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ABSTRACT

We present the latest development of the Wave Perturbation-Global Ionosphere-Thermosphere Model (WP-GITM), a three-
dimensional physics-based numerical model for seismic/tsunami-ionosphere coupling via atmospheric acoustic-gravity waves.
WP-GITM was previously applied to simulate the ionospheric perturbations resulted from the epicentral crustal movement by
assuming spherical acoustic-gravity waves originated from a point source, which was specified by the seismic measurement at
a single location nearby the epicenter. In this work, we extend WP-GITM to include the effects of Rayleigh surface waves and
adapt WP-GITM to utilize seismic measurements from more than one location in the attempt to capture the radiation pattern
of the seismic source. We apply the new WP-GITM to model the near-field co-seismic ionospheric perturbations during the 16
September 2015 Illapel earthquake. The comparison between the simulated ionospheric total electron content perturbations and
the GPS observations shows promising results.

INTRODUCTION

Earthquakes generate seismic waves that perturb the ground or sea floor and result in ground motions horizontally and
vertically. The vertical ground movement, caused by seismic body waves and Rayleigh surface waves, could excite upward-
propagating acoustic waves in the atmosphere [1, 2], and consequently electron density perturbations in the ionosphere [3, 4,
5]. Such ionospheric perturbations propagate away from the epicenter, as their triggering sources — seismic body waves and
Rayleigh surface waves propagate outward from the epicenter. A number of ground-based and space-based ionospheric
observational techniques have been utilized to detect the traveling ionospheric disturbances due to seismic body waves and
Rayleigh surface waves. In particular, the Global Navigation Satellite System (GNSS) based remote sensing of the ionospheric
total electron content (TEC) has been a crucial tool to detect and diagnose co-seismic ionospheric disturbances since 1990s [6].
As more observational data are being collected and analyzed, numerical models have come into play, in order to investigate
the physics behind the seismic-ionospheric coupling. The models developed up-to-date [7, 8,9, 10, 11, 12, 13] cover a variety
from one-dimensional models to three-dimensional (3-D) models and from simple ray-tracing models to sophisticate physics-
based models, and they have contributed significantly to the interpretation of observational results and understanding of the co-
seismic ionospheric signatures. However, with only one exception [11], these models either reply on empirical models of the
neutral atmosphere and ionosphere or does not solve the ionospheric electrodynamics self-consistently.

We have developed a new seismic-ionosphere coupling model to resolve the ionospheric perturbations due to epicentral crustal
motions [14]. This new model, Wave Perturbation-Global Ionosphere-Thermosphere Model (WP-GITM), is built upon an
existing and well-validated state-of-the-art model of the upper atmosphere [15] that is 3-D, fully physics-based, non-
hydrostatic, and inclusive of self-consistent ionospheric electrodynamics. In our previous work [14], we applied WP-GITM to
simulate the ionospheric TEC perturbations induced by the epicentral movement during earthquakes and shown promising
validations against Global Positioning System (GPS) observations. However, this previous work focused on the assumed a
point source representing the epicentral crustal movement, which neglects the radiation pattern of a seismic source. Moreover,
it did not solve the ionospheric perturbations induced by Rayleigh surface waves propagating away from the epicenter.

As a follow-up study to the previous work [14], here we explore the possibility of including the Rayleigh-surface waves and
the radiation pattern in the seismic source specification for WP-GITM. Specifically, we focus on the modeling of the
earthquake-induced ionospheric perturbations in the near-field region (within about 1000km from the epicenter). The following
sections describe our modeling approach and simulation results for the 2015 Illapel earthquake event, as well as conclusions.

METHODOLOGY

Two major developments are made to our model WP-GITM. To include the coupling between Rayleigh-surface waves and the
ionosphere in the near-field region, we implement the circular expansion of atmospheric acoustic-gravity waves in WP-GITM.
To include the radiation pattern of a seismic source, we adapt WP-GITM to accommodate seismic measurements of the ground
motion at different locations surrounding the epicenter. Below we first review the infrastructure of WP-GITM and then present
the two major developments in detail.



WP-GITM is composed of two model components in term of the altitude ranges they are responsible of. From Okm to about
100km altitude, an analytical model solves the atmospheric acoustic-gravity waves from any given surface perturbation source,
for instance, the epicentral crustal movement, and provides the neutral atmospheric perturbations in density, wind, and
temperature at around 100km altitude. These perturbations serve as the lower boundary conditions for the other model
component, a fully physics-based model that takes over at about 100km altitude and solves the densities, winds and
temperatures of multiple neutral and charged species up to about 600km altitude. Previously, to capture the ionospheric
responses to the epicentral crustal movement, the analytical model solves for the spherical acoustic-gravity waves originated
from a point source, without the consideration of the radiation pattern of the actual seismic source. The point source, located at
the epicenter, is described by the vertical ground velocity data obtained from a nearby GPS ground station using the Variometric
Approach for Displacements Analysis Stand-alone Engine (VADASE) [16, 17] and scaled up according to the epicentral
distance of the GPS station.

To include the Rayleigh-surface-wave-induced atmospheric and ionospheric perturbations, we assume that the Rayleigh-
surface waves expand circularly outward from the epicenter and the resulting atmospheric acoustic-gravity waves follow the
same expansion pattern. These acoustic-gravity waves also propagate vertically. Therefore, at a given epicentral distance r and
altitude z, the acoustic-gravity waves can be formulated by

U — |U|e—i(Khr+Kzz—wt)

where U represents the perturbed neutral quantity that could be density, eastward wind, northward wind, upward wind, or
temperature. K, and K, are the horizontal and vertical wavenumbers, respectively. w is the wave frequency, and t represents
the time since the main shock.

Following the same assumptions and derivation in [14], we are able to obtain the polarization relations in the same form as
equations (3) — (6) in [14] by replacing K? + Kf with K? and K,,,with K,,. Naturally, given a time series of the ground vertical
velocity at the epicenter in the form of equation (7) in [14] and assuming that the motion of the air couples directly with the
ground in the vertical velocity, the neutral atmospheric perturbations in density, eastward wind, northward wind, upward wind,
or temperature at any location can be provided by the same set of equations as equations (10) — (13) in [14], only to replace
K,r with K, .7 + K, , z. We omit the detailed expressions here.

To include the radiation pattern of a seismic source, we utilize seismic measurements from more than one location to drive
WP-GITM. Taking the 2015 Illapel earthquake event as an example, we obtain the ground vertical velocity data from two
VADASE GPS stations, one north of the epicenter and the other south of the epicenter. Figure 1(a) shows the locations of these
two stations relative to the epicenter. GPS Station PFRJ is about d; = 100km away north from the epicenter, while station
LVIL is about d, = 40km away south from the epicenter. The ground vertical velocity data at these two stations are shown as
black lines in Figure 1(b) and 1(c), respectively. One could immediately notice the different waveforms at the two stations. In
particular, the vertical velocity is smaller at station LVIL than at station PFRJ. In fact, studies have shown a north-south
asymmetry in the coseismic slip of this earthquake, i.e., the vertical ground motion in the north of the epicenter is more intense
than the vertical ground motion in the south of the epicenter [18, 19]. Therefore, the ground motion data obtained from stations
PFRJ and LVIL reflect such a north-south asymmetry.

The vertical ground velocity recorded at PFRJ and LVIL could attribute to both seismic vertical shear waves (body waves) and
Rayleigh surface waves. The body waves and surface wave decay with distance at different rates. At short epicentral distances
of 100km and 40km, it is difficult to separate the contributions of two types of waves to the vertical ground motion. As a
limiting case, we assume the Rayleigh surface waves are fully responsible of the vertical ground motion and apply the
corresponding decay rate to obtain the vertical ground motion at other epicentral distances. Specifically, the vertical ground
velocity at epicentral distance r to the north of the epicentral latitude is
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while the vertical ground velocity at epicentral distance r to the south of the epicentral latitude is
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Essentially, for the circularly outward propagating Rayleigh surface waves originated from the epicenter, the half northward of
the epicenter and the other half southward of the epicenter are represented by different ground motion data, from stations PFRJ
and LVIL respectively.
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Figure 1. (a) the locations of the epicenter and GPS stations PFRJ and LVIL. (b) and (c) Vertical ground
motion data (black lines) from PFRJ and LVIL, respectively, using the VADASE technique, as well as the
input signals (red lines) to WP-GITM.

Similar to the procedure described in [14], we apply zero-padding and fast Fourier transform to the vertical ground velocity
data from both PFRJ and LVIL, and extract the signals between 0.2mHz and 100mHz as input to drive WP-GITM. These input
signals are represented by the red lines in Figure 1(b) and Figure 1(c).

RESULTS

Using the new features implemented to WP-GITM, we perform the modeling of the near-field co-seismic ionospheric
disturbances for the 16 September 2015 Illapel earthquake. The simulation domain is 20 degrees by 20 degrees surrounding
the epicenter horizontally and covers from Okm to 600km vertically. Two simulations, one with the ground motion data from
PFRJ and LVIL and one controlled run without any ground perturbation are carried out. We look at the difference between the
results from the two runs to examine the ionospheric disturbances due to the earthquake.

The ionospheric vertical TEC perturbations at a sequence of times are shown in Figure 2. Significant TEC perturbations start
to appear ten minutes after the main shock of the earthquake. The TEC perturbations quickly expand circularly outward from
the epicenter (marked by the black star symbol) and reach the boundary of the simulation domain within about 10 minutes. The
TEC perturbations show a strong north-south asymmetry, which is expected and comes from the ground motion data used to
drive the model. In the north of the epicenter where the ground motion data from station PFRIJ is used to drive the model, the
magnitude of the TEC perturbations exceeds 3 TECU at 23:15UT. In the south of the epicenter where the ground motion data
from station LVIL is used to drive the model, the magnitude of the TEC perturbations barely reach 2 TECU at 23:15UT. The
difference in TEC perturbation magnitudes is coherent with the difference in the ground motion strengths at PFRJ and LVIL.
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Figure 2. WP-GITM simulated TEC perturbations in TECU at 23:05UT, 23:10UT and 23:15UT for the 16
September 2015 Illapel earthquake. The epicenter is marked by the black star.

To validate the modeling results, we compare the simulated TEC perturbations against the GPS observations. A number of
GPS ground stations in the near-field region are selected, displayed in Figure 3 as black. These stations are selected based on
their epicentral distances and directions to the epicenter. Basically, we choose 8 stations to the north of the epicenter and 9
stations to the south of the epicenter. Station N2 is PFRJ, and station S1 is LVIL, both marked by the black triangles with red
edges. During the time of the earthquake, several GPS satellites are visible at these stations. We choose to focus on GPS 58
and GPS 65, for which the elevation angles are high at most of the stations. The trajectories of the ionospheric piercing points
(IPPs) of stations N5 and S5 are plotted as well. The IPPs are obtained using an ionospheric shell height of 300km. The IPP
trajectories start at 22:30UT, which are marked by the asterisks, and last through the end of the day at 24:00UT.
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Figure 3. The locations of the epicenter (black star) and selected GPS stations (black triangles) for model-
data comparison. The black triangles with red edges are stations PFRJ and LVIL where the ground motion
data is collected. The gray circles represent circles with equal epicentral distances. The innermost circle has
an epicentral distance of 100km, and each outer circle has a 100km distance increment from its inner



neighbor. The blue and green lines are the IPP trajectories for stations N5 and S5 with GPS 58 and GPS 65.
The asterisks mark the start of the IPP trajectories at 22:30UT.

Figure 4 shows the comparison between the simulated (blue and green lines) and GPS-derived (black lines) TEC perturbations
for all 17 GPS stations and 2 GPS satellites. For comparison, the TEC perturbations from the point-source-driven WP-GITM
modeling [14] are displayed as purple lines. For the north stations N1 — N8, the Rayleigh-wave-driven simulation produces
more accurate results than the point-source-driven one in terms of matching the arrival times of the most profound peak in TEC
perturbations, especially for stations further away from the epicenter. For the south stations S1 — S9, the Rayleigh-wave-driven
simulation produces much weaker TEC perturbations than the point-source-driven simulation, thus matches the GPS data
better. In addition, the north-south asymmetry of the TEC perturbation magnitudes is slightly better reproduced by the Rayleigh-
wave-driven simulation than the point-source-driven simulation.

WP-GITM-simulated and GPS-derived TEC Pertubations [TECU] for the lllapel event
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Figure 4. The comparison between WP-GITM simulated TEC perturbations (colored lines) and GPS-derived
TEC perturbations (black lines) for the north stations ((a) and (c)) and south stations ((b) and (d)) with GPS
satellites 58 and 65. The previous “point-source” modeling results [14] are represented by the purple lines.
The current modeling results are represented by the blue (GPS 58) and green (GPS 65) lines.

The near-field ionospheric disturbances during an earthquake are mainly contributed from two types of ground motions: the
epicentral crustal movement in the vertical direction; the Rayleigh surface waves and seismic vertical shear waves propagating
outward from the epicenter. The previous “point-source” modeling [14] was targeted on the first type of ground motions, while
the current “Rayleigh-wave” modeling focuses on the second type of ground motions. Within about 600km — 700km of the
epicenter, the contributions from the two types of ground motions cannot be separated from each other in GPS-derived TEC



perturbations [20]. Therefore, the “point-source” modeling and “Rayleigh-wave” modeling represent two limiting cases of the
actual seismic-ionosphere coupling in the near-field region. Furthermore, one important assumption of our “Rayleigh-wave”
modeling is that the vertical ground motions at the two stations, PFRJ and LVIL, are fully caused by Rayleigh surface waves,
while in reality the ground motions are caused by a mixture of Rayleigh surface waves and seismic body waves. The assumption
is better to be applied to stations further away from the epicenter, since seismic body waves decay more rapidly than Rayleigh
surface waves. This also explains that the better model-data comparison for north stations further away from the epicenter
where Rayleigh surface waves contribute more to the ground motion.

CONCLUSIONS

We have augmented new features to the existing earthquake-ionosphere coupling model WP-GITM in order to capture the
Rayleigh-wave-induced ionospheric disturbances and include the effects of asymmetric radiative pattern of the seismic source.
The new model development incorporates 1) circularly-expanding and vertically-propagating acoustic-gravity waves to
represent the Rayleigh-surface-wave-induced atmospheric perturbations in the near-field region, and 2) the ground motion data
from seismic measurements at two locations as inputs. Modeling results from the 2015 Illapel earthquake are promising. The
simulation reproduces the north-south asymmetry in the TEC perturbation magnitudes found in the observations. Moreover,
the simulation matches the arrival times of TEC perturbations better than the point-source-driven simulation for stations some
distance away from the epicenter, where the Rayleigh surface waves play a more dominate role in causing the vertical ground
motion. In next steps, we will further extend WP-GITM to accommodate seismic measurements from many more locations to
better resolve the azimuthal variation and the radiation pattern of the seismic source, which would more accurately represent
the ground motion in the near-field region.
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