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Abstract The amplitude asymmetry and initial polarity of seismic induced ionospheric perturbations
around the epicenter are considered to be important in providing information about the rupture
propagation and related vertical surface deformation. To comprehend this, we study ionospheric
perturbations related to the 12 May 2015, Mw 7.3 Nepal earthquake. We model the coseismic slip associated
with the event using the interferometric synthetic aperture radar derived surface deformation data. The
ionospheric perturbations associated with the obtained surface deformation are explained in terms of
rupture propagation, favorable geomagnetic field-wave coupling, and satellite geometry effects. We discuss
the effects of phase cancelation on the perturbation evolution for various receiver satellite line-of-sight
configurations invoking an elementary version of satellite geometry factor. The present study thus elucidates
further the role of nontectonic forcing mechanisms while identifying ground source pattern using the
associated ionospheric perturbations.

1. Introduction

During shallow earthquakes of large magnitude about 10�4 to 10�5 part of the total seismic energy is trans-
ferred to nearby atmosphere throughmechanical coupling between the Earth and its atmosphere [Lognonne
et al., 1998]. The vertical surface deformations originating from the hypocenter oscillate the nearby atmo-
sphere and triggers waves mainly of acoustic frequencies [e.g., Rolland et al., 2011; Sunil et al., 2015, 2016,
and references therein]. The upward propagating waves amplify up to ~104 times at ~150 km altitude, to
compensate with the exponentially decreasing background neutral density [Artru et al., 2004]. On arrival at
ionospheric altitudes, the waves redistribute ionospheric electron density and manifest as electron density
enhancement or depletion depending generally upon the incoming wave phase [Astafyeva and Heki,
2009]. These seismic induced ionospheric perturbations are termed as coseismic ionospheric perturbations
(CIP) [e.g., Sunil et al., 2016].

The amplitude and initial polarity of CIP are considered to be very useful in characterizing the large dip-slip
earthquakes. By analyzing the CIP associated with 2004 Sumatra earthquake, Heki et al. [2006] derived source
parameters in terms of rupture propagation speed and lateral extent of rupture. As CIP propagate in the iono-
sphere, the geomagnetic field, receiver satellite line of sights (LOS), and background ionization restructure
the phase and amplitude of CIP. These all can be termed as nontectonic forcings that affect CIP at measure-
ment altitudes. Using a case study of 2015 Illapel earthquake, Chum et al. [2016] reported that the shape and
amplitude of CIP may also vary due to the nonlinear behavior of quasi-vertically propagating infrasound
waves. Astafyeva and Heki [2009] studied near-field CIP associated with three large events (Mw> 8) and linked
the initial polarity of CIP with the coseismic surface deformations. Rolland et al. [2013] carried out further
analysis of ionospheric perturbations during 2011 Van earthquake of Mw 7.1 and reported that polarity
change of CIP is mainly controlled by the geomagnetic field configuration around the epicenter and not
related to the rupture features. Recently, Sunil et al. [2016] were the first to study the azimuthal anisotropy
in the spatial variations of near field CIP related to the Mw 7.8 25 April 2015 Nepal earthquake. They empha-
sized the combined effects of tectonic forcing and favorable geomagnetic field-acoustic wave coupling in
evolving significant CIP toward east-southeast of the epicenter while the geomagnetic field-wave coupling
observed to distort the CIP in north of the epicenter in their study.

In addition to the geomagnetic field-wave coupling, the wave phase cancelation effects due to the varying
receiver satellite LOS, i.e., satellite geometry, also play crucial roles in facilitating the surface deformations
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to imprint in the ionosphere during an earthquake. There are few studies reported on the effects of phase
cancelation on CIP evolution [e.g., Heki and Ping, 2005; Grawe and Makela, 2015, and references therein]. In
the present study, we bring out the importance of phase cancelation effects during varying receiver satellite
LOS in an elementary manner and proceed to evaluate the competing effects of tectonic and nontectonic
origin on CIP evolution for the recentMw 7.3, Nepal earthquake occurred as a result of low-angle reverse fault-
ing at a depth of ~15 km associated with Main Himalayan Thrust (MHT) struck on 12 May 2015 at 07:05 UTC
[National Earthquake Information Center-U.S. Geological Survey (NEIC-USGS), 2015]. Our analyses reveal that
despite the southeast oriented rupture propagation and favorable geomagnetic field-wave coupling to the
south of the epicenter, significant CIP are registered in southwest compared to that in southeast. This would
have remained quite intriguing without evaluating the nontectonic forcing owing to varying receiver satellite
LOS effect. The significant CIP in southwest are explained based on the satellite geometry factor (SGF) derived
in this study, thus emphasizing the importance of wave phase cancelation effect on CIP evolution.

2. Crustal Deformation and Rupture Propagation

TheMw 7.3 event is imaged using interferogram generated from ALOS-2 satellite data between 5 and 17 May
2015 [Lindsey et al., 2015] operated by the Japan Aerospace Exploration Agency. The obtained surface defor-
mation map (Figure 1a) suggests about�0.5 to 0.75 m deformation along the line of sight of the satellite. The
deformation pattern is elliptical, extending slightly in south-southeast direction, and the rupture is more
compact compared to the 25 April 2015, Mw 7.8 event. We inverted interferometric synthetic aperture radar
(InSAR) data to derive coseismic slip on the causative fault of the earthquake assuming linear superposition of
rectangular dislocations in an elastic half-space [Okada, 1985]. As the geometry of the MHT is important to
understand the slip distribution, Sreejith et al. [2016] approximated the fault geometry of MHT which reaches
the surface at Main Frontal Thrust (MFT) by four rectangular fault segments representing the frontal ramp,
southern flat, midcrustal ramp, and northern flat in the Nepal Himalayas for the inversion of the Mw = 7.8
event. Considering the compact source for theMw = 7.3 event, the model fault is restricted to three segments
excluding the frontal ramp.

We use the steepest descent method iterative algorithm [Wang et al., 2013] for the constrained least squares
optimization to solve for the dip-slip and strike-slip components. The optimum smoothing factor (γ2 = 0.175)
for the inversion was chosen from the trade-off curve between the model roughness and misfit (the L curve).
The maximum coseismic slip modeled is about 3.8 m at a depth of 14 km (Figure 1b). The corresponding
moment released is 1.146 × 1020 Nm that corresponds to amagnitude ofMw = 7.31, which closely agrees with
that obtained from seismic waveform inversion (Mw 7.3) [NEIC-USGS, 2015]. The source model of the Mw 7.3
event is compact with slip distribution confined to the upper part of the midcrustal ramp on the MHT. It could
be seen that most seismic energy due to rupture is propagated in south of the epicenter during 12 May
2015 event.

3. Ionospheric Observations

GPS-total electron content (TEC) is an established diagnostic tool to study the temporal and spatial iono-
spheric variability over various scales [e.g., Rama Rao et al., 2006; Bagiya et al., 2009, and references therein].
Fortunately, the May 2015 Nepal earthquake event was reasonably well constrained with GPS-TEC data avail-
able near the rupture area. TEC, at every 30 s, is derived from the dual frequency observations of International
Global Navigation Satellite Systems service (IGS) stations, Nepal Geodetic and Indian GPS networks. The Slant
TEC (sTEC) estimation method is followed as given in Sunil et al. [2016]. The sTEC is further detrended using
polynomial with degree up to 7 which provides high-pass filter to TEC perturbations and suitable to highlight
the acoustic originated perturbations. The ionospheric piercing points (IPP) corresponding to each satellite
TEC measurements are also estimated at ~330 km of height which is the peak electron density height at
the epicenter derived from IRI-2012. It is verified with the World Data Center (WDC) from geomagnetism,
Kyoto, that the 12 May 2015 is a geomagnetically quiet day (planetary K index = 3, minimum disturbed time
storm index = �32 nT between 1 and 8 UTC), and also, there is no major solar flare around the earthquake
onset time (http://www.spaceweather.com/).

The CIP within 800 km surrounding the epicenter are considered as near-field CIP [e.g., Otsuka et al., 2006].
Figure 2a depicts the location of CIP at the respective IPP locations as observed by various GPS satellites
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(PRN 19, 09, 23, and 27) surrounding the epicenter. The color of the disk shows CIP amplitudes. To understand
CIP variability better, we divided the total area into four regions. The land deformation of Figure 1a is
reproduced in Figure 2a for the comparative view of surface deformation and CIP amplitude distribution
around the epicenter. The CIP signatures are observed within ~8.5 to ~12 min of the earthquake onset. It
is noticed that maximum of CIP amplitudes observed in region 4. In region 2, TEC observations are
available, but since no CIP signatures are observed by any of the PRNs, the region is void in Figure 2a.
Figure 2b shows CIP evolution in time as observed by PRN 19. In regions 1 and 3, PRN 19 TEC perturbed
with less amplitudes mostly with initial phase as depletion while region 4 exhibited significant CIP
perturbations with initial phase as an enhancement. Observation from alh2–19, in region 4, showed
maximum amplitude of ~1.24 total electron content unit, 1 TECU = 1016 el m�2 (TECU). It could also be
noticed that initial positive phase of CIP in region 4 gradually evolved with distance in southwest direction.
CIP variability in time from PRN 09, 23, and 27 is shown in Figure 2c. PRN 27 in region 4 captured
maximum CIP amplitude at alh2-27(~1.69 TECU). However, regions 1 and 3 witnessed smaller-amplitude
CIP. Though the surface deformations mainly occurred in south and southeast (region 3) with reference to
the epicenter, the significant ionospheric response is seen in the southwest. This peculiar behavior is
discussed in terms of the various nontectonic forcing mechanisms as follows.

4. Geomagnetic Field-Wave Coupling and Background Ionization Variability

The geomagnetic field-wave coupling mainly controls the propagation of CIP at F region altitudes. When the
seismic induced acoustic wave perturbations propagate parallel to the geomagnetic field direction, Lorentz
force is least effective and the wave propagation is unaffected. If the wave vector and field direction are
perpendicular to each other, then the opposing Lorentz force inhibits the further propagation. To determine
the effects of geomagnetic field-wave coupling on the CIP distribution, we have estimated the geomagnetic
coupling factor at ionospheric altitude of ~330 km as, k.Ib [Rolland et al., 2011; Sunil et al., 2016]. Here k is
the acoustic wave vector and Ib is geomagnetic field unit vector. The acoustic wave vector paths originat-
ing from the epicenter is derived using acoustic ray tracing method [Calais et al., 1998; Heki and Ping, 2005;

Figure 1. (a) InSAR-derived coseismic crustal deformation map during 12 May 2015 Mw 7.3 Nepal earthquake. Note that the InSAR deformation is along the line of
sight of the satellite; positive and negative values mainly indicate uplift and subsidence, respectively. (b) Coseismic slipmodel of the 12May 2015Mw 7.3 Nepal event.
The star indicates the earthquake epicenter location and the black line indicates the Main Frontal Thrust (MFT).
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Heki et al., 2006; Cahyadi and Heki, 2015]. The acoustic waves which propagate within zenith cutoff of
~23.5° over the epicenter are considered for coupling factor estimation [e.g., Heki and Ping, 2005]. More
details on these could be found in the next section. The geomagnetic field inclination and declination at
the epicenter are ~43.4° and ~0.4°, respectively. Figure 3 shows the geomagnetic coupling factor around
the epicenter. It is noticed that the geomagnetic field-wave coupling favors the CIP propagation in
southern side of the epicenter (maximum factor value up to 1).

The epicenter being at the location around the equatorial ionization anomaly region, the effects of back-
ground ionization variability on CIP are worth to investigate here. The electron density gradient amplifies if
background ionization density is high [Bagiya et al., 2013]. The background ionization is evaluated in terms
of TEC maps derived using IONEX data over 12° longitudes and 10° latitudes around the epicenter. TEC maps
at the temporal resolution of 15 min are reproduced in Figure 4. It can be noted that TEC gradually increases
in south of the epicenter by 7:15 UTC. The gradient in background ionization is clearly larger toward south of
the epicenter. Since both geomagnetic coupling factor and background ionization are favorable in south of
the epicenter, any asymmetry in CIP amplitude distribution in the south could be attributed to either tectonic
forcing or satellite geometry.

5. Wave Phase Cancelation During Varying Satellite Geometry

Figure 5 shows the acoustic wave paths derived using ray tracing method as followed from Calais et al. [1998]
and Heki and Ping [2005]. The waves within 23.5° zenith cutoff are observed to arrive at IPP heights of
~330 km. The wave arrival time with altitudes are shown with color codes. The quasi vertical acoustic waves
with angle less than ~7° from the zenith discussed in Chum et al. [2016] are attributed to the horizontally
traveling surface waves and observed away at distances ~800 km from the epicenter. However, in the present
study, the ray tracing is performed only for the acoustic waves which are emanating directly from the

Figure 2. Near-field CIP evolution as observed by PRN 19, 09, 23, and 27. (a) IPP locations at the time of the detection of CIP in PRN 19, 09, 23, and 27. The InSAR
crustal deformation image of Figure 1 is reproduced here to get the clear insight on the directionality of tectonic forcing distribution at ground and that of the
CIP amplitude distribution at IPP height of ~330 km. (b) CIP evolution in TEC with time in PRN 19. (c) Same as Figure 2b but for PRN 09, 23, and 27.
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epicenter along with the coseismic surface uplift there by restricted to horizontal distances ~200–300 km.
Thus, the acoustic waves by propagating surface waves that could be generated and become observable
at large distances are not discussed here. It is pertinent to note that the viscosity, which becomes
significant after ~150 km altitude, affects the acoustic wave amplitudes adversely in the atmosphere.
Based on Doppler sounder observations and numerical simulation, at horizontal distance of ~800 km away
from the epicenter, Chum et al. [2016] demonstrated that the oblique rays are attenuated more in
comparison to quasi vertical rays because of their longer trajectories in highly viscous medium. As the
focus of the present study is on near field CIP within horizontal distances of ~200–300 km around the
epicenter where acoustic waves from the epicenter are less oblique, the atmospheric viscosity effects may
not be as significant.

Figure 3. Geomagnetic field-acoustic wave coupling factor derived at 330 km height with center at the epicenter of 7.3Mw
event.

Figure 4. TEC maps derived using IONEX data over 12° longitudes and 10° latitudes at (a) 7.00 UT and (b) 7.15 UT to evaluate the background ionization variability at
the time of earthquake.
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Figure 5 also illustrates wave phase cancelation effects during varying satellite geometry along the receiver
satellite LOS by showing schematic of GPS satellite-receiver pairs. It can be noticed in the figure that when the
acoustic wave path and satellite LOS are parallel to each other (i.e., acoustic wave fronts and LOS perpendi-
cular to each other), the integration of wave fronts cancels the wave phases and thus results into the minimal
CIP amplitudes. On the other hand, when satellite LOS becomes perpendicular to the acoustic raypath (i.e.,
acoustic wave fronts and LOS parallel to each other), actual wave structure could be observed depending
on geomagnetic field configuration. Georges and Hooke [1970] introduced a parameter to determine the
phase cancelation contribution on CIP amplitudes arising from the satellite geometry effect. This elementary
parameter is estimated, here, in terms of satellite geometry factor (SGF). For an acoustic wave with wave
vector k and satellite line of sight unit vector Ir, SGF is defined as follows:

SGF ¼ k:Ir
cosχ

:

Here k is the wave vector derived using ray tracing method. χ is the satellite zenith angle. The SGF is esti-
mated at 330 km altitude. We mainly consider the wave phase cancelation effects on CIP amplitude during
varying satellite geometry; thus, the proposed simple SGF suffices the purpose. Figure 6a shows the distribu-
tion of acoustic wave zenith angles over the epicenter for zenith cutoff of ~23.5° and estimated SGF for PRN
19 along the satellite IPP tracks. The black horizontal bars in the satellite IPP tracks depict the CIP amplitudes
at that location. The estimated SGF for PRNs 09, 23, and 27 is shown in Figure 6b. The SGF values are shown
along the track of the satellites in Figures 6a and 6b. It is clear from Figures 5 and 6 that most favorable satel-
lite geometry is when the wave vector k and satellite line of sight Ir are perpendicular to each other, i.e., Ir is
parallel to wave fronts and, hence, the maximum of SGF occurs with value of zero. In Figures 6a and 6b,
regions 3 and 4 (same as that of Figure 2a) are in favorable geomagnetic field configuration (Figure 3) and

Figure 5. Wave phase cancelation effect arising from the varying satellite geometry. Acoustic raypaths from the epicenter. Schematic of two satellite-receiver pair
and interaction between the acoustic wave vector and respective satellite line of sights (LOS) at 330 km are also shown. When the satellite LOS and acoustic wave
vector are parallel to each other, i.e., wave front and LOS are perpendicular to each other the integration effect cancels the wave phases and minimize the CIP
amplitudes (i.e., unfavorable LOS). In case of parallel satellite LOS and wave fronts, a satellite can observe the actual wave structure (i.e., favorable LOS).

Journal of Geophysical Research: Space Physics 10.1002/2017JA024050

BAGIYA ET AL. THE 12 MAY 2015 NEPAL EARTHQUAKE 6854



also background density gradient is larger here (Figure 4). In addition, most of the tectonic energy released
toward region 3 (Figure 1a), despite this maximum of CIP amplitudes, occurred in region 4 where SGF
is favorable.

6. Discussion

A coseismic slip of ~3.8 m at a depth of 14 kmwith an estimatedMw ~ 7.31 earthquake allows us to categorize
the May 2015 Nepal event as a large thrust event. The associated surface deformation during the event varied
between�0.5 and 0.75 m and the pattern bit elongated in south-southeast direction closely surrounding the
epicenter. The maximum uplift occurred in southwest, that is, normal to the strike of coseismic slip direction.
However, the rupture is more compact and circular compared to the Mw 7.8, 25 April 2015 earthquake, and
the surface deformations along with modeled coseismic slip indicate that most of the seismic energy was
released south of the epicenter. In addition, geomagnetic field-acoustic wave coupling favors the evolution
of ionospheric perturbations in southern part of the epicenter (regions 3 and 4 in Figure 2a). Thus, CIP over
these regions may provide extra information on surface deformation patterns if the satellite geometry and
background ionization are supportive. It could be observed that CIP in region 4 are more prominent than
region 3. CIP by PRN 19 in region 4 show gradual evolution with distance in southwest from the epicenter
(Figure 2b). The geomagnetic field configuration and background ionization (enhancing within 15 min of
the event) both are favorable in this region and facilitate evolution of CIP. This is substantiated by the
observed maximum amplitude in TECU (~1.24) by alh2–19 (Figure 2b) that falls in the region of higher back-
ground ionization and maximum geomagnetic field-wave coupling. In addition, the wave phase cancelation
effect is less in region 4 (Figure 6a). The SGF, Figure 6a, varies between 1 and 1.5 for PRN 19 at sim4 and nast in
region 3, while it varies between 0 and 1 in region 4 as observed from various other ground GPS stations. In
Figure 6b also SGF largely varies in regions 3 and 4. Thus, it could be stated that region 3 differs from region 4
in terms of the variability of SGF. The phase cancelation effect is more pronounced in region 3, and thus, CIP
are observed with smaller amplitudes than that of region 4. In light that most rupture-induced energy propa-
gated in south of the epicenter, our analysis of factors affecting CIP amplitude in PRN 19 reveal that the
nontectonic forcing of satellite geometry is mainly dominant in region 3. Significant CIP in alh2–27 and
brn2–09, in region 4, are also attributed to favorable SGF in addition to the favorable geomagnetic field-wave
coupling. PRN 23 could not capture the CIP well, despite falling into favorable regions for tectonic forcing and

Figure 6. (a) Estimated SGF for PRN 19. The distribution of acoustic wave zenith angles over the epicenter for zenith cutoff of ~23.5° is reproduced in the figure. The
SGF values are shown along the track of the satellite. It could be observed that phase cancelation effects are least for PRN 19 in the southwest of the epicenter with
SGF values near to zero. (b) Same as Figure 6a but for PRN 09, 23, and 27. More details on this could be found in text.
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geomagnetic-field wave coupling because of the intense wave phase cancelation effect as verified by SGF.
However in region 1, CIP could not evolve due to poor geomagnetic field-wave coupling. We thus suggest
here, through observations and presented calculations, that in addition to geomagnetic field-wave coupling,
the wave phase cancelation effect due to satellite geometry also needs to be considered before tracing the
ground deformation patterns through ionospheric perturbations.

7. Conclusion

We modeled the coseismic slip during 12 May 2015 Mw 7.3 Nepal thrust earthquake and studied the nearby
ionospheric response linked to the obtained deformation pattern. Aside from assessing the effect of geomag-
netic field-wave coupling on CIP evolution [Rolland et al., 2013], in a step forward, we studied the effects of
the wave phase cancelation on the perturbation evolution related to various receiver-satellite line-of-sight
configurations invoking an elementary version of SGF. We demonstrate that the CIP could not evolve on
expected lines in tandem with tectonic forcing despite favorable geomagnetic field-wave coupling, owing
to wave phase cancelation effects along the receiver-satellite LOS. This illustrates that the nontectonic forcing
of satellite geometry also plays a crucial role in the evolution of CIP than envisaged earlier. We believe that
the present study elucidates more on the effects of nontectonic forcing mechanisms on the evolution of
CIP and thus their efficiency in resolving the crustal deformation pattern. However, the addressed nontec-
tonic effects have to be verified for CIP associated with various other earthquake mechanisms such as
strike-slip and normal faulting events.
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