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level of SPDF (short period DF) than that of LPDF 
(long period DF) for the continent stations, however 
a reversed situation for the island stations. It sug-
gests that short period DF energy decays faster than 
the long period one. High-frequency ambient noise 
is called microtremor. The microtremor for the island 
station with low elevation has a semidiurnal modula-
tion in phase with ocean tide. The microtremor for the 
station at other locations are from the anthropogenic 
activities which have diurnal, weekly, and annually 
variations.

Keywords  Ambient seismic noise · Microseism · 
Microtremor · Frequency-dependent polarization 
analysis

1  Introduction

With the improvement of data storage and process-
ing technique, the signal which has been regarded 
as noise for a long time has been used to inverse the 
crust and upper mantle velocity model (Shapiro et al. 
2005; Yang et  al. 2010), to predict the strong grand 
motion (Okada 2003; Denolle et  al. 2014), and to 
improve the earthquake detection (Zhang et al. 2010). 
Ambient noise has become an important dataset for 
seismic studies.

Ambient seismic noise at period of 2 to 20 s gen-
erated by the standing waves in the ocean is named 
microseism (Gutenberg 1958). Hasselmann (1963) 
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modeled the microseism at period of 12 to 20 s as a 
nonlinear coupling between the ocean wave and the 
shoal or the shallow water. The energy in this period 
is called the primary or single-frequency micro-
seism (SF). The theory for the microseism at period 
of 6 to 10  s, called secondary or double-frequency 
microseism (DF), is the linear coupling between two 
trains of waves with the same frequency and moving 
toward each other (Longuet-Higgins, 1950). Noise 
at period around 0.5 to 2  s is documented as lake-
generated microseism (Lynch 1952; Peterson 1993; 
Koper et al. 2009; Xu et al. 2017) which might have 
the similar generation theory as single and double 
frequency microseisms. The shorter period ambient 
seismic noise, approximately less than 1  s, is called 
microtremor mainly coming from the human activi-
ties (Gutenberg 1958; Asten 1978; Bonnefoy-Claudet 
et  al. 2006). The frequencies of the microseism and 
microtremor cover the frequency band of body and 
surface waves.

No matter microseism or microtremor, their 
sources are not uniformly distributed, and their 
energy levels differ over the space and time. The non-
uniformity of the source distribution and the differ-
ence of the energy level could bias the ambient noise 

tomography, earthquake location, and strong ground 
motion prediction.

We analyze the continuous recordings on the glob-
ally distributed IRIS/IDA (II) stations using the polar-
ization analysis technique and examine the frequency 
and polarization characters of the ambient seismic 
noise across the globe. For microseisms, we associ-
ate with the wind speed and ocean wave height from 
European Centre for Medium-Range Weather Fore-
casts (ECMWF) to provide the relationship between 
the seasonal and regional variation characters of 
microseismic noise and ocean motion. For micro-
tremors, we investigate their characters with respect 
to the station locations.

2 � Data and methodology

IRIS/IDA (II) network includes 45 broadband stations 
globally (Fig. 1). In order to extract the seasonal vari-
ation of the ambient seismic noise and to avoid the 
temporary changes, we download 3 years of continu-
ous data, 2016 to 2018, from IRIS Data Management 
Center (DMC www.​iris.​edu). As station ARTI has 
been in operation since September 2018, station TLY 
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Fig. 1   Locations of 45 II stations. Green triangles are the stations used. Yellow triangles are the stations not used. XPFO has the 
same location as PFO. IBFO and XBFO have the same location as BFO
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was closed due to the power problems in December 
2015, and IBFO, XBFO, and XPFO have another 
instrument at the exact same location belonging to II, 

these five stations are not used. Finally, three-compo-
nent data (BHN, BHE, and BHZ) for 40 out of 45 sta-
tions are used in our study.

Table 1   IRIS/IDA (II) network stations used in this study

Station Latitude Longitude Elevation (m) Used hours of data Sampling rate Instrument type

2016 2017 2018

AAK 42.64 74.49 1633 8685 8654 8679 40 STS-1 V/VBB
ABPO  − 19.02 47.23 1528 8681 8627 8635 40 STS-1 V/VBB
ALE 82.50  − 62.35 60 8302 8749 8743 40 STS-1 V/VBB
ARU​ 56.43 58.56 250 8742 8734 5924 20 STS-1 V/VBB
ASCN  − 7.93  − 14.36 173 8780 8646 8752 40 KS-54000
BFO 48.33 8.33 589 8762 8705 8733 20 STS-1 V/VBB
BORG 64.75  − 21.33 110 8759 8747 8757 40 KS-54000
BRVK 53.06 70.28 330 8784 8540 8125 40 STS-1 V/VBB
CMLA 37.76  − 25.52 429 8727 8733 8760 40 KS-54000
COCO  − 12.19 96.83 1 8778 8586 8702 40 KS-54000
DGAR​  − 7.41 72.45 1 8604 8745 8760 40 STS-1 V/VBB
EFI  − 51.68  − 58.06 110 8721 8760 8666 40 KS-54000
ERM 42.01 143.16 40 8649 8760 8760 40 STS-1 V/VBB
ESK 55.32  − 3.21 242 8784 8760 8760 40 STS-1 V/VBB
FFC 54.72  − 101.98 338 5709 8753 8748 40 STS-1 V/VBB
HOPE  − 54.28  − 36.49 20 8510 7860 8743 40 Trillium240
JTS 10.29  − 84.95 340 8747 7482 8261 40 STS-1 V/VBB
KAPI  − 5.01 119.75 300 8681 8756 8645 40 KS-54000
KDAK 57.78  − 152.58 152 7997 8690 8738 40 KS-54000
KIV 43.96 42.69 1054 8708 8746 8756 40 STS-1 V/VBB
KURK 50.72 78.62 184 8740 8520 8752 40 STS-1 V/VBB
KWJN 9.29 167.54 0 0 3664 8759 40 STS-5
LVZ 67.90 34.65 630 8783 8752 8754 40 STS-1 V/VBB
MBAR  − 0.60 30.74 1390 8784 8290 8483 40 KS-54000
MSEY  − 4.67 55.48 475 8722 8414 8310 40 KS-54000
MSVF  − 17.74 178.05 801.1 8256 7602 7204 40 KS-54000
NIL 33.65 73.27 629 4667 7519 8338 40 KS-54000
NNA  − 11.99  − 76.84 575 8784 8746 8756 40 STS-1 V/VBB
OBN 55.11 36.57 160 8740 8682 8760 40 STS-1 V/VBB
PALK 7.27 80.70 460 8780 7611 7315 40 KS-54000
PFO 33.61  − 116.46 1280 8756 8726 8729 40 STS-1 V/VBB
RAYN 23.52 45.50 631 8739 5268 8099 40 STS-2
RPN  − 27.13  − 109.33 110 8618 8067 8706 40 STS-1 V/VBB
SACV 14.97  − 23.61 387 8782 8757 8759 40 KS-54000
SHEL  − 15.96  − 5.75 537 8784 8760 8760 40 KS-54000
SIMI 38.66 69.01 1400 1995 4620 8661 40 Trillium240
SUR  − 32.38 20.81 1770 8784 8759 8758 40 STS-1 V/VBB
TAU​  − 42.91 147.32 132 8727 8759 8514 40 STS-1 V/VBB
UOSS 24.95 56.20 284.4 8783 8699 8066 40 STS-2.5
WRAB  − 19.93 134.36 366 8773 8758 8507 40 KS-54000
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Most of the stations are equipped with STS-1  V 
very broadband seismometer (Table  1). Some sta-
tions use KS-54000 ultra-low noise very broadband 
borehole seismometer. Few stations use Trillium 240, 
STS-2, or STS-5. Those broadband seismometers 
ensure our goal of analyzing the global characteristics 
of ambient noise at different frequency band. Con-
tinuous recording rate is above 80% for 37 out of 40 
stations (Table 1). Since three stations, KWJN, SIMI, 
and NIL, with the lowest continuous recording rate 
can still guaranty at least a whole year of recordings, 
the missing data would not affect our results about 
seasonal variation.

We use frequency-dependent polarization analysis 
technique based on the eigen-decomposition of the 
3-by-3 spectral covariance matrix (Koper and Haw-
ley 2010; Park et  al. 1987) to process the data. We 
remove the instrument response from the hour-long 
recordings downloaded from IRIS and restore them 
to ground accelerations. The hour-long data is used 
because transient events, e.g., small-to-moderate-
sized regional earthquakes, will not affect the micro-
seism observations (Sufri, et  al., 2014). We try the 
different length of subwindow and find that 51.2  s 
window length can provide a smooth power spectral 
density curve and make a full use of the data. Each 
hour-long data is then divided into 69 subwindows 
with a length of 51.2  s and the adjacent subwin-
dows overlap one another by 50%. Each subwindow 
is detrended and tapered with a Nuttall4c window 
defined with frequency limits of 0.005–0.01 Hz and 
25–50 Hz. Fourier transform is applied on each com-
ponent in each subwindow to obtain the correspond-
ing spectrum y(f ). The 3-by-3 spectral matrix is given 
as

where

where the superscripts (1), (2), and (3) of y(f ) repre-
sent the three components, the subscript 0 to K − 1 
indicates the number of the recordings, and H means 
the Hermitian conjugate transpose. Eigenvalue (�) 
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and corresponding eigenvector can be obtained by 
proceeding the eigenvalue decomposition of the spec-
tral matrix (1). The eigenvector corresponding to the 
largest eigenvalue includes the polarization feature, 
e.g., the horizontal azimuth. For each combination of 
time and station, the eigenvalue can be represented as 
the power spectral density (PSD), power spectrogram, 
and probability density function (PDF).

3 � Results and discussion

3.1 � Seasonal characters of DF microseismic energy

We plot 3-year eigenvalues as spectrogram for all sta-
tions. Comparing ambient noise spectrograms (Fig. 2 
and Fig. 3) with the ocean wave height data (Fig. 4), 
it is noticeable that the high wave height period in the 
northern or southern hemisphere has a clear control-
ling character on the DF microseismic energy (Stutz-
mann, et al., 2009; Hillers, et al. 2012).

The significant wave height in the northern hemi-
sphere, between 30°N and 80°N, from ECWMF has 
an obviously seasonal change, low in local summer 
and high in local winter (Fig. 4). The southern hemi-
sphere has broader ocean and less land area compared 
with the northern hemisphere. Due to this reason, the 
atmospheric movement in the southern ocean is a 
strong and stable circulation which causes the higher 
wave height and relatively less seasonal changes in 
this ocean region than in any other ocean area (Stutz-
mann, et al., 2009). Even the southern ocean has the 
highest wave height, its wave height also has the same 
seasonal change, low in local summer and high in 
local winter, as that in the northern hemisphere.

We can tell that DF microseisms have high energy 
levels during local winter and low energy levels dur-
ing local summer for the stations in the northern hem-
isphere (Fig.  2). Since ocean wave heights are high 
in winter and low in summer in the north Pacific and 
Atlantic regions (Fig. 4), the DF microseismic energy 
level is highly correlated with the ocean wave height 
on time for the northern hemisphere.

The seasons in the southern hemisphere are oppo-
site to those in the northern hemisphere. As a result 
of this conversion, the DF microseismic energy also 
has an opposite seasonal character compared to the 
results from the northern hemisphere, its high energy 
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time corresponds to the high wave height time in the 
southern ocean from 30°S to 80°S (Fig. 4).

Combining two hemispheres, we can find that no 
matter the northern or southern hemisphere, seismic 
DF microseisms show high and low energy during 
local winter and local summer, respectively, which is 
consistent with the results of Stutzmann et al. (2000), 
Aster et al. (2008), and Stutzmann et al. (2009).

There are three unique stations, UOSS, RAYN, 
and PALK. As they locate in the northern hemi-
sphere, we expect the high DF energy during winter 
and low energy level during summer. However, these 
stations show a reversed DF energy level, low in win-
ter and high in summer. In Fig.  2, we plot spectro-
grams for all 40 stations on the same color scale in 
order to compare the energy levels for the different 
geological units. Microseismic energies of these three 

stations are clearly weaker than that of other stations. 
Besides that, since UOSS had instrument changing 
in between September 2016 and September 2017, its 
energy in this period is 30 dB higher than the energy 
in the remaining time (Fig.  2). As the character of 
the reverse DF energy level is not very clear using 
the same color scale, we replot three stations based 
on their own energy level in Fig.  5. Even UOSS, 
PALK, and RAYN locate in the northern hemisphere, 
DF energy shows high in summer and low in winter. 
UOSS and RAYN locate in the Arabian Peninsula and 
PALK locates in Sri Lanka, where are far away from 
the high wave height area in the northern hemisphere, 
the north Pacific and Atlantic regions, but close to 
the Arabian sea, northern Indian ocean. Significant 
wave height shows high wave during summer and low 
wave during winter in the Arabian sea (Fig. 4) with 

Fig. 2   (continued)
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the same dynamics as in southern hemisphere. This 
character is also observed by Koper et al. (2009). The 
time of high wave height in the Arabian sea correlates 
with the time of high DF energy, which suggests that 
the nearby open water has more influence on the DF 
microseism energy for these three stations.

This result is reinforced by DF microseismic 
observations at stations near the southern ocean. 
Since the southern ocean has few lands, the atmos-
pheric movement in the region is a strong and stable 
circulation which causes the higher wave height and 
relatively less seasonal changes in this ocean region 
than in any other ocean area. Due to this fact, some 
stations close to the southern ocean have high DF 
microseismic energy throughout the year without sea-
sonal changes, e.g., station SUR, EFI, and HOPE in 
Fig. 3.

These observations refine the DF microseismic 
energy generation area. The DF microseismic energy 
comes from the nearby open water with high wave 
height. The north Pacific and north Atlantic control 
DF microseismic energies of most of stations in the 
northern hemisphere, showing high DF energy in 
winter and low energy level in summer. The Arabian 
sea controls DF microseismic energies of the nearby 
stations, which have high DF energy in summer and 
low in winter. The southern ocean controls DF micro-
seismic energies of the stations in the southern hemi-
sphere. There is no seasonal DF microseismic energy 
variation at stations very close to the southern ocean, 
but high DF energy all year long. Other stations in the 
southern hemisphere also have a seasonal DF micro-
seismic energy variation, high in winter and low in 
summer. This correlation is consistent with the previ-
ous results, that is, the sources of the DF microseisms 
is related to the highest wave areas in the northern 
and southern hemisphere (Stutzmann et  al., 2009). 
Besides the high wave height, the variations in micro-
seismic power have been linked to the presence of 
ocean storms (Bromirski and Duennebier 2002; Bar-
ruol et al. 2006; Gerstoft and Tanimoto 2007; Stutz-
mann et  al. 2009). The climate perturbation trans-
fers its energy to the water column through air-sea 
interactions to form the standing gravity waves that 
propagate to the ocean floor. This transferred energy 
increases significantly during large oceanic storms.

In addition to the consistence between the DF 
microseismic energy level and the seasonal wave 
height, the frequency range of the microseismic 

energy has a fusiform shape which co-changes 
with the energy level and the ocean wave height, 
wide frequency range at its loop corresponding to 
the high DF energy and high wave height, and nar-
row frequency range at its node corresponding to 
the low DF energy and low wave height (Fig. 2). It 
might suggest that the high wave height can affect 
more coastal area and has more power to generate 
strong DF micriseismic energy at a wider frequency 
range. This fusiform shape of the frequency range 
also relates to the storms. The energies shift toward 
longer periods during winter is due to the longer 
gravity wave produced by larger winter storms 
(Webb 1998; Stutzmann et  al. 2000; Grob et  al. 
2011).

3.2 � DF energy affected by the station location

BORG in Iceland, CMLA on Sao Miguel island, 
KWJN on Marshall islands, DGAR on Chagos 
islands, and COCO on Cocos islands are all island 
stations, which have the same DF character, high 
DF energy and broad frequency extent. As island 
broadly exposes to swell propagating from mul-
tiple source regions, which could end in broader 
DF microseismic energy frequency range and high 
energy (Aster 2008). DF energy is mainly radi-
ated as Rayleigh wave which attenuates very quick 
when it travels through shoreline to the continent 
crust. The quality factor Q of surface waves can 
be expressed as Q =

�f

�U
 , where f is frequency, U is 

group velocity, and � is the attenuation coefficient. 
We calculated the median daily DF peak ener-
gies of five stations from the island to the interior 
of Europe (Fig. 6). The median DF energies of five 
stations have the same fusiform shape, high in win-
ter and low in summer, and gradually attenuate as 
the station location moving from the island to the 
inland. The median DF energy drops about 35  dB 
from the station BORG on island to the station 
AAK on inland, separated by about 7500 km, giving 
an attenuation coefficient � of about 0.005 dB∕km . 
Michell (1995) provided the attenuation coefficients 
� of fundamental-mode Rayleigh waves at periods 
of 6 ~ 103  s for several study areas in the range of 
0.0002 ~ 0.001 /km. Using an average Rayleigh 
wave group velocity of 1.25 km∕s and frequency 
6  s give a quality factor Q of about 83. This low 
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Q estimate is consistent with the study of amplitude 
variations of Rayleigh waves across a continental 
margin (McGarr, 1969) and reflects the high atten-
uation of DF energy along the long traveling path 
from the coast to the continent.

3.3 � Polarization of the DF energy

Frequency-dependent polarization analysis technique 
will provide the information of spectral ground accel-
eration and its azimuthal orientation. The direction 
information can help analyze the relationship between 
the DF energy and the wave height. We plot the his-
togram of the azimuth of the peak DF energy for 
all stations and find that most stations have a domi-
nant direction of DF peak energy, e.g., station ALE, 
ABPO, PFO, and SUR in Fig. 7. These directions do 
not necessarily point to the high wave height area, 
but to the nearby coast, which is consistent with the 
previous results that DF microseism is generated in 
the shallow water near the shoal rather than the deep 
ocean (Bromirski and Duennebier 2002; Bromirski 
et al. 1999).

Some inland stations, e.g., SIMI, KURK, and 
BRVK, have a wider azimuthal range. This character 
also happens to some island stations, ASCN, EFI, and 
SHEL. This wider azimuthal result informs that DF 
energies come from multiple sources in the surround-
ing oceans.

3.4 � Splitted DF peak

Previous observations (Stephen et  al. 2003; Bromir-
ski et al. 2005, 2013) have found that DF microseism 
splits into two parts: LPDF (long-period DF about 
0.085 to 0.2  Hz) and SPDF (short-period DF about 
0.2 to 0.45  Hz). Not all stations can observe this 
splitting of the DF energy at any time. Five of our 
observations, JTS, KAPI, NNA, PALK, and SACV, 
can observe this DF energy splitting almost all year 
long (Figs. 2 and 8). The locations of five stations do 
not have a common factor, three out of five stations, 
KAPI, PALK, and SACV, on the island, another two 
stations, JTS and NNA, on the continent. Bromiski 
et  al. (2005) suggested a strong correlation between 

the high wind speed and the DF amplitude. How-
ever, none of five stations closes to any major high 
wind speed areas (Fig. 8). Bromiski et al. (2005) also 
found that nearshore local wave activity is the major 
source for SPDF and LPDF. Since SPDF and LPDF 
are both mainly propagating as Rayleigh waves, and 
the short period energy attenuates faster than the long 
period one when the signals travel to the land, we can 
see that the SPDF energy is higher than the LPDF 
energy for three island stations (Fig. 8a, b, and c) and 
is lower than the LPDF energy for two land stations, 
JTS and NNA (Fig. 8e, f).

3.5 � Microtremor characters

Noise with periods less than 1  s is named micro-
tremor. Since seismic station noise levels vary with 
geographic location (Peterson 1993; Reif et al. 2002; 
Stutzmann et al. 2000; McNamara and Buland 2004), 
microtremor has a clearly regional character.

Ocean is one of the primary contributors to 
microtremor (Webb 1998; McNamara and Buland 
2004). COCO, DGAR, and KWJN are all on 
the island with 0  km or 1  km station elevation 
(Table  1). The microtremors of three stations are 
at least 20  dB higher than those of other stations 
(Figs.  2 and 3) and appear the same characters as 
the DF microseism, high energy level during sum-
mer and low energy level during winter, and a half 
fusiform shape of frequency range co-changing with 
energy level. These characters suggest that micro-
tremors at these stations are controlled by the high 
wave height in the north Pacific and southern ocean 
like the DF microseism. Especially, microtremor 
energy at KWJN station has a semidiurnal modula-
tion in phase with ocean tide (Fig. 9). As we cannot 
find the tide observation at the KWJN station, we 
plot microtremor energy in between May 14 to May 
20 2018 from KWJN station against the observed 
ocean tide from the nearby Apia port, Samoa. Since 
the tide observation is available since July 2019, we 
download the tide data with the same time period 
in 2020 instead of in 2018, from National Marine 
Data and Information Service, NMDIS, http://​
global-​tide.​nmdis.​org.​cn/​Defau​lt.​html. Microtremor 
from KWJN station has two peaks approximately 
separated with 12  h. Ocean tide also has two high 
tides every day and highly correlates with micro-
tremor high energy in time. The similar semidiurnal 

Fig. 3   Spectrograms of the eigenvalue for the stations in the 
southern hemisphere. Gray blocks mark the time period with-
out data. Station name is labeled on the upper right corner

◂
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Fig. 4   Seasonal averaged significant wave height over 3 years for a spring (Mar-Apr-May), b summer (Jun-Jul-Aug), c autumn (Sep-
Oct-Nov), and d winter (Dec-Jan-Feb) from European Centre for Medium-Range Weather Forecasts (ECMWF)

Fig. 5   Spectrograms for stations around the Arabian sea. Gray blocks mark the time without data
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modulation in phase with tides is observed for the 
infragravity wave energy, which is interpreted as 
the result of nonlinear transfers of energy from low-
frequency long waves to higher-frequency motions, 
microseisms (Thomson et  al. 2006; Dolenc et  al. 
2008). When the waves propagate over the convex 
low-tide beach profile than over the concave high-
tide profile, the observed infragravity waves have 

less energy at low tides (Thomson et al. 2006). Our 
microtremor energy having a semidiurnal modula-
tion in phase with ocean tide shows that the similar 
mechanism for the infragravity waves could reach 
to higher frequency band. Microtremors generated 
by the ocean waves attenuated very quickly with 
increasing the elevation as this high-frequency 
energy propagates mainly as high-frequency surface 

Fig. 6   a Three years mean significant wave height in the Atlantic and the locations of five seismic stations in Europe. b Median 
daily DF peak energies at five seismic stations
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waves that attenuate within several kilometers in 
distance and depth (McNamara and Buland 2004). 
HOPE and RPN are both on island with station ele-
vations of 40 and 110 m, respectively. Their micro-
tremor energies are clearly lower than that of the 
island stations, COCO, DGAR, and KWJN (Fig. 2).

In addition to the noise generated by the ocean, 
anthropogenic activities are another important 
source for the microtremor. Microtremors caused 
by the anthropogenic activities have obvious diur-
nal, weekly, and seasonal variations (McNamara and 
Buland 2004; Bonnefoy-Claudet et al. 2006; Anthony 
et  al. 2015). For example, AAK station locates near 
the Ala Archa National Park in Kyrgyzstan. This 
national park opens all year round, with the best visit-
ing time from the end of spring to the beginning of 
the autumn. Our microtremors show a very obvious 

seasonal change, high in summer and autumn and 
low in spring and winter, which is consistent with 
the anthropogenic seasonal characters of visiting the 
national park (Fig.  2). ALE station is in Alert, N. 
W. T, Canada, where is inside the Arctic circle with 
Polar day from last week of March till mid-Septem-
ber and Polar night from mid-December till end of 
February. Microtremor of ALE station is quiet dur-
ing January 2018 and noisy during August 2018 
(Fig. 10a,b), consistent with the Polar day and Polar 
night time. The clear high energies in January 2018 
are associated with the earthquakes occurred globally 
(Fig. 10a). BFO station is in the Black Forest, Schil-
tach, Germany. On the 3-year scale shown in Fig. 2, 
it is difficult to find the diurnal and weekly characters 
of microtremor. Zooming into 0.11 to 0.25 s and only 
plotting 2  weeks’ data, we can see a clear behavior 

Fig. 7   Three years mean significant wave height and the distribution of back azimuths estimated for DF microseisms at 40 stations. 
Red dots are the location of stations
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of the weekly anthropogenic activities near the BFO 
station, Fig. 10c. Monday to Friday are the work days, 
correspondingly high energy levels are observed in 
the high-frequency band. Microtremor on Saturday 

morning shows some relatively weaker human move-
ments compared to the energy level on weekdays 
and stops around 12 am. Microtremor reveals a quiet 
anthropogenic activity continuing from Saturday 

Fig. 8   Probability density functions (PDF) for ambient seis-
mic noises of the eigenvalue for five stations, a is for station 
PALK, b is for station JTS, c is for SACV, e is for KAPI, and 
f is for NNA, from 2016 to 2018. The black lines are the low 
and high reference models of Peterson (1993). Power is meas-
ured in decibel units (dB) of spectral acceleration. d is 3 years 
median wind speed and the location of 40 seismic stations, 

black and red circles. Red circles represent the location of five 
stations showing PDF in (a), (b), (c), (e), and (f). The grey-
shaded area indicates the microseism band of 2–20 s, and the 
dashed vertical lines divide this into single-frequency (SF, 
10–20  s) and double-frequency (DF, 2–10  s) bands. The dot-
ted vertical line divides the DF band into short-period (SPDF, 
2–6 s) and long-period (LPDF, 6–10 s) bands

355



J Seismol (2022) 26:343–358

1 3
Vol:. (1234567890)

afternoon to Sunday. Except this weekly behavior of 
anthropogenic activities, BFO also records the diur-
nal anthropogenic behavior. Microtremor at about 
0.2 s rises sharply at 5 am, appears an obvious gap at 
noon, and drops sharply at 5 pm. The time line of the 
noise level highly correlates with the working pattern.

4 � Conclusions

By analyzing three years of data from 40 three-com-
ponent long operating stations and ocean wave height, 

we find that DF microseismic energy level and its fre-
quency extent mainly controlled by the ocean wave 
height and winter storms. Most of the stations in the 
northern and southern hemispheres have high energy 
level and wide frequency extent in winter and low 
energy level and narrow frequency extent in summer 
consistent with the high ocean wave height time in the 
north Pacific, north Atlantic, and the southern ocean, 
respectively. The time of high wave height in the Ara-
bian sea is different from that in other oceans, which 
causes the DF microseismic energy of stations around 
the Arabian sea to be more affected by this sea area 

Fig. 9   Comparison of the 
microtremor spectrogram at 
station KWJN in between 
May 14 and May 20 2018 
with the observed tide at 
the nearby Apia port in 
Samoya, black line, in the 
same time period in 2020

Fig. 10   The microtremor spectrogram during Polar night 
(January in 2018) (a) and Polar day (August in 2018) (b) at 
ALE station. The earthquakes larger than Mw 5.0 or Mb 5.0 
occurred globally during January 2018 are marked on (a) 
with labels Eq.  1, Eq.  2, and Eq.  3. Equation  1: 2018–01-18 

12:08:52, Northwest of Kuril Islands, Mw 5.7 and 2018–01-
18 17:48:39, Indonesia, Mw 5.6; Eq. 2: 2018–01-19 16:17:42, 
Gulf of California, Mw 6.3; Eq. 3: 2018–01-22 19:39:58, Cen-
tral Mid-Atlantic Ridge, Mb 5. c Diurnal and weekly charac-
ters of microtremor at BFO station from July 9th to 22nd, 2018
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than by the north Pacific and north Atlantic. The sta-
tion near the Arabian sea has DF low energy level and 
narrow frequency extent in winter which is opposite 
from other stations in the northern hemisphere. Due 
to the high wave height through the whole year in the 
southern ocean, the station closes to this ocean area 
does not have a clear seasonal variation of DF micro-
seismic energy and frequency extent. Even the north 
Pacific, north Atlantic, and southern ocean control the 
DF energy in time scale, the direction of the peak DF 
microseismic energy does not point to the high wave 
height area but points to the nearby coast region. The 
polarization information suggests that the DF micro-
seismic energy comes from the nearby coast area. 
As DF microseism is mainly radiated as Rayleigh 
wave, its energy attenuates very quick when it travels 
through shoreline to the continent crust. The stations 
from the middle of the Atlantic to the central of Eura-
sia plate give a quality factor Q of about 83. Owing to 
the same reason, short period DF energy decays faster 
than the long period one. We observe a lower energy 
level of SPDF (short period DF) than that of LPDF 
(long period DF) for the continent stations however a 
reversed situation for the island stations.

Microtremor is mainly generated by the ocean for 
the island station with elevation close to or equal to 
the sea level and attenuates pretty quick with increas-
ing the station elevation. Anthropogenic activity is 
another major source of microtremor, which has diur-
nal, weekly, and annual variations.
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