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Abstract We examine the relationship between earthquakes and ultralow frequency (ULF) wave activity
in the nighttime ionosphere based on the electric field data in the direct current/ULF range observed by the
DEMETER satellite over a ~5.5 year period from May 2005 to November 2010. ULF wave activity is
identified by an automatic detection algorithm and those which occur on the geomagnetic disturbed days
(Kp > 3 at any time intervals) are discarded. Only the earthquakes with depth ≤70 km and occurring in the
region of |MLat| < 40° are selected. A superposed epoch analysis is performed to study the statistical
association between ULF wave activity and the selected earthquakes. The results show that (1) there are
clearly temporal and spatial correlations between ULF wave activity and earthquakes whose catalog
magnitudes are both≥4.8 and≥5.0, and (2) enhanced ULF wave occurrence rate happens ~1 day and 1 week
before the earthquakes and at less than 200 km distance from the epicenters.

1. Introduction

Electromagnetic variations associated with earthquakes have been reported as early as 1960s (Moore, 1964),
and cover a wide frequency range from direct current (DC) to very high frequency. These electromagnetic
effects are primarily taken from either passive/active ground‐based observations or satellite measurements.
Ground‐based observations of electromagnetic disturbances in the ultralow frequency (ULF, f < 10 Hz)
range are considered as one of the most promising means to monitor precursory signatures with earth-
quakes, since the larger skin depth is comparable to the depth of earthquakes (e.g., Yumoto et al., 2009).
However, there are also intense debates on the relationship between the reported ULF precursory signals
and earthquakes (Campbell, 2009; Masci, 2010; Thomas et al., 2009), mainly due to the fact that the genera-
tion mechanisms of ULF disturbances are poorly understood and there is a lack of the statistically signifi-
cance analysis of ULF anomalies. Recent statistical studies have verified the existence of ULF
electromagnetic emissions before earthquakes (Bortnik et al., 2008; Han et al., 2014; Hattori et al., 2013).

Theoretical studies have shown that the penetration of electromagnetic emissions induced by earthquakes
into the upper ionosphere and magnetosphere is possible only in the ULF range (Molchanov et al., 1995).
Several case studies suggest that anomalous ULF wave activity before earthquakes is recorded by satellites
in the ionosphere, such as the Swarm and theDEMETER satellites (De Santis et al., 2017;Walker et al., 2013).
On the other hand, it is now well established that other ionospheric parameters, for instance, electron/ion
density, total electron content, and ELF/VLF wave intensity, have shown pre‐earthquake effects (e.g., Liu
et al., 2013; Němec et al., 2008; Yan et al., 2017). However, previous studies have not dealt with the statistical
relationship between ULF wave activity in the ionosphere and earthquakes.

This study seeks to obtain the large and reliable data set of ULF wave activity in the ionosphere to help
address this research gap. The methodology of this study is similar to Bortnik et al. (2008), in which
ground‐based Pc1 pulsations detected by an automatic identification algorithm are statistically correlated
to earthquakes. The remaining part of our paper proceeds as follows: Section 2 describes the list of ULF wave
events, detected by an automatic algorithm from electric field data recorded by the DEMETER satellite, and
the earthquake catalogs with depth, latitude, and aftershocks under consideration; section 3 shows examples
of ULF disturbances before earthquakes; section 4 presents the superposed epoch analysis of ULF wave
activity relative to real and random earthquakes; section 5 attempts to test the significance of the correlation;
section 6 discusses the association between ULF wave activity in the ionosphere and earthquakes, and
section 7 summarizes our conclusions.
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2. ULF Wave Events and Earthquake Catalogs
2.1. ULF Wave Events

We use the electric field data in the DC/ULF range observed by the DEMETER satellite from May 2005 to
November 2010 to identify ULF wave events in the ionosphere. The DEMETER satellite was launched on
29 June 2004 into a nearly Sun‐synchronous circular orbit with a 98° inclination and an altitude of about
710 km, and the altitude was lowered to 660 km in December 2005. Its data are organized per half orbit either
on the dayside (~10:30 LT) or nightside (~22:30 LT) at the invariant latitude between−65° and 65° (Lagoutte
et al., 2006, p. 2). Three components of electric field data in the DC/ULF range for all operational modes are
available with a sampling frequency of 39.0625 Hz and a resolution of ~40 μV/m (Berthelier et al., 2006).

An automatic wave detection algorithm adapted from Bortnik et al. (2007) is applied to the electric field data
to identify ULF wave events in the ionosphere, and the detailed description is given in Ouyang et al. (2019).
This algorithm consists of two main parts. In the first part, spectral peaks are identified based on the
dynamic spectra along each half orbit, which exceed the background spectra by at least 1 order of magnitude.
In the second part, spectral peaks in consecutive time segments are grouped into individual wave events.
Spectral peaks need to satisfy the conditions of minimum duration (~1 min in our case) and spectral conti-
nuity to be treated as an event. In this paper, a finer spatial resolution is needed for analyzing ULF wave
activity in the dimension of the distances from epicenters, so we use ~20 s time segments to conduct
Fourier transform. Since one sample array of electric field contains 256 data points, there are 20/(256/
39.0625) ≈ 3 sample arrays during a 20 s interval. The actual sampling duration Ts ¼ 256 × 3/
39.0625 ¼ 19.6608 s, so the consequent frequency resolution fs ¼ 1/Ts ¼ 0.0509 Hz. Therefore, the lower
and upper cutoff frequencies are set to 0.0509 and 1 Hz, and the minimum width of the spectral peak is
0.118 Hz (2fs) in our detection algorithm. Since ULF oscillations of electric field recorded by the
DEMETER satellite are mostly observed on the nightside (Ouyang et al., 2018), the automatic detection algo-
rithm is only applied to the nightside observations. A total of 64,403 ULF wave events in the nightside iono-
sphere are obtained during our ~5.5 year period.

2.2. Earthquake Catalogs

According to USGS earthquake catalog (https://earthquake.usgs.gov/earthquakes/search/), there are 18,739
earthquakes with magnitudes larger than or equal to 4.8 from May 2005 to November 2010. In order not to
mix pre‐earthquake and postearthquake effects, “aftershocks” are not considered in this study.We check the
earthquake list chronologically to remove “aftershocks,” which are defined as any other earthquakes occur-
ring within the next 15 days almost at the same location of the checked earthquake. The same location of a
given earthquake is characterized by a small area centered on the epicenter with its latitude ±1° by longitude
±1°. After removing “aftershocks,” still 9,420 earthquakes are left. Since the earthquake's depth may also be
a critical parameter for anomaly signals, the concern about depth is included. The skin depth of ULF waves
is comparable to the depth of earthquakes. According to the frequency range of our wave events
(0.0509–1 Hz), it is estimated that the skin depths are around 2–70 km for typical ground conductivity values
(Yumoto et al., 2009). In this paper, we assume that ULF electromagnetic signals in the range of 0.0509–1 Hz
from those earthquakes with depth >70 km cannot come out from the lithosphere, so earthquakes with
depth >70 km are discarded. Consequently, there remains 7,164 earthquakes with magnitude ≥4.8 in the
list. ULF wave activity in the ionosphere enhances in the region of |MLat| ≥ 40° during geomagnetic storms
(Ouyang et al., 2019), and it is generally thought that the ULF wave activity at higher latitudes is more likely
related to magnetospheric origins. Thus, we only select the earthquakes in the region of |MLat| < 40° in
order to avoid possible effects from the magnetosphere. The final earthquake catalogs include 5,594 and
3,442 earthquakes with magnitude ≥4.8 and ≥5.0, respectively. In addition, two corresponding catalogs
are generated by keeping the latitude of real earthquakes but shifting the longitude by 25° westward (Li &
Parrot, 2013) and uniformly distributing the earthquake times. Keeping the latitude and shifting the longi-
tude can maintain the pattern of epicenter distribution, since most earthquakes spread over specific areas
rather than uniformly distribute throughout the globe. On the other hand, this way of generating random
epicenters help try to keep the similar ULF wave activity background for real and random earthquakes.
The offset of the longitude makes random earthquakes located at a moderate distance from the real epicen-
ters and outside of the usual anomaly searching range. These two random catalogs are used to compare with
the results of real earthquakes.
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3. Earthquake Case Study

Figure 1 shows an example of ULF disturbances before the M6.1 Bhutan earthquake (27.33°N, 91.44°E) at
08:53:05 UT on 21 September 2009.We obtain the dynamic spectra of total cross‐covariance power of the half
orbit (Figure 1b), which is the first step to our automatic wave detection algorithm (Bortnik et al., 2007;
Ouyang et al., 2019). As described in Ouyang et al. (2019), the background noise, defined as the median of
total cross‐covariance power for each frequency component during all time segments along the half orbit,
is removed (see Figure 1c); and a moving average is applied to get a smoother spectrogram and better reveal
spectral peaks (see Figure 1d). As shown in Figure 1d, ULF disturbances around 15:18 UT last for five con-
secutive time segments, which have been treated as a ULF wave event. As can be seen from Figure 1a, the
location of this ULF wave event indicated in black is very close to the epicenter marked in red. This ULF
wave event occurs on a geomagnetic quiet day with Kp < 3 and Dst > −30 nT at all hours of the day.
Another influence factor for ULF wave events is from electron density perturbations which are probably
related to plasma irregularities (Ouyang et al., 2018). Thus, we have also checked and found that this ULF

Figure 1. An example of ULF disturbances before the M6.1 Bhutan earthquake on 21 September 2009. (a) The location of
the epicenter and a half orbit on 20 September 2009, 1 day before the earthquake; oceans and land in the map are
shown in blue and brown, respectively; (b) original dynamic spectra of total cross‐covariance power along the half orbit
in the panel a; (c) spectra with the background noise removed; and (d) moving averaged spectra.
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wave event is not accompanied by simultaneous electron density perturbations. It is very likely that this ULF
wave event has a close association with the M6.1 Bhutan earthquake due to their temporal and spatial
correlations.

Another example of ULF disturbances before the M5.7 Japan earthquake (24.87°N, 128.03°E) at 22:35:04 UT
on 6 July 2009 is shown in Figure 2. Similar to Figure 1, panels in Figure 2 present the location of the epi-
center and the analyzed orbit, original dynamic spectra, spectra with the background removed, and
smoothed spectra. Except for disturbances at high latitudes, ULF disturbances from 13:03 to 13:08 UT last
for more than 10 consecutive time segments. In addition, the location of these disturbances, which are just
above the epicenter, is marked in black in Figure 2a. Same as the example in Figure 1, these ULF distur-
bances occur on a geomagnetic quiet day and are not accompanied by significantly simultaneous electron
density perturbations. This example also demonstrates a very likely correlation between ULF disturbances
and the M5.7 Japan earthquake.

Figure 2. Another example of ULF disturbances before the M5.7 Japan earthquake on 6 July 2009. (a) The location of the
epicenter and one half orbit on 6 July 2009, ~10 hr before the earthquake; oceans and land in the map are shown in
blue and brown, respectively; (b) original dynamic spectra of total cross‐covariance power along the half orbit in the
panel a; (c) spectra with the background noise removed; and (d) moving averaged spectra.
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4. Superposed Epoch Analysis

To investigate the association between ULF wave activity in the ionosphere and earthquakes, we perform a
superposed epoch analysis from 15 days before to 5 days after the earthquake time. Before the superposed
epoch analysis, the effects possibly from geomagnetic disturbances need to be eliminated. Therefore, the
time periods from 15 days before to 5 days after each earthquake time are checked, if there is a time interval
on a day with Kp > 3, all wave events on this day are discarded. At least, 45,548 ULF wave events are left for
further statistics.

The time difference of each ULF disturbance in each ULF wave event relative to each of the earthquake
times and the distance of each ULF disturbance from each of the epicenters are calculated and binned into
12 hr and 200 km bins. The results of the occurrence rate of ULF disturbances relative to real and random
earthquakes with magnitudes ≥4.8 and depth ≤70 km in the region of |MLat| < 40° are shown in
Figure 3. The occurrence rate is defined as the ratio of the number of ULF disturbance samples to the num-
ber of half orbits in each bin. What is interesting in Figure 3a is that ULF wave occurrence rate increases
close to the epicenters (less than 200 km) and shortly (~7 and 1 days) before the earthquakes. By contrast,
Figure 3b shows results relative to 5,594 random earthquakes. The overall occurrence rate is lower than that
in Figure 3a, and it does not show the close temporal and spatial correlations between ULF wave occurrence
and the random earthquakes.

Figure 4 shows the superposed epoch results of earthquakes with larger magnitudes (≥5.0). As can be seen
from Figure 4a, ULF wave occurrence rate mainly enhances at ~7 and 1 to 2 days before the earthquakes and
concentrates in the area of less than 200 km distance from the epicenters, which is similar to the result of
earthquakes with magnitudes ≥ 4.8 shown in Figure 3a. As expected, the pre‐earthquake effect of ULF wave
activity is stronger for results of earthquakes with larger magnitudes. For example, in the bin (−6.5 days,
200 km), the occurrence rate is equal to 6.98% in Figure 3a (magnitudes ≥ 4.8) whereas it is equal to

Figure 3. Superposed epoch analysis of ULF wave activity relative to 5,594 earthquakes with magnitudes ≥4.8 and depth
≤70 km in the region of |MLat| < 40°. The occurrence rate of ULF waves is organized in bins of 12 hr (time from the
earthquakes) by 200 km (distance from the epicenters). (a) Results of real earthquakes; (b) similar to (a) results of random
earthquakes.
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7.84% in Figure 4a (magnitudes ≥ 5.0). Results of random earthquakes are presented in Figure 4b. The
overall occurrence rate in Figure 4b is lower than that in Figure 4a, and it does not show a notable
correlation with the earthquakes.

The increase of the ULF wave occurrence rate is relatively small (~2–4%) in Figures 3a and 4a relative to the
background. Nevertheless, it is the result of a statistical analysis and ULF waves or oscillations in the iono-
sphere can be generated by other sources, mainly including ULF waves in the magnetosphere, plasma irre-
gularities in the ionosphere, and lightning in the atmosphere (Ouyang et al., 2019). The two important points
are that the occurrence rate is higher than the background close to the epicenters in distance and in time and
that this occurrence rate increases with the earthquake magnitude.

5. Significance Test

We have generated two random earthquake sequences with M ≥ 4.8 and M ≥ 5.0 and performed the super-
posed epoch analysis as shown in Figures 3b and 4b. Since there is no correlation between the random earth-
quakes and ULF wave occurrence rate, these random earthquake results in Figures 3b and 4b are used to
assess the significance of the results in Figures 3a and 4a. All data in Figures 3b and 4b are respectively tested
for consistency with a normal distribution using the Kolmogorov‐Smirnov test (Massey, 1951), which shows
that both are consistent with a normal distribution at the 5%, 1%, and 0.1% significance level. The mean μ
and standard deviation σ of each random sequence are derived and used to normalize the results in
Figures 3a and 4a. Figures 5a and 5b show the normalized ULF wave occurrence rate, that is, Z value
(¼ (x − μ)/σ), as a function of ΔT and ΔD. It can be seen in Figures 5a and 5b that increase in normalized
ULF wave occurrence rate at ΔD < 200 km, ΔT ~ 7 and 1–2 days prior to earthquakes is very significant.
Figures 5c and 5d indicate that Z values at ΔD < 200 km are beyond the 0.1% significance level at 6.5 and
0.5 days prior to both M ≥ 4.8 and M ≥ 5.0 earthquakes. The decrease in Z value at ΔT ~ 11 days prior to

Figure 4. Superposed epoch analysis of ULF waves relative to 3,442 earthquakes with magnitudes ≥5.0 and depth
≤70 km in the region of |MLat| < 40° (similar to Figure 3). (a) Results of real earthquakes and (b) results of random
earthquakes.
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Figure 5. Significance test of ULF wave activity. (a) Normalized ULF wave occurrence rate with respect to M ≥ 4.8
earthquakes, (b) similar to (a) for M ≥ 5.0 earthquakes, (c) normalized ULF wave occurrence rate within 200 km
(distance from the epicenters) for M ≥ 4.8 earthquakes, and (d) similar to (c) but for M ≥ 5.0 earthquakes. Red lines at
±3.2905 in (c) and (d) indicate the rejection bounds at the 0.1% significance level.
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M ≥ 4.8 earthquakes (Figure 5c) is not taken as an anomaly, since there is not the same phenomenon with
respect to M ≥ 5.0 earthquakes (Figure 5d).

6. Discussion

Spacecraft observations of electromagnetic disturbances connected with earthquakes are extensively
reported in the ELF/VLF range, with an increase or decrease in the wave intensity (e.g., Němec et al., 2008,
and references therein). On the other hand, only a few case studies have tried connecting ULF wave activity
with earthquakes (Balasis & Mandea, 2007; De Santis et al., 2017; Walker et al., 2013). In the current statis-
tical study, pre‐earthquake effects close to the epicenters are found, suggesting the association between
earthquakes and the ULF wave activity as recorded in the ionosphere.

Several models have been suggested for possible generation mechanisms of ULF waves induced by earth-
quakes, mainly including microfracturing electrification (e.g., Molchanov et al., 2001; Molchanov &
Hayakawa, 1995), electrokinetic effect (e.g., Fenoglio et al., 1995; Ishido & Mizutani, 1981; Mizutani
et al., 1976; Morgan et al., 1989), and solid state mechanism (e.g., Freund, 2007; Park et al., 1993).
Freund (2011) has reviewed some well‐known physical processes for seismo‐electromagnetic signals, among
which, under realistic crustal conditions, microfracturing seems impossible and electrokinetic effect is too
weak. Solid state mechanism identifies electronic charge carriers, both electrons and positive holes, which
are activated when rocks are stressed and are able to work like a battery. Then sufficiently large electric cur-
rent could be produced dependent on rock volumes. These electric currents can generate magnetic field var-
iations and low frequency electromagnetic emissions (Freund, 2007, 2011). As shown in Molchanov
et al. (1995), the fields from a magnetic type source could penetrate into the upper ionosphere and magneto-
sphere and the penetration is possible only in the ULF range, which makes it possible to observe ULF wave
activity related to earthquakes by satellites.

The spatial scale of significantly enhanced ULF wave activity is less than 200 km as shown in Figures 3a and
4a. According to Dobrovolsky's formula (Dobrovolsky et al., 1979), using the earthquake magnitude, we
could estimate the size of earthquake preparation zone. If we calculate the Dobrovolsky's formula for earth-
quakes with magnitudes ≥4.8 and ≥5.0, we obtain a preparation zone of ~162 and ~196 km, respectively.
This estimation well agrees with our results that significant increase in ULF wave occurrence rate happens
in the affected area with a radius less than 200 km.

Another important finding is that the time of pre‐earthquake effects is at ~7 days and ~1 to 2 days before both
for statistical results of earthquakes with magnitudes ≥4.8 (see Figure 3a) and ≥5.0 (see Figure 4a). Previous
studies have shown that the decrease of ELF/VLF wave intensity occurs very shortly (<4 hr) before earth-
quakes (Němec et al., 2008, 2009; Píša et al., 2013). This is not in contradiction with our study because this
decrease does not occur in the same frequency range and thus is not related to the same waves. Other iono-
spheric parameters usually change several days before earthquakes. For example, the statistical studies have
reported that ion density perturbations occur 5 days before (Yan et al., 2017); total electron content signifi-
cantly decrease 2–9 days before (Liu et al., 2013), and abnormal decrease of the ionospheric foF2 occurs
within 5 days before the earthquakes (Liu et al., 2006). Our statistical results indicate that the time scale
of pre‐earthquake ULF disturbances in the ionosphere is similar to other ionospheric parameters.

Our results are obtained from a statistical analysis, and this means that not all earthquakes will trigger ULF
oscillations. For example, all earthquakes occurring in the region of |MLat| < 40°, with magnitude >5.5 and
depth ≤70 km have been individually studied. For data recorded until 2 days before and at a distance less
than 1,000 km from the epicenters, only 34% of these earthquakes present ULF oscillations similar to
Figures 1 and 2.

7. Conclusions

This study has examined the association between ULF wave activity in the nighttime ionosphere and earth-
quakes. ULF wave activity is detected by an automatic algorithm based on the electric field data in the
DC/ULF range from May 2005 to November 2010 recorded by the DEMETER satellite. ULF wave events
occurring on the geomagnetic disturbed day (Kp > 3 at any time intervals), and earthquakes with depth
>70 km or taking place in the region of |MLat| ≥ 40° are discarded. The remaining ULF disturbances
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have been statistically correlated to real and random earthquakes with magnitudes≥4.8 and≥5.0 during the
same period. The major findings are summarized as follows:

1. The superposed analyses have shown the close temporal and spatial correlations between ULF wave
activity in the nighttime ionosphere and earthquakes listed in catalogs having magnitudes both ≥4.8
and ≥5.0.

2. The significantly enhanced ULFwave occurrence rate occurs at ~7 and 1 days before the earthquakes and
less than 200 km distance from the epicenters. The correlation is stronger for magnitudes ≥5.0 as
expected.

3. The test of significance shows that the abovementioned pre‐earthquake effects are beyond the 0.1% sig-
nificance level.

Data Availability Statement

The authors thank the DEMETER scientific mission center for the high‐quality data, which can be accessed
at https://cdpp-archive.cnes.fr/ website. The Dst and Kp indices can be accessed at http://wdc.kugi.kyoto-u.
ac.jp/wdc/Sec3.html website.
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