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Abstract


Numerical modeling methods were used to study the combined effects of the autumn thermal bar and river inflow mineralization on deep-water renewal processes in Lake Baikal. A cross-section from the Boldakov River to Maloye More strait characterized by great depths was chosen for the study. Numerical experiments showed that under low levels of river mineralization, downwelling in the thermal bar front played a key role in water mixing. Under high levels of mineralization, the crucial factor was the large-scale near-slope circulation appearing when the stable temperature stratification of deep waters was broken. The haline characteristics of river inflow influenced the time of thermal bar appearance and the speed of propagation in the open lake. Moreover, it was shown that eddy structures can form on both sides of the thermal bar only under minor differences between river and lake mineralization levels.
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1. Introduction


Active instrumental research on Lake Baikal has been performed since the mid-twentieth century [1,2], and today, there is a large pool of data that have been accumulated on the physical and chemical characteristics of Baikal water [3,4,5]. Nevertheless, the mechanism of the lake water renewal remains poorly described and is of great scientific and practical interest, because the course of dynamic processes in the lake is influenced by the combination of external (wind, radiative fluxes, geothermal heat flux, characteristics of river tributaries, etc.) and internal (effects of temperature and pressure on water density) factors [4,6,7].



The interaction between surface Baikal waters and deep-water layers under the impact of pressure on the water density has yet to be studied in detail. However, the results of the vertical measurements of temperature, water-dissolved oxygen, and fluorochlorocarbon concentrations, as well as other parameters, pointed to the presence of mechanisms of upper- and deep-water mixing [4,6,7].



Surface-layer water temperature in the lake is determined by the absorption of solar energy, convective mixing due to wind stress, and microscale turbulence [8]. The pressure impact on the temperature of the maximum density (temperature of maximum density decreases by 0.21 °C for every 100 m) limits free convective heat exchange to 250–300 m in spring and autumn [9].



Registered low temperatures and high values of dissolved oxygen concentrations signal the presence of deep-water convection. One of the hypotheses of its formation points to occasional wind impact on the lake surface [10].



Another hypothesis, formulated by Shimaraev and proven by numerous instrumental measurements [4,9,11], concerns cabbeling accompanying the thermal bar. For example, measurements conducted during an international hydrophysical experiment [4] showed that thermal bar formation under the influence of mineralized and warm waters from the Selenga River initiated intensive water exchange between deep- and surface-water layers in the lake.



The thermal bar is a narrow zone where surface waters with a temperature close to the temperature of the maximum density (Tmd) begin to sink [12,13]. In autumn, it is a temperature and density front separating cold (below 4 °C) and warm (above 4 °C) lake water. Under the influence of the thermal bar, the warm water current slides down from the river and sinks below the depth of the mesothermal maximum, transferring surface waters to great depths. A leading role in the thermal bar formation in Lake Baikal is played by its tributaries, both in spring and in autumn, despite their much lower water content [14]. Additionally, research showed that the timing of formation and destruction of the thermal bar depended on wind force and direction [7,15], as well as bottom bathymetry [16]. Numerical modeling also demonstrated that wind stress caused intensive vertical mixing and leads to homothermy across the entire shallow water area. It confirmed the key role of wind in the propagation of cooled water down to deeper layers [17]. The observations also revealed a mechanism connected to the density current of surface waters with higher mineralization along the slope and as warm intrusions under the bottom thermal bar boundary [4,18].



Field measurements of the thermal bar in Baikal began in the 1960s [19] and continue today. Studies in an international experiment [4] demonstrated a temperature decrease in the near-bottom waters and an increase in oxygen concentration long before the thermal bar formation, which may have been caused by forced convection—eddy current appearing due to the action of tributary waters sliding downward along the slope. In spring and autumn (May–June and November–January), the stable vertical temperature stratification weakens because the temperatures of deep and surface waters become equal (~3.5 °C) [9]. At this moment, additional forces (wind friction, underwater currents, and changes in the mineralization gradient) may cause surface waters to slide down, where their density will be equal to the density of deeper waters, and thus, the water column turns over [7,20].



The influence of vertical near-slope circulations from the coastal area on the renewal of Baikal waters was substantiated by both observations [3,5,21] and the results of numerical modeling [7]. The influence of mineralization on deep convection was particularly significant in Central Baikal, bringing warmer water into the lake in late spring and colder water in late autumn, thus resulting in hydrostatic instability.



Precipitation waters make up only about 13% of the overall annual discharge in Baikal, and consequently, the chemical composition of lake water is mostly defined by the chemical composition of its tributaries. Baikal waters are classified as low-mineralized soft waters of a hydrocarbonate class, type 1 calcium group, according to the classification by Alekin [2]. They are close to the composition of its tributary water in terms of major ions and are very different in terms of biogenic elements, organic matter, and gas components. An increase in mineralization in river discharge water is typical during autumn, when the influence of highly mineralized underwater springs becomes stronger. In spring, on the contrary, mineralization drops due to snow alimentation. Throughout the year, the mineralization of tributary waters for the Baikal basin does not change by more than 150–250%.



The following five groups of Baikal tributaries were described [2] according to their degree of mineralization:




	(1)

	
Very low mineralization. Tributaries of mostly southern and northern ends of Baikal, with a small catchment basin and mainly of a snow alimentation type. They freeze or have insignificant water discharge in winter. The total mineralization of these tributaries is 20–40 mg/L and does not exceed 50 mg/L.




	(2)

	
Tributaries with a mineralization of 50–100 mg/L. Mountain rivers with catchment basins in mountain ranges in the vicinity of Baikal.




	(3)

	
Tributaries with a mineralization of 100–200 mg/L. Such are the Selenga and Barguzin rivers and some lesser rivers. Owing to the structure of their catchment basins and insignificant base alimentation compared to that of rain, they maintain low mineralization levels.




	(4)

	
A small number of tributaries with a mineralization of 200–300 mg/L, located in the areas of carbonate occurrence (the Malaya Buguldeika, the Haluri, the Ilga, and others).




	(5)

	
Tributaries with mineralization above 300 mg/L. The Bolshaya Buguldeika is the only tributary of Baikal in this group. Apart from it, the group includes some smaller streams in Olkhon Island that feed from highly mineralized waters deep underground.









The aim of this work is to study the influence of river discharge mineralization on the deep-water renewal processes in Lake Baikal during thermal bar formation using numerical modeling.




2. Materials and Methods


2.1. Numerical Model


In this study, a two-dimensional section is adopted with the justification that gradients normal to the lake shore are much greater than gradients parallel to the shore, which are neglected. To take the Coriolis force related to the Earth’s rotation and the effect of wind into account, the longshore velocity (v, in the y-direction) was introduced into our model. The physical processes to be simulated are assumed to be homogenous along the direction across the river mouth—the Oy axis. The Ox axis is directed towards the lake, and Oz is directed vertically upwards (Figure 1). A nonhydrostatic model [17,22] reproducing the thermohydrodynamic processes in a deep lake includes the momentum equations (Equations (1)–(3)), equations of continuity (Equation (4)), energy (Equation (5)), and salinity balance (mineralization) in the lake (Equation (6)), as follows:


     ∂ u   ∂ t    +    ∂  u 2    ∂ x    +    ∂ u w   ∂ z    = −   1   ρ 0        ∂ p   ∂ x    +   ∂  ∂ x       K x     ∂ u   ∂ x      +   ∂  ∂ z       K z     ∂ u   ∂ z      + 2  Ω z  v − 2  Ω y  w ;  



(1)






     ∂ v   ∂ t    +    ∂ u v   ∂ x    +    ∂ w v   ∂ z    =   ∂  ∂ x       K x     ∂ v   ∂ x      +   ∂  ∂ z       K z     ∂ v   ∂ z      + 2  Ω x  w − 2  Ω z  u ;  



(2)






     ∂ w   ∂ t    +    ∂ u w   ∂ x    +    ∂  w 2    ∂ z    = −   1   ρ 0        ∂ p   ∂ z    +   ∂  ∂ x       K x     ∂ w   ∂ x      +   ∂  ∂ z       K z     ∂ w   ∂ z      −    g ρ    ρ 0     + 2  Ω y  u − 2  Ω x  v ;  



(3)






     ∂ u   ∂ x    +    ∂ w   ∂ z    = 0 ;  



(4)






     ∂ T   ∂ t    +    ∂ u T   ∂ x    +    ∂ w T   ∂ z    =   ∂  ∂ x       D x     ∂ T   ∂ x      +   ∂  ∂ z       D z     ∂ T   ∂ z      +   1   ρ 0   c p        ∂  H  s o l     ∂ z    ;  



(5)






     ∂ S   ∂ t    +    ∂ u S   ∂ x    +    ∂ w S   ∂ z    =   ∂  ∂ x       D x     ∂ S   ∂ x      +   ∂  ∂ z       D z     ∂ S   ∂ z      ,  



(6)




where u, v are the horizontal velocity components along the Ox and Oy axes, respectively; w is the vertical velocity component; Ωx, Ωy, and Ωz are the vector components of the Earth rotation’s angular velocity; g is the acceleration of gravity; cp is the specific heat capacity; T is the temperature; S is the salinity; p is the pressure; ρ0 is the water density at standard atmospheric pressure; and temperature TL and salinity SL are the reference temperature and salinity of the lake, respectively.



The initial conditions for the governing equations were set as follows:


  u = 0 ;     v = 0 ;     w = 0 ;     T =  T L  ;     S =  S L  ,  



(7)




where TL and SL are the temperature and salinity in the lake, respectively.



Boundary conditions were considered



	(a)

	
at the surface of the lake









   K z     ∂ u   ∂ z    =     τ  s u r f  u     ρ 0     ;    K z     ∂ v   ∂ z    =     τ  s u r f  v     ρ 0     ;   w = 0 ;    D z     ∂ T   ∂ z    =     H  n e t      ρ 0  ⋅  c p     ;      ∂ S   ∂ z    = 0 ,  



(8)




where Hnet is the heat flux of longwave radiation, latent, and sensible heat [22];



	(b)

	
at the solid boundaries









  u = 0 ;   v = 0 ;   w = 0 ;      ∂ T   ∂ n    = 0 ;        ∂ S   ∂ n    = 0 ,  



(9)




where n is the direction of the outward normal to the domain;



	(c)

	
at the river inflow boundary









  u =  u R  ;     v = 0 ;     w = 0 ;     T =  T R  ;     S =  S R  ,  



(10)




where uR is the river inflow velocity; and TR and SR are the temperature and salinity in the river, respectively;



	(d)

	
at the open boundary, where the following conditions for the radiation type [23] were set:


     ∂ ϕ   ∂ t    +  c ϕ     ∂ ϕ   ∂ x    = 0       ϕ = u , v , T , S   ;      ∂ w   ∂ x    = 0 ,  



(11)











The phase velocity cφ is calculated here from the space and time trends φ in the domain near the boundary.



The closure of the system was achieved with a k–ω turbulence model [24] and algebraic relations for turbulent viscosity and diffusion [25]. The equation of state [26] adopted in the model is valid in the ranges of 0 ≤ T ≤ 30 °C, 0 ≤ S ≤ 0.6 g/kg, 0 ≤ p ≤ 180 bar.



The problem was solved numerically using the method of finite volumes, when scalar values (temperature, salinity, and turbulent terms) were defined in the centers of mesh cells, while velocity components were defined in the midpoints of cell edges. For the approximation of the basin bathymetry by the numerical domain, we used the method of blocking fictitious domains as follows [27]: The components of velocity were set to zero where the viscosity coefficient was very high in the excluded area. A numerical algorithm for calculating the velocity and scalar value field was based on the Crank–Nicolson finite difference method. For the approximation of convective terms in the equations, an upstream QUICK scheme was used [28]. The coordination of the calculated speed and pressure fields was achieved through the original SIMPLED procedure for currents with buoyancy, which is a modified SIMPLE method [27]. The SIMPLED algorithm adjusts speed and pressure fields accounting for density variations in a gravitational term of Equation (3). The system of finite difference equations was solved with the incomplete factorization [29] and relaxation methods at every time step. A more detailed description of the model and the numerical method of the solution for Equations (1)–(6) with initial and boundary conditions (7)–(11) is given in [25].




2.2. Study Area and Problem Parameters


Numerical experiments were conducted for various values of river discharge mineralization (Table 1) for the transect of the Boldakov River–Maloye More strait in Lake Baikal (Figure 1a) over the calculation domain of 10 km × 1.2 km (Figure 1b). The transect is located 70 km north of the Selenga River delta, in the central basin of Lake Baikal, which extends from the Selenga River in the south to the Ushkan Islands in the north [30]. Although the different mineralization levels of tributaries are from distinct regions, we should carry out simulations under the same initial and boundary conditions (except for mineralization) in order to correctly compare the results. Bathymetry data corresponding to the given transect were taken from Ref. [14].



Field observations show that the basic physical changes during the thermal bar evolution occur from the shore to the lake center, while flow characteristics are mainly homogeneous in the direction parallel to the shoreline [31,32,33]. Therefore, the thermal bar dynamics on the cross-section selected can be described accurately by the model presented.



The calculation domain was a uniform orthogonal grid with steps hx = 50 m and hz = 5 m. The time step was 30 s. The grid size, time step, and other calculation parameters used in this study were the same as in Ref. [22], where the adequacy of the model proposed was confirmed.



The initial and boundary conditions adopted for our model are based on observation data in Central Baikal [1,34] and the numerical modeling of physical processes in large lakes [25,35]. The initial water temperature in numerical experiments had a vertically inhomogeneous distribution, reflecting the temperature regime of Central Baikal in October [1]. The water temperature in the river discharge mouths was initially 1.5 °C and decreased by 0.02 °C per day. Lake water mineralization was 96 mg/L [1]. Tributary water speed when entering the lake was 0.5 cm/s (approximately corresponding to the maximum velocity values of the Srednyaya arm [34]. Horizontal turbulent viscosity and diffusion coefficients were taken as Kx = Dx = 5 m2/s [35]. Heat fluxes coming to the water surface were parametrized according to formulas from [36], using meteorological data from a weather station in Goryachinsk village from 1 November 2015 to 30 November 2015. The values Hgeo,    τ  s u r f  u   , and    τ  s u r f  v    were taken as zero in numerical experiments.





3. Results


All experiments showed the formation of an along-the-slope current of various speeds on day 5. In experiments 1 and 2 (Figure 2(a’2,b’2)), the speed of this current did not exceed 0.4 cm/s, while its maximum speed was registered 4500 m away from the river mouth. In experiment 3 (Figure 2(c’2)), the maximum current speed was 0.5 cm/s and, unlike in previous experiments, near-maximum values of along-the-slope current speed were registered closer to the river mouth—500–1000 m away from it. Circulation was observed in the thermoinert area. In experiments 4 and 5 (Figure 2(d’2,e’2)), near-bottom current speed increased significantly, up to 3 cm/s and 4 cm/s, respectively. With distance from the mouth, it slowed to below 1 cm/s, as follows: 4500 m away from the river mouth in experiment 4 (Figure 2(d’2)) and 6500 m in experiment 5 (Figure 2(e’2)). In both experiments, a large-scale along-the-slope eddy was formed. On day 10 in experiment 5 (Figure 3(a’)), comparatively high values of near-bottom current speed remained the same at a considerable distance from the river mouth as follows: 6500 m away from the river mouth, the current speed was >2 cm/s. On day 20, however, (Figure 3(b’)) its maximum speed increased significantly up to 6 cm/s, and a second eddy was formed, which is the reverse of the along-the-slope eddy (its center was located 210 m deep and 2700 m away from the river mouth). Note that on day 5 in experiments 1 and 2 (Figure 2(a’2,b’2)), surface waters slid down further (toward the open lake) than the Tmd position, in experiment 3 (Figure 2(c’2)) near the Tmd position, and in experiments 4 and 5 (Figure 2(d’2,e’2)) closer to the coast. On days 10 and 20 in experiment 5 (Figure 3(a’,b’)), dense, highly mineralized water slid down near the river mouth, despite the significant horizontal propagation of the thermal bar.



Judging from the location of Tmd on the lake surface (Figure 4), the thermal bar was formed on day 1 in experiments 1, 2, and 3, and on day 3 in experiments 4 and 5. It can be concluded that, by increasing the mineralization of river discharge water, the thermal bar was formed later. Remarkably, in experiments 1 and 2, as well as in experiments 4 and 5, the thermal bar was formed around the same time. For a few days after the thermal bar formation, the speed of its horizontal development depended on mineralization. Two days after the thermal bar had been formed, it moved horizontally by 1.1 km in experiment 1, by 0.9 km in experiment, by 0.75 km in experiment 3, by 0.4 km, in experiment 4, by 0.45 km and in experiment 5. However, the overall dynamics of Tmd location on the surface of the basin demonstrated that the average speed of horizontal propagation of the thermal bar slowed with the increase in mineralization of river discharge waters as follows: the average propagation speed was 318 m/day in experiment 1, 307 m/day in experiment 2, 294 m/day in experiment 3, and 288 m/day in experiments 4 and 5.



Less mineralized water from experiments 1 and 2 tended to propagate over the lake surface, but it has a weak influence on the intensity of cooling of the open lake surface in comparison with other experiments. The Tmd location on the lake surface showed that the surface water near the river mouth cooled faster when mineralization of the river discharge was lower, mostly, however, due to earlier thermal bar formation. The more mineralized water from experiments 4 and 5 slid down the slope. Its propagation was accelerated with the growing mineralization, which could be seen from the along-the-slope current speed, as well as the water temperature decrease with an increase in mineralization in the area. Water from experiment 3 was the closest to the water in the basin in mineralization, and although its mineralization was higher than that in the basin, as in experiments 4 and 5, this water propagated across the surface, which was more similar to water from experiments 1 and 2. The chronoisopleths of mineralization at 6000 m from the river mouth (Figure 5) demonstrated that water mineralization farther away from the river mouth changed faster when the difference in mineralization of tributary and lake water was greater. Less mineralized tributary water changed at smaller depths, while higher mineralized changed closer to the bottom. In experiment 1, mineralization started to change significantly in the upper 50 m layer on day 8, in experiment 2 in the same upper 50 m layer on day 10, in experiment 4 at the depth of 600 m on day 8, and in experiment 5 at the depth of 650 m on day 5. Further variations in mineralization in experiments 1 and 2 occurred closer to the surface and in experiments 4 and 5 closer to the bottom. In experiment 3, changes in mineralization were minor and could be traced at the depth of 50 m on day 9. On day 20 in experiment 1, water mineralization at the surface was <87 mg/L, while in experiment 2 only 89–91 mg/L. Similarly, on day 20 in experiment 5, bottom water mineralization was >113 mg/L, while in experiment 4 only 103–105 mg/L. In experiment 3, there was a major difference in mineralization with the water on the lake surface, which was nearly 96.5 mg/L on day 20.




4. Discussion


4.1. Near-Slope Convection


Numerical modeling showed that the mineralization of river discharge influences both the time of formation of the thermal bar and the speed of its propagation, which agrees with the results for the autumn thermal bar in the Selenga River delta [17]. The speed of the thermal bar front propagation decreased by no more than 10%, with the growth of discharge mineralization from 50 mg/L to 200 mg/L. When the discharge mineralization was lower than the Lake Baikal mineralization, buoyancy kept lighter discharge waters on the lake surface and mixing occurred in the subsurface layer down to the depth of 200 m (Figure 2(a1,a’2,b1,b’2)). It increased the cooling rate on the surface and the horizontal propagation speed of the thermal bar front. The more intensive cooling of the near-surface layer of lake waters provoked earlier thermal bar formation than that from more mineralized discharge (Figure 4). Near-slope speed here was lower than in experiment 3, when mineralization of the discharge and the lake nearly coincided (Figure 2(c’2)). The summer temperature stratification of Baikal waters below 100 m under discharge mineralization lower than lake mineralization did not change in 5 days. At the same time, the water surface cooled up to 3 km away from the river mouth in the case of minor discharge mineralization (20 mg/L) (Figure 2(a2)). With the increase in discharge mineralization, the 4 °C isotherm went deeper, and heat exchange involved deeper waters; meanwhile, the thermal bar propagation away from the coast declined, and consequently, the surface cooled closer to the tributary (1.5 km). The drop in surface cooling under growing discharge mineralization was also demonstrated during the numerical modeling of the autumn thermal bar in Kamloops Lake [20] and in the Selenga shallow water area in Lake Baikal [17]. With the increase in discharge mineralization, the propagation of the thermal bar front slowed, which agrees with the numerical results for the Selenga River [29].



When discharge water mineralization (200 mg/L) was significantly higher than Baikal water mineralization, highly mineralized, and consequently, denser tributary waters slid down the slope to great depths, which provoked the formation of an eddy current. Temperature rose in the center of the near-slope eddy at 200–600 m depth, which indicated that warmer lake surface waters (3.8–4.0 °C) reach this area. When mineralization grew to 300 mg/L (Figure 2(e’2)), this temperature pattern was not observed, while warmer waters slid even deeper, down to 600–700 m, due to the higher speed, where the area of increased temperature (3.8–4.0 °C) was registered near the slope.



Thus, numerical results demonstrated the influence of along-the-slope currents on the renewal of Lake Baikal deep waters, which was observed in the lake during field studies [37]. Bottom bathymetry also had an impact. A near-slope eddy was formed in the area with a less steep slope, where additional resistance to the current took place. Moreover, in the studied transect with a considerable bottom slope, due to the gradient of mineralization and temperature (density), the near-the-slope current had a greater influence on vertical mixing than mixing at the thermal bar front. This agrees well with the conclusion that the thermal bar impact is more pronounced under a gentler bottom slope [16].



Intensive eddy mixing under high discharge mineralization led to the destruction of summer temperature stratification deeper than 200 m already on day 5, and by day 10, the temperature in the calculation domain nearly evened out (3.2 °C) at a depth below 200 m (Figure 2(e’2)). On day 20, further cooling was registered in deeper waters due to along-the-slope current (Figure 3b). Thus, a great vertical mineralization gradient resulted in the destruction of stable temperature stratification of deep waters close to Tmd [8].



The numerical experiments confirmed that with the absence of wind stress, which is one of the most significant factors of large-scale vertical circulation formation [4,7,17], the influence of mineralization on the development of the thermal bar, and especially the intensity of along-the-slope currents, became more prominent.




4.2. Circulation at the Thermal Bar Front


Under a slight difference between mineralization in discharge and lake waters (experiment 3) (Figure 2(c’2)), the velocity field showed that waters with maximum density and a temperature of 3.8–4 °C slid down in front of the thermal bar to a depth of about 250 m, where Tmd is lower for the given mineralization. This downward current caused the eddy formation in the subsurface layer behind the thermal bar front. Eddy current contributed to a more intensive mixing and temperature decrease in the subsurface layer on the lake-wise side of the thermal bar. The obtained values also correctly described the Tmd decrease with depth.



Under low discharge water mineralization (experiments 1 and 2) a downwelling at the front was registered, but the eddy behind the thermal bar was not formed and temperature stratification in the lake was almost unbroken on day 5. While mixing with low-mineralized tributary waters, lake water mineralization declined, and consequently, Tmd grew and warmer waters compared to experiment 3 went down from the surface (Figure 2(c’2)).



When discharge water was highly mineralized (experiments 3 and 4), an intensive near-slope current caused the 4 °C water to go deeper compared to previous experiments. The area around the isotherm became part of the near-slope eddy current, and the higher mineralization was, the more intensive it became.



On day 10, under high mineralization, at depths below 300 m, the isotherm was settled due to the intensive heat exchange provoked by intensive eddy mixing in the near-slope area (Figure 3a). At the same time, because of high mineralization, cooling from the surface declined and winter temperature stratification in the subsurface layer also slowed.



It is worth noting that the formation of eddy structures on both sides of Tmd was observed only at close values of tributary and lake mineralization. Under low discharge mineralization, no eddy was formed in the thermoinert area, while under high mineralization, an intensive near-slope current involved the thermoactive area (Figure 6). Nonetheless, even for low discharge mineralization (20 mg/L), the speed of the near-slope current was much higher than the speed of the circulation current around the thermal bar (Figure 6).



In all experiments on day 5, along-the-slope currents with different speeds were formed. In experiments 1 and 2 (Figure 2(a’2,b’2)) this current speed did not exceed 0.4 cm/s, and its maximum speed was registered 4500 m from the river mouth. In experiment 3 (Figure 2(c’2)), the maximum current speed was 0.5 cm/s, and unlike in previous experiments, close-to-maximum values of along-the-slope speed were registered closer to the river mouth—500–1000 m from it.





5. Conclusions


The numerical study of the processes of vertical mixing in Lake Baikal during the autumn thermal bar formation allowed us to draw the following conclusions:




	
An increase in river discharge mineralization reduced the cooling speed from the lake surface, and consequently, slowed the formation of autumn thermal bar and then slowed the thermal bar propagation toward the open lake.



	
With small differences in values of lake and tributary water mineralization, eddy currents were formed on both sides of the thermal bar.



	
Along-the-slope currents influenced deep-water convection more, the higher discharge mineralization was.



	
A large vertical mineralization gradient led to the destruction of stable temperature stratification of deep waters with temperature close to Tmd.



	
With low tributary mineralization, mixing was greatly influenced by vertical currents on the thermal bar front.



	
Due to the effect of the thermal bar, mixing in the upper 250 m layer occurred under any mineralization.
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Figure 1. Map of the Lake Baikal transect (a) and calculation domain (b). The length of Ox (the red axis) corresponds to the length of the calculation domain. 
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Figure 2. Mineralization distribution [g/L] in numerical experiments with various values of river inflow mineralization: (a1,a2,a’2) SR = 0.02 g/L (experiment 1); (b1,b2,b’2) SR = 0.05 g/L (experiment 2); (c1,c2,c’2) SR = 0.1 g/L (experiment 3); (d1,d2,d’2) SR = 0.2 g/L (experiment 4); and (e1,e2,e’2) SR = 0.3 g/L (experiment 5) on day 3 (1) and 5 (2). Colored fragments show the thermohydrodynamic situation on day 5, temperature distribution, velocity field, and temperature of maximum density (red line). 
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Figure 3. Mineralization distribution [g/L] in the case of SR = 0.3 g/L (experiment 5) on day 10 (a) and 20 (b). Colored fragments (a’,b’) show the thermohydrodynamic situation, temperature distribution, velocity field, and temperature of maximum density (red line) on day 10 and 20, respectively. 
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Figure 4. Dynamics of the location of the maximum density temperature at the lake surface in numerical experiments with various values of river inflow mineralization: SR = 0.02 g/L (experiment 1); SR = 0.05 g/L (experiment 2); SR = 0.1 g/L (experiment 3); SR = 0.2 g/L (experiment 4); and SR = 0.3 g/L (experiment 5). 
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Figure 5. Chronoisopleths of mineralization (g/L) at x = 6000 m in numerical experiments with various values of river inflow mineralization: (a) SR = 0.02 g/L (experiment 1); (b) SR = 0.05 g/L (experiment 2); (c) SR = 0.1 g/L (experiment 3); (d) SR = 0.2 g/L (experiment 4); and (e) SR = 0.3 g/L (experiment 5). 
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Figure 6. Streamlines [m2/s] on day 3 in the cases of (a) SR = 0.02 g/L (experiment 1) and (b) SR = 0.3 g/L (experiment 5). 
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Table 1. Values of river inflow mineralization in numerical experiments.
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	No. Experiment
	SR, mg/L





	1
	20



	2
	50



	3
	100



	4
	200



	5
	300
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