
1. Introduction
An oscillating body when placed in a frictionless medium continues to oscillate and these are termed free oscilla-
tions. On the contrary, when a body continues to oscillate under the influence of an external periodic force, then 
such oscillations are known as forced oscillations. When the external force drives a body to its natural frequency, 
the resultant oscillations attain maximum amplitudes and are named as resonant oscillations. The Earth's surface 
is well-known to exhibit free oscillations at various spheroidal modes (mainly excited by compressional and shear 
forces) and toroidal modes (mostly by shear force) (Gilbert & Macdon, 1960; Kovach & Anderson, 1967). The 
excitation of the Earth's free surface oscillations is linked to various phenomena that operate inside or above the 
Earth's surface (Lognonne et al., 1998). For instance, the global atmospheric pressure disturbances and oceanic 
infrasonic gravity waves, localized events like strong convective storms and typhoons (Chum et al., 2017; Jones 
& Georges, 1976), in addition to earthquakes and volcanic eruptions, are considered as potential sources to excite 
the Earth's free oscillations at fundamental spheroidal modes of 0S29 (3.72 mHz, 270s) and 0S37 (4.44 mHz, 230s) 
(Fukao et al., 2002; Kanamori & Mori, 1992; Kobayashi & Nishida, 1998; Nawa et al., 1998; Nishida et al., 2000; 
Suda et al., 1998; Tanimoto et al., 1998). It has been theoretically estimated that the earth-atmospheric resonant 
coupling at acoustic frequencies is the most important process for atmospheric excitation of the Earth's surface 
(Lognonne et al., 1998; Watada, 1995; Watada & Kanamori, 2010). The fundamental Rayleigh surface waves at 
∼3.72 mHz resonantly couple with the fundamental atmospheric acoustic mode. Meanwhile, the Rayleigh waves 
at ∼4.44 mHz resonantly oscillate with the first atmospheric acoustic overtone (Kanamori & Mori, 1992; Log-
nonné et al., 2006). The energy cross-talk between the Earth and its atmosphere is therefore maximum close to 
these frequency windows (Lognonne et al., 1998).

The seismic sources with vertical crustal displacement, and propagating co-seismic waves such as P, S, SS, 
and Rayleigh surface waves are the potential candidates which produce transient perturbations in the overlying 
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atmosphere/ionosphere system (Artru et  al.,  2004; Astafyeva & Heki,  2009; Astafyeva et  al.,  2011; Bagiya 
et al., 2017, 2018; Calais & Bernard, 1995; Chum et al., 2012; Ducic et al., 2003; Garcia et al., 2005; Maruyama 
et al., 2012; Rolland et al., 2011a, 2013; Sunil et al., 2017). The earthquake-induced Rayleigh surface waves 
excite the infrasonic acoustic waves in the adjacent atmosphere that propagate upward with growing amplitudes 
in a region of decreasing atmospheric neutral density. These seismic induced neutral wave perturbations inter-
act with the ambient electron density at ionospheric altitudes through ion-neutral collision. This mechanism 
produces electron density perturbations termed as co-seismic ionospheric perturbations (CIP) and can be prom-
inently observed through various radio techniques such as HF Doppler sounding (Chum et al., 2012; Chum & 
Podolská, 2018), ionosondes (Maruyama & Shinagawa, 2014) and Global Positioning System (GPS) measured 
total electron content (TEC) (Liu et al., 2011; Rolland, Lognonné, & Munekane, 2011; Tsugawa et al., 2011). 
However, in the GPS measured TEC, the amplitude and phase of an evolving CIP are modulated by non-tectonic 
forcing mechanisms such as geomagnetic field-acoustic wave coupling and moving satellite geometry which are 
operative at ionospheric altitudes (Rolland et al., 2013).

In addition to the transient CIP, prolonged ionospheric perturbations have been reported after the occurrence of 
great earthquakes (Mw > 8.0). For example, the continuous ionospheric disturbances for an hour or more after 
the Sumatra 2004 (Choosakul et al., 2009), Bengkulu 2007 (Cahyadi & Heki, 2013), Tohoku 2011 (Rolland, 
Lognonné, Astafyeva, et al., 2011) and Sumatra 2012 doublet earthquake (Cahyadi & Heki, 2015), Balochistan 
2013 (Astafyeva et al., 2014) and Illapel 2015 earthquakes (Reddy et al., 2016) are few illustrations in this re-
gard. It was demonstrated that these prolonged ionospheric perturbations fall in the frequency range ∼3.72 and 
∼4.44 mHz. All these studies relate the observations mainly to resonant acoustic coupling between the Earth 
and its atmosphere via atmospheric trapped acoustic modes. However, these studies do not provide any specific 
evidence of their proposed mechanism.

The well-studied Mw 8.6, 11 April 2012, Sumatra doublet earthquake was the largest strike-slip event recorded 
in the history and was followed by another strike-slip earthquake of Mw 8.2 that occurred within ∼2 hr of the 
first event (Singh et al., 2017; Yue et al., 2012). The events occurred at the center of the Wharton Basin, a major 
basin bounded to the west by the 90°E ridge (NER) and from North to East by the oblique Sumatran subduction 
(Figure 1). The Mw 8.6 and Mw 8.2 events ruptured the bilateral strike-slip faults trending WNW–ESE and 
NNE–SSW directions, at a depth of 26.3 and 21.6 km respectively (Duputel et al., 2012).

We explore the April 2012 Sumatra doublet earthquake sequence in the context of observed prolonged iono-
spheric perturbations centered at the frequency of ∼4 mHz. We explain these ionospheric signatures in terms of 
acoustic resonant coupling between the terrestrial surface and its atmosphere. We observed that for the satellite 
IPP closer to the epicenter during the event recorded higher amplitude in TEC oscillations, but the amplitude 
dependence on satellite IPP distance was anisotropic around the epicenter. We discuss the possible mechanisms 
liable for the observed amplitude anisotropy of these perturbations around the epicenter, as amplitudes were 
largest and longest to NNE of the epicenter. The non-tectonic forcing mechanisms of geomagnetic field acoustic 
wave coupling and observation geometry assisted in explaining the amplitude anisotropy of resonant ionospheric 
signatures around the epicenters. To comprehend the role of ground seismic source, we propose that the excess 
energy manifestations at long period Rayleigh surface waves (∼4 mHz) (Duputel et al., 2012) could contribute 
to excite the resonant ionospheric signatures following the Mw 8.6 Sumatra 2012 earthquake. The Earth's free 
oscillations as triggered by the R2 Rayleigh surface wave train after the first event (Mw 8.6) and subsequent 
atmospheric resonance could induce the prolonged ionospheric perturbations after the second earthquake event 
(Mw 8.2). Thus, the resonant ionospheric signatures after the Sumatra 2012 earthquake could be possibly linked 
to the seismic energy manifestations after the Mw 8.6 event.

2. Data
We analyze GPS ionospheric observations utilizing TEC data from 16 stations surrounding the Sumatra region 
on 11 April 2012 (Figure 1). The GPS stations of umlh, lewk, bsim, ptlo, bthl and btet are part of the Sumatran 
GPS Array (SuGAr) network, while the remaining are International GNSS Service (IGS) stations. We analyze 
the seismic data from 5 broadband stations surrounding the rupture area and the eastern part of the Indian Ocean 
(Figure 1). The seismic data were retrieved from the Incorporated Research Institutions for Seismology-Data 
Management Center (IRIS-DMC) (Trabant et al., 2012).
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3. Methodology
3.1. GPS Derived TEC

The GPS is well established space based technique to study the ground and ionospheric variations during tran-
sient events of earthquakes. The GPS constellation consists of ∼32 satellites orbiting at ∼20,200 km of altitudes 
in equally spaced six near circular orbits. Each satellite transmits multi-frequency signals in L-band. These sig-
nals when travel from a satellite to ground receiver, they experience delay in their propagation due to the presence 
of ionospheric electron density along the line of sight (LOS). The observed delay is assumed to be proportional 
to the total number of electron density that is, TEC along the LOS from satellite to receiver. In practice, the TEC 
is derived from the carrier frequency signals at 1.5754 GHz (L1) and 1.2275 GHz (L2).

We extract carrier phase and pseudorange measurements from GPS Receiver Independent Exchange (RINEX) 
file and calculate slant TEC (sTEC) using the following equations,

TECP = 9.52 × (P2 − P1) TECU 

TEC∅ = 9.52 × (∅1 − ∅2) TECU 

Figure 1. Bathymetry map of the Wharton and Indian Ocean Basins. Orange stars indicate the epicenters of Mw 8.6 (2.24°N 93.01°E) and Mw 8.2 (0.80ºN 92.46ºE) 
earthquakes occurred on 11 April 2012. The fault mechanisms of both the events are also shown. The triangle shows the locations of GPS stations while the pentagon 
shows the locations of seismometers used in the study. Ionospheric Piercing Point tracks of GPS satellites with various Pseudo Random Numbers as recorded from 
umlh GPS station during the period of doublet earthquake are shown. The onset of both the earthquakes are marked with disks along the track (relatively larger disk 
corresponds to Mw 8.6 earthquake). The figure maps are generated using Generic Mapping Tools (Wessel et al., 2019).
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Here, 1 TECU = 1016electrons/m2. P1-pseudorange at L1 and P2-pseudorange at L2. Ø1-carrier phase at L1 and 
Ø2-carrier phase at L2.

The estimated TECP remains unambiguous but noisy thus further smoothed using precise but ambiguous TECØ. 
The finally obtained TEC is the slant TEC (sTEC). It has to be noted that sTEC estimation is performed without 
any bias corrections. Since our interest is mainly focused on sTEC variations and not on the absolute TEC am-
plitudes, this practice can be afforded. GPS observations recorded at every 30s, with elevation above ∼20°, are 
used to estimate the sTEC.

3.2. Preparation of Vertical Component Seismogram

We obtain the real seismic datasets from the IRIS database. The pre-processing of seismic observation is done 
using the Seismic Analysis Code (Goldstein et al., 2003). The steps are removing mean, trend, taper, filtering, 
instrument response filling header of source from global centroid moment tensor database (Dziewonski & An-
derson, 1981) and station information.

3.3. Spectral Analysis

The estimated sTEC is further processed for frequency spectral analysis. The sTEC is filtered using a low pass 
moving average filter of ∼9.5  mHz frequency to derive the desired signals from the sTEC, following Sunil 
et al., 2015. The obtained filtered TEC is denoted as dTEC. The wavelet analysis is then performed to delineate 
the power distribution at the resonant ionospheric signatures in dTEC. The power spectral density is estimated 
on a log scale.

The vertical ground motions as extracted from the seismometer observations are filtered using the second order 
finite impulse response Butterworth filter in frequency range of ∼3 to ∼7 mHz. The filtered vertical ground 
motion is denoted as fVGM.

3.4. Geomagnetic Field - Acoustic Wave Coupling Factor for Rayleigh Surface Waves

The manifestations of CIP at ionospheric altitudes highly depend on the alignment of vertically propagating seis-
mic induced acoustic waves to that of the ambient geomagnetic field. In the present study, the coupling between 
the Rayleigh wave induced acoustic waves and ambient geomagnetic field at ionospheric altitudes is estimated 
using the formula (Rolland, Lognonné, & Munekane, 2011)

CF = k . Ib 

where k is the atmospheric wave is vector and Ib is the ambient geomagnetic field vector. The launch angle of 
acoustic wave vector (from zenith) is calculated as

� = tan−1
(

VA

VR

)

 

VA is the acoustic velocity close to the ground and VR is the Rayleigh surface wave velocity. In the present study, 
using VA ∼ 348 m/s and VR ∼ 3,000 m/s, the derived θ value at ground is ∼6°. The coupling factor is estimated 
at ∼350 km of ionospheric altitude. The geomagnetic field vectors are derived from International Geomagnetic 
Reference Field-12 model (Thébault et al., 2015).

3.5. Satellite Geometry Effect

We compute the satellite geometry effects for the ionospheric perturbations generated by the Rayleigh wave 
induced acoustic waves. The atmospheric propagation of seismic induced acoustic waves is largely affected by 
the varying satellite line of site (LOS) geometry. The varying LOS geometry leads to integration of phases of 
vertically propagating waves when the line of sight is normal to the incident wavefronts. Bagiya et al., (2017, 
2019) proposed a simple formula, based on the Georges and Hooke (Georges & Hooke, 1970), for computing the 
wave phase cancellation effects during varying GPS satellite geometry for the acoustic waves emanating from 
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the epicenter. We use this formula to estimate the observation geometry effects for the Rayleigh wave induced 
acoustic waves. The formula is as follows:

SGF(�, �, ℎ) = exp
(

−
�(�, �, h)∙�(�, �, h)

cos�

)

 

λ, ϕ, and h are the geographic longitude, geographic latitude and terrestrial altitude respectively. Absolute values 
of k (λ, ϕ, h) • r (λ, ϕ, h) are considered here thus the factor values vary from 0 to 1.

3.6. Background Electron Density

The background density variations are obtained in terms of TEC changes as estimated in International GNSS 
Service (IGS) TEC maps. By using global IGS TEC observations, the IGS iono working group computes these 
maps at every 15 min, 1 hr, and 2 hr (Feltens & Schaer, 1998; Wienia, 2008) (http://cdaweb.gsfc.nasa.gov/). Each 
map contains the vertical TEC estimated at latitude × longitude grid of 2.5° × 5.0° and IPP height of 400 km. The 
TEC values for the preferred geographical grid surrounding the Mw 8.6 and Mw 8.2 epicenters were extracted 
during the 15 min of respective earthquake occurrence time and interpolated it to obtain the variations at finer 
grid points.

4. Results
The GPS satellites with Pseudo Random Number (PRN) 32, 16, 19, 20, 03 and 06 were rightly orbiting over the 
Sumatra region during the occurrence of Sumatra 2012 doublet earthquake. The tracks of these PRNs between 
08:00 and 13:00 UT from umlh GPS station are estimated at Ionospheric Piercing Point (IPP) altitude of ∼350 km 
and shown in Figure 1 for visualizing each PRN's position during the doublet event. The IPP altitude of ∼350 km 
is based on the F-region peak altitude derived from the International Reference Ionosphere-2016 model for the 
event day and approximate time (Bilitza et al., 2017).

The temporal evolution of seismic induced ionospheric perturbations as observed by PRN 32 and PRN 16 are 
presented in Figure 2 (a and b respectively). The perturbations are shown using the filtered TEC (dTEC). The 
time series are shown as per the IPP locations in the north and south of both the epicenters at the onset time of 
first CIP. Both the epicenters were separated by a small distance of ∼182 km thus the azimuthal geometry of the 
stations remain same during both earthquakes. The onsets of both earthquakes are indicated by vertical lines. Cor-
responding to PRN 32, station umlh recorded a classic CIP ∼12 min after the occurrence of the first earthquake 
(Figure 2a). This CIP as observed by PRN 32 from umlh is followed by ionospheric perturbations/oscillations 
which continued for ∼66 min (∼09:17 to ∼10:24 UT). The power spectrum for these oscillations is shown sep-
arately along with dTEC time series (Figure 2c). It can be noticed that these oscillations are observed preferably 
in the frequency range ∼3.7 to ∼4.4 mHz and centered on ∼4.0 mHz. In power spectrum, the significant power 
of these resonant ionospheric signatures could be noticed till 10:00 UT however in time series the perturbations 
are still visible till ∼10:24 UT. A significant CIP following the second earthquake appeared in PRN 32 observa-
tion from umlh. However, the second earthquake did not yield ionospheric oscillations similar to those observed 
during the first earthquake, especially like those with prolonged duration.

The CIP as observed by PRN 32 from other GPS stations could be noticed in Figure 2a. At station lewk, con-
siderable CIP are recorded after the first earthquake. Moreover, the induced ionospheric oscillations were again 
centered on ∼4 mHz, though similar to those recorded at umlh, occurred for a smaller duration (∼20 min). Since 
the amplitude of these perturbations was rather small compared to the main CIP, it cannot be identified in the 
power spectrum analysis of lewk dTEC time series, thus not shown here. As for the second earthquake, PRN 32 
could observe distinguishable CIP from lewk station but could not capture any resonant ionospheric signatures 
during later times. Noticeable CIP could be detected by PRN 32 after both the earthquakes from bsim GPS sta-
tion however the ionospheric oscillations similar to the umlh and lewk were not observed from bsim. It is also 
important to note that the CIP amplitudes from lewk and bsim remained small compared to umlh. The time series 
recorded by PRN 32 from pbri exhibited relatively weak CIP after both the events. Importantly, PRN 32 recorded 
continuous ionospheric oscillations at station pbri after the second earthquake. The analysis in the present study 
suggests that the duration of these oscillations was ∼30 min (∼11:18 to 11:48 UT). The power spectrum for the 
oscillations depicts dominant power over the frequency range of ∼3.7 to ∼4.4 mHz. However, such oscillations 

http://cdaweb.gsfc.nasa.gov/
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were conspicuously absent after the first earthquake in PRN 32 observations from pbri. From Figure 2a, it is 
evident that CIP evolved with higher amplitudes in the north of the epicenter. While in the south, the CIP were 
rather feeble and they started to disappear with increasing distance from the epicenters. The prolonged resonant 
ionospheric signatures could not be clearly observed in the south.

Figure 2b shows a similar analysis for PRN 16. Significant CIP and clearer ionospheric oscillations were recorded 
from umlh after the first earthquake. The dTEC time series and corresponding power spectrum for PRN 16 could 
be verified in Figure 2c. It should be noted that ionospheric oscillations were less intense and their duration as 
estimated from dTEC time series (∼26 min) was relatively smaller compared to the observation of PRN 32 from 
umlh. The CIP were relatively weaker from other north stations (Figure 2b). Evidently, these stations did not 
observe any ionospheric oscillations in PRN 16. Further, in case of PRN 16 also, the stations in south recorded 
either no CIP or very weak CIP compared to the north.

So, PRN 32 and 16 recorded continuous ionospheric oscillations centered ∼4 mHz after both the earthquakes 
over the restricted region towards NNE of the epicenters. The large amplitudes of CIP as well as oscillations are 
evident NNE of the epicenters (Figures 3a and 3b respectively). The tracks of PRN 32 from umlh, lewk and pbri, 
PRN 16 from umlh, and PRN 19 from pbri, Figure 3c(inset), depict the spatial extent of resonant ionospheric 
signatures. The time series of PRN 19 from pbri and other stations are included in Figure S1 in Supporting 

Figure 2. Temporal evolution of seismic induced ionospheric signatures as observed by (a) Pseudo Random Number (PRN) 32 and (b) PRN 16 from GPS stations of 
Figure 1. The resonant ionospheric signatures are highlighted in oval. Time series are categorized in the north and south based on the IPP location at the onset time of 
CIP during the Mw 8.6 event. The respective IPP distance from the ionospheric projection of Mw 8.6 epicenter is also shown. The vertical lines show the onset time of 
each event. The Mw 8.6 event occurred at 08:38:37 UT and the Mw 8.2 event at 10:43:10 UT. (c) Power spectral analysis of PRN 32 dTEC time series from umlh and 
pbri and of PRN 16 dTEC time series from umlh. The red curve shows the cone of influence. The power is shown on a logarithmic scale.
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Information S1 along with the observations of PRN 20, 03 and 06. The restricted spatial evolution of resonant 
ionospheric signatures is conspicuously evident during both events.

We attempt to trace the origin of these resonant signatures in the context of non-tectonic and tectonic forcing 
causatives. In this line, first we estimate the non-tectonic forcing mechanisms around the epicenter of Mw 8.6 
event and present it in Figures 4a–4c. These mechanisms are the geomagnetic field coupling factor, observation 
geometry and background ionospheric electron density gradients. The effects of observation geometry have been 
computed by Bagiya et al. (2017, 2019) for the acoustic waves directly emanating from the epicenters. In the 
present study, we move a step forward and compute these effects for the wave perturbations produced by the 
propagating Rayleigh waves.

4.1. Geomagnetic Field Coupling Factor

Consequent to the arrival of the tectonically induced atmospheric wave perturbations at ionospheric altitudes, 
the non-tectonic forcing arising from the geomagnetic field - acoustic wave coupling controls the evolution of 
subsequent ionospheric perturbations (Bagiya et al., 2017, 2018; Heki & Ping, 2005; Rolland et al., 2013; Sunil 
et al., 2017). The evolution of fast propagating waves in the ionosphere after the earthquake is a complex process 
(Chen et al., 2011). Rolland, Lognonné, and Munekane (2011) estimated the geomagnetic field coupling factor at 
ionosphere altitudes for Rayleigh surface wave induced perturbations. Adopting a similar approach, we computed 
this factor for Rayleigh surface wave induced acoustic waves for the region of interest from the Mw 8.6 earth-
quake epicenter and present in Figure 4a. It could be noticed that north of the epicenter (till ∼10°N), the coupling 
between the geomagnetic field and seismic induced acoustic waves facilitate the evolution of the ionospheric 
perturbations. Further, non-tectonic forcing mechanism of geomagnetic field-acoustic wave coupling opposes the 
growth of the perturbations south of the epicenter. The coupling factor manifested in similar way during the Mw 
8.2 event also (Figure S3 in Supporting Information S1). It should be noted that the resonant ionospheric signa-
tures were absent in the further north (beyond 10°N), further south, and east of the epicenters even though these 
directions are considered as favorable from the point of geomagnetic field-acoustic wave coupling.

Figure 3. (a) Spatial distribution of CIP amplitude as observed by Pseudo Random Numbers (PRNs) 32, 16, 19, 20, 03 and 06 from GPS stations of Figure 1. Disk 
color distinguishes different PRNs and size represents the CIP amplitudes. CIP as triggered by Mw 8.6 event are outlined in black. The disks are drawn at IPP altitude 
of 350 km. The CIP amplitudes are multiplied by 1.5 for clear visualization. (b) Amplitude distribution of the resonant ionospheric signatures. The amplitude of 
resonant signatures is multiplied with 7 for clear visualization. Other details are same as of (a). (c) Spatial extent of resonant signatures along with the IPP track of 
respective PRN. The figure maps are generated using Generic Mapping Tools (Wessel et al., 2019).
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4.2. Satellite Geometry

In order to study the GPS satellite geometry effects, we compute the satellite geometry factor for the Ray-
leigh wave induced acoustic wave perturbations in the atmosphere following the approach proposed by Bagiya 
et al. (2017, 2019). Figure 4b shows the estimated geometry factor for the GPS station of umlh during the Mw 8.6 
event. The geometry factor for other selected stations of bthl, btet, pbri, coco and dgar are presented in Figure S2 
in Supporting Information S1. For GPS observation geometry, Rolland et al. (2011a) reported that low elevation 
satellite geometries (≤40) are more suitable to detect the Rayleigh wave induced ionospheric perturbations. The 
estimated satellite geometry factor in this study corroborates this well. It is pertinent to note that the elevations 
for PRN 32 from umlh was ∼60° while recording the resonant ionospheric signatures. This could be verified with 
the moderate geometry factor values along the track of PRN 32 in Figure 4b. Yet PRN 32 recorded significant 
amplitude of CIP as well as resonant signatures from umlh station.

From pbri GPS station PRN 32 could not record any noticeable resonant signatures after the Mw 8.6 event though 
geometry was moderately favorable. It should be noted that geomagnetic coupling was not so favorable over this 

Figure 4. Manifestations of non-tectonic forcing mechanisms during the Mw 8.6 event. (a) Geomagnetic field acoustic wave coupling factor by considering the 
Rayleigh wave as seismic source (b) satellite geometry factor for the Rayleigh wave induced acoustic waves. The factor is computed for the GPS station of umlh. IPP 
tracks of Pseudo Random Numbers visible during the time period of 8–13 UT are also shown. Factors of (a) and (b) are computed at altitude of 350 km (c) ambient 
ionospheric electron density gradient. The figure maps are generated using Generic Mapping Tools (Wessel et al., 2019).
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region. Further, PRN 32 recorded considerable resonant signatures after the Mw 8.2 event where geomagnetic 
field coupling factor and satellite geometry both were quite favorable. We believe that observation geometry 
effects after the Mw 8.2 event can be easily visualized based on the estimation performed after the Mw 8.6 event 
(Figures 4b and S2 in Supporting Information S1) and thus we do not repeat the calculation of observation ge-
ometry factor for the second event.

Based on Figures 4b and S2 in Supporting Information S1, we show that GPS satellite geometry were quite 
favorable from the stations located in the south. Also, the geomagnetic coupling factor was favorable in further 
south, but distinguishable CIP with low amplitudes could only be recorded at a few of the stations (Figure 2). No 
clear resonant ionospheric signatures were evident in the south.

4.3. Background Electron Density

The ambient ionospheric density plays a vital role in manifesting the amplitude of any ionospheric perturbations 
(Bagiya et al., 2019). In case of higher background electron density, the perturbations can grow with higher am-
plitudes and vice versa. We obtain the electron density variations at altitude of 400 km using the IGS TEC maps 
and present in Figures 4b and S3 in Supporting Information S1. It could be noted that higher density manifests 
south of the epicenters while in the north the density remained relatively less. It has to be noted that IPP altitude 
in the present study is considered at 350 km. The electron density measurements at specific ionospheric altitudes 
are not available. Thus, the obtained TEC variations are considered to show the variation of ionization density at 
other altitudes as well (Bagiya et al., 2019).

To study the contributions of tectonic forcing in generating the resonant ionospheric signatures, we looked into 
the manifestations of long-period Rayleigh waves during these events. The propagation of long period Rayleigh 
waves in the ionosphere is displayed in the hodochrone (Figure S4 in Supporting Information S1) estimating the 
velocity ∼2.65 km/s.

4.4. Rayleigh Surface Wave Radiation Pattern

The propagation characteristics of seismic surface waves largely depend on the source attributes in addition to the 
local geological structures. The source attributes were not so simple during the Sumatra 2012 doublet event. The 
bilateral rupture in the WNW-ESE direction triggered the Mw 8.6 event and then bilateral rupture was activated 
in NNE to SSW direction which was followed by westward rupture and at last rupture propagated in west of the 
epicenter (Yue et al., 2012). Duputel et al., (2012) further analyzed the long period surface wave amplitudes to 
derive the rupture directivity during this doublet event. Based on the surface wave radiation pattern they derived, 
significantly higher portion of the seismic energy during the Mw 8.6 event propagated westward. The Rayleigh 
surface wave radiation pattern during the Mw 8.6 event is referred from Figure 6c of Duputel et al., 2012.

We analyze the vertical ground motions from the seismometers located in the vicinity of the epicenters and pres-
ent in Figure 5. Since the atmosphere is mostly sensitive to vertical ground motion, we extract the corresponding 
response from seismometers. All seismic stations have a corner frequency at 120s except PBA which reaches 
240s. To clearly distinguish the onset of low frequency we filtered the data set with a bandpass filter of ∼3 to 
∼7 mHz. The seismic response from CHTO observed low amplitude compared to other stations as less portion 
of the total energy was directed in the NNE direction which corroborates with the directivity of seismic energy 
propagation highlighted by Duputel et al., 2012. As we can see in Figure 5 the wave amplitudes at PBA and PSI 
were high which could be attributed to its relatively lesser distance from the epicenter.

Duputel et al., (2012) further highlight that the Mw 8.6 earthquake source complexity causes Rayleigh surface 
waves of relatively higher energy at ∼250 s (∼4 mHz). This excess of low-frequency energy is explained by a 
two-point source model. We propose this could make the Mw 8.6 Sumatra 2012 earthquake particularly efficient 
to excite the 4 mHz resonance in the atmosphere. Note that the Mw 8.2 earthquake, well modeled with a single 
point source, does not show this feature. This could indicate that the long-lasting resonant oscillations observed 
after the Mw 8.2 earthquake event are also excited by the R2 wavetrain (first Rayleigh Wave train travel along 
major arc) of the Mw 8.6 event. The R2 wave train indeed happens to arrive immediately following the Mw 8.2 
earthquake that occurred 2 hr after the Mw 8.6 event.
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4.5. R2 Surface Wavetrain After the Mw 8.6 Earthquake

The Mw 8.6 doublet earthquake was a major strike-slip event trending in the WNW–ESE direction (Singh 
et al., 2017; Yue et al., 2012), and the subsequent one shares similar faulting characteristics. From Figure 5, 
both the earthquakes did generate discernible vertical ground motion at the frequencies of interest. However, a 
more intense vertical response is associated with the later Mw 8.2 event. We attribute this more intense vertical 
response to a possible recording of R2 and R3 waves (second Rayleigh Wave train travel along minor arc) gener-
ated by the first event which arrived during the time window of the second earthquake. It is needless to mention 
that the R2 and R3 waves can also induce the Earth's free oscillations at its fundamental modes which is evident 
by the presence of prominent signals at frequencies in the range ∼3.7 to ∼4.4 mHz in Figure 5. The ionospheric 

Figure 5. Filtered (3–7 mHz) vertical ground motions (fVGM) at seismometer stations of Figure 1. Azimuth and great-circle distance of each station with respect to the 
Mw 8.6 source are shown. Origin time of both events with R1 (first Rayleigh Wave train travel along minor arc), R2 (first Rayleigh Wave train travel along major arc) 
and R3 (second Rayleigh Wave train travel along minor arc after one round) surface waves for first event are marked.
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oscillations observed after Mw 8.2 event by PRN 32 from pbri GPS station might contain a major contribution 
from the Earth's free oscillations triggered by the Mw 8.6 event at these resonant frequencies.

5. Discussion
During any earthquake the solid earth transfers ∼10−4 to ∼10−5 of the seismic energy to the adjacent atmosphere 
through solid Earth-atmosphere coupling (Lognonné et al., 2006; Watada & Kanamori, 2010). The transfer of this 
seismic energy is maximum at the frequencies where the Earth and atmosphere have resonance. As mentioned, 
the spheroidal modes of the Earth's background free oscillations (a) 0S29 (∼3.7 mHz) and (b) 0S37 (∼4.4 mHz) 
overlap with the atmospheric acoustic modes and trigger the resonance between the Earth and the atmosphere. 
Thus, the effects due to seismic energy centered on these frequencies manifest best in the atmosphere. It is per-
tinent to note that the observed prolonged ionospheric oscillations are preferably associated with frequencies in 
the range ∼3.7 to ∼4.4 mHz.

From tectonic point of view, the Mw 8.6 earthquake source triggered Rayleigh surface waves at ∼4 mHz with 
comparatively higher energy (Duputel et al., 2012). It is assumed that this excess energy played an important role 
in generating the observed resonant ionospheric signatures after the Mw 8.6 event. It is pertinent to note that the 
surface waves generated during the Mw 8.6 earthquake triggered the Earth's free oscillations ∼2:30 hr after the 
occurrence of the event (Duputel et al., 2012). Hence, origin of the prolonged ionospheric oscillations which were 
recorded immediately after the classic CIP arrival (after ∼10 min) during the Mw 8.6 event cannot be traced to 
the Earth's free oscillations and its subsequent resonance with the atmosphere at fundamental acoustic modes. 
However, the resonance ionospheric signatures observed after the Mw 8.2 earthquake has a close association with 
R2 wave train arriving after the Mw 8.6 event.

Further, evolution of the resonant signatures as well as of CIP are subjected to the non-tectonic forcing mecha-
nisms that prevail at ionospheric altitudes (e.g., Bagiya et al., 2019; Rolland et al., 2013). Significant amplitudes 
of CIP and resonant signatures in the NNE of the epicenters are supported by the favorable geomagnetic field 
coupling factor and satellite geometry factor. However, in the further north (∼10°N and above), further south 
(∼2°S and below), and west of the epicenters the signatures could not be seen despite the supportive coupling fac-
tor and observation geometry. This possibly hints that more robust methodology is desired to decode the effects 
of non-tectonic factors from the dominant seismic forcing. According to Chen et al., (2011), initial ionospheric 
perturbations may not propagate fully along the geomagnetic field lines and thus the effects of geomagnetic field 
could not be derived conclusively for initial perturbations. Further, earthquakes occurring at various latitudes 
can lead to generation of ionospheric perturbations of similar magnitudes. This aspect needs to be scrutinized in 
terms of limited applicability of geomagnetic field factor. More studies are underway in this line.

6. Conclusion
The ionospheric oscillations recorded for prolonged duration during the 11 April 2012 Sumatra doublet earth-
quake are explained in terms of acoustic resonant coupling between the terrestrial surface and its atmosphere. The 
north-south amplitude anisotropy of resonant ionospheric signatures following the doublet event are discussed by 
invoking the manifestations of seismic forcing around the epicenter in addition to the non-tectonic forcing mech-
anisms of geomagnetic field coupling factor and observation geometry. The prominent generation of seismic 
surface waves at ∼4 mHz (Duputel et al., 2012) and the R2 surface wave train after the Mw 8.6 event assisted in 
explaining the resonance observed in the GPS-TEC after the Mw 8.6 and Mw 8.2 event respectively. The asso-
ciation of resonant ionospheric signatures recorded following the Mw 8.2 event to the R2 Rayleigh surface wave 
train of the Mw 8.6 event is a rather novel proposition and depicts the atmospheric response to the terrestrial free 
oscillations at acoustic modes. It is suggested that resonant ionospheric signatures may contain information on 
the rupture process of large and complex earthquakes.
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Data Availability Statement
The International GNSS Service (IGS) and SOPAC are duly acknowledged for the IGS GPS data. GPS data are 
downloaded from http://sopac-csrc.ucsd.edu/. The Incorporated Research Institutions for Seismology data man-
agement center (IRIS-DMC) is duly acknowledged for the seismometer data. Seismometer data are downloaded 
from http://ds.iris.edu/ds/.
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