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Abstract This work is focused on the seasonal and interannual variability of the freshened surface
layer (FSL) in the Kara Sea during ice-free periods. The majority of annual freshwater runoff inflows to
the Kara Sea during the freshet period in June–July. As a result, a large low-salinity and strongly stratified
FSL is formed in the central Kara Sea at the beginning of the ice-free period. Initially, this layer is fresh
with salinities of less than 15. Then, in August–October, river discharge steadily decreases, the fresh (<15)
and strongly stratified river plume remains limited to the inner part of the FSL adjacent to the Ob and
Yenisei gulfs, which receives reduced freshwater discharge. The area of the fresh plume steadily decreases
with decreasing of river discharge; in October, it remains only within the Ob and Yenisei gulfs. Area
and position of the outer part of the FSL, on the opposite, remain stable until the end of ice-free period.
Salinities in the outer part steadily increase to 20–25, vertical salinity gradients at the boundary with the
subjacent sea decrease, albeit remain prominent. Area and position of the FSL also have low interannual
variability, because the volume of river runoff during freshet period in June–July is stable on interannual
time scale. As a result, downward freshwater transport and the formation of the seasonal halocline occur
in August–October at the stable area located in the central Kara Sea.
Plain Language Summary

The Arctic Ocean receives enormous continental runoff, as
compared to the other oceans. This freshwater discharge forms large freshened water masses on the
Arctic shelf that plays a crucial role in variability of ice cover and regional albedo. These water masses
significantly affect physical, biological, and geochemical processes in the Arctic, especially, in coastal
and shelf areas where impact of freshwater discharge is the strongest. The Kara Sea contains the largest
amount of freshwater among the basins of the Arctic Ocean. It receives approximately a quarter of the
Arctic freshwater runoff from the Ob and Yenisei rivers. In this study, we address the fate of freshwater
discharge in the Kara Sea during ice-free periods. We reveal that this process consists of two subsequent
stages, namely, horizontal advection and vertical mixing. Initially, the thin and low-salinity surface layer
quickly spreads over wide area in the Kara Sea during flooding river discharge in June–July. Then river
discharge drops, expanding of this layer slows down, and it steadily mixes with subjacent sea. As a result,
downward freshwater transport and formation of seasonal halocline occurs in August–October at the
stable area located in the central Kara Sea.

1. Introduction
The Kara Sea is a semi-enclosed sea located between the Siberian coast in the south, Novaya Zemlya in the
west, and Severnaya Zemlya in the east (Figure 1). The water depth is less than 50 m at more than 40% of
the Kara Sea; shallow areas are located mainly in the central and south-eastern parts of the sea. This sea
receives enormous freshwater discharge (∼1,500 km3 annually) mainly from two large estuaries, namely,
the Yenisei Gulf (630 km3 from the Yenisei River) and the Gulf of Ob (530 km3 from the Ob, Pur, and Taz
rivers; Gordeev et al., 1996; Pavlov et al., 1996). Continental discharge to the Kara Sea has very large seasonal variability with a short freshet period in June–July that provides ∼50% of annual runoff and a long low
discharge period in October–April caused by freezing of the inflowing rivers (Pavlov et al., 1996; Figure 1).
© 2020. American Geophysical Union.
All Rights Reserved.
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Freshwater discharge forms the large freshened surface layer (FSL) in the Kara Sea which is among the
largest freshwater reservoirs in the Arctic Ocean (Aagaard & Carmack, 1989; Haine et al., 2015; Williams
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Figure 1. Study area, location of gauge stations at the Ob, and Yenisei rivers in Salekhard and Igarka (black circles), and mean annual hydrographs of the Ob
(with Pur and Taz) and Yenisei rivers. The black box indicates the area shown in Figures 2, 5, 8, and 9.

& Carmack, 2015) and governs many local physical, biological, and geochemical processes (Asadulin et al.,
2013, 2015; Dubinina et al., 2017a, 2017b; Galimov et al., 2006; Gebhardt et al., 2004; Kohler et al., 2003;
Levitan et al., 2005; Makkaveev et al., 2015; Miroshnikov, 2013; Mosharov et al., 2018a, 2018b; Osadchiev
et al., 2017, 2020; Polukhin, 2019; Romanova & Boltenkova, 2020; Unger et al., 2005). Many previous studies addressed water masses, inflow of warmer water from the Barents Sea, and circulation in the Kara Sea
(Dmitrenko et al., 2015; Harms & Karcher, 1999, 2005; McClimans et al., 2000; Morozov et al., 2003, 2008;
Osadchiev et al., 2020b; Panteleev et al., 2007; Pavov & Pfirman, 1995; Zatsepin, et al., 2010a). However, only
limited studies were focused on the structure of FSL in the Kara Sea and they were based on in situ data collected during individual field works conducted in September (Johnson et al., 1997; Osadchiev et al., 2017;
Zatsepin et al., 2010b, 2015; Zavialov et al., 2015). As a result, the seasonal and interannual variability of
spatial extent and vertical structure of FSL during the majority of the year remains largely unknown.
The process of transformation of freshwater discharge as a result of its interaction with saline sea water
can be considered and analyzed on different spatial and temporal scales. Initially, river discharge enters
the shelf sea from a river mouth and forms a submesoscale (with spatial extents ∼1–10 km) or mesoscale
(with spatial extents ∼10–100 km) water mass commonly referred to as a river plume. Salinity within a
plume is significantly lower than that of surrounding sea water (Horner-Devine et al., 2015; Osadchiev &
Zavialov, 2019). Structure and dynamical characteristics within a river plume are strongly inhomogeneous.
In particular, salinity and velocity fields in the vicinity of a freshwater source are significantly different as
compared to the outer parts of a plume (Fong & Geyer, 2002; Horver-Devine et al., 2015; Osadchiev, 2018;
Osadchiev et al., 2016; Osadchiev & Sedakov, 2019). A river plume is spreading and mixing with ambient saline sea water, which results in the transformation of a plume, but also influences the hydrological structure
of the ambient sea. Strength and extent of this influence mainly depend on the volume of freshwater discharge and varies from negligible impact of small plumes formed by rivers with low discharge rates (Korotkina et al., 2011, 2014; Osadchiev, 2015; Osadchiev et al., 2020d; Ostrander et al., 2008; Romero et al., 2016)
to the formation of stable freshened water masses in the upper ocean by the world's largest rivers on wide
coastal and shelf areas (Denamiel et al., 2013; Geyer et al., 1996; Lentz, 1995; Schiller et al., 2011) as is the
OSADCHIEV ET AL.
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case of the Ob-Yenisei plume in the Kara Sea (Osadchiev, 2017; Osadchiev et al., 2020a). The latter water
masses with spatial extents on the order of hundreds of kilometers are commonly referred to as regions of
freshwater influence (ROFI). These water masses are characterized by rather homogenous structure, significantly greater spatial scales, and lower temporal variability, as compared to river plumes. Thus, we divide
the continuous process of transformation of freshwater discharge into two stages, namely, transformation
on diurnal (approximately several hours) to synoptic (approximately several weeks) time scales within river plumes and transformation on seasonal (approximately several months) to annual time scales within
ROFI's (for rivers which are large enough to form ROFI's; Osadchiev & Zavialov, 2019).
This study continues our previous research of river plumes and ROFI's in the Kara Sea focused on the structure of the Ob-Yenisei plume (Osadchiev et al., 2020a), interaction between the Ob- and Yenisei-dominated
parts of the Ob-Yenisei plume (Osadchiev et al., 2017, 2019), and spreading of the Kara ROFI to the Laptev
Sea through the Vilkitsky Strait (Osadchiev et al., 2020b). In the current study, we focus on the formation
and transformation of large-scale FSL in the Kara Sea. We report in situ measurements performed in the
Kara Sea during 11 field surveys conducted from July to October in different years. Based on these data and
satellite observations of the Kara Sea, we study the fate of freshwater discharge in the Kara Sea during icefree periods. The paper is organized as follows. Section 2 provides detailed information about the in situ,
satellite, river discharge, and atmospheric reanalysis data used in this study. Section 3 describes external
forcing conditions in the study area during ice-free season, as well as the vertical structure and spatial extents of FSL in the Kara Sea based on in situ and satellite data. Seasonal transformation of FSL including
interaction between the Ob-Yenisei plume and the Kara ROFI, as well as interannual variability of this
process are analyzed and discussed in Section 4 followed by the conclusions in Section 5.

2. Data
Hydrographic in situ data used in this study were collected during 11 oceanographic surveys in the Kara
Sea onboard the research vessels “Akademik Mstislav Keldysh” and “Professor Shtokman” in 2007, 2011,
and 2013–2019 (Table 1). The field surveys included continuous measurements of salinity in the sea surface
layer (2–3-m depth) performed along the ship track (Figure 2, lines) using a ship board pump-through system equipped with a thermosalinograph (SBE 21 SeaCAT). In 2007, 2011, 2014, and 2016, the vertical thermohaline structure was measured at hydrographic stations along two quasi-meridional transects, namely,
from the northern part of the Gulf of Ob to the latitude of ∼76.5°N (hereafter, referred as the Ob transect)
Table 1
Periods, Research Vessels, Areas, and Types of In situ Measurements of Oceanographic Surveys
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Periods

Research vessel

Type of in situ measurements

September 2007

Akademik Mstislav Keldysh

Continuous measurements and hydrographic stations at
the Ob transect (23–30 September)

September 2011

Akademik Mstislav Keldysh

Continuous measurements and hydrographic stations at
the Yenisei transect (18–23 September)

September 2013

Professor Shtokman

Continuous measurements

August 2014

Professor Shtokman

Continuous measurements and hydrographic stations at
the Yenisei (17–28 August) and Ob (22–23 August)
transects

September–October 2015

Akademik Mstislav Keldysh

Continuous measurements

July 2016

Akademik Mstislav Keldysh

Continuous measurements and hydrographic stations at
the Yenisei (18–21 July) and Ob (24–25 July) transects

September 2017

Akademik Mstislav Keldysh

Continuous measurements

August–September 2018

Akademik Mstislav Keldysh

Continuous measurements

September–October 2018

Akademik Mstislav Keldysh

Continuous measurements

July 2019

Akademik Mstislav Keldysh

Continuous measurements

September–October 2019

Akademik Mstislav Keldysh

Continuous measurements
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Figure 2. Continuous measurements along the ship tracks (black lines) of 11 oceanographic field surveys conducted
in the Kara Sea and location of hydrographic stations conducted in September 2007 (green circles), August 2014 (yellow
circles), and July 2016 (red circles).

and from the northern part of the Yenisei Gulf to the latitude of ∼76°N (hereafter, referred as the Yenisei
transect; Figure 2, circles). Vertical thermohaline structure was measured using a CTD instrument (SBE
911plus) at 0.2-m spatial resolution. This CTD profiler was equipped with two parallel temperature and
conductivity sensors; the mean temperature differences between them did not exceed 0.01°C, while that of
salinity was not greater than 0.01 PSU.
Wind forcing conditions were examined using ERA5 atmospheric reanalysis with a 0.25° spatial and hourly temporal resolution. Discharge data used in this study were obtained at the downstream-most gauge
stations at the Ob and Yenisei rivers in Salekhard and Igarka (Figure 1). Satellite data used in this study
include Terra/Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) satellite imagery. MODIS
L1b calibrated radiances including MODIS bands 1 (red), 3 (blue), 4 (green), and daytime 31 (thermal) were
processes by ESA BEAM software to retrieve maps of sea surface distributions of corrected reflectance, concentration of chlorophyll-a (Chl-a), and brightness temperature at the study area with spatial resolutions
of 500 m, 500 m, and 1 km, respectively. Chl-a distributions were calculated using the Ocean Color 3M
algorithm (O'Reilly et al., 1998; Werdell & Bailey, 2005).

3. Results
3.1. Atmospheric Forcing, River Discharge, and Ice Conditions
Freshwater balance in the semi-enclosed Kara Sea is governed by river discharge and ice melt. Precipitation
and evaporation play insignificant roles in freshwater balance in the Kara Sea, as well as in the Arctic Ocean
in general due to the large sea ice cover and low air temperatures (Lambert et al., 2019). Daily averaged air
OSADCHIEV ET AL.
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Figure 3. Discharge rates of the Ob (blue lines) and Yenisei (red lines) rivers in May–October measured at the gauge stations in Salekhard and Igarka during
the years of oceanographic field surveys in the Kara Sea in 2007, 2011, and 2013–2019. Top panel shows discharge rates during all considered years and bottom
panels show discharge rates during individual years.
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temperatures in the central Kara Sea are <5°C during the whole year including the summer period (Pavlov
et al., 1996). Annual precipitation in the central Kara Sea is 250–400 mm, with the majority provided during
the cold ice-covered season (Pavlov et al., 1996).
The Kara Sea is frozen during the majority of the year. The southern part of the sea adjacent to the Ob and
Yenisei gulfs is covered by landfast ice (∼2-m thick) from November to the end of July (Pavlov et al., 1996;
Pavlov & Pfirman, 1995). However, during certain years intense ice melt occurs several weeks earlier, that is,
at the end of June and beginning of July. In particular, sea ice was already almost absent in the study area on
July 15 in 2007, July 12 in 2011, July 7 in 2015, July 12 in 2016, July 9 in 2019. The summer freshet discharge
of relatively warm water from the Ob and Yenisei gulfs accelerates break-up of the landfast ice and transport
of ice floes to the northern Kara Sea. The analysis of isotope characteristics of FSL in the Kara Sea revealed
that its volume is composed of river water directly mixed with saline sea water (Dubinina et al., 2017a,
2017b). As a result, during late summer and autumn, large river discharge determines the freshwater balance in the central Kara Sea, while the contribution of sea ice melt to FSL is negligible.
Figure 3 shows hydrographs, that is, daily discharge rates, of the Ob and Yenisei rivers during ice-free periods of the years of oceanographic field surveys in the Kara Sea. Discharge conditions during these years
show large seasonal and low interannual variability. Yenisei River discharge is characterized by a distinct
freshet in May–June (up to 100,000–120,000 m3/s) followed by steady decrease of discharge in July–September (10,000–20,000 m3/s) and a low discharge period in October–May (5,000–10,000 m3/s; Figure 3).
Seasonal variability of the Ob River discharge is flattened by dams located at the river and its large tributaries. As a result, the Ob River has less prominent high discharge from May/June to August/September
(20,000–40,000 m3/s) and a low discharge period from October to April/May (5,000–10,000 m3/s; Figure 3).
In this study, we analyze the seasonal variability of the vertical structure of FSL in the Kara Sea using in situ
measurements performed in July, August, and September. However, these measurements were conducted
during different years, namely, in July 2014, August 2014, September 2007, and September 2011. Therefore,
these measurements are indicative of seasonal variability of FSL only in case of similar external forcing conditions during these years, which causes low interannual variability of FSL among these years. The main
external conditions that govern formation, spreading, and mixing of FSL are, first, freshwater discharge
from the Ob and Yenisei gulfs and, second, wind forcing in the Kara Sea (Harms & Karcher, 2005; Osadchiev
et al., 2017; Panteleev et al., 2007).
The analyzed river discharge measurements were performed in the downstream-most gauge stations at
the Ob and Yenisei rivers. However, in this study we address the spreading of river discharge, which enters
the Kara Sea from the estuaries of the Ob and Yenisei rivers. Therefore, we have to analyze the timing of
runoff entering the sea and not the timing of runoff entering the large river estuaries. The distances between the Salekhard/Igarka and the mouths of the Ob/Yenisei gulfs are
∼1,000/800 km. Therefore, we shifted the hydrographs measured in Salekhard and Igarka by 48 and 35 days onwards to obtain the hydrographs at
the mouths of the Ob and Yenisei gulfs according to estimates of the flow
speed in the Ob and Yenisei gulfs (0.3 m/s; Dolgopolova, 2015; Harms &
Karcher, 1999; Panteleev et al., 2007) and in the Yenisei River (0.45 m/s;
Semizhon et al., 2010). The resulting total runoff volumes from the Ob
and Yenisei gulfs during May–September in 2007, 2011, 2014, 2016 reveal
that river discharge conditions preceding the periods of field measurements in July 2016, August 2014, September 2007, and September 2011
were similar to long-term mean values (Figure 4). The early discharge
peak, which occurred in the end of June 2011, is likely to cause earlier
formation of FSL; however, total river runoff in May–September 2011
(706 km3) was similar to the long-term average value (688 km3). Therefore, we presume that the structure of FSL returned to typical conditions
at the period of field measurements on 23–30 September 2011.
Figure 4. Total monthly runoff volumes from the Ob and Yenisei
gulfs during May–September in 2007, 2011, 2014, 2016, as well as the
related long-term mean values. The black arrows indicated periods of
oceanographic field surveys in the Kara Sea in July 2016, August 2014,
September 2007, and September 2011.
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Figure 5. Monthly averaged wind forcing (arrows), standard deviation of wind speed (contours), and sea level pressure
(color) in the central Kara Sea in (a) July–September 2007, (b) July–September 2011, (c) July–August 2014, and (d) July
2016, that is, from the beginning of the ice-free season till the periods of oceanographic field surveys.

September 2007, and September 2011 are shown in Figure 5. Northerly winds dominated in the study area
in July and August during these years, with wind speeds of 3–6 m/s during the majority of these periods.
In September 2007 and 2011, this atmospheric circulation pattern changed to southerly and south-westerly
winds, while their average speed remained moderate. Monthly averaged wind speed was 2–3 m/s in August
and September 2007, September 2011, July 2014, and July 2016. In July 2007, July and August 2011, and
August 2014, the average wind speed was 4–5 m/s. As a result, wind forcing conditions in 2007, 2011, 2014,
and 2016 were similar and moderate during the considered periods, standard deviation does not exceed
3 m/s. Therefore, we presume low interannual variability in the formation and spreading of FSL in the Kara
Sea during these years.
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Figure 6. The vertical salinity structure along the Ob transect in the Kara Sea on (a) July 18–21, 2016, (b) August 17–28, 2014, and (c) September 23–30, 2007.
The isohalines of 15 and 25 are shown by bold lines. White circles indicate locations of the maximal values of vertical salinity gradient at the vertical profiles.
Location of the Ob transect is shown in Figure 2 by colored circles.
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3.2. Vertical Structure of FSL
The vertical structure of FSL in the Kara Sea was studied based on vertical temperature and salinity measurements performed at hydrographic stations along the Ob transect in September 2007, August 2014, and
July 2016 and at hydrographic stations along the Yenisei transect in September 2011, August 2014, and July
2016 (Figure 2). These sections cross the central FSL and are representative of its vertical structure. Figures 6–9 show large differences among the vertical thermohaline structure of FSL observed in July, August,
and September.
In July 2016, the FSL was shallow (5–10-m deep) and fresh with salinities of less than 15 (Figures 6a and
8a) and temperatures of 8°–10°C (Figures 7a and 9a). Sharp salinity gradients were formed at the boundary
between FSL and the subjacent sea. Maximal values of vertical salinity gradients were observed at the isohalines of 14–16 from the estuaries reaching as far as 400–500-km north along the transects. Further northward maximal gradients shifted to the isohalines of 24–26 in the northernmost part of FSL. In August 2014,
surface salinities of <15 were observed only until 350 km into the Ob transect. Vertical salinity gradients
at the bottom boundary of FSL relaxed outside the estuaries, while the depth of FSL increased to 13–18 m
as a result of mixing with saline sea water (Figures 6b and 7b). The temperature of FSL reduced to 4°–7°C
(Figures 7b and 9b). Maximal values of vertical salinity gradients shifted from the isohalines of 14–16 within
the estuaries to the isohalines of 20–25 in the central Kara Sea. In September 2007 and September 2011, FSL
was less fresh as a result of mixing under decreased river discharge conditions. The salinities of the majority
of volume of FSL increased to 20–25 (Figures 6c and 8c), while its temperature decreased to 1°–3°C in 2007
(Figure 7c) and 4°–5°C in 2011 (Figure 9c). Surface salinity <15 and temperature >6°C were limited to the
southern parts of the transects within the Ob and Yenisei gulfs (Figures 6c, 7c, 8c, and 9c). The depth of FSL
was also reduced to 5–10 m. Maximal values of vertical salinity gradients were registered at the isohalines of
14–16 in the southern part of the transects and at the isohalines of 24–26 in the central and northern parts
of the transects.
The vertical thermohaline structure of FSL described above shows that the low-salinity water mass constantly occupied the region inside and adjacent to the Ob and Yenisei gulfs. During the peak freshwater discharge in July, this water mass spread over large area in the central Kara Sea. In August–September, it was
reduced to the region adjacent to the estuaries. Therefore, we associate this water mass with the Ob-Yenisei river plume, which represents the transformation of freshwater discharge on synoptic time scales (i.e.,
several weeks). The Ob-Yenisei plume is bounded by a distinct salinity gradient at the isohalines of 14–16,
therefore, we determine its outer boundary by the isohaline of 15. The Ob-Yenisei plume is embedded into
the shelf-wide Kara ROFI, which represents the transformation of freshwater discharge on seasonal time
scales (i.e., several months). The Kara ROFI is not yet well-developed in July shortly after the beginning
of the peak discharge. Then, in August, the Kara ROFI is formed in the northern part of FSL as a result of
mixing between the Ob-Yenisei plume and the subjacent sea. In September, the Ob-Yenisei plume is totally
transformed into the Kara ROFI in the open part of the Kara Sea. The Kara ROFI is bounded by a distinct
salinity gradient at the isohalines of 24–26, therefore, we determine its outer border by the isohaline of 25.
The temperature-salinity diagram of the measurements along the Ob and Yenisei transects demonstrates
the “linear” type of mixing between the warm and fresh river water and cold and saline sea water (Figure 10), that is, the dilution of the Ob-Yenisei plume and the Kara ROFI occurs as a result of entrainment of
subjacent saline water to FSL. Temperature of river water steadily decrease from >15°C in July to 5°–10°C
in September for the Yenisei River and from 6°–15°C in July to 5°–6°C in September for the Ob River.

3.3. Spatial Extents of FSL
In order to assess spatial extents of FSL in the Kara Sea, we analyzed in situ salinity measurements in
the surface layer performed during field surveys referred above (Figures 11 and 12), as well as satellite
observations of the study areas in 2000–2019 (Figure 13). Continuous in situ measurements of salinity in
the surface layer are efficient to detect positions, shapes, and sizes of freshened water masses (Zavialov
et al., 2018). Once the ship crosses the boundary of the Kara ROFI/Ob-Yenisei plume, salinity in the surface
layer decreases below (or increases above) 25/15. Locations of the detected boundary segments provide
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Figure 7. The vertical temperature structure along the Ob transect in the Kara Sea on (a) July 18–21, 2016, (b) August 17–28, 2014, and (c) September 23–30,
2007. The isohalines of 15 and 25 are shown by bold lines. Location of the Ob transect is shown in Figure 2 by colored circles.
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Figure 8. The vertical salinity structure along the Yenisei transect in the Kara Sea on (a) July 24–25, 2016, (b) August 22–23, 2014, and (c) September 18–23,
2011. The isohalines of 15 and 25 are shown by bold lines. White circles indicate locations of the maximal values of vertical salinity gradient at the vertical
profiles. Location of the Yenisei transect is shown in Figure 2 by colored circles.
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Figure 9. The vertical temperature structure along the Yenisei transect in the Kara Sea on (a) July 24–25, 2016, (b) August 22–23, 2014, and (c) September
18–23, 2011. The isohalines of 15 and 25 are shown by bold lines. Location of the Yenisei transect is shown in Figure 2 by colored circles.
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Figure 10. Temperature-salinity diagram including the freezing point temperature (magenta line) and sigma-contours (gray lines) at the hydrographic stations
along the Ob (left) and Yenisei (right) transects in the Kara Sea in July (blue dots), August (green dots), and September (orange dots).

information about positions, shapes, and sizes of the Kara ROFI and the Ob-Yenisei plume. The ship tracks
were distinct among the 11 surveys addressed in this study, which results in some bias of detection of spatial
extents of the Kara ROFI and the Ob-Yenisei plume (Figure 2, black lines and Figure 11). However, their
western, northern, and eastern boundaries were detected during the majority of the surveys. The western
boundary of the Kara ROFI was detected in nine different surveys, the northern and eastern boundaries of
the Kara ROFI were detected in seven different surveys, the western, northern, and eastern boundaries of
the Ob-Yenisei plume were detected in six different surveys (Figure 12). As a result, the obtained data are
representative of seasonal (June–October) and interannual (in September of different years) variability of
spatial extents of the Kara ROFI and the Ob-Yenisei plume.
Based on in situ data, we reveal that the Kara ROFI (determined by the isohaline of 25) occupied relatively
stable area in the central Kara Sea during the periods of 11 field campaigns conducted in 2007–2019 (Figure 12). At the south and east, the Kara ROFI was bounded by the Siberian coast, while its northern and
western boundaries were located in the open sea between Novaya Zemlya and the Taymyr and Yamal peninsulas, respectively. In July (2016 and 2019) and August (2014 and 2018), the northern boundary of the Kara
ROFI was located between the latitudes of 75°N-75.5°N (Figures 12a and 12b), while in September (2007,
2011, and 2015) it shifted northward to the latitudes of 76°N-77°N (Figure 12c). Positions of the eastern
boundary of the Kara ROFI varied along the 150-km segment of the Taymyr Peninsula coast between the
longitudes of 88°E-93°E. Positions of the western boundary of the Kara ROFI varied along the 250-km segment of the Yamal Peninsula coast between the latitudes of 71.5°E-73.5°E, and along the 150-km segment
of the Novaya Zemlya coast between the latitudes of 74°N-75°N. The Ob-Yenisei plume, on the opposite,
showed large variability of its shape and area. In July (2016 and 2019), the plume occupied wide area in the
central Kara Sea. The northern boundary of the plume was located near the northern boundary of the Kara
ROFI (Figure 12a). In August (2014), the northern boundary of the Ob-Yenisei plume shifted southward to
the latitude of 74°N (Figure 12b). In September and October (2007, 2011, 2013, 2017, and 2018) surface salinities below 15 were registered only in the vicinity of and inside the Ob and Yenisei gulfs (Figures 12c and
12d). Thus, the meridional extent of the Ob-Yenisei plume decreased from 150 to 250 km in July–August to
tens of kilometers in the semi-enclosed area between the Ob and Yenisei gulfs in late September–October.
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Figure 11. Salinity in the surface layer in the Kara Sea along the ship tracks during oceanographic field surveys in (a) July, (b) August, (c) September, and (d)
October.

Several previous studies showed that elevated surface temperature and increased concentrations of Chl-a
and CDOM are stable characteristics of FSLs in the Arctic Ocean, which form distinct frontal zones with
cold and low-fluorescent ambient sea water (Fichot et al., 2013; Glukhovets & Goldin, 2014, 2020; Kubryakov et al., 2016; Osadchiev et al., 2020a, 2020b, 2020c). Lewis and Arrigo (2020) demonstrated that standard
algorithms overestimate observed Chl-a concentrations in the shelf water in the Kara Sea that is caused by
high concentrations of CDOM in riverine water. Therefore, satellite Chl-a maps do not correctly reproduce
measured Chl-a concentrations in the study area. However, they do distinguish fresh riverine water (with
high concentrations of both Chl-a and CDOM) from ambient sea water. As a result, they can be used to
correctly determine the spreading area of FSL in the Kara Sea (Glukhovets & Goldin, 2014; Kubryakov
et al., 2016).
The outer boundary of FSL in the Kara Sea was regularly observed in cloud-free images of the study area
acquired in 2000–2019. As a result, the position and size of FSL are distinctly visible at corrected reflectance, brightness temperature, and Chl-a satellite images acquired during days when the whole central Kara
Sea was free of clouds (Figure 13). The dashed lines in Figure 13, which illustrate locations of the outer
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Figure 12. Locations of the isohalines of 15 (dashed lines) and 25 (solid lines) in the Kara Sea detected by continuous measurements along the ship tracks in
(a) July, (b) August, (c) September, and (d) October.

boundary of FSL, correspond to Chl-a gradients in satellite maps, which border high satellite Chl-a concentrations (caused by high concentrations of both Chl-a and CDOM) within FSL. On the other hand, the
Ob-Yenisei plume and the Kara ROFI cannot be accurately distinguished within FSL, because temperature
and Chl-a gradients at their boundary are much smaller, as compared to the periphery of FSL.
Satellite imagery show that FSL in the Kara Sea has similar spreading patterns during different years in
2000–2019 that is consistent with in situ measurements. Seasonal variations of the position of the freshened
layer were observed with satellite imagery during several years with relatively low cloud coverage including
2007, 2008, 2012, 2013, 2016, and 2019. Figure 13 illustrates variations of the position of FSL during the icefree season in 2016, which is the most demonstrative example of this process and is also supported by in situ
measurements. In June–July it occupies large area in the central Kara Sea, albeit its western and northern
boundaries do not reach Novaya Zemlya. Satellite imagery reveals locations of the outer boundary of FSL on
July 15, 2016 (Figure 13a) which is in a very good agreement with in situ salinity measurements performed
on July 18–25, 2016, that is, 3–10 days after the satellite observations (Figure 11a). In August–September,
FSL steadily expands. Its western boundary is located between the Yamal Peninsula and Novaya Zemlya,
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Figure 13. Corrected reflectance (left), brightness temperature (center), and Chl-a (right) from MODIS Terra/Aqua satellite images of the central Kara Sea
acquired on (a) July 15, (b) August 15, (c) September 11, and (d) October 2, 2016. The dashed lines illustrate location of the outer border of FSL. FSL, freshened
surface layer.

while its northern boundary stretches zonally from the north-eastern part of Novaya Zemlya. On August
15, 2016, the outer boundary of FSL shifted northward to the latitude of 75.5°N-76°N (Figure 13b), then on
September 11, 2016 it reached the north-eastern part of Novaya Zemlya (Figure 13c). The eastern boundary
of FSL, generally, is located on a distance of 150–200 km from the Yenisei Gulf during the ice-free season.
However, during certain periods FSL forms a narrow current along the western coast of the Taymyr Peninsula. This current is spreading eastward from the central Kara Sea, in particular, it was observed at satellite
imagery in the middle of September 2011. This narrow alongshore buoyancy current is a typical feature of
river plumes and ROFI's (S. Y. Chao & Boicort, 1986; Fong & Geyer, 2002; Yankovsky & Chapman, 1997),
in particular, its formation in the Kara Sea and propagation to the Laptev Sea was described by Janout
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et al. (2015, 2017) and Osadchiev et al. (2020b). In October, the area of FSL decreases relative to its September extent. On October 2, 2016 its northern boundary shifted southward to the latitude of 75.5°N-76°N
(Figure 13d).

4. Discussion
In situ measurements (Figures 6–12) and satellite observations (Figure 13) during ice-free periods show
significant seasonal variability of the structure of FSL in the Kara Sea, while seasonal and interannual
variability of its area and position is relatively low. This feature is not typical for other large river plumes
(e.g., the Amazon [Lentz, 1995; Molleri et al., 2010], Congo [Y. Chao et al., 2015; Denamiel et al., 2013],
Mississippi [Fournier et al., 2016; Walker, 1996], and Pearl [Dong et al., 2004; Xu et al., 2019] river plumes)
and is caused by the formation of FSL during the relatively short freshet period in June–July. In June, the
central Kara Sea is covered by ice and FSL experiences only low influence of wind forcing. July and August
have the calmest wind forcing conditions throughout the year, in particular, the maximal registered number
of days with strong wind (>15 m/s) in the central Kara Sea amounts to 4 in July and 5 in August, while the
long-term mean values are 2 in July and 3 in August (Pavlov et al., 1996). As a result, in July–August, FSL
occupies the same area in the semi-enclosed central Kara Sea between the Ob and Yenisei gulfs in the south,
Taymyr Peninsula in the east and Novaya Zemlya in the northwest. In September and October, the intensity
of wind forcing significantly increases, however, FSL is deep and large enough to remain relatively stable
in response to wind forcing. As a result, strong and durable winds can induce shift of FSL westward (as was
observed in September 2007), northward (September 2011), or eastward (October 2018), albeit the interannual variability of location of its western and northern boundaries is only 100–150 km.
In order to assess mixing of FSL, we calculated the vertical distribution of the freshwater fraction F = (S0-S)/
S0 along the Ob and Yenisei transects, where S is the observed salinity, and S0 = 32 is the reference ambient
sea water salinity (Figure 3). The choice of the reference salinity was based on typical salinities of ambient
saline sea water at the central Kara Sea (Johnson et al., 1997; Pavlov et al., 1996). F represents the volume
fraction of freshwater in the surface layer that produced the observed salinity after mixing with ambient
saline sea water (Nash et al., 2009). Then, based on the reconstructed distributions of F, we calculated the
s x
local freshwater content L  x    b x F  x, z  dz along the transects, that is, freshwater content in the water
column, where x and z are the horizontal (along a transect) and vertical coordinates, respectively, F (x, z) is
the freshwater fraction at the point (x, z), s(x), and b(x) are the depths of the surface and bottom boundaries
of the considered water mass. We calculated the local freshwater content in the plume (LP), the ROFI (LR),
and the saline subjacent sea (LS) (Figures 14 and 15). The ratio among these values along the transects is
indicative of the local vertical distribution of freshwater among these water masses. Finally, we calculated
1 l
 0 L  x  dx in the plume (TP), the ROFI
the normalized total freshwater content along the transects T
l
(TR), and the saline sea (TS), where l is the length of the transect. These values are indicative of the volumes
of freshwater contained in these water masses.
Figures 14 and 15 illustrate that the vertical distribution of freshwater fraction in the central Kara Sea
is significantly different in July, August, and September. In July, flooding freshwater discharge forms the
fresh and shallow Ob-Yenisei plume that spreads over wide area in the central Kara Sea (Figures 6a and
8a). Strong stratification between the plume and the subjacent sea decreases vertical mixing of the plume.
As a result, the majority of the freshwater volume in the water column is concentrated within the fresh
river plume, while almost no freshwater volume was contained within the ROFI and the ambient sea (Figures 14a and 15a). In July 2016, the local freshwater content in the plume exceeded the local freshwater
content in the ROFI and the ambient sea along the whole spreading area of the plume. Total freshwater
content within the plume (6.5 m) was 1 order of magnitude greater than total freshwater content within the
ROFI (0.7 m) and the ambient sea (0.4 m).
In August and September, the vertical distribution of the freshwater fraction in the study area changes dramatically. Decreasing continental discharge rates to the Kara Sea and mixing of the plume with the ambient
sea results in the formation of the ROFI in August (Figures 6b and 8b). As a result, a large share of the freshwater volume is transferred from the river plume to the ROFI. Freshwater volume in the subjacent sea also
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Figure 14. The local freshwater content (FWC) within the Ob-Yenisei plume (blue), the Kara ROFI (green), the ambient sea (orange) and in the whole water
column (red) along the Ob transect in the Kara Sea on (a) July 18–21, 2016, (b) August 17–28, 2014, and (c) September 23–30, 2007. ROFI, regions of freshwater
influence.

increases, albeit less abruptly. In particular, in August 2014 TP decreased to 5.3 m, while TR and TS increased
to 1.1 and 0.8 m, as compared to July 2016. The local freshwater content in the plume exceeded that of the
ROFI at the southern part of the Ob transect, while the opposite situation was observed in the northern part
of the Ob transect (Figure 14b). In September, dilution of FSL and transfer of the freshwater volume from
the plume to the ROFI and from the ROFI to the subjacent sea accelerates. The plume dissipates in the open
part of the sea (Figures 6c and 8c). As a result, the majority of the freshwater volume is contained within
the ROFI (Figures 14c and 15c). Mixing of the ROFI with the subjacent sea, which also intensifies during
this period, results in an increase of freshwater content below FSL and in the formation of the seasonal
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Figure 15. The local freshwater content (FWC) within the Ob-Yenisei plume (blue), the Kara ROFI (green), the ambient sea (orange), and in the whole water
column (red) along the Yenisei transect in the Kara Sea on (a) July 24–25, 2016, (b) August 22–23, 2014, and (c) September 18–23, 2011. ROFI, regions of
freshwater influence.

halocline. In September 2007 and September 2011, the local freshwater content in the ROFI exceeded the
local freshwater content in the plume and the ambient sea along the transect except its most southernmost
part. TP decreased to 3.5 m, while TR increased to 2.9 m, as compared to August 2014.
Vertical mixing plays the prevailing role in dilution of river plumes and ROFI's (Horner-Devine
et al., 2015; Stacey et al., 2011; Yuan & Horner-Devine, 2013). Based on the reconstructed vertical distribution of freshwater fraction in the central Kara Sea in July 2016, August 2014, September 2007, and
September 2011 we evaluated the vertical freshwater transport in the central Kara Sea during ice-free
periods. The freshwater flux from the plume to the ROFI in July–August is represented by the equation
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is the average vertical
15
eddy diffusivity across the boundary between the plume and the ROFI (defined by the isohaline of 15) during the time period ΔtJA, z15(x) is the vertical coordinate of the isohaline of 15, QO and QY are the volumes of
river discharge from the Ob and Yenisei gulfs during the time period ΔtJA, bO, and bY are the widths of the
Ob and Yenisei gulfs, l is the length of the transect, F (x, z) is the freshwater fraction at the point (x, z). The
left hand side of this equation stands for the difference in freshwater content within the plume between the
measurements in July and August normalized by the time period between these measurements. The right
hand side of this equation stands for the freshwater balance during this period, namely, the inflow of river
water (the first term) and the downward flux from the plume to the ROFI (the second term). Horizontal
advection is neglected in this equation justified by the stable position of FSL and the absence of significant
freshwater sources besides the discharge from the Ob and Yenisei gulfs.
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which is indicative of the intensity of the average freshwater flux across the boundary between the plume
and the ROFI in July–August. Similarly, we evaluate the freshwater flux across the boundary between the
plume and the ROFI in August–September AzAS
= 18.6∙10−5 m2/s, as well as the values for the freshwater flux
15
across the boundary between the ROFI and the subjacent saline sea in July–August AzJA
= 2.9∙10−5 m2/s and
25
−5
2
AS
in August–September Az25 = 3.2∙10 m /s. As a result, we show that the vertical flux of freshwater from FSL
to the subjacent sea does not significantly change in July–September. On the other hand, this flux within
FSL, that is, from the Ob-Yenisei plume to the Kara ROFI, dramatically increases from July to September
caused by mixing of the plume and formation of the ROFI.
In order to quantify the role of horizontal mixing in dilution of the Ob-Yenisei plume and the Kara ROFI,
we calculated average horizontal eddy diffusivity analogously to the corresponding vertical coefficients. The
vertical and horizontal derivatives of the freshwater fraction F have the same order, while the integration
length scales for the vertical (hundreds of kilometers) and horizontal (tens of meters) mixing differs by
4 orders. As a result, the intensity of lateral mixing is 4–5 orders of magnitude less, than the intensity of
vertical mixing.
Wind and tidal forcing are the main mechanisms that induce mixing of river plumes and ROFI's with the
subjacent saline sea water (Hetland, 2005; Horner-Devine et al., 2015; Juritsa et al., 2016). Wind-induced
Ekman transport is the major mixing mechanism of FSL in the Kara Sea because the local tidal circulation
is very weak. Velocities of tidal currents in the study area do not exceed 0.2 m/s, therefore, tidal mixing of
FSL is negligible (Kagan et al., 2011; Osadchiev et al., 2020a). As a result, weak wind forcing in summer in
the central Kara Sea is an important factor for the stability of the Ob-Yenisei plume and its relatively slow
transformation to the Kara ROFI.

5. Conclusions
This work is focused on the FSL in the Kara Sea formed by large continental runoff. Based on in situ measurements, we study its horizontal and vertical structure during ice-free periods. We distinguish two different water masses within FSL, namely, the less saline (0–15) Ob-Yenisei river plume and the more saline
(15–25) Kara ROFI. The Ob-Yenisei river plume is formed in June–July during the short-term flooding
period of the Ob and Yenisei rivers. This plume spreads as a shallow and fresh water mass over a wide area
in the central Kara Sea. Sharp salinity gradients form at the boundary between the plume and the subjacent
saline sea. The zonal extent of the plume observed in the middle of July exceeded 250 km, while its area is
estimated as 100,000–120,000 km2.
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Figure 16. Schematic of transformation of FSL in the Kara Sea during ice-free periods, namely, horizontal advection
of the Ob-Yenisei plume in (a) June–July and (b) formation of the Kara ROFI as a result of vertical mixing in August–
October. FSL, freshened surface layer; ROFI, regions of freshwater influence.

After the end of the flooding period, the salinity of the surface layer decreases, while its depth increases
due to mixing of the plume with subjacent saline sea water under low freshwater discharge conditions.
As a result, in August the plume starts transforming into the more saline Kara ROFI bounded by distinct,
however less sharp salinity gradients. This process occurs at the bottom and lateral boundaries of the plume,
therefore, the northern boundary of the plume shifts southward, while the area of FSL remains stable.
Finally, in late September–October the plume remains limited to the area adjacent to the Ob and Yenisei
estuaries, while in the open part of the Kara Sea it totally transforms into the Kara ROFI. Zonal extent and
area of the plume observed in late September–October were less than 50 km and 20,000 km2, respectively.
The Kara ROFI also mixes with the subjacent sea, which results in the accumulation of freshwater below
FSL in August–September.
We consider the process of transformation of FSL during ice-free periods described above in context of the
fate of freshwater discharge in the Kara Sea. Our results show that this process consists of two subsequent
stages, namely, horizontal advection in summer and vertical mixing in autumn (Figure 16). Low discharge
of the Ob and Yenisei rivers from autumn to spring results in the absence of FSL in the Kara Sea in spring
(Harms & Karcher, 1999; Pavlov et al., 1996). Then a large volume of freshwater enters the Kara Sea during
the period of flooding river discharge in June–July. Large salinity and pressure gradients are formed between the Ob-Yenisei plume and ambient sea due to the absence of residual FSL. It causes intense offshore
spreading of the Ob-Yenisei plume and the formation of the thin and fresh FSL over a wide area in the Kara
Sea (Figure 16a). The intense expanding of FSL slows down in August as a result of decreasing of freshwater
discharge. It occupies relatively stable area in the central Kara Sea and steadily mixes with the subjacent sea
(Figure 16b). As a result, downward freshwater transport and formation of the seasonal halocline occurs in
August–October at the stable area located in the central Kara Sea. Finally, FSL dissipates in winter (Pavlov
et al., 1996).
The Ob and Yenisei rivers have very large seasonal variability of river discharge with low runoff during
the majority of a year followed by short and intense summer floods. Similar annual discharge regimes are
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observed for other rivers that inflow to the Arctic Ocean, for example, the Lena, Kolyma, Mackenzie, Indigirka, etc. Thus, the pattern of formation and dissipation of FSL in the Kara Sea reported in this work can
be the case for other FSLs formed by large rivers in the Arctic Ocean. The related studies are essential for
the assessment of large-scale freshwater transport in the Arctic Ocean which plays a key role in stratification and ice formation, as well as in many physical, biological, and geochemical processes (E. C. Carmack
et al., 2016; Nummelin et al., 2016).
The Kara Sea is low productive as compared to the neighboring Barents Sea due to the influence of the high
river discharge (E. Carmack et al., 2006; Demidov et al., 2014a; Sakshaug, 2004). The formation of large and
stratified FSL in the Kara Sea inhibits vertical water exchange and, therefore, hinders nutrient supply to
the euphotic zone from the nutrient-rich deep waters (Demidov et al., 2014a, 2014b; Mosharov, 2010). The
high turbidity of FSL and small depth of the euphotic zone also negatively affect primary production in the
central Kara Sea (Demidov et al., 2018). As a result, the discharge from the Ob and Yenisei rivers during the
summer freshet period does not induce intense spring algae bloom in the Kara Sea (Mosharov et al., 2018a).
On the opposite, the formation of large and stable FSL in June–July is an important factor explaining the
low productivity of the Kara Sea.
The Arctic Ocean is strongly affected by the ongoing climate change. Total annual river runoff to the Arctic
Ocean (including the discharge to the Kara Sea) significantly increased during the 21st century (Peterson et al., 2002) and is predicted to continue to increase in the 21st century (Haine et al., 2015; Lehner
et al., 2012). Generally, the increase of discharge of the Ob and Yenisei rivers will increase stratification of
FSL in the Kara Sea (Nummelin et al., 2016) and potentially will increase its area. However, changes in the
hydrological regime of these rivers can be even more important than increases of the net freshwater discharge. The observed increase in annual runoff of these rivers during the last decades was formed mainly
by the increase of discharge during the winter-spring period, while discharge during the flooding period
remained almost the same (Polukhin, 2019). Therefore, the existing pattern of formation and dissipation of
FSL in the Kara Sea will change only in case of significant future increase of winter-spring discharge and
flattening of the summer flooding period. On the other hand, in case of future increase of intensity and/
or duration of summer freshet discharge the Ob-Yenisei plume will be more stable and its transformation
to the Kara ROFI will occur later. This process can accelerate ice formation in the central Kara Sea. Earlier ice retreat in the central Kara Sea which is also forecasted in the near future will result in increased
wind-induced mixing of FSL and will support earlier formation of the Kara ROFI. Therefore, the processes
discussed above are characterized by complex relations and feedbacks and require specific numerical modeling studies.
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