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Abstract

Ionospheric perturbations induced by tsunamis and earthquakes can be used for tsunami early warning and remote sensing
of earthquakes, provided the perturbations are characterized properly to distinguish them from the ones caused by other
sources. The ionospheric perturbations are increasingly being obtained from Global Positioning System (GPS) based Total
Electron Content (TEC) measurements sampled at uniform time intervals. However, the sampling is not uniform in space.
The nonuniform spatial sampling along the GPS satellite tracks introduces aliasing if it is not accounted while computing the
ionospheric perturbations. All the methods hitherto used to detect the co-seismic and tsunamigenic ionospheric perturbations
did not account the nonuniform spatial sampling while computing these perturbations. In addition, the residual approach used
to obtain the perturbations by detrending the TEC time series using high-order polynomial fit introduces artifacts. These
aliasing and artifacts corrupt amplitude, Signal-to-Noise Ratio (SNR), phase, and frequency of the ionospheric perturbations
which are vital to distinguish the perturbations induced by tsunamis and earthquakes from the rest. We show that Spatio-
Periodic Leveling Algorithm (SPLA) successfully removes such aliasing and artifacts. The efficiency of SPLA in removing the
aliases and artifacts is validated under two simulated scenarios, and using GPS observations carried out during two natural
disasters — the 2004 Indian Ocean tsunami and the 2015 Nepal-Gorkha earthquake. We, further, studied the severity of aliasing
and artifacts on co-seismic and tsunamigenic perturbations by analyzing its characteristics employing SNR, spatiotemporal,
and wavelet analyses. The results reveal that removal of aliasing and artifacts using SPLA i) increases the SNR up to "149%
compared to the residual method and “39% compared to the differential method, ii) distinctly resolves signals from sharp
static variations, and iii) detects 50% more co-seismic ionospheric perturbations and 25% more tsunami-induced ionospheric
perturbations in the two events studied. Cross-correlation of the perturbation time series obtained using the residual method
and SPLA reveals that aliasing and artifacts shift the time of occurrence by -7.64 minutes to +4.21 minutes. Further, the
results show that the SPLA efficiently detects the perturbations at low elevation angles, thereby removing the need of applying

elevation cut-off and increasing the area of ionospheric exploration of a GPS receiver.



Accepted for Publication in Advances in Space Research

Detecting aliasing and artifact free co-seismic and tsunamigenic ionospheric perturbations using GPS

M. Sithartha Muthu Vijayan“** and K. Shimna"*

"Multi-Scale Modelling Programme (MSMP), CSIR Fourth Paradigm Institute (CSIR-4PI),
Bangalore, India

*Academy of Scientific and Innovative Research (AcSIR), Ghaziabad, India

Corresponding author: M. Sithartha Muthu Vijayan (vijayan@csir4pi.in)

Key Points:

1. Nonuniform spatial sampling and polynomial misfits introduce aliasing and artifacts in
ionospheric perturbations obtained using GPS

2. Spatio-Periodic Leveling Algorithm (SPLA) is efficient in removing such aliasing and artifacts

3. SPLA detects 50% more perturbations compare to conventional methods and increases SNR up
to 149%

4. SPLA efficiently detects perturbations at low elevations and removes the need of elevation cut-
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Abstract

Ionospheric perturbations induced by tsunamis and earthquakes can be used for tsunami
early warning and remote sensing of earthquakes, provided the perturbations are characterized
properly to distinguish them from the ones caused by other sources. The ionospheric perturbations
are increasingly being obtained from Global Positioning System (GPS) based Total Electron
Content (TEC) measurements sampled at uniform time intervals. However, the sampling is not
uniform in space. The nonuniform spatial sampling along the GPS satellite tracks introduces
aliasing if it is not accounted while computing the ionospheric perturbations. All the methods
hitherto used to detect the co-seismic and tsunamigenic ionospheric perturbations did not account
the nonuniform spatial sampling while computing these perturbations. In addition, the residual
approach used to obtain the perturbations by detrending the TEC time series using high-order
polynomial fit introduces artifacts. These aliasing and artifacts corrupt amplitude, Signal-to-Noise
Ratio (SNR), phase, and frequency of ionospheric perturbations which are vital to distinguish the
perturbations induced by tsunamis and earthquakes from the rest. We show that Spatio-Periodic
Leveling Algorithm (SPLA) successfully removes such aliasing and artifacts. The efficiency of
SPLA in removing the aliases and artifacts is validated under two simulated scenarios, and using
GPS observations carried out during two natural disasters — the 2004 Indian Ocean tsunami and the
2015 Nepal-Gorkha earthquake. We, further, studied the severity of aliasing and artifacts on co-
seismic and tsunamigenic perturbations by analyzing its characteristics employing SNR,
spatiotemporal, and wavelet analyses. The results reveal that removal of aliasing and artifacts using
SPLA i) increases the SNR up to ~149% compared to the residual method and ~39% compared to
the differential method, ii) distinctly resolves signals from sharp static variations, and iii) detects
50% more co-seismic ionospheric perturbations and 25% more tsunami-induced ionospheric
perturbations in the two events studied. Cross-correlation of the perturbation time series obtained
using the residual method and SPLA reveals that aliasing and artifacts shift the time of occurrence
by -7.64 minutes to +4.21 minutes. Further, the results show that the SPLA efficiently detects the
ionospheric perturbations at low elevation angles, thereby removes the need of applying elevation
cut-off and increases the area of ionospheric exploration of a GPS receiver.
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1 Introduction

Earthquakes and tsunamis killed more people than all other types of natural disasters,
claiming globally around 884,000 lives between 1980 — 2014 (UNISDR et al., 2015). Among these
two natural disasters, tsunamis were the most deadly with an average of 79 deaths for every 1,000
people affected, compared to four deaths per 1,000 in the case of earthquakes (UNISDR et al.,
2015). This makes tsunamis almost twenty times more deadly than earthquakes. As there is no
mechanism exists at present to forecast or predict earthquakes and tsunamis, timely detection and
early warning are the only alternatives to reduce the loss of lives caused by these disasters.
Ionospheric studies carried out for the last two decades show that monitoring ionospheric
perturbation induced by earthquakes (CIP — Co-Seismic Ionospheric Perturbations) and tsunamis
(TIP — Tsunami induced lonospheric Perturbation) using Global Positioning System (GPS) is a
promising tool for the timely detection and early warning (For example, Astafyeva, 2019, Bagiya et
al. 2017, Catherine et al., 2015, Jin et al., 2015, Occhipinti et al., 2013, Manta et al., 2020). Further,
detection of ionospheric perturbations induced by earthquakes and Rayleigh waves showed the
possibilities of ionospheric remote sensing of earthquakes (Ducic et al., 2003, Occhipinti, 2015) and
CIPs detected over the epicentral area was found to be useful to determine the seismic source
structure and rupture dynamics of the seismic fault (Astafyeva and Shults, 2019, Jin et al., 2015,
Occhipinti, 2015). In addition, studying ionospheric perturbations caused by atmospheric events
such as tropospheric convections (Azeem and Barlage, 2018), cyclones (Kong et al., 2018), and
stratospheric gravity waves (Hoffmann et al., 2018) are also gaining interest among the researchers
apart from the popular use of the ionospheric perturbations to study the geomagnetic storms (Prikryl
et al.,, 2013, Cherniak et al., 2015). As far as earthquake studies are concerned, seismometers,
strong-motion accelerometers and high-rate GNSS ground displacement observations are providing

reliable information (Bock et al., 2011, Havskov and Alguacil, 2004). However, they are limited to
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land as the observations are predominantly terrestrial. In this scenario, CIPs detected using GPS can
be supplemental to seismic observations by providing information over both land and ocean
(Occhipinti, 2015). However, distinguishing the ionospheric perturbations associated with
earthquakes and tsunamis from the rest is essential to reap the complete benefits of GPS based
ionospheric observations for seismic and tsunami studies. Distinguishing the ionospheric
perturbations associated with various events from one another is achieved based on the
characteristics of the perturbations, namely amplitude, velocity, frequency, and phase. However,
accurate detection of the ionospheric perturbations and determining its characteristics
fundamentally depends on the methodology employed to derive the perturbations from GPS based
Total Electron Content (TEC) measurements (Shimna and Vijayan, 2018; 2020).

Ionospheric perturbations computed hitherto, using GPS based TEC observations sampled at
uniform time intervals, implicitly assumed uniform spatial sampling. In reality, the distance
between consecutive sampling locations or Ionospheric Pierce Points (IPP) is positioned at
nonuniform intervals along the tracks of GPS satellites traced by ground-based GPS receivers. This
leads to nonuniform spatial sampling of TEC along the satellite track. Eventually, this unaccounted
nonuniform spatial sampling introduces a false spatiotemporal gradient (Fig. 1). These false
spatiotemporal gradients will get amalgamated with the ionospheric perturbations and cause signal
aliasing (Shimna and Vijayan 2020). Such aliasing could mislead detection and characterization of
the ionospheric perturbations. Further, the distance between adjacent IPPs (inter-IPP distances) are
nonlinear in time due to the nonuniform spatial sampling and, in general, it is big at low elevations
and small at high elevations (Shimna and Vijayan 2020). Generally, the high aliasings at low
elevation angles are attributed to elevation-dependent errors, like multi-path. The errors associated
with the low elevation observations are alleviated, conventionally, by applying elevation cut-offs.

However, discarding the low elevation observations is not a viable solution, particularly, for
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monitoring the ionospheric perturbations caused by earthquakes (Thomas et al., 2018) and tsunamis
(Artru et al. 2005). Low elevation observations are vital to detect TIPs generated by tsunamis
propagating in the deep ocean using onshore GPS receivers. Hence, discarding low elevation
observations limits the utility of GPS based ionospheric observations for tsunami and earthquake
early warning. In addition, the residual approach used in many studies (for example, Galvan et al.,
2011; Jin et al. 2015; Komjathy et al., 2016; Rolland et al., 2011; Savastano et al., 2017; Tsugawa et
al., 2011) in which the perturbation is computed by detrending the TEC time series using a high-
order polynomial. Usage of single high-order polynomial across the TEC time series introduce

severe artifacts in the ionospheric perturbations (refer section 2.2).

uy
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Figure 1: Impact of nonuniform spatial sampling — schematic representation (not to scale). (Top)
Spatially homogeneous ionosphere at time t; to t,.. Increase in intensity of the color represents
increasing concentration of TEC at a constant rate. TEC is sampled along track A at IPPs (black
dots marked as A; to A;) placed at uniform interval of time and space. Along the track A’ the TEC is
sampled (green diamonds marked as A’; to A’;) at nonuniform spatial intervals and uniform time
intervals. Inter-IPP distances along the track A (d,=d>=ds...=d,=d) are uniform; but along the track
A’ (d’12d’,%d’s... #2d’,) are nonuniform. (Bottom) Spatiotemporal Gradient (STG) along the track A
(black) and A’ (green) is shown as a function of inter-IPP distances (not to scale). STG =
O6TEC/(dtxdr) where STEC is difference in TEC between two consecutive sampling points, dt is
temporal sampling interval which is constant here, and dr is distance between the two adjacent
sampling points.
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Considering the growing importance of ionospheric perturbations forced from below-the-
ionosphere and its multifaceted applications, the accurate detection of ionospheric perturbations and
robust determination of its characteristics using GPS are essential. However, to the best of our
knowledge, there is no study available in the published literature analyzing the aliases, artifacts,
and methodology dependent errors in computing the ionospheric perturbations using GPS. In this
study, for the first time, we analyze the aliases and artifacts present in the tsunami and earthquake
induced ionospheric perturbations obtained using conventional methods, and show that adopting
Spatio-Periodic Leveling Algorithm (SPLA) proposed by Shimna and Vijayan (2020) is efficient in
obtaining aliasing and artifact free TIPs and CIPs irrespective of the elevation angles. We also
demonstrate that SPLA removes the necessity of applying elevation cut-offs.

We use here, for brevity, differential and residual methods to demonstrate the impact of
aliasing and artifacts though the problem of aliasing and artifacts are common to all the
conventional methods including the ones which directly filter the TIP (Manta et al., 2020) or CIP
from the TEC time series using a frequency filter. Further, we validate the efficiency of SPLA by
testing the algorithm under two theoretically simulated scenarios (section 5), and using GPS
observations carried out during the 2004 Indian Ocean tsunami and 2015 Nepal-Gorkha earthquake
(section 6). In addition, we quantify improvement in the characteristics of the TIPs and CIPs (viz.
Phase, frequency, and Signal-to-Noise Ratio (SNR)) upon removing aliases and artifacts caused by
the nonuniform spatial sampling (section 7).

2. Conventional methods and its limitations
2.1 Differential method

Ionospheric perturbation computed by numerically differentiating the TEC between two

successive epochs is known as differential TEC (dTEC) (Liu et al. 2004, 2006 and Catherine et al.

2015). This method is widely used to study the traveling ionospheric perturbations caused by
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forcing from below-the-ionosphere like tsunami, earthquakes, volcanic eruptions, cyclones, rocket

launching, nuclear detonation, etc.

TEC:|t+1] - vTECS |t
dTECS [t)=" i *A)t VIECH )—(1)

where VTEC;|t] is leveled vertical TEC along the ray path of a Satellite(S)-Receiver(R) pair at

epoch t, and At is time difference between the two consecutive epochs.

VIEC=SsTEC xcos({| —(2)
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STEC=TEC ;+(TEC,~TEC, )
Where 0 is elevation of satellite; sSTEC is leveled slant TEC; TEC, and TECp are TEC computed

from phase and code measurements, respectively; R. is radius of the Earth and hnme is ionospheric

shell height.

The sTEC along the ray path of satellite-receiver link from ground based GPS observations were
computed using the software “lIONODETECT” developed at CSIR-4PI (Vijayan et al., 2013;
Catherine et al., 2015). IONODETECT computes sTEC by carrying out phase leveling along the
phase connected arc for each satellite-receiver link using both code and phase measurements to
remove carrier phase ambiguity. Further, the effect of slant ray path is corrected by mapping the
sTEC to vertical TEC (VTEC), by assuming a single-layer model (Astafyeva et al., 2015; Jakowski
and Hoque, 2019) where the ionosphere is approximated by a thin shell with a maximum ionization
at a height of 350 km (Rao et al., 2006). The dTEC is measured in TECU s (1 TECU = 10'
electrons/m?).

In this method, the time-varying distance between the successive IPPs (or sampling points)

are not accounted while computing the dTEC (Eq. 1). The unaccounted inter-IPP distances alter

Vijayan and Shimna (2021) 7 doi:10.1016/j.asr.2021.10.040



https://doi.org/10.1016/j.asr.2021.10.040

Accepted for Publication in Advances in Space Research

amplitude of the detected perturbation and alias as signal (Artru et al., 2005). Removing such signal
aliases, manually, would be a laborious and time consuming process. In order to alleviate this
problem, Galvan et al. (2011) introduced a residual method in which the ionospheric perturbations
are obtained as residual TEC (rTEC) by detrending the regular characteristic variations of TEC
along the IPP track formed by satellite-receiver link.
2.2 Residual method

The residual method is used in many seismo-ionopsheric and tsunami-ionospheric studies as
an alternative to the differential method (Galvan et al., 2011; Jin et al., 2015; Tsugawa et al., 2011).
In this method, ionospheric perturbations, represented as a residual TEC (rTEC), is obtained by
subtracting a high order polynomial fitted to the TEC time series from the observed TEC values.

rTEC=vIEC-P,—(3)

where P;is the high order polynomial representing the trend of vTEC time series along the IPP track
formed by satellite-receiver link. In this work, we employ a 10" order polynomial, following Galvan
et al. (2011), to compute the trend along the arc.

The high-order polynomial is expected to represent the regular characteristic variations of
TEC. However, the order cannot be too high because it would introduce additional variations in the
residuals (Galvan et al., 2011). Hence, polynomials of varying degrees need to be applied for
several cases and then a polynomial that could fit reasonably should be selected to represent the
trend of each event-specific Line-of-Sight TEC (LoS-TEC) time series. This makes the selection of
a suitable polynomial subjective. Besides, an order of the polynomial is assumed to be uniform
across LoS-TEC of all receiver-satellite pairs for ease of automation, especially, on computing
rTEC in the case of dense networks of GPS receivers like the one in Japan (Galvan et al. 2011).
This arbitrariness in the selection of polynomial will allow the errors associated with misfits to

creep into the residual time series (rTEC) as signal aliasing and artifact. Further, severe misfits can
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lead to complete failure in detecting the perturbations. The post-processing of rTEC to remove the
artifacts and aliasing will be complex and eventually leads to erroneous inferences. Moreover, the
subjective selection of a high order polynomial limits the use of the residual method for monitoring
the perturbations in real-time.

Apart from differential and residual methods, methods like variometric approach (e.g.
VARION - Variometric Approach for Real-Time Ionosphere Observation proposed by Savastano et
al. (2017)) use both differential and residual approaches together for real-time detection of TIPs.
VARION uses 8" order polynomial to fit the differential TEC time series, subtract the differential
TEC from polynomial fit and represents the residuals as the variation due to a TID perturbation (see
Savastano et al. (2017) for further details). In such cases, the obtained ionospheric perturbations

will be affected by both aliasing and artifacts.

3. Algorithm to remove aliasing and artifacts: Spatio-Periodic Leveling Algorithm (SPLA)

To address the problem of aliasing in detecting ionospheric perturbations caused by
geomagnetic storms and to compute the ionospheric perturbations free of signal aliasing, Shimna
and Vijayan (2020) proposed an algorithm called Spatio-Periodic Leveling (SPLA). They also
demonstrated that the SPLA is efficient in removing amplitude aliasing, particularly from low
elevation observations, and thereby removes the need of applying elevation cut-off (Shimna and
Vijayan, 2020). In this study, we show that the SPLA is also efficient in removing artifacts and
inconsistencies, caused by polynomial misfits and elevation dependent slant ray path, from CIPs
and TIPs in addition to removing the aliasing.

In SPLA, ionospheric perturbations are computed as gradient Rate of TEC (gROT)

following a three-step process (Shimna and Vijayan, 2020):
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Step 1: Impact of slant ray path is removed by converting the leveled sTEC into vTEC along a
leveled phase connected arc (Eq. 2). The vTEC at a given time ¢t is mapped to the location of IPP.
The location of IPP (@, A)) is computed using elevation () and azimuth () angles subtended by

the receiver R while tracking the satellite S. (Klobuchar, 1987).

Geographic latitude of IPP is
D= sin_l( sin @, cos o +cos P,sin a cos 1,0) )

where «a is Earth angle a =90 — 8- {, and @, is latitude of the GPS receiver.

Geographic longitude of IPP is

sinasiny

. —1
A;=Ay+sin
e cos D,

-(©)

where ¢ is azimuth angle; and A, is longitude of the GPS receiver.

Step 2: Computing rate of change of vTEC between two consecutive IPPs separated by an

observational epoch (At) (Eq. 1).

Step 3: Removing the influence of inter-IPP distance (Ad) from the rate of change of vTEC and

computing the spatiotemporal gradient at regular spatiotemporal intervals

VIECSt+1] - vTECS|t)
ROT;(t)= R R _(6
g elt] Ad At ©)

where R is receiver, S is satellite tracked by the receiver R, gROT is spatiotemporal gradient

measured in TECU km™ s and Ad is inter-IPP distance.

Inter-IPP distance, Ad is the distance between two consecutive IPPs on a thin-shell

ionosphere at a height of 350 km

Ad=

R,+h

X acos (sin @, sin®; +cosP; cosP; cosA A)_ (7)

max
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where AA=A; — A, ; R, is Radius of the Earth, h,,, is ionospheric shell height. Ad, R, and h,,,,

are in km.
4. Filtering and Normalization

In order to filter the ionospheric perturbations associated with earthquake and tsunami, the
estimated dTEC, rTEC and gROT are filtered using zero-phase bidirectional band-pass
(butterworth) filter with a pass band of 1.67 — 16 mHz (1 — 10 minutes period) (Catherine et al,
2015) and 0.5 — 5 mHz (3.3 — 33.3 minutes) (Galvan et al, 2011), respectively. The filtered dTEC,
rTEC and gROT are normalized using Z-score normalization for inter-comparison as the three

parameters are measured in different units.

X—p
—£-®

/=

Where Z is the normalized dTEC or rTEC or gROT, x is filtered dTEC or rTEC or gROT, p is
mean of x, and o is the standard deviation. The mean (y) and standard deviation (o) of dTEC,

rTEC, and gROT are computed for each satellite-PRN time series.

In the following sections, we show that adopting the SPLA removes aliasing and artifacts

from TIPs and CIPs using the normalized dTEC, rTEC and gROT.

5. Efficiency of SPLA: Theoretical validation

Efficiency of SPLA in detecting ionospheric disturbances without amplitude aliasing during
a geomagnetic storm was theoretically validated by Shimna and Vijayan (2020). In this study, we
first theoretically test the efficiency of SPLA in detecting aliasing and artifact free TIPs and CIPs
over the conventional methods under two simulated scenarios and then using observational data

sets. In the first scenario, the ability to detect sharp static variations was tested on a synthetic TEC
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time series added with step functions. In the second scenario, power of resolving the sharp static
variations from the perturbations of comparable amplitude was tested using a synthetic TEC time

series superimposed with both sharp static variations and a simulated perturbation.

The synthetic TEC was obtained by modeling the TEC using International Reference
Ionosphere model IRI-2012 (Bilitza et al., 2014) at every IPP (IRI-TEC) along the satellite track
traced by GPS satellite PRNO4 observed at a uniform interval of 30 seconds from Hyderabad GPS
station (HYDE) on 1* December 2004 from 06:52 UT to 13:22 UT (Fig. 2. Top-left). The satellite
track will be represented throughout this paper by PRN (Psuedo Random Noise) number of the GPS
satellite prefixed with four letter GPS station code from where the GPS satellite was observed, for

example, HYDE(04.
5.1 Scenario - 1

In the first scenario, we introduced two Heaviside step functions (¢y) with an interval of 60
seconds into the synthetic HYDEO4 IRI-TEC at 7:48 UT with an amplitude of 0.3 and 0.5 TECU to

test the efficiency of the three methods in detecting sharp static variations.

TEC,[t|=TEC [t|+¢,[t| —(9)

) 0’ <t:
Sult/=A,x H|nl; Hin= """~ (10)

where TEC; is synthetic IRI-TEC along HYDEO4, H [n| is Heaviside step function, t is time and A,

is amplitude of the step function in TECU.

Residual method, differential method and SPLA were employed to detect the simulated
sharp static variations added to the synthetic TEC; (Fig. 2, Top-middle). The efficiency of detecting

ionospheric sharp static variations by these three methods was assessed by analyzing the rTEC,
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dTEC and gROT using a Continuous Wavelet Transform (CWT) described by Grinsted et al.
(2004). CWTs with (Fig. 2, middle) and without (Fig. 2, left) sharp static variations show that
gROT and dTEC precisely detect the sharp static variations. However, CWT of rTEC shows that the
residual method identifies the sharp static variation akin to ionospheric perturbation spread out for a
long duration (7.5 UT to 11 UT). Furthermore, frequencies of static variations detected by the
residual method fall within the characteristic frequency band of acoustic and acoustic gravity wave
induced ionospheric perturbations. Such sharp static variations can normally occur as observational

errors associated with undetected loss of locks, cycle slips, or scintillation.
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Figure 2: (Top row) Time series of synthetic IRI-TEC (left), Synthetic IRI-TEC superimposed with
sharp static variations for the first scenario (middle) and synthetic IRI-TEC superimposed with
sharp static variations and simulated perturbation for the second scenario (right). Inlets show
magnified portion of the sharp static variations and simulated perturbation. (2", 3 and 4" rows)
Normalized rTEC, dTEC and gROT obtained from the synthetic signals and its continuous wavelet
transforms.
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5.2 Scenario - 2

In the second scenario, the ionospheric perturbation of the form y ((DI,AI, t) moving with an
amplitude of 0.6 TECU and velocity of 1 km/s were simulated by considering a frequency of 3 mHz
for a duration of 10 minutes. The frequency of 3mHz was selected to represent the perturbations

common to both CIPs and TIPs
y|®@,,A,,t|=Asin(k, @, +k, A - ot |- (11)

where @; and /; are latitude and longitude of IPPs, A is amplitude, k, =k cos|®), k,=ksin|0], k is

wave number, w is angular frequency, t is time and © is propagation angle.

The ionospheric perturbations thus simulated were superimposed on the step function introduced
IRI-TEC synthesized in the second scenario to assess the resolving power of SPLA (Fig. 2, top-

right).

Residual method, differential method, and SPLA were employed to extract the simulated
perturbations from the newly synthesized IRI-TEC. The perturbations extracted by employing
residual (rTEC), differential (dTEC) and SPLA (gROT) methods were analyzed using CWT (Fig.

2, right).

The results of CWT analysis manifest that the SPLA and differential method are better than
the residual method in resolving the signal from sharp static variations (Fig. 2, right). Further, the
residual method fails completely to resolve the sharp static variations from the simulated signal

(Fig. 2, right).

The theoretical efficiency tests carried out considering the two scenarios clearly establish

that the SPLA is superior in (i) detecting sharp static variations and (ii) resolving the signal from
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sharp static variations which normally occur due to undetected cycle-slips or scintillation in TEC

time series.

6. Efficiency of SPLA: Observational Validation

SPLA is validated by computing ionospheric perturbations from GPS observations carried
out during the two different geophysical events, viz. (i) 26™ December 2004 Sumatra-Andaman
Tsunami, and (i) 25" April 2015 Nepal-Gorkha earthquake. The perturbations occurred during
these events were also computed using residual, and differential methods for comparison.
Efficiency of SPLA in removing the aliases is validated by comparing the normalized rTEC, and

dTEC with gROT, and by computing the magnitude of aliasing.

6.1 Data description

GPS observations carried out at 15 GPS stations from 25" to 27" December 2004 with a
sampling interval of 30 s were used to study the TIPs associated with the 26™ December 2004
Indian ocean tsunami. Similarly, the Nepal GPS network data observed with a sampling interval of
15 s at 19 GPS stations on 24"-26™ April 2015 were used to derive the CIPs induced by the 25"
April 2015 Nepal-Gorkha earthquake. IGS and Nepal GPS stations data were downloaded from

UNAVCO (ftp://data-out.unavco.org/pub/rinex/obs/) data repository.

6.2 Geometry of the observation

The Indian Ocean tsunami-induced TIPs were analyzed using the TIPs obtained at ~870,000
IPPs formed by all the GPS stations covering the Indian ocean from 40°E to 130°E and 50°S to 50°
N (Fig. 3). Similarly, Nepal earthquake near-field CIP analysis was carried out at ~950,000 IPPs

over the Himalayan region from 80°E to 92°E and 25°N to 31°N (Fig. 4).
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Figure 3: Location of GPS stations used to observe the TIP. Numerically simulated tsunami waves
propagating at 3.5 UT and TIP observed along COCO07 (3 UT to 13 UT) is shown in the
background. Yellow star represents epicenter of tsunamigenic Mw9.1 Sumatra-Andaman earthquake.
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