supported
by the study of phytoplankton of the Khatanga transect [76]. It was found that the area
of the continental slope in the western Laptev Sea represents a specific local biotope.
Phytoplankton in the area of the continental slope was characterized by high abundance
and biomass, dominance of diatoms, and the formation of the deep maximum formed
by actively growing algae. At the station 5633, maximum of phytoplankton biomass was
observed in surface waters, while at station 5635 (about 40 km north from 5634), it was
found at 45 m depth.

Obtained results on CDOM absorption can be valuable in remote sensing and mod-
eling issues. For example, calculated from satellite data, CDOM absorption coefficients
may be used as an effective indicator of the Kara Sea surface desalinated layer distribution
and dynamics [31]. As the values of light absorption in this layer are significantly higher
than in surrounding seawaters [56,77], its characteristics must be taken into account in heat
budget models.

5. Conclusions

The complex field studies, conducted in fall 2015 and 2017, covered a large area of
the eastern Arctic shelf of the Kara, Laptev and East Siberian seas. Analysis of DOC con-
centration and CDOM optical properties, supported by CTD data, allowed us to consider
DOM distribution and its quality in the mixing zones of the Ob/ Yenisei, Khatanga, Lena,
Indigirka, and Kolyma rivers. It was demonstrated that the Kara and Laptev mixing zones
were characterized by conservative DOC and acpom(350) behavior, while the East Siberian
sea waters showed nonconservative DOC distribution. We provide the first estimates on
DOC content, based on the high-temperature combustion technique, in the Khatanga River
during mid-flow regime, it accounted for 802.6 uM (9.6 mg/L). Assuming conservative
DOM behavior, our estimates for the DOC in fresh water are 545.5 uM C and 1015.4 uM
C in 2015 and 2017, respectively, which is consistent with the results of previous studies.
Despite the individual watershed characteristics of the rivers flowing into the eastern Arctic
shelf seas, variation of the absorption at 350 nm along the salinity gradient was found to
be similar for the Laptev and Kara seas. Absorption of the East Siberian Sea waters was
found to be two-fold smaller, which is explained by lower CDOM content in the Indigirka
and Kolyma rivers, as well as degradation of humic substances supplied by the Lena River
during the transport to the East Siberian Sea through the Dmitry Laptev Strait.

Estuarine and delta regions were characterized by the predominance of terrestrial-
derived DOM supplied by river runoff. The increase of DOC content was observed at the
most distant from the shore stations in the area of the continental slope. It was frequently
accompanied by growth of absorption at short-wave spectral range (S»75-295), Sr, and
acpom(440), which indicates the production of autochthonous DOM by marine biota to be
the dominant CDOM source at those locations. The literature overview also demonstrated
the correlation between high DOC values and the increase of phyto- or zooplankton
populations.

The OLCI ocean color scanners launched in February 2016 (Sentinel-3A) and in April
2018 (Sentinel-3B) should provide satellite data in the next decade. It was shown by
Glukhovets et al. [31] that the standard OLCI algorithm for estimating the CDOM absorp-
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tion coefficient ADG443_NN gives high errors in the Arctic seas. The dataset presented in
this work may be used to improve existing standard and regional [78] algorithms and to
create new ones.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2072-429
2/13/6/1145/s1, Table S1: Sampling dates during the 63rd and 69th cruises of R/V Akademik Mstislav
Keldysh, Table S2: Salinity and DOC concentration of water samples, Table S3: Coefficients a and b of
the DOC = a +b x Salinity regression line and corresponding coefficients of determination obtained
for the Kara Sea waters during August-September periods 1997-2017, Table S4: DOC and optical
characteristics of the Khatanga transect waters (Laptev Sea).
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