
1. Introduction
The primary aim of monitoring the geomagnetic field is to study the variations in the Earth's main field 
(Chapman & Bartels, 1940) and solar activity (Smith et al., 2004; Vassiliadis et al., 1990). When continu-
ous geomagnetic data recorded by magnetometers located within limited areas are examined, synchronous 
changes with an insignificant time lag in those data are generally interpreted to be the result of global effects 
dominated by the interaction of variations in the Earth's main field with solar activity on a worldwide scale. 
However, on a local scale, the geomagnetic field can also be disturbed by ground motion (e.g., Breiner, 1964; 
Eleman, 1965; Gao et al., 2016; Yamazaki, 2012). Honkura et al. (2004) reported that P-wave arrivals could 
vary electric and magnetic fields near the surface. Although geomagnetic pulsations can be directly trig-
gered by P waves (e.g., Breiner, 1964; Eleman, 1965; Tsegmed et al., 2000; Yamazaki, 2012), those pulsations 
are small and close to the amplitude of background noise (Guglielmi et al., 2004). Guglienlmi et al. (2004) 
recognized magnetic disturbances triggered by Love waves using a polarization method against background 
noise. On the other hand, disturbances to the geomagnetic field can also be either generated by Rayleigh 
waves due to ground motion induced by wave arrivals or excited by acoustic waves that are vertically propa-
gating into the atmosphere and changing the electron contents in the ionosphere (Liu et al., 2016; Lognonné 
et al., 1998; Occhipinti et al., 2010). All the above-mentioned magnetic signals induced by the seismic waves 
are just local responses and restricted within the passage of the seismic waves. In contrast to the global 
effect, the geomagnetic changes reported above usually show significant time differences for the related 
signals retrieved from adjacent stations. The conversion from a seismic wave to a magnetic disturbance 
can be caused by several mechanoelectric mechanisms. Both theoretical modelings (e.g., Gao & Hu, 2010; 
Gao et  al.,  2016; Garambois & Dietrich,  2002; Haartsen & Pride,  1997; Ren et  al.,  2015) and laboratory 
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experiments (e.g., Bordes, 2008) show that the electrokinetic effect (Pride, 1994; Revil & Linde, 2006) is an 
effective mechanism that can produce observable magnetic signals accompanying the seismic waves. Theo-
retical simulations also indicate that the motional induction effect (e.g., Gao et al., 2014, 2019) is the other 
viable mechanism. A magnetometer array on a local scale can be utilized to investigate the mechanism 
for the generation of magnetic disturbances that is beneficial for identifying or extracting possible factors 
which can interact with the geomagnetic field.

To routinely monitor changes in the geomagnetic field at the northern end of Taiwan, a three-compo-
nent fluxgate magnetometer with a resolution of 0.01 nT and a sampling rate of 1 Hz was installed at 
the permanent station YMM (121.560°E, 25.155°N) in December 2012 (Figure 1). Two temporal stations 
(i.e., BAY (121.589°E, 25.188°N) and ZHU (121.540°E, 25.179°N)) with the same type of magnetometer 
were established to the northeast and northwest of the YMM station separated by distances of ∼3–7 km 
between May and August in 2014 to enhance the monitoring capacity of the network (Figure 1). Con-
sistent diurnal variations among these stations suggest that the magnetometers at the BAY, YMM, and 
ZHU stations operate normally (Figure 2a). The geomagnetic field in the nighttime (18:30–21:00 UT or 
2:30–5:00 LT; determined as low-noise time hereafter) is quite stable relative to those observed during 
other periods throughout the day (also see Chen et  al.,  2017). To better estimate the reliability of the 
data, we constructed the confidence interval test by using the red noise spectra via the method proposed 
in Gilman et al. (1963) and Schulz and Mudelsee (2002). Figure 2b reveals that the product of the power 
spectrum density (computed by using the fast Fourier transform) multiplied by the frequency is signifi-
cantly enhanced and exceeds the 80% confidence interval in the frequency band of 0.1–0.2 Hz at all three 
stations (BAY, YMM, and ZHU). This result indicates that there is truly an unknown source continuously 
dominating the geomagnetic field in the frequency band of 0.1–0.2 Hz at the northern end of Taiwan. 
Meanwhile, this frequency characteristic associated with these enhanced products for the geomagnetic 
data have rarely been reported or discussed in previous studies. After applying a bandpass filter between 
0.1 and 0.2 Hz centered at 0.15 Hz to the geomagnetic records, variations of the filtered data at the three 
stations show a similarity in amplitudes and envelops varying along the time (Figure 2c). This suggests 
that the magnetic field in the frequency band of 0.1–0.2 Hz at the three stations is probably dominated by 
a source. We further examine changes of the filtered data within a time span of 64 s shown in Figure 2d 
and found slight time difference among the geomagnetic data recorded at the three stations. The time 
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Figure 1. Locations of the magnetic and cosited seismic stations. The location of Taiwan area on a boarder scale is 
shown in the left panel. The locations of the magnetic and cosited seismic stations are denoted by black triangles shown 
in the right panel. The numbers at the ends of the dashed lines indicate the clockwise angles of rotation relative to the 
center of the three stations for reference.
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difference indicates that unknown sources should come from the northern side of the stations sequentially 
dominating the geomagnetic field on a local scale due to a delay of magnetic wave arrivals at the YMM sta-
tion. We investigated the northern side relative to the three magnetic stations and considered that the source 
should originate from oceans (also see Figure 1).

Microseisms, which are primarily generated by the coupling between ocean waves and the seafloor (e.g., 
Cessaro, 1994; Longuet-Higgins, 1950b), are the most common signals in seismograms at frequencies rang-
ing between 0.05 and 0.3 Hz that are considered to be the promising source of the geomagnetic signals 
observed in this study. When these oceanic waves and/or oceanic oscillations propagate onto land, P-type 
and P-SV-type microseisms are generated, and these two mechanisms can be distinguished by examining 
the propagation velocity and particle motion. The velocities of P-type microseisms are ∼6 km/s based on 
several investigations (e.g., Gualtieri et al., 2015). In contrast, the velocities of P-SV-type microseisms domi-
nated by the fundamental mode are generally between ∼2.5 km/s and 4 km/s (e.g., Cessaro, 1994; Kimman 
et al., 2012). The concentration of magnetic energy at the frequency band (0.1–0.2 Hz) is in agreement with 
the frequency characteristics of microseisms. Here, we intent to reveal the potential sources and causal 
mechanisms of these time-lagged geomagnetic signals at this frequency band by analyzing the propagation 
process of the signals and its relation with the seismic data.

2. Data and Methodology
In this study, three-component geomagnetic data retrieved from the BAY, YMM, and ZHU stations between 
May and August in 2014 were examined to investigate the possible mechanism which induces the geomag-
netic pulsations in the frequency band between 0.1 and 0.2 Hz. Ground motion monitoring by utilizing 
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Figure 2. Variations and frequency characteristics of the geomagnetic field at the BAY, ZHU, and YMM stations on June 17, 2014. Red, blue, and black lines 
show the data from YMM, BAY, and ZHU, respectively. Variations in the geomagnetic total intensity field with a sampling interval of one minute to the first 
observation point on June 17, 2014, are shown in (a). Statistical test results are shown in (b). Gray lines indicate that the products computed by multiplying the 
power spectrum density (PSD) by the frequency vary with the frequency. The black lines denote the running average. The dashed red and blue lines indicate 
the 80% confidence interval determined by red noise (Gilman et al., 1963; Schulz and Modeless, 2002) and the boundaries at 0.1 and 0.2 Hz, respectively. Raw 
data with a segment of 512 and 64 s processed with a bandpass filter of 0.1–0.2 Hz are shown in (c and d), respectively. Note that influences from a difference 
between the first and the last samples of the raw data are mitigated by using a Tukey window before the filter.
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cosited broadband seismometers was also conducted to facilitate a comparison between the magnetic and 
seismic data. The frequency-wavenumber (FK) method is a standard array technique, which simultaneously 
calculates the power distributed among different slownesses and directions of approach, and is widely used 
in the field of seismology (Capon et al., 1969; Goldstein and Archuleta, 1991a, 1991b; Schisselé et al., 2004). 
Whenever time delays of the signals recorded at different array stations, we can utilize the summation of 
the coherent data stream from each station to improve the signal-to-noise ratio (SNR) for a specific phase 
that brings the signals into phase and provides a direct estimate of the back azimuth and the slowness of 
the particular signal. Thus, this method has also been applied for other kind of wavefield data analysis, 
such as acoustic signals. With the FK method, single-component data from an array are processed using a 
bandpass filter to estimate the time-varying energy within a particular band via the Fourier transform. To 
increase the reliability of our results, the FK analysis software developed by Riahi et al. (2014) and Riahi and 
Saenger (2013) is utilized (https://github.com/nimariahi/fk3c), which extended to additionally decompose 
polarizations for three-component data from an array that allows more sensitive detection for the source 
direction and a much more precise estimation for the surface wave anisotropy. In practice, we applied the 
source code of the three-component FK analysis to the 3-component magnetic data and cosited broadband 
seismometer data to further investigate the back azimuth and the slowness of potential waves that cause the 
time difference magnetic pulsations in the northern end of Taiwan.

In this work, geomagnetic data recorded early in the morning during a low-noise time (i.e., 19:00–20:30 
UT or 3:00–4:30 LT) were chosen and used for further analyses to avoid the influence of artificial noise 
(Chen et al., 2017). Furthermore, geomagnetic data recorded at a noisy time in the afternoon (6:00–7:30 
UT or 15:00–16:30 LT) were also analyzed as a reference to understand the influence of artificial noise 
on the geomagnetic field. Both geomagnetic (including low-noise and noisy time data) and seismic data 
were filtered by using a bandpass filter that was centered at 0.15 Hz. These filtered data with a duration 
of 1.5 h were processed by the three-component FK method with a window of 64 s and a step of one and 
a half window lengths (i.e., 96 s). To avoid temporary influence from the environment disturbance to the 
magnetic field, we first applied the wavelet-based semblance analysis (Cooper & Cowan, 2008) on our 
data to examine how coherent the magnetic data in a window is between any station pair. The semblance 
analysis gives ratios between the energy of the stack signals and the sum of the energy of the single traces 
which could be an indicator for the adaption of the three-component FK analysis. Figure 3 shows an 
example of the semblance ratios calculated from the magnetic data in Figure 2d. The semblance ratios 
obtained from every two stations exhibit median values of 0.91, 0.82, and 0.75 in the frequency band of 
0.1–0.2 Hz. These suggest that variations of the magnetic data at three studied stations are similar in this 
particular frequency band during the recorded time. Once the semblance ratios obtained from the data in a 
window are larger than 0.7, the three-component FK analysis are utilized for the FK analysis.

3. Results
After applying the FK analysis for all the data segments, we can obtain the propagation azimuth versus 
to wavenumber distribution pattern for the magnetic energy concentration. One example of the spec-
trum computed from the filtered magnetic data by using the three-component FK analysis is shown 
in Figure 4. Even though some relatively small spectra can also be observed at distinct azimuths. The 
dominating magnetic fields seems to be originated mainly from ∼70° with a wavenumber of ∼0.07 km−1 
(∼13.5 km/s in velocity), ∼215° with a wavenumber of ∼0.14 km−1 (∼6.7 km/s in velocity) and ∼55° with 
a wavenumber of ∼0.31 km−1 (∼3.0 km/s in velocity). The Tatun volcanic area is composed by basalts and 
andesites (C. H. Chen, 1978; Shellnutt, 2014). Thus, a P-wave velocity of 5.5 km/s and higher is assumed 
for the area (Christensen & Mooney, 1995). The phase velocity of the Rayleigh wave for a frequency range 
between 0.1 Hz and 0.2 Hz can be expected to be between 2.6 and 3.1 km/s based on the one dimen-
sional reference model for the Tatun volcanic area by Pu et al. (2020). If we assume that the magmatic 
pulsations are caused by the microseismic activity, the velocity should not be as or higher than 6 km/s. 
Therefore, only the velocity ranged between 2.6 km/s and 3.1 km/s estimated from the FK analysis is 
consistent with the velocity of P-SV-type microseisms. This coincidence shows that magnetic pulsations 
and microseisms may indeed have some causal relationships. The azimuths of about ∼55° could be the 
potential sources direction which triggers the geomagnetic pulsations observed in this study.
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Figure 3. The semblance ratios among the magnetic data at three stations. Panels (a–c) show the semblance ratios of the magnetic data from the BAY versus 
to ZHU, BAU versus to YMM, and ZHU versus YMM at the frequency between 0.1 and 0.2 Hz, respectively. The color indicates the semblance ratios ranged 
between −1 and 1.

Figure 4. The spectrum distribution obtained from the magnetic data in Figure 2d using the three-component 
frequency-wavenumber analysis. Two vertical dashed lines indicate the velocity of the P-SV type ground motion at 2.6 
and 3.1 km/s in the northern end of Taiwan. Two horizontal dashed lines surrounded azimuths of potential sources.
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To further examine the relationship between the magnetic and microseismic data, the FK results obtained 
from continuous seismic data recorded at cosited broadband seismometers are also calculated to perform 
the comparison between the two data sets. The seismic data were processed by using similar method as the 
magnetic data. Then, we normalized the spectrum results between the 2.6 and 3.1 km/s velocity band by 
dividing the maximum value of the amplitudes in each study window. Figure 5a shows the distribution of 
the average values of the entire normalized spectra versus to the azimuths from the noisy (i.e., daytime) 
and low-noisy (i.e., nighttime) data during the entire study period. The comparable distributions of the 
average values between the noisy and low-noisy data for the magnetic data suggest that disturbances on 
the geomagnetic field are permanent in the northern end of Taiwan, except for the azimuth at 105°. The 
exception would be caused by that weak signals are relatively easier to be detected in the low-noisy period. 
We further took the distribution derived from the ground motion data (i.e., seismic data) recorded on the 
geomagnetically quiet day (i.e., May 26, 2014) into consideration via the same method and parameters to 
examine the relationship between the time-lagged geomagnetic pulsations and microseisms. The average 
values for the azimuths from the ground motion and the magnetic data that are out of phase, except for the 
azimuth of ∼60°. This suggests that the magnetic data and the ground motion share a source from the azi-
muths of ∼60°. In general, the ground motion and geomagnetic data are affected by different mechanisms. 
Thus, the similarity in the propagation azimuth and the frequency content for both the geomagnetic pulsa-
tions and the microseisms may infer a causal relationship between the ground motion and the geomagnetic 
field. Chen et al. (2011) observed the azimuth range (i.e., 20–70°) of microseisms at the north end of Taiwan 
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Figure 5. The average values of the normalized spectra from the geomagnetic and seismic data. The average values 
versus to the azimuth of wave propagations from the geomagnetic data and seismic data are shown in (a). The average 
values of the geomagnetic data during June 8–10, 2014 for the magnetic storm are shown in (b). The average values of 
the geomagnetic data during July 21–24 in 2014 for the typhoon impacting on Taiwan are show in (c).
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that is in an agreement with the distribution of waves propagating of ∼60°. To verify the reliability of this 
result, we further compute the equivalent sources of microseisms by utilizing the frequency spectrum of the 
second order pressure data, which has main contribution to acoustic and microseisms through the global 
model of seismic noise energy radiation (Ardhuin et al., 2011; Hasselmann, 1963; Longuet-Higgins, 1950a). 
The major sources of microseisms do come from the direction near 60° to the northern end of Taiwan (Fig-
ure S2) that is in agreement with the shared azimuth at ∼60° in this study.

4. Discussions

 (1)  Possible origins for the magnetic pulsations at the 0.1–0.2 Hz frequency

Generally, abnormal geomagnetic signals on a worldwide scale are related to the occurrence of ionosphere 
storm. Thus, we utilized geomagnetic data during a magnetic storm (i.e., June 8–10, 2014) that is deter-
mined by the Dst index from the World Data Center for Geomagnetism, Kyoto to examine whether the per-
manent time-lagged geomagnetic pulsations and solar activities are independent. An agreement was found 
between the azimuth distributions derived from the data over the entire study period and from the data 
during the storm (Figure 5b). This result suggests that the geomagnetic pulsations observed in this study are 
irrelevant to the global effects; rather, they are dominated by a local phenomenon.

The great electrical conductivity contrast between ocean water and land can obviously dominate vertical 
magnetic fluctuations near coast lines that is well-known and is called the geomagnetic coast effect (Hitch-
man et al., 2000; Parkinson & Jones, 1979). We compute the Parkinson vectors from the geomagnetic data at 
the YMM station and find the vectors mainly direct toward 270° for the frequency at 0.1–0.2 Hz (Figure S1). 
The direction of the Parkinson vectors is significantly different with 60° that is the propagation azimuths of 
the geomagnetic pulsations observed in this study.

Typhoons are often considered an important source of microseisms. During the recording period of the 
magnetic network, Typhoon Matmo impacted Taiwan during July 21–24, 2014. The azimuth distribution of 
the geomagnetic pulsations changed accordingly and mainly distributed in ranges of 60–120° (Figure 5c). 
The equivalent sources of microseisms on July 22 are mainly located at the southeastern side of Taiwan 
where are the directions of near 90° to the northern end of Taiwan due to the typhoon (Figure S3). The 
agreement suggests that the geomagnetic pulsations observed in this study are relate to microseisms gen-
erated from the ocean. It should be noted that the effect of typhoon itself on the ionosphere change is 
not in this frequency band (Chen et al., 2014). This is the reason that we can link our reservation to the 
microseisms.

Note that previous studies (Gregori & Lanzerotti, 1980) reported that fluctuations of the geomagnetic field 
on the vertical component can be contributed from the result of local induction due to the inhomogeneous 
underlying electrical conductivity structure. A phase difference between the vertical and horizontal compo-
nent of the geomagnetic field is often observed at a site. Although the phase difference caused by the local 
induction cannot be entirely removed, variations of microseism propagation azimuth during the typhoon 
can be utilized for further examination. If the propagation azimuths of the geomagnetic pulsations comput-
ed by using the phase difference are dominated by the local induction effect, the azimuths should be static 
during the study period of about 3 months due to unlikely changes of underlying electrical conductivity. 
However, the azimuths changed accordingly when the typhoon moved close to the eastern side of Taiwan 
(Figure 5c). This suggests that the local induction effect can be excluded from candidates that originates the 
geomagnetic pulsations. Thus, we suggest that the geomagnetic pulsations in the frequency band centered 
at 0.15 Hz observed in northern Taiwan are mainly induced by the ground motion on the local scale.

 (2)  The mechanism for the generation of geomagnetic pulsations

In the previous session, we compared various possible origins for the generation of geomagnetic pulsations 
observed in our study and we resumed that microseisms should be the most possible source. In this session, 
we intent to explore the mechanisms behind it. Figure 6 shows the particle motion of the seismic data and 
the polarizations of the observed geomagnetic pulsations. We can notice that both the particle motion and 
the polarizations demonstrate mainly elliptical rotation form movement. Thus, this similar motion pattern 
between the two data sets suggests that the geomagnetic pulsations should be triggered by ground motion 
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which are most likely the P-SV-type microseisms that originated from the Pacific Ocean. Geomagnetic pulsa-
tions could be directly triggered by P-SV-type ground motion due to the wave arrivals (Guglielmi et al., 2004; 
Honkura et al., 2004; Yamazaki, 2012) and/or an induction of acoustic-gravity waves from the motion up-
ward propagating into the ionosphere changes in the electron contents (Artru et al., 2004; Hao et al., 2013; 
Liu et al., 2016; Occhipinti et al., 2011; Rolland et al., 2011). We evaluated the time difference between the 
geomagnetic pulsations and ground motion using the cross-correlation function (CCF) method, which is 
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Figure 6. Particle motion of seismic waves and polarization of geomagnetic pulsations. Blue and green colors denote 
geomagnetic (unit: nT) and seismic data (unit: cm), respectively. The left (right) panel shows data on the NS (EW) 
component versus data on the vertical component. The dashed and solid lines indicate data from 1 to 6 s and 6–12 s, 
respectively. EW, East-West.



Journal of Geophysical Research: Solid Earth

commonly used to estimate the time lag between continuous records from two wave sensors resembling im-
pulse responses between them (Shapiro & Camille, 2004; Snieder, 2004; Weaver and Lobkis, 2001, 2002). If 
the geomagnetic pulsations are directly triggered by the ground motion, zero-time lags would be obtained. 
In contrast, once the variations in the geomagnetic field observed are excited by acoustic-gravity waves, 
seismic waves that lead geomagnetic pulsations by ∼4 min can be expected (Liu et al., 2016). The zero-time 
lags shown in Figures 7a–7c suggest that the geomagnetic pulsations observed in this work were not caused 
by changes in the electron contents but by the arrival of ground motion.

Even though the ground motion and the geomagnetic pulsations data demonstrate a good consistency in 
propagation pattern which indicates a strong link between them. Other factors, such as the tilt changes of 
the magnetometers caused by the seismic ground motion (i.e., the shaking effect), cannot be ignored. We 
retrieved the tilt change data of magnetic sensors from a tiltmeter assembled in the magnetometers and 
examined frequency characteristics using the red noise spectra again (Figure  S4). Enhancements of the 
tilt change in a frequency band of 0.1–0.2 Hz can be found in the entire station. The amplitude of the tilt 
change in the frequency band is about 0.2–0.3 s (unit: degree). We estimate magnetic disturbance from the 
tilt changes through the roll pitch yaw angle (Slabaugh, 1999; also see supplementary). Amplitude of the 
disturbance is about 0.06 nT that is insufficient to directly contribute to the magnetic pulsations (0.1–1 nT) 
observed in this study. In fact, the tilt change mainly distributes in a frequency band of 0.4–0.5 Hz that is 
relevant to the amplitude of about 0.3–0.4 s. If the tilt change can amplify disturbance on the geomagnetic 
field, geomagnetic data can accordingly exhibit enhancements in the frequency band of 0.4–0.5 Hz. Howev-
er, obvious enhancements of the geomagnetic data are not observed in the frequency band of 0.4–0.5 Hz but 
0.1–0.2 Hz (Figure 2). This suggests that the geomagnetic pulsations observed in this study are not caused 
by the tilt changes.

In addition, if the geomagnetic pulsations are resulted from the tilt changes of the shaking effect, their 
horizontal and vertical variations should have same phase (i.e., no delay). To evaluate this possibility, we 
subsequently computed the phase differences between the horizontal and vertical magnetic fields and the 
phase differences between the horizontal magnetic field and horizontal seismic displacement (Figure 8). 
Only the analytical results associated with the EW and vertical component data are evaluated in Figure 8 
because no significant relationship was obtained from the NS component data. This discrimination should 
be caused by the propagation direction of microseisms, which may decrease the magnitude of observed 
geomagnetic signals along the NS direction. The upper panel of Figure 8 shows that the phase differences 
between the EW and vertical magnetic fields are mainly distributed in the ranges of 45–90° for the BAY 
station and 75–120° for the YMM station, and the phase difference is ∼80° for the ZHU station. The lower 
panel of Figure 8 shows that the phase differences between the EW magnetic field and the EW particle 
displacement for the three stations are widely distributed. However, one of the major peaks appears at the 
phase difference of ∼90°. A phase difference that deviates from 90° would correspond to other mechanisms, 
whereas a phase difference near 90° demonstrates that the magnetic pulsations observed in this study are 
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Figure 7. Lead times of the propagating geomagnetic waves relative to ground motion. The upper (bottom) panel shows the propagation velocities (lead times). 
Distributions of the lead times of magnetic pulsations relative to ground motion were obtained via the CCF method and are shown in (a–c). CCF, capital cash 
flow.
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actual signals. Therefore, the time-lagged magnetic pulsations corresponding to the P-SV-type microseisms 
(also see Figure 7) in the frequency band of 0.1–0.2 Hz can be distinguished even though microseisms are 
generally considered to be weak and interact with many unknown ground motion sources.

The electrokinetic effect (Gao & Hu, 2010; Haartsen & Pride, 1997) and the motional induction effect 
(Gao et al., 2014, 2019) are two major potential mechanisms for the generation of a magnetic field accom-
panying seismic waves. We simulated electromagnetic signals generated by an earthquake source based 
on the motional induction effect using a 4-layer conductivity structure from C. S. Chen (2008) through 
the method proposed in Gao et al.  (2019) (Figure S5). Simulation results show that the magnitude of 
the induced magnetic field is about 0.15 nT for the particle velocity of ground motion on the order of 
0.01 m/s (Figure S6). The simulation results roughly agree with the observation shown in Figure 6, where 
the estimated velocity for the particle motion is in the order of ∼0.01 m/s while the magnetic signal is on 
the order of 0.1–1 nT. In addition, the simulation results show that the phase between the horizontal and 
vertical component of the simulated magnetic signal exhibits a difference of ∼90°. The phase difference 
between the horizontal magnetic signal and horizontal particle displacement is also ∼90° (Figure S6). 
Agreements between these properties and the motional induction simulations implies that the time-
lagged magnetic pulsations associated with P-SV-type microseisms observed in this work might be caused 
by the motional induction effect.

We also simulate electromagnetic signals (Gao, 2010) generated by an earthquake source due to that geo-
magnetic pulsations can be also triggered by ground motion based on the electrokinetic effect (Haartsen & 
Pride, 1997). The magnetic field induced by a P-SV-type wave has no vertical component, because P-SV-type 
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Figure 8. Normalized distributions of the phase differences between magnetic pulsations and ground motion 
during the low-noise period on the geomagnetically quiet day (i.e., May 26, 2014). Normalized distributions of phase 
differences with a resolution of 5° at BAY, YMM and ZHU are shown in (a–c), respectively. The upper panel shows 
the phase difference between the EW and vertical components within the geomagnetic data. The lower panel shows 
the phase difference between the geomagnetic data and ground motion on the EW component. Vertical dashed lines 
indicate a 90° phase difference. EW, East-West.
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waves are resulted from the interference between P and SV waves both of which produce only horizontal 
magnetic disturbances (Figure S7). In this work, the geomagnetic pulsations accompanying the P-SV-type 
waves appear on both the horizontal components and the vertical component (i.e., the elliptical rotation in 
Figure 6). The disagreement in the vertical induced geomagnetic field between the observed data and the 
electrokinetic modeling suggests that the observed geomagnetic pulsations were not likely caused by the 
electrokinetic effect.

It should be mentioned that there is another mechanism associated with the geomagnetic field. It is the 
so-called “seismic dynamo effect” proposed by Honkura and his coauthors (Honkura et al., 2009; Kuriki 
et al., 2011; Matsushima et al., 2013) and caused by the motion and resonance of groundwater ions in the 
geomagnetic field. Honkura et al. (2009) presented a theoretical model to estimate the electric field and 
found that a circular polarized electric field can be generated due to such a mechanism, agreeing with 
their observations. However, because their study did not calculate the magnetic responses, it is unknown 
whether such a mechanism can result in a magnetic field. This effect will need to be further explored in 
future studies.

In short, magnetic field generation by the motional induction effect has been confirmed (Gao et al., 2014, 
2019; Yamazaki, 2012). The geomagnetic pulsations associated with such electric currents flowing in the 
Earth's crust should exist. The geomagnetic pulsations excited by P-SV-type microseisms based on the mo-
tional induction effect should be a common phenomenon in the world and are detectable particularly in a 
place over relatively high conductivity materials. However, the microseisms usually possess larger energy 
for the seismic stations located along the coast. Their energy could be attenuated with regard to the distance 
from the coast. Therefore, similar observation may not be clear for the stations located far from the coast.

5. Conclusion
The geomagnetic field is affected not only by the induced field triggered by the motion of high-conductivity 
seawater but also by microseisms caused by the coupling between ocean waves and the seafloor. The geo-
magnetic pulsations observed at the northern end of Taiwan, at the frequency band between the 0.1–0.2 Hz, 
are dominantly influenced by P-SV-type microseisms that propagate with a velocity of ∼2.9 km/s. The ab-
sence of a significant time difference between the geomagnetic pulsations and ground motion suggests 
that the observed geomagnetic pulsations are triggered by microseisms. These pulsations are not directly 
induced by ocean waves; instead, the 90° phase difference observed on the EW component is induced by 
ground motion relative to the geomagnetic pulsations and on the vertical component in the magnetic pul-
sations. These results suggest that the geomagnetic pulsations observed in this study are likely attributed to 
the motional induction effect triggered by P-SV-type microseisms.

Data Availability Statement
The data utilized in this study can be downloaded at https://datadryad.org/stash/share/
mfNUYpxXFCfNQsR0dx3UXCF4uId9Ps6kh_GsiirUTKk.
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