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Abstract

Purpose. The purpose of this study is to investigate the statistical characteristics of the background
microseismic field recorded by horizontal unequal-arm laser strainmeters and to assess deviations of
the data from a normal distribution.

Methods and Results. The study involved data from two laser strainmeters developed using modern
laser-interferometry techniques and installed at the Cape Shults Marine Experimental Station of POI
FEB RAS (Primorsky Krai). The analysis focused on microdeformations of the Earth’s crust upper
layer measured by laser strainmeters with measuring arm lengths of 52.5 m (North — South orientation)
and 17.5 m (West — East orientation). The microseismic noise field was statistically analyzed using data
from these laser-interferometric devices for 2019-2020. The considered frequency range (0.05-0.5 Hz)
includes microseisms generated by both terrestrial and marine processes (wind and swell waves).
The statistical properties of the signals were comprehensively analyzed, including evaluation of
skewness and kurtosis coefficients. Deviations from normal distribution were identified, and the Gram-
Charlier series, which demonstrated the best correlation with empirical data, was applied to describe
the probability density function. Kurtosis was predominantly positive for both components, indicating
a high likelihood of large-amplitude outliers.

Conclusions. The performed analysis enabled quantitative assessment of background signal deviations from
normal distribution and revealed their key statistical features. These results are crucial for analyzing
microseismic background characteristics, as deviations from normality facilitate the study of physical
mechanisms underlying the generation and interaction of oceanic, atmospheric and lithospheric processes.
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Introduction

The study of the Earth’s background field is essential for understanding
the interactions within the atmosphere — hydrosphere — lithosphere system.
Successful investigation of these interactions is impossible without experimental
research in each geosphere and subsequent comparison of the obtained data.
Recently, primary measuring instruments have included seismometers,
microbarographs, wave recorders, wave radars, etc. Seismometers register ground
displacement [1], microbarographs record atmospheric pressure variations [2], while
wave recorders and wave radars measure various characteristics of sea waves [3, 4].
Comparing the obtained experimental data enables identification of new interaction
patterns between the lithosphere, hydrosphere and atmosphere across various
frequency ranges.

This study examines microseismic oscillations recorded by a specialized
measuring complex installed on the coastal cliffs of the Sea of Japan at Shultz Cape,
one of the research sites of the Pacific Oceanological Institute, Far Eastern Branch
of the Russian Academy of Sciences [5]. For this purpose, high-precision equipment
is used that can register, over a wide frequency range, not only microseisms caused
by strong natural events — such as typhoons [6], earthquakes [7], and atmospheric
fronts [8] — but also background oscillations induced, for example, by regular wind
waves [9].

The study of background oscillations enables detection of microseismic activity
with extremely low amplitudes and allows detailed analysis of the dynamic
characteristics of the recorded microseismic signals.

The high-precision equipment consists of laser strainmeters based on modern
laser interferometry methods [10]. This study utilizes data from two such laser
strainmeters, described below. They are installed away from populated areas and
traffic flows and record processes occurring at the land-water interface, taking into
account atmospheric phenomena. This work is devoted to investigating the statistical
characteristics of the background signal recorded by these strainmeters.

The frequency range of interest is 0.05-0.5 Hz (periods of 2-20 s), which
corresponds to microseisms generated by sea waves (wind waves and swell). These
oscillations are almost always present in the records because sea waves regularly
break at the foot of the cliffs, thereby generating the corresponding microseisms.
The specified frequency range is characterized by high energy density and is
sensitive to changes in the hydrosphere [11, 12]. Furthermore, this range includes
frequencies corresponding to atmospheric pressure variations (typhoons, storm
fronts) and anthropogenic factors (movement of vehicles, ships, or people). These
oscillations are irregular and not very intense, but they are nevertheless also present
in the records.

Extraction of signals of interest is impossible without determining the noise
characteristics of microseisms [13-15]. Recent research in this field has focused on
analyzing frequency spectra and the amount of energy transferred from the ocean to
the Earth’s crust [16, 17]. At the same time, the statistical characteristics of
the background noise (probability distributions and statistical moments) remain
unstudied. These characteristics are extremely important for optimal extraction of
useful signals, as they enable minimization of distortions and improvement of
analysis accuracy.
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The objective of this study is to investigate the statistical characteristics of
the microseismic noise field recorded by two strainmeters and to assess
the deviations of the data from a normal distribution. The investigation of the noise
field is based on experimental data obtained with high accuracy under relatively calm
weather conditions. For the first time, an analysis of skewness and kurtosis for
the signals of two orthogonally oriented components has been conducted.

Measuring equipment
Field data were obtained using two laser strainmeters installed at the Cape Shultz
Marine Experimental Station of the POl FEB RAS in the south of Primorsky Krai.

Fig. 1. Location of laser strainmeters. The North — South (1) and West — East (2) components, as well
as the optical part of laser strainmeter (3) are shown

They are based on an unequal-arm Michelson interferometer [18] utilizing
a frequency-stabilized helium-neon laser with long-term stability of 107°-107! as
the light source. This enables registration of microdeformation variations in
the Earth’s upper crust in the frequency range from 0 Hz (conventionally) to 10 kHz
with an accuracy of 52.5 pm. The laser strainmeters are located on the coast of
the Sea of Japan at an angle of 92° to each other (Fig. 1) in underground, thermally
insulated rooms, oriented north-south and west-east, with measuring arm lengths of
52.5mand 17.5 m, respectively. At any given time, both interferometers output two
signal projections. The signals from the instruments, after preliminary processing,
are formed into hourly files with a sampling frequency of 1000 Hz.

To select segments of instrument recordings with “maximum” background
oscillations, data from a laser nanobarograph [19], a weather station, and a laser
hydrosphere pressure variation meter [20] were used. Data where the amplitudes of
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oscillations and waves in the frequency range of 0.05-0.5 Hz were minimal on

the instrument recordings were selected. These data enable comprehensive analysis

of seismic background fields in the coastal zone.
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Data analysis
Sixteen 1-hour fragments of background recordings were selected for
processing in both projections. These fragments were recorded during relatively

calm weather

in 2019 and 2020.

particularly strong outliers

without
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The characteristics of the fragments are provided in Table 1, which specifies the date
and start time of each recording. One sample of an hourly recording from the two
interferometers is shown in Fig. 2. Good correlation between them is visible even
to the naked eye. Some differences in the appearance of the signals are due to
the different arm lengths of the interferometers.

um North — South component signal
T

08 ! L L L ‘ I
0 500 1000 1500 2000 2500 3000 3500
Time, s
um West — East component signal

T T T T

1 1 1 1 I I
0 500 1000 1500 2000 2500 3000 3500
Time, s

Fig. 2. Example of an hour-long record of the signal received from two strainmeters. The vertical axis
shows variations in microdeformations of the Earth’s crust (um)

These data underwent preliminary processing using the MatlLab software
package. Fig. 3 shows the signal spectrum magnitude, obtained via the fast Fourier
transform, which characterizes the distribution of spectral amplitudes:

N-1
—iZT[k—n
X, = Z X € N, (1)
n=0

where N = 7200000.

The obtained signal spectra were used to analyze the frequency composition of
the noise field. The Fourier transform allowed the signal to be decomposed into its
constituent frequencies and the dominant ranges within them to be determined.
A band-pass filter was applied to eliminate high-frequency noise and isolate
microseisms, which are largely caused by wave impacts on the shore and sea bottom.
The filter’s passband was limited to the range of 0.05-0.5 Hz, corresponding to
periods of 2-20 s, which are characteristic of wind waves, swell and microseisms.
This made it possible to narrow the spectrum of analyzed frequencies to the target
range, excluding unwanted high-frequency noise components and extracting
the useful signal corresponding to the characteristic periods of microseisms.
Furthermore, to visualize the frequency component, the signal spectrum after band-
pass filtering was plotted on a double logarithmic scale (Fig. 4), and an analysis of
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the spectral slope o™ was carried out. The approximation showed that for
the North — South component, the exponent p was 1, while for the West — East
component, p = 1.2. In the power spectrum, the exponent doubles, and p = 2-2.4 lies
within the range of exponents for hydrodynamic turbulence (5/3) and shallow-water
wind waves (3).
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F ig. 3. Spectrum of the signal received from two strainmeters (tabs show the enlarged spectrum in
the range 0.05-0.5 Hz). The vertical axis shows variations in microdeformations of the Earth’s

crust (um)
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Fig. 4. Signal spectrum after filtration with a bandpass filter on a logarithmic scale in the frequency
range 0.05-0.5 Hz. The vertical axis shows variations in microdeformations of the Earth’s crust (um)
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Fig. 5. Signal after filtration with a bandpass filter for two components of strainmeters. The vertical
axis shows variations in microdeformations of the Earth’s crust (um)

Subsequently, the signals from the two strainmeters were reconstructed after
filtering (Fig. 5) using the inverse Fourier transform:

1 < i2nk—n
xn=ﬁzoXk-e N . 2)
n=

The filtered signals possess a stable structure with awell-defined noise
background. These data were processed using statistical methods. Primarily,
the mean values and root mean square deviations were calculated for each fragment
in both projections. Since the two strainmeters have different arm lengths, and
the signal magnitude is proportional to the length (the distance traveled by the light),
the signals were normalized to an effective length of one meter [21]. The first
statistical moments were determined using the following standard formulas of
mathematical statistics:

mean value
1 N
%= NZ %, 3)
=1
rms deviation
N
1 )2
o= mzl(xi —x) . (4-)
=

The third and fourth moments were also calculated:
skewness coefficient
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N
1
Sk = (x; —%)°, (5)
;

N - o3
kurtosis
coefficient
1 _
Ku = WZ?]:l(xi - X)4 - 3. (6)

The probability density functions computed from the above data were compared
with the Gaussian distribution:

£ = —el %), %

oV2T

Figs. 6-11 present the calculated histograms compared with the Gaussian
distribution. To assess deviations from the Gaussian curve, the Gram-Charlier series
[22] was also plotted for comparison, which is typically used for relatively minor
deviations from a normal process:

Sk Ku
fec(2) = f(2) <1 + ?(23 —-32) + ﬁ(z4 —6z% + 3)>, (8

xX—X
where z = —=,
o

To assess the accuracy of these approximations, the sum of squared errors (SSE)
[23] was used:

N
2

SSE = Z (Yhistogram(xi) - ymodel(xi)) : 9

i=1
Here VYnistogram (Xi) represents the probability density values derived from
the experimental data. These values represent the probability density calculated from
the normalized data and distributed over the intervals; ymode(x:) are the values
predicted by the theoretical formula (Gaussian distribution or Gram-Charlier series)
for each corresponding value. The sum of squared errors for the histogram

frequencies takes the following form:

N
_ N2
Total Variance = E (yhistogram(xi) —3’) . (10)

=1
Using formulas (9) and (10), the percentage of explained variance Pe can be

calculated:
Pe = (1 SSE ) 100 (11
€= Total Variance '

Values of the average wind speed recorded during the operation of the two
strainmeters were also taken into account. All these data are presented in Table 1 for
the North — South component and in Table 2 for the West — East component.

Figs. 6-11 present thesignal distribution histograms measured by
the strainmeters oriented in the North — South and West — East directions (see
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the fragments in Tables 1 and 2). The figures also show wind roses for the period of
strainmeter recording. The histograms are shown as blue bars, thered curve
represents the normal (Gaussian) distribution, and the green curve represents
the Gram-Charlier distribution. Evidently, the Gram-Charlier distribution describes
the actual distributions better than the Gaussian curve.
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F i g. 6. Probability density of the normalized signal values from two strainmeters oriented in
the north — south and west — east directions. 1 — 06.07.2019 during the time period from 16:34:11 to
17:34:11, 2 - 06.25.2019 — from 16:14:12 to 17:14:12, and 3 — 07.12.2019 — from 16:09:22 to 17:09:22
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Fig. 7. The same as in Fig. 6, for other dates: 4 — 12.07.2019 during the time period from 20:09:23 to
21:09:23,5-12.07.2019 — from 23:09:24 to 00:09:24, and 6 — 13.07.2019 — from 16:09:30 to 17:09:30
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to 17:11:02, 14 — 11.08.2019 — from 16:11:39 to 17:11:39, and 15 — 08.06.2020 — from 16:17:16 to
17:17:16

PHYSICAL OCEANOGRAPHY VOL.32 ISS.5 (2025) 637



North — South

] 6 Wim(ii o 400
0 speed, m/s
m <3 300 Iédafussian distribution
- >3-6 B | — Gram-Charlie Distribution
m >6-9 o 200
S
=100
0 - B -
-0.04 -0.02 0 0.02 0.04
0 %0 West — East
40
—~
%
fe2
3 20
Y
180

0.04 0.04

—-0.02 0 0.02
Probability density of the component

Fig. 11. The same as in Fig. 6, for another date: 16 — 09.19.2020 during the time period from 19:49:27
to 20:49:27

Thus, the conducted analysis showed that the background signal in
the frequency range of 0.05-0.5 Hz possesses characteristics close to a normal
process. Deviations from normality can be quantitatively assessed using
the correction terms in the Gram-Charlier series.

Analysis of the 16 records revealed that for the North — South component,
positive skewness (Sk > 0) was observed in 9 cases and negative skewness (Sk < 0)
in 7 cases, while for the West — East component, positive skewness was observed in
8 cases and negative skewness in 8 cases. The kurtosis Ku was predominantly
positive for both components, with only one kurtosis value for the North — South
component being negative. As is known, positive kurtosis values indicate an
increased probability of large-amplitude outliers, which are now associated with
rogue waves [24]. However, their analysis requires significantly longer record
lengths.
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Fig. 12. Correlation graph of standard deviation of the West — East component from the North — South

component
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An analysis of the relationships between the components was conducted using
the obtained data. Fig. 12 shows a correlation graph of the standard deviation for
the two interferometer components, North — South and West — East, featuring
a linear trend. The coefficient of determination R?, calculated for this approximation,
is 0.9. This relationship is likely explained by the manifestation of common physical
processes, such as wind loads, sea wave dynamics, atmospheric disturbances, and
tidal phenomena, which simultaneously affect both components.

A correlation graph for the skewness and kurtosis coefficients of the two
strainmeter components was also constructed (Fig. 13), and the coefficients of
determination were calculated: for skewness, 0.0002; for kurtosis, 0.35. Judging
from the fragments in Fig. 13, the relationship between these components is
practically non-existent, suggesting that they are most likely more sensitive to
the specific characteristics of external influences.
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Fig. 13. Correlation graph of skewness (top) and kurtosis (bottom) for the West — East and North —
South components
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Conclusion

A detailed statistical analysis of the background field recorded by laser
strainmeters at Shultz Cape in the Sea of Japan during 2019-2020 has been carried
out for the first time. The statistical processing of the signal was performed after
frequency filtering with a 0.05-0.5 Hz band-pass filter and subsequent signal
reconstruction, which removed thetrend and high-frequency components.
Corresponding signal histograms were constructed for the record fragments (16 in
total). It was found that, in general, the distribution is close to normal but is better
described by the Gram-Charlier distribution. Analysis of the 16 records showed that
for the North — South component, positive skewness was observed in 9 cases and
negative in 7 cases, while for the West — East component, positive skewness was
observed in 8 cases and negative skewness in 8 cases. The kurtosis was
predominantly positive for both components, with only one kurtosis value for
the North — South component being negative.

The present study provides the characteristics of the background noise necessary
for the subsequent extraction of useful signals against this background.
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