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Based on the data of Voluntary Observing Ship (VOS) Program of the Black Sea waves in 1950—
2007, the wave climate variability and its relation to the main climatic indices is analyzed by the
example of the maximum annual wave heights. Climatic indices characterizing the North Atlantic,
Atlantic Multi-Decadal and Pacific Decadal oscillations, as well as fluctuations of the East Atlantic-
Western Russia teleconnection pattern are considered. It is shown that the methods based on the
wavelet analysis, particularly the spavlet analysis and the method of the wavelet correlations proposed
by the authors, have doubtless advantages since they permit to reveal fine structure of the
nonstationary process in variability both of the wave heights and the climatic indices, the features of
various fluctuations’ periods, and to analyze relationships between the climatic indices’ changes and
the wave heights. Due to these methods, determined are the main periods of variability in the
anomalies of the maximum annual wave heights associated with a) the North Atlantic Oscillation
(about 28-25, 14-16 and 6-6.5 years); b) the Atlantic Multi-Decadal Oscillation (50, 25 and about
14-16 years); c) the Pacific Decadal Oscillation (about 12.5-10 years) and d) the East Atlantic-
Western Russia pattern fluctuation (about 66-67, 14-16 and 7-7.5 years). Significant low-frequency
impact of fluctuations of the East Atlantic-Western Russia teleconnection pattern upon the Black Sea
wave climate is shown for the first time.
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Introduction

Wave climate variability is one of the key issues being important for solving
the problems associated with ensuring safe economic activity in the seas and
oceans (for example, navigation and fishing) and with the elaboration of an optimal
long-term strategy for the development of coastal areas (for example, protecting the
shores from wave action) .

Recent studies showed that fluctuations in the large-scale atmospheric
circulation characteristics, determined by climatic indices, such as the North
Atlantic Oscillation (NAO), Atlantic Multi-decadal (AMO) and Pacific Decadal
Oscillation (PDO), have a significant effect on the regional storm activity variation
and accordingly — on the wave heights and morphodynamics of the shores [1-8].

PHYSICAL OCEANOGRAPHY VOL.25 1SS.4 (2018) 317


mailto:saprykina@ocean.ru

Analysis of variability of intensity of the storms near the Danube delta,
obtained from model wave data based on wind field reanalysis, showed that there is
the pronounced intra-annual seasonal variability, as well as variability in the 4-10
year periods associated with fluctuations in the North Atlantic oscillation [9]. The
authors associated the storm intensity reduction in the 2000 s with the low-
frequency variability of the East Atlantic — Western Russia (EA/WR) oscillations
[9]. Long-term fluctuations (of the order of 40-50 years) of maximum annual wave
heights were identified in [4—-10] according to the data of long-term observations of
Ukraine hydrometeorological stations in the Black Sea. It was shown that they can
be associated with changes in the Atlantic Multi-decadal and Pacific Decadal
Oscillation.

The main problem in analyzing the low-frequency variability of the wave
climate is wave data. Data of long-term field observations, which are very limited,
generally are the property of hydrometeorological services having their stations on
the shore. Consequently, the wave heights are recorded mainly in the coastal part.
There are also no data of long-term continuous (more than 20 years) full-scale
instrumental observations of waves in the open sea. Therefore, for this type of
analysis, the data of numerical simulation, which may contain errors related to the
accuracy of the reanalysis of wind fields, are primarily used. For example, as
shown in [11], periodic fluctuations in the model data analysis can have a time shift
as compared with fluctuations of the same period determined from the data of field
measurements. The fluctuations of larger periods (more than 40 years) are poorly
reproduced by model data.

Another major problem in the analysis of low-frequency fluctuations in the
wave climate is the relatively short-term series of wave data available, which
classical analytical methods, for example the spectral ones, may not be applicable
to. New techniques are also necessary for reliable study of the process periodicity.

The principal aim of the present study is to identify the links between wave
climate variation and the fluctuations in the indices of climatic variability and to carry
out a comparative analysis of the results obtained by different methods based on long-
term data array of associated in-situ ship observations of the wave heights in the Black
Sea. The main attention will be paid to the long-term periodicity (low-frequency
variability) analysis for a period of 10 years and more.

Discussion of the methods and results obtained

A database of long-term associated ship meteorological observations was used
for the wave climate analysis. It included the visual registration of altitudes and
periods, carried out within the Voluntary Observing Ship Program. More details of
the scheme of such observations are available on the website:
http://www.vos.noaa.gov/vos_scheme.shtml. According to the observations of the
ships, the parameters of wind waves and swell (waves observed in the absence of
wind or not associated with the available wind effect) are recorded separately.
Despite the fact that this data was obtained in a visual way, as shown in [12], they
are quite adequate to the data of instrumental measurements. A wave atlas was
created at the Institute of Oceanology of the Russian Academy of Sciences based
on the data of associated ship observations [13, 14].
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For the Black Sea area, the data on the wave heights for 1950-2007 with
steepness (the ratio of height to wavelength) less than 0.1, total 125,142 data was
selected. Further, to analyze the extreme wave climate variability, the heights of
the highest waves in each year were chosen. The heights of wind waves and swell
waves were studied separately.

In accordance with the technique proposed in [4, 10], to standardize the data of
visual observations, a normalization aimed to obtain anomalies of the maximum
annual wave heights was carried out by the following formula

Ai = (Hi-mean(H))/std(H),

where H; is the maximum annual wave height, i is the year; mean — mean whole
range of heights over the considered time period; std is the standard deviation.
Then, fluctuations in the anomalies of the maximum annual wave heights and their
relationship to fluctuations in climatic indices were analyzed.

Fig. 1 shows the changes of the anomalies of the maximum annual heights of
wind waves and swell. It is clearly seen that the anomalies of wave heights are
much larger in the 1970-1980 period, but starting from about 1983 a sharp
decrease took place. This qualitatively well coincides with changes of the wave
anomalies obtained from hydrometeorological observations of the southern coast of
the Black Sea [4, 10]. It was shown that such a low-frequency fluctuation of the
maximum annual wave heights can be related to the mutual influence of the long-
term periodicity of the Atlantic Multi-decadal (50 years) and Pacific Decadal (40
years) Oscillation.
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Fig. 1. Change of the anomalies (A) of the maximum annual wave heights

To detect periodic changes in the anomalies of the maximum annual wave
heights, spectral analysis using the Yule-Walker parametric method was carried
out. This method is successfully applied in statistics for the processing of short data
series. The method is based on applying to the data series an autoregression model
in which the studied variable linearly depends on its own previous values and on
some stochastic term [15]. For example, this method allows determining the period
of a sinusoidal series along a length of half this period. Wavelet analysis (using the
Morlet wavelet function [16]) was used to reveal the detailed structure of
fluctuations in the anomalies of the maximum annual wave heights [16]. It is a kind
of a sweep of the studied series in terms of frequencies, permitting to analyze the
structure of nonstationary processes [6, 17].
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Fig. 2 shows the wavelet diagrams and parametric spectra of changes of the
anomalies of the maximum annual heights of wind and swell waves. It is clearly
seen that the fluctuations of the anomalies are nonstationary, they have somewhat
different structure. Along with constant close frequency scales of the order of
0.022 1 /year for wind waves and 0.024 1/year for swell waves, there are clearly
pronounced trends of frequency increase or decrease with time (visible inclined
ridges on the wavelet transformation), which cannot be reflected in the spectra
(Fig. 2). So, the frequency scale present in the spectrum of wind waves is
0.17 1/year within the analyzed period of 1950-2007 the trend is to reduce the
frequency, and the frequency scales 0.06—0.08 1/year — the trend to increase the
frequency. A frequency scale of 0.085 1/year close to them in the swell spectrum
also has a trend to increase, and the frequency scale of 0.06 1/year, which is clearly
visible on the wavelet diagram, is not distinguished by spectral analysis methods.
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Fig. 2. Change of the anomalies of the maximum annual wave heights (above), their wavelet
transformation (in the middle) and spectrum (below) for the heights of wind (a) and swell (b) waves.
The color scale corresponds to the wavelet-coefficient values

To analyze the climatic variability of the maximum wave heights, the coupling of
the fluctuations of their anomalies with the North Atlantic, Atlantic Multi-Decadal and
Pacific Decadal Oscillations, as well as with the fluctuation of the East Atlantic—
Western Russia Oscillation was considered. Values of dimensionless climatic indices
describing changes in vibrations calculated by certain methods were taken from the
web-page of the National Oceanic & Atmospheric Administration of the USA (URL.:
https://Aww.esrl.noaa.gov/psd/data/climateindices/list/).

Climatic indices, their wavelet transformations and parametric spectra are
presented in Fig. 3. Changes of all the given indices, as well as the anomalies of wave
heights, are nonstationary. There are frequency scales with trends for increasing or
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decreasing the frequency. The nonstationarity of the process is not reflected in the
spectra and leads to the fact that in some cases the characteristic energy-bearing
frequencies, which are clearly visible on the wavelet diagrams, are not distinguished by
spectral analysis methods.
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Fig. 3. Change of climatic indices (above), their wavelet transformation (in the middle) and spectrum
(below) for the Atlantic Multi-Decadal (a), Pacific Decadal (b), North Atlantic (c) and East Atlantic-
Western Russia (d) oscillations. The color scale corresponds to the wavelet-coefficients’ values
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Arguably, the changes of the anomalies of the maximum annual wave heights
and indices are nonstationary, they are not analyzed in detail by the parametric
spectral analysis methods. According to spectral and wavelet analysis, low-
frequency oscillations of all indices differ slightly. For AMO, the characteristic
frequency scale is 0.022 1/year, for NAO and PDO - 0.015 1/year, for EA/WR —
0.035 ll/year. For all the indices spectral analysis identifies the same peak at
a frequency of 0.11 1/year, but wavelet analysis shows different trends of this
frequency variation with time. There are also peaks at frequency scales of 0.17—
0.2 1/year for PDO, NAO and EA/WR, which also have different trends. Spectra are
not distinguished by peaks that are clearly visible on wavelet diagrams at
frequencies of 0.05 1/year (for AMO and PDO) and 0.06 1/year (for NAO). The
peaks in the spectra of climatic indices and the anomalies of the maximum annual
wave heights, except for the lowest frequency of 0.022 1/year, do not coincide with
the peaks of the spectra of the indices. Consequently, the linear relation between
these series and the corresponding correlation coefficients for high-frequency
components should be small.

However, a visual comparison of the wavelet diagrams shows that changes of
the anomalies of the maximum annual wave heights in their structure have similar
frequency scales and trends to all climatic indices. In this case, the structure of the
wavelet diagram of the anomalies of the maximum annual swell heights has an
obvious similarity to the structure of the wavelet diagrams of the AMO
(characteristic frequency 0.022 1/year) and NAO indices (increasing frequency
0.08 1/year). The structure of the wavelet diagram of wind anomalies waves are
similar with the structure of wavelet diagrams of the PDO (characteristic frequency
scale 0.015 1/year), AMO and NAO indices (characteristic frequency scale
0.06 1/year). According to the comparison of wavelet diagrams, changes of the
anomalies of the maximum annual heights of wind waves and swell in the
frequency range 0.17-0.18 1/year can be associated with changes in the EA/WR
index.

A detailed analysis of the structure of nonstationary processes for the
identification of a detailed connection between them can be carried out using the
spavlet analysis method—construction the spectra of the wavelet coefficient
modules of each frequency scale of the wavelet transformation [18, 19]. The low-
frequency components of the wavelet-coefficient modules represent an analog of
the envelope components of the narrow frequency range signal centered on the
wavelet frequency of a given scale.

Fig. 4 shows the spavlets of climatic indices. Spavlets of the anomalies of the
maximum annual heights of wind waves and swell are demonstrated in Fig. 5.

Spavlet-analysis of fluctuations of climatic indices clearly shows the presence
of low-frequency modulations of practically all scales of the wavelet
transformation (Fig. 4). In the figure they appear as a ridge parallel to the axis of
frequencies at pseudo-frequencies (spavlet frequencies) 0.015-0.025 1/year.
Similar modulations are also present in the structure of the anomalies of the
maximum annual wave heights (Fig. 5).

Presence of amplitude-modulated fluctuations explains the discrepancy
between spectral peaks in the spectra of waves and in the spectra of climatic
indices. If a nonlinear connection between the anomalies of the maximum annual
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wave heights and the indices is assumed, the nonlinear transformation of the
indices containing amplitude-modulated oscillations will lead to the appearance of
the peak heights of the peaks at combination (total and difference) frequencies in
the spectra of the anomalies and to the absence of peaks in the spectra of climatic
indices. This statement will be considered in more detail by analyzing the changes
of the anomalies of the maximum annual swell heights and the AMO index.
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Fig. 4. Spavlets of the Atlantic Multi-Decadal (a), Pacific Decadal (b), North Atlantic (c) and East
Atlantic-Western Russia (d) oscillations

Multi-decadal fluctuations of AMO index consist of the sum of low-frequency
component f; = 0.02 1/year and modulated in amplitude by it f, = 0.12 1/year
component visible on a spectrum as two close peaks at 0.11 and 0.13 1/year
frequencies (Fig. 6). If we perform a non-linear transformation of this signal, for
example, squaring it and subtracting the average, we get a signal containing many
combinational frequencies and second multiple harmonics. Its spectrum is close to
the observed one of the anomalies of maximum annual swell heights. The
mentioned spectra of anomalies and the square of AMO index are shown in Fig. 6.
It can be seen that at qualitative level their form coincides and this confirms the
validity of proposed model.

Comparison of spavlet-transformations of climate indices and anomalies of the
maximum annual wind wave heights also shows that the structure of non-stationary
process of their change contains the elements of variation structure of all the
indices — NAO, AMO, PDO, EA/WR and the variation structure of anomalies of the
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maximum annual swell wave heights mostly contains the elements of variation
structure of AMO and NAO indices.
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Fig. 5. Spavlets of the anomalies (A) of the maximum annual heights of the wind (above) and swell
(below) waves
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Fig. 6. Comparison of the Atlantic Multi-Decadal Oscillation spectra and the anomalies of the
maximum annual heights of the swell waves

Non-stationary character of the change of indices and anomalies of the
maximum wave heights does not provide a possibility for direct application of
classical correlation analysis method in order to determine the relationships
between them. This explains low values of cross-correlation function (not more
than 0.5), particularly, at a zero time shift (Fig. 7). Moreover, as the changes in the
indices and anomalies of the maximum annual wave heights are quasi-periodic, the
correlation function does not decay in time. Together with the presence of trends in
the change of the main periods, this results in the fact that relatively high values of
the correlation coefficients can be observed with a significant time shift (Fig. 7).

Thus, classical correlation analysis shows that the changes in the anomalies of the
maximum annual heights of both wind waves and swell ones are largely related with
NAO (the maximum correlation coefficient is 0.45), AMO (the maximum correlation
coefficients are 0.40 and 0.56, respectively) and PDO (the maximum correlation
coefficients are 0.40 and 0.46, respectively). Correlation coefficient with EA/WR index
is small, 0.30-0.37.
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Fig. 7. Correlation functions between the anomalies of the maximum annual heights of the wind
(solid line), swell (dash line) waves, and the climatic indices

In order to analyze the correlation relations between two non-stationary
processes we propose to use the wavelet correlation method — construction of cross-
correlation functions between the same frequency scales of wavelet decompositions.
This simultaneously will give not only the correlation coefficients but also the
frequencies (periods) at which correlation coefficients are most significant. For the
first time we used this method in [11]. An example of adiagram of wavelet
correlations is given in Fig. 8.
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Fig. 8. Example of the wavelet correlations between the anomalies of the maximum annual heights of
the wind waves and the Pacific Decadal Oscillation climatic index. The scale corresponds to the
correlation coefficient values
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The changes in the wavelet correlation coefficients between the climate
indices and anomalies of the maximum annual wave heights at zero time-shift by
all frequency scales are shown in Fig. 9. It can be clearly seen that in general the
correlation function coefficients are significantly higher than at a classical
correlation analysis. The changes in anomalies of the maximum annual wind wave
heights are more (moduli of correlation coefficients more than 0.50) related with
AMO index at 0.025, 0.04 and 0.07 1/year frequencies, with NAO index — at 0.04, 0.07
and 0.16 1/year frequencies, with PDO index — at 0.011 and 0.115 1/year frequencies
and with EA/WR index — at 0.015 and 0.03, 0.06 and 0.13 1/year frequencies.

According to wavelet correlations (Fig. 9, below), the changes in anomalies of
the maximum annual swell wave heights are mostly affected by the variations of
NAO index (0.035, 0.06 and 0.16 1/year frequencies), AMO index (0.022, 0.04, 0.06
and 0,116 1l/year frequencies), PDO index (0.045 and 0.08 1l/year frequencies) and
EA/WR (0.015, 0.07 and 0.13 1/year frequencies).
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Fig. 9. Wavelet correlations between the anomalies of the maximum annual heights of the wind
(above) and swell (below) waves, and the climatic indices at a zero temporal shear

Wavelet correlations also provide an estimation of time shift of climate process
effect on wave climate change. Thus, for example, the greatest value of wavelet
correlation coefficient modulus (0.90) between PDO index in 0.01-0.015 1/year low-
frequency range and the anomalies of the maximum heights of both wind waves and
swell ones is observed with 6-8 years time shift, i. e. at great periods of PDO variation
(about 60-100 years) its effect on the maximum wave heights is observed with
a certain delay (Fig. 8).

It should be noted that the differences between the anomalies of fluctuations of the

maximum annual wind wave and swell heights and, correspondingly, between their
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relations with the changes of climate indices observed during the analysis, can be
explained by the fact that an array of visually registered maximum annual heights of
swell waves, along with the ones of wind genesis, can also include abnormally high
waves occurring with the absence of the wind, so-called rogue waves. They occur due
to other mechanisms, for instance, due to modulation instability [12, 20].

In general, wavelet correlation analysis showed that the following indices have
direct and equal effect on the changes of anomalies of the maximum annual wave
heights (of both wins waves and swell ones):

a) NAO — at 0.035-0.04, 0.06-0.07 and 0.16 1/year frequencies (the periods about
25-28, 14-16 years and 6-6.5 years);

b) AMO —at 0.02, 0.04 and 0.06-0.067 1/year frequencies (50, 25 periods and
about 14-16 years);

¢) PDO —at 0.08 and 0.11 1/year frequencies (the periods about 10-12.5 roza);

r) EA/WR —at 0.015, 0.06-0.07 and 013 1/year (the periods about 66-67, 14-16
years and 7—7.5 years).

It should be pointed out that wavelet correlation method, unlike the classical
correlation analysis, revealed a significant relationship between the changes in the
wave climate and EA/WR index (Fig. 7).

Conclusions

The performed analysis showed that changes in the maximum annual wave heights
and climatic indices are of a complex non-stationary nature. This is due to the modulation
of high-frequency fluctuations by low-frequency ones. A comparative analysis of
methods for revealing the interrelations between them has shown that the methods based
on wavelet analysis (particularly, spavlet analysis and wavelet correlation method) have
undoubted advantages as they provide the determination non-stationary process structure,
the features of period fluctuations and the interrelations with high correlation accuracy.
On the basis of these methods the main periods of climate variability of the maximum
annual wave height anomalies, depending on the changes in NAO, AMO, PDO and
EA/WR were determined. It should be noted that since the visual data array of
observations of the maximum swell heights may include anomalous waves occurring due
to other physical mechanisms, it is preferable to use only the wind wave data for studying
the wave climate relationships with the climate indices.
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