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Structure and Inter-Annual Variability of the Freshened Surface Layer in the Laptev and East-Siberian Seas During Ice-Free Periods
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This work is focused on the structure and inter-annual variability of the freshened surface layer (FSL) in the Laptev and East-Siberian seas during ice-free periods. This layer is formed mainly by deltaic rivers among which the Lena River contributes about two thirds of the inflowing freshwater volume. Based on in situ measurements, we show that the area of this FSL during certain years is much greater than the area of FSL in the neighboring Kara Sea, while the total annual freshwater discharge to the Laptev and East-Siberian seas is 1.5 times less than to the Kara Sea (mainly from the estuaries of the Ob and Yenisei rivers). This feature is caused by differences in morphology of the estuaries and deltas. Shallow and narrow channels of the Lena Delta are limitedly affected by sea water. As a result, undiluted Lena discharge inflows to sea from multiple channels and forms relatively shallow plume, as compared to the Ob-Yenisei plume, which mixes with subjacent saline sea water in deep and wide estuaries. Due to small vertical extents of FSL in the Laptev and East-Siberian seas, wind conditions strongly affect its spreading and determine its significant inter-annual variability, as compared to relatively stable FSL in the Kara Sea. During years with prevailing western and northern winds, FSL is localized in the southern parts of the Laptev and East-Siberian seas due to southward Ekman transport, meridional extent (<250 km) and area (∼250,000 km2) of FSL are relatively small. During years with strong eastern winds FSL spreads northward over large area (up to 500,000 km2), its meridional extent increases up to 500–700 km. At the same time, area and position of FSL do not show any dependence on significant variability of the annual river discharge volume and ice coverage during warm season.
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INTRODUCTION

The shallow Laptev and East-Siberian seas are located in the Eastern Arctic and comprise approximately a quarter of the Arctic shelf (Figure 1). These seas receive large river discharge that forms sea-wide freshened surface layer (FSL). This FSL is the largest freshened surface layer in the World Ocean in terms of area (Kang et al., 2013) and is among the largest freshwater reservoirs in the Arctic Ocean in terms of volume (Haine et al., 2015; Williams and Carmack, 2015). As a result, knowledge about structure and variability of this FSL is essential for assessment of large-scale freshwater transport in the Arctic Ocean, which plays a key role in stratification and ice formation (Polyakov et al., 2013; Carmack et al., 2015, 2016). Spreading and transformation of freshwater discharge in the Arctic Ocean also affects many physical, biological, and geochemical processes in the Eastern Arctic, including water circulation, transport of dissolved and suspended sediments, primary productivity, anthropogenic pollution, acidification, and deposit of terrigenous material (Li et al., 2009; Yamamoto-Kawai et al., 2009; McLaughlin and Carmack, 2010; Semiletov et al., 2011, 2012, 2016; Tremblay et al., 2011; Dudarev et al., 2015; Nummelin et al., 2016; Dubinina et al., 2019a,b; Pogojeva et al., 2021; Yakushev et al., 2021).
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FIGURE 1. Study area; main rivers inflowing to the Laptev and East-Siberian seas (blue lines); locations of hydrographic stations (black dots) and stations were vertical thermohaline measurements were organized in zonal and meridional transects (color dots); location of the gauge station at the Lena River (red star). The inset shows location of the study area at the World map.


Generally, river discharge and wind forcing control structure, dynamics, and variability of river plumes (Garvine, 1987; O’Donnell, 1990; Whitney and Garvine, 2005), including those formed by large rivers (Grodsky et al., 2014; Vic et al., 2014; Fournier et al., 2017; Osadchiev, 2017). However, various regional features, such as coastline configuration, river mouth morphology, bathymetry, interaction between neighboring river plumes, sea ice, among others, strongly affect river plumes, which results in significant variety of spreading and mixing patterns of river plumes in the World Ocean (Horner-Devine et al., 2015). This fact supports necessity of regional field studies of river plumes in different climatic and oceanographic conditions.

General spreading pattern of FSL in the Laptev and East-Siberian seas was described in previous works. Berezovskaya et al. (2002); Dmitrenko et al. (2005)Dmitrenko et al. (2008), and Janout et al. (2020) showed that atmospheric vorticity in the study area controls variability of spreading of FSL on inter-annual and quasi-decadal timescales. Fofonova et al. (2015) demonstrated that even moderate wind forcing (>6 m/s) strongly affects dynamics of the Lena plume, while tides play secondary role in plume dynamics. Osadchiev et al. (2020b) revealed that intensity of freshwater transport from the Laptev Sea to the East-Siberian Sea during ice-free periods is governed by eastward Ekman transport at the southeastern Laptev Sea and is prone to large synoptic variability.

However, in these studies, limited attention was paid to vertical structure of FSL in the Laptev and East-Siberian seas, including its seasonal and inter-annual variability. The processes of initial mixing between freshwater and seawater near river deltas and formation of FSL also remain largely unstudied. The objective of this study is to make progress at these aspects using extensive in situ data set collected at this remote region with hard climatic conditions and short ice-free season. This study continues our previous research of river plumes and FSL’s in the Eastern Arctic focused, first, on regional processes and specific river plumes (Ob, Yenisei, Khatanga, Lena, Indigirka, and Kolyma) (Osadchiev, 2017; Osadchiev et al., 2017, 2019, 2020a,c, 2021b; Spivak et al., 2021) and, second, on large-scale freshwater transport in the Eastern Arctic (Osadchiev et al., 2020b, 2021a).

In this study, we analyze continuous surface measurements and surface measurements at hydrographic stations performed during 17 field surveys in 1999–2019 (Table 1). Also, we describe in detail vertical structure of FSL during ice-free season obtained from in situ measurements at hydrographic stations along the zonal and meridional transects across this layer performed in 2007, 2008, 2011, 2016, and 2019 (Figure 1, colored circles). In order to reveal dependences between the position and vertical structure of FSL and the external forcing conditions, we analyze freshwater discharge from the Lena Delta, wind forcing, and ice conditions in Laptev and East-Siberian seas during summer and autumn.


TABLE 1. Periods, research vessels, areas of field work, and types of in situ measurements of oceanographic surveys.
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The main strength of this study consists in analysis of very extensive in situ dataset for studying FSL. Satellite products can potentially support determination of spatial extents and internal structure of FSL, however, satellite data is useful only if it is validated against in situ data. Despite certain progress in deriving sea surface salinity from satellite measurements in the Arctic Ocean, these products demonstrate proper accuracy only for high salinity values (>28–30), while there is no evidence that they operate well at salinities <25, which are typical for FSL (Matsuoka et al., 2016; Olmedo et al., 2018; Tang et al., 2018; Supply et al., 2020). In particular, satellite-derived sea surface salinity at the study area analyzed recently by Tarasenko et al. (2021) was not properly validated against in situ salinity data for low-saline shelf areas. As a result, the presented satellite-derived salinity distributions did not reproduce sharp salinity gradients typical for the outer border of FSL. The area of FSL was overestimated due to artifacts of satellite-derived salinity, and the resulting temporal variability of FSL is speculative. The latter demonstrates crucial importance of in situ salinity measurements for study FSL’s in the Arctic Ocean.

The paper is organized as follows. Section “Study Area, Data, and Methods” provides general information about the study region and describes the extensive in situ data set analyzed in this work, as well as atmospheric reanalysis, river discharge, and satellite-derived ice coverage data. The relation between atmospheric forcing, river discharge, and ice conditions, on the one hand, and the spatial extents and vertical structure of FSL in the Laptev and East-Siberian seas, on the other hand, is analyzed in section “Results.” Influence of morphology of freshwater sources, i.e., river deltas, as well as external forcing conditions on structure, dynamics, and variability of FSL are discussed in section “Discussion.” The conclusions are presented in section “Conclusion.”



STUDY AREA, DATA, AND METHODS


Study Area

The Laptev and East-Siberian seas are marginal and shallow seas in the Eastern Arctic Ocean (Figure 1). The Laptev Sea is located between the Siberian coast in the south, the Taymyr Peninsula and Severnaya Zemlya Archipelago in the west, and the New Siberian Islands in the east. The East-Siberian Sea is located between the Siberian coast in the south, the New Siberian Islands in the west, and the Wrangel Island in the east. Approximately half of the Laptev Sea and almost the whole area of the East-Siberian Sea rest on the continental shelf. The majority of this shelf area is shallower than 50 m. The shelf break is located 100–200 km far from the continental shore in the western part of the Laptev Sea. The shelf width increases to 700–1,000 km in the eastern part of the Laptev Sea and in the East-Siberian Sea.

The Laptev and East-Siberian seas receive 750–820 and 200–250 km3 of river discharge annually, respectively. The majority of these volumes is provided by discharges from large deltaic rivers, namely, the Lena (590 km3), Olenyok (36 km3), and Yana (36 km3) rivers in the Laptev Sea and the Kolyma (136 km3) and Indigirka (61 km3) rivers in the East-Siberian Sea (Gordeev et al., 1996; Pavlov et al., 1996). The Khatanga River (105 km3) is the only large estuarine river in this region, which inflows to the southwestern Laptev Sea (Osadchiev et al., 2020a). Approximately 90% of annual river runoff inflows to the Laptev and East-Siberian seas in June – October and forms large FSL in these seas (Polyakov et al., 2003; Semiletov et al., 2005).

The Laptev and East-Siberian seas are covered by ice during the majority of year. Melting out of sea ice at the southern parts of the Laptev and East-Siberian seas along the Siberian coast occurs in June–July. Ice cover in the offshore parts of these seas shows significant inter-annual variability. According to satellite sea ice products, during certain years (e.g., 2013, 2014, and 2018) the southern boundary of ice cover was located less than 200–300 km far from the Siberian coast in the middle of September. The opposite situation was observed in 2012, 2017, and 2019, when almost the whole area of the Laptev and East-Siberian seas was free of ice in August–October. Ice formation starts in the end of October and from the middle of November these seas are covered by ice.

General water circulation at the shallow shelf areas in the Laptev and East-Siberian seas is wind-driven (Pavlov et al., 1996; Berezovskaya et al., 2002; Dmitrenko et al., 2005, 2008; Fofonova et al., 2015) with important role of barotropic wind-induced upwelling events (Dmitrenko et al., 2001; Osadchiev et al., 2020c). In absence of strong wind forcing, the Coriolis force and large salinity gradient between FSL and ambient shelf water induce eastward baroclinic flow along the coast, which induces large-scale freshwater transport from the Laptev Sea to the East-Siberian Sea and further to the Chukchi Sea (Munchow et al., 1999; Weingartner et al., 1999; Carmack et al., 2015; Osadchiev et al., 2020b). A large part of FSL is also transported northward across the shelf break to the central part of the Arctic Ocean as a part of the Transpolar Drift current (Ekwurzel et al., 2001; Guay et al., 2001; Schlosser et al., 2002; Charette et al., 2020). Tidal circulation in the Laptev and East-Siberian seas is governed by semidiurnal tides (Kowalik and Proshutinsky, 1994; Kagan et al., 2008, 2010). Tidal-induced mixing affects FSL to a certain extent (Fofonova et al., 2015). However, it is less intense at the inner shelf (Padman and Erofeeva, 2004; Janout and Lenn, 2014) and during the ice-free period (Dmitrenko et al., 2012), except the southwestern part of the Laptev Sea, which receives discharge from the Khatanga River (Osadchiev et al., 2020a).

In this study, we consider two types of water masses with different thermohaline and dynamical properties, which compose FSL in the Laptev and East-Siberian seas. We distinguish a number of mesoscale river plumes (Lena plume, Kolyma plume, Khatanga plume, etc.) and one joint region of freshwater influence (Laptev/East-Siberian ROFI) (Osadchiev and Zavialov, 2019; Osadchiev et al., 2021a). River plumes are low-saline water masses with spatial extents ∼10–100 km, which are adjacent to river deltas and estuaries. River plumes represent initial transformation of freshwater discharge in the sea, i.e., residence time of river water within a river plume is less than several weeks. As a result, structure and dynamics of a river plume have quick response to variability of river discharge rate. The Laptev/East-Siberian ROFI, on the opposite, is a relatively stable water mass with spatial extents ∼1000 km. Residence time of river water within the ROFI is large, therefore the ROFI shows variability on seasonal and inter-annual temporal scales. The Lena plume and the plumes formed by smaller rivers on the study area are embedded into the Laptev/East-Siberian ROFI. River plumes together with the ROFI compose FSL in the Laptev and East-Siberian seas. Analogously to the Kara Sea, we determine river plumes as water areas with salinities <15 and the Laptev/East-Siberian ROFI as the area with salinities between 15 and 25 (Osadchiev et al., 2021a).



Data and Methods

In this work, we analyzed an extensive in situ data set, which was collected in 1999–2019 during 17 oceanographic surveys in the Laptev and East-Siberian seas (Table 1). Continuous measurements of salinity in the surface layer (2–3 m depth) were carried during 12 cruises in 2003, 2007–2009, 2011–2012, and 2014–2019. These measurements were performed along the ship track using a shipboard pump-through system equipped with a thermosalinograph (SBE 21 SeaCAT) with a frequency of 1 Hz. Vertical thermohaline measurements analyzed in this study were performed using a CTD instrument (SBE 911plus) at a 24 Hz sampling rate. These measurements were organized along quasi-meridional (in 2007, 2008, 2011, 2016, and 2019) and quasi-zonal (in 2008, 2011, 2016, and 2019) transects starting from the eastern part of the Lena Delta (Figure 1, color dots). Also we used surface salinity data collected at hydrographic stations distributed in the southeastern Laptev Sea and the southwestern East-Siberian Sea (not organized in zonal or meridional transects), which were performed in 1999, 2000, 2004, 2005, and 2006. Continuous measurements of vertical thermohaline structure along the ship track were performed by a towed CTD instrument (Idronaut 320 Plus) along the eastern part of the Lena Delta in 2015. The CTD instrument was installed into a streamlined and dynamically balanced body, which was towed along the ship track aside of the ship wake and was repeatedly lowered and raised between the sea surface and the bottom. The measurement rate was 27 cycles per second. The horizontal towing velocity was about 2 m s–1, while the vertical lowering/raising velocity was about 1 m s–1. Horizontal/vertical resolution of the obtained CTD data is about 0.5/0.25 m. The CTD-data were processed based on standard programming package (SBE Data Processing, version 7.26.7) using recommended settings (Sea-Bird Electronics, 2017).

Wind forcing conditions and atmospheric pressure during 1999–2019 were examined using ERA5 atmospheric reanalysis with a 0.25° spatial and hourly temporal resolution (Hersbach et al., 2020). The ERA5 reanalysis data were downloaded from the European Centre for Medium-Range Weather Forecasts (ECMWF) website1. The Lena River discharge measurements analyzed in this study were acquired during 1999–2019 in the most downstream gauge station located in Kyusyur (Figure 1, red star), which is approximately 300 km far from the sea. Therefore, we shifted the daily discharge rates measured at this station by 7 days onward to obtain the freshwater discharge rate from the Lena Delta to the Laptev Sea according to estimate of the flow speed in the lower part of the Lena River (0.5 m/s) during the beginning of the freshet period (Kääb et al., 2013). The river discharge data were downloaded from the Arctic Great Rivers Observatory (ArcticGRO) website2. The sea ice data retrieved for 1999–2019 from satellite products were downloaded from the Arctic and Antarctic Research Institute (AARI) website3.




RESULTS


Atmospheric Forcing, River Discharge, and Ice Conditions

Monthly averaged wind forcing conditions and sea level pressure shortly before and during the field surveys when detailed measurements of the vertical structure of FSL were performed along the zonal and meridional transects (2007, 2008, 2011, 2016, and 2019) are shown in Figures 2, 3. Figure 2 shows prevailing western and northern winds at the shelf area of the Laptev and East-Siberian seas in August–September 2007 (average wind speed 4–6 m/s) and in September–October 2016 (6–9 m/s). Figure 3 shows opposite wind conditions for 2008, 2011, and 2019. In particular, eastern and southern winds prevailed at the shelf area in August–September 2008 (average wind speed 5–7 m/s). Strong eastern winds prevailed in August 2011 (7–9 m/s) followed by moderate winds with complex pattern (western in the Laptev Sea and eastern in the East-Siberian Sea) in September 2011 (4–5 m/s) and strong eastern wind in October 2011 (9–10 m/s). Strong eastern winds prevailed in August–September 2019 (6–9 m/s), which then switched to western winds in October 2019.
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FIGURE 2. Monthly averaged wind forcing (arrows) and sea level pressure (color) in the Laptev and East-Siberian seas in August and September 2007 (A), and September and October 2016 (B).
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FIGURE 3. Monthly averaged wind forcing (arrows) and sea level pressure (color) in the Laptev and East-Siberian seas in August and September 2008 (A), September and October 2011 (B), and September and October 2019 (C).


The main sources of fresh water in the Laptev and East-Siberian seas are river discharge and ice melting. The role of annual precipitation (100–300 mm) is negligible, because it is mostly provided during the cold season, when the seas are covered by ice (Pavlov et al., 1996). Due to low air temperatures over these seas (<5°C during ice-free season), evaporation also play insignificant role in the regional freshwater balance (Pavlov et al., 1996; Lambert et al., 2019). Discharge rate of the Lena River is characterized by a distinct freshet in June–July (up to 80,000–140,000 m3/s) followed by steady decrease of discharge until November (5,000–10,000 m3/s) and low discharge period in December–May (2,000–3,000 m3/s) (Figure 4A). Total freshwater runoff from the Lena River in May–October during the last 20 years significantly varied from 390 km3 (2019), 420 km3 (2003), and 440 km3 (2011) to 600–610 km3 (2007, 2008, 2016, and 2018) (Figure 4B). Seasonal discharge variability of other rivers inflowing to the Laptev and East-Siberian seas is similar to that of the Lena River with short-term summer freshet and drought in winter and spring (Pavlov et al., 1996).
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FIGURE 4. Discharge rates of the Lena River in May–October measured at the gauge station in Kyusyur in 2007, 2008, 2011, 2016, and 2019 (A) and total river runoff in May–October between 1999 and 2019 (B).


Ice conditions in the Laptev and East-Siberian seas also have large inter-annual variability. Figure 5 shows ice coverage in the Laptev and East-Siberian seas in the middle of July, August, and September for 2007, 2008, 2011, 2016, and 2019. In 2007 central parts of both seas were free of ice from the second half of July. In 2008, on the opposite, ice coverage was very extensive until the second half of August, ice melted in the central parts of these seas only in the middle of September. In 2011 and 2019, sea ice remained in the central East-Siberian Sea until the middle of September, while the Laptev Sea was free of ice by the middle of July. The opposite situation, i.e., ice-free East-Siberian Sea and ice-covered Laptev Sea by the middle of September, was observed in 2016.
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FIGURE 5. Position of the seasonal sea ice edge in the Laptev and East-Siberian seas on 15 July (green line), 15 August (black line), and 15 September (red line) in 2007 (a), 2008 (b), 2011 (c), 2016 (d), and 2019 (e).




Spatial Extents of Freshened Surface Layer

In this study, we address structure and spatial extents of the Lena plume (salinity <15) formed in the southeastern Laptev Sea and the Laptev/East-Siberian ROFI (salinity between 15 and 25), which occupy wide area in the eastern Laptev Sea and the western East-Siberian Sea. Analogously to FSL formed in the Kara Sea, we determine the isohaline of 15 as the boundary between the Lena plume and the Laptev/East-Siberian ROFI, while the isohaline of 25 represents the boundary between the Laptev/East-Siberian ROFI and the ambient sea (Osadchiev et al., 2021a).

Figure 6 shows the analyzed salinity dataset collected during 12 oceanographic field surveys in 2003–2019 with good spatial coverage of continuous in situ measurements in the surface layer along the ship track. The whole dataset was split into two groups according to predominant western/eastern winds at the study area defined by positive/negative zonal component of average wind speed. Predominant eastern winds result in distinct northward spreading of both the Lena plume and the ROFI (Figure 6a). Predominant western winds, on the opposite, press the Lena plume and the ROFI to the Siberian coast (Figure 6b).
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FIGURE 6. Salinity in the surface layer along the ship tracks in 2003, 2008, 2011, 2012, 2015, 2017, and 2019 (a) and in 2007, 2009, 2014, 2016, and 2018 (b) with predominant eastern (a) and western (b) winds in the Laptev and East-Siberian seas during ice-free period.


Figure 7 demonstrates locations of isohalines of 15 and 25 in the surface layer in the study area, which were reconstructed using discrete measurements at hydrologic stations and continuous measurements along the ship track. The reconstructed isohalines of 15 and 25 strictly correspond to areas covered by in situ measurements and were not extended arbitrary elsewhere. If measurements were limited to the southeastern part of the Laptev Sea (as in 1999 and 2005), only locations of the isohaline of 15 were drawn. If measurements were limited to one meridional transect from the Lena Delta (as in 2006 and 2015), locations of the isohalines of 15 and 25 were drawn only at this transect. Despite certain bias of detection of location of these isohalines based on discrete stations and individual ship tracks, the obtained data provides important information about positions, shapes, and sizes of the Lena plume and the Laptev/East-Siberian ROFI during the considered periods. A half of the considered field surveys took place in September (in several cases including a few days in August or October) (Table 1). Therefore, the obtained data set is representative of inter-annual variability (in September of different years) of spatial extents of the Lena plume and the Laptev/East-Siberian ROFI. Surface freshening attributed to sea ice can also bias determination of borders of the Lena plume and the Laptev/East-Siberian ROFI. However, according to Bauch et al. (2013) meltwater provides significant (compared to river discharge) freshening of surface layer only at salinities >30. Therefore, we presume that the detected locations of the isohalines of 15 and 25 are not affected by melting of sea ice in the study area during late summer and autumn.


[image: image]

FIGURE 7. Locations of the isohalines of 15 (dashed lines) and 25 (solid lines) in the Laptev and East-Siberian seas detected by in situ measurements of 17 oceanographic field surveys.


The most extensive continuous measurements of surface salinity in the study area were made in 2008, 2011, 2016, and 2019 (Figure 8). During these surveys, the ship tracks covered wide areas in the eastern Laptev Sea and in the western East-Siberian Sea from 90°E in the west to 180°E in the east and from the Siberian coast in the south to 78°N in the north. Also, the detailed vertical thermohaline measurements were performed along zonal and meridional transects during these surveys. As a result, these transects performed in August/September 2008, September/early October 2011, September/October 2016, and late September/October 2019 provide certain information about the seasonal variability of the Lena plume and the Laptev/East-Siberian ROFI as further described in section “Discussion.” The northern boundary of FSL in the Laptev Sea was located below 76°N in 2000, 2007, 2009, 2014, 2016, and 2018 while in 2008, 2011, and 2015 salinities <25 were registered reaching as far as 77–78°N (Figure 7). The eastern and western boundaries of FSL varied less significantly, salinities <25 were observed between the longitudes of 120°E and 170°E (Figure 7). Despite the fact that reconstruction of the isohaline of 25 is speculative to a certain extent, extensive continuous measurements of surface salinity revealed very large FSL in 2008, 2011, and 2019 with area of 400,000–500,000 km2 (calculated according to the isohaline of 25), while in 2016 FSL was pressed to the Siberian coast and occupied almost twice less area (Figure 8). According to our assessment, the meridional extent of FSL varied from 250–350 km in 2016 to 600–700 km in 2008, 2011, and 2019. The zonal extent of FSL was 1,300–1,500 km.
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FIGURE 8. Salinity in the surface layer in the Laptev and East-Siberian seas along the ship tracks on 23 August – 18 September 2008 (a), 13 September – 8 October 2011 (b), 20 September – 20 October 2016 (c), and 27 September – 13 October 2019 (d).


The Lena plume also showed large variability of area and position (Figures 6–8). In 1999, 2000, 2009, 2011, 2015, and 2016 the northern boundary of the plume was located at the latitudes of 72.5–73°N and the plume occupied relatively small area (20,000–40,000 km2) adjacent to the eastern part of the Lena Delta (Figures 7, 8b,c). In 2005, 2008, 2012, 2017, and 2019, on the opposite, the northern plume boundary was located at the latitude above of 75°N (Figures 7, 8a,d). During 2008 and 2017 the Lena plume was reaching the New Siberian Islands and its area was 120,000–150,000 km2 (Figures 7, 8a). Therefore, the meridional extent of the Lena plume varied from 150 km (1999, 2011, 2015, and 2016) to 400 km (2008 and 2019), while its zonal extent varied from 100 km (1999 and 2011) to 400–500 km (2008 and 2017) (Figures 7, 8).



Vertical Structure of Freshened Surface Layer

The vertical structure of FSL in the Laptev and East-Siberian seas was studied based on the vertical thermohaline measurements performed at hydrographic stations along the zonal and meridional transects. The most southern and western stations of these transects were located near the eastern part of the Lena Delta, which provides the majority of discharge from the Lena Delta to the Laptev Sea (Fedorova et al., 2015). As a result, these transects crossed the central part of FSL and are representative of its vertical structure. Figures 9–12 show large differences among the vertical thermohaline structure of FSL observed in 2007, 2008, 2011, 2016, and 2019.
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FIGURE 9. The vertical salinity structure along the meridional transects in the Laptev Sea on 14–30 September 2007 (A), 23–25 August 2008 (B), 19–26 September 2011 (C), 25 September – 2 October 2016 (D), and 6–13 October 2019 (E). The isohalines of 15, 25, and 32 are shown by bold lines. Locations of the stations are shown by black vertical lines. Locations of the transects are shown in the right insets.
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FIGURE 10. The vertical temperature structure along the meridional transects in the Laptev Sea on 14–30 September 2007 (A), 23–25 August 2008 (B), 19–26 September 2011 (C), 25 September – 2 October 2016 (D), and 6–13 October 2019 (E). The isohalines of 15, 25, and 32 are shown by bold lines. Locations of the stations are shown by black vertical lines. Locations of the transects are shown in the right insets.
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FIGURE 11. The vertical salinity structure along the zonal transects in the Laptev and East-Siberian seas on 25–30 August 2008 (A), 30 September – 3 October 2011 (B), 2–9 October 2016 (C), and 3–6 October 2019 (D). The isohalines of 15, 25, and 32 are shown by bold lines. Locations of the stations are shown by black vertical lines. Locations of the transects are shown in the right insets.
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FIGURE 12. The vertical temperature structure along the zonal transects in the Laptev and East-Siberian seas on 25–30 August 2008 (A), 30 September – 3 October 2011 (B), 2–9 October 2016 (C), and 3–6 October 2019 (D). The isohalines of 15, 25, and 32 are shown by bold lines. Locations of the stations are shown by black vertical lines. Locations of the transects are shown in the right insets.


In September 2007 the most southern station of the meridional transect was located at the latitude of 74.2°N, i.e., 100 km northward from the Lena Delta (Figures 9A, 10A). Salinities along the transect were >25, so FSL was located southward from the transect (Figure 9A). In September–October 2016 low salinities at the meridional transect were registered only near the Lena Delta, while at the most southern station outside the delta region located at the latitude of 75.5°N salinities exceeded 26 (Figure 9D). FSL near the delta was well mixed and occupied the whole water column from surface to sea bottom (15–20 m deep). Surface salinities of this layer steadily increased from 1–2 to 17, while temperatures decreased from 3 to 0°C (Figure 10D). Continuous salinity measurements along the ship track showed that the isohaline of 25 in the surface layer was located at the latitude of 74.8°N indicating the northern boundary of FSL. The zonal transect in 2016 was stretched along the sea coast reaching the longitude of 154°E (Figure 11C). Similarly to the southern part of the meridional transect, FSL was well mixed and occupied the whole water column from surface to sea bottom (15–20 m deep) along the whole zonal transect. Surface salinities were 11–16 in the Laptev Sea, eastward from the Laptev Strait it increased to 18–24. Temperatures along the zonal transect were equal to 0–2°C, except in the proximity of the Lena Delta where it was 2–3°C (Figure 12C).

By contrast to 2007 and 2016, in August 2008 FSL propagated more than 500 km northward from the Lena Delta, salinities <25 were observed until the end of the meridional transect at the latitude of 77°N (Figure 9B). The depth of FSL steadily decreased from 12 m near the delta to 5 m at the most northern station of the transect. The majority of volume of this layer was formed by the fresh (5–15) and warm (4–10°C) Lena plume (Figures 9B, 10B). In eastward direction, the Lena plume reached the Laptev Strait, while FSL was observed along the zonal transect until the longitude of 164°E (Figure 11A). The depth of this layer along the zonal transect varied between 10 and 15 m, its temperatures decreased from 10°C near the Lena Delta to 0°C at the central East-Siberian Sea (Figures 11A, 12A).

FSL also occupied large area in the Laptev and East-Siberian seas in September 2011 and October 2019. In 2011 salinities <25 were observed until the end of the meridional transect at the latitude of 75.8°N (Figure 9C), while in 2019 the isohaline of 25 was located at the latitude of 76.2°N (Figure 9E). The depth of FSL varied between 12 and 20 m in 2011, in 2019 its depth was 9–11 m along the whole transect. The northern boundary of the Lena plume was located at the latitude of 72.6°N in 2011 and of 74.6°N in 2019. FSL propagated eastward reaching the longitude of 156°E along the coast in 2011 (Figure 11B) and reaching the longitude of 159°E at the central East-Siberian Sea in 2019 (Figure 11D). This layer was well mixed along the zonal transects and occupied the whole water column until the depths of 20–25 m during both surveys. Temperatures of this layer were 0–3°C during both surveys (Figures 10C,E, 12B,D). Note that the Lena plume was not detected along the zonal transect in 2011 presumably because of the complex pattern of the wind in September 2011. The change of eastern/western prevailing winds in August–September 2011 (Figure 3B) presumably limited the eastward spread of the plume.

High-resolution vertical structure of FSL in vicinity of the Lena Delta was studied based on thermohaline measurements by a towed CTD instrument in the beginning of September 2015. These measurements were performed along the 145 km long meridional transect located on a distance of 25 km eastward from the eastern shore of the Lena Delta (Figure 13). Surface salinities along the transect varied from 10 to 15 at the southern and central parts of the transect to 15–20 at the northern part of the transect (Figure 13A). The lowest salinities (0–4) and the highest temperatures (7–9°C) along the transect were registered in the surface layer vicinity the large deltaic channels indicating low mixed freshwater discharge from them. Strong stratification was observed, first, between the Lena plume and the ROFI at the depth of 5–8 m in the central and southern parts of the transect and, second, between the ROFI and the subjacent saline sea at the depth of 10–15 m along the whole transect.


[image: image]

FIGURE 13. The vertical salinity (A) and temperature (B) structure along the eastern shore of the Lena Delta on 7–8 September 2015. The isohalines of 15 and 25 are shown by bold lines. Location of the transect is shown in the right inset.


The high-resolution salinity structure reconstructed in vicinity of the Lena Delta demonstrates low intensity of mixing between the inflowing river discharge and the subjacent sea water. First, vertical extent of the Lena plume is stable along the transect. Depth of the plume only slightly increases from 5 to 6 m in vicinity of large deltaic channels (indicated by the lowest salinities) to 7–8 m at the southern part of the transect on a distance of 50 km from the main freshwater sources. Second, horizontal salinity gradient is large only in vicinity of the large deltaic channels. Depth of ROFI is also stable and is equal to 10–11 m along the transect except its northern part, where it increases to 15 m. Note that this structure is observed in the beginning of September, i.e., 3 months after the freshet period, which demonstrates that strong vertical stratification and small vertical extent of FSL is still maintained during the low discharge period.




DISCUSSION

In situ measurements (Figures 6, 7) during ice-free periods show significant inter-annual variability of FSL in the Laptev and East-Siberian seas with two typical spreading patterns, which were explicitly addressed in previous studies (Berezovskaya et al., 2002; Dmitrenko et al., 2005, 2008, 2010; Janout et al., 2020). During years with predominant western/eastern winds in the study area, FSL is forced to move eastward/northward and have relatively small/large meridional extents (Figure 6). Detailed salinity measurements in the study area made in 2007, 2008, 2011, 2016, and 2019 provide new information about spatial extents and vertical structure of FSL (Figures 8–12). In 2008, 2011, and 2019, FSL occupied large area in the Laptev and East-Siberian seas, its meridional and zonal extents were 500–600 km and 1,200–1,300 km, respectively (Figures 6–8). Eastern and southern winds prevailed at the shelf area of the Laptev and East-Siberian seas in August-September 2008. In 2011 and 2019, the atmospheric circulation was rather variable. Eastern winds prevailed in August and October 2011, while winds presented a complex pattern in September 2011, namely, western winds in the Laptev Sea and eastern winds in the East-Siberian Sea. Similarly, eastern winds prevailed in August and September 2019 followed by western winds in October 2019. Nevertheless, both in 2011 and 2019, eastern winds occurred at the shelf area during longer period than western winds. In 2007 and 2016 during predominant western and northern winds, FSL was stretched along the Siberian coast, its meridional extent was <250 km, i.e., twice less as compared to the first pattern, while its zonal extent was >1,000 km which is similar to the first pattern. The observed inter-annual variability of FSL in the Laptev and East-Siberian seas is much greater as compared to FSL formed in the Kara Sea, which occupies relatively stable area every year (Osadchiev et al., 2021a). Moreover, the area of FSL in the Laptev and East-Siberian seas during certain years is almost twice greater than the area of FSL in the neighboring Kara Sea, while the total annual freshwater discharge to the Laptev and East-Siberian seas (∼1,000 km3) is much less than to the Kara Sea (∼1,500 km3) (Gordeev et al., 1996; Osadchiev et al., 2021a).

In contrast to wind forcing conditions, large inter-annual variability of river discharge rate and ice coverage during warm season does not show any relation to variability of area, position, and depth of FSL. The lowest freshet discharge peak and the lowest total runoff volume from the Lena River among the considered years occurred in 2011 and 2019 (Figure 4) and was accompanied by large area of FSL in the Laptev and East-Siberian seas (Figure 7). Total runoff volume from the Lena River in 2007, 2008, and 2016 was similar (and 1.5 times higher than in 2011 and 2019) (Figure 4), while area of FSL was large in 2008 and small in 2007 and 2016 (Figure 7). In particular, area of this layer in 2016 was two times smaller than in 2008 and 2019. The smallest depth of FSL in the Laptev Sea was observed in 2008 and 2019 (Figure 9) with significantly different river discharge conditions (Figure 4). Inter-annual variability of seasonal ice coverage also does not show any relation to variability of area of FSL. Large/small area of FSL was observed during years with extensive summer ice coverage (2008/2016), as well as during years with early ice melting (2019/2007).

The Lena plume is spreading as a low saline (<15) and stratified water mass in the study area during and shortly after the freshet period of the Lena River. In particular, it occupied almost the whole volume of FSL in the Laptev Sea in August 2008 (Figure 9B), while no well-developed ROFI was observed along this transect. Then in September 2011 and October 2019 the Lena plume transforms to ROFI due to mixing with subjacent saline sea water (Figures 9C,E). This seasonal transformation is also demonstrated by location of the isohaline of 15 during different months in different years even though it strongly depends on wind forcing (Figures 6, 7). During years with predominant western and northern winds, FSL is stretched along the coast and salinities <15 are registered only southward from the latitude of 74°N, i.e., in vicinity of the Lena Delta (Figures 6–8). On the opposite, during years with predominant eastern and southern winds (Figure 6a), the isohaline of 15 moves southward from 76.5°N in August 2008 to 75°N in September 2005, September 2012, September 2015, and September 2017 and to 74°N in October 2011, October 2018, and October 2019 (Figures 7, 8a,b,d). As a result, in September and October in 2011, 2016, and 2019 the Lena plume is registered at relatively small area in the southeastern Laptev Sea adjacent to the eastern part of the Lena Delta, while the majority of the area of FSL corresponds to the Laptev/East-Siberian ROFI (Figure 8). Similar seasonal transformation of the Ob-Yenisei plume to the Kara ROFI occurs in the Kara Sea (Osadchiev et al., 2021a).

The depth of the Lena plume in the Laptev Sea in August (5–8 m) (Figure 9B) is twice less than the depth of the Ob-Yenisei plume in the Kara Sea in August (12–15 m) (Osadchiev et al., 2021a). This feature is caused by difference in morphology of estuarine and deltaic freshwater sources of these river plumes. The Ob and Yenisei rivers inflow to the Kara Sea through wide (30–60 km) and deep (15–20 m) estuaries, which results in formation of a deep river plume. The liftoff area of FSL within these estuaries, i.e., the area where this layer loses contact with the sea bottom, determines initial vertical extent of the river plume. In situ measurements show that liftoff occurs within the Ob and Yenisei gulf and sea depths in these areas are equal to 10–15 m (Osadchiev et al., 2021a). As a result, discharges from the Ob and Yenisei rivers experience intense mixing with saline seawater within their large estuaries before freshened water inflow to open sea.

Different situation is observed at the Lena Delta. The Lena River inflows to the Laptev Sea through numerous narrow (up to several km) and shallow (up to 2–3 m) deltaic branches along the 250 km segment of sea shore (Are and Reimnitz, 2000; Alekseevskii et al., 2014; Fedorova et al., 2015; Fuchs et al., 2021b). In situ measurements show that seawater does not inflow even to the largest and deepest deltaic branches and salinity within the Lena Delta is equal to zero from surface to bottom (Semiletov et al., 2011; Fuchs et al., 2021a). Moreover, in the open sea in the shallow (<5 m) vicinity of the Lena Delta salinity is also <1 from surface to bottom even during the low discharge period in winter and spring (Charkin et al., 2011; Fuchs et al., 2021a; Spivak et al., 2021). As a result, the undiluted Lena discharge inflows to sea from multiple channels and forms a narrow (10–15 km wide) stripe of zero-saline water from surface to bottom along the Lena Delta. In situ measurements demonstrate that this process occurs at least along the 150 km eastern part of the delta (Figure 13) which receives the majority of river discharge (80–90% of total Lena discharge). It can be also the case of several segments at the northeastern and southwestern parts of the Lena Delta, both areas receive 5–10% of total Lena discharge. Therefore, initial mixing of the Lena river discharge and saline seawater occurs at the open sea, once the zero salinity water propagates off the shallow vicinity of the delta to the sea deeper than 5 m.

Tidal circulation in the spreading areas of both FSL’s in the Kara Sea and in the Laptev and East-Siberian seas is low, average tidal velocities do not exceed 0.2 m/s (Kagan et al., 2008, 2010). Maximal velocities of tidal currents in the Ob and Yenisei gulfs are equal to 0.4–0.5 m/s and 0.3–0.4 m/s, respectively (Voinov, 2002; Osadchiev et al., 2020a). Velocity shear between freshened surface layer and saline bottom layer within the Ob and Yenisei gulfs have similar magnitudes equal to 0.3–0.5 m/s, respectively. Maximal velocities of tidal currents in the area adjacent to the Lena Delta are equal to 0.1 m/s (Fofonova et al., 2014, 2015; Kagan and Timofeev, 2020).

Based on these velocity assessments we can calculate Froude numbers for the Ob-Yenisei and Lena plumes, which are indicative of mixing intensity (Horner-Devine et al., 2009; Geyer and MacCready, 2014). Freshwater Froude number for the Ob and Yenisei gulfs is calculated using the formula [image: image], where Uf is the velocity shear between surface and bottom layers, g is the gravity acceleration, S is the salinity of the bottom layer, H is the depth of the estuary (Geyer and MacCready, 2014). In case of the Ob and Yenisei gulfs these numbers vary from [image: image] to [image: image]. The tidal Froude number for the Ob-Yenisei and Lena plumes is calculated using the formula [image: image], where Ut is the average tidal velocity, h is the depth of the river plume, [image: image] is the reduced gravity within the plume, ρp and ρs are the densities of the plume and saline sea, respectively. In case of the Ob-Yenisei and Lena plumes these numbers are equal to [image: image] and [image: image], respectively. This result shows that the Lena discharge inflows to sea undiluted, while the Ob and Yenisei discharges are substantially mixed with saline seawater within their estuaries. Therefore, the Lena plume experiences lower tidal mixing in the open sea than the Ob-Yenisei plume.

In order to assess mixing of FSL in the Kara, Laptev, and East-Siberian seas, we calculated the vertical distribution of freshwater fraction F = (S0 – S)/S0 along the meridional and zonal transects from surface to the isohaline of 32, where S is the observed salinity, S0 = 32 is the reference ambient sea water salinity according to typical salinity of ambient saline sea water at the study region (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 local freshwater content [image: image], 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), h(x) is the sea depth.

Figure 14 illustrates that distribution of freshwater content in the Laptev and East-Siberian seas is significantly different from that observed in the Kara Sea. First, freshwater content near freshwater source in the Laptev Sea (4–8 m near the Lena Delta) (Figures 14A,B) is much lower than in the Ob (10–18 m) and Yenisei (8–16 m) gulfs (Figure 14C; Osadchiev et al., 2021a). Second, freshwater content is more stable in the Laptev and East-Siberian seas. It varies mainly between 5 and 9 m near the Lena Delta indicating low intensity of mixing of the river discharge and saline seawater in this area. Then freshwater content decreases to 3–4 m at the distance of 350–500 km in meridional direction (Figure 14A) and at the distance of 800–1,100 km in zonal direction (Figure 14B) from the Lena Delta. In the Kara Sea the local freshwater content abruptly drops to 8–12 m within the northern parts of the estuaries and then decreases to 4 m on a distance of 100–400 km from the estuaries in meridional direction (Figure 14C).


[image: image]

FIGURE 14. Local freshwater content along the meridional transects in the Laptev Sea (A), the zonal transects in the Laptev and East-Siberian seas (B), the meridional transects in the Kara Sea (C) [from Osadchiev et al. (2021a)]. The dashed line indicates boundary of the open sea, i.e., the Lena Delta shoreline in (A,B) and the seaward boundaries of the Ob and Yenisei gulfs in (C).


Large freshwater discharge to the Kara Sea from the Ob and Yenisei rivers experiences intense mixing in the estuaries and adjacent areas and forms 12–15 m deep Ob-Yenisei plume. This plume is expanding in the sea during June-July and occupies relatively stable area (200,000–250,000 km2) in the central Kara Sea until the end of the ice-free season, as shown by Osadchiev et al. (2021a). Freshwater discharge from the Lena River to the Laptev Sea is almost twice less, than from the Ob and Yenisei rivers. However, this discharge experiences low mixing near the Lena Delta due to, first, small depth of the deltaic channels and the sea area adjacent to the delta, and, second, lower tidal mixing at the open sea. As a result, 5–8 m deep Lena plume is spreading on extremely large area in the Laptev and East-Siberian seas (up to 500,000 km2) during and shortly after the freshet period. Due to its smaller vertical extent, the Lena plume is more affected by wind forcing than the Ob-Yenisei plume. Therefore, wind forcing conditions govern its spreading pattern and cause significant inter-annual variability of its position and spatial extents, which is not the case of FSL formed in the Kara Sea.

Ice melting, which occurs in the Laptev and East-Siberian seas much later than in the Kara Sea, also contributes to formation of FSL in the study area. This process increases freshwater content and increases stratification in this layer in the areas located far from the river deltas. In particular, we speculate that local peaks of freshwater content associated with ice melting were registered in the central Laptev Sea in 2011 along the meridional transect (Figure 14A) and in the central East-Siberian Sea in 2019 along the zonal transect (Figure 14B).



CONCLUSION

This work is focused on the freshened surface layer (FSL) formed in the Laptev and East-Siberian seas by large continental runoff mainly from the Lena River and several smaller deltaic rivers (Kolyma, Indigirka, Olenyok, and Yana). Based on in situ measurements, we study spatial extents and vertical structure of this layer during ice-free periods. Freshwater discharge from numerous shallow and narrow channels located along the 250-km segment of the Lena Delta forms shallow Lena plume, which initial depth does not exceed 10 m. During and shortly after the freshet period, the Lena plume is spreading over wide area in the Laptev and East-Siberian seas. Then in late summer and autumn it transforms into the Laptev/East-Siberian ROFI and determines position of FSL in these seas, which zonal extent exceeds 1,000 km. Position and area of this layer strongly depends on the local wind forcing conditions during the ice-free periods. Prevailing western and northern winds at the shelf area force this water along the Siberian shore. In this case, FSL is localized in the southern parts of the Laptev and East-Siberian seas, its meridional extent (<250 km) and area (∼250,000 km2) are relatively small. On the opposite, FSL spreads over large area in the central parts of these seas (up to 500,000 km2) under eastern wind forcing at the sea shelf. In this case meridional extent of FSL increases up to 500–700 km.

The Laptev/East-Siberian ROFI is the largest ROFI formed by continental discharge in the World Ocean (Kang et al., 2013), albeit it does not receive the largest volume of freshwater discharge. In particular, freshwater discharge to the neighboring Kara Sea is 1.5 times greater than to the Laptev and East-Siberian seas, while the area of the Kara ROFI is less than the area of the Laptev/East-Siberian ROFI. We demonstrate that it can be even twice less during certain years. This feature is caused by differences in distribution of freshwater content in these ROFI’s formed by estuarine and deltaic rivers (Figure 15). Due to low intensity of mixing of freshwater discharge from narrow and shallow deltaic channels of the Lena River with subjacent sea, as compared to large estuaries of the Ob and Yenisei rivers, the Lena plume experience significantly lower mixing near its source than the Ob-Yenisei plume. As a result, freshwater content in the Lena plume does not significantly decrease near the delta, while freshwater content in the Ob-Yenisei plume halves within the Ob and Yenisei estuaries. Therefore, the Lena River forms shallow river plume with stable freshwater content, while the Ob and Yenisei rivers form twice deeper plume with abruptly decreasing freshwater content. Shallow Lena plume is significantly affected by wind forcing conditions, which results in large inter-annual variability of its position and spatial extents.


[image: image]

FIGURE 15. Schematic of formation of deep Kara ROFI by discharges from large estuaries and shallow Laptev/East-Siberian ROFI by discharges from deltas.


The Laptev and East-Siberian seas are strongly influenced by the ongoing climate change in the Arctic Ocean, including increase of discharge of the Lena River and decrease of seasonal ice-coverage (Peterson et al., 2002; Lehner et al., 2012; Haine et al., 2015; Nummelin et al., 2016). Earlier melting of sea ice in summer and longer ice-free season will increase the role of wind forcing and can modify the existing spreading patterns of FSL. Based on the obtained results, we assume that changes in hydrological regime and total runoff volume of the Lena River will not significantly affect structure and spreading patterns of FSL in these seas, because these characteristics do not depend on the current large inter-annual variability of freshwater discharge from the Lena River. However, these issues require additional studies using numerical modeling.

In this study, we demonstrate that morphology of river estuaries/deltas plays very important role in structure and spatial extents of the large FSL. This factor can be of the same importance as freshwater discharge rate and wind forcing. Thus, the comparison between FSL’s in the Kara Sea and in the Laptev and East-Siberian seas described in this work can be the case for other FSL’s formed by large rivers in the World Ocean. In particular, large deltaic rivers, such as Lena and Ganges/Brahmaputra, form the first and the second largest ROFI’s in the World Ocean, respectively (Kang et al., 2013). The related studies are essential for assessment of many physical, biological, and geochemical processes, which occur in coastal and shelf areas affected by discharges of large rivers.
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