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Abstract: Earthquakes are known to generate disturbances in the ionosphere. Such disturbances,
referred to as co-seismic ionospheric disturbances, or ionoquakes, were previously reported for
large earthquakes with magnitudes Mw > 6.6. This paper reports ionoquakes associated with the
Ridgecrest earthquakes of magnitude (Mw = 6.4), that occurred on 4 July 2019 in California, USA.
The ionoquakes manifested in total electron content (TEC) in the form of traveling ionospheric
disturbances (TIDs) within 1 h from the mainshock onset. These seismic-origin TIDs have unique
wave characteristics that distinguish them from TIDs of non-seismic origin arising from a moderate
geomagnetic activity on the same day. Moreover, in the space-time domain of the detection of seismic-
origin TIDs, TIDs are absent on the day before and day after the earthquake day. Their spectral
characteristics relate them to the Earth’s normal modes and atmospheric resonance modes. We found
the ground velocity associated with the mainshock, rather than the ground displacement, satisfies the
threshold criteria for detectable ionoquakes in TEC measurements. Numerical simulation suggested
that the coupled seismo-atmosphere-ionosphere (SAI) dynamics energized by the atmospheric waves
are responsible for the generation of ionoquakes. This study’s findings demonstrate the potential of
using TEC measurement to detect the ionospheric counterparts of moderate earthquakes.

Keywords: earthquakes; GNSS-TEC; acoustic gravity waves; seismo-atmosphere—ionosphere coupling

1. Introduction

During earthquakes (EQs), a significant part of the seismic energy and momentum of
the ground displacement transfers to the overlying atmosphere and ionosphere [1-13]. This
seismo—atmosphere—ionosphere (SAI) coupling involves neutral and plasma waves that
eventually give rise to disturbances in the ionosphere [14]. The co-seismic ionospheric
disturbances (or ionoquakes) can be detected in the form of disturbances in ionospheric
motion deduced from Doppler sounders [2,15] and disturbances in ionospheric total elec-
tron content (TEC) data deduced from the Global Navigation Satellite Systems (GNSSs)
networks [16-24]. Though less sensitive than Doppler measurements in detecting iono-
quakes, GNSS-TEC measurements are widely used for the detection of co-seismic perturba-
tions owing to their continuous operation and wider spatial coverage [12,16]. Moreover,
high-rate GNSS-TEC measurements can be employed for determining the seismic source
parameters [10,25-27].

However, that not all EQs can generate perturbations large enough to be detected in
the ionosphere. Past studies reported that only EQs with a moment magnitude (Mw) larger
than 6.8 can generate detectable ionoquakes [28]. However, in some cases, even smaller
events can be detected. The Mw 6.6 Chuetsu-Oki earthquake of 16 July 2007 is the smallest
event ever recorded in the ionosphere Cahyadi and Heki (2015) [29]. In terms of the ground
displacement required to produce a detectable ionoquake in GNSS-TEC measurements,
the threshold of about 0.3 m was established [29]. This threshold is much higher than the
threshold of ~0.1 mm for Doppler measurements [16,30]. Therefore, ionoquake detection
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by GNSS-TEC measurements is limited to only strong EQs, and their detection for those
Mw < 6.6 has not been reported to date. This task is crucial for future possible applications
of ionosphere-based methods for the detection of natural hazards.

The detectability of ionoquakes, especially for smaller EQs, can be significantly chal-
lenging in the presence of non-seismic-origin disturbances. For instance, those produced
from tropospheric convection and geomagnetic storm share common spectral and propaga-
tion characteristics with ionoquakes [9]. Therefore, it is difficult to separate the co-seismic
from non-seismic ionospheric disturbances. This task is crucial for future possible applica-
tions of ionosphere-based methods for the detection of natural hazards. However, until
now, no such methods have been suggested.

In the present study, we investigated the ionospheric response to a moderate EQ
occurred in California, USA, on 4 July 2019. The magnitudes of the EQ was 6.4, i.e., below
the previously reported threshold of 6.6-6.8 [28,29]. We note that the considered event
occurred during moderate geomagnetic disturbances and before the strong EQ of Mw 7.1
on 6 July 2019. Therefore, this seismic event provided an ideal candidate for examining the
potential of GNSS-TEC-based ionospheric seismology.

2. Materials and Methods
2.1. The 4 July 2019 Ridgecrest Earthquakes

On 4 July 2019 (referred as the event day), a moderate EQ with magnitude
Mw 6.4 (the mainshock) occurred in eastern California (USA), north and northeast of
the town of Ridgecrest. The mainshock struck at 17:33 UT, and a series of aftershocks
followed during the next two hours (Table 1). The mainshock was the consequence of
three separate EQs (Mw = 6.1, 6.2, and 6.2) in a trio of failures, lasting 12 s. Together,
these produced enough energy to create a Mw 6.4 earthquake [31]. According to the
U.S. Geological Survey (USGS), the mainshock resulted from shallow strike slip faulting
(https:/ /earthquake.usgs.gov/earthquakes/eventpage/ci38443183 /technical (accessed on
5 November 2021)), which means that the co-seismic crustal displacements were mostly
horizontal. The shakemap of the mainshock in Figure A1 (Appendix A) reveals that the
seismic activity wasconfined in region between 117°-118°W and 35°-36°N.

Table 1. Selected earthquakes of the Ridgecrest sequence, USGS database, magnitude > 3.55, 4 July
2019, California, USA.

No. Time (UT) Lat, Lon Depth (km) Magnitude Location
(Degrees)
1 173349 3571, —117.50 1050 6.40 Ridgecrest Earthquake
Sequence

2 18:08:45 35.71,35.71 117.47 3.55 9 km SW of Searles Vallay
3 18:27:59 35.75, —117.55 6.64 423 14 km W of Searles Valley
4 18:39:44 35.60, —117.60 2.81 4.59 7 km ESE of Ridgecrest

5 18:47:06 35.67, —117.49 8.53 4.34 13 km SW of Searles Valley
6 18:54:13 35.60, —117.60 5.33 4.07 7 km ESE of Ridgecrest

7 18:56:06 35.72, —117.56 1.92 4.58 15 km NE of Ridgecrest
8 18:56:22 35.71, —117.55 1.16 4.21 15 km NE of Ridgecrest
9 19:21:32 35.67, —117.49 5.16 4.50 13 km SSW of Searles Valley

2.2. GNSS and Seismometer Data

In this study, we used 600 GNSS receivers near the epicenter of the earthquake of
the permanent ground-based network UNAVCO (http://www.unavco.org (accessed on
5 November 2021)). The measurements provide phase and range characteristics of the
radio signal transmitted from the GNSS satellites at two frequencies (f; = 1575.42 MHz
and f, = 1227.60 MHz). These data are available in RINEX format with a sampling interval
of 15 s. Satellite PRN19 was selected for the present analysis because the corresponding
ionospheric piercing point (IPP) trajectories i.e., the trajectories of the satellite projected
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at the ionospheric height of 250 km, cover the earthquake shake zone around epicenter
during the earthquakes (17:33:49 UT and 18:39:44 UT), as evident from Figure 1.
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Figure 1. The IPP trajectories of the GPS satellite PRN19 registered by 600 GNSS receivers. The
color code represents an observation time between 14 and 20 UT. The star and squares represent
earthquake epicenter and seismic stations, respectively.

We also used data from the 10 ground seismometer stations with sampling of 0.025 s,
located within 1° of the epicentral distance (IRIS network: http://ds.iris.edu/wilber3
/find_event (accessed on 5 November 2021)).

2.3. Estimations of TEC and TEC Disturbance (ATEC)

The TEC is estimated from the phase and code measurements from ground-based GNSS-
receivers (e.g., Hofmann-Wellenhof et al. [32]), based on the following equation,

TEC:; fifs (L1A1 — LaAy + const +nL) (1)
40308 2 — g2+ 17 2 ’

where f; = 1575.42 MHz and f, = 1227.60 MHz are carrier-wave frequencies, A = ¢/ fi
and Ay = c/ f, are the corresponding wavelengths in meters, c is the speed of light, L;
and L, are the carrier phases, const is the unknown initial phase ambiguity, and nL is the
error in determining the phase path. The TEC is measured in TEC units (TECU) with
1 TECU = 10! el/m?. The precision of TEC estimation from phase measurements is about
0.01-0.02 TECU [33].

We examined TEC data with elevations higher than 20°. The TEC disturbance, ATEC,
was obtained by employing the Morlet wavelet [34] at various frequencies in 1-10 mHz,
i.e., in the frequency range of the Earth’s normal modes [2]. In addition, the net ATEC in
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frequency range of 1-10 mHz was obtained by taking average of various ATEC modes at
frequencies between 1 and 10 mHz.

2.4. Estimation of Ground Vertical Velocity and Displacement from Recorded Ground Motion

We employed the ObsPy library of python to process the recorded ground motions (in
counts format) from the seismometers around the epicenter [35]. The module downloads
the data in counts format and estimates the velocity and displacement of ground motion
with the instrumental response corrections that include the removal of frequency response
of the seismometers, the effects of any amplifiers, of analog and digital filters, and of
the digitalization.

3. Results and Discussion
3.1. Ionoquakes during a Mainshock of Mw 6.4

In Figure 2A, the ground vibration, in the form of vertical velocity (Vgigm, cm/s), is
plotted. It reveals the mainshock onset at 17.56 UT and a series of aftershocks; the largest
occurred at 18.66 UT (indicated by the dashed line). Interestingly, despite the strike-slip
focal mechanism, the mainshock attained a peak velocity of 6 cm/s, which is larger than the
mainshock amplitudes at far-field stations of many dip-slip EQs that produced ionoquakes,
as investigated by Artru et al. [2]. Artru etal. [2] also demonstrated that the Earth’s normal
modes in the frequency range of 1-10 mHz were responsible for the ionoquakes associated
with the 1999 Chi-Chi earthquake.

(A) Ground velocity

cm/s
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Longitude,

-116 =115

(B) TEC Time series
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Figure 2. (A) Vertical ground velocity at 10 seismic stations located within 1° of the epicentral
distance; the inset map shows an amplification around the velocity mainshock. (B) TEC values as
registered from various stations (total number = 110) located within a £1.25° epicentral distance
at the mainshock onset time. For seismic station with latitude (lats) and longitude (lons), epicen-

tral distance is defined as \/ (lats — latep)? + (lons — lonep)?. For GPS trajectories, it is defined as

\/(lato — latep)? + (long — loney)?, where (laty, long) are the latitude and longitude of the IPP tra-
jectory at the onset time of the mainshock. Here, (lat.p, lonep) is the epicenter coordinate. Vertical
dashed lines indicate the onset time of the mainshock of Mw 6.4 and the largest aftershock of Mw 4.6.
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(A) ATEC on previous day

Figure 2B shows the TEC along the trajectory of PRN19 as registered by various GNSS
stations. It reveals the availability of continuous TEC data in £2.25 h from the main shock
onset time (17.56 UT) so that the ionospheric variations are monitored well in advance.
This time window is adequate for monitoring the dynamics of TEC disturbances generated
from both seismic and non-seismic sources around the epicenter. This wide time window
permits the spectral analysis to resolve the frequencies higher than 1 mHz so that the TEC
data in +2.25 h remain unaffected by the edge effects arising from the filtering and running
mean average processes employed in the study.

Figure 3 shows the temporal variations in ATEC in space around the epicenter.
Figure 3B reveals the surge in intensified wave oscillations after the mainshock onset
on earthquake day, but no such surge can be noted in Figure 3A,C on the previous day or
on the day after, respectively. Therefore, from this spatio-temporal analysis, we concluded
that the intensified TEC disturbances in Figure 3B were likely of seismic origin.

We note that the amplitude of the intensified ATEC variations was about +0.15
TECU, i.e., more than 10 times exceeding the accuracy of GNSS-TEC of 0.01-0.02 TECU
(e.g., Coster et al. [33]).
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21 R o] Ry
~ - ’ A 4_-’\/ A e 3
- AN Y \ﬁ £ v
/ o ¥} V V4 - Jlo.10
v ¥ - e ~ )
T VI e
v y P
o o il L -»'/'\)‘“ \)A % L, N }h
| S e e | o ¥ o ) 4 ’ . o, A
1 d Tz N s 4 1d ud_,_:{ '(: / N M
o a7 ¥ J I ,__'N"a; p J ~ - |ro.05
i, o . p J o - o ¥ L4 S ‘,‘:‘ "‘5:'
] ‘ 2 T, "i.' :-"}: -t / J . {; .d‘l/;‘._f'ﬁ 4 ’:ez" Al " '§ NS -;J:_,Jf‘ ";- ’
g Jy T TN | )y e | VN A
2 . Y X y / J . A \ﬂ:f' e R - O T
e 2y L J 4 4 '_":g;/ s . il 87, 7 N
| 0 - 7 7 "4-":<J‘— . f] ';3::'1 J' " "_"’, J- / ¥ v/ / -‘JJ L 0.00
T'E 4 . Fre 3 ~ ’ / é i '-J..: ’i‘ b 9 . ~“/ d -‘_-‘_. iy y X
8 sV el 13 T 3 b 1 o
E ). f ar.? 7 . r wl‘f Y / i "i- oy W u«‘
i , ; 1) var A . L ~
Ju R 1 AT ¢ ' Pl
il /7 /] A7 ] p 1A - —0.05
i ) . | a irg. il
-1 i . f J 7 % .J Y y/ B -
Iy . W Lo i J }J L
| I 1jd J
I} ¢ t i o ]
!"j J M (] ol
} | J ' e ] L —0.10
)i I |
2 in i i 44 { [ q
J i i | ]
TR i b J
Ly / ‘
il &' ir] L _0.15
-2 -1 0 1 2 3-2 -1 0 1 2 3-2 -1 0 1 2 3

Epicentral Longitude, *

Epicentral Longitude, © Epicentral Longitude, *

Figure 3. TEC disturbance (ATEC) along the IPP trajectories (trajectories are from left to right) in the
vicinity of the epicenter on the previous day on 3 July (A), on the event day on 4 July (B), and on the
day after on 5 July 2019 (C). The disturbances were extracted from the raw TEC data by applying a
bandpass moving average filter with a parameter of 1-10 mHz. Small circles represent the locations
of the IPP at the mainshock time. The epicentral latitude and longitude are defined as lat — lat,, and
lon — lonep, respectively.

In addition, we analyzed the spectral characteristics of ATEC (Figure 4A). We note
that the oscillations intensified ~30 min after the mainshock onset. This timing suggests
the seismic-origin nature of the intensified ATEC disturbances, as also shown in Figure 3B.



Remote Sens. 2022, 14, 188 60f 17

Notably, the intensification concentrated in the 1-6 mHz frequency range i.e., in the acoustic-
gravity wave modes in which efficient seismic-ionospheric coupling has ben previously
reported [2,19]. The spectral evolution of ATEC is similar to that presented by Rolland
et al. [19] for various strong EQs. Moreover, we note from the ground velocity spectrogram
in Figure 4B that the mainshock velocity in the 1-6 mHz band was about 0.05-0.6 cm/s,
which is much larger than the 0.01 cm/s measured over France following the 1999 Chi-Chi
earthquake [2]. Therefore, the intensified ATEC oscillations prior to the onset of the series
of aftershocks in Figure 4A should be a part of ionoquakes in the form of gravity waves
generated by the mainshock of magnitude 6.4.

10 (A) ATEC spectrogram, Max—(3.6 mHz,0.08 TECU) TEEU
i i “ U |H0.0734
1 1 1
8 i i — 0.0489
N i i .
% ! : - 0.0245
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g 4 i i 8 — —0.0245
E i 0 i —
] © i — —0.0489
21 : ! -
i i T —0.0734
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= 61 i
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< \ |
= |
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| | H —0.982
15 ~1.0 —05 0.0 05 1.0 15

Time from mainshock onset time, hours

Figure 4. Spectrograms of the ATEC (A) and the vertical ground velocity (B) on earthquake day
(4 July 2019). Here, TEC and velocities are the averages over all the stations. Red and blue contours
represent the positive and negative values, respetively, with the corresponding maximum values
denoted as Max at the top of the panel. These maximum values belong to the 1-10 mHz frequency
range. Vertical dashed lines indicate the onset time of the mainshock of Mw 6.4 and the aftershock of
Mw 4.6. The time window of the data is 4-2.25 h; therefore, in 1-10 mHz, the data in +1.75 h remain
unperturbed from the boundary effects arising from the filtering. For this reason, the time axis in this
figure and in the rest of the figures is restricted to +1.75.

To examine the wave nature and propagation characteristics of ATEC oscillations, we
plotted the travel-time diagram, or hodogram, from the temporal and latitudinal distribu-
tion of ATEC. Figures 5-7 present the hodograms constructed around the epicenter from
about 400 trajectories on the earthquake day (Figure 6), previous day (Figure 5), and day af-
ter (Figure 7). On earthquake day, we note two distinct characteristics: (1) the intensification
of ATEC after the onset time of the mainshock, and (2) emergence of southward-propagating
wavefronts (marked as two ellipses) in the vicinity of the epicenter during 0.5-1 h from
the mainshock onset. These two characteristics were absent on the pre- and post-EQ days.
Therefore, we concluded that on the day of the earthquake, ionoquakes were generated
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in the form of amplified ATEC and southward-propagating wavefronts in the vicinity of
the epicenter.
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Figure 5. Hodogram of the observed ATEC on the previous day.

3.2. Solar and Geomagnetic Activity during the Ionoquakes

It is known that enhanced solar and geomagnetic activities are the primary sources of
disturbances in the ionosphere and thermosphere (e.g., [36,37]). During the observation
of ionoquakes, the planetary Kp index varies between 2 and 2+ (according to the World
Data Center in Kyoto, http://wdc.kugi.kyoto-u.ac.jp/ (accessed on 5 November 2021)),
which indicates a low level of geomagnetic activity. Further analysis revealed that the solar
wind speed was around 340 km /s, and no strong fluctuations were observed (Figure A4
in Appendix A). The interplanetary magnetic field north-south component (IMF Bz) fluc-
tuated between £4 nT. The SYM-H index was positive and below +10 nT. Another index,
the auroral electrojet (AE), showed a small increase up to 400-500 nT several hours before
the earthquake (http://wdc.kugi.kyoto-u.ac.jp/ae_realtime/201907 /index_20190704.html
(accessed on 5 November 2021); Figure A4d in Appendix A). Therefore, the activity can be
characterized as low to low-moderate. The enhanced auroral activity can generate Pc3-Pc5
and omega-band (Ps6) pulsations, but also TIDs of different wavelengths [9,38]. Such
disturbances be detected global-wide and do not have any correlation with the epicenter.
In our case, however, Figure 6 clearly shows that the ionoquakes were generated around
the epicentral area and propagated southward.
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Figure 6. Hodogram of observed ATEC on the earthquake day.

3.3. Ionoquakes and Co-Seismic Crustal Displacements

Artru et al. [2] reported observations of ionoquakes associated with the seismic surface
wave following the 1999 Chi-Chi EQ epicenter (lat, lon: 23.772°, 120.82°) registered by the
Francourville sounding station (lat, lon: 48.39°, 1.63°), France, i.e., ~9976 km away from
the epicenter. They showed that the vertical ground velocity of the order of 0.001 cm/s can
drive an ionospheric drift of 0.6 m/s, consistent with the ionospheric Doppler sounding
measurements they recorded over France. Figure 4B shows the mainshock ground vertical
velocity at 2-6 mHz is about 0.1-0.6 cm/s and, therefore, the corresponding ionospheric
drift is about 60-360 m/s. In acoustic-gravity wave mode frequencies of 2-6 mHz, these
drifts are sufficient to uplift-downlift the ionosphere by more than a scale height and can
generate disturbances detectable in GNSS-TEC measurements, as we found in the present
study. Therefore, even though the present event is a moderate EQ, the seismic energy
transferred in the normal modes was sufficient to generate ionoquakes in TEC.

According to Cahyadi and Heki [29], only EQs with a ground displacement larger than
0.3 m generate detectable ionoquakes in TEC measurements. The ground displacement
derived from the seismometer data attained a mainshock uplift of about 0.013 m (Figure A2
in Appendix A). Additinoally, Liu et al. [39], using GPS data, showed that the co-seismic
vertical ground displacement due to the mainshock of the Ridgecrest earthquake reached
approximately 0.02 m. These values are well below the threshold value of 0.3 m found by
Cahyadi and Heki [29]. The mainshock ground vertical velocity of 0.5 cm/s at 5.0 mHz in
Figure 4B corresponds to an uplift of about 1.0 m. In the 2-6 mHz frequency range that
hosts most of the ionoquakes, the ground velocity is in the range of 0.1-0.6 cm/s, which
corresponds to a ground uplift of 0.5-1.0 m. Therefore, the mainshock satisfies the threshold
condition and, hence, the EQ of Mw 6.4 can generate the seismic-origin disturbances
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identified in the hodogram in Figure 6. This also implies that the ground velocity of normal
modes might be the factor that determines the amplitude of ionoquakes. In addition,
significant horizontal displacements occurring beneath areas with high topography can
reinforce the vertical component.
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Figure 7. Hodogram of observed ATEC on the day after the EQ.

3.4. Ionoquake Simulation

The dominant presence of acoustic and gravity modes in Figure 4 suggests the partici-
pation of acoustic gravity waves (AGWs) in the coupling mechanism between the ground
and ionosphere [5,19]. This seismo-atmosphere—ionosphere (SAI) coupling mechanism is
robust since it uniquely explains the detectable ATEC arising from the tiny ground uplift as
low as 0.01 m due to the amplification by 3—4 orders at ionospheric heights [7,16]. In the
present study, we employed the SAI coupling simulation model [40] that, in the past ,was
used to simulate the ionoquakes from tsunamis. In the present study, instead of a tsunami
wave, the forcing from the ground vibration in the form of vertical velocity was considered.
Figure 8A illustrates the real seismic forcing in time and latitude, composed of a mainshock
onset at t = 0 min and a series of aftershocks similar to the seismometer-deduced ground
velocity (Figure 2A). Only the 1-10 mHz bandpass-filtered ground velocity from the seis-
mometer was considered to reconstruct the ground forcing in the simulation. Based on the
shakemap of the mainshock in Figure A1 (Appendix A), the horizontal Gaussian width
of the forcing is considered to be 1°. The forcing launches AGWs in the atmosphere that
subsequently generates the ionospheric disturbances. Figure 8B presents the hodogram of
the simulated ATEC, revealing the generation of wavefronts caused by acoustic waves prop-
agating outward from the epicenter within 10 min from the mainshock onset. In particular,
the simulated hodogram reveals two southward-propagating wavefronts during 0.5-1 h in
0——2° epicentral latitudes, similar to those marked by ellipses in Figure 6. In addition, it
reveals the generation of ionoquakes with an amplitude of about 0.05 TECU during the
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Epicentral Latitude, ©

Epicentral Latitude, ¢

series of aftershocks, a clear demonstration of positive feedback from the aftershocks of
magnitudes Mw of 4.6. Figure A3 (Appendix A) presents the simulated ATEC with and
without aftershocks. We note that the mainshock alone does not produce ionoquakes one
hour after the mainshock onset. Therefore, the simulated ionoquakes during the aftershock
in Figure 8B are mainly associated with the aftershocks.

(A) Seismic Input to the SAI coupled simulation
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Figure 8. Simulation results from the SAI coupling model: (A) the ground vibration at the epicenter,
composed of a mainshock at t = 0.0 and a series of aftershocks.(B) A hodogram of the simulated
ATEC. The hodogram was constructed by estimating the simulated ATEC along the IPP trajectories
of the hodogram in Figure 6.

Figure 9 presents a comparison between the simulated and observed ATEC along
the IPP trajectories, as registered from the BGIS station. Similar to the observation, the
simulated ATEC reveals a surge of ionoquakes after the mainshock. The ionoquakes
produced from the mainshock during 0.25-0.75 h have a similar waveform and amplitude
as the observed ionoquakes. Therefore, the SAI coupling mechanism triggered by the
ground velocity and energized by AGWs is one of the possible generation mechanisms for
the observed ionoquakes.

We also note disagreement in the observed and simulated waveforms after 0.75 h. The
difference is attributed to the following factors: non-seismic contributions to the observed
waveform that are absent in the simulation, the seismic forcing considered in the simulation
that is not identical to the original shakemap in regards to the spatial distribution, and the
ambient atmospheric and ionospheric conditions of the simulation being not identical to
the original ambient conditions.

In the excitation of AGWs, the ground velocity, rather than the ground displacement,
plays the determining role because the product of these waves is the atmospheric wind
disturbance [41] responsible for the ionospheric current and TEC disturbances. Therefore,
in the SAI coupling mechanism that satisfactorily simulated the ionoquake, the ground
velocity determines the formation of TEC disturbances.
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Figure 9. Comparison of simulation and observation results for the IPP trajectory, as registered from
the BGIS station: simulated and observed ATEC of the earthquake day.

The foreshocks of strong EQs are a series of small and moderate EQs that occur several
hours before a strong EQ during the nucleation of rupture [42]. The present study’s findings
showed that even the ionoquakes associated with a moderate EQ of Mw 6.4 can be detected.
Moreover, the simulation revealed that the small EQs, in the form of a series of aftershocks
of magnitudes <4.6, also register contribution to the ionoquakes. Therefore, together
with the ground observation, ionospheric seismology offers a promising scenario for the
possible short-term forecasting of strong EQs for which no reliable criteria are available
to distinguish foreshocks from the EQs alone from the ground measurements. We note
that our findings reveald the contribution of aftershocks only with the implementation of
simulation of the SAI coupling mechanism. Therefore, the tools and methodology adopted
in this study are productive. Their performance can be evaluated for other small and
moderate EQs events.

4. Summary

We reported the ionospheric disturbances associated with the 4 July 2019 Ridgecrest
earthquake of Mw 6.4. The GNSS-TEC measurements registered these ionoquakes as
intensified wave activities in the range of 1-10 mHz after the mainshock onset and in
the vicinity of the epicenter, in contrast to the weak and irresolute wave activities on
the pre-earthquake day (3 July 2019) and post-earthquake day (5 July 2019). Based on
the seismo—atmosphere—ionosphere (SAI) coupling mechanism energized by the acoustic-
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gravity waves, we finfoundd that the ground vibration of 0.05-0.6 cm/s in the normal
mode frequencies was adequate to produce detectable ionoquakes with an amplitude of
about 0.05-0.15 TECU. Our major finding is that the ground velocity, rather than the ground
displacement, satisfies the threshold criterion for the formation of detectable ionoquakes.
Therefore, though the mainshock was moderate in nature, the associated ground velocity
in low-frequency acoustic-gravity modes is comparable to those from the mainshock of
strong earthquakes. Further investigations are necessary to obtain robust results.

The numerical simulation of the coupling mechanism not only reproduced the iono-
quakes of detectable magnitudes associated with the mainshock but also quantified the rela-
tive contribution of the mainshock and aftershocks. Interestingly, the simulated ionoquakes
from the aftershock had a magnitude of 0.01 TECU, which is well below the detectable limit
of GNSS-TEC measurements. Nevertheless, the simulation of the ionospheric counterpart
of aftershocks demonstrated the robust nature of SAI coupling to facilitate the generation
of ionoquakes from the small EQs. This work is among few to report the detection and
simulation of ionoquakes from a Mw 6.4 earthquake. Additionally, we are the first to report
the simulation of ionoquakes of about 0.05 TECU amplitudes from a series of aftershocks
of magnitude Mw 4.6.
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Appendix A

Macroseismic Intensity Map USGS
ShakeMap: Ridgecrest Earthquake Sequence
Jul 04, 2019 17:33:49 UTC M6.4 N35.71 W117.50 Depth: 10.5km ID:ci38443183
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Figure A1. Shakemap of the mainshock obtained from https:/ /earthquake.usgs.gov/earthquakes/
eventpage/ci38443183 /shakemap/intensity (accessed on 5 November 2021).
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Figure A3. Simulation results from the SAI coupling model: (A) the ground vibration at the epicenter
with and without the aftershocks. (B) simulated ATEC with and without aftershocks.
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Figure A4. Time series of interplanetary plasma parameters and geomagnetic indices for the day
of the earthquake: (a) the north-south (Bz) component in GSM coordinates; (b) solar wind speed;
(c) SYM-H index; (d) auroral electrojet index. Bz, solar wind speed and SYM-H data are available at
OMNIWeb https:/ /omniweb.gsfc.nasa.gov/ (accessed on 5 November 2021). The vertical dashed
orange lines indicate the onset time of the mainshock of Mw 6.4.
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