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The detail and nature of earthquakes are still challenging from traditional technique observations,

e.g., seismometers and strong motion accelerographs. Nowadays, the ionospheric total electron content (TEC)

can be obtained from ground-based global navigation satellite systems (GNSS) and space-borne GNSS Radio

Occultation, which can be used to investigate the seismo-ionospheric disturbances and may provide insights

on the earthquake. In this paper, GNSS ionospheric seismology is presented and reviewed, including methods,

observation results and characteristics. Case studies of the 2008 Wenchuan earthquake and 2011 Japan earth-

quake are presented using ground-based GNSS observations. Significant co-/post-seismic ionospheric anomalies

are found from continuous GNSS observations near the epicenters, showing that the seismic ionospheric total

electron content (TEC) disturbances were derived mainly from the main shock. The detailed pattern and evolu-

tion of the ionospheric disturbance are revealed by denser GNSS observations. Some simulations explore the

nature of the ionospheric perturbation, highlighting that acoustic-gravity waves are generated close to the

epicenter, and that surface Rayleigh waves and tsunamis generate in the atmosphere/ionosphere acoustic and

gravity waves respectively. These waves are induced by solid-Earth/ocean and atmosphere coupling at the

ground or ocean interfacewith the atmosphere propagating upward until the ionosphere create strong perturba-

tion in plasma density and plasma velocity.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. History and status

Earthquakes often occur and result in civilian casualties and huge

damages. The earthquake is a very complex and broad topic, which is

related to various scale motions of the Earth's surface mass and interior

as well as the microscopic processes, such as the generation of electric

charge and chemical reactions (Pulinets and Boyarchuk, 2004). Up to

now, it is still difficult and challenging to understand the effects related

to earthquakes comprehensively and profoundly (Jin et al., 2013). The

recent worldwide earthquakeswith largemagnitudes are located in Su-

matra (Mw=9.1 in 2004,Mw=8.9 in 2012),Wenchuan (Mw=8.0 in

2008), Chile (Mw = 8.8 in 2010) and Tohoku (Mw = 9.0 in 2011).
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Those events were associated to infrastructure damages and tragic loss

of lives induced by the strong ground motion at the epicenter or by the

tsunami in the far field (der Hilst, 2008). Monitoring and quick

responses to earthquakes are still a major objective for many countries.

The worldwide seismometers could estimate rapidly the location,

the magnitude and the focal mechanism of earthquakes, but the

detailed rupture and atmospheric/ionospheric response are still difficult

to be understood deeply, due to the lack of dense near-field observa-

tions. The horizontal extent of the source plays a fundamental role

in the risk assessment of earthquake and its secondary disasters,

such as tsunami and landslide for warning system. Global navigation

satellite systems (GNSS), Interferometric Synthetic Aperture

(InSAR), strong motion measurements and gravity measurement

could provide unique insights on the size and kinematic rupture of

the earthquake (Jin et al., 2010; Cambiotti et al., 2011). However,

the quick response to earthquakes is still difficult and challenging

based on current traditional observations due mostly to the lack of

near field observations.

GNSS is a powerful tool not only for the crust displacement but also

the seismic ionospheric variation, especially for regions with dense

GNSS continuous operating stations. GNSS provides us an opportunity

tomonitor the detail of fault rupturewith high spatial–temporal resolu-

tion and moreover it gives us a new perspective to understand the

earthquake effect with seismic ionospheric disturbance. The first iono-

spheric perturbation related to seismic events was detected in 1964,

after the Alaska earthquake (M 9.2, March 28, 1964), mainly based on

the analyses of Doppler records and vertical sounder ionograms

(Davies and Baker, 1965; Leonard and Barnes, 1965). The acoustic-

gravity wave associated to tectonic deformation following the earth-

quake was detectable at the F region (Row, 1966; Row, 1967). These

preliminary results implicated that the energy released during the rup-

ture of the fault was not only propagating in the solid Earth but also

leaking out to the Earth atmosphere and even to the ionosphere. The

vertical displacement, at teleseismic distance, induced by Rayleigh

wave produces an acoustic wave that propagates vertically until the

ionosphere by dynamic coupling. During the upward propagation, the

double effects of the conservation of kinetic energy and the exponential

decreasing of the atmospheric density, strongly amplify the acoustic

wave that reaching the ionosphere creates strong variation in the plas-

ma density (detected by GPS, see below) and plasma velocity (detected

by Doppler sounder). Particular emphasis was related to the Doppler

sounder detection of the ionospheric signature induced by Rayleigh

wave propagation. Consequently, a new perspective of earthquake

effects is provided by the characteristic analysis of seismic ionospheric

disturbance estimated through observing the ionosphere (Najita and

Yuen, 1979; Tanaka et al., 1984; Artru et al., 2004; Jin et al., 2010;

Occhipinti et al., 2010).

Global navigation satellite systems (GNSS), including United States'

GPS, European Union's GALILEO, Russia's GLONASS and China's BeiDou

Navigation Satellite System (BDS) as well as a number of regional

Space Based Augmentation Systems, have been widely used for posi-

tioning, navigation and timing (PNT) (Jin et al., 2010). In addition,

when GNSS signals propagate through the Earth's atmosphere, the

GNSS signals are delayed by the tropospheric and ionospheric refrac-

tion, resulting in lengthening of the geometric path of GNSS signals

and the variation of signals' group velocity and phase velocity, namely

so-called tropospheric and ionospheric delays. Nowadays, the tropo-

spheric and ionospheric delays can be retrieved from ground-based

GNSS networks and space-borne GNSS Radio Occultation (Schreiner

et al., 1999; Wickert et al, 2001; Jin et al., 2004; Jin et al, 2008a;

Afraimovich et al, 2011; Jakowski et al., 2011; Jin et al, 2011). Since

the first time the total electron content (TEC) anomalous signal was

observed by Calais and Minster (1995) after the Northridge earthquake

in California on January 17, 1994, numerous studies have been intended

to study pre/co-seismic ionospheric disturbances related to earthquakes

(Liu et al., 2004; Afraimovich et al., 2010; Heki and Enomoto, 2013).

For instance, Ducic et al. (2003) detected TEC perturbations related

to the acoustic waves associated with the Rayleigh waves measured

by the dense Californian network following the Denali Earthquake.

The measurement of the horizontal speed of the ionospheric perturba-

tions roughly agrees with the speed of Rayleigh waves propagating on

the Earth surface. Heki and Ping (2005) revealed the apparent velocity

and directivity based on the traveling time diagram for the 2003

Tokachi-oki earthquake (Mw = 8.3) from GEONET GPS observations,

and highlighted a north–south asymmetry of the seismic ionospheric

effects related to the geomagnetic field inclination. Co-seismic iono-

spheric disturbances detected by GNSS data near the epicenter were

thought to be related to the acoustic-gravity waves excited sequentially

along the rupture of the fault (Heki et al., 2006). Recently a more com-

prehensive understanding of seismic ionospheric effects for the 2011

Tohoku earthquake (M 9.0) was revealed by abundant GNSS observa-

tions collected by GEONET near the epicenter (Liu et al., 2011; Rolland

et al., 2011; Tsugawa et al., 2011; Occhipinti et al., 2013; Jin et al.,

2014). The extremely dense TEC observation performed by the

GEONET network clearly highlighted acoustic-gravity waves generated

at the epicenter, acoustic waves coupled with Rayleigh wave, as well

as gravity waves coupledwith the propagation of the following tsunami

(Occhipinti et al., 2013; Coisson et al., 2011). As clearly showed by

Shinagawa et al. (2013) and Rolland et al. (2011), the TEC observations

supplied by the dense GEONET network during the 11 March 2011

Tohoku earthquake and the 25 September 2003 Tokachi‐Oki earth-

quake, provide a unique chance to investigate the seismic ionospheric

disturbances related to the fault rupture in vicinity of the epicenter, as

well as TEC perturbation related to the propagation of Rayleigh waves

and tsunami in far-field. The Japanese GNSS network (GEONET) is dens-

er with over 1200 continuous GNSS stations operated by Geographical

Survey Institute (GSI) Japan. Astafyeva et al. (2013) showed the possi-

bilities to estimate the parameters of seismic source by observing the

first post-seismic signal appearing in the ionosphere 8 min after the

rupture. As a result of the integrated nature of the TEC, the sensitivity

of GPSmeasurement to the ionospheric perturbation related to the seis-

mic activity is mainly limited to larger events. There are not enough

earthquake events that are suitable for seismic ionospheric effect re-

search, since most giant earthquake epicenters are always not located

in regions with dense GNSS stations. Here the major events were re-

cently investigated, e.g., 2002 Mw = 7.8 Denali earthquake (Ducic

et al., 2003), 2003 Mw = 8.3 Tokachi-oki earthquake (Heki and Ping,

2005), 2004 Mw = 9.1 Sumatra earthquake (DasGupta et al., 2006;

Heki et al., 2006; Liu et al., 2006; Occhipinti et al., 2006, 2013), 2006

Mw = 8.3 Kuril earthquake, the 2009 Mw = 8.1 Samoa earthquake

and the 2010 Mw = 8.8 Chile earthquake (Rolland et al., 2010), the

2008 Mw = 8.0 Wenchuan earthquake (Jin et al., 2010), and the 2011

Mw= 9.0 Tohoku earthquake (Liu et al., 2011; Occhipinti et al., 2011;

Tsugawa et al., 2011; Astafyeva et al., 2011). The seismic ionospheric

disturbance amplitude and propagation characteristics are still not un-

derstood comprehensively following the earthquake with different

magnitudes, focal mechanism and complex space weather. The mecha-

nism of solid Earth/ocean–atmosphere–ionosphere coupling still needs

to be improved for different cases and be verifiedwithmore GNSSmea-

surements. Perevalova et al. (2014) examined the earthquakes with

magnitudes from 4.1 to 8.8 in different regions (the Baikal region,

Kuril Islands, Japan, Greece, Indonesia, China, New Zealand, Salvador,

and Chile) and found a threshold magnitude of near Mw = 6.5, below

which therewere nopronounced earthquake-induced TECdisturbances

(see Fig. 1). The seismic ionospheric disturbance amplitude increases

proportionally with the earthquake magnitude generally. Comparing

to strike-slip earthquake, normal/reverse fault earthquakes are usually

followed with much more intense seismic ionospheric disturbances. It

seems that the vertical displacement in the earthquake zone plays a

more important role in the formation of seismic ionospheric distur-

bance. In addition, the geomagnetic condition also has a significant ef-

fect on the amplitude of seismic ionospheric disturbance. The
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disturbance amplitude is higher relatively in disturbed geomagnetic

days, which show that the filtered TEC time series are affected by not

only earthquake generated disturbances but also the geomagnetic vari-

ations. As we have known, the variation of Earth's ionosphere is com-

plex because of its high temporal dynamic and spatial discrepancy

under the influence of various factors, such as space weather, natural

event, and anthropogenic activities. It is still a challenge to extract

clear and exact earthquake generated ionospheric disturbance for the

worldwide earthquake occurred at different times with different exter-

nal conditions (space weather, time of day, location, etc.). The relation-

ship between the earthquake displacement and the ionospheric

variation is not understood comprehensively up to now. The earthquake

threshold and characteristics of seismic ionospheric disturbances

following earthquakes with different magnitudes, focal mechanism,

depth and external conditions are still a hot topic in next decades.

Furthermore, some controversial pre-seismic ionospheric anomalies

were also observed in the TEC, NmF2 (F2 peak electron density) or

HmF2 (F2 peak height) time series (Liu et al., 2006; Heki, 2011), howev-

er the mechanism is still unclear and the debate still existed. The pre-

seismic ionospheric disturbances are found significantly because of

the probability of a new earthquake precursor, while the lithosphere–

atmosphere–ionosphere coupling (Pulinets and Ouzounov, 2011) is

very complex. Ionospheric anomalies with several hours to several days

before the main shock onset were widely reported (Liu et al, 2004;

Heki and Enomoto, 2013). Kamogawa (2006) proposed the possible

mechanisms for energy-transport from the lithosphere to the

atmosphere–ionosphere in Fig. 2. Generally the atmospheric electric

field generated on or near the ground surface during the seismic period

is assumed to cause the ionospheric anomalies. However, whether

these pre-seismic ionospheric disturbances are related to the earthquake

Fig. 1. TEC time series variations during Mw b 6.5 earthquakes occurred under quiet (a)–(f) and disturbed (g)–(i) conditions (Perevalova et al., 2014).
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or not is still controversial. It is difficult to extract the clear background

variation of TEC. Up to now there is no explicit definition for pre-

seismic ionospheric disturbances. One of the effects is the filtering or

de-trended method, especially for considering the disturbance ampli-

tude. Furthermore, the pre-seismic ionospheric anomaly is also

interpreted as a fake signal induced by the data processing rather than

the earthquake precursor (Kamogawa and Kakinami, 2013; Utada and

Shimizu, 2014).

This work presents the GNSS ionospheric seismology, including

methods, results, characteristics and coupling between solid-Earth and

the fluid envelopes, nominally the ocean, the atmospheric and the iono-

sphere. Case studies are presented, including the 2008 Mw = 8.0

Wenchuan earthquake and the 2011 Mw = 9.0 Tohoku earthquake

using the GPS data from the Crustal Movement Observation Network of

China (CMONC) and the GPS Earth Observation Network of Japan

(GEONET).

2. GNSS TEC observations and methods

The ionospheric delay is related to the frequency and dual-frequency

GNSS receivers can estimate the ionospheric delay or total electron con-

tent (TEC) by measuring the modulations on the codes and carrier

phases, e.g., GPS f1 =1.57542 GHz and f2 = 1.2276 GHz. The equations

of dual-frequency GNSS carrier phase (L) and code observations (P) are

expressed as (Jin et al., 2008b; Wu et al., 2010):

Li1; j ¼ ρi
0; j−d

i
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where

L is the carrier phase measurement,

P is the code measurement,

ρ is the true distance between the GNSS satellite and receiver,

dion is the ionospheric delay,

dtrop is the tropospheric delay,

c is the speed of light in a vacuum,

τ is the clock error of satellite and receiver,

b is the phase advance of instrument bias,

d is the code delay of instrument bias,

N is ambiguity of the carrier phase, and

ε is residuals in the GNSS measurement.

The ionopsheric delay can be obtained from the difference of dual-

frequency GNSS phase and code observations. After combining the

pseudorange and carrier phase observations of dual frequency GNSS,

the slant TEC can be expressed as the following equation (Brunini and

Azpilicueta, 2009; Jin et al., 2012):

STEC ¼ f 1
2
f 2

2

40:28 f 1
2
− f 2

2
� � L1−L2 þ λ1 N1 þ b1ð Þ−λ2 N2 þ b2ð Þ þ εLð Þ

¼ f 1
2
f 2

2

40:28 f 2
2
− f 1

2
� � P1−P2− d1−d2ð Þ þ εPð Þ

ð3Þ

where STEC is slant TEC, f is carrier phase frequency, L and P are carrier

phase and pseudorange observations, respectively, λ is signal wave-

length, N is the ambiguity, b and d are instrument biases for carrier

phase and pseudorange, and ε is the sum of other items that are much

smaller than the items described in Eq. (3), which could be ignored in

our TEC analysis. For one continuous arc, the integer ambiguity and

instrument bias can be considered as a constant. In order to get accurate

STEC time series, the cycle slips should be detected and repaired,

e.g., the TurboEdit (TE) algorithm (Blewitt, 1990), forward and back-

ward moving window averaging (FBMWA) algorithm, a second-order

and time-difference phase ionospheric residual (STPIR) algorithm (Cai

et al., 2013). And then the STEC can be obtained using the clean GPS

observations based on Eq. (3). Usually, it is assumed that all electrons

in the ionosphere are concentrated in a thin shell called central iono-

spheric layer at 300–600 km altitude where the electron density is

Fig. 2. Lithosphere–atmosphere–ionosphere coupling (Kamogawa, 2006).
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maximum. A cosinemapping function is used to convert STEC to vertical

TEC (vTEC) (Schaer, 1999).

vTEC ¼ STEC� cos arcsin
R sinz

Rþ H

� �� �

ð4Þ

where R is the Earth radius, H is the thin shell height of the ionosphere

and z is the satellite's zenith angle. The shell height is chosen by 300 km

corresponding to the maximum electron density.

TEC series can be easily derived using Eqs. (1) and (2) with the clean

GPS observations. Here the instrument bias is not considered, because it

is constant in a short time that has no influence on TEC series variations

after filtering. After obtaining TEC series, we use the filtering of 3–

10 min window to remove the high frequency noise and TEC back-

ground trend caused by temporal and spatial variation at ionospheric

pierce point (IPP). Here we set the window length as 3–10 min for

mixed disturbances (including signal related with different modes),

i.e. 1.7–5.6 mHZ, just covering the dominant frequencies of acoustic

resonance modes between the ground surface and the lower thermo-

sphere (Matsumura et al., 2011; Lognonné et al., 1998). Usually, Four-

order zero-phase Butterworth filter is used because of its maximally

flat magnitude. Moving average method could also be used to remove

the background TEC variation (Tsugawa et al., 2011). Using TEC residual

series, seismo-ionospheric anomalies can be detected during the earth-

quakes (Fig. 3).

3. Atmospheric behaviors to recent strong earthquakes

3.1. 2008 Mw = 8.0 Wenchuan earthquake

The TEC variations are obtained from 28 continuous GPS sites of the

CMONC. Fig. 4 shows the amplitude of the TEC disturbance following

the 2008 Mw = 8.0 Wenchuan earthquake detected by the line-of- sight (LOS) between GPS station LUZH and satellite PRN 14. In the

upper panel, the left vertical axis is the vertical TEC residual after 3–

10 min filtering and the right axis is the horizontal distance between

IPP and epicenter. The bottom panel shows the IPP tracks (arrow line),

epicenter (star) and station (dot). Dramatic disturbance appears several

minutes after the main shock. The disturbance is presented as an N-

shaped pulse. Its amplitude decreases rapidly with the increase of the

time and the distance of IPP's location and the epicenter.

The ionospheric TEC has the secular and regular changes,

e.g., diurnal and seasonal scales, and abnormal variations caused by

irregular events, such as geomagnetic storms, rocket launching, and

possible solid-Earth events due to the lithosphere–ionosphere coupling.

We have checked the ionospheric activity indices around the 2008

Mw = 8.0 Wenchuan earthquake on May 12, 2008, including the

F10.7 cm solar radio flux, Auroral Electrojet (AE) and geomagnetic indi-

ces (Dst and Kp) and found relatively quiet days during this event.

Therefore, the TEC disturbance at luzh station is mainly caused by the

Wenchuan earthquake. In order to further confirm our results, 3 days

of 28 continuous GPS station data from the Crustal Movement Observa-

tion Network of China (CMONC) are used from May 11–13, 2008. We

filter the TEC time series dI(t) at 28 continuous GPS stations through

removing the trend and regular changes with a window width of

3–10 min to obtain seismo-ionospheric disturbance characteristics (Jin

et al., 2010; Kiryushkin and Afraimovich, 2007). Moreover, an accumu-

lated mean TEC disturbance is calculated for all GPS stations. Significant

seismo-ionospheric disturbances are found over GPS stations within

about 500 km far from the epicenter during the main shock on May

12, 2008, while there are no apparent disturbances on the day before

or after the main shock. Fig. 5 shows clear TEC disturbances during the

May 12, 2008 Wenchuan earthquake with the main shock marked by

the blue triangle (Afraimovich et al., 2010). Panel a. is the filtered TEC

time series for satellite PRN22 at LUZH station on May 11, 12 and 13,

2008 with the black, red and gray lines, respectively, panel b. shows

the response shape with the distance from the epicenter for satellitesFig. 3. Seismic–ionospheric disturbances from GNSS observations.
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PRN22 and PRN14 at LUZH station, and panel c. and panel d. are the

summarized TEC disturbance time series on the experimental stage

(black line) and modeling stage (red line). It clearly sees a significant

seismo-ionospheric disturbance during the 2008 Wenchuan earth-

quake. Furthermore, a strong acoustic wave of N-shape shock is found

with a plane waveform and a half-period of about 200 s propagating

northeastward at an average speed of 600 m/s. The disturbance

wavefront is nearly parallel with the rupture direction. The directional

divergence of the seismic ionospheric disturbance may be the reason

for the insufficient correspondence between the experiment and model

based on the sphericalwavefront approximation.More detailed informa-

tion and results are referred to Afraimovich et al. (2010).

3.2. 2011 Mw = 9.0 Tohoku earthquake

The seismic ionospheric disturbances following the Tohoku earth-

quake are investigated using the detrended TEC series. Fig. 6 shows

the tracks of satellite IPP distribution close to the epicenter (star). The

detrended TEC time series are obtained by removing the linear items

for every 10 min. The trend is mainly caused by IPP's motion and iono-

spheric rapid change. In quiet condition, the variation is smooth and can

be considered as linear variation in 10min. Here we do not run an aver-

age for the detrended TEC series as Tsugawa (2011), since the TEC time

series derived from carrier phase observations have a high precision and

are not affected by observation noise greatly. Furthermore, we can keep

more high frequency signals in the detrended TEC time series and also

avoid the disturbance amplitude attenuation due to the average pro-

cess. Some recent studies comparing the unperturbed TEC (red line in

Fig. 7) with the perturbed TEC (blue line in Fig. 7) have found an

enhancement before the event or a hole (decreasing) just after and be-

fore the main shockwave (Heki, 2011; Kakinami et al., 2012; Heki and

Enomoto, 2013). The doubt about the pre-seismic enhancement is

that the post-seismic decrease will pull down the fit lines and the pre-

seismic enhancement probably is a fake signal. Some recent works

were trying to dynamically explain the hole formation as a consequence

of the neutral-plasma coupling during the wave propagation. More

difficult is the effort to support the hypothesis of the enhancement

that involves electromagnetic behavior of the fault before the rupture.

Fig. 8 shows the distribution of whole VTEC anomaly time offsets

corresponding to onset of the Tohoku earthquake occurred on March

11, 2011. Here we get rid of arcs whose peak anomalous values are

less than 0.1 TECU to avoid the normal disturbance in GPS TEC observa-

tions, which are caused bymeasurement noise. Zero in horizontal axis is

corresponding to the main shock time of the earthquake. We can see

that lots of disturbances are found about 4 h before the main shock.

This phenomenonmay be the precursors of strong earthquake. Compar-

ing to pre-seismic effects, post-seismic is more apparent. The first peak

Fig. 5. TEC disturbances during themain shock of theMay 12, 2008Wenchuan earthquake

marked by the blue triangle (Afraimovich et al., 2010). a) is the filtered TEC time series for

satellite PRN22 at LUZH station on May 11, 12 and 13, 2008 with the black, red and gray

lines, respectively, b) shows the response shape with the distance from the epicenter for

satellites PRN22 and PRN14 at LUZH station, and c) and d) are the summarized TEC distur-

bance time series on the experimental stage (black line) and modeling stage (red line).

(For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 6. The distribution of IPP tracks during the Tohoku earthquake (UTC 04:46–07:46)

observed by GEONET. Each red line stands for GNSS stations and the star shows the

epicenter. The blue dotsmark the IPP location corresponding to the onset. (For interpreta-

tion of the references to color in thisfigure legend, the reader is referred to thewebversion

of this article.)
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appears 10min after themain shock. Disturbances are attenuatingwith

the time, and sudden increase of anomalous arc occurs about 80 min

and 150 min after onset. Fig. 8 also shows three types of disturbances

after the strong earthquake happened on March 11, 2011. These three

peaks should be related to the different types of atmospheric waves,

such as acoustic wave in near-field, acoustic wave generated by

Rayleigh wave propagation, tsunami-generated wave, and aftershock

effect (Jin et al., 2014).

The ionospheric disturbance spreads out from the epicenter as a

quasi-circular propagation pattern with the time, reproducing the seis-

mic radiation diagram and the formation of Rayleigh wave (Rolland

et al., 2011). Fig. 9 shows the TEC residual distribution following

main-shock epoch in Japan every half hour. The residual amplitude is

corresponding to−0.5 TECU or 0.5 TECU. The black star stands for the

location of Tohoku earthquake's epicenter. In most areas, the distur-

bance amplitudes are 0.1–0.2 TECU. The disturbances with large ampli-

tudes occurred above the Japan Sea, except the epicenter region. The

large amplitudes are up to 1–2 TECU. The strong disturbances last nearly

two hours from UTC 6:00 to 8:00. Above the East Sea, the relatively

strong disturbances are found. At UTC 08:16, the TEC recovers to the

state before the main shock as shown by the first and last subfigures

in Fig. 9.

Fig. 10 shows the relationship between the average detrended TEC

amplitudes and distances between the position of sub ionospheric

pierce point (SIP, projection of IPP on the ground) and epicenter. The

blue line is onset of the Tohoku earthquake in the Distance-UTC plane.

The strongest disturbances mainly appear in the near field. The seismic

ionospheric disturbance amplitudes decrease dramatically with the

SIPs' location far away from the epicenter, especially in the near field

(Jin et al., 2014). For the amplitude variation near the epicenter

(0–500 km), three peaks are visible in the amplitude series. The distur-

bances related to the Rayleigh wave and acoustic wave spread out to

500 km away in about ten minutes, indicating that the disturbance

effects induced by the first two waves are slight after UT 06:06, consid-

ering the time delay of the disturbance propagating from ground to the

ionospheric height. So the two secondary peaks may be related to the

two stronger aftershocks. For 500–1500 km, the average amplitudes

are attenuated much more slowly.

Fig. 11 shows the relationship between time offset and IPP distance

from the epicenter. We can see clearly quasi straight line stripes with

several minutes of interval, and for each stripe, its color value decreases

gradually in general expect for a sudden increasing that occurred about

40 min after the main shock epoch. These sudden increases have a

relationship with the Mw = 8.0 after-shock in this region. The stripes'

slopes, called disturbance velocities here, mainly ranging from

2000 m/s to 3200 m/s, 500 m/s to 1200 m/s and 120 m/s to 270 m/s

are displayed in Fig. 11. The first and second propagation modes begin

at about 10 min after main shock epoch, while the third propagation

mode begins several minutes later. The source mechanism is the

acoustic-gravity wave generated by the vertical displacement of the

shock that reaches the ionosphere in 8–10 min (Occhipinti et al.,

2013) and propagates until the first 1000 km (Liu et al., 2011), a pure

acoustic wave coupled with the Rayleigh wave that propagates with a

horizontal speed of 3.5 km/s and later a pure gravity wave coupled

with the tsunami propagation that reaches the ionosphere in 40–

50min and visible in the ionosphere at the epicentral distance of around

500 km (Occhipinti et al., 2013).

Obvious disturbances in filtered TEC series with multi-frequencies

are found with several minutes after the main shock. The multi-

frequency disturbances from GPS ionospheric TEC can detect the acous-

tic wave and the Rayleigh wave (3–7 mHz) and tsunami-generated

gravity wave (b3 mHz) (Matsumura et al., 2011; Occhipinti et al.,

2013). Fig. 12 shows the variations of the mean value and the RMS

(root mean square) of the filtered TEC series with the different band

pass windows during UTC 5:00–9:00 in March, 2011 (Jin et al., 2014).

The main shock and two aftershocks with Mw N 7 are marked by the

beach balls. The mean seismic ionospheric disturbance with 1–3 mHz

has larger amplitude than the one with 3–7 mHz. With the increase of

the spreading time, the high frequency disturbance attenuates faster.

In addition, a second ionospheric disturbance with 3–7 mHz in

300 km far from the epicenter appears several minutes after the first

giant aftershock (Mw7.9) and reaches the maximum in 10 min, similar

to the ionospheric anomaly variations of the main shock.

The ionospheric disturbances related to the Rayleigh wave, acoustic

wave and tsunami-generated gravity wave are probably produced

following giant earthquakes (Ducic et al., 2003; Artru et al., 2004;

Occhipinti et al., 2013). The Rayleigh and acoustic wave propagate

with the speed of about 2–3 km/s and around 1 km/s, respectively

(Heki et al., 2006). From the in-situ ocean Bottom Pressure Records

(BPR), two obvious disturbances are found in three ocean bottom pres-

sure residual series (Jin et al., 2014). The first disturbance with a speed

of 3071 m/s is related to the seismic Rayleigh wave, while the second

one with a speed of 234 m/s is related to the tsunami propagation.

From the TEC disturbance frequency, the tsunami-generated gravity

wave is less than 3 mHz, while the Brünt–Vaïsalla frequency is in

order of 3mHz. Due to the time shifts corresponding to peaks of average

3–7 mHz TEC disturbances, the waves spread out from the near-filed to

the far-filed with speeds of several kilometers per second, which are

more consistent with the Rayleigh wave. In addition, it has been found

that not only the main shock but also the giant aftershocks seismic ion-

ospheric with acoustic mode could be detected by GPS measurement

even though their intervals are no longer than one hour (see more

details in Jin et al., 2014). Furthermore we investigate TEC disturbances

following amount of aftershocks with Mw b 7, but no significant TEC

disturbances are found.

4. Tsunami-generated gravity wave coupling

The detection of the tsunami signal in the ionosphere slowly follows

observations of the seismic signature in the ionosphere related to the

source displacement or to the propagation of Rayleigh waves. Indeed,

the pure gravity wave generated by the tsunami in the overlying atmo-

sphere/ionosphere creates a similar signature of the usually detected

Traveling Ionospheric Disturbances (TID) (Artru et al., 2005). Therefore,

the first undoubtful observation of the tsunami signal in the ionosphere

followed the Great Sumatra event (Mw = 9.1, December 2004). The

tsunami wave propagation in the Indian Ocean was broadly detected

by ionospheric sounding with different techniques, mainly the TEC

from GPS (DasGupta et al., 2006; Liu et al., 2006) and Altimeters

(Occhipinti et al., 2006). The observations were clearly supported by

-480 -360 -240 -120 0 120 240 360 480
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2011/03/11 VTEC TimeOffset (min)

Fig. 8. Distribution of vertical TEC anomaly time offsets corresponding to onset of the

Tohoku earthquake occurred on March 11, 2011. Here the arcs with less than 0.1 TECU

maximum amplitude are not counted.
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3-D numerical modeling (Occhipinti et al., 2006). In the following we

resume the theoretical works of Occhipinti et al. (2006, 2008, 2013)

on the coupling between the atmosphere–ionosphere and the tsunami.

Then we emphasize the more recent tsunami detection by ionospheric

sounding (Occhipinti et al., 2011).

The tsunami is an oceanic internal gravity wave (IGW) induced

by the large volume displacement of ocean or lake water, which is a

long period gravity wave with the frequency smaller than the atmo-

spheric Brunt–Vaisalla frequency (Lognonné et al., 1998; Satake, 2002;

Occhipinti et al., 2008). Based on the linear analysis, an internal gravity

wave, coupled with the tsunami, is also generated in the overlying

atmosphere (Hines, 1972; Occhipinti et al., 2006). To understand the

tsunami–IGWpropagation andmechanism of the tsunami–atmosphere

coupling, a Bussinesq approximation is used (Spiegel and Veronis,
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Fig. 9. TEC residual maps following main-shock epoch in Japan region every half hour. The residual amplitude is corresponding to−0.5 TECU or 0.5 TECU. The black star stands for the

location of Tohoku earthquake's epicenter.
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1960). On the basis of the Navier–Stokes equation, Occhipinti et al.

(2006, 2008) have developed a pseudo-spectral propagator dV
dz

¼ A � V
with the vector V and the matrix A as:

V ¼ ~u�
z

P�

� �

ð5Þ

A ¼
−

1
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2
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where ~u�
z ¼

ffiffiffiffiffiffi

ρ0
p

~uz and P� ¼ ~P
ffiffiffiffi

ρ0
p are the normalized vertical velocity ũz

and pressure ~P under the omega-k domain, respectively, Ω = ω −

ux0kx − uy0ky is the frequency induced by the wind (Sun et al., 2007;

Nappo, 2012), ρ0 is the unperturbed atmospheric density, ux0 and uy0
are the meridional and zonal background wind, respectively. Following

Occhipinti et al. (2013), for a realistic atmosphere, the vertical k-number

kz and the frequency ω can be expressed as:

kz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Therefore, the horizontal and vertical group velocity vg
h and vg

z can

be estimated as:

vg
h ¼ ∂ω

∂kh
¼

khN
2 D−kh

2
� �

ωD2

vg
z ¼ ∂ω

∂kz
¼ kzkh

2
N2

ωD2

ð8Þ

where D ¼ kz
2 þ kh

2 þ N2

2g

� �2
is the denominator of the associated

dispersion equation. Fig. 12 shows the vertical a. and horizontal b.

IGW group velocities with the ocean depth with ocean–tsunamis–

atmosphere coupling. The vertical group velocity is very important,

while the horizontal group velocity is also useful to estimate the epicen-

ter distance where the IGWs begin interacting with the ionosphere.

In addition, when IGWs reach and interact with the ionospheric

plasma, it will result in a perturbation in the plasma density and velocity

due to collisions between the ions and neutral molecules. Recently, sev-

eral works have been performed and validated in detecting the tsunami

by GNSS ionospheric TEC, e.g., tsunamis following the great 2004Mw=

9.1 Sumatra earthquake, 2010 Chile earthquake and 2011 Mw = 9.0

Tohoku Earthquake (Rolland et al., 2010; Occhipinti et al., 2013;

Galvan et al., 2012). Furthermore, numerical modeling of IGW repro-

duces themain features observed in the airglow images,which show in-

teresting likenesses between the model and data, and explain the

nature of the airglow observation and the role of the bathymetry in

the ionospheric observation (Occhipinti et al., 2011). In the near future,

a more complex three-dimensional (3-D) modeling on the tsunami–

atmosphere–ionosphere coupling should be done with the viscosity

and thermal conduction as already tested in a 1D case by Hickey et al.

(2009).

5. Conclusion

In this paper, methods and progresses of GNSS ionospheric seismol-

ogy are introduced and some case studies are presented. The seismo-

ionospheric disturbances following the 2008 Mw = 8.0 Wenchuan
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Fig. 10. Average amplitudes of the absolute detrended TEC variations with the distance to the epicenter during UTC 04:46–08:46 for 0–500 km (a) and 500–1000 km (b). (For interpre-

tation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Time offset referring to the epoch of main shock versus IPP distance from the

epicenter. Origin of the axes stands for the main shock epoch and the epicenter location

of Tohoku earthquake. Each dot is corresponding to the peak TEC residual of one TEC resid-

ual series. Here residual values of larger than 0.5 TECU are set as 0.5 and smaller than−0.5

TEC are set as−0.5 TECU.
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earthquake and the 2011 Mw = 9.0 Tohoku earthquake are found

by denser continuous GNSS observations. For the 2008 Mw = 8.0

Wenchuan earthquake, smaller disturbance amplitudes are detected

and its maximum value is about 0.5 TECU, while its duration is shorter

and disturbance areas are smaller. Furthermore, the co-seismic iono-

spheric disturbances are mainly driven by the lithosphere–ionosphere

coupled air waves from the vertical motion of seismic waves.

For March 11, 2011 Mw = 9.0 Japan earthquake, significant seismo-

ionospheric disturbances are foundwith up to 2 TECU. The most propa-

gationmode is ranging from2000m/s to 3200m/s, 500m/s to 1200m/s

and 120 m/s to 270 m/s. The seismo-ionospheric effects are related to

not only themain shock, but also the two strongest aftershocks. Distur-

bance amplitude deceases rapidly in 0–500 km far from the epicenter.

The ionospheric perturbations related to tsunami and/or Rayleigh

wave propagation are detectable at teleseismic distances. The iono-

spheric effects following the Tohoku earthquake are attenuated with

the increase of the time and distance between the IPP and the epicenter,

especially in the near field. In general, the post-seismic ionospheric

disturbance spreads out with three patterns, which are related to the

source displacement, to the Rayleigh wave, and the tsunami. As more

and more GNSS continuous operating stations and Multi GNSS constel-

lations, it is possible to estimate the source extent with seismic–

ionospheric effect based on the theory of solid earth/ocean atmosphere

coupling. The basic parameters of earthquake, such as epicenter location

and main shock time, could be estimated rapidly with the seismic–ion-

ospheric propagation if there are enough GNSS measurements around

the epicenter. With this work we wish to motivate future works in

GNSS ionospheric seismology to estimate the source extent and the

magnitude in order to support the classic techniques for earthquake

and tsunami warning system.
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