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The main goal of the present paper is to assess climatic features of the wind wave and swell distribu-
tion in the coastal zone of the Crimean Peninsula. Method of research is the mathematical modeling.
The modern spectral wave model DHI MIKE 21 SW is used. The model was preliminary calibrated
for the purpose of correct dividing the mixed surface waves into the components corresponding to
pure wind waves and swell. The basic calibration parameters are the coefficients conditioning numer-
ical interpretation of the energy dissipation processes resulting from white-capping (wave breaks in
deep water). The research has resulted in creating a database of integral parameters of the wind waves
and swell in the Black Sea for 1979-2016 with the 1-hour time resolution. The features of spatial
distribution of the wind wave and swell powers, and also some statistical characteristics of wave vari-
ability are analyzed for the sea areas adjacent to the Crimean coast. It is shown that the swell contri-
bution to the total wave energy of the surface waves increases from the western coast of the Crimea
Peninsula towards the eastern one. Nearby the western coast, the swell contribution (in the average
annual balance) constitutes about 15%, whereas nearby the southeastern one it exceeds 30%.
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Introduction. Generally, there are two main components in the structure of
surface waves: pure wind waves (WW) and swell. The development of wind waves
is directly related to the local wind field. Swell include waves propagating outside
the generation zones or the zones with phase velocity exceeding wind speed
(e.g. [1]). In the open ocean, swell can propagate to hundreds and thousands of kil-
ometers. In the Black Sea, the characteristics of the swell are limited by the con-
strained geographic dimensions and sea area closeness.

The usual practice is representation of the wave field features in the form of
a set of integral parameters (significant wave height, average period, general direc-
tion of the propagation). Such an approach is justified under conditions of a homo-
geneous wave field. If the wave spectrum is formed as the result of the interaction
of several wave systems, it seems quite natural to obtain separate wave statistics for
each of them.

In addition to purely research interest, the wave field separation into individual
components allows the following: more correct description of the spatiotemporal
structure of surface waves; more effective calculation of wave loads on structures in
the coastal zone, as well as dangerous phenomena in protected water areas (low-
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frequency oscillations); clarification of the schemes of redistribution and transport of
bottom sediments; correct predictive estimates of the wave situation in the interests
of maritime navigation.

Currently, information on the characteristics of mixed waves and swell is pro-
vided within the framework of some global reanalysis projects, for example, the
European Center for Medium-Range Weather Forecasts (ECMWF) [2]. The results
of recent studies carried out based on such arrays made it possible to assess the
climatic features of the swell wave distribution of on the ocean scale [3-6]. The use
of ready-made swell parameters from the reanalysis database does not appear to be
correct for the Black Sea, since the time interval for such data is 3 hours. In par-
ticular, a set of wave statistics characterizing the storm activity in the Black Sea
was studied in [7]. It was shown that the average duration of the storm is 14—
25 hours, depending on the established threshold level. Therethrough, the 3-hour
discreteness of the output fields of wind waves is clearly inadequate for the synop-
tic conditions of the Black Sea.

There are few scientific publications devoted to the separate description of the
components of surface waves in the Black Sea water area. In [7] an attempt to con-
struct climatic spectra for individual wave classes for the northeastern sea part was
made. The analysis was based on experimental data [8]. The repeatability of cli-
matic spectra for pure wind waves, swell and mixed waves is 43, 32 and 25%, re-
spectively. In [9], the characteristics of wind-induced waves and swell were ana-
lyzed according to ECMWF reanalysis data in the southern Black Sea for
01.10.2000-28.02.2006 with an interval of 12 hours. For synoptic conditions of the
Black Sea, this discreteness is clearly inadequate and the results obtained can be
regarded as highly estimated. One of the recent works is the study [10], in which
the authors used the capabilities of the SWAN model updated version for automatic
separation of wave components. The result of the work was the climatic fields of
wind-induced waves and swell for the Black Sea basin for 4 seasons. Unfortunate-
ly, the issues related with the model calibration and the quality of the separation
were not considered in this work. Setting parameters of the model, especially the
coefficients determining the wave energy dissipation in deep water are critically
important when separating from the general mixed wave the components corre-
sponding to wind waves and swell. Different values of parameters entail different
results. In the present paper, a preliminary calibration of the wave model is carried
out using the experimental two-dimensional spectra of real mixed waves.

Separation of Wave Component. Now, the attention should be turned on de-
scription of the model used, the experimental data and also the physical aspects of
modeling. An important detail should be also noted. Absolutely clear experimental
wave field separation into individual components is a rather rare phenomenon.
Mixed waves are most often monitored. They are formed under the effect of many
external and internal factors. A single-valued interpretation of the resulting fre-
guency-directed spectrum in such situations is hardly possible, so an element of
subjectivity is inevitable in the conclusions.

DHI MIKE 21 SW Spectral Wave Model of the Danish Hydraulic Institute [11]
is applied in the preset study. The detailed description of the model and its verifica-
tion are given in [12]. Below the main issues are listed:
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— the model realizes the basic physical mechanisms of birth, transformation
and attenuation of wind-induced wave;

— the uneven computational grid covers the whole water area of the Black and
Azov Seas and consists of 20,000 computational elements;

— the ERA-Interim global atmospheric reanalysis data submitted by the Euro-
pean Center for Medium-Range Forecasts (http://apps.ecmwf.int) are used as the
initial wind fields. The region under consideration is bounded by the 40-47°N., 27—
42°E coordinates. The spatial resolution of the wind fields is the same in latitude
and longitude and is 0.25°, the time step is 3 hours.

During the model verification, experimental data obtained by various devices
(Datawell buoy stations, ADCP, string waveriders), as well as by the satellite ob-
servations was used. For the separation of surface waves into components, the ini-
tial experimental data for frequency-directed spectra construction is necessary. At
the disposal of the authors, there are initial materials of the wave experiment in the
area of Gelendzhik, conducted in 1998-2003 using the Datawell Waverider [8].
The installation point coordinates are 44°30'40""N, 37°58'70"'E; the depth of the
place is 85 m.

The two-dimensional spectrum of surface waves provides an opportunity to
study the wave energy distribution features in both the frequency domain and in the
propagation directions, thereby separating the individual wave systems.

Several issues are noted below: in the analysis, the determining one is the posi-
tion of the local peaks of the two-dimensional spectral density relative to the pre-
vailing wind direction; in the case of a change in atmospheric conditions over the
sea area, the frequency-directed spectrum may contain (in addition to the wind
wave component) several swell systems. Generally, these are two swell systems:
primary — with respect to the current wind wave and the secondary one. The energy
parameters of the secondary swell are much weaker than the primary one. For this
reason, the task of explicit detailing is not set and the concept of "swell” means the
surface excitement, the direction of propagation of which does not agree with the
general direction of the wind.

Wave Model Setup. DHI MIKE 21 SW Spectral Wave model allows auto sep-
aration of the simulated field of wind-induced waves into separate components. In
this case, the quality and physical validity of the separation ultimately depend on
the user setups. This model is based on the solution of the wave energy balance
equation. The main physical processes (wind pumping, white-capping, energy dis-
sipation due to bottom friction and collapse) are described by semiempirical func-
tions. Assuming that under our conditions the effects associated with bottom fric-
tion and the wave breaking in shallow water are of a local nature; so the parameters
describing these effects are not involved in the model configuration. The main cal-
ibration parameters are the two coefficients, Cais 1 d4is determining the numerical
interpretation of the energy loss processes due to the white-capping (in other
words, the wave breaking in deep water). In this case, the coefficient Cqis deter-
mines the overall level of dissipation and affects primarily the wave height; the
parameter dqis is an analog of the function weighting and, controlling the dissipa-
tion of the spectral components, affects the wave periods. 84is variation within 0-1
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allows increasing or decreasing the degree of dissipation at low or high frequen-
cies.

Strictly speaking, both coefficients cannot be interpreted independently of
each other: for example, the choice of the coefficient Cqis depends on the set value
of dais. In addition, the optimum setup of Cgis and dais parameters is largely deter-
mined by the physical conditions for the generation and propagation of surface
waves [13, 14].

In our opinion, the correct setup of the spectral model in the conditions of au-
tomatic separation of the simulated field of wind waves into individual components
should ensure: the correspondence of the model and experimental integral charac-
teristics, as well as two-dimensional energy spectra for the entire wave field and its
components (swell and wind-induced waves); obtaining of the physically grounded
statistical estimates of swell and wind wave parameters.

The carried-out numerical experiments made it possible to determine the opti-
mal configuration of the spectral model:

— 50 spectral frequencies are distributed in the 1.6-17.3 s period range using the re-
lations f, = f,C" (fo=0.055Hz, C=1.05,n=1,2 ... 50);

—number of the discrete directions is 32, that is, the model resolution in the di-
rections is 11.25°

— values of the coefficients determining the energy dissipation due to the
white-capping, are the following: Cis = 5.5, 84is = 0.15;

— separation of wave components is carried out using a criterion that takes into
account the "age" of the waves. At that, the wave component is taken corresponding

to swell accomplishing the condition U—Clocos(e—ew)< 0,83, where c is the phase

velocity of waves; 0, Oy are the direction of waves and wind, respectively [15].

As an example, the results of an automatic separation of surface wave compo-
nents for December 1997 are given. As follows from Fig. 1, the spectral model
separates the components of the swell and pure wind-induced waves quite confi-
dently. The limited number of experimental calendar dates for which the separation
was performed is due to the fact that one of the goals of the proposed study is to
demonstrate the DHI MIKE 21 SW capabilities for component separation. The ex-
isting algorithms for separating the experimental spectra, which is applied to large
data sets, were not used in the present study. The reason is that the approaches to
identifying spectral peaks (relative heights, distances between them, etc.) realized
in these algorithms cannot be universal and require their own verification. A selec-
tive analysis of two-dimensional experimental spectra was carried out manually,
taking into account the general characteristics of the wind.

Thus, setup of the spectral model adequately separating the wave field into indi-
vidual components was carried out. The model frequency-directed wave spectra as a
whole correspond to two-dimensional experimental spectra. A certain drawback of
the model is the reassessment of the contribution to the general excitement of swell
components under conditions of a sharp wind change.

An important detail should be noted. The setup parameters used in describing
the processes of wave energy dissipation due to white-capping, are obtained as
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a result of experimental data analysis for the northeastern Black Sea. It is difficult
to say how universal they are for the entire sea area. An obstacle to resolving this
issue is the poor coverage of the Black Sea by experimental wave stations, which
make it possible to obtain the main characteristic of wave motion — the two-
dimensional energy spectra. In the presence of observational network data, local
features (and a significant refinement of the model) can be taken into account by
constructing spatial maps of the distribution of necessary parameters.

Taking these restrictions into account, the attempt to estimate the features of
the propagation of surface wave components in the Black Sea in the first approxi-
mation was carried out.
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Fig. 1. Comparison of model and experimental parameters of the surface wave components for De-
cember 1997 at the point of Gelendzhik Datawell buoy station deployment: a — general wind direc-
tion; b — the directions of swell wave (blue vector) and wind wave (red vector) propagation; ¢ — calcu-
lated and experimental significant heights of the wave components

Results. Based on the results of the research, the data array was obtained. It
consists of fields of calculated parameters of the Black Sea wind-induced wave
components with a time step of 1 h and covering a period of 38 years (1979-2016).
A preliminary analysis of the wave climate features of the Crimean coastal zone
was carried out for 5 characteristic points located in the western and southern parts
of the considered region (Fig. 2). The local depth at each point is 30 m. Repeatabil-
ity along the directions of wind waves and swell is shown in Fig. 3 and 4.

The following features of the spatial distribution of the energy of surface
waves are to be noted:

— at the entrance to the Karkinitsky Gulf (point 1 in Fig. 2), wind-induced waves
of NE and SW rhumbs has the highest repeatability, swell — of WSW direction;

— on the sea boundary of the Kalamitsky Gulf (south-west coast, point 2),
waves of different directions are observed, with the prevailing wind waves of NE,
NW and SW directions, as well as swell of SW direction. Wind-induced wave of
SW direction can reach a considerable power (100 and more kW/m);
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— at the southern extremity of the peninsula (point 3), two pronounced direc-
tions of wind waves — SE and NE — prevail. Swell occupies almost the entire south-
western sector;

— the southeastern coast between Ayu-Dag and Meganom Capes (point 4) is mainly
prone to waves of ENE, E and SW directions, as well as swell of SW direction;

— in the area of the Feodosiya Gulf (point 5) wind-induced waves of NE and
SW directions predominate. The most common swell is of SSE direction, the most
powerful swell is of SSW direction.

Sea of Azov

Crimean Peninsula

Black Sea

E, kW/m
<=0.5 WEN>2-3 EN>5-10 W >20-50
10>05-1 >3-4 EN>10-15 BN >50-100
>1-2 W>4-5 >15-20 EN>100

Fig. 3. Roses of wind-induced wave power (kW/m) for 5 characteristic points for 1979-2016 period
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Fig. 4. Roses of swell wave power (kW/m) for 5 characteristic points for 1979-2016 period

The table gives estimates of some statistical characteristics of the main parameters
of wind-induced waves and swell: significant wave heights (hs), spectrum peak periods
(tp), average periods (t;) and wave power (E).

Statistical Characteristics of Wind-Induced Wave and Swell Wave Parameters
(the maximum value Xmax, mean Xmean and standard deviation ox)

Point Parameter hs, m tp, S tz, S E, kW/m
number WW [ sw [ ww [ sw | ww | sw [ ww | sw
1 Ximax 661 250 113 122 74 89 1974 32.1
Xrean 076  0.35 37 46 29 3.2 2.5 0.4
ox 0.65 0.20 1.2 14 08 0.7 6.1 0.8
2 Xrrax 766 471 118 147 90 106 3178 1342
Xrean 0.68 0.39 36 46 27 34 2.3 0.7
ox 063 0.29 1.3 15 08 0.9 8.1 2.4
3 Xrrax 736 490 125 155 94 103 3582 1487
Xrean 059 044 34 48 26 35 2.1 0.8
ox 062 0.29 1.4 15 09 0.8 8.1 2.2
4 Xrrax 6.84 414 120 154 80 9.8 2205 96.8
Xrmean 058 042 34 48 25 35 1.8 0.7
ox 059 029 1.3 1.6 08 0.8 5.5 18
5 Ximax 6.61 402 126 155 82 9.7 2221 96.8
Xrmean 059 040 33 46 25 35 1.5 0.7
ox 055 027 1.1 1.5 07 0.8 4.8 1.7

The main feature of the spatial distribution of wave energy along the Crimean
coast should be noted: the contribution of swell waves to the total wave energy of
surface waves significantly increases in the direction from the west coast to the
east. If at point 1 the average significant height of pure wind waves is twice higher
than the average height of swell waves, then at point 3 these heights are practically
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comparable. The most destructive storms are also observed at point 3 (southern
extremity of the peninsula), where wind wave energy can exceed 350 kW/m.

Conclusions. Thus, the analysis of mixed surface waves with the automatic
separation of the components of wind-induced waves and swell, as well as climatic
features of the distribution of wind waves and swell in the Crimean coastal area.

Main results of the work carried out:

— optimal setups of the spectral wave model for automatic separation of wave
components are determined;

— a database of wind-induced waves and swell parameters in the Black Sea wa-
ter area for 1979-2016 was obtained;

— in the coastal area of the Crimean Peninsula, the greatest frequency is sur-
face waves with significant wave heights up to 1 m;

— the distribution of the periods is of a two-peak nature, the peaks corresponding
to two wave systems — purely wind-induced waves (3.0-3.5 s) and swell (~ 4 s);

— the contribution of swell waves to the total wave energy of surface waves in-
creases in the direction from the west coast to the east. On the west coast, the pro-
portion of swell (in the average annual balance) is ~ 15%, in the southeast one this
contribution already exceeds 30%.

In the future, the materials obtained will be used in simulation of lithodynamic
processes in the coastal zone of Crimea, as well as in the analysis of extreme wave
events.
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