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Purpose: The paper is aimed at studying the regional features of the internal waves’ field in the Sea of
Japan (the Peter the Great Bay) based on the field data, namely, determination of the internal waves’
statistical characteristics that can be used to predict possibility of generating the waves of extreme
amplitudes.

Methods and Results: The records of water temperature variability in the Peter the Great Bay
(the depth at the point of measurements is 42 m) obtained for October 11 — 20, 2011 were used as
the initial data. Sampling frequency of the records was 1 s that permitted to analyze the shape of
the short-period internal waves. The data on the salinity vertical distribution near the measurement
point was also used. The law of the power density spectrum decay (as applied to the studied record) is
well described by the Garrett — Munk model for the Sea of Japan zone being under consideration.
The calculated temporal series of density were applied for obtaining the basic statistical
characteristics including the statistical moments. Besides, empirical distribution for such parameters
as the wave heights, periods and steepness and the wave slope amplitude was approximated by
the log-normal distribution law and analyzed. The expected wave heights were forecasted using
the Poisson statistics.

Conclusions: It is shown that the probabilistic characteristics of the internal waves are described well
by the log-normal distribution. Based on repeatability of the internal waves’ heights, probability of
appearance of intensive disturbances is estimated. It is shown that within 10 days, occurrence of
a short-period wave with the height not less than 7 m is guaranteed at the observation point at
the 42 m depth.

Keywords: intensive internal waves, in situ data, probabilistic characteristics of extreme waves, shelf,
Sea of Japan.
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Introduction

The sea shelf zone is characterized by the most significant variability of
hydrophysical fields associated, among other things, with the impact of intense
internal waves, transforming and breaking down over the continental slope [1].
Most observations of solitary internal waves also occur in coastal areas
(see, for example, the atlas of internal wave observations [2]:
https://Imnad.nntu.ru/ru/igwatlas_map/).

The principal mechanism for short-period intense internal waves generation is
the interaction of tidal currents with bottom irregularities [3]. Short-period internal
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waves are waves with periods from several minutes to several tens of minutes and
with spatial scales from several hundred meters to several kilometers. Such waves
contribute to the variability of hydrological characteristics and can affect the safety
and economic efficiency of operations on the shelf [4-7]. For quantitative
assessment of dangerous dynamic effects from short-period internal waves and
their further consideration in engineering surveys associated with offshore
construction, floating structures and underwater navigation, it is necessary to carry
out regional occurrence probability estimates of internal waves of extreme
amplitudes at various time intervals. Such assessments were started for certain
areas of the White, Barents and Okhotsk seas in [8, 9]. In the present paper, this
issue was developed for the coastal zone of the Peter the Great Bay based on field
records of internal wave fields in the Sea of Japan.

The paper is aimed at studying the regional features of the internal waves’
field in the Sea of Japan based on the field data, namely, determination of
the internal waves’ statistical characteristics that can be used to predict possibility
of generating the short-period internal waves of extreme amplitudes.

Initial data

We used the results of measurements of the temperature and salinity fields
obtained during the 2011 autumn expedition in the shelf zone of the Sea of Japan.
The measurement site map is shown in Fig. 1. The process of generation of internal
wave packets is observed here during several months of the developed seasonal
thermocline existence. The study of the dynamics of short-period internal waves of
large amplitude was carried out in the "splash™ zone for the main pycnocline, i.e.
above the area of its contact with the bottom. The measurement technique and
experimental equipment, as well as the results obtained, are described in detail in
[10-12].
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Fig. 1. Geographical location of the measurement site on the map of the Sea of Japan
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The experimental data was provided by the staff of the Laboratory of
Statistical Hydroacoustics of the POl FEB RAS and included recording of
temperature fluctuations using a thermal garland from October 11 (18:30) to
October 20 (10:45) 2011 (data sampling rate was 1 s) (Fig. 2) and the vertical
salinity profile (Fig. 3, a) based on RBR probe measurements on October 12 at
17:40 at about 500 m from the thermal garland.
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F i g. 2. Record of the temperature vertical profile (°C) depending on time (a) and its enlarged
fragments (b)
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F ig. 3. Vertical profile of salinity (a) and Brunt — Vaiséla frequency (b) on October 12, 2011 at
17:40 (in 23 hrs and 10 min from the recording start)
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Fig. 2, a shows a record of the observed packets of internal waves in
the seawater temperature field. A wave field is shown there; its semidiurnal and
longer tidal disturbances are clearly distinguished. All isotherms look "cut” due to
generated short-wave disturbances with a vertical amplitude of the order of 1-
10 m, with structure and composition being clearly visible on the enlarged
fragments of the record in Fig. 2, b. In this case, the amplitude of the carrier long
waves reaches 5-15 m at the 42 m depth at a given measurement point, which
indicates their nonlinearity. The wave field of displacements of isotherms contains
mainly the first vertical mode disturbances. The mode function has a maximum at
the 17 m depth. The coefficients of quadratic and cubic nonlinearities in
the framework of the weakly nonlinear theory of internal waves are negative, and
the limiting amplitude of the solitary waves of the Gardner equation is
approximately — 5.7 m (in more detail about the Sturm — Liouville problem for
long linear internal waves and the determination of the nonlinearity coefficients
can be found, for example, in [13]).

In the presented record (Fig. 2, a), three different wave modes are clearly
distinguished. The first of them begins a few hours after the start of recording and
lasts for about 50 hours. This mode is characterized by strong temperature
stratification (temperature changes range from 2 to 14°C) and the presence of
a narrow, pronounced seasonal thermocline in the 10-20 m layer from the surface,
the position of which is experiencing significant fluctuations with a semidiurnal
period. These oscillations have a typical structure with winding wave fronts in
the form of solibors. The next recording section with a duration of 50-120 h is
characterized by a smooth temperature distribution over depth with heating of the
lower layers; the long-wave oscillations of the isotherms here have a significantly
longer period. Finally, the third concluding section of the recording (130-210 h) is
characterized by a general cooling of the sea, so that the surface temperature does
not exceed 8°C and, accordingly, the seawater density stratification is weaker, so
waves with the highest amplitudes are possible (and observed). In all three
recording areas, despite their differences, trains of intense short-period internal
waves with significant amplitudes are clearly traced. Many of these disturbances
have the typical form of solitary internal waves, predominantly of negative polarity
(in the form of troughs), which agrees with the sign of the quadratic nonlinearity
parameter. However, individual sections of the recording, including those shown in
Fig. 2, b, contain localized oscillating wave packets similar in shape to internal
breathers [14-18], the amplitude of which can reach 5-10 m.

Spectral and statistical analysis of records
For statistical analysis of wave disturbances in the field of displacements of
isotherms, the longest isotherm T = 4°C, was selected; it is shown in Fig. 4.
The original recording was smoothed by spectral filtering of noise with a period of
less than 1 min. It is seen that the range of curve fluctuations during
the observation period is about 34 m with a total sea depth of 42 m.
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Fig. 4. lIsotherm 4 °C (a) and zoom of its fragments (b, c)

The spectrum of temperature fluctuations, obtained during measurements from
a moored buoy, with the possible exception of inertial and tidal frequencies, will be
continuous in the entire frequency range [1]. The spectral density level falls
according to an exponential law with an exponent from -1 to —4, and more often
from -2 to —-3. The amplitude spectrum (Fig. 5, a) of the isotherm fragment (over
a time interval of 14-50 h from the start of recording, where the winding fronts of
the semidiurnal tide waves are clearly visible) rapidly decreases with increasing
frequency. A significant peak is observed at the frequency corresponding to
the semidiurnal period.

Due to the fact that the spectra of temperature fluctuations in different areas of
the World Ocean are similar, Garrett and Munk generalized them in the form of
the following approximation for the spectral density of vertical displacements (see,

for example, [1]):
[g2 _¢2
S(f’z):CM fln f 5 fIﬂ ,
N(z)f
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where Cy = 204 m*h ! is the empirical constant; all the frequencies (f, fi» and N)
have the dimension cycle/h; fi,» = 2 Qe sin ¢ id the inertial frequency (Qe — Earth's
rotation rate corresponding to a period of 24 hours, ¢ is the geographic latitude of

the observation point); N(z)= /g(z)dpgz(z) is the Brunt — Vaisala frequency on
Po

z-horizon, g is the free fall acceleration, po(z) is the vertical profile of seawater
density, z-coordinate is down-directed , z = O corresponds to the sea surface.
Density po(z) was calculated from the temperature and salinity profiles based
onthe TEOS-10 international Thermodynamic Equation of Seawater
(http://www.teos-10.org/). The vertical profile of the Brunt — Vaiséla frequency is
shown in Fig. 3, b. The maximum values of N(z) are achieved at 15-18 m depths
and are more than 0.05 1/s, which corresponds to the possible minimum periods of
high-frequency internal waves of less than one minute.
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Fig. 5. Amplitude spectrum of the 4 °C isotherm vertical displacement within the time interval 14-50 hrs
(red vertical line denotes frequency corresponding to the semi-diurnal period) — a; spectral density of
the same wave field (blue dash-dot line shows the Garrett — Munk spectrum (1) for z = 25.5 m, solid
vertical line corresponds to the inertial frequency fin, blue vertical dash line — to the period 1 min,
black vertical dash line — to the maximum value of the Brunt — Vaiséla frequency) — b
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Fig. 5, b shows the approximation of the temperature fluctuation spectrum by
the Garrett — Munk model spectrum (1). For calculations by formula (1),
the average level of the 4°C isotherm z = 25.5 m and N(z) = 0.004 1/s was taken.

The distribution of the repeatability of the isotherm displacement ordinates
shown in Fig. 4 is given in Fig. 6. It permits to get a general picture of
the variability range of this quantity values. It can be seen that the distribution is
multimodal (3 maxima of positive/negative values of the ordinates of the isotherm
displacements are clearly distinguished: ~ -6, ~ 4, ~ 13.5 m), this can be
interpreted in such a way that the observational data represent a superposition of
several processes with different statistical characteristics.
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Fig. 6. Empirical distribution of the ordinates of the isotherm displacements

From the smoothed record of displacements of the 4°C isotherm, considered as
a record of irregular waves, 1046 waves were selected. The height of the wave (H)
is estimated as the average value between the heights of its front and rear slopes,
the period (T) of each wave is determined as the time interval between the adjacent
contour minima. Waves less than 0.5 m high were not taken into account.

Below the values of the wave heights and the corresponding periods are
analyzed. Fig. 7 shows the distribution of these values within the original record.
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Fig. 7. Time-dependence of the wave heights (a) and periods (b)

The frequency distributions of the heights (H) and periods (T) of waves in
the record of the 4°C isotherm displacement are shown in Fig. 8. Note that
the heights of all waves considered are ranged within 0.5-10 m, the periods —
within 2-60 min. Mean wave height is 1.6 m, standard deviation of height is
1.12 m; the mean period is 12 minutes, the standard deviation is 7.4 minutes. Both
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distributions are well approximated by a theoretical log-normal distribution law
with a probability density

1 L 202
g(a)_acmexp[ (Ina/p) /20 ] 2

where a is the value analyzed with the parameters u = 0.27 m, o = 0.63 for wave
heights (H) and p = 2.3 min, o = 0.58 for periods (T).
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Fig. 8. Distributions of the wave heights (a) and periods (b) and their approximations (dash line) by
the log-normal distribution law (2)

Pearson's criterion also confirms that the distributions of heights and periods
of waves obey the logarithmically normal law, 2 for heights and periods is 10.93
and 21.52, respectively, with a critical value of 68.7.

Fig. 9, showing experimental data on wave heights in the coordinates of a log-
normal distribution (in these coordinates, the lognormal curve becomes a straight
line, the vertical axis becomes nonlinear), demonstrates that the greatest deviations
are observed in the zone of low wave heights and periods.

In the classical sense, the wave steepness is the ratio of the wave height to its
length, and the amplitude of the wave slope angle (local steepness) is the maximum
value of the angle at the points of the wave profile. However, since the record in
time (the wave period, not the length is known) is analyzed, then to find these
characteristics, it is necessary to introduce dimensionless variables that determine
the abscissa and ordinate axes: t* = t/T", z° = z/H", where t and z are the values of
the recording time and isotherm ordinates, respectively, T* and H* are modal
values for log-normal curves that approximate the distribution of heights and wave
periods. The range of variation of the obtained wave steepness § = HT/(H'T) and
the amplitude of the wave slope angle o for the 4°C isotherm are shown in Fig. 10.
Note that the wave steepness has small values, which are ranged within 0-10, and
the wave slope angle amplitude is in the range of 0-4.5°. Both distributions are also
well approximated by the theoretical log-normal distribution law (2) with
the parameters pu = 1.29, o = 1.07 for the wave steepness 6 and pn = 0.86°, 6 = 0.51
for the amplitude of the wave slope a.
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F i g. 10. Distributions of wave steepness (a) and wave slope angle amplitude (b), and their
approximations (dash line) by the log-normal distribution law (2)

The curve of the probability of wave heights, obtained in accordance with the log-
normal distribution (2) law, is shown in Fig. 11. The modal level is 0.6-0.9 m,
the median level is 1.31 m, the significant wave height is 2.8 m.
The correspondence of the wave height and the probability levels for
the displacement field of the 4°C isotherm is given in Table 1

Tablel

Table of wave height and corresponding exceedance probability levels for
4°C isotherm displacement field

H,m 1
Probability of 65.5
exceeding, %

10 15 0.06
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F i g. 11. Exceedance probability for the wave heights for the displacement of the 4°C isotherm.
Solid line is the empirical curve, dash-dot line represents the theoretical function of the level excess
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As a hazard estimation associated with the level of wave height h, a value
equal to the probability of exceeding this level is used:

R(h)=1-Py(>h)=1-exp[-o(h)t]

in accordance with the description of the Poisson sequence of events. The function
¢(h) in the exponent is called the wave height repeatability function:

olh)= N(heigT;htz h).

which, by definition, is equal to the average frequency of events with a wave height
at a given location equal to or greater than the threshold value h. This function is

monotonically decreasing and, for sufficiently larger h, is well approximated by
an exponential (Fig. 12):

o(h)= f, exp[—h/H*]. 3)

The repeatability function of the internal waves heights depends on two
empirical parameters that should be selected from the field data: f, has the physical
meaning of the frequency of large waves, the H* parameter is the so-called
characteristic height, has the dimension of the amplitude of the considered wave
field. Both parameters are regional and depend on the characteristics of the shelf
and the characteristics of hydrology. In our case, f, = 58.1 1/day, H* = 1.1 m.
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The expected height over a time period, e.g. that of 10 days, is calculated using
the following formula

thdays =H ’ |n(10 dayS' fh,llday) .

Estimates of the expected heights of internal waves for periods of 10, 30, 60
and 90 days are shown in the Table. Of course, a long-term forecast of wave
characteristics made on the basis of a 9-day record should be considered as
a preliminary one, which further needs to be verified on the basis of longer records.

Expected heights of the internal waves (m) which were at least once exceeded
during the specified time period

Time period, days (9;2?§g;i?d2$1ic%hitnqéxal)
10 7.04 (5.12; 8.91)
30 8.25 (6.1; 10.36)
60 9.02 (6.72; 11.28)
90 9.47 (7.08; 11.81)
Maximum wave height (based on observations), m 9.73
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Conclusion

During the present study, a time series of temperature profiles with a length of
about 210 h, obtained in the shelf zone of the Sea of Japan based on instrumental
observations for 9 days in October 2011, was processed. More than 1000 short-
period internal waves with heights of 1-10 m were identified in the record, with
a total depth at the measurement point of 42 m. It is shown that the probabilistic
characteristics of internal waves are described well by a log-normal distribution.
Based on the frequency distribution of the heights of internal waves, the probability
of the appearance of intense disturbances was estimated.
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