Pure Appl. Geophys. 175 (2018), 1951-1969

© 2018 Springer International Publishing AG, part of Springer Nature

https://doi.org/10.1007/s00024-018-1878-x

[ Pure and Applied Geophysics

@ CrossMark

Tides in the Black Sea: Observations and Numerical Modelling
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Abstract—Longterm hourly data from 28 tide gauges were
used to examine the main features of tides in the Black Sea. The
tides in this basin are directly caused by tide-generating forces and
the semidiurnal tides prevail over diurnal tides. Based on the
Princeton Ocean Model (POM), a numerical model of tides in the
Black Sea and adjacent Sea of Azov was developed and found to be
in good agreement with tide gauge observations. Detailed tidal
charts for amplitudes and phase lags of the major tidal harmonics in
these two seas were constructed. The results of the numerical
modelling and observations reveal for the semidiurnal tides the
presence of an amphidromy with clockwise rotation and another
one with counterclockwise rotation for the diurnal tides, both
located in the central part of the sea near the Crimean Peninsula.
Therefore, for this part of the sea the amplitudes of harmonics M,
and K, are less than 0.1 cm. Relatively larger M, amplitudes are
observed on the east and west coasts of the sea (2-3 cm). The
maximum amplitude of the harmonic M, was found at Karkinit
Bay—up to 4.5 cm—while the maximum tidal range varies from
1 cm near the Crimean Peninsula to 18-19 c¢m in the Dnieper—Bug
Estuary and Karkinit Bay. Radiational tides, initiated mainly by sea
breezes, make an important contribution to the formation of tidal
oscillations in the Dnieper-Bug Estuary.

Key words: Tides, tide gauges, Black Sea, Sea of Azov,
amphidromic points, sea level spectra, numerical modelling, radi-
ational tides, seiches.

1. Introduction

Tides are one of the most important types of
ocean water motions. Tidal oscillations are formed
under the influence of the tide-generating forces of
the Moon and the Sun. The variability of these forces
over time leads to the periodic oscillations of the sea
level and currents. Tides in the World Ocean can be
represented as the sum of two types of motions: (1)
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the co-oscillating tide caused by the tidal oscillations
incoming from an adjacent basin, and (2) the inde-
pendent tide representing the direct response of the
water body of the basin to the tide-generating forces
(Defant 1961). Marginal seas are typically dominated
by co-oscillating tides generated by tidal waves
penetrating from the ocean. In the mostly enclosed
seas, tidal waves from adjacent basins have negligible
influence, and independent tides strongly prevail
(Defant 1961; Medvedev et al. 2016).

The Black Sea is one of the most isolated seas of
the World Ocean. It is connected with the Mediter-
ranean Sea through the Bosphorus, the Sea of
Marmara, and the Dardanelles. It is also linked with
the Sea of Azov through Kerch Strait. Narrow straits
do not enable the penetration of sea level variations
(including tides) from the Mediterranean Sea into the
Black Sea. Tides in the Black Sea are caused directly
by tidal forces and are of the second type: indepen-
dent. The amplitudes of major tidal harmonics are
known to be only a few centimetres (Defant 1961;
Fomicheva et al. 1991; Medvedev et al. 2016). But,
despite this fact, their accurate assessment is crucial
for understanding the general dynamics of the Black
Sea including many processes that depend upon the
tide. Barotropic tides are responsible for formation of
internal waves that can be significant, especially in
the upper layer and, therefore, strongly influence
various hydrobiological processes and bioproductiv-
ity of the sea.

The study of tidal oscillations in the Black Sea
started in the first part of the twentieth century
(Sterneck 1912, 1922, 1926; Orlov 1923; Kurchatov
1925; Proudman 1928; Endros 1932). Based on the
data obtained in previous studies, Albert Defant
(1961) constructed a co-tidal chart of the semidiurnal
tide in the Black Sea. According to his study, it has
the character of an amphidromic system with
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clockwise rotation. Engel (1974) numerically mod-
elled the M, co-tidal chart for the Black Sea. Further
studies (Fomicheva et al. 1991; Alpar and Yiice
1998) based on analysis of observation series con-
firmed the high accuracy of these co-tidal charts.
Subsequently, both diurnal and semidiurnal tidal
constituents were reliably identified in the sea level
spectra for the Black Sea (German 1970; Mungov
1981; Maramzin 1985; Ivanov and Yastreb 1989;
Fomicheva et al. 1991). Yiice (1993) estimated the
amplitudes of the diurnal, semidiurnal, and long-pe-
riod (fortnightly My and monthly M,,) tides in the Sea
of Marmara and in the Bosphorus. Yiice (1996) dis-
tinguished a well-defined peak at diurnal tidal
frequency in current speed spectrum in the Bospho-
rus. Book et al. (2010), using ADCP current
measurements, showed that current fluctuations at
tidal frequencies also play a role in the Turkish Strait
System, reaching 20% of the total variance of the
current in the mid-water column of the southern
Dardanelles Strait.

It was shown by Mungov (1981), Krsteva (1981),
and Fomicheva et al. (1991) that sea-breeze effects
play a significant role in the formation of diurnal sea
level oscillations in the Black Sea. However, the
relative role of tidal and breeze forces in the forma-
tion of diurnal tide has not yet been fully studied.
Thus, the formation mechanism of diurnal tides in the
Black Sea is still poorly understood. Recently,
Medvedev and Kulikov (2016) studied the spectrum
of sea level oscillations of the Black Sea based on
longterm hourly series of observations at 23 tide
gauges and found marked tidal spectral peaks for
diurnal and semidiurnal clusters of harmonics. These
tide gauge series, complemented by data from Turkey
served as the basis for the present study of tidal sea
level oscillations in the Black Sea.

2. Data

For the analysis of tidal oscillations, hourly
observations for 28 coastal tide gauges have been
used (Table 1). The tide gauges are located along the
coasts of Russia, Ukraine, Georgia, and Turkey
(Fig. 1). Data from post-Soviet Union era tide gauges
were mainly obtained from the Russian portal “The
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Unified State System of Information on the World
Ocean” (in Russian ESIMO, http://www.esimo.ru).
The tide gauge records along the Turkish coast were
collected by the Turkish National Sea Level Moni-
toring System (TUDES, http://tudes.hgk.msb.gov.tr/
tudesportal). For some tide gauges, the archive of
hourly sea level records covers the 1970s and 1980s
decades of the twentieth century. Certain sites where
tide gauges were located have changed their names in
recent decades; therefore, in Table 1, both the old and
new names of tide gauges are presented. The duration
of the observational sea level series varies from 3 to
38 years (Table 1). Data for all stations have been
adjusted to the Coordinated Universal Time (UTC).
The series were thoroughly checked, all spikes and
shifts were eliminated; short gaps (shorter than a day)
were filled with predicted tidal sea level oscillations.
We excluded from our analysis the yearly series with
long gaps or low-quality data. The time coverage of
the data which were used in the harmonic analysis of
tides is presented in the last column of Table 1. Red
circles in Fig. | indicate the Bulgarian tide gauges
Burgas and Varna. The harmonic constants for these
sites were taken from Ivanov (2015).

3. The Spectral Analysis of the Sea Level
Oscillations

The spectral properties of sea level variability in
the Black Sea were described in detail by Medvedev
and Kulikov (2016). The authors showed that seiches
(eigen oscillations) and tides in the Black Sea have
significantly different spectral properties. Tides
appear in the spectrum as sharp, discrete peaks with
frequencies of major tidal harmonics, while seiches
have a character of relatively broader increase at the
continuous part of the spectrum (continuum) at res-
onant (eigen) frequencies. Special attention was
given to a spectral peak located between the diurnal
and semidiurnal frequencies. The period of this peak
coincides with the inertial period. At higher fre-
quencies in the sea level spectrum in the Black Sea,
wide maxima associated with eigen modes of the sea
prevail.

The main focus of the present study is a detailed
analysis of sea level spectra at tidal frequencies. Our
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Table 1

Tide gauges used in this study for the analysis of tidal sea level oscillations in the Black Sea

No. Tide gauge City Latitude Longitude Time coverage Harmonic analysis (years)
(°N) (°E) (years)
1 Bolshoe Bolshoe 452 29.7 1977-1984 1977-1982
2 Vilkovo Vylkove 454 29.6 1977-1984 1977-1981, 1983
3 Prorva Prorvin 45.5 29.7 1977-1984 1977-1983
4 Belgorod- Bilhorod- 46.2 30.4 1977-1995 1977-1992, 1994
Dnestrovskiy Dnistrovskiy
5  Paromnaja Paromnaja 46.3 30.6 1980-1995 1980-1995
Pereprava Pereprava
6 Illichivsk Chornomorsk 46.3 30.7 1977-1995 1977-1995
7 Odessa Odesa 46.5 30.8 1977-1995 1977-1992, 1994-1995
8  Ochakov Ochakiv 46.6 31.6 1977-1995 1978-1995
9  Heroyskoe Heroiske 46.5 319 1985-1995 1985-1987, 1989-1995
10 Nikolaev Mykolaiv 47.0 32.0 1977-1995 1977-1995
11 Stanislav Stanislav 46.6 322 1989-1991 1990
12 Kasperovka Kasperovka 46.6 323 1977-1995 1977-1995
13 Kherson Kherson 46.6 32.6 1977-1995 1977-1995
14 Sevastopol Sevastopol 44.6 33.5 1977-1995 1977-1991, 1993-1995
15  Yalta Yalta 44.5 342 1977-1995 1977-1995
16  Feodosia Feodosia 45.0 35.4 1977-1995 1977-1995
17 Gelendzhik Gelendzhik 44.6 38.1 1977-1992 1977-1987, 1991
18  Tuapse Tuapse 44.1 39.1 1977-2014 1977-1987, 1989, 1991-1996,
2007-2012
19 Sochi Sochi 435 39.8 1977-1995 1977-1987, 1989, 1991-1995
20 Kulevi Kulevi 423 41.7 1977-1979 1978
21  Poti (Rioni) Poti (Rioni) 422 41.7 1977-1979 1978
22 Poti Poti 42.1 41.6 1977-1991 1977-1990
23 Batumi Batumi 41.7 41.6 1977-1991 1977-1990
24 Trabzon Trabzon 41.0 39.7 2002-2017 2003-2004, 20062008 20102015,
2017
25  Sinop Sinop 42.0 352 2005-2017 2006
26  Amasra Amasra 41.7 324 2001-2017 2013-2017
27  Sile Sile 41.2 29.6 2008-2017 2009-2016
28 Igneada Igneada 419 28.0 2002-2017 2012-2014
29 Burgas Burgas 42.5 27.5 2013-2014 2013-2014
30 Varna Varna 432 27.9 2013-2014 2013-2014

spectral procedure is similar to that described by
Thomson and Emery (2014) (see Medvedev and
Kulikov 2016; Medvedev et al. 2017 for details), and
is based on the Fast Fourier Transform of long sea
level observational series. To improve the spectral
estimates we used the spectral Kaiser—Bessel (KB)
window with half-window overlaps prior to the
Fourier transform. The length of the window was
N = 8192 h (spectral resolution Af =~ 0.00293 cpd).
For Sochi, the window length was smaller:
N=4096 h (Af =~ 0.00586 cpd). The confidence
intervals in the spectra depended on the number of
degrees of freedom (v) which varied depending on the

total length of the series: v = 58 for Batumi, v = 62
for Trabzon, v = 78 for Illichivsk, Kasperovka, and
Feodosia, and v = 92 for Sochi.

Fig. 2 presents the spectra of sea level oscillations
for six tide gauges which are located in various parts
of the sea: Illichivsk, Sochi, Kasperovka, Batumi,
Feodosia, and Trabzon. Tides are identified in the sea
level spectra as narrow and sharp peaks at diurnal and
semidiurnal frequencies. In the semidiurnal fre-
quency band the principal lunar semidiurnal
constituent M, (12.42 h), the principal solar semidi-
urnal constituent S, (12.00 h), and the larger elliptical
lunar constituent N, (12.65 h) dominate. A tidal peak
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Figure 1
The locations of the tide gauge stations that have been used in this study. Numbers (1-30) in the figure correspond to stations in Table 1. Red
dots (29-30) are the Bulgarian tide gauges (Ivanov 2015). Other designations: M the Sea of Marmara, B the Bosphorus, D the Dardanelles,
K the Kerch Strait, KB Kirkinit Bay, and D-B the Dnieper—Bug Estuary

with a frequency of ~ 1 cpd prevails in the diurnal
tidal band in all considered spectra; it may be related
either to the gravitational lunisolar diurnal constituent
K; (23.93 h) or to the radiational diurnal constituent
S1 (24.00 h). Also, the peak corresponding to the
principal lunar diurnal constituent O; (25.82 h) is
evident in all the spectra (Fig. 2).

On the east coast of the Black Sea, the semidi-
urnal tides are predominant (Fig. 2b, d, f). According
to Defant (1961), Engel (1974) and Fomicheva et al.
(1991), the nodal point of the semidiurnal tidal
amphidromic system is located in the central part of
the Black Sea, so the semidiurnal tides near the coast

of the Crimea and in the central part of the Turkish
coast are weak. On the sea level spectra at Feodosia,
the Crimean Peninsula (Fig. 2e), the energy of har-
monic M, is lower than the K; energy and much
smaller than the M, energy on the western (Fig. 2a)
and eastern coasts of the Black Sea (Fig. 2b, d, f).
The northwestern part of the Black Sea is char-
acterized by the complex structure of the tides. At the
Mlichivsk spectrum (Fig. 2a), the M, and S, semidi-
urnal tidal peaks exceed those of diurnal harmonics
K, and O;. In contrast, at Kasperovka, (Fig. 2c),
which is located at the head of the Dnieper Estuary,
the diurnal peak with a period of ~ 24 h
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Figure 2
The spectra of the sea level oscillations at stations Illichivsk (a), Sochi (b), Kasperovka (c), Batumi (d), Feodosia (e), and Trabzon (f). Noted
peaks correspond to the main tidal harmonics (O, K, M,, and S,), inertial oscillations of sea level (Ty) and radiational harmonics (S3_s). The
number of degrees of freedom in the spectral calculations is specified (v), and the corresponding confidence intervals are shown

substantially exceeds the main semidiurnal peaks. It
appears that the latter is caused by the influence of
meteorological factors with a diurnal period. Med-
vedev and Kulikov (2016) showed that the amplitude
of the radiational harmonic S in this part of the Black
Sea can be significantly greater than the amplitudes
of the gravitational diurnal harmonics O;, P;, and K|
and is comparable with the M, amplitude.

One of the significant features of the Crimean
(Feodosia, Yalta, and Sevastopol), the Caucasian
(Gelendzhik, Tuapse, Sochi, Poti, and Batumi) and
Turkish (Trabzon, Sinop, and Amasra) sea level

spectra is a persistent spectral peak with a period
almost exactly coinciding with the inertial period:

2n  2m  11.967
f  2Qsing - sin @

Ty = ~ 17 h (1.41 cpd),

(1)

where f is the Coriolis frequency, €2 is the frequency
of the Earth rotation, and ¢ is the latitude of the
observation site. On the Caucasian (Fig. 2b, d) and
Turkish (Fig. 2f) coasts, it is more evident than on the
Crimean coast (Fig. 2e). The inertial peak is a typical
spectral feature of baroclinic open-ocean currents (cf.
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Figure 3

High-resolution sea level spectra in the Black Sea for diurnal and semidiurnal frequency bands at stations Kasperovka (a) and Batumi (b).
Thin dashed lines show 95% confidence level for diurnal and semidiurnal harmonics calculated according to Chi-square distribution for each
tidal band

LeBlond and Mysak 1978); however, it does not
normally appear in the spectra of sea level oscilla-
tions which are presumably barotropic. The cause of
this consistent peak in coastal sea level spectra in the
Black Sea needs further research.

Important properties of diurnal and semidiurnal
tides in the Black Sea can be identified based on high-
resolution spectral analysis. Longterm series of tide
gauge observations can provide the high-resolution
spectra needed to split the diurnal and semidiurnal
peaks into individual constituents (Munk and Cart-
wright 1966). As shown by Medvedev et al.
(2013, 2017), Rabinovich and Medvedev (2015), and
Medvedev and Kulikov (2016), this approach enables
us to identify some specific features of the tidal for-
mation which are indistinguishable in lower
resolution spectra. In the present study, we conducted
a detailed spectral analysis for long series with high-
quality hourly observations at tide gauges Kasper-
ovka (19 years, Dnieper Estuary) and Batumi
(15 years, Caucasian coast). The length of the

spectral KB-window for these series was 65 536 h,
the spectral resolution was Af =~ 0.000366 cpd, the
number of degrees of freedom v = 8§ for Kasperovka,
and v = 4 for Batumi. The main attention was paid to
the diurnal and semidiurnal frequency bands (Fig. 3).
The major harmonics N,, M, S, and K,, as well as
elliptical solar semidiurnal constituent 75, are evident
against the background noise in the semidiurnal tidal
band, significantly exceeding the 95% confidence
level (Fig. 3). The amplitude ratios for these har-
monics approximately match the theoretical ratios for
the tidal potential (Pugh and Woodworth 2014).
Although the S, harmonic has both gravitational and
radiational origin, the ratio of the magnitudes of the
radiational/gravitational components varies from 0.05
to 0.6 in the Black Sea (Medvedev et al. 2016).

In the diurnal tidal band, the high-resolution
spectral analysis revealed some interesting peculiar-
ities. The “classical” ratio between major diurnal
harmonics is observed at Batumi, but at Kasperovka
the sea level spectrum (Fig. 3a) has some anomalous
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Figure 4
Frequency-time (f—f) wavelet diagrams of the sea level variability in frequency range 0.6-5 cpd in Batumi (a) and Nikolaev (b) in 1983

features: the Q; peak (well-defined at Batumi, see
Fig. 3b) is absent, while the peak of the radiational
harmonic S; is markedly strong higher than those of
the gravitational harmonics Oy, P;, and K,. This
proves the important role of meteorological factors in
the formation of diurnal periodic sea level oscilla-
tions in the Dnieper Estuary.

To specify the spectral features of diurnal tides,
we used the multiple-filter technique which is similar
to wavelet analysis (e.g. Kulikov et al. 2004; Thom-
son and Emery 2014). Frequency—time (f~f) diagrams
were constructed for the Batumi and Nikolaev tide

gauges in the frequency range 0.6-5 cpy (Fig. 4).
These stations were chosen because they have a dif-
ferent character of diurnal tidal sea level variability.
The main signal in the Batumi f~¢ diagram (Fig. 4a) is
a semidiurnal tide with fortnightly modulation of
amplitude. The diurnal signal is weaker than the
semidiurnal signal. The main feature of the diurnal
signal at Batumi is the relative sustainability of its
magnitude. In contrast, at Nikolaev (Fig. 4b), which
is located at the head of the Bug Estuary, the mag-
nitude of the diurnal signal varies strongly during the
year. The maximum amplitude of diurnal tide is
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observed in the summer period, and weaker diurnal
sea level oscillations are observed in the winter per-
iod. This feature, apparently, is caused by the
radiational origin of the diurnal tide in this area. The
semidiurnal signal in the Nikolaev f~ diagram is
similar to the corresponding signal in the Batumi f-
t diagram. We conclude that the semidiurnal tides in
both areas of the sea have an astronomical origin.

4. Harmonic Analysis of Tidal Oscillations

The clear prevalence of tidal harmonics in com-
parison to the background noise level allows applying
the harmonic analysis for studying tides in the Black
Sea. To calculate the tidal harmonic constants, we
used the least squares method (Parker 2007). Based
on the harmonic analysis, mean tidal amplitudes and
Greenwich phase lags were calculated for 28 sites in
the Black Sea. The calculations were based on high-
quality yearly observations which do not have sig-
nificant gaps in the records (Table 1). The results of
calculations for individual years were vector aver-
aged to obtain the mean multiyear values of
amplitudes and phase lags (Medvedev et al.
2013, 2017). In total 66 tidal constituents were cal-
culated and we selected the 9 largest harmonics: 5
diurnal (Qq, Oy, Py, S1, and K;) and 4 semidiurnal
(N2, M>, S5, and K5). The results of the analysis are
presented in Table 2.

The amplitudes of the major tidal harmonics dif-
fer significantly within the region. The M, amplitude
in the Black Sea varies from 0.1 to 0.5 cm on the
coast of the Crimean Peninsula, and from 0.7 to
0.9 cm on the coast of central Turkey to 3.4 cm in the
northwestern part of the Black Sea (Odessa and
Nikolaev). The S, amplitude varies from 0.1 cm near
the Crimea to 1.8 cm in the northwestern part of the
sea. A remarkable feature of semidiurnal tides is
observed at Kherson: the amplitude of S, (2.9 cm) is
almost twice the amplitude of M, (1.5 cm), while in
the tidal potential (Pugh and Woodworth 2014) the
ratio of the amplitudes Hg, /Hy, is 0.47. It appears
that this anomaly is caused by the dominant influence
of the radiational component in forming the overall
harmonic S, in this region.

Pure Appl. Geophys.

At Kherson, the highest amplitude of the radia-
tional harmonic S; (5.6 cm) is observed, which is
significantly higher than the amplitudes of the major
gravitational harmonics O, K and M, in the Black
Sea. The amplitude of S; changes considerably from
year to year because of its meteorological origin.
According to the results of the harmonic analysis, the
largest S; amplitude, 7.7 cm, was observed at Kher-
son in 1977. The longterm average S; amplitudes are
also high at Kasperovka and Nikolaev: ~ 4 cm,
while on the Caucasian coast of the Black Sea, near
the Crimea and the Danube Delta it is only 0.8—
1.0 cm. The K; amplitude in the Black Sea varies
from 0.1-0.3 cm at the Crimean coast and 0.2 cm at
Sinop (Turkey), to 1.3 cm at Poti and Batumi, and to
1.5-1.8 cm in the Dnieper—Bug Estuary (Nikolaev,
Stanislav, and Kasperovka). The O, amplitude is on
average 0.2-0.4 cm, with the maximum at Poti and
Batumi ~ 0.8 cm. The mean P; amplitude in the
Black Sea is 0.3-0.7 cm, with the maximum in the
Dnieper—Bug Estuary up to 1.2 cm at Nikolaev and
0.8 cm at Stanislav. At these two stations, the P;
amplitude is more than twice as large as the O,
amplitude although their ratio in the tidal potential is
Hp,/Hp, ~ 0.47. This anomaly is observed at all
sites in the Dnieper—Bug Estuary. Within the estuary
the N, amplitude is 0.2-0.6 cm, and the K, amplitude
varies from 0.2 to 0.9 cm (Kherson), and Q; is less
than 0.1 cm (Table 2).

The errors in the estimation of tidal amplitudes
(ey) and phase lags (¢5) were calculated using the
following expressions (Pugh and Woodworth 2014):

2
Oar

T-Af

1 Gif ey
=g\ 7 A =4 (in radians),

where aif is the background noise variance in the
frequency band Af (diurnal or semidiurnal), T is the
series length used for the harmonic analysis (in this
study T =1 year), and H is the amplitude of the
corresponding tidal harmonic. As evident from
Eq. (2), the amplitude error has one absolute value
for all harmonics in a given frequency band, while the
phase lag becomes larger for a lower amplitude.

(2)

&g =
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According to the spectral analysis, the variance
values for Kasperovka aif(l) = Af x §,(1) =
2.95cm? for the diurnal band and aif(Z) =Af-
S¢(2) = 0.61 cm? for the semidiurnal band, where
S.(1,2) is the mean spectral value for the corre-
sponding band (Fig. 3a), while Af=0.2 cpd is the
bandwidth. The corresponding variance values for
Batumi are smaller: o3,(1) =0.14 cm®> and
aif(Z) = 0.06 cm? (Fig. 3b). Calculated errors for the
diurnal amplitudes at these stations are ¢x(1) = 0.20
cm (Kasperovka) and 0.06 cm (Batumi); errors for
the semidiurnal amplitudes are ¢(2) = 0.09 cm and
0.05 cm, respectively.

The phase lag error (&) is inversely proportional
to the harmonic amplitude. These errors are (based on
the data from Table 2): 8° (K;), 25° (Oy), 2° (M>),
and 5° (S,) for Kasperovka; and 3° (K;), 4° (Oy), 1°
(M5), and 2° (S,) for Batumi. The errors in amplitudes
and phase lags for other stations, in general, are
similar to those for Kasperovka and Batumi. Thus,
the errors are relatively smaller compared to the
calculated amplitudes and phase lags.

The harmonic constants calculated for various
years were used to estimate the scatter and errors of
specific harmonics for individual stations. The M,
amplitude changes very little over time: the error in
amplitude is from 3-5 to 12-15% for tide gauges
Bolshoe, Prorva, and Kherson. Depending on the
station, the phase-lag error for M, varies from 2° to
7°. The S, amplitude error changes from 6 to 17%
and the phase-lag error from 7° to 11°. For K; the
amplitude error is from 8 to 20%, while for O is up
to 10—45% of its value. The phase-lag scatter for K is
5°-12°, and for O it is 15°-25°. The averaging of
estimated amplitudes and phase lags over a large
number of years enables us to determine their accu-
racy which improves as 1/+/n, where n is the number
of independent yearly series used for the calculations.
In general, these accuracy estimations are very close
to the error estimates obtained from the spectral
analysis (2).

5. Numerical Modelling of Tides

To understand the formation mechanisms of tides
in the Black Sea, we need to know the tidal spatial
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structure. The results of the harmonic analysis of tide
gauge data enable us to examine specific tidal fea-
tures along the coast, but not in the open part of the
Black Sea. Numerical modelling provides an effec-
tive method to evaluate tides over the entire sea
basin, and in combination with actual observations,
describe the tidal dynamics and particular physical
properties of tides in the sea as a whole and in
specific regions.

The barotropic tides are usually simulated using
2D models based on the momentum equations in the
long-wave approximation. In the present study we
used the 2D version of the Princeton Ocean Model
(POM) (Mellor 2004); the same model has been used
previously by Kulikov et al. (2015) for the numerical
modelling of sea level variability in the Baltic Sea.
The forcing in the momentum equations was speci-
fied through the gradients of the tidal potential fields
over the Black Sea:

Fr=—(1+4+k—h)VQ, (3)

where k = 0.3 and /& = 0.61 are the Love numbers, Q is
the tidal potential that was calculated for spherical
harmonics via the formulas provided by Munk and
Cartwright (1966). Also, our numerical model inclu-
ded the tidal loading potential obtained from FES2014
(Finite Element Solution tidal model) produced by
NOVELTIS, LEGOS, and CLS Space Oceanography
Division and distributed by AVISO, with support from
CNES (http://www.aviso.altimetry.ft/).

The energy dissipation of generated flows is
caused by the vertical turbulent viscosity. The friction
force in the momentum equations is determined by
the speed of the bottom flow and the friction
coefficient:

(Tox, Toy) = (Coutp [t |, Covp [ty |), (4)

where iy, = (up,vy) is the flow velocity above the
bottom boundary layer (that assumed to be equal to
the barotropic velocity U for the 2D model), Cy, is the
bottom friction coefficient which has following form:

2

Cp = Max | —————,
(In{0.5H/z})

0.0025|  (5)

where k=04 is the von Kdarmin constant,
z0= 0.01 m is the bed roughness length. A minimum
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Figure 5

The comparison of amplitudes (a, ¢) and phase lags (b, d) of harmonics M, (a, b) and K| (c, d) estimated by results of the numerical modelling
(Hmodel and Gpoge1) and tide gauge observations (Hyps and Gops)

value for the bottom friction coefficient, C,= 0.0025,
was applied to avoid having the bottom drag effect
vanish when the water depth is very large.

The GEBCO Black Sea bathymetry with spatial
resolution of 30 arcseconds was used to create a grid
with a constant step in latitude and longitude: Ax = 1’
and Ay = 1’. The Bosphorus entrance was closed. As
a result of the numerical simulation, the tidal sea

level variations were reproduced for the year 1978.
This year had the largest number of high-quality tide
gauge records in the Black Sea, and these records
were used to verify the model.

The verification was conducted by comparing the
numerically computed and observed amplitudes and
phase lags of the M, and K; constituents for 15 ref-
erence stations located in various parts of the Black
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Sea: Illichivsk, Odessa, Sevastopol, Yalta, Feodosia,
Gelendzhik, Tuapse, Sochi, Poti, Batumi, Trabzon,
Sinop, Amasra, Sile, and Igneada. The results of this
comparison demonstrate that the constructed model
values for both semidiurnal (Fig. 5a, b) and diurnal
(Fig. 5c, d) tides are in good agreement with the
observations. For semidiurnal tides, the coefficient of
determination R* = 0.98-0.99 both for amplitudes
and phase lags; the root mean square error,
RMSE= 0.13 cm for amplitudes and 15° for phase
lags; for diurnal tides R?>=0.88 for amplitudes,
R*=0.97 for phase lags, RMSE=0.15cm for
amplitudes, and 20° for phase lags.

According to the observations, the semidiurnal
tides in the Black Sea are determined by an amphi-
dromic system with clockwise rotation, and the
model correctly reproduces this feature (Fig. 6a).
There are very few places in the Northern Hemi-
sphere, as in the Black Sea, that have clockwise M,
amphidromic systems: the Gulf of Tonkin in the
South China Sea, the Gulf of Thailand in the marginal
part of the western Pacific Ocean, and the Gulf of
Martaban in the northern part of the Andaman Sea
(cf. Egbert and Erofeeva 2002; see details here: http://
volkov.oce.orst.edu/tides/global.html). However, in
each of these locations, tides are co-oscillating, i.e.
generated by tidal waves incoming from external
basins. The uniqueness of the clockwise M, amphi-
dromic system in the Black Sea is that this basin is
closed, so tides there are independent (“forced”).

Harris (1897-1907) explained that such systems
are formed by the superposition of two standing
waves crossing at some angle on which the direction
of rotation depends. Sterneck (1922) assumed that the
tidal forces act synchronously upon the entire water
mass of the Black Sea and that the actual semidiurnal
tides in this sea are formed by superposition of four
oscillations: (1) the west—east and (2) north—south
oscillations caused directly by the corresponding
components of tide-generating forces; (3) the north—
south, and (4) west—east oscillations caused by the
action of the Coriolis forcing on the oscillations (1)
and (2), respectively.

The amphidromic point of this system is located
to the south of the Crimean Peninsula, and as a result,
the minimum of the M, amplitude is observed there.
As correctly pointed out by Fomicheva et al. (1991),
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Figure 6 »
Tidal maps of amplitudes (shaded) and co-tidal lines (solid lines) in
degrees of (a) semidiurnal harmonic M, and (b) diurnal harmonic
K, in the Black Sea according to the numerical modelling. The
results of harmonic analysis of tide gauge observations are placed
near the corresponding sites, the amplitude is in the numerator (red
regular font) and the phase lag is in the denominator (black italic
font). Green dots are the Bulgarian tide gauges. The results of
harmonic analysis for these tide gauges were obtained from
(Ivanov 2015). Map of the maximal tidal range (c) in the Black
Sea. Co-range lines are shown by solid lines

the semidiurnal tides in the western and eastern parts
of the sea are in almost antiphase. In the northwestern
part of the sea, the semidiurnal tide has a complex
structure, which in earlier studies (Defant 1961;
Engel 1974; Fomicheva et al. 1991) was not repro-
duced due to the limited observational data and
insufficient possibilities for numerical simulations.
The results of the present study indicate that in the
shallow northwestern part of the Black Sea, a
degenerate (virtual) amphidromic M, system is
formed (Fig. 7a). At Odessa and Illichivsk the
amplitude of the harmonic M, is 3.3 cm and the
phase ~ 78° (Table 2). At Ochakov and at Her-
oyskoe, which are located at the entrance of the
Dnieper—Bug Estuary, the M, amplitude decreases to
1.5 cm, and the phase lag increases rapidly as the M,
tide propagates into the estuary: up to 107° at
Ochakov and 188° at Heroyskoe. Moving deep into
the Dnieper—Bug Estuary the M, amplitude increases
up to 3.4 cm at Nikolaev and 2.7 cm at Kasperovka.
The phase lag at the head of the estuary reaches
260-280°, thus the M, tidal oscillations in this area
are in antiphase relative to the M, tides in Odessa and
Ilichivsk (78°). The maximum M, amplitudes of
4.5 cm are calculated to be in Karkinit Bay (the
western coast of the Crimea) (Fig. 7a). Unfortunately,
there are no hourly tide gauge observations in this
bay. However, our modelling results for this region
are in good agreement with those of Zalesny et al.
(2016) who also found that the maximum amplitudes
of the semidiurnal tide are in Karkinit Bay.

In contrast to the semidiurnal tides, the diurnal
tides have a counterclockwise rotating amphidromic
system located in the central part of the Black Sea
(Fig. 6b). Diurnal tidal sea level oscillations in the
western and eastern parts of the sea are also in anti-
phase, the phase contrast is close to 180°. For K, the
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<Figure 7
Tidal maps of amplitudes (shaded) and co-tidal lines (solid lines) in
degrees of (a) semidiurnal harmonic M, and (b) diurnal harmonic
K, in the northwestern part of the Black Sea according to the
numerical modelling. Map of the maximal tidal range (c) in the
northwestern part of the Black Sea. Co-range lines are shown by
solid lines

phase lag differences between the north and south
ends of the east coast are 13°, similar to M, semidi-
urnal harmonic, i.e. the diurnal sea level flood tide
occurs almost simultaneously for the entire eastern
coast of the Black Sea. On the opposite, west coast of
the sea, the K, phase difference is also small; e.g.
between Vilkovo and Odessa it is only 12°. On the
coast of the Crimean Peninsula, there are abrupt
changes in phase and small K; amplitudes which are
caused by the proximity of the amphidromic point. In
the Dnieper—Bug Estuary (Fig. 7b), a rapid increase
in amplitudes (from 0.9 to 1.8 cm) and phase lag
(from 63° to 188°) for harmonic K; is observed
(based on results of harmonic analysis of tide gauge
observations). In the results of numerical modelling,
the maximum amplitude of the harmonic K, in the
Dnieper—Bug Estuary is 0.6-0.7 cm. This difference
between observation and model amplitudes may be
caused by the influence of radiational tides in this
estuary. The present numerical model did not take
into account the radiational effects in sea level
oscillations. In general, the results of numerical
modelling (Fig. 6b) indicate that the maximum
amplitude of the diurnal harmonic K; on the eastern
coast of the Black Sea (1.3 cm at Poti and Batumi) is
in good agreement with the actually observed
amplitudes at these two stations.

According to the results of our numerical mod-
elling, diurnal and semidiurnal tides in the Sea of
Azov are determined by “classical” amphidromic
systems, both rotating counterclockwise, with M, and
K, amphidromic points located in the central part of
the sea (Figs. 6a, b). The maximum M, amplitudes of
1.1-1.3 cm are observed in the eastern part of the Sea
of Azov near Primorsko-Akhtarsk and in Taganrog
Bay. The maximum K; amplitude of 1.4 cm is
observed in the head of Taganrog Bay. The main
eigen mode of this sea has a period of about 24 h
(Defant 1961); therefore, a resonant amplification of
diurnal tides in the Sea of Azov is observed.
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The numerical results obtained in the present
study can substantially improve upon existing tidal
charts by Defant (1961) and Engel (1974). The co-
tidal chart in the book of Defant (1961) was based on
the results at the beginning of the twentieth century
by Sterneck (1922). Engel (1974) calculated the M,
co-tidal chart by means of the Hansen numerical
hydrodynamic model. Friction, the Earth’s rotation,
and the real Black Sea bathymetry and shape were
taken into account, but the spatial resolution of the
model was poor (~ 1/3°), a number of important
topographic and coastal features were not resolved
and the author (Engel 1974) did not have reliable
observational data to fit and verify the model. From
this point of view, the tidal charts constructed as part
of the current study are a significant advancement in
the general understanding of the Black Sea dynamics.
Two new elements of these charts are probably the
most important: (1) computed tidal charts for the Sea
of Azov and (2) modelled tides for the northwestern
part of the sea, including the Dnieper-Bug Estuary.

6. Nonharmonic Tidal Constituents

Constants obtained from harmonic analysis were
used to calculate the type and heights of tidal sea
level oscillations in the Black Sea. The type of tides
(“form factor”) is traditionally determined by the
ratio of major diurnal and semidiurnal harmonics
(Pugh and Woodworth 2014):

P Hg, + Hop,
Hy, + Hs,

(6)

Typical values of F in the Black Sea vary from 0.3
(Odessa, Illichivsk) to 0.5-0.6 (east coast, the Dnieper—
Bug Estuary, the Danube Delta, and the Crimean
Peninsula coast). These F values correspond to a mixed
mainly semidiurnal type of tide (0.25 < F < 1.5). The
value of F in most of the Sea of Azov is 0.6-1.5. In
Taganrog Bay, F reaches 2.5, which corresponds to a
mixed mainly diurnal type (1.5 < F < 3).

However, the results of our study show that the
ratio (6) for some areas of the Black Sea did not
completely reflect the real nature of the tidal sea level
oscillations due to the absence of the S; harmonic
amplitude in the expression (6). The §; harmonic
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amplitude is significantly larger than any other
gravitational harmonic in the Dnieper-Bug Estuary.
We calculated the ratio of the amplitude of the S
harmonic to the sum of the amplitudes of the O; and
K, harmonics. For the eastern coast of the Black Sea,
the value of this ratio is 0.3—0.4, on the western coast
of the sea this value is 0.5-0.7. However, in the
northwestern part of the sea this value is significantly
greater: in Ochakov this ratio is 1.5, in Nikolaev it is
1.8, and in Kherson it is 3.5.

The results of harmonic analysis allow us to
estimate the tidal range (Table 2). We used the har-
monic tidal constants for diurnal (including ),
semidiurnal and shallow water constituents to predict
tidal sea levels along the coasts of the Black Sea for
19 years. Tidal range was calculated as the maximum
range of tidal sea level oscillations during one lunar
day (~ 25h). A maximum tidal range (R) of
18.9 cm is observed at Nikolaev in the estuary of the
Southern Bug River, and of 19.2 cm at Kherson in the
estuary of the Dnieper River. Inside the Dnieper—Bug
estuaries R is 15.8 cm, and at Odessa and Illichivsk
R is 13-14 cm. On the east coast, R varies from
5.3 cm at Gelendzhik to 12.6 cm at Batumi. The
smallest tidal range of 1.1 cm is observed at Yalta,
the southern coast of the Crimean Peninsula.

The tidal range in the Black Sea was evaluated
based on the results of numerical modelling (Fig. 6c¢).
The calculations were done in the same way as
described above, but without the S; contribution,
because this harmonic has radiational (not gravita-
tional) origin and had not been simulated in the
numerical experiments. The maximum tidal ranges
(R) estimated from the numerical model results are in
Karkinit Bay and Yahorlyk Bay, 18 and 17.5 cm,
respectively, (Fig. 7c). On the east coast of the sea
(near Batumi) R is 13 cm, on the west coast (near
Burgas) R is 10.7 cm. The smallest R of 1.0 cm is on
the southern coast of the Crimean Peninsula. The
maximum R in the Sea of Azov is located in the head
of Taganrog Bay and amounts to 8 cm (Fig. 6¢).

7. Discussion

The amplitudes and phase lags of the major tidal
harmonics estimated in the present study are in
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agreement with the results of other authors (Engel
1974; Fomicheva et al. 1991). The obtained tidal
constants allowed us to clarify the spatial structure of
the amplitudes and phase lags of major tidal har-
monics in the northwestern part of the Black Sea. The
sea level observational data for the Dnieper—Bug
Estuary have not been examined before and have not
been used to construct tidal charts (cf. Defant 1961;
Engel 1974; Fomicheva et al. 1991; Goryachkin and
Ivanov 2006).

Our estimates of the maximum tidal range differ
significantly from those presented by Fomicheva
et al. (1991) and Goryachkin and Ivanov (2006). This
disagreement is mainly caused by two factors: (1) the
number of harmonics used to estimate the tidal range
(in this study we applied a larger quantity of semid-
and diurnal harmonics, including the
radiational harmonic S;); (2) the spatial and temporal
coverage is more detailed in comparison with other
research papers. In particular, in previous studies
(Fomicheva et al. 1991; Goryachkin and Ivanov
2006) they did not consider stations Nikolaev,
Kasperovka, and Kherson, located in the Dnieper—
Bug Estuary, where the maximum tidal range, up to
19 cm, was found.

The spectral and harmonic analyses of the long
series of observations revealed an important role of
radiational tides in forming the diurnal oscillations in
the northwestern part of the sea. At stations Kherson,
Nikolaev, Kasperovka, and Heroyskoe the amplitude
of the radiational harmonic S; is greater than any of
the harmonics for the astronomical tide, including M,
and K. It appears that the K; and P, peaks, evident in
sea level spectra at these stations, are caused not only
by gravitational tides, but also by radiational factors,
in particular by sea breezes. For example, Rabinovich
and Medvedev (2015) showed that harmonic satel-
lites with K, and P, frequencies may be generated by
the seasonal modulation of the major diurnal radia-
tional harmonic S;. This modulation can be caused by
various hydrometeorological reasons including ice
cover, river runoff, seasonal changes of cloudiness,
etc.

In general, the amplitude of the diurnal radiational
harmonic S; in the Black Sea does not exceed 1 cm,
except in the Dnieper-Bug Estuary where the
amplitude of the harmonic increases up to 4-6 cm.

iurnal
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Thus, at Nikolaev located at the estuary of the
Southern Bug River, the S; amplitude is 4.1 cm and
at Kherson (Dnieper River Estuary) 5.6 cm. Near the
Danube Delta (Vilkovo, Bolshoe and Prorva) the S;
amplitude is 0.4-0.5 cm. Apparently, the increase of
the S; amplitude in the Dnieper—Bug Estuary is
caused by the combined effect of the shallow water
(mean depth is 6-7 m), the estuary isolation (the
lagoon is connected with the sea by a strait with a
width of 3.6 km), and strong sea breezes which are
the driving factors influencing diurnal sea level
oscillations.

In recent decades significant progress has been
achieved in improving global barotropic tide models.
This progress has been helped by the available
satellite altimetry. In Stammer et al. (2014), the
detailed comparison of the main modern global bar-
otropic tide models is presented. Some of these
models include the Black Sea. In our study, we
examined the TPXO8 model of Oregon State
University (Egbert and Erofeeva 2002) and the
FES2014 model. In general, the co-tidal charts from
these models for the Black Sea are very close to our
numerical modelling results. In future, a detailed
comparison of these models will be carried out.

8. Conclusions

In the present study, tidal sea level oscillations in
the Black Sea were examined based on long series of
hourly sea level observations. In general, our findings
can significantly clarify and extend the results of
previous studies of the Black Sea tides (cf. Endros
1932; Defant 1961; Engel 1974; Fomicheva et al.
1991). High-quality longterm tide gauge data that
were used in the present study allowed us: (1) to
calculate the harmonic constants for more stations
and with much higher accuracy than it was previously
possible; (2) to separate harmonics belonging to one
group, in particular, S, and K, and Py, §;, and K. For
a “non-tidal” basin such as the Black Sea, these were
especially important because it enabled us to divide
gravitational and radiational tides and to estimate the
relative influence of the latter.

The results of high-resolution spectral analysis
showed discrete tidal peaks corresponding to the
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major, secondary diurnal, and semidiurnal tidal har-
monics. We used harmonic analysis to calculate the
tidal harmonic constants at 28 stations for individual
years and then vector averaged them to estimate
mean multiyear values of amplitudes and phase lags.
The results of this analysis indicate that semidiurnal
tides prevail over diurnal tides on the east and west
coasts of the Black Sea, while in the central part of
the sea, near the Crimean Peninsula, both types of
tides were approximately equal and weak.

The numerical modelling allowed us to recon-
struct the spatial structure of the diurnal and
semidiurnal tides in the Black Sea. Although the
amphidromic systems for the diurnal and semidiurnal
tides look alike, they rotate in the opposite directions:
counterclockwise and clockwise, respectively.
Amphidromic points for both systems are located
near the Crimean Peninsula, so in this part of the sea,
there are minimum amplitudes of harmonics K; and
M5 (0.1 cm at Yalta). Tides in the western and eastern
parts of the sea are in antiphase. Along the eastern
coast the semidiurnal tides oscillate almost syn-
chronously: the phase lag differences between
Gelendzhik and Batumi are only ~ 14°. Maximum
amplitudes of 4.5 cm for harmonic M, were found
from observations at Karkinit Bay (based on the
results of the numerical modelling) and up to 3.2 cm
at Odessa.

The maximum tidal range in the Black Sea varies
from 1.1 cm near the Crimean Peninsula to 19 cm in
the Dnieper—Bug Estuary (Nikolaev and Kherson),
13-14 cm at Odessa, and Illichivsk and up to 12.6 cm
on the east coast of the Black Sea (Batumi). In gen-
eral, the semidiurnal tides prevail in the Black Sea.
The radiational tides make an important contribution
to the formation of the maximum tidal range in the
Dnieper—Bug Estuary. At Nikolaev (the estuary of the
Southern Bug River) the amplitude of S is 4.1 cm, at
Kherson (the mouth of the Dnieper River) 5.6 cm.
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