
 
 

 

 

Supplementary Materials—1. Additional tables and figures 

Table S1. Periods (month, date), duration (day), maximum discharge peak (m3/s), and total discharge (km3) of spring/spring–summer 
snowmelt freshets and flooding events in 2020–2021 for the Mzymta and Sochi rivers. 

River/year Periods Duration Maximum discharge peak Total discharge 

Mzymta 2020 

Flooding events 
January–February 29.01–14.02 17 228.5 0.109 

December 21.12–24.12 4 17.4 0.005 
Spring/spring–summer snowmelt freshet 

February–July 24.02–31.07 159 198.2 0.755 

Sochi 2020 

Flooding events 
January–February 29.01–10.02 13 153.7 0.071 

April 16.04–19.04 4 41.6 0.007 
May 23.05–28.05 6 51.3 0.012 

November 01.11–03.11 3 10.5 0.002 
Spring/spring–summer snowmelt freshet 

February–March 24.02–22.03 28 73.1 0.059 

Mzymta 2021 

Flooding events 
January 10.01–21.01 12 137.9 0.081 

February 05.02–18.02 14 79.5 0.068 
February–March 28.02–01.03 2 30.6 0.005 

August 13.08–14.08 2 62.2 0.009 
September 03.09–04.09 2 71.9 0.009 
September 17.09 1 33 0.003 

September–October 24.09–02.10 9 68.9 0.038 
October 04.10–08.10 5 89.9 0.027 

November 24.11 1 78 0.007 
November–December 29.11–07.12 9 192 0.074 

December 09.12–10.12 2 49.9 0.008 
December 18.12 1 53.2 0.005 
December 20.12–22.12 3 82.5 0.015 

Spring/spring–summer snowmelt freshet 
16.03–05.08 16.03–05.08 143 332 1.241 

Sochi 2021 

Flooding events 
January 11.01–21.01 11 76.2 0.029 

February 5.02–17.02 13 36.8 0.024 
March 16.03–21.03 6 42.5 0.016 
March 23.03–28.03 6 121 0.026 
May 09.05–11.05 3 35.5 0.007 
June 02.06–10.06 9 107 0.029 
July 05.07–08.07 4 78.5 0.013 
July 23.07–24.07 2 30.5 0.004 

August 13.08 1 51.4 0.004 
September 3.09 1 27.7 0.002 
September 25.09–26.09 2 55.3 0.007 

October 04.10–06.10 3 44.4 0.009 
November 20.11–21.11 2 61.4 0.009 
November 24.11–25.11 2 68.7 0.008 
November 29.11–03.12 5 49.4 0.015 
December 17.12–22.12 6 38.5 0.013 

Spring/spring–summer snowmelt flood 
April–May 01.04–05.05 35 91.6 0.094 
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Figure S1. Seasonal fields (a–d) of surface salinity, according to the INMOM model analysis results, in the northeastern part of the 
Black Sea, and wind roses, according to the WRF model, at the mouths of the Mzymta and Sochi rivers for the low-discharge year of 
2020 (left) and the high-discharge year of 2021 (right). The scale of the surface salinity fields is presented in psu. Wind speed is 
presented in m/s. 
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Table S2. Periods of flooding events, wind roses at river mouths, and distribution of Lagrangian particles (river water) during 2020–
2021 for the Mzymta and Sochi rivers. 

River/year Periods Wind roses Distribution of Lagrangian particles 

Mzymta 2020 

29.01–14.02 

  

21.12–24.12 

  

Sochi 2020 29.01–10.02 
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16.04–19.04 

 
 

23.05–28.05 

  

01.11–03.11 
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Mzymta 2021 

10.01–21.01 

  

05.02–18.02 

 
 

28.02–01.03 
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13.08–14.08 

  

03.09–04.09 

 
 

17.09 
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24.09–02.10 

 

 

04.10–08.10 

  

24.11 
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29.11–07.12 

 
 

09.12–10.12 

  

18.12 
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20.12–22.12 

 
 

Sochi 2021 

11.01–21.01 

  

5.02–17.02 

 
 



 13 of 21 
 

 

16.03–21.03 

 
 

23.03–28.03 

  

09.05–11.05 
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02.06–10.06 

  

05.07–08.07 

 
 

23.07–24.07 
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13.08 

  

3.09 

  

25.09–26.09 
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04.10–06.10 

 
 

20.11–21.11 

 
 

24.11–25.11 
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29.11–03.12 

  

17.12–22.12 
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Supplementary Materials—2. Model of marine circulation INMOM 

Numerical simulations of hydrophysical characteristics (i.e., current velocities and salinity, which were used in this 
study) were carried out using the Eulerian model of marine circulation INMOM (Institute of Numerical Mathematics 
Ocean Model). 

S2.1. Governing Equations 

The basic equations and numerical implementation are presented in detail in [1]. 
The INMOM is based on the primitive equations of ocean hydro- and thermodynamics written in generalized 

orthogonal coordinates on a sphere with a free surface boundary, assuming incompressible and hydrostatic fluid for 
the Boussinesq approximations. The vertical coordinate is a terrain-following, dimensionless σ-coordinate (σ ∈ [0,1]): 

σ = 𝑧 − 𝜁𝐻 − 𝜁,  (S1)

where 𝑧 is the standard vertical coordinate directed downward, 𝐻 is the sea with an undisturbed surface, and 𝜁 is 
the deviation of the sea surface height from the undisturbed state.  

In accordance with [1], the model equations written in symmetrized form are: 

D 𝑢 − 𝑍 (𝑓 + 𝜂)𝑣 = − 𝑍𝜌 𝑟 𝜕𝜕𝑥 𝑝 − g2 𝑍 − g2 𝜌 𝜕𝑍𝜕𝑥 − 𝑍 𝜕𝜌𝜕𝑥 + 1𝑍 𝜕𝜕𝜎 𝐾 𝜕𝑢𝜕𝜎 + 𝐷 𝑢, (S2)

D 𝑣 + 𝑍 (𝑓 + 𝜂)𝑢 = − 𝑍𝜌 𝑟 𝜕𝜕𝑦 𝑝 − g2 𝑍 − g2 𝜌 𝜕𝑍𝜕𝑦 − 𝑍 𝜕𝜌𝜕𝑦 + 1𝑍 𝜕𝜕𝜎 𝐾 𝜕𝑣𝜕𝜎 + 𝐷 𝑣,  (S3)

𝜕𝜕𝜎 𝑝 − g2 𝑍 = g2 𝜌 𝜕𝑍𝜕𝜎 − 𝑍 𝜕𝜌𝜕𝜎 ,  (S4)

− 𝜕𝜁𝜕𝑡 + 1𝑟 𝑟 𝜕𝜕𝑥 𝑍 𝑟 𝑢 + 𝜕𝜕𝑦 (𝑍 𝑟 𝑣) + 𝜕𝜔𝜕𝜎 = 0,  (S5)

D 𝑇 = 1𝑍  𝜕𝜕𝜎 𝐾 𝜕𝑇𝜕𝜎 + 𝐷 𝑇 − 𝜕𝑅𝜕𝜎,  (S6)

D 𝑆 = 1𝑍  𝜕𝜕𝜎 𝐾 𝜕𝑆𝜕𝜎 + 𝐷 𝑆,  (S7)

𝜌 = 𝜌(𝑇, 𝑆, �̂�) ≡ 𝑝(𝑇 + 𝑇, 𝑆 + 𝑆̅, �̂�) − 𝑝(𝑇, 𝑆̅, �̂�). (S8)

Here, 𝑥 and 𝑦 are generalized orthogonal coordinates in horizontal subspace; 𝑟  and 𝑟  are metric coefficients 
in spherical coordinates which compute as: 𝑟 = 𝑅 𝑐𝑜𝑠𝑦  and 𝑟 = 𝑅 , where 𝑅  is the Earth’s radius; vertical 

coordinate 𝑍 =  (𝐻 − 𝜁)𝜎 +  𝜁, 𝑍 =  𝐻 − 𝜁, 𝑍 ≡ , 𝑍 ≡ .  

The Coriolis parameter 𝑓 is defined as 𝑓 = 2𝛺𝑠𝑖𝑛𝜑 , where 𝜑  is geographical latitude and 𝛺  is the Earth’s 
angular velocity. 

Parameter 𝜂 is defined as: 
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𝜂 = 1𝑟 𝑟 𝜕𝑟𝜕𝑥 𝑣 − 𝜕𝑟𝜕𝑦 𝑢  (S9)

The transport operator D  is written in symmetrized form below:  D 𝜓 ≡ D (�⃗�)𝜓 = 12 𝑍 𝜕𝜓𝜕𝑡 + 𝜕𝑍 𝜓𝜕𝑡 + 12𝑟 𝑟 𝜕𝜕𝑥 𝑍 𝑟 𝑢𝜓 + 𝑍 𝑟 𝑢 𝜕𝜓𝜕𝑥 
+ 𝜕𝜕𝑦 (𝑍 𝑟 𝑣𝜓) + 𝑍 𝑟 𝑣 𝜕𝜓𝜕𝑦 + 12 𝜕𝜕𝜎 (𝜔 𝜓) + 𝜔 𝜕𝜓𝜕𝜎 ,  (S10)

where 𝜓 is transported variable, �⃗� = (𝑢, 𝑣, 𝜔 ) is the velocity vector in the 𝜎-coordinate system, and 𝜔  is the vertical 
velocity in the 𝜎-coordinate system defined as 

𝜔 = 𝜔 − (1 − 𝜎) 𝜕𝜁𝜕𝑡 + 𝑢𝑟 𝜕𝑍𝜕𝑥 + 𝑣𝑟 𝜕𝑍𝜕𝑦 . (S11)

T and S are deviations of potential temperature and salinity from their means 𝑇  and 𝑆̅ ; �̂� = 𝜌 gZ  is an 
approximate function of hydrostatic pressure; 𝑅 is the penetrative solar radiation flux; 𝜌 is the density computed 
according to [2]; 𝜌  is the reference density (𝜌 ≈ 1); 𝐾 , 𝐾 , and 𝐾  are the coefficients of vertical turbulent viscosity 
and diffusivity. 

The operators 𝐷  and 𝐷  describing lateral mixing of heat and salt along isopycnal surfaces are 𝐷 = 𝐷 ≡ 𝐷 : 𝐷 𝜓 = 1𝑟 𝑟 𝜕𝜕𝑥 𝜇𝑍 𝑟𝑟 𝜕𝜓𝜕𝑥 − 𝜌𝜌 𝜕𝜓𝜕𝜎  − 1𝑟 𝑟 𝜕𝜕𝜎 𝜇𝑍 𝑟𝑟 𝜌𝜌 𝜕𝜓𝜕𝑥 − 𝜌𝜌 𝜕𝜓𝜕𝜎  

+ 1𝑟 𝑟 𝜕𝜕𝑦 𝜇𝑍 𝑟𝑟 𝜕𝜓𝜕𝑦 − 𝜌𝜌 𝜕𝜓𝜕𝜎  − 1𝑟 𝑟 𝜕𝜕𝜎 𝜇𝑍 𝑟𝑟 𝜌𝜌 𝜕𝜓𝜕𝑦 − 𝜌𝜌 𝜕𝜓𝜕𝜎  ,  (S12)

where 𝜓 is the diffused variable, 𝜇 is the lateral diffusion coefficient, 𝜌 ≡ , 𝜌 ≡ , and 𝜌 ≡ . Turbulent 
viscosity operators 𝐷  and 𝐷  are a combination of laplacian and biharmonic operators in plain form that perform 
mixing along 𝜎-surfaces [3].  

Therefore, the INMOM is based on the complete primitive equations for horizontal velocities (S2)–(S4), 
hydrostatics, continuity (S5), heat and salt evolution (S6 and S7), and the equation of state (S8). 

S2.2. Boundary conditions  

At the sea’s free surface (𝜎 = 0) we applied the corresponding boundary conditions for momentum, heat and salt 
fluxes, turbulent kinetic energy, and dissipation frequency: − 𝐾𝑍 𝜕𝑢𝜕𝜎 = 𝜏𝜌 , − 𝐾𝑍 𝜕𝑣𝜕𝜎 = 𝜏𝜌 , 𝜔 = 0, 

− 𝐾𝑍 𝜕𝑇𝜕𝜎 + 𝛼 (𝑇 − 𝑇 ) = 𝑞 , 
− 𝐾𝑍 𝜕𝑆𝜕𝜎 + 𝛼 (𝑆 − 𝑆 ) = 𝑞 , 
− 𝐾𝑍 𝜎 𝜕𝑘𝜕𝜎 = 𝐶 (𝑢∗ ) , − 𝐾𝑍 𝜎 𝜕𝜔𝜕𝜎 = 0, 

(S13)

where 𝜏  and 𝜏  are the wind stress components, 𝛼  and 𝛼  are the relaxation coefficients, 𝑞  and 𝑞   are the total 
heat and salt fluxes, 𝐶  is the wind generation parameter [4–6], and 
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𝑢∗ = /
 is friction velocity in the upper ocean layer.  

Considering that there are no heat and salt fluxes as well as no flow across the bottom at the sea bottom (𝜎 = 1), 
the following quadratic bottom friction conditions were prescribed: 𝐾𝑍 𝜕𝑢𝜕𝜎 = 𝜏𝜌 , 𝐾𝑍 𝜕𝑣𝜕𝜎 = 𝜏𝜌 , 𝜔 = 0, 𝐾𝑍 𝜕𝑇𝜕𝜎 = 0, 𝐾𝑍 𝜕𝑆𝜕𝜎 = 0,  𝐾𝑍 𝜎 𝜕𝑘𝜕𝜎 = 𝐶 (𝑢∗ ) , 𝐾𝑍 𝜎 𝜕𝜔𝜕𝜎 = 0,  

(S14)

where 𝜏 = −𝜌 𝐶 𝑢 + 𝑣 + 𝑒 𝑢 and 𝜏 = −𝜌 𝐶 𝑢 + 𝑣 + 𝑒 𝑣 are bottom stress components, drag coefficient 𝐶 = 2.5 × 10 , 𝑒 = 5 cm/s are empirical constants, and  

𝑢∗ = /
is friction velocity in the bottom ocean layer. 

At the lateral boundary normal velocity, normal derivatives of tangent velocity, heat, salt, turbulent kinetic energy, 
and dissipation frequency fluxes are assumed to be equal to zero.  

The surface turbulent fluxes were calculated using bulk formulas [7]. 
We did not consider tidal forcing in the numerical simulation, as tidal currents in the Black Sea are low and do not 

significantly influence the general circulation of the sea [8]. 

Supplementary Materials—3. OpenDrift model 

The presented particle drift simulations are based on the open-source, Python-based modeling framework 
OpenDrift developed by the Norwegian Meteorological Institute [9]. A subclass of OpenDrift is the Oceandrift model, 
which was used to simulate the transport of particles in the northeastern part of the Black Sea. 

Each particle is moved due to the established surface current, wind, and Stokes drift velocities at its new location, 
which is described by longitude and latitude. For our study simulations, we used current velocity fields from the 
INMOM model run with a 1-hr temporal resolution, wind fields from the WRF model, and Stokes drift velocity fields 
taken from the reanalysis data of the European CMEMS service (https://data.marine.copernicus.eu/products). 

The position of particle 𝒙(𝑡) = 𝑥(𝑡), 𝑦(𝑡)  is defined by the integration of the equations system [10]: 𝑑𝒙(𝑡)𝑑𝑡 = 𝒖𝒄(𝒙(𝑡), 𝑡) + 𝒖𝒘(𝒙(𝑡), 𝑡) + 𝒖𝒔(𝒙(𝑡), 𝑡)𝒙(𝑡 ) = 𝒙𝟎  

where 𝒙𝟎 is the initial element position at time 𝑡 , 𝒖𝒔(𝒙(𝑡), 𝑡) is Stokes drift velocity, 𝒖𝒄(𝒙(𝑡), 𝑡) is current velocity, 
and 𝒖𝒘(𝒙(𝑡), 𝑡) is wind drag velocity. 

Wind drag velocity is defined as: 𝒖𝒘(𝒙(𝑡), 𝑡) = 0.02𝑼𝟏𝟎(𝒙(𝑡), 𝑡), 
where 𝑼𝟏𝟎(𝒙(𝑡), 𝑡) is the wind velocity at 10 m. 

The advection scheme is a Euler-forward scheme, and the time step for the particles simulations is 60 min. At every 
time step, current, wind, and Stokes drift velocities are interpolated to the corresponding particles’ locations. 

No additional diffusion displacement was added to the advection of particles, as we wanted to investigate the 
effects of external forces without adding any random “disturbances” to the motion equation. In order to investigate the 
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main flow directions, a number of floating Lagrangian particles, proportional to the rivers’ discharges, were released 
every hour in grid cells of 250 m × 250 m in the vicinity of the small river mouths. 
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