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Abstract

Ionospheric response to the recent 25 April 2015 Gorkha, Nepal earthquake is studied in terms of Global Positioning System-Total
Electron Content (GPS-TEC) from the viewpoints of source directivity, rupture propagation and associated surface deformations, over
and near the fault plane. The azimuthal directivity of co-seismic ionospheric perturbations (CIP) amplitudes from near field exhibit excel-
lent correlation with east-southeast propagation of earthquake rupture and associated surface deformations. In addition, the amplitude
of CIP is observed to be very small in the opposite direction of the rupture movement. Conceptual explanations on the poleward direc-
tivity of CIP exist in literature, we show the observational evidences of additional equator ward directivity, interpreted in terms of rup-
ture propagation direction. We also discuss the coupling between earthquake induced acoustic waves and local geomagnetic field and its
effects on near field CIP amplitudes. We suggest that variability of near field CIP over and near the fault plane are the manifestations of
the geomagnetic field-wave coupling in addition to crustal deformations that observed through GPS measurements and corroborated by
Interferometric Synthetic Aperture Radar (InSAR) data sets.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The seismo-ionospheric coupling is a subject of great
fascination. Despite many observations of traveling iono-
spheric disturbances associated with seismic events, direct
phenomenological evidence of this complex coupling has
been more difficult to observe. Therefore, the study of
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any independent seismic event assumes importance, and
is viewed as a step forward in gathering observational evi-
dences to understand this coupling mechanism. The earth-
quake rupture and associated vertical surface deformations
and the propagating surface waves (Rayleigh waves) during
an earthquake provide a mechanical thrust to the nearby
atmosphere, which generates infrasonic acoustic waves in
the vicinity of the respective source. In any free running
system, once generated, the wave will propagate in all pos-
sible directions. The earthquake induced acoustic waves
propagate vertically upward with velocity equal to that of
the sound (e.g. Heki and Ping, 2005; Astafyeva et al.,
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2009; Rolland et al., 2011 and references there in). Impor-
tantly, these seismically induced acoustic wave distur-
bances propagate upward in a medium of decreasing
atmospheric neutral density. Thus, amplitudes of these dis-
turbances are magnified with altitudes. As these atmo-
spheric neutral waves reach the ionospheric altitudes, the
moving neutral particles collide with the ionospheric
plasma particles, resulting in electron density disturbances
(Kherani et al., 2009). These disturbances could be termed
as co-seismic ionospheric perturbations (CIP).

The various characteristics of CIP, like amplitude, phase
and directivity/azimuthal asymmetry, depend on several
factors such as: (i) magnitude and mechanism of an earth-
quake (e.g. Astafyeva and Heki, 2009; Astafyeva et al.,
2013, 2014; Perevalova et al., 2014; Cahyadi and Heki,
2015) (ii) direction of rupture propagation and allied sur-
face deformations (e.g. Otsuka et al., 2006; Heki et al.,
2006; Afraimovich et al., 2010; Kakinami et al., 2012)
(iii) alignment of geomagnetic field (e.g. Calais and
Minster, 1995; Heki and Ping, 2005; Otsuka et al., 2006;
Rolland et al., 2013) (iv) observation geometry (e.g. Heki
and Ping, 2005; Rolland et al., 2013) (v) background iono-
spheric electron density (e.g. Sunil et al., 2015), etc.

In this study, the main emphasis is on the earthquake
rupture propagation and its extent besides the azimuthal
asymmetry of CIP amplitudes around the epicenter. This
is a first study of its kind for the April 2015 Nepal earth-
quake. Some of the reports on directivity of CIP invoke
multiple acoustic sources along the rupture direction as
the main hypothesis to explain their observations (Heki
et al., 2006), while others explain it in terms of the response
of electron density variations to the neutral motion of
acoustic waves parallel to the geomagnetic field lines (e.g.
Otsuka et al., 2006). In order to investigate these aspects
in relation to continental interior (inland) earthquakes,
the 25 April 2015 Gorkha (Nepal) earthquake (Mw 7.8)
offers a unique opportunity in this context. We attempt
to study the behavior of CIP simultaneously just above
and near the rupture area (near-field) using available global
positioning system (GPS) derived – total electron content
(TEC) observations. Unlike other inland earthquakes, the
Gorkha event was reasonably well constrained with GPS
data available over the rupture area. The observed azi-
muthal asymmetry of CIP amplitudes around the epicenter
is interpreted in terms of rupture propagation direction and
also discussed for the effects of coupling between seismi-
cally induced acoustic waves and local geomagnetic field
around the epicenter. By analyzing ionospheric TEC
response to three large earthquakes of different focal mech-
anisms, Astafyeva and Heki (2009) reported that initial
polarity (negative or positive) of CIP depends on the co-
seismic vertical crustal deformation patterns. Rolland
et al. (2013) further suggested that this can be true in
regions where geomagnetic field hardly distorts the CIP.
In the present case, we corroborate this and suggest that
initial polarity of CIP can be directly linked to the crustal
deformation patterns only in regions where geomagnetic
field seldom disturb the CIP evolution. Therefore, this
study is manifold in that context.

2. Surface deformations and TEC observations

The 2015 Mw 7.8 Gorkha earthquake, which occurred
on the Main Himalayan Thrust (MHT) depicted in
Fig. 1, is the largest earthquake in the region since the
1934 Bihar-Nepal earthquake. The Gorkha event caused
considerable damage in Central Nepal including its capital
Kathmandu (Sapkota et al., 2012). Inversion of teleseismic
data suggests that the main slip occurred due to thrust
faulting and is associated with ground acceleration towards
east-southeast direction from the epicenter. The rupture
propagated for about 160 km with a velocity of 3.1–
3.3 km/s resulting in a total source duration of �55 s
(Fan and Shearer, 2015; Grandin et al., 2015). The defor-
mation map along with surface vertical velocity vectors
(Fig. 1) generated respectively from InSAR and GPS
observations, suggests an uplift of about 1.0–1.28 m near
Kathmandu and a subsidence of about 0.6–0.8 m towards
the Northern part of the uplifted area (Lindsey et al.,
2015; Sreejith et al., 2016). However, joint inversion of this
GPS and InSAR data suggest a thrust slip with a coseismic
component of about 5.7 m at 12 km depth.

GPS derived TEC is a characteristic observable to mon-
itor the ionospheric variations (e.g. Rama Rao et al., 2006;
Bagiya et al., 2009 and references there in). It can be
defined as a line integral of electron density along the
satellite-receiver radio line of sight. The unit of TEC is
TECU, which is 1016 electrons per square meter, i.e. the
total number of free electrons in a column with cross sec-
tional area of 1 m2. TEC variations from available GPS
stations (responsible agencies are listed in Table 1) are
derived using differential carrier phase and code measure-
ments available in the receiver independent exchange
(RINEX) format at every 30 s. The slant TEC (sTEC) is
estimated from code measurements and smoothed with
the carrier phase measurements. The resultant smoothed
TEC values are not absolute but contain satellite and recei-
ver hardware biases. In the present study, we mostly con-
centrate on TEC changes and thus the estimation of
absolute TEC may not be required. We prefer to show
the CIP variability using sTEC in order to minimize the
ambiguity in identifying the initial phase of TEC variations
that may arise during detrending process.

3. Near field CIP response

Using GPS occultation technique, Sun et al. (2016) stud-
ied the ionospheric F2 region perturbations associated with
same Nepal earthquake and reported that the earthquake
induced ground deformations can significantelly perturb
the vertical ionospheric electron density structure. It is doc-
umented that CIP within the area of �800 km surrounding
an earthquake epicenter are mainly caused by the acoustic
waves direct from the epicenter (e.g. Otsuka et al., 2006). In



Fig. 1. Map illustrates the co-seismic horizontal and vertical vectors and deformation image generated from GPS and InSAR data respectively (after
Lindsey et al., 2015; Sreejith et al., 2016). White and black arrows represent GPS horizontal and vertical vectors respectively. Negative and Positive values
in color bar indicate the ground subsidence and uplift due to Gorkha earthquake respectively. The location of earthquake epicenter is shown as red star.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
GPS stations along with responsible agency/group.

Station
code

Geographic
latitude

Geographic
longitude

Responsible
agency/group

brn2 26.52 87.27 NEGAR Nepal
bhgp 25.23 87.05 ISM Dhanbad
bika 28.03 73.26 University of

Udaipur
chlm 28.21 85.31 NEGAR Nepal
dngd 28.75 80.59 NEGAR Nepal
dnsg 28.34 83.76 NEGAR Nepal
grhi 27.95 82.49 NEGAR Nepal
jmsm 28.81 83.74 NEGAR Nepal
lck3 26.91 80.96 IGS
lhaz 29.66 91.1 IGS
nani 29.38 79.45 NGRI Hyderabad
nast 27.66 85.33 NEGAR Nepal
ptna 25.59 85.14 ISM Dhanbad
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reference to this, the CIP within 800 km surrounding the
epicenter are considered as near field CIP in the present
study. The various characteristics of the near field CIP after
April 2015 Gorkha earthquake are demonstrated in
Figs. 2–4. Fig. 2(a) shows the various station locations
and trajectory of ionospheric piercing points (IPP) at
350 km for PRN 16 from the respective station. The blue
disk represents the CIP with initial TEC response as TEC
depletion, while the CIP with initial TEC response as
TEC enhancement are shown in red color. The near field
CIP variability with time as observed by PRN 16 in sTEC
is shown in Fig. 2(b). CIP variability, in Fig. 2, around the
epicenter suggests that amplitudes of CIP are clearly and
preferentially larger east-southeast (region 2 and 4 in
Fig. 2). In region 2, chlm_PRN16 observed maximum sTEC
perturbation of �0.7 TECU with TEC depletion as initial
phase while in region 4 ptna_PRN16 recorded maximum
sTEC perturbation of�2.91 TECU with TEC enhancement
as initial phase. In region 3, sTEC perturbation observed as
initial TEC enhancement of �0.72 TECU by alh2_PRN16.
CIP amplitudes, as observed by PRN 16, towards the west
(region 1 in Fig. 2(a) and (b)) are rather feeble. The first
onset of CIP is seen at chlm_PRN 16, in the east, after
�9 min of the earthquake occurrence. To the west, the first
CIP onset is detected at dnsg_PRN 16~11 min after the
event. The observed time delay of �9–11 min confirms the
acoustic wave as a source of the near field CIP. PRN 16
observations suggest that significant CIP amplitudes
occurred in the east-southeast of the epicenter.

Fig. 3(a) depicts the station locations and trajectory of
IPP at 350 km for PRN 23. The near field CIP variability
with time as observed by PRN 23 is shown in Fig. 3(b).
CIP variability in region 1 is again feeble as observed by
PRN 23 and it is significant in region 2 (brn2_PRN23,
�1.99 TECU, TEC depletion as initial phase) and 4
(bhgp_PRN23, �1.2 TECU, TEC enhancement as initial
phase). This corroborates the azimuthal asymmetry of near
field CIP amplitudes as observed by PRN 16.

The IPP tracks for PRN 26, 03 and 27 at �350 km and
the observable stations are shown in Fig. 4(a). It could be
observed in Fig. 4(b) that outside the region of 250 km
radius (inner circle in Fig. 4(a)), the CIP amplitudes started
decreasing in region 2. In region 3, alh2_PRN26 observed



Fig. 2. Evolution of near field CIP surrounding the epicenter within radius of � 800 km as observed by PRN 16. (a) Four regions are identified for easy
explanation. The disk location shows the position of IPP at detection time of CIP. Blue disk shows depletion as initial TEC response while red disk shows
enhancement as initial TEC response. Each disk is labeled with the station code from where it has been observed. Geographical location of each station is
shown by green triangle. The fault plane area is shown by red rectangle. The horizontal dashed red lines present the magnetic inclination at that location.
(b) temporal variations of sTEC over the four regions. CIP in terms of TEC depletions are observed right over and nearby the fault plane area, mainly in
the north of the epicenter while enhancements observed in the south. (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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TEC enhancement of �0.75 TECU and in region 4
ptna_PRN26 recorded enhancement of �0.49 TECU. In
Fig. 4(c), significant TEC enhancements recorded by
PRN 3. In region 4, maximum TEC enhancement of



Fig. 3. Near field CIP characteristics as observed by PRN 23. (a) Various station locations and IPP tracks for PRN 23 from the respective station. The
blue disk represents the CIP with initial TEC response as TEC depletion, while the CIP with initial TEC response as TEC enhancement are shown in red
color. (b) Near field CIP variability with time as observed by PRN 23. Significant CIP recorded by PRN 26 in south-southeast of the epicenter with TEC
enhancement as initial phase. (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. 4. Near field CIP characteristics as observed by PRN 26, 03 and 27. (a) Same as Fig. 2(a) and 3(a) but for PRN 26, 03 and 27. (b) CIP variability as
observed by PRN 26 around the epicenter (c) same as (b) but for PRN 03 and 27.

A.S. Sunil et al. / Advances in Space Research 59 (2017) 1200–1208 1205



Fig. 5. Velocity estimation for near field CIP using epicentral distance and
the onset time of CIP. The slope exhibits that near field CIP travel with
acoustic velocity.
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�1.62 TECU observed by lhaz_PRN3 while in region 3 the
maximum TEC enhancement of �2.5 TECU observed by
brn2_PRN3.

4. Discussion

Earthquakes of moderate magnitude and dominant
uplift can be approximated with a point source, emitting
waves of equivalent amplitudes isotropically (Rolland
et al., 2013). Seismic waves after a large earthquake show
larger amplitudes in the direction of rupture (Courboulex
et al., 2013). The observed surface deformations from
GPS and InSAR depicted in Fig. 1 demonstrate that the
rupture extended in the east-southeast direction (Lindsey
et al., 2015; Sreejith et al., 2016). The azimuthal directivity
of near field CIP observed in the present case shows good
correlation with east-southeastward rupture propagation.
Using model calculations, Otsuka et al. (2006) have dis-
cussed the directivity of CIP during 2004 great Sumatra
earthquake in terms of the response of electron density
variations to the neutral motion of acoustic waves in obli-
que geomagnetic field lines. Following this, Heki et al.
(2006) have explained the directivity assuming linearly dis-
tributed multiple acoustic wave sources over the fault seg-
ments from Sumatra to Andaman Island. Right over the
epicenter, the seismic rupture cannot be assimilated to a
point source, but at far field it can be considered as a point
source. During the Sumatra 2004 great earthquake, the
rupture propagated to a distance of �1300 km within
�8 min i.e. higher than the characteristic period of �4 to
5 min for acoustic waves in upper atmosphere. Thus, it
was feasible to visualize multiple sources even at far field.
In the present case study, the rupture propagated only up
to �160 km in the east-southeast direction within 55 s
(Fan and Shearer, 2015; Grandin et al., 2015). Here, as
the rupture duration (55 s) is lower than the characteristic
period of acoustic waves (�4 to 5 min) in upper atmo-
sphere, it could be treated as an extended and continuous
source. Thus, we suggest that the observed azimuthal direc-
tivity of near field CIP prefer to follow the extended and
continuous rupture that propagated in the east-southeast
direction. The existence of acoustic waves as the source
for the near field CIP could be confirmed with the velocity
estimation shown in Fig. 5. The near field CIP, within
radius of 800 km, at south of the epicenter are considered
for velocity estimation and the estimated velocity is of
1.022 km/s.

In order to verify the effect of geomagnetic field over the
observed azimuthal asymmetry of CIP amplitudes around
the epicenter, the factor representing the coupling between
acoustic wave vector and local geomagnetic field at iono-
spheric height of �350 km are derived and presented in
Fig. 6. This coupling factor is same as that reported by
Rolland et al. (2013). The location of epicenter and a circle
with radius of �250 km are also shown in Fig. 6. The cou-
pling factor, higher south of the epicenter supports the
equatorward propagation and amplification of CIP in
southern part. The same is observed to hamper the
propagation of CIP in north of the epicenter. Though the
coupling factor is supportive, both, in southwest and
southeast of the epicenter, the significant CIP amplitudes
observed mainly in the east-southeast. We suggest here that
the significant CIP in east-southeast of the epicenter are the
combined effect of tectonic forcing and geomagnetic
field-acoustic wave coupling. As the prime tectonic energy
propagated in the east-southeast direction, the CIP manifes-
tations in the same direction are prominent. In north of the
epicenter, the effects of geomagnetic field-acoustic wave cou-
pling observed as reduction in CIP amplitudes with distance.
It could be noticed that although the geometry of the
observable satellites are different, near field CIP distribution
around the epicenter as observed by these satellites prefer to
follow the rupture induced seismic energy distribution and
geomagnetic field- acoustic wave coupling.

It could be seen (Figs. 2–4) that CIP over the fault plane
area, particularly in northeast and northwest of the epicen-
ter are mostly associated with TEC depletions (regions 1
and 2), while the east and southeast locations record mostly
enhanced TEC (regions 3 and 4). Astafyeva and Heki
(2009) reported the variations in phases of the seismic
induced waveforms at ionospheric heights caused by
coseismic crustal deformation patterns. They suggested
that the coseismic crustal subsidence generates acoustic
waves with rarefaction as the initial phase polarity, which
they named as inverted N-type perturbations, while the
uplift generates acoustic waves lead by compression as
the initial phase. The inverted N-type waveforms manifest
as depletion in TEC following the earthquake. At the same



Fig. 6. Coupling between seismic induced acoustic waves and local
geomagnetic field at the epicenter. The coupling factor is derived at the
height of �350 km.
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time, the regular N-type waveforms are seen as enhance-
ment in TEC as initial response. Though, the generation
and propagation of inverted N-type wave up to ionospheric
heights is not very simple due to its lower velocity than the
following compression phase (Astafyeva and Heki, 2009).
Rolland et al. (2013) reported that initial polarity of CIP
mainly controlled by geomagnetic field and thus the effects
of coseismic crustal deformation patterns on the polarity of
very first ionospheric perturbations are more prominent in
the regions where geomagnetic field seldom deforms the
CIP. Following this, we suggest here that the negative
polarity of CIP over the subsidence regions (blue disks in
Figs. 2–4) cannot be directly linked to the land subsidence
as the geomagnetic field (Fig. 6) is observed to hamper the
propagation of CIP in the north.

Kamogawa et al. (2015) have reported TEC depletions
around the epicenter for the same Nepal earthquake. They
proposed that not only tsunami (Kakinami et al., 2012) but
shallow inland earthquakes with magnitude more than 7
can also generate TEC depletions or the so called iono-
spheric hole. It should however be noted that we obtained
similar results for this Gorkha inland earthquake based on
a refined analysis of the space-time characteristics of near-
field perturbations using larger number of observations.
We propose here that the observed TEC depletion in north
of the epicenter is mainly the effects of geomagnetic field-
wave coupling.

5. Conclusion

The azimuthal asymmetry in the spatial variations of
near field CIP related to the Nepal earthquake of April
25, 2015 is studied for the first time. We suggest that the
azimuthal asymmetry of near field CIP prefer to follow
the east-southeast propagated rupture. We propose here
that due to the small length, �160 km, the rupture acted
as an extended and continuous source for acoustic waves.
The significant CIP in the east-southeast direction are the
combined effect of tectonic forcing and favorable geomag-
netic field-acoustic wave coupling. The geomagnetic field-
acoustic wave coupling observed to hamper the CIP prop-
agation in north of the epicenter. We also suggest that ini-
tial polarity of CIP over the subsidence regions could not
be directly linked to the crustal deformation patterns as
the geomagnetic field observed to distort the CIP in the
north. The present detailed study could be appreciated in
elucidating more on the effects of seismic rupture extent
and propagation direction on the ionosphere.
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