Water Balance in the Sivash Bay as a Result of Variability
of the Natural-Climatic and Anthropogenic Factors

E. E. Sovga*, E. S. Eryemina, T. V. Khmara

Marine Hydrophysical Institute, Russian Academy of Sciences, Sevastopol, Russian Federation
*g-mail: esovga@mhi-ras.ru

Dynamics of the Sivash Bay (the Sea of Azov) water balance under the conditions of varying natural
and climatic (precipitation, water exchange with the Sea of Azov, river flow and evaporation), and
anthropogenic factors (overlap of the North-Crimean Canal in 2014 and change of nature
management) is studied. The basic water balance components in the Sivash Bay are assessed for three
periods: the first one (1939-1971) — before the North-Crimean Canal was put into operation
(conditionally natural mode of the Sivash Bay waters) — is studied using historical data; the second
one (1972-2013) - during active exploitation of the canal under various functioning regimes of the
irrigation systems, and the third period (2014-2016) — after the Canal was overlapped — are studied
using the in situ data obtained by Marine Hydrophysical Institute and allowing for the modified
natural and climatic factors. Intensity of water exchange between the Sivash Bay and the Sea of Azov
after the canal was overlapped and the Sivash or the Azov currents became predominant is assessed
using the calculation of the water level variations in the indicated areas and taking into account the
wind conditions in summer, 2014. It is shown that the eastern winds promote intensification of the
Azov water inflow to the Sivash Bay, hence, increasing salinity of its waters.

Thus, overlap of the North-Crimean Canal in 2014 makes for a complete reconstruction of the
hydrological water regime in the bay and its gradual transition to the conditionally natural state.
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Introduction

The Sivash Bay, the gulf of the Sea of Azov, is the most anthropogenically and
technogenically loaded water area of the Crimean coastal zone where intensive
specific hydrodynamic and hydrochemical processes take place. This activity is
due to variability of both natural-climatic (shore orography, bottom terrain features,
shallow depths, interaction with the Sea of Azov waters, atmospheric precipitation,
river runoff) and anthropogenic (functioning and overlapping of the North-Crimean
Canal (NCC), change of environmental management system) factors.

The bay natural hydrologic regime was mainly violated by the NCC building
during 1961-1971. It made certain ecologic problems.

PHYSICAL OCEANOGRAPHY VOL. 25, ISS.1 (2018) 67



According to previous studies [4, 5], the Eastern Sivash, which is the largest
by the area (1650 km? and more than 60 % of the total area of the Sivash Bay) and
the deepest (down to 1 m depths occupy 41 % of its area) part of the bay, was most
badly affected by fresh water discharge. The volume of fresh water entering the
bay was increased and it had led to a decrease in salinity as well as an increase in
the level of the Sivash Bay and, as a result, to a decrease in the volume of the Sea
of Azov inflowing waters.

A limited number of works is devoted to the analysis of certain components of
the Sivash Bay water balance. The works of A. Ponizovsky [1, 2], the ones carried
out with support of Wetlands International — AEME international organization in
2000, 2005 and 2007 [3-5] and the studies of Sevastopol Branch of State
Oceanographic Institute [6-8] should be noticed. The present study [9] is also
devoted to the Sivash Bay water area during the functioning of the NCC. Analysis
of the abovementioned works reveals the fact that they have the following
drawbacks:

Firstly, not all water balance components were considered in the listed works.
In [7] such important component as evaporation was not taken into account and
those water balance items which, according to the authors, are largely determined
by natural climatic factors (atmospheric precipitation, river runoff, water exchange
with the Sea of Azov) were analyzed.

Secondly, the bay volume was not calculated in the abovementioned studies. It
was not allowed to estimate the volume variability depending on the climatic and
anthropogenic changes in different periods of the NCC functioning. Moreover, in
[6-8] when calculating water balance components a data for a very long time
interval from 1939 to 2010, which includes periods of relatively natural state of the
bay (1939-1971) and anthropogenically changed one (associated with the bringing
of the NCC into operation (1972-2010)), were analyzed and averaged. At the same
time, none of the works considered a period after the NCC overlapping in 2014.
This paper attempts to consider the mentioned drawbacks.

A purpose of the present work is to assess the main water balance components
of the Sivash Bay for different periods: before the NCC was brought into operation
(a period of relatively natural regime of the Sivash Bay (1939-1972)), a period of
intensive canal operation under different operating modes of existing irrigation
systems (1972-2013) and after overlapping of the canal (2014-2016).

Materials and research methods

The Sivash Bay input and output items were analyzed on the basis of historical
and literature data obtained before the NCC was brought into operation [1, 2],
during its active use [3-5, 9] and also on the basis of the in situ data obtained after
the canal overlapping (2014-2016) [10, 11], as well as the calculations using
available meteorological information [12].

The Sivash Bay water balance includes the following input and output items:

I. Input items:

1) the Sea of Azov water inflow through the Henichesk Strait (the Tonkiy and
Promoina Straits),

2) atmospheric precipitation,
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3) drainage and discharge waters of the NCC and Kahovskaya irrigation
system,

4) surface and underground runoff of the Sivash Bay basin,

5) the Sea of Azov water filtering through the Arabat Spit (does not taken into
account in the present work).

I1. Output items:

1) evaporation from the Sivash Bay water area,

2) the Sivash Bay water inflow to the Sea of Azov.

To calculate the water balance the equation given in [7, p. 440] was applied as
following

F +Qas —Qss = AB, 1)
F =V, +Vcc +Vpr -V, 2

where AB is the bay volume variation, km3; F is a fresh water component of the
balance; Qas — Qss are the water exchange through the Henichesk Strait (Qas Is
a water inflow from the Sea of Azov, Qss is the Sivash Bay water runoff into the
Sea of Azov), km®; Vi, Vice, Vpr, Vey are the runoff of the rivers, drainage waters
from the NCC and Kahovskaya irrigation system, precipitation and evaporation
from the bay surface, respectively, km?.

River runoff was assessed by the observations carried out at the main rivers
flowing into the Sivash Bay (the Salhir, the Sukhoi Indol and the Churuk-Su) from
1936 to 2010. Total runoff of small rivers into the Sivash Bay and drainage water
discharge from the NCC and Kahovskaya irrigation system was estimated
according to [3, 5]. An amount of precipitation fallen on the Sivash Bay surface
was calculated using the precipitation dataset of GPCP (Global Precipitation
Climatology Center) over 1910-2010 [13] and for 2014-2016 precipitation was
calculated according to the data of the Henichesk marine hydrometeorological
station (MH) [12].

An intensity of the Sivash Bay water exchange with the Sea of Azov over
1972-2010 was assessed by the data from [14] and after the NCC overlapping in
2014 it was assessed indirectly (due to the absence of data from MH Henichesk) by
the analysis of the wind situation and calculated data by the Sivash Bay level and
the Sea of Azov level variation.

Evaporation was calculated using the Dalton formula, methodology for the
calculation was described in [15], mean wind velocity and relative air humidity
were obtained from the Henichesk MH database [12]. The satellite data obtained
from NASA satellite data were used to estimate monthly average sea surface
temperature [16].

Results and discussion

Some components of the Sivash Bay water balance are represented most
completely in [7] where the data and calculations for two periods of the Sivash Bay
observations are united: its conditionally natural state (1936-1974) and the state
under conditions of the NCC and Kavoskaya irrigation system operation (1974-
2010).
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According to the data from [7], input components of the Sivash Bay water
balance indicate that such climate factors as an increase of precipitation and
a decrease of salt input with the Sea of Azov water, played an important role in the
Sivash Bay freshening equally with anthropogenic impact (discharge of drainage
water of the NCC and Kahovskaya irrigation system). Thus, the input item of the
Sivash Bay water balance is related to the increase of precipitation and river runoff
which are due to regional manifestation of global climate changes.

Table 1

Water balance of the Sivash Bay and variation of its volume (AB)
over the investigated periods

Water balance input items, km?® Water balance output

items, km®
. - . ABY,
Values The Sea River Atmo_ . The Sivash | Evapo- 3
of Azov spheric | Draina - km
. runoff, o rapa runoff, | ration,
inflow, vV precipita- | ge, Vgr Q vV
Qas r tiOﬂ, Vpr SS ev
The period before the NCC construction (1939-1971) (according to [1, 2])
minimum 0.650 0.250 0.89 - 0.060 1.10 0.63
maximum 1.960 0.250 0.89 - 0.430 1.86 0.81
mean 1.000 0.250 0.89 - 0.370 1.24 0.53
The period of NCC functioning (1971-2007) (according to [3-5])
minimum 0.883 0.119 0.89 0.681 0.430 1.10 1.04
maximum 1.887 0.310 0.89 0.773 0.807 1.24 1.73
mean 1.220 0.240 0.89 0.630 0.607 1.20 1.17

Two periods are combined: conditionally-natural one and
the period of the NCC functioning (according to [7])

mean 1.220 0.083 0.96 0.630 0.410 1.20 1.28
1936-1970?

mean 1.510 0.063 0.82 - 0.324 1.10 0.97
1974-2010?

mean 0.960 0.111 1.08 0.772 0.463 1.24 1.25

The period after the NCC overlapping (2014-2016)
maximum 1.560 0.240 1.08 - 0.460 1.86 0.56
mean 1.220 0.119 0.85 - 0.320 1.24 0.63

*calculated in the present work
2calculated in the present work according to [7]

The calculated input and output items of the Sivash Bay water balance and
volume, carried out in this work, are given in Table 1. It should be noted that as the
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water balance vary within rather wide limits depending on change of natural-climatic
and anthropogenic factors, the minimum, maximum and mean water balance
components were calculated over all periods. Therefore the obtained bay volume
provides only its relative variation depending on conditions in certain period.

According to Table 1, during the NCC functioning both anthropogenic
(drainage and discharge waters of the NCC and Kahovskaya irrigation system) and
natural climatic (an increase of precipitation volume and decrease of the salt input
with the Sea of Azov waters) factors leaded to the bay water freshening. Finally,
the volume of the bay waters AB (km®) was significantly larger — from 1.17 to
1.67 km® — in comparison with the bay water volumes before the start of the NCC
functioning (0.63-0.81 km®) (Table 1).

After the NCC overlapping in 2014, such fresh water input item as the NCC
drainage and discharge waters was decreased. This, as is indicated by MHI
expeditionary studies for 2014-2016, resulted in a salinity increase in the eastern
part of the bay. Dynamics of the bay water salinity is given in detail in [10, 11].

The bay volume after the NCC overlapping (0.56-0.63 km?®) (Table 1) was
calculated taking into account the river runoff and precipitation changes, as well as
in consideration of water exchange intensity with the Sea of Azov depending on
prevailing wind and calculated bay level variation. The obtained data confirm the
onset of transition period in the bay state and gradual approach to the regime of
conditionally-natural state which was characteristic of 1939-1971.

The precipitation falling on the Sivash Bay surface has a pronounced seasonal
course with the maximum in warm period (May — July) and the minimum in the
cold one. Such precipitation distribution (continental type) is typical for the
western Crimea and the northern Black Sea [17].

From the NCC overlapping (from 2014 to 2016) the mean precipitation was
361 mm/year. Taking into account the fact that the water surface area is 2540 km?,
the volume of fresh water getting into the Sivash Bay as precipitation makes up
0.85 km? per year.

When calculating water balance of the bay, the intensity of the bay water
exchange with the Sea of Azov before the canal overlapping is very important
input component of water balance. This is described in detail in [8, 14] taking into
account fresh water volume dynamics varying over the year due to the existing
irrigation systems (Fig. 1) [5].
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Fig. 1. The dynamics of fresh water volumes getting into the Sivash Bay [5]: 1 — from all sources; 2 —
from the NCC; 3 — from the Kahovskaya irrigation system
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Variation of water exchange intensity through the Henichesk Strait is affected
by climatic changes near the Sea of Azov and the Sivash Bay which manifest
themselves in the wind activity at the coast of the Azov and Black seas and level
variations in the bay and the sea [13, 16, 17].

It should be noted that during conditionally natural regime of the Sivash Bay
the minimum current velocity and water discharge were observed in the Tonkiy
Strait [1, 2]. In this period annual average elevations of sea level over the one of
the bay made up 14 cm, in some years they increased to 19-20 cm.

According to [14], in 1966-1975 annual average level elevations of the Sea of
Azov over the level of the Eastern Sivash Bay decreased down to 6 cm due to
construction of Biyuk-Naymansk Dam, separating the Western Sivash from the
Eastern one, and the beginning of the NCC operation. During 1976-2006, when the
discharge of sewage and drainage waters into the Sivash Bay reached the
maximum values, level drop between MH Henichesk and MHP Chongar Bridge
decreased to 3 cm and the maximum freshening of the Sivash Bay was observed.

Due to natural and climatic causes (decrease of precipitation falling on the bay
surface) as well as decrease in the water supply through the canal (Fig. 1), annual
average elevations of the Sea of Azov level over the one of the bay increased up to
10-13 cm from 2009 and the Sivash Bay salinization has gradually begun.

Annual average values of the bay water salinity near MHP Chongar Bridge
were increased from the minimum value of 15.61 %o in 2009 to 21.42 %o in 2012
[14]. From 2014, after the NCC overlapping and, correspondingly, the change in
environmental management system (rice production termination) and decrease of
sewage water discharge into the Sivash Bay salinity was further increased [11].
According to our data from July 5, 2017 water salinity in the area affected by the
Chongar Strait (45°53'33.0""N 34°28'39.2"E) was 53 %eo.

In order to assess the intensity of water exchange through the Tonkiy Strait
after the NCC overlapping the analysis of wind activity in the Azov — Black seas
over 2014-2016 was performed [12]. Wind regime determines the water
circulation, wind waves, surge phenomena, the Sea of Azov level fluctuations.
During the work regular meteorological data of MH Henichesk from 2014 to 2016
were analyzed, wind frequency roses (percent) for each season on the basis of daily
average data were plotted (Fig. 2). It is shown that in all seasons prevails the
eastern wind — from 20 % in spring to 31 % in autumn. The western wind,
providing the surge of the Sivash Bay water into the Sea of Azov, has significantly
smaller frequency — from 8 % in autumn to 15 % in spring. The highest average
wind velocity is observed in autumn and in winter — 4.9 m/s and 4.5 m/s,
respectively. In spring wind velocity decreases down to 4 m/s, in summer — to
3 m/s. The analysis revealed that at MH Henichesk in 2014 weak winds (to 4 m/s)
prevail and they make up 78 %, the frequency of strong winds (10-24 m/s) is
10.5 %. It should be pointed out that during the entire year the northeastern and
eastern winds prevail (70 %). It is concluded that wind conditions (the prevalence
of eastern winds) contribute to the water level increase in the Sivash Bay due to the
surge of the Sea of Azov waters through the Tonkiy Strait.

Evaporation — an output item of the Sivash Bay water balance — is one of the
hard-to-determine parameters, maybe that is why in some works only input items
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of the balance are given. According to our data, after the NCC overlapping the
evaporation from the Sivash Bay surface made up about 1.86 km? per year.

The main feature of the Sivash Bay hydrodynamic regime (especially of its
most shallow parts) are surge phenomena directly related to the wind effect on the
shallow water. The Sivash Bay has its own system of currents. Drift currents occur
due to wind friction against the water and are changeable depending on its
direction. Discharge currents occur because of the difference in levels of the Sivash
Bay separate parts due to surge phenomena, river runoffs and temporary streams.

winter spring

N

Fig. 2. Seasonal frequency roses (%) of the wind at MH Henichesk from 2014 to 2016

The bay water level decrease in comparison with the one of the Sea of Azov
surface is promoted by shallowness of the Sivash Bay water area, features of its
hydrodynamic regime and evaporation from the water surface. Seasonal variability
of the Eastern Sivash level [17] is characterized by high values in April almost all
over the water area at significant decrease in summer due to evaporation and
increase from August to October due to precipitation. General trend of water level
decrease in spring-summer is also related to prolonged steady impact of wind of
western rhumbs in the Eastern Sivash water area.

To study the features of the Eastern Sivash and the Sea of Azov water
exchange through the Tonkiy Strait, a numerical non-stationary hydrothermody-
namical model (a detailed description of which is given in [19]) was applied.
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During the calculations the Eastern Sivash water area was covered by horizontal
computational grid of 76 x 99 nodes with 1000 m step. The values of wind
direction and velocity (with 3 h discreteness) were set on the basis of data of
observations carried out at MH Henichesk [12].

Fig. 3. Patterns of surface currents and level fluctuations (cm) in the Eastern Sivash Bay at the winds
of eastern directions: a — at northeastern wind of 8 m/s (May 31, 2014); b — at an east-north-eastern
wind of 10 m/s (June 3, 2014); ¢ — at an eastern wind of 8 m/s (July 18, 2014); d — with a western
wind of 4 m/s velocity (June 9, 2014)

The current variations and level fluctuations in the Eastern Sivash were
calculated at meteorological situation corresponding to May — July 2014. In Fig. 3
the patterns of surface currents and level fluctuations (cm) in the Sivash Bay at the
winds of eastern (May 31, June 3, July 18, 2014) and western (June 9, 2014)
rhumbs are shown. It can be seen that at predominating winds of eastern directions
an intensification of the Sea of Azov water inflow to the Sivash Bay is possible.
Definitely, this can promote its salinization.

Conclusions

1. On the basis of the components of the Sivash Bay water balance during
conditionally natural bay state (1939-1971) and the NCC active functioning at
different modes of the Crimean and Kahovskaya irrigation systems (1972-2013) it
is shown that the bay freshening and increase of its volume are due to impact of
both anthropogenic (the NCC functioning) and natural-climatic factors.

2. The intensity of the bay water exchange with the Sea of Azov after the
NCC overlapping are estimated on the basis of analysis of wind seasonal dynamics
in the Sivash Bay water area over 2014-2016 and calculated level variation in the
Sivash Bay and the Sea of Azov. It is shown that in the given period the winds of
eastern rhumbs predominated in the water area. They increase the inflow of the Sea
of Azov waters to the bay which leads to its salinization.

74 PHYSICAL OCEANOGRAPHY VOL. 25, ISS.1 (2018)



3. After the NCC overlapping in 2014 the existing anthropogenic
(environmental management system change) and natural-climatic factors contribute
to gradual salinization of the bay, decrease of its volume and transition to
conditionally-natural state.
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