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Abstract:  In this study, we use the Bohai Sea area as an example to investigate the characteristics of 
secondary microseisms and their impact on seismic noise based on the temporal frequency spectral analysis 
of observation data from 33 broadband seismic stations during strong gust periods, and new perspectives are 
proposed on the generation mechanisms of secondary microseisms. The results show that short-period double-
frequency (SPDF) and long-period double-frequency (LPDF) microseisms exhibit signifi cant alternating trends 
of strengthening and weakening in the northwest area of the Bohai Sea. SPDF microseisms are generated by 
irregular wind waves during strong off shore wind periods, with a broad frequency band distributed in the range 
of 0.2–1 Hz; LPDF microseisms are generated by regular swells during periods of sea wind weakening, with 
a narrow frequency band concentrated between 0.15 and 0.3 Hz. In terms of temporal dimensions, as the sea 
wind weakens, the energy of SPDF microseisms weakens, and the dominant frequencies increase, whereas 
the energy of LPDF microseisms strengthens and the dominant frequencies decrease, which is consistent 
with the process of the decay of wind waves and the growth of swells. In terms of spatial dimensions, as the 
microseisms propagate inland areas, the advantageous frequency band and energy of SPDF microseisms 
are reduced and significantly attenuated, respectively, whereas LPDF microseisms show no significant 
changes. And during the propagation process in high-elevation areas, LPDF microseisms exhibit a certain site 
amplifi cation eff ect when the energy is strong. The results provide important supplements to the basic theory 
of secondary microseisms, preliminarily reveal the relationship between the atmosphere, ocean, and seismic 
noise, and provide important theoretical references for conducting geological and oceanographic research 
based on the characteristics of secondary microseisms. 
Keywords: Secondary microseisms, seismic noise, temporal frequency spectral analysis, generation 
mechanisms, site amplifi cation eff ect

Introduction

Seismic noise is an important indicator for measuring 
the observation level and data quality of a seismic 
station (Sleeman and Vila, 2007; Lin et al., 2020). Long-
period natural noise and high-frequency artifi cial noise 

are the main sources of seismic noise (Ge et al., 2013). 
The Earth’s motion caused by the transformation of 
atmospheric pressure produces background noise in the 
period range of 20–100 s (Sorrells and Douze, 1974); 
the shallow sea coast produces primary microseisms in 
the period range of 10–20 s driven by wave pressure 
(Hasselmann, 1963); two primary microseisms with the 
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same frequency and opposite directions near the coast 
nonlinearly interact to produce secondary microseisms 
in the period range of 5–10 s (Longuet-Higgins, 1950); 
noise above 1 Hz is primarily related to cultural activities 
(Cupillard and Capdeville, 2010; Wang et al., 2011).

Oceanic microseisms are important sources of seismic 
noise with the characteristics of wide frequency band, 
high energy, and wide impact area. Because of the 
complex energy transfer and coupling between the 
atmosphere, ocean, and solid Earth, the study of the 
generation mechanisms of oceanic microseisms has been 
listed as one of the ten seismological grand challenges 
(Lay et al., 2009; Zheng et al., 2017; Chen et al., 2018). 
Based on the coupling relationship between ocean 
waves and Earth’s microseisms, ocean processes can 
be monitored, and it also provides novel methods for 
exploring the internal structure of the Earth (Lay et al., 
2009; Wei et al., 2020). Wei et al. (2022) conducted a 
study on the anomalies of secondary microseisms before 
earthquakes, which provided a possibility for earthquake 
prediction based on the characteristics of secondary 
microseisms.

Seismologists and oceanographers have conducted 
extensive research on the theory of oceanic microseisms. 
Based on their frequency band range and generation 
mechanisms, oceanic microseisms can be divided 
into primary and secondary microseisms. Primary 
microseisms,  a lso  known as  s ingle-f requency 
microseisms, are produced by ocean waves interacting 
with the coast or seafloor at frequencies mainly 
distributed between 0.05 and 0.12 Hz. Secondary 
microseisms,  also known as double-frequency 
microseisms, are produced by stationary waves generated 
by the interaction between ocean waves traveling at 
similar frequencies in opposite directions (Longuet-
Higgins, 1950; Hasselmann, 1963; Zheng et al., 2017). 
Multiple studies (Lepore and Grad, 2020; Lepore and 
Grad, 2018; Bromirski et al., 2005; Koper and Burlacu, 
2015; Xiao et al., 2018) have shown that secondary 
microseisms occasionally split into SPDF microseisms 
in the range of 0.25–0.8 Hz and LPDF microseisms in 
the range of 0.1–0.25 Hz and attributed this phenomenon 
primarily to nonlinear interactions between strong wind 
waves traveling from different oceans in the open sea, 
which propagate to the shore.

These results are mostly based on open sea areas. 
However, the Bohai Sea, as the inland sea of China, 
penetrates deep into the land and is only connected to 
the open sea through a narrow strait. The characteristics 

of secondary microseisms generated in the Bohai Sea 
and their impact on seismic noise in inland areas need to 
be further studied. Therefore, based on previous studies, 
we selected observation data from seismic stations 
during strong gust periods in the Bohai Sea to analyze 
the characteristics of secondary microseisms and their 
variation with the wind process using the temporal 
frequency spectral method. Combined with the special 
geographical location and wave characteristics of the 
Bohai Sea, the generation mechanisms of secondary 
microseisms were studied in depth.

Data and methods

We selected observation data from 33 broadband 
surface rock seismic stations in the northwest inland 
area of the Bohai Sea during strong gust periods from 
November 3 to 7, 2023. Broadband seismometers 
have lower self-noise levels and larger dynamic ranges 
(Sleeman et al., 2006; Li et al., 2015), which can reduce 
measurement errors caused by instrument factors and 
obtain more reliable observation data. The distribution 
of seismic stations is shown in Figure 1. The variation 
curve of the ocean surface stress equivalent 10 m neutral 
wind speed at the red box is shown in Figure 2. The 
wind speed monitoring location is approximately 14 km 
from the coastline, and the wind speed data are sourced 
from historical reanalysis datasets from the European 
Centre for Medium-Range Weather Forecasts (ECMWF).

Power spectral density
Seismic noise is generally a stationary and random 

vibration process, and the power spectral density (PSD) 
is a general method for quantitatively analyzing seismic 
noise in the frequency domain (Xu and Yuan, 2019; 
Yang et al., 2019). We selected 120 hours of consecutive 
observation data from 33 stations, as shown in Figure 
1, from November 3 to 7 for research and calculated 
the PSDs of the vertical components for each hour to 
analyze the temporal frequency spectra. Because the 
linear trend offsets the spectrum energy in the low-
frequency band, resulting in signifi cant distortion in the 
spectrum estimation (McNamara and Buland, 2004), all 
records are preprocessed using mean and trend removal 
before the PSD calculation.

The Welch method (Welch, 1967) was used for PSD 
calculations. The basic idea is to divide the original 



3

Yin et al.

Figure 1. Distribution of seismic stations in the northwest inland area of the Bohai Sea. The red box represents the monitoring 
location of wind speed in the Bohai Sea, and the black triangles represent seismic stations.

Figure 2. Variation in ocean surface stress equivalent 10 m 
neutral wind speed from November 3 to 7, 2023.

record into segments of equal length and adjacent 
segments can overlap with each other. The PSD results 
of all segments are averaged to improve the accuracy 
of the spectral estimation. The PSD calculation process 

refers to the parameters in McNamara and Buland (2004). 
The 1-h record was divided into 13 segments with an 
overlap rate of 75%, and the Hanning window was 
selected as the window function.

Smoothing of PSD curves
To avoid the randomness of the results and the 

existence of outliers, the PSD curves were smoothed 
using the octave method in McNamara and Buland 
(2004) and Xie et al. (2018). According to the 1/16 
octave, 54 center frequencies with equal intervals in 
logarithmic coordinates and 54 sub-bands in the range 
of 0.1–1 Hz were obtained using Equation (1). To 
ensure suffi  cient sampling of the record and the overlap 

of sub-bands, the width of the sub-band was taken as 
1/8 octave. We used the average power of each band to 
represent the level of noise at the center frequency.

, (1)

where fm denotes the center frequency, m=1,···,54, and f0 

takes the value of 0.1 Hz.
f1 and f2, defi ned in Equations (2) and (3), respectively, 

denote the lower and upper cut-off  frequencies of each 
1/8 octave sub-band, with fm as the center frequency.

,   (2)

.                             (3)

Probability density function
The probability density function (PDF) is the 

probability distribution statistic of many smoothed 
PSD curves  over  long-t ime scales ,  which can 
comprehensively evaluate the variation characteristics of 
seismic noise. The PDF at the center frequency fm can be 
expressed using the following equation (McNamara and 
Buland, 2004; Wu et al., 2012; Guo et al., 2023):

,   (4)

where NPfm denotes the number of PSD curves that fall 
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within each PSD unit interval, and Nfm denotes the total 
number of PSD curves at the center frequency fm.

Results and discussion

PSD analysis in terms of temporal dimensions
First, four stations (CLI, XIL, CHC, and CHL) at 

diff erent distances from the coastline were selected for 
temporal frequency spectral analysis. The geographical 
locations of the four stations are shown in Figure 1. 
Basic information about the stations is presented in Table 
1. By arranging the seismic noise PSD curves of the four 
stations along the time axis from November 3 to 7 (Figure 
3), the variation regularity of secondary microseisms 
with the sea wind process was analyzed using the 
temporal frequency spectral method. According to 
Figure 3, with the variation in wind speed (black dashed 
lines), the seismic noise levels at the four stations exhibit 

strong fl uctuations in the frequency range of 0.1–1 Hz, 
with the energy concentrated in the wider frequency 
band between 0.2 and 1 Hz and the narrow frequency 
band between 0.15 and 0.3 Hz, which correspond 
to the SPDF and LPDF microseisms mentioned in 
previous studies, e.g., Lepore and Grad (2020). During 
the strong wind periods on November 3, 5, and 6, the 
energy of SPDF microseisms was high, whereas that 
of LPDF microseisms was weak. However, during the 
weak wind periods on November 4 and 7, the energy 
of SPDF microseisms significantly weakened, whereas 
that of LPDF microseisms significantly strengthened. 
Overall, with the process of sea wind action, the energies 
of SPDF and LPDF microseisms exhibit significant 
alternating trends of strengthening and weakening.

Compared with  s ta t ion CLI,  the  energy and 
advantageous frequency band of SPDF microseisms at 
the other stations (XIL, CHC, and CHL) further away 
from the coastline decreased significantly during the 
strong wind periods on November 3, 5, and 6, mainly 

Figure 3. Temporal frequency spectrograms of seismic noise recorded at stations (a) CLI, (b) XIL, (c) CHC, and (d) CHL from 
November 3 to 7, 2023. The black dashed lines represent the variation in wind speed.
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because of the fast attenuation of high-frequency signals 
during their propagation inland. During the weak wind 
periods on November 4 and 7, no significant energy 

attenuation of LPDF microseisms occurred, nor did the 
advantageous frequency band change signifi cantly.

Table 1 Basic station information.
Station Data logger Seismometer Frequency band Lithology Elevation (m)

CLI REF TEK Wrangler Güralp 3T 120s–50Hz Granite 61
XIL EDAS-24IP BBVS-60 60s–50Hz Limestone 604
CHC EDAS-24IP BBVS-60 60s–50Hz Gneiss 884
CHL REF TEK Wrangler Trillium Horizon 360 360s–136Hz Granite 1339

Oceanic microseisms are generated by wave activity, 
and most waves are generated by the action of wind, 
mainly wind waves and swells. Wind waves are rapid 
waves with varying heights and lengths generated by the 
direct action of sea wind. Wave surfaces are steep and 
rough, with short periods that vary significantly with 
sea wind. Swells refer to waves in areas where the wind 
stops, or the wind speed and direction change suddenly, 
and wind waves leave the wind area. They are neatly 
arranged, with smooth wave surfaces, and the periods are 
long and concentrated (Wiegel, 1960; Wang et al., 1990; 
Guo et al., 1997; Hwang et al., 2012). Because of the 
special geographical location of the Bohai Sea, waves 
from the open sea are not easily propagated into the 
interior, and the growth of internal waves is also limited 
by the terrain. The sea area is primarily dominated by 
wind waves, and the swells are mostly generated by 
wind waves after the reduction of sea wind (Niu et al., 
1999; Yin and Zhang, 2006). The results of Sun (1991) 
show that pure wind waves in the western Bohai Sea 

account for 66.8%, mixed waves mainly composed 
of swells account for 29% and mixed waves mainly 
composed of wind waves account for 4.2%. Strong wind 
is the main factor in generating waves. The variation 
regularity of secondary microseisms shown in Figure 3 is 
consistent with the sea wind process and the generation 
mechanisms and characteristics of wind waves and 
swells in the Bohai Sea. In other words, during strong 
wind periods, the sea area is primarily dominated by 
irregular and short-period wind waves, whereas during 
weak wind periods, the sea area is primarily dominated 
by more regular and long-period swells.

Figure 4 shows the variation in seismic noise PSD 
curves of stations CLI and CHL with significant 
differences in the distance from the coastline between 
0.1 and 1 Hz during the period of sea wind strengthening 
from 0:00 to 12:00 on November 5 and the period of 
sea wind weakening from 12:00 on November 6 to 5:00 
on November 7. The blue and red arrows represent 
the trends of the peak positions of LPDF and SPDF 
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Figure 4. Variation in seismic noise PSD curves of stations (a) CLI and (c) CHL during the wind strengthening period from 0:00 to 
12:00 on November 5 and of stations (b) CLI and (d) CHL during the wind weakening period from 12:00 on November 6 to 5:00 on 
November 7. The fi rst curves from the bottom correspond to the true PSD values, and the other curves are sequentially shifted 
upward Δx (marked at the right bottom of each fi gure). The blue and red arrows represent the trends of the peak positions of 
LPDF and SPDF microseisms over time, respectively.

microseisms over time, respectively. According to 
Figures 4a and 4c, both LPDF and SPDF microseisms 
are at lower levels at 0:00 on November 5 when the sea 
wind is weak. As the sea wind strengthens, the energy 
of SPDF microseisms strengthens, and the dominant 
frequencies decrease gradually, whereas the energy of 
LPDF microseisms exhibits a slight weakening trend and 
the dominant frequencies gradually increase, which is 
consistent with the process of the growth of wind waves 
and the decay of swells. According to Figures 4b and 4d, 
during the process of sea wind weakening, significant 
alternating changes in SPDF and LPDF microseisms 
are observed. In other words, the energy of SPDF 
microseisms weakens and the dominant frequencies 
increase, whereas the energy of LPDF microseisms 
strengthens and the dominant frequencies decrease 
gradually, which is consistent with the process of the 
decay of wind waves and the growth of swells.

On the basis of the above phenomena and combined 
with the generation mechanisms and characteristics 
of waves in the Bohai Sea, we conclude that SPDF 
microseisms are primarily generated by irregular wind 
waves during strong off shore wind periods, with a broad 
frequency band distributed in the range of 0.2–1 Hz; 
LPDF microseisms are primarily generated by regular 
swells during periods of sea wind weakening, with 

frequencies concentrated between 0.15 and 0.3 Hz.

PSD analysis in terms of spatial dimensions
Figures 5 and 6 show the comparison of the time-

domain waveforms and PSD curves between stations 
CLI and CHL during the strong wind period at 12:00 
on November 6 and the weak wind period at 5:00 on 
November 7. Figures 5a and 5b show the time-domain 
waveforms of stations CLI and CHL during the strong 
wind period, respectively. Compared with station 
CLI, station CHL, which is further away from the 
coastline, exhibits a significant decrease in waveform 
frequencies and energy during the strong wind period, 
mainly because of the attenuation of high-frequency 
components of SPDF microseisms during propagation. 
Notably, compared with Figure 5c, Figure 5d shows no 
significant change in waveform frequencies during the 
weak wind period; however, the energy has a certain 
enhancement. As shown in Figure 6, the noise levels of 
the two stations are quantitatively analyzed using PSD 
curves. The blue arrows represent the LPDF microseism 
peaks during the weak wind period, and the red arrows 
represent the SPDF microseism peaks during the strong 
wind period. The values marked in parentheses represent 
the dominant frequencies and PSD peak values of LPDF 
and SPDF microseisms. The comparison results are 
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consistent with the conclusion in Figure 5.
To further validate the spatial variation regularity 

of the secondary microseisms generated in the Bohai 
Sea and analyze their impact on seismic noise, we used 
the method shown in Figure 6 to extract the PSD peak 
values of SPDF microseisms during the strong wind 

period at 12:00 on November 6 and the PSD peak values 
of LPDF microseisms during the weak wind period at 
5:00 on November 7 recorded by 33 stations distributed 
according to Figure 1. The results are shown in Figure 
7. Figure 7a illustrates the spatial distribution of the 
PSD peak values of SPDF microseisms in the northwest 

Figure 5. Time-domain waveforms of seismic noise. (a) and (b) show the time-domain waveforms of stations CLI and CHL at 
12:00 on November 6, respectively; (c) and (d) show the time-domain waveforms of stations CLI and CHL at 5:00 on November 7, 

respectively. Only the fi rst 200-s waveforms every hour are displayed.

Figure 6. PSD curves of seismic noise of stations (a) CLI and (b) CHL at 12:00 on November 6 and 5:00 on November 7. The blue 
arrows represent the LPDF microseism peaks, and the red arrows represent the SPDF microseism peaks. The values marked in 
parentheses represent the dominant frequencies and PSD peak values of LPDF and SPDF microseisms. The two black curves 

represent Peterson’s (1993) new high noise model (NHNM) and new low noise model (NLNM).
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inland area of the Bohai Sea. The energy of SPDF 
microseisms is negatively correlated with the distance 
from the coastline, indicating that the energy of SPDF 
microseisms gradually attenuates during propagation 
inland. Figure 7b illustrates the spatial distribution of 
the PSD peak values of LPDF microseisms. In contrast, 
the LPDF microseism energy of some stations exhibits 
a certain enhancement as the distance from the coastline 
increases. Combined with Figure 1, it can be seen that 
the LPDF microseism energy corresponds well with 
the station elevations, and the energy is enhanced 
more quickly when the microseisms propagate along 
the path with higher elevations in the northern area, 
which indicates that LPDF microseisms with lower 

and concentrated frequency bands exhibit a certain site 
amplifi cation eff ect when propagating in high-elevation 
areas. Many studies have shown that sedimentary 
basins and shallow and low-speed sedimentation have a 
signifi cant amplifi cation eff ect on microseisms between 
0.1 and 1 Hz (Fu et al., 2023; Wan et al., 2024). The 
stations with a more obvious amplifi cation phenomenon 
above the red dashed line shown in Figure 7b are mostly 
located in the Bashang region of the Hebei Province and 
southeastern Inner Mongolia Plateau, and the signals are 
concentrated between 0.15 and 3 Hz, as recorded by rock 
seismic stations. Thus, the amplification mechanisms 
need to be further investigated.

Figure 7. Spatial distribution of the PSD peak values of secondary microseisms in the northwest inland area of the Bohai Sea. 
(a) PSD peak values of SPDF microseisms recorded by 33 stations at 12:00 on November 6. (b) PSD peak values of LPDF 
microseisms recorded by 33 stations at 5:00 on November 7. The stations with a more obvious amplifi cation phenomenon are 
located above the red dashed line.

PDF analysis on long-time scales
To further validate the applicability of the above 

theories to the region, consecutive observation data from 
stations CLI and CHL for four months from November 
2023 to February 2024 were selected to calculate the 
PDF distribution of the PSD curves between 0.1 and 1 
Hz (Figure 8). The seismic noise level of station CHL 
further away from the coastline is far below Peterson’s 
(1993) NHNM, mainly due to the energy attenuation of 
SPDF microseisms during propagation. The black curves 
represent the typical values of seismic noise PSDs with 
the advantageous probabilities, and the typical value 
curves show an abrupt change at approximately 0.3 
Hz. The LPDF microseisms dominate the probability 
distribution below 0.3 Hz, while the SPDF microseisms 
dominate above 0.3 Hz, and the probabilities are similar. 
The significant enhancement of SPDF microseism 

energy between 0.3 and 1 Hz is primarily related to the 
growth of wind waves during strong wind periods and 
is more obvious for station CLI, which is closer to the 
coastline. This phenomenon indicates that strong wind 
weather frequently occurs in the Bohai Sea and that 
the conclusions drawn from the observation data from 
November 3 to 7, 2023, are applicable on long-time 
scales.

From the PDF distribution of station CLI in Figure 
8a, it can be seen that between 0.25 and 0.4 Hz, the 
microseism energy with advantageous probabilities 
shows a phenomenon of spanning at the same frequency. 
The higher energy part corresponds to the SPDF 
microseisms during strong sea wind periods, while the 
lower energy part corresponds to the LPDF microseisms 
during weak sea wind periods, and the probabilities are 
similar. This further indicates that the energy of SPDF 
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and LPDF microseisms exhibits alternating trends in the 
northwest area of the Bohai Sea. As shown in Figure 8b, 
for station CHL, which is located far from the coastline, 
the same phenomenon of energy spanning is also present. 

However, because of the substantial energy attenuation 
of SPDF microseisms, the secondary microseisms are 
dominated by LPDF microseisms.

Figure 8. PDF distribution of PSD curves for seismic noise at stations (a) CLI and (b) CHL. The black curves represent the typical 
values of seismic noise PSDs with the advantageous probabilities. The two red curves represent NHNM and NLNM.

Conclusions

On the basis of previous studies,  we further 
investigated the characteristics of secondary microseisms 
generated in the Bohai Sea and their impact on seismic 
noise. Based on the analysis of observation data from 33 
broadband rock seismic stations in the northwest inland 
area of the Bohai Sea, new perspectives were proposed 
on the generation mechanisms and characteristics of 
SPDF and LPDF microseisms, combined with the 
special geographical location and wave characteristics 
of the Bohai Sea. The conclusions provide important 
supplements  to  the basic  theory of  secondary 
microseisms and preliminarily reveal the relationship 
between the atmosphere, ocean, and seismic noise.

The Bohai Sea belongs to the inland sea; however, 
SPDF and LPDF microseisms can still be observed in 
its northwest inland area, which presents significant 
alternating trends of strengthening and weakening with 
the process of sea wind action. SPDF microseisms are 
primarily generated by irregular wind waves during 
strong offshore wind periods, with a broad frequency 
band distributed in the range of 0.2–1 Hz, and the 
frequency and energy are related to the characteristics of 
the sea wind; LPDF microseisms are primarily generated 
by regular swells during periods of sea wind weakening, 
with a narrow frequency band concentrated between 0.15 
and 0.3 Hz.

In terms of temporal dimensions, as the sea wind 
weakens, the energy of SPDF microseisms weakens, and 
the dominant frequencies increase, whereas the energy 
of LPDF microseisms strengthens and the dominant 
frequencies decrease, which is consistent with the 
process of the decay of wind waves and the growth of 
swells. In terms of spatial dimensions, as the microseisms 
propagate inland areas, the advantageous frequency 
band and energy of SPDF microseisms are reduced and 
attenuated significantly, respectively, whereas LPDF 
microseisms show no significant changes. And during 
propagation in high-elevation areas, LPDF microseisms 
exhibit a certain site amplifi cation eff ect when the energy 
is strong. On the basis of the characteristics of secondary 
microseisms and their variation regularity with space 
and elevation, qualitative investigation of the instrument 
performance and parameter accuracy of the seismic 
network can be performed, and important theoretical 
references can be provided for regional seismic intensity 
assessment, seismic fortification, and geological and 
oceanographic research.

Based on the analysis of the PDF of seismic noise on 
long-time scales, for stations closer to the coastline, the 
energy of SPDF microseisms is higher and dominates 
in the noise models, which is related to the occurrence 
frequency and intensity of sea wind; for stations located 
far from the coastline, due to the significant energy 
attenuation of SPDF microseisms, the secondary 
microseisms are dominated by LPDF microseisms. The 
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focus of our next study will be on establishing suitable 
seismic noise models for the region, considering factors 
such as the distances between stations and coastlines, 
elevations, sea wind processes, and amplification 
mechanisms of LPDF microseisms.
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