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Purpose. Numerical study based on the model example is aimed at examining the process of the salt
water inflow to the Stary Don sleeve from the Taganrog Bay due to the wind water surge.

Methods and Results. Complex mathematical model of the flow and salt distribution in the open
riverbed is described. The section of the River Don, consisting of the Stary Don sleeve and a part of
the main channel was considered. Salt is delivered through the host reservoir — the Taganrog Bay.
The model is described by the system of Saint-Venant equations and the convection-diffusion
equation. The problem is solved by the finite-difference methods. The results of the numerically
studied influence of the sea surface level in the Taganrog Bay both on the flow nature in the Don
Delta area and the degree of salt penetration upstream of the river are obtained. It was numerically
established that the flow rate did not significantly affect salt concentration in the Don main channel.
Conclusions. The computational experiments showed that the decisive factor in the process of the salt
water inflow to the Don Delta from the Taganrog Bay consisted in the sea level significant increase
resulting from extreme wind surges; and the preceding runoffs enhanced this effect even greater.
The represented model gives an idea of the general trend in the process of the Don Delta possible
salinization as a result of the surge phenomena.
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Introduction

In the Azov Sea basin such phenomena as the Taganrog Bay salinization,
the Don channel shallowing, extreme surges on the seashore and overgrowing of
the delta front and migration of the Azov Sea fauna representatives to the Don delta
have recently started to be observed [1]. Under the Don runoff impact,
the desalinated water mass of the Taganrog Bay is formed.

The Taganrog Bay of the Azov Sea and the Don mouth area are currently
characterized by a complex combination of fresh, slightly saline and brackish
waters. It was found that in the mouth area, even during surges, a significant
increase in salinity (up to 5 %o) is recorded. It indicates a sharply increased role of
the Azov-Black Sea compensation current [2, 3].
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As a result of a decrease in the runoff of the rivers flowing into the Azov Sea,
the difference in the level of the Azov and Black Seas decreases. It leads to
an increase in the salt supply from the Black Sea through the Kerch Strait and
a change in the general balance of salt and fresh waters in the basin. These changes
are especially noticeable in the Taganrog Bay, where significant salinization of
waters is observed at certain intervals [4]. Under certain hydrometeorological
conditions, salty waters penetrate even into the Don mouth, where the fresh water
intake is located.

Simulation of the Don waters propagation in the Azov Sea without taking into
account external influences was carried out in [5]. It was established that the runoff
currents constitute an alongshore cyclonic stream encircling the Azov Sea. It is
shown that the frontal zone in the Taganrog Bay, due to the Don runoff, is the most
dynamically active area.

Analysis of the features of the hydrochemical regime of the Nizhniy Don
water area under conditions of different water content and the Don runoff impact
on the Taganrog Bay productivity was carried out in [6].

A serious threat is posed by significant surge phenomena during extreme east
winds and run-ups — under western winds. It has been established [7] that
the situation is especially dangerous when water is driven off before the surge.
With a sharp change from the eastern wind to the western, inundation occurs faster
and is stronger in scale than with a constantly acting western wind. A similar
pattern was observed on September 23, 2013, when the eastern wind of 3-11 m/s
changed to a southwestern one of 15 m/s with gusts of 20-22 m/s.

During the extreme surge in June 2014, the sea level rose to 1.7 m, and
the salinity at the Don mouth reached 5 %o [8]. In September 2014, as a result of
a surge, waters with increased (5-9 %o) salinity were pressed against the avandelta.
Water with salinity up to 6 %o, typical for the Dolzhanskaya — Mariupol spit area,
penetrated along the Don at least to the city of Azov, where it was pumped into
the city water supply system.

Causes of anomalous scale water surges and salinization of the Azov Sea in
2015-2016 are studied in [2]. New schemes of stratification and advection of saline
sea waters at the mouth of the Don under various meteorological conditions, flow
rates and water levels are also described in this paper.

The Don mouth area consists of the estuary section (from Razdorskaya stanitsa
to the delta top in the Rostov-on-Don region), its delta and the Taganrog Bay is
characterized by the manifestation of surging level fluctuations, the inflow of
transformed sea waters into the Don, which was especially pronounced during
the low water period 2007-2017 [9, 10].

The work [11] is devoted to the calculation of hydrological parameters of
channel flows at estuarine sections of rivers, where an approach to estimation of
the Don delta discharge and levels based on the unsteady water flow concept is
proposed, but the issue of their changes with fluctuations in runoff volumes is not
practically considered. In [12], an example of a joint consideration of the river
runoff variability and surge fluctuations in the level of a trailing water body.

A model containing both a hydrodynamic and transport component is given in
[13], which describes the penetration of salinity into tidal river mouths. This work
on alluvial estuaries considers the shape of the estuary, its hydrodynamics, mixing
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and salt penetration. The water salinity at the river mouth is the result of a balance
between two opposing streams: the seawater flow generated by the tide and
infiltrating the estuary, and the fresh water flow from the channel.

In [14], one-dimensional time-averaged solutions associated with tidal salinity
penetration into estuaries with variable width and depth are studied.

The aim of the present paper is a numerical study on a model example of
the process of the salt water inflow of the Taganrog Bay into the Stary Don reach
due to a wind surge. The influencing factors are a change in the water level and salt
concentration in the bay, as well as a change in the flow rate of water entering
the channel from the Tsimlyansk reservoir.

Main Equations
Process of saline water penetration from the Taganrog Bay into the Don
estuary is considered on the example of the main channel and the Stary Don reach
stretching from the Razdorskaya stanitsa to the place where it flows into
the Taganrog Bay.
The mathematical model consists of two components — hydrodynamic and
transport one. The hydrodynamic component is described by the equation of

motion [15, 16]
@4_ gW[g+%j=0,

ot o K? (1)
w ., Q_,
ot 0S

where s is a coordinate; t is time; Q is water flow; z is water level; W is the cross-
sectional area; q is the distributed lateral inflow; K is the flow module; g is the free
fall acceleration.

This system is closed by the boundary and initial conditions:

QO =Q,(t),  z(L,t)=z(t),
Q50)=Qu(s).  2(x0)=2(s).

In the case when the free cross-section of the channel has a parabolic profile,
system (1) can be written in the following form

@-i- gW[%jt%j:O,

ot 2
b@ + @ =q,
ot 05

where b is the current channel width. A detailed description of the numerical
implementation of the hydrodynamic component (2) is given in [17].

The transport component of a conservative substance in the absence of internal
sources is described by the convection-diffusion equation in a non-divergent form:
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where C is concentration; u is a speed of water movement in the channel; p is
the viscosity coefficient. It is assumed that the viscosity coefficient does not

depend on the point in space (u = const).

At the upper boundary of the channel (entrance), the concentration value is set,
for example, it can be assumed that there is no salt (C =0). At the lower boundary

(mouth), the condition changes depending on the sign of the current velocity. When
water flows from the bay to the mouth (u < 0), as it happens during strong surges,

a condition is set 9C _ U —(C-Cp) ~ the flow of salt from the bay to the mouth.
os 1!
Under normal conditions, or when the water flows from the mouth to the bay

(u>0), a condition 9C +c Y _is set that corresponds to the removal of salt from
0s u
the mouth.
The finite-difference approximation of the equation (3) on a uniform grid has
the form

2
82 @)
ot s s
and the general form of the difference equation is as follows:
aC,,+aC;+aC,,=f,j=12...M. (%)

jH
In equation (4), the differences are represented in the following way:
sc_Cjt-cj  C_Cii-2Ci"+Cpy
5t At s’ AS®
The coefficients a, a,, a,, and the right part of f, in (5) without taking in

account the convective component have the form
a=- ” — A, a—1+A2 At, a, = ——At f,=cj.

To the coefficients a, a,, a, the terms obtained from the approximation of

the convective component using the second upstream scheme [18] are added:
u&_ UG —u,C,

oS As
n+1 n+1 n+1 n+1
j+1 +uj ) u +u
where U, = u = ;
2 2
C™, ug >0, Cl'l, u >0,
C C

R Cn+l 0 L CI’Hl 0
10 ug <0, i u <0.
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Calculations on a model problem

The computational grid consisted of 154 nodes with a step of 1000 m,
the channel morphometric data were taken from [19]. As the initial distribution of
the flow parameters, the parameters obtained at a steady flow for a median flow
rate of 535 m*/s [17] and a water level in the Taganrog Bay of 0 m (according to
the Baltic system) were taken. The calculations were carried out for a time period
of 48 hours. Several scenarios, typical for the estuary of the Don were considered.
According to Scenario |, the water level at the right boundary at first sharply and
then gradually increased (the case of a surge), then remained at rest for some time,
and then decreased. It was assumed that the salt concentration is constant and equal
to 2 %o, the incoming water flow is 535 m3/s. The dependence of the change in
the water level at the estuary point z (cm) on time t (h) is represented by
the following formula:

0,15t, t<12,
1,80+0,10(t-12),12 <t <18,
z(t)=12,40, 18<t<20,
2,40-0,15(t - 20),20 <t < 26,
1,50-0,05(t - 26), 26<t<48.

(6)

According to Scenario 1, the change in salt concentration at the estuary point
was added to the water level change. At a constant flow rate of 535 m?s, this
scenario assumed a change in the water level at the estuary point according to
formula (6) and a change in salt concentration in the estuary area according to
the formula

0,2t, t<12,

2,4+0,5(t-12), 12<t<20, )
6,4-0,9(t—20), 20<t<26,

1,0-0,08(t-26), 26 <t<48.

C(t)=

Such values of salt concentration are possible when seawater is supplied due to
extreme wind surges [20].

Scenario 11l assumes a change not only in the water level in the receiving
reservoir (6) and salinity at the estuary point (7), but also in the flow rate of
the water entering the channel. At first, the water flow rate increased from
a reduced value of 250 m®/s to an increased value of 610 m?/s, then it decreased to
412 m¥/s, corresponding to the normal value of the water flow rate [1], and
remained unchanged until the end of the experiment. The dependence of
the change in the flow rate of the incoming water (m%/s) on the time t (h) is
represented by the following formula:
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250 +10t, t<12,

Q) 370+30(t-12), 12<t<20, €))
~ |610-33(t-20), 20<t<26,
412, 26<t<48.

Since the salinity propagation is mainly associated with the convection
process, special attention was paid to the numerical study of the influence of
the flow rate of the incoming water and the level in the receiving reservoir on
the flow rate in the channel. A numerical study has shown that the current velocity
at points close to the river mouth is not influenced as strongly by the change in
the water level in the receiving reservoir. Moreover, the influence of the water
level weakens as it moves upstream, corresponding to the conclusions given in
[10]. Fig. 1 shows the values of the current velocity at points corresponding to
observation points located along the main channel: Azov (16 km from the Don
mouth), Rostov-on-Don (44 km), Aksai (64 km), Bagaevskaya (112 km) and
Razdorskaya (152 km). It can be seen that the change in the water level in
the Taganrog Bay, which occurs according to dependence (6), has the greatest
effect on the current velocity in the Azov region and upstream has little effect on it
in the area of the Razdorskaya stanitsa. The formation of a reverse current
(the graphs correspond to negative values of the velocity) under this scenario is
possible up to Aksai.

15

Flow velocity, m/s

] 3 12 18 23 30 36 42 43

Time, h

—Razdorskaya -——Bagaevskaya -—Aksai Rostov-on-Don —Azov

Fig. 1. Changes in the current velocity in different points of the Don channel when the sea level in
the Taganrog Bay alters

Fig. 2, in addition to the graph of the water level in the receiving reservoir,
graphs of the current velocity are shown at a point located at a distance of 16 km
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from the mouth, which corresponds to the location of the Azov port. Scenario |
assumes a change in the water level according to dependence (6) at a constant flow
rate, scenario Il — a change in the water level and flow rate according to
dependence (8). It can be seen that the current velocity curves for these two
scenarios behave almost the same, which indicates an insignificant effect of
the discharge of water entering the channel on the current velocity at the river
mouth. The difference in the current velocities in the Azov region, calculated
according to scenarios I and 11, is 14%. The error was calculated by the formula

(v v

o

where V,-' are the velocities according to Scenario I; V,-"' are the velocities

o= 100% '’

according to Scenario IlI.

=1
n

AN

Level surface, m
h
o
Flow velocity, m/s

H
s
u|

05 1

0 15
Time, h

—\Water level in the Taganrog Bay —Flow velocity according to scenario |

——Flow velocity according to scenario Il

F ig. 2. Changes in the current velocity in the Taganrog Bay depending on the sea level (according
to the Baltic system) in the host reservoir

Hence, it follows that the change in the Stary Don reach salinity depends to
a greater extent on the change in the water level in the Taganrog Bay, and not on
the flow rate of the incoming water. In addition, it was numerically established that
with a slow increase in the water level in the receiving reservoir, a reverse flow
does not appear. Salt water can enter the mouth of a river only when the water level
in the receiving water body rises sharply.

Coming back to Fig. 2, the current velocity in the Azov region, depending on
the water level change in the Taganrog Bay will be considered. It can be seen that
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with a sufficiently sharp water level elevation, the current velocity begins to drop
to zero, and then takes negative values corresponding to the reverse current of
the river. Then, when the water elevation stops, the reverse current is inhibited and
with a subsequent decrease in the water level, the velocity starts to increase to
positive values, which corresponds to the occurrence of a direct current, which
stabilizes as the level returns to the initial value.
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Fig. 3. Changes of salinity in the Azov region by three scenarios depending on the current velocity

The change in current velocity and salinity is shown in Fig. 3. As previously
established, since the current velocities differ insignificantly under scenarios I, Il
and 111, the figure shows the current velocity only for scenario I. The change in salt
concentration depends on both the current velocity and the direction of the flow.
At the initial moment, the concentration was equal to zero, which corresponds to
fresh water, and then began to increase as soon as the current velocity became
negative. The salt concentration increased until the reverse flow stopped (V = 0).
Then the salt concentration began to decrease with the appearance of a direct
current in the channel. The significant difference in concentration values for
scenarios Il and Il in the first 12 hours of the estimated time is explained by
the fact that the initial water discharge under Scenario 111 was significantly lower
than the average considered. For this reason, the current velocity in the channel
was initially lower, which led to a faster inflow of salt water into the Don reach.
In the following hours (from the 12" to the 26™), when a sharp change in the water
level was observed, the concentration difference was 9.5%. From the 26" hour
until the end of the experiment, the higher concentration in Scenario Il is
explained by a lower flow rate of the incoming water, which leads to a lower
current velocity and, therefore, to a slower removal of salt from the channel.
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Conclusion

The computational experiments carried out on the model problem showed that
the salt water inflow from the Taganrog Bay into the Don delta is decisively
influenced by a sharp water level increase, which can lead to the penetration of salt
water to Rostov and Aksai. Extreme wind surges lead to significant water level
elevations, and the preceding surges intensify this effect even more. In addition,
surges can lead to the saltier water inflow from the south of the Azov Sea, which in
turn significantly increases the salinity in the mouth area of the Taganrog Bay.
The study of the surge phenomena at the Don mouth showed the presence of
complex hydrodynamic processes in them. The proposed model gives an idea of
the general trend in the development of the possible salinization process of the Don
delta during surges.
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