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Abstract: Wave buoy measurements were carried out near the north-eastern Black Sea coast at the
natural reserve Utrish in 2020-2021. In total, about 11 months of data records were collected during
two stages of the experiment at 600 and 1500 meters offshore and depths of 18 and 42 meters. The
measured waves propagate almost exclusively from the seaward directions. Generally, the waves do
not follow the local wind directions, thus, implying a mixed sea state. Nevertheless, dimensionless
wave heights and periods appears to be quite close to the previously established empirical laws for
the wind-driven seas. The results of the wave turbulence theory are applied for estimates of spectral
energy fluxes and their correspondence to the energy flux from the turbulent wind pulsations. These
estimates are consistent with today’s understanding of wind-wave interaction. It is shown that the
main fraction of the wind energy flux goes to the direct Kolmogorov-Zakharov cascade to high wave
frequencies and then to dissipation in small scales. Less than 1% of the wind energy flux is directed
to the low frequency band (the so-called inverse Kolmogorov-Zakharov cascade), thus, providing
wave energy growth.

Keywords: nearshore; wind-driven waves; swell; mixed (crossing) sea; wave spectra;
Kolmogorov-Zakharov spectra

1. Introduction

Experimental in situ measurements of sea surface parameters are extremely important for sea
state monitoring, forecasting and marine safety. While significant wave heights and characteristic
periods are recognized as essential for many problems of wave forecasting [see 1], marine safety [e.g.
2], calibration of satellite altimeters [3,4] etc., spectral characteristics measured by wave buoys are
of special value both for operational needs and for fundamental studies of ocean environment [e.g.
5,6]. Being an inherently point-wise tool, wave buoys, with their capability to measure wave field
directionality and energy distribution in wave scales, can provide information on wave field at large
distances from their location. Potentially, partitioning of the experimentally obtained spectra [7] allows
one to identify positions and physical characteristics of wave sources, e.g. distant storms [e.g. 8]. Thus,
long enough measurements from even a single wave buoy can provide essential information on the
dynamics of rather large water area.

Waves in the Black Sea region can be regarded as well-studied. The numerical modelling with
WaveWatchIII, WAM and SWAN [e.g. 10–15, etc.] reflects general features of wave dynamics in
the whole area of the Black Sea. [16] studied climate variations of wave parameters at the inlet of
Novorossiysk bay using DHI MIKE 21 SW spectral wave model. Field measurements were carried out
in the nearshore of the cities of Anapa, Novorossiysk, Gelendzhik, and Sochi [e.g. 17–21, etc.] at 5-10
km distances. Shorter distances are critical because of intensive navigation near the cities. The steep
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bottom slope in the area (8-10 km from the coastline) limits longer distances. There are fewer works
on wind spectra in the Black Sea [e.g. 22,23, etc.]. The data of the NATO TU-WAVES Project obtained
with the DATAWELL buoy for years 1996-2003 represent a unique long-term record that provide a
solid basis for studies of climate variability and extreme events in the area affected by strong off-shore
winds (bora) (data are available at [24]).

The Utrish buoy data of this study can be regarded as a specific case because of very short
distances from the coast. Attempts to assess the quality of wave models [25–28] with these data
showed a deficiency of the models and the necessity of special tuning of both wind and wave blocks
for the near-shore conditions. Wave modeling in inner water bodies also faces these problems [29,30].
One can see a similar deficiency in understanding wave physics at very short fetches in experimental
studies [e.g. 31–33].

Results of extensive wave buoy measurements in a close vicinity to the Iranian coast have been
presented recently [34–37]. These experiments fixed two essential features. First, the mixed sea state is
dominating in the region. Secondly, the wind-driven and swell wave systems can be discriminated
easily as a difference of wave periods [see Fig. 3 in 34]. The formal fit by a superpositions of a
number of JONSWAP-like [e.g. 34] and/or Gaussian distributions [37] can be carried out successfully
because of essential difference of periods of swell and wind-driven wave systems. It is not our case
where ubiquitous mixed sea state of the nearshore cannot be decomposed easily. Close scales of
wind waves and swell and rather fast switching between different wind directions make the physical
analysis difficult. Mismatch of wave and wind directions becomes the main criterion of wave system
discrimination.

In this paper, we present an analysis of wave buoy measurements in the North-Eastern Black Sea
near-shore (Caucasian coast) for about a one-year period of 2020-2021. Rather short distances from
the mountainous coast (600 and 1500 meters) impose specific difficulties in getting the data as well
as its analysis and interpretation. Wind speed measurements at the site were not carried out because
of technical issues of the gauge installation in the harsh sea state conditions of the nearshore. The
corresponding parameters, wind speed and direction, were taken from the nearest weather station,
located in Anapa city, about 20 km from the buoy site. Different orography of buoy and the weather
station location and significant distance between these two points prompted us to use additional wind
data from the results of numerical model (reanalysis). The nearest marine node about 16 km off the
buoy site was taken. The wind shading by the coastal orography requires an accurate account in this
case. The dominating mixed sea state in the area under study also contributes to uncertainties in the
analysis and interpretation. Possible effects of wave refraction on the coastal currents and bathymetry
are found to be quite weak but still observable in the wave buoy records. In our study all the listed
problems are resolved by synthesizing theoretical knowledge of dynamics of wind-driven seas and
data from different sources: experimental data (buoy wave data and weather station wind data) and
reanalysis data. The wind reanalysis data was taken from the NCEP/CFSRv2 and wave reanalysis
was computed with wave model WavewatchIII (see Materials and Methods section). The synthesis of
different approaches is essential for the study.

The experimental site is located at the natural reserve Utrish [9]. The issues of coastal environment
safety, climate changes, minimising risks of near-shore navigation are additional challenges.

The paper is aiming to fill the gap in understanding of wave physics at very short distances from
the coast by analyzing the unique data of the Utrish wave buoy. The existing concepts of wind-driven
seas are based on the idea of a balance of different physical mechanisms. Empirical laws of wave growth
for integral parameters, significant wave height and characteristic period, play an important role in
providing a reference for new experimental studies and verification of the forecasting models. More
detailed consideration of spectral distributions gives another reference in wave studies: widely-used
parameterizations of wave spectra [e.g. JONSWAP spectrum 38]. The idea of shape-invariance of wave
spectra [39] appears quite naturally but cannot find its explanation within conventional concept of
wind-wave balance. Further development of the idea within the theory of weak turbulence leads to
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the concept of self-similarity of wave growth [e.g. 40,41] under certain physical constraints. The very
important question of our study is whether these conditions can be realized at relatively short spatial
and temporal scales of the experimental near-shore site. The synthesis of available experimental data
and theoretical analysis allows one to propose answers to this question.

The paper is organized as follows. In Section 2, we summarize available data on wind and wave
conditions in the study area. The experimental setup and the collected data structure are described.
Basic theoretical relationships for dimensionless parameters of sea waves are presented following
the similarity approach by Kitaigorodskii [42]. The recent idea to use wave spectra for retrieval wind
speed characteristics [43] is treated within the recent advances of the weak turbulence theory [44].

Section 3 presents data analysis within two paradigms. The conventional approach based on wind
speed scaling allows one to relate results with previously established semi-empirical relationships
between dimensionless wave height and period. The recent results of the theory of weak turbulence
provide estimates of energy spectral fluxes that do not imply empirical parameters and, thus, give new
essential physical results.

The discussion section summarizes the results and overviews the prospects of further studies.

2. Materials and Methods

In this section, we present the description of experimental and historical data on features of
wind-wave coupling in the study area of the North-Eastern part of the Black Sea. The theoretical
background is recapitulated for further synthesis of different types of data.

2.1. Study area. General description

The study area is situated in the North-Eastern part of the Black Sea (see Figure 1a). The northern
part of the Main Caucasian Ridge is an important climate-forming factor that controls the land-sea
exchange of air masses. An extreme manifestation of the complex air circulation system in this area is
known as the Novorossiysk bora [18]. During these events, local winds can exceed 40 m/s with wind
gusts up to 100 m/s [45].

The coast between cities Anapa and Novorossiysk is hilly and strongly dissected (see Figure 1a).
There is an alternation of low eroded capes and pebble beaches. Low mountains in the coastal zone
have heights from 320 m to 550 m. There is a steep cliff 30–50 meters high, which can create a wind
shadow. The underwater coastal slope is a rocky bench with numerous banks and depressions [46].
Approximately one-third of the coast belongs to the Utrish reserve where the measurements were
carried out. Near the buoy site the bottom forms an area of relatively large depth (see Figure 1b).
From the southeastern side, this area is approached by a rocky ridge, which was discovered during a
high-resolution sounding from a small vessel.

North-eastern winds dominate in this part of the Black Sea, especially in the cold seasons. In
springtime, southeastern and southern winds become more frequent. Then winds change for east and
south-east directions during summer time [18,47]. The mean wind speed in the Anapa-Novorossiysk
region is about 6 m/s. As mentioned above, a distinctive feature of the Anapa-Novorossiysk-Tuapse
region is a strong northeast wind, which is called bora. The number of days with bora annually is 21,
most of which occur in the cold half of the year [47].

Breeze, especially during summer, is another feature of the Caucasian coast. Breezes are usually
well-expressed in stable anticyclonic weather. The coastal breeze is weaker than the sea breeze since
the nighttime temperature contrast between the shore and the sea is much less than the daytime one.
In the sea, the coastal breeze extends to a distance of 8-10 km [47].
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Figure 1. The research area. (a) The general features of the study area and its location within the Black
Sea boundaries. (b) The bathymetry at the buoy location. S1 and S2 are the buoy locations at different
experiment stages (see Materials and Methods section).

As to the wave climate in the study area, the mean significant wave height (SWH) is 0.6 − 0.9
m and mean wave periods are about 3.5 s that correspond to rather short waves of about 15 m.
Extreme values of winter storms reach 7 − 8 meters for SWH and 10 s for wave period (about 150 m
wavelength) [14]. Higher waves are observed in autumn and winter and lower in summer [14].

It should be stressed that the dominant directions of winds and waves are different [see 18, p. 141,
Figure 3.11]. Thus, the mixed sea state appears an essential feature of the study area.

2.2. Wave buoy data

Wave data were obtained from Directional Waverider Datawell DWRG-4 operated intermittently
from late January 2020 to mid-July 2021. The total operating time covered all seasons for approximately
11 months. There were two stages of the experiment, referred to as stages I and II in the text. For stage
I (31.01.2020 − 18/02/2021) the buoy was set 600 meters offshore at 18 m depth. March 15, 2021, the
buoy was relocated 1500 m offshore at 42 m depth to operate for another three months (spring - early
summer) (stage II). Thus, differences in season, depth, and fetch (distance from the coast) should be
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accounted for when analyzing these two data subsets. Table 1 presents general information on buoy
coordinates, operation time, etc.

Table 1. General information about buoy locations and received data.

Stage Coord. Depth, m Fetch, m Dates Data type Number of records

31.01.2020 - 21.02.2020; wave height
1 44.7191N, 37.4343E 18 600 17.07.2020 - 2.10.2020; zero-crossing period 11 143

27.10.20 - 18.02.2021 spectra
15.03.2021 - 17.06.2021 wave height

2 44.716N, 37.428E 42 1500 15.03.2021 - 17.06.2021 zero-crossing period, 4 569
15.03.2021 - 17.06.2021 spectra

Datawell DWRG-4 wave buoy measures wave motions with help of the Global Positioning System
(GPS) only. It can measure directional waves with periods from 1.6 to 100 s and the accuracy of the
water surface elevation is 2 cm. The raw data are processed onboard by the built-in software and as
a result, frequency spectra with an average direction for each frequency and directional frequency
spectra are available. Specifications of the buoy are provided in Table 2.

In this study, we used significant height, zero-crossing period Tz, mean wave direction angle
Θm (off-direction measured from the North) as standard statistical information collected by the buoy
and averaged for the time window 30 minutes. Frequency spectra of energy [48] were estimated in
the band 0.025 − 0.58 Hz for 64 logarithmically spaced frequency bins. By “wave height” we mean
significant wave height unless otherwise stated.

Table 2. Buoy specifications.

Wave motion sensor Precision 1-2 cm, all directions (1σ)
Periods 1.6 s -20 s

Wave data Resolution 1 cm (north 2 cm, LSB “north” is GPS data gap indicator)
Range –20 m ±20m)
Rate 1.28 Hz

Reference WGS84
Spectral data Frequency resolution 0.005 Hz below 0.10 Hz and 0.010 Hz above Frequency range 0.025 Hz - 0.60 Hz

Direction resolution 1.5◦

Direction range 0 − 360◦

2.3. Auxiliary in situ and reanalysis data

Unfortunately, as mentioned above, simultaneous wind speed measurements were impossible
because of technical issues and specific environmental conditions of the near-shore. This is why
auxiliary data have been used for the buoy data processing and interpretation.

2.3.1. Anapa weather station

The Anapa weather station about 20 km north-northwest from the experimental site (44.97◦ N,
37.3◦ E, Figure 1a) is the nearest to the buoy site. The station is located within the boundaries of Anapa
city. It provides standard meteorological information every 3 hours, which is available in the database
of Obninsk World Data Center [49]. In this work, we used wind speed and direction measured at 10 m
height above the ground.

2.3.2. Wind reanalysis data

One more source of wind data was the NCEP Climate Forecast System Reanalysis (CFSR) v2 [50],
which is a product of The Climate Forecast System Version 2 (CFSv2) produced by the NOAA National
Centers for Environmental Prediction (NCEP). CFSv2 is a global, high resolution, and fully coupled
model representing the interaction between the land, oceans, and atmosphere. The CFSv2 assimilates
satellite-based wind speed above the sea. Wind data have 1 h time step with 0.2◦ horizontal resolution
grid. We took the point (44.64◦ N, 37.38◦ E) 16 kilometers seaward from the buoy position (Figure 1a).
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2.3.3. Wave model data

Within this study wind wave parameters were calculated using the WAVEWATCH III model [51]
with wind forcing from the NCEP/CFSRv2 and the source term ST6 [52]. Nonlinear wave-wave
interactions were modeled using the discrete interaction approximation [DIA, 53]). Besides wave
energy dissipation due to whitecapping, in the shallow coastal zone, the model reproduced an
increase in the wave height when approaching the shore and the associated collapse upon reaching
the wave steepness critical value. Standard JONSWAP parameterization [38] is used for bottom
friction. The directional resolution was 10◦, and the frequency range of 0.03 − 0.84 Hz was binned
in 36 bins. WAVEWATCH III model is widely used for wind wave simulation in the Black Sea [e.g.
54–57]. Implementation of the wave model used in this study has shown the root mean square error
RMSE = 0.25 − 0.35 m and correlation coefficient R = 0.85 − 0.9. As a result, we obtained the
following wave parameters: wave height, wavelength, period, wave direction, and peak frequency.

2.4. Theoretical background of the data analysis

Currently, the theoretical basis for wind wave monitoring and forecasting is a statistical description
in terms of spectral energy density E(k, x, t). The corresponding kinetic equation for wind-driven
water waves, the so-called Hasselmann equation [60]

dE(k, x, t)

dt
= Snl + Sin + Sdiss, (1)

describes changes of E(k, x, t) in time t and horizontal coordinate x = (x, y) as the result of wind
generation (term Sin), dissipation under the action of various physical processes (Sdiss), and nonlinear
interactions among waves of different scales (Snl). The total derivative

d

dt
=

∂

∂t
+∇kω∇k +∇xω∇x (2)

reflects variation with time (∂/∂t), spatial dispersion due to wave propagation (∇kω∇k) and wave
refraction in spatially inhomogeneous medium (∇xω∇x). The local dispersion relation for water
waves [58,59, e.g.]

ω(k) =
√

(g|k| tanh(|k|d)) + kV (3)

is a function of coordinate-dependent depth d(x) and of the background current velocity V(x).
Subscripts in (2) denote gradients in space and wave vectors.

Directional Waverider DWRG-4 provides directional energy spectra E(ω, θ) as a function of
wave frequency and direction which is related to E(k) by the well-known relations [e.g. 74]. The
conventional physical analysis based on wind speed scaling and semi-empirical parameterizations
[e.g. 42,74,75] mostly relies upon local features of the spectra, say, on spectral peaks that emphasize
specific directions and, thus, allows one to identify wave systems by synthesizing wind and wave
data. The asymptotic theory of weak turbulence [e.g. 44] does not address the wind speed explicitly.
Spectral fluxes and the associated energy transfer between different wave scales are considered as key
physical quantities and lead to the concept of non-local balance of spectral shapes [see e.g. 39, on
shape-invariance of wave spectra].

2.4.1. Similarity approach by Kitaigorodskii [42] for analysis of wind-wave coupling

The similarity approach had been proposed by Kitaigorodskii [42] without any reference to a
mathematical model before the kinetic equation for water waves was derived [60], and exact solutions
for this equation were found [61,62]. Despite serious doubts about the prospects of the approach
specifically for wind waves [63], Kitaigorodskii fixed many important results by constructing a series
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of models with a small number of “essential” physical parameters. Wave age (dimensionless wave
period)

a =
gT

2πU10
(4)

and wave pseudo-age (dimensionless wave height)

ξ =
gHs

U2
10

(5)

in words of Sverdrup and Munk [1] are “essential for purpose of forecasting”. In Eqs. 4,5 g is the
acceleration of gravity , T is a characteristic wave period. Below T is the spectral peak period if
otherwise stated. Wind speed U10 implies measurement at or extrapolation to a standard horizon 10
m.

Numerous dimensionless arguments of the problem can be constructed in a general case. First of
all, these are dimensionless time τ = gt/U10 and dimensionless distance (fetch) of wave evolution
χ = gx/U2

10. The dependencies on τ and χ are hard to use in our study. First, 30 minutes intervals of
buoy measurements are too long for relatively short durations of local storms. Secondly, wave and
wind data are not synchronized in time and space. One can hypothesize that relationship between
wave age a and pseudo-age ξ can be more robust. We show below that this relationship realizes the
idea of Kitaigorodskii’s similarity approach [see comments to Eqs. 6-8 42] and appears to be quite
close to the previous experimental dependencies for the fetch-limited wave development.

The ratio between wave age and pseudo-age is usually approximated by power law dependencies

ξ = BaTB (6)

Semi-empirical Toba [64] law states TB = 3/2 and the constant B ≈ 0.171 in terms of a wind speed U10

(U10 ≈ 28u∗ where u∗ is friction velocity) and a spectral peak period. A consistent theoretical analysis
of the Hasselmann equation [60] solutions, confirmed by the results of numerical simulations [65,66]
and experimantal results [39,62] showed dependence of dimensionless parameters B, TB on the stage
of wave development, i.e. on wave age a. For young waves, at a . 1/2, the dependence is steeper,
TB ≈ 5/3, and TB ≈ 4/3 for waves close to the fully-developed sea [41,67,68]. In this way, we get
dependence (6) for treatment experimental results on integral parameters of wave field.

2.4.2. Theory of wave turbulence for the analysis of wind-wave coupling

Kitaigorodskii [42] was the first who drew attention to wave spectra as indicators of dynamical
features of a random wave field. The Phillips asymptotic spectral shape

E(ω) = α5g2ω−5 (7)

(α5 ≈ 0.0081 is universal Phillips’ constant [69]) has been treated as one related to the state of a
fully developed sea [see Eq. 5 and further consideration 42], “steady wave motion” in the words
of Kitaigorodskii. For the “unsteady wave motion” (the corresponding section title) an alternative
asymptotic solution has been also derived from principles of dimensional analysis

E(ω) = α4gu∗ω−4. (8)

Consistent mathematical interpretations of this spectral shape have been proposed in theoretical
works [61,70]. Experimental estimates of ranges where solutions (7,8) have been realized were carried
out two decades later [e.g. 71–75]. Generally, the spectral shape follows dependency ω−4 (8) in a range
1.5ωp . ω . 3ωp. At higher frequencies wave spectra keep steeper law ω−5 (7).

While the very existence of the spectrum E(ω) ∼ ω−4 is generally recognized, its physical
interpretation by different authors may vary significantly. Kitaigorodskii [42] obtained this dependence
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within the dimensional analysis; however, he connected it with a relatively high-frequency range,
where dissipation dominates. On the contrary, Toba [64,70] associated the (−4) exponent with wave
generation and determined the corresponding factor proportional to the friction velocity. In the classic
work [76], Phillips obtained the spectrum (8) as a result of the balance between wind generation, wave
dissipation, and nonlinear interactions. Under some additional assumptions the Phillips’ result is
similar to Toba [70]. The constancy of the Toba’s coefficient α4 corresponds to the constancy of wave
steepness.

α4 = 〈(∇η)2〉 = 〈E(ω)|k|2〉 = const (9)

The angle brackets mean averaging over the selected frequency range.
The theory of wave turbulence [77,78] proposes an alternative treatment of the equilibrium range

where the spectrum (8) holds. The dominance of wave-wave interactions in this range provides a
balance of fluxes rather than a static balance of all the constituents (wind input, wave dissipation,
wave-wave interactions) for every frequency [79,80]. Two stationary solutions of the conservative
kinetic equation (no sources, no sinks) that realise constant spectral fluxes form a basis of analytical
results.

The so-called Kolmogorov-Zakharov direct cascade solution [61]

E(ω) = Cpg4/3P1/3ω−4 (10)

realises the physical idea of Kolmogorov developed for the strong hydrodynamical turbulence [81]:
the energy coming to a frequency from large scale motions is compensated by the energy leakage
to smaller scales. The Kolmogorov-Zakharov constant Cp ≈ 0.203 can be obtained analytically [82].
The exponent 1/3 of the constant energy flux P comes from the power of nonlinearity in the kinetic
equation (1).

For deep water waves, there is another, inverse, cascade solution [62,83,84]

E(ω) = Cqg4/3Q1/3ω−11/3 (11)

with constant flux Q of wave action and the corresponding Kolmogorov-Zakharov constant Cq ≈ 0.194
and the exponent (−11/3). The wave action transfers from short to long waves according to (11).
Sometimes it is treated as a mechanism of wave spectra downshifting. Such a treatment is not correct:
the corresponding flux of energy is plain zero in this case. The energy flux to longer waves occurs
when the spectra exponent is less than 11/3 [e.g. 85].

The direct cascade solution (10) gives a new vision of the experimentally-based dependence (8):
the linear dependence of the pre-exponent on wind speed looks like an approximation of the physically
essential quantity of energy flux P. With the approximation relations (8,10) can be used for solving the
inverse problem of retrieval characteristics of wind-wave coupling from wave spectral parameters.

3. Results

Data presented in the above section have their specific advantages and shortcomings. The goal
of our work is to construct a consistent scheme of wind-wave coupling in the study area based on
existing concepts of sea wave dynamics.

One can specify two general approaches. We regard the similarity approach based on the wind
speed scaling as a conventional one. An advantage of the approach is its transparent physical meaning:
wind speed can be measured (e.g. the Anapa weather station) or derived from a numerical model.

An alternative approach of wave turbulence refers to spectral fluxes for which direct estimates
are not straightforward and which requires accurate interpretation of spectral distributions. General
description precedes the physical analysis within the two concepts mentioned above.
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3.1. Utrish buoy time series for near-shore wave dynamics

Wave heights and periods measured by the buoy for the full experimental period are shown in
Figure 2. Waves less than 0.5 m height dominate: they make more than 60%. Waves higher than 2.5 m
account for less than 1%. The maximum wave height of 3.18 m was recorded on November 2, 2020.
Zero-crossing periods 3 − 4 s predominate which is consistent with earlier measurements in this area.
A deeper comparison of inter-annual and seasonal wave statistics with the buoy data is meaningless
because of the buoy relocation (stages I and II) and the lack of data for March-July 2020.

Figure 2. Buoy time series. Height (a) and zero-crossing period (b) recorded by the buoy. The vertical
line shows the beginning of the stage II).

Figure 3 shows wind and wave directions measured and calculated at different sites: Anapa
weather station, buoy data, wind data from NCEP/CFSRv2, and wave model data (see Figure 1).

The wind directions at the Anapa station (Figure 3a) were concentrated in two narrow sectors.
The northeast (from the shore) winds occurred most frequently, but their speeds were low, mainly
up to 6 m/s with extremes of 9-12 m/s. Less frequent southern winds were stronger and sometimes
exceeded 15 m/s. This is a typical annual pattern for winds at the Anapa station [18].

The probability distributions of wind speed and direction from the NCEP/CFSRv2 point are
shown in Figure 3b for January 2020 - June 2021. These distributions are more smooth as compared
to the ones from the Anapa station. Nevertheless, two general directions prevail: (i) 20 − 60◦, i.e.,
from the coast, and (ii) 120 − 210◦, i.e., southern winds. Generally, wind speeds are up to 10 m/s, but
sometimes can exceed 18 m/s.

Figure 3c shows buoy wave height and mean-over-spectrum direction defined as follows

Θm =
∑

0.54Hz
0.09Hz E(w) · Θ(w)

∑
0.54Hz
0.09Hz E(w)

(12)

The lower integration limit filters out wavelengths of more than 180 m, which are rare in the Black Sea.
The high-frequency cutoff 0.54 Hz (about 6 m) partially solves the problem of poor measurements of
short waves by the buoy of the 0.4 m diameter. Waves came from the sea (150 − 290◦). The off-shore
sector was not even visible in the diagram. Southwest waves were on average higher than waves from
other directions while the southern waves were more frequent.
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Figure 3. Wind and wave directions. (a) Wind speed and direction at the Anapa station. (b) Wind
speed and direction according to from NCEP/CFSRv2. (c) Buoy wave heights and directions. (d) Wave
model heights and directions.

Finally, Figure 3d shows the wave heights and directions of wave model data. There were very
few cases of offshore waves. The southeastern waves were the most frequent and highest.

It is noticeable that Anapa wind directions and wind directions from NCEP/CFSRv2 do not
coincide exactly but they have some patterns in common. The same is true for waves: directions from
wave model and buoy measurements show similarities in general directions. However, the main wind
and wave directions in both pairs of panels a,c and b,d in Figure 3 differ significantly. Thus, in terms
of probabilities waves do not follow the wind direction in the area. The same effect was observed in
previous works [e.g. 18]: the difference may indicate a mixed sea.

3.1.1. Directionality of wind and waves as a key feature of wave dynamics

Figure 3 shows visible differences in patterns of wind speed and wave height probability. Partially,
this inconsistency could be related to experimental uncertainties due to the mismatch of wind and
wave measurements. Another essential part of these differences should be carefully analyzed and
associated with certain physical mechanisms of wind-wave coupling and wave transformation in the
near-shore.
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Figure 4 compares wind directions from the Anapa weather station and from NCEP/CFSRv2 for
two experimental stages. Two datasets show high correspondence in the whole range of angles. The
gap at 80 − 150◦ corresponds to the direction from the coast. This gap becomes “cleaner” when setting
a lower threshold for wind speed Uthr = 4 m/s (see Figures 4c,d). Unexpectedly, the shadow from the
near-shore relief appears deeper for stronger winds. The airflow over the coast is smoother for milder
winds and intrudes into the sea for longer distances. Another explanation of the effect of on-shore and
off-shore weak winds is the presence of daily sea breezes [47].
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Figure 4. Wind directions from the Anapa station and from NCEP/CFSRv2. Left – stage I, right – stage
II. (a,b) Comparison of all data with Hs > 0.25 m. (c,d) Comparison for winds higher than 4 m/s.

Wave directions measured by the buoy and wind directions are essentially different (Figures 5
and 6). Waves propagating from the coast are almost absent both for spectral peak (panels a,b,e,f) and
mean-over-spectrum (panels c,d,g,h) directions. While two main clusters are strongly localized near
the dominant winds (north-eastern and southern) the distributions of wave directions are essentially
wider. Additionally, buoy data show a secondary clustering with a “valley” near 200◦, especially for
peak directions. Clustering for the Anapa station winds in Figure 5 is more pronounced than one from
NCEP/CFSRv2 in Figure 6.

The wind and wave directions mismatch in Figures 5 and 6 can be interpreted as merging
different wave systems [86,87]. Rapid switching between two dominating wind directions leads to
the occurrence of a mixed sea state in the area. The scatterplots in Figures 5 and 6 clearly show
this switching as a mirroring of the southern wind direction cluster with stronger winds (circle 1
in Figure 5a) to the northeastern direction of waves (circle 2 in Figure 5a). As a result, the former
wind-generated along-wind waves become swell co-existing with the new-born wind-driven waves of
the north-eastern direction. Such a scheme can explain the deviation of the resulting wave directions
to the right relative to the instant wind.
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Figure 5. Wind directions from the Anapa station vs buoy wave directions. (a,b) Spectral peak wave
direction. (c,d) Mean-over-spectrum direction. (e,f) Spectral peak wave direction for winds higher than
4 m/s. (g,h) Mean-over-spectrum direction for winds higher than 4 m/s. Left – stage I, right – stage
II. Circles in panel (a) illustrate possible sequence of wave system conversion: 1) purely wind-driven
waves generated along a dominating wind direction (close to the diagonal of the scatter plot); 2) swell
as a possible result of the wind-driven system after a switching wind direction.
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Figure 6. Wind directions from NCEP/CFSRv2 vs buoy wave directions. Left – stage I, right – stage
II. (a,b) Mean wave directions for all data. (c,d) Wave spectral peak directions for all data. (e,f) Mean
wave direction for winds higher than 4 m/s. (g,h) Wave spectral peak directions for winds higher than
4 m/s.
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We should draw attention to the effect of wind speed. Panels e,f,g,h in Figures 5 and 6 show
the same scatter plots for winds higher than 4 m/s. One can see the same effect of “wiping out” of
directions from the coast as in Figure 4: a gap in the range 80 − 150◦ becomes free of waves which are
mostly associated with the sea breeze.

The occurrence of the mixed sea can be indirectly confirmed by analysis of the spectral width
of the wave spectra. In our study, the spectral spread provided by buoy data and the results of the
Wavewatch III simulations has been used.

Buoy data provides directional spread and direction as a function of frequency. Figure 7 shows the
wave direction vs spread for the range 0.09 − 0.54 Hz. Spectra are significantly wider in the “gap”, i.e.
for the coast-shadowed directions where we suspect pronounced breeze. One more piece of evidence
of the mixed sea state can be likely found when comparing wave directions measured by the buoy
and calculated at the point by WavewatchIII model. The pattern in Figure 7b differs from one of the
buoy-to-wind (Figures 5 and 6). The “gap” of the coast shadow in the wave model direction is less
pronounced relative to the buoy but is visibly deeper than for the wind (Figures 5 and 6). Beyond the
coast shadow (Θ > 110◦), the directions from the buoy and wave model are closer to each other but
differ, sometimes, significantly from the NCEP/CFSRv2 wind direction. The pronounced clustering of
wind directions near two dominant directions in Figures 5 and 6 is absent for wave directions. The
seaward swell starts to play an important role and determine the directionality of wave fields. One can
hypothesize that the seaward swell can effectively absorb the wind-driven waves as described, e.g.
in [96,97]. The wave model results are counter-intuitive, in a sense: at a relatively far distance from the
coast wave field clearly shows features of the mixed sea similar to those in the near-shore.

a) b)

Figure 7. (a) Spectral component directions vs spread from buoy data. (b) Peak wave directions
measured by buoy vs wave model data.

3.2. Conventional analysis. Wind speed, wave heights and periods as essential physical parameters

One can extend the mostly qualitative diagnostics given above by quantitative consideration
within the conventional concept of wind-wave coupling. The reanalysis data provide a complete set of
physical variables: wind speed and wave parameters (heights, periods).

Figure 8 shows the comparison of wave heights and periods measured by the buoy and calculated
in the reanalysis point with the WaveWatch III model. Generally, buoy wave heights are lower as
illustrated by the linear fit equations. Thus, the transformation of waves in frequency can be regarded
as weak. There are probably no essential effects of the interaction of waves with currents and bottom
depth. The decay of wave energy in the near-shore can be likely related to the reduction of wind input.
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Figure 8. Comparison of wave heights (a,b) and periods (c,d). Left – stages I, right - stage II.

Dimensional analysis, developed by Kitaigorodskii [42], makes it possible to significantly advance
the wind wave study without the explicit use of mathematical laws and even without formulation of
physical laws. The dependencies of wave age on wave pseudo-age are shown in Figures 9 and 10. Two
upper rows (panels a,b,c,d) present buoy data scaled by the wind speed of the Anapa station (a,b) and
one taken at the point of reanalysis from NCEP/CFSRv2 (c,d). The bottom row (panels e,f) shows wave
model data scaled with wind speed from NCEP/CFSRv2. The lower limit of wave height Hs = 0.25
m is set in Figure 9. All the data show their correspondence with the widely-known experimental
power-law dependencies [88–90]. Setting up limits Hs > 0.5 m and U10 > 4 m/s leads to noise
reduction from small waves (breeze, etc.) and collapsing of the data to the reference dependencies
in Figure 10. One should stress good agreement not only with the exponents close to Toba (3/2) but
also with the pre-exponents of the corresponding power-law parameterizations. The effect of data
limitations has a simple physical explanation. By increasing the wave height threshold, we obtain
data with well-pronounced effects of nonlinear interactions. By increasing the wind speed threshold,
we consider data with strong wave generation by the wind. The data collapse to dependencies of
the Toba type can be interpreted as saturation of balance between wave nonlinearity, generation, and
dissipation.

This result can be seen as unexpected: the sea state is far from an idealized theoretical model of
fetch-limited wave development and previous experimental setups. Nevertheless, for relatively strong
winds and high waves the wave age and pseudo-age keep a robust dependence. This experimental
result is in line with the concept of a weakly turbulent nature of wind-driven seas.
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a) b)

c) d)

e) f)

Figure 9. Wave age vs pseudo-age, Hs > 0.25 m, no wind speed restrictions. Left column – stage I,
right – stage II.(a,b) Buoy measurements with the wind speed scaling from Anapa station. (c,d) Buoy
measurements with the wind speed scaling from NCEP/CFSRv2. (e,f) Wave model data with with the
wind speed scaling from NCEP/CFSRv2.
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a) b)

c) d)

e) f)

Figure 10. Wave age vs pseudo-age, Hs > 0.5 m, wind speed U10 > 4 m/s. Left column – stage I,
right – stage II. (a,b) Buoy measurements with the wind speed scaling from Anapa station. (c,d) Buoy
measurements with wind speed scaling from NCEP/CFSRv2. (e,f) Wave model data with with the
wind speed scaling from NCEP/CFSRv2.

3.3. Theory of wave turbulence for wind-wave coupling diagnostics

The conventional approach to the wind-wave study operates with wind speed as a governing
physical parameter, thus implying a dominant role of wind input and wave dissipation. The issue of
“shape-invariance of wind-sea spectra” [39] cannot be adequately explained within the conventional
approach. Since the JONSWAP experiment, an important or even a critical role of the nonlinear
wave-wave interactions is discussed [see pp.48,52 in 38]. Phillips [76] tried to resolve the problem of
the so-called equilibrium range where frequency spectra show a universal dependence E(ω) ∼ ω−4.
All the terms, wind input, wave dissipation, and wave-wave interactions compete on equal terms
in this model that lead to essential physical constraints which are not fully resolved so far [e.g. 76,
sect. 5]. Nevertheless, the idea of the universality of spectral shaping is widely used in empirical
parameterizations and can be effectively used for experimental diagnostic of wind-wave coupling [see,
e.g. 43].

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2023                   doi:10.20944/preprints202304.0135.v2

Peer-reviewed version available at Water 2023, 15, 1834; doi:https://doi.org/10.3390/w15101834

https://doi.org/10.20944/preprints202304.0135.v2
https://doi.org/https://doi.org/10.3390/w15101834


18 of 26

3.3.1. The equilibrium range in the wave spectra measured by buoy

In our treatment of wave spectra, we follow the concept of the dominating role of wave-wave
interactions that allows one to use the results of the theory of wave turbulence [44]. The essential
outcome of this theory is the so-called Kolmogorov-Zakharov solutions (10,11) governed by spectral
fluxes of wave energy P and wave action Q. The first solution describes the energy flux P directed to
the high-frequency range. This solution can be associated with the observed dependence of frequency
spectra ω−4 in a range 1.5ωp < ω < 3ωp [e.g. 71,73,74].

In the upper panels of Figures 11 and 12 frequency spectra E(ω) are shown as functions of
dimensionless frequency ω/ωp. Two cases of local storms of 5-6 hours duration and wave heights
about 2 (Figure 11) and 3 meters (Figure 12) demonstrate robustness of the spectral tail power-like
dependence ω−4 (the plots are in log-log axes). The bottom panels of Figures 11 and 12 show the
compensated spectra normalized following [43]

S(ω) =
E(ω)ω4

gU10
(13)

Equation 13 can be used for estimating the counterpart of α4 in (8) for parameterization by U10. The
coefficient α4 was calculated by averaging S(ω) in the range (1.5 ÷ 3.0)ω/ωp. The result is close to [43,
fig. 12, αB = 0.0045] and shown by horizontal dashed lines in Figures 11 and 12. In contrast to the
cited paper [43] and recent report [91] the estimated α4 varies significantly as seen in Figures 11 and 12.
Figure 13 shows the scatterplot of the retrieved wind speed as proposed by [91] vs the wind speed
from NCEP/CFSRv2. Rather high scattering does not support the idea of this method unconditionally
in our specific case. At the same time, one can see a cluster of points near the diagonal (measurements
and retrieval match) and a less pronounced cloud of measurements at the level above 0.8 of maximal
probability where the retrieved wind speed is underestimated by 50 − 70%. One can hypothesize the
effect of the mixed sea state to be responsible for the two-phase distribution. The conversion from the
swell sea to the wind-driven state after relatively abrupt switching to the high winds can be responsible
for this effect similar to the wave system conversion in the direction scatter plot in Figures 5a. We leave
this challenging issue for further study.

Figure 11. Period of measurements 01/02/2020 11:43:00 – 01/02/2020 16:13:00 (Hs ≈ 1.88 − 2.10 m).
(a) Buoy frequency spectra E(ω). (b) Bottom panel – compensated dimensionless spectra with the wind
from NCEP/CFSRv2 scaling E(ω)ω4/(gU10), horizontal line corresponds to estimates of α4 = 0.0045
of Björkqvist et al. [43, see, e.g.].
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Figure 12. Period of measurements 03/06/2021 19:44:00 – 04/06/2021 00:14:00 (Hs = 2.58 − 2.94
m).(b) Buoy frequency spectra E(ω). (b) Compensated dimensionless spectra with the wind from
NCEP/CFSRv2 scaling E(ω)ω4/(gU10), horizontal line corresponds to estimates of α4 = 0.0045
of Björkqvist et al. [43, see, e.g.].

Figure 13. Scatter density plot (normalized by the distribution maximum) of the wind speed from
NCEP/CFSRv2 vs the retrieved one. Cluster 1 of the probability excess correspond to the validity of the
wind speed retrieval algorithm [91]. Cluster 2 can be treated as the effect of wave system conversion,
see Figures 5a and the corresponding comments.

3.3.2. Energy flux in the spectral equilibrium range

The wave turbulence approach provides an alternative treatment of the spectral equilibrium
range. One gets from the direct cascade solution (10) the energy flux

Pdir =
1
g

(

E(ω)ω4

Cpg

)3

. (14)
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One should stress that this flux governed by the direct cascade mechanism is just a part of energy
flux coming to waves from wind. The remainder goes to the wave growth associated with the second
Kolmogorov-Zakharov solution (11) and the mechanism of spectral downshift, the inverse cascading.
As shown in [85,92–94] the direct cascade accumulates the main part of the wind energy flux, about
90% and even more while the inverse cascade constitutes just very few per cent.

Energy flux of turbulent wind can be written as follows [94]

Pwind =
ρa

ρw

U10u2
∗

g
≈ 0.036

u3
∗

g
(15)

(here we let U10 = 28u∗ as acceptable approxiamtion). Note, that if we assume the direct cascade flux
Pdir to be proportional to Pwind we immediately come to the parameterizaton (8), i.e. to proportionality
of spectra magnitude to the wind speed. Actually, the ratio Pdir/Pwind depends on the stage of wave
growth. This trivial statement can be illustrated by the experimental data.

Figure 14 shows the probability density of data as a function of wave age and the ratio of energy
fluxes Pdir/Pwind calculated with (14,15). The exceeding Pdir/Pwind > 100% looks acceptable for the
accuracy of measurements and, mostly, because of errors in estimates of wind speed and resulting flux
Fdir. The ratio reaches its maximum for the wave age close to unity. Low ratio for “old” waves with
a > 1 is a result of low energy flux from wind to fast waves, swell. Moreover, waves running faster
than wind can transfer their energy to the wind [95,97].

Figure 14. The probability density of data as function of wave age a = gT/(2πU10) and ratio Pdir/Pwind

(in per cent). Tricolor curve is dependence of inverse cascade energy flux on wave age from [68,85]).

Similar decay of the ratio occurs for young waves a < 0.5. The relatively short and slowly
propagating waves cannot absorb a high flux of energy from the wind. This flux is redistributed
between many physical processes, first of all, the generation of drift current, small-scale turbulence,
etc.

The tricolor curve in Figure 14 is taken from [68,85] and shows a similar dependence of the
inverse cascade flux associated with the wave growth. Green is related to young waves and follows
the experimental data and parametric model of [39]. The Toba law (red) of wave growth [64] gives a
saturation of the inverse cascade flux. The flux decay corresponds to the transition of wind-driven
waves to the regime of sea swell (blue line) close to the classic regime of constant wave action flux [84].
One should draw attention to the mismatch of maxima of fluxes of direct and inverse cascades. The
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maximum of the inverse cascade flux, i.e. the energy growth rate occurs for younger waves than the
maximal direct cascade, i.e. maximal transfer of energy by waves to small-scale turbulence.

In our opinion, Figure 14 represents the essential physics of wind-wave coupling for the
experimental data. Our data are obtained in the near-shore and, thus, associated with rather complex
dynamics. The comparison of Figure 14 with a similar one obtained in a “simpler” environment is
seen as a challenging problem of wave studies.

4. Discussion and Conclusions

The work considers experimental data of wave measurements in the north-east of the Black Sea.
One should stress the uniqueness of these data. First, they cover a rather long period of about one year.
Secondly, all the measurements were carried out at very short distances less than 1500 meters from
the shoreline. Physical conditions where high-quality wave data were previously obtained at short
fetches [see e.g. 29,34–37,93] differ dramatically from those of the North-Eastern Black Sea nearshore.
The mountainous relief with a height of up to 550 meters and cliff on the coast modify the wind flow
significantly. Both experimental sites are set at steep bottom slope surrounded by underwater cliffs.
Harsh weather conditions of cold seasons also contribute to the specific wind-wave coupling of the
area under study.

An apparent flaw of our experimental setup is the absence of on-site measurements of wind as it
is very difficult and expensive to realize measurements in proximity to the chosen experimental points.
In the study, we operate with remote data of the Anapa weather station and the reanalysis from NCEP
CFSR v. The correctness of such data usage requires proper account of local conditions. The wind
field is not homogeneous in this area as is clearly seen from Figure 3. At the same time, the dominant
winds in the Anapa station are very close to the ones in the reanalysis point. An additional issue is a
modification of the atmospheric boundary layer in the near-shore area. In other words, the wind-wave
coupling is not fully characterized by wind speed. This is why we are trying to construct a consistent
scheme of wind-wave coupling based on different types of data and existing theoretical approaches.

Analysis of the directionality of the wave field showed the dominance of the mixed sea state.
Dominant directions of wind and waves do not coincide (Figure 3c,d). The south-western winds are
very rare in the area while the waves of this direction in buoy data and reanalysis results predominate.
These waves are associated rather with remote swell than with local wave transformation as seen
from the reanalysis data (Figure 3d). On the other hand, the pronounced off-shore winds do not
generate visible waves from the coast. The effect of the coast shadowing may likely explain this effect.
Unexpectedly, the shadowing (if our explanation is true) affects the wave in the reanalysis point almost
10 km offshore.

Conventional analysis of dimensionless dependencies of wave heights and periods gives us one
more unexpected result: these dependencies follow rather well the previous experimental results [72,98,
99]. This coincidence becomes closer for wind speeds higher than 4 m/s and wave heights exceeding
0.5 meters. One should note that in the studies mentioned above the authors tried to achieve an
idealized setup and to get rid of undesirable factors like the mixed sea state.

Under specific conditions the mixed sea state does not impose difficulties in treatment different
wave systems. Wave measurements in the Oman Bay [34–37] showed remarkably reliable separation
of wave systems: wave periods shorter than 8 seconds could be definitely related to the wind-driven
seas. There is no need to relate wind and wave data in this case. This feature has been successfully
used for constructing multi-peaked models of regional wave spectra.

Difficulties of wind measurements in the near-shore motivated our attention to the theory of wave
turbulence. This theory operates with fluxes of physical quantities when treating spectra of deep water
waves. Wind speed appears, in a sense, a secondary physical parameter that is related to these fluxes
in some way. An ambiguity of the link of wind speed to energy flux has been demonstrated in our
attempts to retrieve local wind speed from wave spectra measured by the buoy (see Figure 13). This
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method has been recently used in [91] in the Baltic Sea where experimental conditions better fit an
idealized setup of wave growth.

We made a conceptual step in the application results of wave turbulence theory to experimental
data. Energy fluxes have been estimated from the levels of equilibrium ranges of wave spectra. The
wave spectra keep asymptotics E(ω) ∼ ω−4 quite well in the range 1.5 − 3 peak frequencies and allow
one to estimate the spectral flux of direct cascading of wave energy to small-scale turbulence. This flux
is just a part of the energy flux to waves. This understanding motivates us to quantify the ratio of the
wave spectral flux to the wind energy one. Despite the uncertainty of our measurements of wind speed
we get a consistent illustration of the present-day knowledge of the “energy cycle” of the wind-driven
sea[see title 94, and related works [68,85]]. Figure 14 shows the non-monotonical dependence of the
fraction of turbulent wind energy coming to waves. The young waves get a relatively low fraction of
wind energy because of the inability to effectively interact with relatively large-scale airflow. The old
waves whose celerity significantly exceeds a characteristic wind speed are likewise can absorb just a
small part of the turbulent wind energy flux.

The energy cycle analysis of other experimental data in the spirit of this study would be a good
perspective.
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