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Purpose. The purpose of the paper is to determine the patterns of the level regime formation in the
Don riverbed and the delta area of its valley at different volumes of the river flow discharge and water
levels in the Taganrog Bay.

Methods and Results. The mathematical model of the river Don flow in its delta area is described.
The mainstream consisting of several reaches is considered at its running into the receiving reservoir
— the Taganrog Bay. The model is described by the Saint-Venant system of equations, which is solved
by the finite-difference methods. The equations are approximated at the four-point template that leads
to the system of linear equations with a five-diagonal matrix. Roughness coefficients were selected
for different water flow discharges. The simulated values of the water flow discharge and the flow
velocity are compared with the values observed at different water levels in the Taganrog Bay.
The results of the numerical study of the water flow effect at the estuary top upon the water surface
level in the riverbed were obtained at different water levels in the receiving reservoir. It is
numerically defined that the flow discharge value exerts a significant effect on the surface level of the
Don mainstream. However, the flow almost does not influence the water level in the river delta area.
At the same time, the water level in the Taganrog Bay significantly affects the surface level in the
delta reaches; and no its influence is observed in the top part of the riverbed.

Conclusions. The computational experiments involving the mathematical model showed that in the
mouth area above the first node of the Don delta, the level surface was significantly influenced by the
flow discharge, whereas in its lower section — by the water level in the Taganrog Bay.
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Introduction

Mouth areas of rivers, despite their relatively small size, occupy a special and
very important place in the composition of both natural ecosystems and territorial-
economic complexes. They also play a crucial role in maintaining the global
ecological balance [1]. Due to their advantageous geographical position
(at the intersection of waterways from the continents to the seas and oceans and
vice versa), the mouths of the rivers have become a place for construction of ports
and formation of large industrial centers. The exceptional bio-productivity and
widespread use of land, plant, fish and other resources of river mouths by various
sectors of the economy have led to the fact that the areas of river deltas have
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become densely populated. At the same time, the use of river mouths is difficult
due to the great variability of their morphological, hydrological, hydrochemical and
ecological characteristics of short-term (tides, storms and surges) and seasonal
scales.

The Don mouth is a key area of the Azov Sea basin, where complex processes
of interaction of river and sea waters take place [2]. It extends 291 km from the
conditional line connecting the Dolzhanskaya and Belosarayskaya spits in the
Taganrog Bay, in the west to Razdorskaya village in the east [3, 4]. The Don mouth
area consists of the estuarine section of the river (from Razdorskaya village to the
top of the delta near Rostov-on-Don), its delta and the Taganrog Bay. It is
characterized by the manifestation of pressure-level fluctuations here, the flow of
transformed marine waters into the Don delta branches, which was especially
pronounced during the period of low water 2007-2017 [5].

The Taganrog Bay of the Azov Sea and the Don mouth area is currently
characterized by a complex combination of fresh, slightly brackish and brackish
waters: 6 basic types of water masses are formed here. It was found that in the
mouth area, even during surges, a significant salinity increase is recorded
(up to 5%o0), which indicates a sharply risen role of the Azov-Black Sea
compensation current [6, 7]. The research area is well developed in terms of
maritime activities, shipping is also developed here. More than 40% of Russian
grain exports annually pass through the ports of Azov (Rostov-on-Don, Azov and
Taganrog). Due to the significant influence of overtaking phenomena in the Don
mouth area, situations often arise when vessels are forced to stand idle for several
days in the eastern part of the Taganrog Bay (the receiving buoy area of the Azov-
Don Shipping Canal) and on the roads of the ports of Azov and Rostov. Thus, on
October 24, 2016, the movement of 45 vessels was stopped for almost a week due
to a sharp decrease in water level [8].

The present paper is aimed to establish the regularities of the formation of
the level regime in the channel and delta sections of the Don River valley at
different volumes of river flow in the conditions of the level variability of the
receiving reservoir — the Taganrog Bay. The solution to this problem seems
important, since the hydrodynamic interaction of the riverbed and sea sections of
the mouth area controls the transportation of both solid and dissolved substances
[9], including toxic ones [10] and is of key importance for environmental
management in the Don delta.

Materials and Methods
So far, many approaches have been developed for calculating the hydrological
characteristics of streamflows. In [11], it is proposed to calculate free surface levels
for the Don riverbed according to the following formula

AH
X :e—kx,
AH,,
where AH, - surge in x section; AH,, — surge in the Azov,

k=1,21-10"°Qg,, +0,011, Q.,, — water discharge at a post in Razdorskaya; x —
distance from Azov. However, the calculation by this method gives satisfactory
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results only in years when the water discharge is close to normal (slightly
overestimated result with an error not exceeding 7%). In addition, this technique
does not work in the case when AH,, and AH, have different signs.

The work [5] proposes an approach for estimating discharges and levels in the
Don Delta on the basis of ideas about the water flow unsteadiness, but the issue of
their changes due to fluctuations in discharge volumes was not considered. In [12],
an example is given of a joint consideration of the variability of river discharge and
surge fluctuations in the level of a closing reservoir.

The present work is a continuation of the studies presented in [13]. The delta
areas is expanded to the boundary with the Taganrog Bay and includes three main
branches of the Don: the Old Don, the Bolshaya Kalancha, passing into
the Mokraya Kalancha and the Bol’shaya Kuterma. The movement of water in an
open riverbed is described in many classical textbooks [14, 15] by the following
system of differential equations:

ot s K2

oW & @
w Q.

ot 0S

where Q —water discharge, m¥/s; t — time, ¢; W — discharge section area, m% z —
water level, m; s — the coordinate, m; K — discharge module, m®/s: g — distributed
lateral inflow, m%s; g = 9.81 — the accepted value of free fall acceleration, m/s®.

The discharge module K is calculated according to the formula K =W -CyR,
where R — hydraulic radius; C — Chezy's coefficient, obtained by the Manning

formula C = R% , N — bottom roughness.

At the upper boundary of the flow, at the apex of the mouth area near
Razdorskaya, the water discharge was set. At the lower boundary, the water level
in the receiving reservoir — the Taganrog Bay, was set. This parameter was set
equal to the amount of surge in the eastern part of the bay. At the branching points,
the condition was set that the total water discharge rate over the branches was equal
to zero. As the initial condition, the morphometric values of the depth and width of
the riverbed were set in accordance with the Atlas of Inland Waterways of
the Russian Federation [16] and the data of measurements carried out at
the Southern Scientific Center (SSC) of RAS. It was believed that the water
discharge rate in the calculation area is equal to the flow rate at the upper boundary
and the change in the water surface is equal to zero or any known distribution:
Q(s,0)=Qy(s), z(s.0)=2,(s)-

Suppose that the cross section of the riverbed has a parabolic profile
z=ax®* —H,, —b,/2<x<h,/2, where z - bottom profile; « =4H,/b? — parabola
coefficient; H, and b, — initial values of the maximum depth and width of

the riverbed, respectively. Then the free surface of the water at an arbitrary point in
time is at a level z+H,. The riverbed width b depends on the height of the level
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z+H,

surface and is calculated by the formula b =2 , and the flow section area is

(24
3
calculated accordingly as W:gb(z+H0):i(z+H0)E. Then we have
3 Na
%:%@ and given that %:i z+H, =b, we obtain %zbg.
o oz ot oz a a at

System (1) can be rewritten as

@-{-QW[%-%%J:O,

a 2
bg+@ =q.
ot 0s

This problem is solved by finite-difference methods using implicit schemes.
The following finite-difference approximation is applied to the system (2) on
a four-point pattern:

n+1 n n+1 n n+1 n+1 n+1 n
(Qj+l _Qj+1)+(Qj _Qj)-i—ngn Zi, —Z +Qj ?j _0,
2At As K

n+1 n n+l n n+1 n+1
x (Zj+l_zj+1)+(zj _Zj)+Qj+l_Qj —q'
! 2At AS !

The scheme above was used in [17, 18] when calculating flows in natural
channels; its stability is also proved there.

To solve the resulting system of linear algebraic equations, in this paper
the direct method using the LU decomposition is used in the present study [19].

Results and Discussion

The model was debugged using data on water discharge and water surface
levels at the hydrological stations (HS) in Razdorskaya, Bagaevskaya, Aksai,
Rostov-on-Don and Donskoy from March 10 to May 7, 2018. It was assumed that
the lateral tributaries q were absent (q = 0) The water discharge and free surface
level variation on the HS is shown in Tab. 1. To assess the results used 5% of
the scope (variations) of the level for each HS.

By setting the level at Donskoy HS and the corresponding water discharge
rate, the levels of the remaining four HSs were calculated. The account was held
until a steady decision was obtained. The variation of the level values on the HS
was determined by the selection of roughness coefficients in each of the sections of
the riverbed, taking into account the work previously carried out at
the SSC RAS [20]. The result was considered satisfactory if the calculated level
differed from the observed value by no more than 5% of the corresponding
magnitude.
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Table 1

Values of variations of the free surface level and their 5%-portions
at the hydrological stations

Level, m Amplitude of | 5% of level

Hydrological station . : water level, amplitude,
Minimum Maximum m m
Razdorskaya 1.01 5.42 441 0.22
Bagaevskaya -0.01 3.43 3.44 0.17
Aksai -0.69 1.58 2.27 0.11
Rostov-on-Don -0.85 1.30 2.15 0.11
Donskoy -1.22 1.18 2.40 0.12
Flow discharge Q, m°/s 371 2020 1649 82

The entire range of water discharge for the specified period was conditionally
divided into 4 intervals: a reduced rate of 371-597 m®s with an average value of
496 m*/s; increased rate of 758-926 m%s with an average value of 837 m%/s; high
rate 1062—-1532 m*/s with an average value of 1404 m®/s; very high rate of 1605—
2008 m*/s with an average value of 1879 m®/s. It was found that for this model
different roughness coefficients are required depending on the discharge rate.
So, for a low norm and a very high discharge rate in all sections of the riverbed,
the coefficient is approximately 0.010-0.015. But for high and high discharges,
the roughness coefficient in the areas upstream from the mouth to the Razdorskaya
HS is different: on the section to the Rostov-on-Don HS, it is 0.322 (increased) and
0.360 (high); on the Rostov-on-Don — Aksai section, 0.135 (high) and 0.184 (high);
on the Aksai — Bagaevskaya section, 0.029 (high) and 0.039 (high); in
the Bagaevskaya — Razdorskaya section, approximately 0.016 at all the discharges.
The variation in roughness coefficients is schematically shown in Fig. 1.
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Fig. 1. Graphs of variation of the roughness coefficients
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Correlation analysis showed that the dependence between the water discharge
rate and the water surface level weakens when moving downstream (Tab. 2).
Moreover, after a branch from the main branches of the Don riverbed, the water
surface level is practically independent of the water discharge (r =0,29).

Table 2

Correlation coefficients (r) and significance levels (p) for dependence
of the free surface levels on water discharge (Q)

Hydrological station | r | p
Razdorskaya 0.99 0.00
Bagaevskaya 0.98 0.00
Aksai 0.93 0.00
Rostov-on-Don 0.86 0.00
Donskoy 0.29 0.01

The calculated values of water discharge (Q) and flow velocity (V) were
compared with the values (Qqus, Vobs) Obtained on September 22-23, 2014.
The measurements were carried out at the stations shown in Fig. 2. For the same
points, calculations were performed using the considered model. The error was

X — X
determined as follows: 5:'—”
max (X, X, )

value) and couldn’t exceed 100%.

(where x — estimated value, x, — observed

ST
A

Fig. 2. Location of the stations in the Don delta branches in 2014

On September 22, the water level down to —0.61 m at Donskoy HS was
monitored, water discharge at the station 1 (Aksai HS) was 453 m®s, but on
September 23, the level increased to -0.36 m, and the flow rate dropped
to 303 m*/s, which introduced significant errors in the measurements. The results
obtained were compared with the observed data at the stations 3, 8, 10, 11 (Tab. 3).
PHYSICAL OCEANOGRAPHY VOL.26 ISS.4 (2019) 321



Table 3

Comparison the calculated values of flow velocity (V) and water discharge (Q)
with the observed values (Qqbs) and (Vops) at water levels —0.61 and —0.36 m

Station Vobs, Vv, m/s Error, % Q%bs‘ Q, m¥/s Error, %
m/s m°/s
water level —0.61 m
3 0.281 0.260 7.47 457 456.1 0.20
8 0.063 0.130 51.54 104 300.2 65.36
10 0.196 0.250 21.60 382 501.2 23.78
11 0.139 0.150 7.33 152.5 201.2 24.20
water level — 0.36 m
3 0.281 0.250 11.03 457 455.9 0.24
8 0.063 0.120 47.50 104 273.1 61.92
10 0.196 0.220 10.91 382 455.9 16.21
11 0.139 0.130 6.47 152.5 183.0 16.67

Station 8 was located in the Kalancha branch, where, most likely, during
the considered observation period, due to weather conditions, a direct relationship
between the water discharge and the level was disrupted. The error for this station
is significantly higher than the others. The large error in the flow velocity is
probably explained by the error in the task of the transverse profile of the riverbed,
which directly affects the flow section and, therefore, the flow velocity.

~
v

Level surface, m
=

0,5 —
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300 500__ z 13001500 i700—1900—
-0,5 —
1 | Discharge Q, m3/s
— Bagaevskaya ~ Aksai Western bridge
—Rogozhkino —Wet Kalancha ; ~— Dugino
—Uzyak

F i g. 3. Change of the water level at the stations relative to the standard depending on the flow
discharge Q at water level —0.7 m (Baltic system)
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A numerical study of the influence of the water flow amount at the apex of
the mouth area on the water surface level in the riverbed at different levels in
the receiving reservoir — the Taganrog Bay. Water discharge varied from 300 m*/s
(in the low-water period) to 2000 m*/s (in the high-water period). A computational
experiment showed that the water surface level substantially depends on the water
discharge rate only on the main riverbed HSs (Bagaevskaya and Aksai). Moreover,
this occurs both during surge and at a neutral level. In the delta area, the effect of
water discharge on the level surface of the riverbed begins to weaken significantly.
So that, during the water level (—0.7 m), the difference in levels at the highest and
lowest discharge rates in the first node of the delta at the station 3 (Zapadniy Most)
did not exceed 0.85 m. At the stations in the Don Delta itself (Dugino (Station 8),
Mokraya Kalancha (Station 7), Rogozhkino (Station 5), Uzyak (Station 11)) this
difference did not exceed 0.6 m (Fig. 3).

During the surge, an increased discharge of water into the mouth area allows
maintaining the normal passage depth of the ship's course, but, as calculations have
shown, this is ineffective in the Don delta.

Computational experiment carried out using a mathematical model showed the
following results. In the absence of surges, the level surface fluctuation at the
lowest and highest water discharge rates does not exceed 0.55 m at the first node of
the delta and 0.3 m at stations in the Don delta itself.

At the same time, the Don delta level is significantly affected by surge
phenomena and not by the water discharge amount. So, with a surge of 1.5 m at the
mouths of the Don branches, the water level at the stations in the delta also rose by
about 1.5 m and practically did not depend on the amount of water entering
the mouth. The dependence of the riverbed surface level on the water discharge
when moving upstream also decreases. Observations of the water level at Donskoy
HS confirm the results obtained by calculation.

A comparison of the current velocities at the stations in the absence of surges
at different discharges of runoff water (Tab. 4) showed that the velocity variations
in the delta area of the riverbed (Mokraya Kalancha, Dugino and Uzyak) are much
smaller than in the main riverbed (Aksay, Zapadniy Most). This is explained by
asignificantly smaller effect of the incoming water discharge on
the hydrodynamics of the Don delta branches.

Table 4
Variations of the flow velocity values V at the stations
Stations | Amplitude of V, m/s
Aksali 0.93
Zapadny most 0.76
Mokraya Kalancha 0.46
Dugino 0.41
Uzyak 0.47
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Conclusion

Calculations carried out using the mathematical model, as well as observations
of water discharge and variations in the water surface level showed that
the hydrological situation in the Don Delta is significantly affected by the level in
the receiving reservoir — the Taganrog Bay. The discharge rate of water entering
the mouth area affects the level regime of the Don riverbed, located above the
place of division into the branches. Moreover, with the advancement upstream, this
influence increases. In the delta part of the Don, the water discharge rate at
Razdorskaya HS practically does not affect the level regime.
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