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The major Siberian rivers form large river plumes in the Arctic Ocean, which govern structure of the sea surface layer at the Arctic shelf. These river plumes were explicitly studied during the warm period in summer and early autumn characterized by high river runoff and ice-free conditions. However, little is known about processes, which occur within these river plumes at the beginning of the cold season, i.e., during late autumn shortly before sea ice formation. In this study, we report in situ measurements performed in the Kara Sea in late October in 2020, 2021, and 2022. We reveal that intense convection occurs in the Ob-Yenisei plume due to heat loss from the surface layer, which is caused by transport of cold air from land to the central part of the Kara Sea. This process induces homogenization of the Ob-Yenisei plume and results in extremely sharp salinity jump (up to 10-12 at vertical distance of 1-2 m) between the plume and the subjacent seawater. This sharp gradient is not formed at the whole area of the plume except, first, at the Ob and Yenisei gulfs due to low surface salinities and the related high temperatures of maximal density and, second, at the lateral boundary of the plume due to intense horizontal mixing across the plume-sea border. As a result, autumn convection significantly modifies vertical structure of the Ob-Yenisei plume that could affect its further spreading below sea ice during winter season.
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1 Introduction

The Kara Sea receives large river runoff (1350-1500 km3, mainly from the Ob and Yenisei rivers), which accounts for one quarter of total river discharge to the Arctic Ocean (Gordeev et al., 1996). It results in formation of the Ob-Yenisei plume with the area of 200 000 – 250 000 km2 during ice-free period, which is among the largest river plumes in the World Ocean (Frey and Osadchiev, 2021; Osadchiev, 2021; Osadchiev et al., 2021a). In the last two decades, many oceanographic surveys were performed in the Kara Sea during warm period (Pavlov and Pfirman, 1995; Johnson et al., 1997; McClimans et al., 2000; Morozov et al., 2008; Zatsepin et al., 2010, Zatsepin et al., 2015; Zavialov et al., 2015; Zatsepin et al., 2017; Osadchiev et al., 2017; Osadchiev et al., 2019; Osadchiev et al. 2020a; Osadchiev et al., 2020b; Osadchiev et al., 2021b), which provided general understanding of structure and dynamics of the Ob-Yenisei plume from July to September summarized by (Osadchiev et al., 2021a). Initial formation of the Ob-Yenisei plume occurs in June-July during the freshet period at the Ob and Yenisei rivers (total runoff of 100 000 – 150 000 m3/s). Salinities within the plume are 5-15 bounded by sharp vertical salinity gradient (3-5 psu/m) at the plume-sea interface. Later in August and September the plume steadily expands, while its surface salinities increase from 5-15 to 15-25 and vertical stratification at the plume-sea interface relaxes to 1-2 psu/m (Osadchiev et al., 2021a). The boundary between the Ob-Yenisei plume and the surrounding saline seawater is determined as the maximal salinity gradient for both vertical and horizontal dimensions. Generally, this gradient is located at the isohalines of ~20–30, however, it could be more or less pronounced (Osadchiev et al., 2021a).

Oceanographic measurements in the Kara Sea during cold period (October – June when air temperatures are< 0°C) are very scarce due to hard weather and ice conditions. As a result, little is known about structure and dynamics of the Ob-Yenisei plume from October to June. However, the external forcing conditions during the cold season are significantly different as compared to the late summer and early autumn due to (1) reduced river discharge (10 000 – 20 000 m3/s), (2) low air temperature, (3) presence of ice coverage. Scarce measurements in the ice-covered Kara Sea during late winter and spring revealed that surface salinity in the central part of the sea increases to 30-32, while low salinities remain only in the Ob and Yenisei gulfs (Fedulov et al, 2018; Mosharov et al., 2018). However, the fate of the Ob-Yenisei plume during cold season is still unknown, in particular its transformation in late autumn, which preconditions its dissipation and/or advection off the Kara Sea by the end of winter.

In this study, we report in situ measurements performed in the Kara Sea in late October in 2020, 2021, and 2022. These measurements reveal the structure of the Ob-Yenisei plume shortly before ice formation. We describe processes, which determine vertical structure of the plume during late autumn and precondition its buoyancy-driven dynamics in the ice-covered Kara Sea. This paper is organized as follows. In Section 2, we provide general information about, first, the in situ data, satellite-derived sea ice data and wind reanalysis analyzed in this work and, second, the numerical model of convection in the plume. The detailed analysis of in situ measurements and the description of the structure of the Ob-Yenisei plume in late October are provided in Section 3. Section 4 addresses convection in the Ob-Yenisei plume and its dependence on external forcing conditions, followed by the conclusions in Section 5.




2 Data and methods



2.1 Data used

Hydrographic in situ data used to study the Ob-Yenisei plume were collected during four oceanographic surveys in the Kara Sea onboard the research vessels “Akademik Mstislav Keldysh”, “Professor Logachev”, and “Aleksey Maryshev”. All cruises were performed during the beginning of cold period in late October, i.e., on 25-26 October 2020, 13-28 October 2021, and 19-20 October 2022, and shortly before ice formation at the areas of measurements (1-7 days). The vertical thermohaline structure was measured using a CTD instrument (SBE 911plus, SBE19plus, and RBRconcerno) at 0.2-m spatial resolution. In situ measurements between the Ob and Yenisei gulfs (zonal transects T1 and T2, green hexagons and black stars in Figure 1) were organized in October 2020 and October 2021. In situ measurements across the central and northern parts of the Ob-Yenisei plume (meridional transect T3, red circles in Figure 1) were organized in October 2021. In situ measurements across the eastern part of the Ob-Yenisei plume (transects T4 and T5, blue triangles and brown squares in Figure 1) were organized in October 2021 and October 2022. Also, in this study we analyzed vertical in situ thermohaline measurements performed at selected stations at the Ob-Yenisei plume during oceanographic cruises in September 2011 and August 2021 described in (Osadchiev et al., 2021a; Osadchiev et al. 2022a). Wind forcing conditions were examined using ERA5 atmospheric reanalysis with a 0.25° spatial and hourly temporal resolution (Hersbach et al., 2020). The ERA5 reanalysis data were downloaded from the European Centre for Medium-Range Weather Forecasts (ECMWF) website (https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysisdatasets/era5).




Figure 1 | A map of the study area in the Kara Sea and locations of hydrographic stations on 25-26 October 2020 (green hexagons, transect T1), 24-28 October 2021 (black stars, transect T2), 21-26 October 2021 (red circles, transect T3), 13-15 October 2021 (blue triangles, transect T4), 19-20 October 2022 (brown squares, transect T5). The dashed black line indicates location of the Ob-Yenisei plume border during the periods of field surveys.






2.2 Numerical model

In this study, we developed simple one-dimensional model to investigate convection in the Kara Sea induced by rapid cooling of air temperature during late autumn. Convection is determined by heat loss from sea surface resulting in increase of density of upper sea layer and its further overturning, which effectively homogenizes the mixed layer and increases its depth (Marshall and Schott, 1999). The applied one-dimensional model of convection represents vertical water column as a set of layers with fixed vertical size and changing temperature and salinity. At every modeling step, the uppermost layer experiences heat loss due to its interaction with cold air. Temperature of this layer decreases, while its density increases. This process progresses downwards due to heat exchange within the water column. Heat exchange in the water column is determined by the equation.   with boundary conditions.  , where T is the temperature of water, Kt is the turbulent thermal diffusivity, ρ0 is the density of water layer, cp is the specific heat capacity of water, Q is the heat flow through the sea surface, H is the sea depth (Wells et al., 2009; Landau and Lifshitz, 2013). The thermal turbulent diffusivity Kt was prescribed equal to 10-5 m2/s according to (Schmitt and Olson, 1985). An implicit scheme and a sweep method are used to numerically solve this thermal equation. Change of temperature of the uppermost layer because of heat exchange with atmosphere is described by the equation Q=caρacHV(Ta−Ts) where ca is the specific heat capacity of air at constant pressure, ρa is the air density, cH is the Stanton number, V is the wind speed, Ta and Ts are the air and sea surface temperature, respectively (Smith, 1989; Brickman, 1995).

As a result of cooling, density of upper layers (calculated using the equation of state EOS-80) increases and they sink downwards to the related density levels. In order to reproduce this process, the vertical set of layers is sorted to obtain steadily increasing density from surface to sea bottom. We presume that cooling of the surface layer is much slower than vertical convection flow and mixing in the water column (Marshall and Schott, 1999). Therefore, the resulting depth of vertical convection at the model step is averaged by temperature and salinity to reproduce homogenization of the mixed surface layer. In addition, the model reproduces turbulent mixing at the interface between convective and non-convective parts of the water column caused by abrupt deceleration of the vertical convective flow (Marshall and Schott, 1999; Canuto et al., 2004). For this purpose, once the convective zone expanded below the mixed layer, the latter was extended downward by 0.2 m.

The spatial step in the computational grid, i.e., the fixed vertical size of sea layers, was equal to 0.5 cm according to the characteristic size of the surface thermal boundary layer (Wells et al., 2009). Decrease of this size induces decrease of thermal flux during a model step; as a result, convection penetrates to smaller depths than those observed by in situ measurements. The model time step was prescribed equal to 6 h according to (Schmitt and Olson, 1985). Decrease of this time step similarly results in decrease of both thermal flux and convection depth. Salt diffusion is not reproduced in the model, because it is much slower than salt exchange by turbulent mixing during convection.




3 Results

The main motivation of this study is provided by large differences in vertical salinity structure in the central part of the Kara Sea covered by the Ob-Yenisei plume between August – September and late October (Figure 2). In situ measurements performed during different years in the study area in August – September clearly demonstrate relatively steady increase of salinity from surface to bottom with maximal salinity gradient at the depths of 5-15 m associated with the vertical boundary between the Ob-Yenisei plume and subjacent saline sea (Figure 2A). This structure abruptly changes by late October, which is manifested by homogenization of the surface river plume layer and formation of very sharp salinity gradient at the plume-sea interface (Figure 2B). Vertical structure of the Ob-Yenisei plume in August – September was described and analyzed in detail in our recent paper (Osadchiev et al., 2021a), while in this paper we focus on the processes, which occur in the plume in late October shortly before ice formation.




Figure 2 | Typical vertical salinity structure in the Ob-Yenisei plume in August – September (A) and October (B).



Measurements at the central part of the Ob-Yenisei plume near the Ob and Yenisei gulfs were performed along transect T1 in October 2020 (Figure 3) and transect T2 in October 2021 (Figure 4). In both cases, salinities of the Ob-Yenisei plume were equal to 14-18, while salinities below the plume were equal to 28-32 (Figures 3A, 4A). Depth of the plume was equal to 10-15 m along both transects. Vertical salinity gradients at the plume-sea interface were very large, namely, 1-5 psu/m in October 2020 and 4-8 psu/m in October 2021 (Figures 3C, 4C). In particular vertical distance between the isohalines of 20 and 28 did not exceed 1-2 m at all hydrographic stations of transect T3 (Figure 4A). Vertical salinity gradients within the plume, on the opposite, were very low and did not exceed 0.5 psu/m (Figures 3C, 4C). Due to low air temperatures in late October 2020 (-2.5 – -2°C) and especially in late October 2021 (-6.5 – -5°C) and the resulting intense cooling of sea surface layer, its temperatures were equal to -0.5 – 0°C in October 2020 and -1 – -0.5°C in October 2021 (Figures 3B, 4B). Temperatures below the Ob-Yenisei plume also were low (-1 – -0.5°C) during both years, while much greater temperatures (0.5-1.5°C) were observed at the plume-sea interface associated with the largest salinity gradients (Figures 3B, 4B). Note that measurements in 2020 and 2021 were performed during almost the same dates; therefore, we associate the observed differences in vertical thermohaline structure of the Ob-Yenisei plume with different atmospheric conditions during these years. These differences were not caused by the inter-annual variability of discharge conditions of the Ob and Yenisei rivers, which were relatively small during the considered years. In particular, total discharge volumes of the Ob and Yenisei rivers during 2020, 2021, and 2022 were 1090, 1162, and 1067 km3, respectively.




Figure 3 | Vertical distribution of salinity (A), temperature (B), and vertical salinity gradient (C) along transect T1 on 25-26 October 2020.






Figure 4 | Vertical distribution of salinity (A), temperature (B), and vertical salinity gradient (C) along transect T2 on 24-28 October 2021.



Measurements at the northern part of the Ob-Yenisei plume were performed along transect T3 in October 2021 (Figure 5). Surface salinities along transect T3 increased from 15-18 near the Gulf of Ob to 20-25 at the northern part of the plume, while salinities below the plume were 30-32 (Figure 5A). Vertical salinity gradient at the bottom boundary of the Ob-Yenisei plume was sharp at the southern and central parts of transect T3 (3-5 psu/m), the vertical distance between the isohalines of 20 and 30 was 2-3 m (Figure 5C). At the northern part of the transect, the vertical gradient relaxed to 0.5-1 psu/m and the related distance increased to 8-10 m. Depth of the plume was equal to 9-13 m along the southern and central parts of transect T3. Vertical salinity gradients within the plume did not exceed 0.5 psu/m (Figure 5C). Temperatures of the surface layer were equal to -0.2 – 0°C (Figure 5B). Temperatures below the plume were high at the northern deep part of the transect (up to 2-4°C) and near the Gulf of Ob (0.5-1°C), while at the central part of the transect, on the opposite, temperatures were -0.5 – -0.2°C (Figure 5B).




Figure 5 | Vertical distribution of salinity (A), temperature (B), and vertical salinity gradient (C) along transect T3 on 21-24 October 2021.



In situ measurements reveal presence of the temperature maximum at the plume-sea interface at the central and northern parts of the plume, i.e., along transects T1, T2, and T3 (Figures 3C, 4C, 5C). This temperature maximum is formed due to the following reasons. During the majority of the ice-free period, the Ob-Yenisei plume waters are much warmer than ambient saline seawater, because watershed basins of the Ob and Yenisei rivers are extended several thousands of kilometers southward from the Kara Sea. In July, this contrast is the most prominent with temperatures >10°C in the Ob-Yenisei and<0°C at the subjacent seawater (Osadchiev et al., 2021a). In August and September, the temperatures steadily decrease to 2-4°C in the Ob-Yenisei plume due to cooling of the surface layer and increase to 0-1°C in the subjacent seawater till the depths of 20-25 m due to thermal exchange at the vertical plume-sea interface. Intensified air-sea cooling in October results in formation of temperature maximum at the plume-sea interface. Later in November, the temperature maximum vanishes due to the ongoing thermal exchange. The bottom shelf waters in this region (below the depths of 25-30 m) remain cold (<0°C) throughout the year.

Measurements at the eastern part of the Ob-Yenisei plume were performed along transect T4 in October 2020 (Figure 6) and transect T5 in October 2021 (Figure 7). Surface salinities along both transects increased from 18-20 near the Yenisei Gulf to 25-27 at the eastern part of the plume, while salinities below the plume were 30-32 (Figures 6A, 7A), which is generally similar to Transect T3 (Figure 5A). However, vertical salinity gradient at the plume-sea interface along transect T4 (1-3 psu/m) and especially along transect T5 (0.5-1 psu/m) were much smaller than those along transects T1-T3. Similarly to transects T1-T3, vertical salinity gradients within the plume did not exceed 0.5 psu/m (Figures 6C, 7C). Depth of the plume was equal to 10-15 m along Transect T4 and to 15-20 m along Transect T5. Temperatures of the surface layer decreased from west to east from 0 to -1° along Transect T4 (Figure 6B) and from 1 to 0°C along Transect T5 (Figure 7B) due to lower air temperatures in late October 2021 (-6.5 – -5°C) as compared to late October 2022 (-4 – -2.5°C). Temperatures below the plume were< -1°C along transect T4 (Figure 6B) and< -0.5°C along Transect T5 (Figure 7B). We do not observe temperature maximum at the eastern part of the plume along transects T4 and T5 (Figures 6C, 7C) presumably because initial temperature difference between the plume and the subjacent sea is much smaller due to its location far off the Ob and Yenisei gulfs. As a result, distinct temperature maximum does not form at this part of the plume.




Figure 6 | Vertical distribution of salinity (A), temperature (B), and vertical salinity gradient (C) along transect T4 on 13-15 October 2021.






Figure 7 | Vertical distribution of salinity (A), temperature (B), and vertical salinity gradient (C) along transect T5 on 19-20 October 2022.






4 Discussion

In situ measurements performed in the Kara Sea in late October demonstrated significant differences in vertical thermohaline structure of the Ob-Yenisei plume as compared to its state in August-September (Figure 2). The most prominent feature of the Ob-Yenisei plume, which is regularly observed in late October, is a very narrow and sharp vertical gradient zone between the plume and the subjacent saline sea. In particular, at certain areas of the plume-sea interface, salinity increased from 16-18 to 28-30 at vertical distance of 1-2 m (black lines in Figure 8), which is among the largest vertical salinity gradients measured in the World Ocean.




Figure 8 | Vertical salinity profiles in the central part of the Ob-Yenisei plume (black circles and lines), eastern part of the Ob-Yenisei plume (blue circles and lines), and the Yenisei Gulf (yellow circles and lines) in October 2021. White arrows indicate two stations in the central and eastern parts of the Ob-Yenisei plume, which were used for validation of the numerical model demonstrated in Figures 9 and 10.



Similar sharp salinity gradients were previously reported at river plumes formed by small rivers in absence of strong external forcing (winds, tides, coastal currents) (McPherson et al., 2020; Osadchiev et al., 2020d; Osadchiev et al., 2022b), however, to the extent of our knowledge, they were never reported at large river plumes. Indeed, sharp salinity gradients at small river plumes are formed close to freshwater sources at river mouths as a result of primary frontogenesis. These gradients represent small residence time (order of hours) of river water within river plumes and subsequently relax due to mixing at the plume-sea interface. Dissipation of freshened water as a result of mixing of a small plume with subjacent saline sea limitedly influence ambient sea and does not result in accumulation of freshwater in adjacent sea area. Therefore, saline seawater remains almost unmodified near river mouth below a small plume. This is the second important factor of formation of sharp salinity gradients by primary frontogenesis in small plumes. This is not the case of large plumes, because their mixing with saline seawater significantly decreases salinity of the ambient sea. As a result, primary frontogenesis in large plumes near river mouths does not provide sharp salinity gradients.

Sharp salinity gradients in the Ob-Yenisei plume are observed at wide areas far from river estuaries and represent river water with large residence time (order of weeks and months); therefore, they are not related to primary frontogenesis. Moreover, these gradients are not observed in September and early October (Osadchiev et al., 2021a); therefore, they are formed during several weeks or less. We presume that these gradients are formed as a result of convection process induced by cooling and overturning of surface layer at the beginning of the cold season in the Kara Sea. This process induces vertical mixing in the plume, increases its depth, and homogenizes its salinity. The plume-sea interface becomes entrained into the mixed layer and steadily erodes. On the other hand, convection does not penetrate below the plume-sea interface because of high salinity and density of the subjacent seawater. It results in formation of a very narrow and sharp vertical gradient zone between the plume and the subjacent saline sea. This secondary frontogenesis associated with autumn convection occurs at the majority of the area of the Ob-Yenisei plume.

In order to prove the assumption about formation of sharp salinity gradients at the Ob-Yenisei plume, we developed a one-dimensional numerical model simulating convection in the Kara Sea from the middle of August till the end of October (Figures 9, 10). One-dimensional models were widely used to study convection in different parts of the World Ocean in previous studies (Schmitt and Olson, 1985; Marshall and Schott, 1999; Canuto et al., 2004). Similarly to these studies in the open sea, one-dimensional model could adequately reproduce convection in the Ob-Yenisei plume due to the following reasons. First, the Ob-Yenisei plume is large, therefore, its thermohaline structure is relatively homogenous in the horizontal direction (Osadchiev et al., 2021a). It is not totally homogenous, in particular, salinity increases from estuaries to the outer part of the plume. Nevertheless, large horizontal salinity gradients are observed only at the lateral plume border. Second, the area and position of the Ob-Yenisei plume is stable in October due to decreased river discharge. Active expanding of the plume, which is caused by flooding at the Ob and Yenisei rivers, ends by September (Osadchiev et al., 2021a). Third, the modeled convection process is induced by atmospheric cooling and, therefore, occurs simultaneously at the whole plume area. Duration of active convection is very quick (several weeks), which is a smaller time scale than the pronounced seasonal variability of the Ob-Yenisei plume.




Figure 9 | Vertical salinity (left) and temperature (right) structure in the central part of the Ob-Yenisei plume in the middle of August (green line), middle of September (blue lines), and late October (red lines) according to in situ measurements (solid lines) and numerical modeling (dashed lines). Location of the in situ measurements is shown by the left white arrow in Figure 8.






Figure 10 | Vertical salinity (left) and temperature (right) structure in the eastern part of the Ob-Yenisei plume in the middle of August (green line) and late October (red lines) according to in situ measurements (solid lines) and numerical modeling (dashed lines). Location of the in situ measurements is shown by the right white arrow in Figure 8.



Initial thermohaline structure of vertical water column in the numerical model was prescribed according to in situ measurements performed at the Ob-Yenisei plume. The resulting vertical structure was validated against in situ measurements. Air temperature (Figure 11G) and wind speed (Figure 11H) and were prescribed as external forcing conditions from ERA5 atmospheric reanalysis. The central part of the Ob-Yenisei plume in the middle of August is characterized by temperatures of 5-9°C and salinities of 10-15 [see Figures 6-9 in (Osadchiev et al., 2021a)]. Below the plume temperatures decrease to -1 – 1°C at the depths of 20-30 m, while salinities increase to 30-32. The vertical interface between the plume and the subjacent seawater is 5-10 m wide, the vertical salinity gradient is 2-3 psu/m. A typical vertical distribution of salinity and temperature in the central part of the Ob-Yenisei plume in the middle of August is shown in Figure 9 (solid green line).




Figure 11 | Surface salinity (A) and temperature (B), vertical sizes of the surface mixed layer (C) and the plume-sea interface (D), temperature (E) and salinity (F) changes at plume-sea interface, air temperature (G) and wind speed (H) during the period of numerical modeling of vertical structure of the central part of the Ob-Yenisei plume from the middle of August till late October. Gray bands indicate periods of intense convection.



Cooling of the surface layer of the Ob-Yenisei plume starts in September and is intensified in October (Figure 11B) due to abrupt decrease of air temperature (to 2-4°C in late September and<0°C in October) (Figure 11G) which is advected to the Kara Sea from the continent. It results in development of vertical convection in the plume characterized by increase of mixed layer depth (Figure 11C), decrease of vertical size of the plume-sea interface (Figure 11D), and increase of surface salinity (Figure 11A). At the beginning stage of convection, the depth of the mixed layer is relatively small. The uppermost surface layer with small salinity gradient is quickly entrained into the convection layer that steadily deepens in response to relatively small cooling of air temperature and relatively small wind speed. A sharp salinity and temperature jump (Figures 11E, F) forms at its narrow lower boundary. Temperature jump further relaxes due to vertical heat exchange, while salinity jump remains at the plume-sea interface. Figure 9 shows results of in situ measurements (solid blue line) and numerical simulation (dashed blue line) in the plume in the middle of September. By this time, convection steadily reached the depth of 7 m, while the mixed layer cooled to 6°C.

At the intermediate stage of convection in late September and October, i.e., after the convection layer reached depths with considerable salinity gradient (~2 m), its increase is induced only during storm events with abrupt air cooling. Generally, the convective layer increases its depth at wind speeds >10-11 m/s and air-sea temperature differences >2-2.5°C. However, in certain cases this process occurs at smaller wind speeds with greater air-sea temperature differences and vice versa, because the impact of both factors could be dominant. Average deepening velocity of the convective layer during these periods was 1 m per day (grey bands in Figure 11C). In late October, temperature of surface water decreased to the temperature of maximum density (0°C) and further convection became impossible (red lines in Figure 9). As a result, during the last stage of convection, the depth of the convective layer becomes stable and increases very slowly even during storm periods. By this time, the depth of the mixed layer increased to 10 m (Figure 11C). Vertical plume-sea frontal zone with moderate salinity gradient observed in August transformed to a narrow (1-2 m) interface (Figure 11D) with sharp salinity gradient in late October (Figure 11E).

Note the good agreement of numerical modeling (dashed lines in Figures 9, 10) and in situ measurements (solid lines in Figures 9, 10) of thermohaline characteristics of the mixed layer and the plume-sea interface. Thermohaline structure of saline seawater below the plume-sea interface was reproduced worse. In particular, vertical salinity structure of this layer remained the same as was initially prescribed in the middle of August, because numerical model reproduces changes in salinity only in the convection-modified part of the water column. However, there is ambient circulation below the Ob-Yenisei plume, which could alter salinity structure. Temperature changes simulated by numerical modeling below the plume are related to heat exchange in the water column, which propagates below the salinity jump. However, it does not cause vertical motion and does not affect salinity, therefore density structure changes only slightly. Nevertheless, we believe that this disagreement does not affect correctness of results of the current study focused on changes in vertical structure of the Ob-Yenisei plume.

Numerical experiments demonstrated that vertical convection effectively deepens mixed layer and forms sharp and narrow salinity gradient at its bottom boundary at different parts of the plume, which is consistent with in situ measurements (Figure 8). However, salinity jump and depth of the resulting mixed layer strongly depends on initial thermohaline conditions. In particular, numerical modeling of convection in the more saline and diluted eastern part of the Ob-Yenisei plume demonstrated that the resulting surface salinity (26) and the vertical size of the mixed layer (16-17 m) (red lines in Figure 10) are greater than those in the central part of the plume (red lines in Figure 9), which was also observed by in situ measurements (blue and black lines in Figure 8). Similarly to the central part of the plume, at the beginning stage of convection, the depth of the mixed layer in the eastern part of the plume steadily increases in response to relatively small cooling of air temperature and relatively small wind speed (Figure 12). The intermediate stage occurs after the convection layer reached depths ~11 m with significant salinity gradient. Similarly to the central part of the plume, further vertical increase of the convection layer is induced by strong winds and/or large air-sea temperature differences (grey bands in Figure 12). Decrease of sea surface temperatures to temperature of maximal density (-1.8°C) in late October results in secession of deepening of the convective layer.




Figure 12 | Surface salinity (A) and temperature (B), vertical sizes of the surface mixed layer (C) and the plume-sea interface (D), temperature (E) and salinity (F) changes at plume-sea interface, air temperature (G) and wind speed (H) during the period of numerical modeling of vertical structure of the eastern part of the Ob-Yenisei plume from the middle of August till late October. Gray bands indicate periods of intense convection.



The only parts of the Ob-Yenisei plume where sharp and narrow salinity gradient at the bottom plume boundary is observed by neither in situ measurements, nor numerical modeling are the Ob and Yenisei gulfs. Surface salinity at these areas remain relatively low (4-7) even in August and September, therefore, the related temperatures of maximum density are relatively high (4-6°C). As a result, the cooling effect on water density is low and vertical convection does not penetrate to the plume-sea interface. In particular, numerical simulation of convection in the Gulf of Ob demonstrates that this process does not propagate below 4-6 m and does not affect bottom boundary of the plume, which is consistent with in situ measurements (yellow lines in Figure 8).




5 Conclusions

In this study, we report in situ measurements performed during late October in the Kara Sea, i.e., at the beginning of the cold season and shortly before sea ice formation. These measurements revealed two features of the Ob-Yenisei plume, first, homogenous vertical structure from surface to the bottom boundary of the plume and, second, anomalously abrupt salinity jump at this boundary by 10-12 at vertical distance of 1-2 m. Both features were observed at almost the whole area of the Ob-Yenisei plume except river estuaries, i.e., the Ob and Yenisei gulfs. Both features were formed in the plume during several weeks in October, because extensive in situ measurements performed during previous years in the Kara Sea in August – September did not detect these features.

Using numerical modeling, we demonstrated that these features were formed by autumn convection, which developed within the Ob-Yenisei plume in the middle of autumn. Advection of cold air from the continent to the Kara Sea and enhanced wind forcing during this period resulted in effective cooling of surface layer of the plume and its subsequent overturning. Convection processes during cold season were observed and thorough studied in many areas of World Ocean, especially in the Greenland and Labrador seas, Weddell Sea, and Mediterranean Sea, where they result in formation of very deep (>1000 m) mixed layers (Killworth, 1983; Marshall and Schott, 1999; Lavender et al., 2002; Houpert et al., 2016; Cheon and Gordon, 2019). However, we are not aware of any other study of convection at river plumes and its influence on their vertical structure.

Convection increased depth of the mixed layer and homogenized vertical thermohaline structure of the Ob-Yenisei plume. Convection eroded moderate salinity gradient at the vertical plume-sea interface and halted only after the mixed layer reached the layer of saline seawater. It resulted in formation of narrow (1-2 m) salinity jump between the Ob-Yenisei plume and the subjacent saline seawater. Numerical modeling revealed that the most intense convection generally occurred during storm events with wind speeds >10-11 m/s and air-sea temperature differences >2-2.5°C. During these periods, depth of the convective layer increased by 1 m per day. Convection in the Ob-Yenisei plume occurs only in September and October, because air-sea interaction is blocked in early November by ice formation in the Kara Sea. However, due to relatively small depth of the Ob-Yenisei plume (10-15 m), even this short time period is enough to modify significantly the vertical plume structure. The only areas in the plume, which are not affected by convection, are the Ob and Yenisei gulfs due to low surface salinities and the related high temperatures of maximal density.

The obtained results could be applied to other river plumes located in polar and temperate latitudes with low winter temperatures. In particular, similar autumn convection and formation of narrow and sharp salinity gradient at the bottom boundary could be the case of other large river plumes in the Arctic Ocean, e.g., the Lena, Mackenzie, Yukon, Kolyma, Pechora, Khatanga, Indigirka plumes (Mulligan et al., 2010; Mulligan and Perrie, 2019; Osadchiev et al., 2020a; Osadchiev et al. 2020c; Osadchiev et al. 2021c; Spivak et al., 2021; Clark and Mannino, 2022; Rogozhin et al., 2023). However, possible autumn convection within these plumes remain unstudied due to very hard weather and ice conditions in the Arctic seas shortly before and during ice formation. Formation of sharp salinity gradient at the plume-sea interface shortly before ice formation reduces friction between river plumes and the subjacent seawater. This feature could strongly affect the subsequent buoyancy-driven spreading of river plumes below sea ice, which isolates plumes from wind forcing. Therefore, the results of this study are important for understanding advection and transformation of large river plumes below sea ice during winter and spring that remains the unknown part of the large-scale freshwater cycle in the Arctic Ocean (Osadchiev, 2021).
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