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Inferring the Evolution of a Large Earthquake From Its
Acoustic Impacts on the Ionosphere

P. A. Inchin' @, J. B. Snively' ©, Y. Kaneko™* {2, M. D. Zettergren' {2, and A. Komjathy*

!Center for Space and Atmospheric Research and Physical Sciences Department, Embry-Riddle Aeronautical
University, Daytona Beach, FL, USA, *Department of Geophysics, Kyoto University, Kyoto, Japan, *GNS Science, Lower
Hutt, New Zealand, ‘Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

Abstract Wwe investigate the possibility to constrain the evolution of the 2016 M7.8 Kaikoura
earthquake evolution based on Global Positioning System signal-derived ionospheric total electron content
(TEC) perturbations, that represent plasma responses to infrasonic acoustic waves (IAWs) generated

by surface motion. This earthquake exhibited unusual complexity and some first-order aspects of its
evolution remain unclear; for example, how and when the Papatea fault (PF) and the corresponding large
surface deformation occurred. For various earthquake models, a seismic wave propagation code is used to
simulate time-dependent surface deformations, which then excite IAWs in a 3D compressible nonlinear
atmospheric model, coupled with a 2D nonlinear multispecies ionospheric plasma dynamic model. Our
preferred finite-fault model reproduces the amplitudes, shapes, and time epochs of appearance of detected
TEC perturbations well. Additionally, the incorporation of the PF, ruptured during the earthquake, results
in the closest agreement between simulated and observed near-zenith vertical TEC perturbations, whereas
its absence shows significant discrepancy. This supports the hypothesis that the PF was ruptured during
the Kaikoura earthquake. Furthermore, the IAWs and resulting ionospheric plasma disturbances contain
additional information on the PF rupture progression, including the timing of initiation and propagation
direction, indicating new opportunities to further constrain the PF rupture with low elevation angle
“slant” TEC data. The results confirm the ability for TEC measurements to constrain evolutions of large
crustal earthquakes to provide new insight beyond traditional seismic and geodetic data sets.

Plain Language Summary Earthquakes launch low-frequency infrasonic acoustic waves
(IAWSs) into the Earth's atmosphere. As they reach the ionosphere (~80-1,000 km altitude), IAWs may
cause plasma disturbances detectable in the total electron content (TEC), which are routinely measured
via fluctuations in Global Positioning System (GPS) signals. However, robust interpretations of coseismic
ionospheric disturbances (CIDs) in TEC remain challenging due to the complexity of the coupled
dynamics between the Earth's interior, atmosphere and ionosphere. We analyze the evolution of the
2016 New Zealand earthquake by comparing simulated and detected TEC perturbations. Novel model
simulations, accounting for full physics of seismic waves, IAWs, and CIDs, show that the incorporation
of the Papatea fault (PF) rupture during the earthquake results in the closest agreement between
simulated and observed TEC. This supports the hypothesis that the PF was ruptured during the Kaikoura
earthquake, which could not be constrained from available seismometer data. Our results suggest that
TAWs and resulting CIDs are both sensitive to earthquake rupture progression. We conclude that the
evolution of large earthquakes can be further investigated based on GPS TEC measurements combined
with numerical physics-based simulations.

1. Introduction

Natural and anthropogenic hazards can be accompanied by the excitation of infrasonic acoustic waves
(<20 Hz; hereafter, IAWs) in the Earth's atmosphere (Astafyeva, 2019; Hines, 1960; Press & Harkrider, 1962).
Particularly, seismically induced surface deformations are well-known sources of IAWs that are generated
at solid-air interfaces (Blanc, 1985; Bolt, 1964). IAW propagation and characteristics are controlled by at-
mospheric conditions, winds, as well as their nonlinear evolutions, and can be investigated through the
analyses of fluctuations they produce in densities, temperatures, and pressures of air and the ionospheric
plasma, as discussed below (Bittner et al., 2010; Leonard & Barnes, 1965; Meng et al., 2019). The coupled
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Figure 1. Schematic representation of earthquake-atmosphere-ionosphere-coupled geophysical processes. Seismically induced infrasonic acoustic waves
(IAWS), excited at solid—air or water-air interfaces, propagate to the upper layers of atmosphere and generate ionospheric plasma disturbances. These
disturbances can be detected with TEC observations that are based on the analyses of GPS signal degradation driven by ionospheric plasma. TEC represents the
total number of electrons along line-of-sight (LOS) between GPS satellite and receiver. GPS, Global Positioning System.

nature of earthquake—atmosphere geophysical processes motivates important multidisciplinary studies and
applications (Astafyeva & Shults, 2019; Occhipinti et al., 2013; Savastano et al., 2017).

Total electron content (TEC) observations remain one of the main sources of data used for indirect investi-
gations of atmospheric waves in the upper atmosphere generated by natural hazards, such as earthquakes,
tsunamis and volcano eruptions (Afraimovich et al., 2013; Azeem et al., 2017; Komjathy et al., 2016; Shults
et al., 2016), and tornadoes and hurricanes (Chou et al., 2017; Nishioka et al., 2013). Representing the
integrated number of free electrons between GPS satellite and the receiver along the line-of-sight (LOS)
between them, TECs are based on measurements of group delays and phase advances of Global Position-
ing System (GPS) signals that propagate from GPS satellites to ground-based receivers through the disper-
sive ionized part of the upper atmosphere at ~80-1,000 km—ionospheric plasma (Parkinson et al., 1995).
Reaching the upper atmosphere, atmospheric waves generate fluctuations in the ionosphere due to the
interaction of air particles with plasma, and these fluctuations can be detected based on analyses of GPS
signals (Figure 1). Growing networks of ground-based GPS receivers with high-rate data samplings (up to
50 Hz) provide hundreds to thousands LOSs with GPS satellites in their fields of view that are spatially and
temporally sufficient for the investigation of small-scale and short-period IAW signals in the ionospheric
plasma (e.g., Teunissen & Montenbruck, 2017).

Today, seismically induced IAWs, producing fluctuations in the ionospheric plasma, are routinely detected
in TEC after large in-land and undersea earthquakes (Calais & Minster, 1998; Galvan et al., 2012; Y. Liu &
Jin, 2019). However, TEC uncovers only a small part of coseismic IAW dynamics at far distances from their
sources and their interpretations remain challenging (at ~250-350 km altitudes). Due to the complexity and
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variety of dynamics that should be taken into account, from Earth's interior to the upper atmosphere and
ionosphere, the majority of modeling studies are based on simplified approaches, for example, considering
dynamics only in the atmosphere or ionosphere, with analytical solutions for linear IAW propagation from
the ground (Matsumura et al., 2011; Rolland et al., 2011). In addition, the common approach of the use of
point or axisymmetric (evenly distributed) IAW source models precludes the investigation of a broad range
of phenomena, for example the propagation of rupture—slips in the Earth's crust during the earthquake
(Meng et al., 2018; Thomas et al., 2018; M. D. Zettergren et al., 2017). Thus, comprehensive modeling studies
that quantify the dynamics of IAWs and induced coseismic ionospheric plasma disturbances (CIDs) are a
necessary step toward deeper understanding of coupled geophysical processes.

Here, we present new analyses of JAW dynamics and corresponding CIDs generated by the 2016 M7.8
Kaikoura earthquake in New Zealand. The earthquake exhibited unusual complexity, with some first-order
aspects of its evolution remaining unclear to date, despite the availability of a wide range of geophysical
data sets (e.g., Hamling et al., 2017). We address some of the limitations by investigating the ability of differ-
ent finite-fault models, that represent the earthquake's spatial and temporal progression, to reproduce the
observed TEC perturbations. Our approach combines three state-of-the-art full-physics-based numerical
simulation techniques to model (1) seismic wave propagation and surface deformation, (2) excitation and
propagation of IAWs in the atmosphere from ground to 500 km altitude, by where they are dissipated, and
(3) ionospheric plasma responses to IAWs. We then compare simulation results with observed TEC pertur-
bations and examine the validity of modeling approach and the sensitivity of the resulting TEC signatures
to the parameters of finite-fault models.

The paper is divided into following sections. Section 2 provides an overview of the Kaikoura earthquake
and detected CIDs with TEC observations. Modeling approach, assumptions, and parameters are described
in Section 3. Section 4 contains the analyses of IAW dynamics and corresponding CIDs and the sensitivity
of TEC perturbations to various finite-fault models. Discussion of the results and uncertainty analyses are
provided in Section 5, and a summary of the study and future opportunities in Section 6.

2. The 2016 M7.8 Kaikoura Earthquake
2.1. Earthquake Characteristics

The 2016 M7.8 Kaikoura earthquake occurred in the northern South Island of New Zealand, in the area
known as the Marlborough fault system, characterized by the tectonic transition from the Hikurangi sub-
duction zone in the northeast to the Alpine fault zone in the southwest (Van Dissen & Yeats, 1991; Wallace
et al., 2012). The Global Centroid Moment Tensor solution provides the epicenter of 42.74°S/173.05°E, and
the origin time (T}) of 00:02:56 local time November 14, 2016 (11:02:56 UT November 13, 2016). This event
is considered as one of the most complex in-land earthquakes ever recorded (Hamling et al., 2017). Up to
~12-20 ruptured fault segments have been identified from observations, some of which were previously
unknown or considered inactive (Hamling et al., 2017). The faulting area extends to ~180 km from the
southwest to the northeast with the vertical surface deformation of up to ~10 m locally (Clark et al., 2017;
Litchfield et al., 2018). The overall earthquake progression was fairly slow, as it took ~90 s for the rupture
to propagate from the hypocenter (the position within the Earth where rupture initiates), located near its
southern end, to its northern end (Cesca et al., 2017; Holden et al., 2017).

Finite-fault models, developed in previous studies, suggest that the earthquake rupture initiated on the
Humps fault, propagated through southern faults, including the Leaders, Hundalee, and offshore Point
Kean faults, and then onto the northern faults, including the Jordan, Kekerengu, Papatea, and Needles
faults (Figure 2d) (Ando & Kaneko, 2018; Bai et al., 2017; Cesca et al., 2017; Holden et al., 2017; Ulrich
et al., 2019; Wang et al., 2018). The moment magnitude of this event is estimated to be 7.8-7.9. Vertical
surface deformation, derived from Interferometric Synthetic-Aperture Radar (InSAR) data from the Senti-
nel-1A satellite, suggests three primary zones of large surface uplifts: (1) around 2-3 m uplift in the vicinity
of the Humps fault, (2) >5 m uplift in the south of the Papatea fault, and (3) a broader uplift zone in the
north and northwest of the Papatea, Jordan, Kekerengu, and Needles faults (Figure 2c).

Due to the unusual complexity, previously published earthquake finite-fault models show significant
disagreement in the details of how the rupture propagated. In particular, they show that the observed
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Figure 2. (a) “Holden-Xu” slip model of the Kaikoura earthquake with the indication of names and locations of near-
epicentral cites. (b) Comparison of observed and synthetic vertical velocity seismograms, band pass filtered between 3
and 100 s, for selected near-epicentral strong motion and GPS cites. Vertical surface displacement field obtained from
(c) Interferometric Synthetic-Aperture Radar (InSAR) observations and (d) seismic wave propagation simulation based
on “Holden-Xu” preferred finite-fault model with the indication of main ruptured faults and areas. The color scale on
plots (¢) and (d) is oversaturated for better visibility of small features. The red star is positioned at the epicenter. GPS,
Global Positioning System.

seismograms can be reproduced without including the Papatea fault (Holden et al., 2017), while other stud-
ies indicate that the Papatea fault ruptured during the Kaikoura earthquake, starting at ~30 s after T, (Wang
et al., 2018), or simultaneously with Kekerengu fault at ~60 s after T, (Archuleta et al., 2018). The difficulty
in identifying and isolating seismic signals generated by the Papatea fault is also hinted from the absence
of its imprints in local seismic and high-rate GPS data around the Papatea fault (Tan et al., 2019; Zhang
et al., 2017) and in backprojections (type of processing that images the source of seismic waves coherently
recorded at stations throughout the seismic network, e.g., Kiser & Ishii, 2017). While some studies argue
that elastic dislocation (slip) models fail to explain the observed surface deformation pattern (Diederichs
et al., 2019; Tan et al., 2019; Zhang et al., 2017), others attempt to match the deformation data as best as
feasible (Xu et al., 2018). Note that the earliest satellite InSAR image data were acquired a few days after the
earthquake (Hamling et al., 2017), which constrains the timing of Papatea fault rupturing to be within the
first few days. Yet, it remains unclear when (coseismic or early postseismic aftershock) and how (seismically
or aseismically) the Papatea fault was ruptured. A better understanding of the rupture evolution of this
complex event is important for seismology and future earthquake and tsunami hazard assessment globally.
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2.2. Observable TEC Perturbations

Several studies reported the characteristics of TEC perturbations generated by coseismic IAWs during the
Kaikoura earthquake (Bagiya et al., 2018; Lee et al., 2018; Li et al., 2018). We reanalyze observed CIDs, par-
ticularly for the purposes of model result validation and to test hypotheses on the Papatea fault evolution.
We use 1 Hz data from 72 ground-based receivers on the territory of New Zealand operated by New Zea-
land's GeoNet. Slant TEC (TEC along the LOS between GPS satellite and receiver; hereafter sSTEC) and ver-
tical TEC (the projection of sSTEC onto the LOS between the center of the Earth and GPS satellite position,
which is used to normalize STEC observations from different GPS satellite-receiver pairs; hereafter vTEC)
are calculated using Jet Propulsion Laboratory software from raw data in Receiver Independent Exchange
Format (RINEX) (Komjathy et al., 2005). We refer to TEC observations belonging to satellite-receiver pairs
by indicating pseudo-random noise (PRN) sequence number, assigned to each GPS satellite, and receiver
name, for example PRN20-AVLN. For the calculation of ionospheric pierce point (IPP) coordinates, that
represent the positions where LOS between GPS satellite and receiver traverses the altitude of electron
density peak in the ionosphere and are used for the georeferencing of TEC observations, we choose height
at 300 km. Here, we discuss TEC observations from receivers with four GPS satellites: PRN20 and 29 with
elevation angles of LOS of 70°-85° with chosen receivers, PRN21 with LOS elevation angles of 30°-50°,
and PRNO5 with LOS elevation angles of 25°-50° and IPPs offshore to the east from South Island of New
Zealand. Available observables with GPS PRN13 and GLONASS satellites do not provide additional insight
for our investigation but were addressed in studies referenced above.

Demonstrative VTEC time series are combined in Figure 3. vTEC perturbations, shown in vertical panels
a and b, are derived by applying a 10-s to 10-min band-pass Butterworth filter. They are supplemented by
wavelet transform evolutions underneath time series for 0-600 s range of periods. Plots are sorted to show
observations to the west from the epicenter on panel a and to the east on panel b, with observations to the
north at the top and observations to the south at the bottom. Panels c—f show vTEC time series for four
satellite-receiver pairs to provide an overview of values and gradients above New Zealand during and after
the earthquake. All plots are limited by 11:00-12:00 UT time range. On panel g, we depict tracks of IPP
coordinates for the same time interval with colors related to the amplitudes of vTEC perturbations to rep-
resent the positions of CID detection. Our and previous studies demonstrate that the near-epicentral region
was sufficiently covered by TEC observations for the detailed analysis of earthquake-ionosphere-coupled
processes, what makes this event to be of high interest for investigation.

During the earthquake, vTEC at the region of New Zealand was fairly small due to local nighttime, ~7.0-12
TECu (1 TECu = 10" el m™?), with positive gradients from the south to the north (Figures 3e and 3f). Zon-
ally, vTEC decreased from the west to the east, following the nighttime trend (Figures 3a and 3b). Based on
observations, we estimate VTEC as 8.5-9.7 TECu in the region around epicentral area (e.g., PRN20-AVLN/
LEVN) and ~10-11 TECu to the northern part of North Island (PRN29-CKID).

Strong CIDs were detected to the north and northeast from the epicentral area (PRN20-AVLN/KORO/
MTQN, as well as in Figure 7e) and reached ~0.45 TECu peak-to-peak (ptp) or ~2%-3% from the back-
ground. TEC perturbations to the northeast and near to northern faults exhibited a practically pure N-wave
shape (PRN20-MTQN/KORO), as expected shapes of CIDs generated by acoustic shock N-waves (hereafter
N-waves), since their pressure profiles closely resemble “N,” and they evolve due to nonlinear effects on
IAWs (e.g., Whitham, 1974). Farther from the epicentral area to the northeast, as shown for pair PRN20-CK-
ID, CIDs are still comparatively strong, but their N-wave shape is distorted. Moving to the west, vTEC pertur-
bations are weaker—~0.2-0.23 TECu ptp (PRN20-OKOH/WITH/CMBL/TKHL, PRN29-TRWH/MAHA).
Perturbations, detected farther to the west and southwest from the epicentral area, possess stronger initial
depletion phases than enhancements (e.g., PRN20-CMBL/TKHL/YALD). Perturbations of ~0.03-0.1 TECu
were detected offshore to the east (PRN05-KAIK/TKHL) and were proposed to be also driven by coseismic
IAWs (Bagiya et al., 2018).

In summary, analyzing the available TEC observations, we find that there is a general trend of the strongest
CIDs to the north and northeast with weak CIDs to the northwest. TEC perturbations exhibit periods of
~4-7 min and appear ~10 min after the earthquake, which is consistent with a time of IAW arrivals to the
altitude of 250-300 km from the ground. As expected, the weakest CIDs were detected to the south from the
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Figure 3. (a, b) vTEC observations filtered with 10-s to 10-min band-pass Butterworth filter and their wavelet transform evolutions for 0-10 min range of
periods. (c—f) vTEC time series for GPS PRN20 with receivers AVLN and LEVN and GPS PRN29 with receivers TRAV and CKID. (g) IPP tracks for vTEC

observations shown in panels (a)-(f). Arrows represent IPP motion directions. vTEC, vertical total electron content; GPS Global Positioning System; IPP,
ionospheric pierce point.

epicentral area poleward, due to the dominant mobility of ionospheric plasma along magnetic field lines

(e.g., M. D. Zettergren & Snively, 2015), precluding notable plasma drift driven by IAWs to the south (in a
configuration of magnetic field lines over New Zealand).

3. Modeling Approach and Assumptions

For the reconstruction of near-epicentral surface deformation (and corresponding IAWs in the atmosphere),
it is important to consider finite-fault models (Igel, 2017; Lay & Wallace, 1995). We test seven finite-fault
models and find that one in particular best-reproduces observed surface deformation and TEC perturba-
tions, to an extent that is significant. Throughout this manuscript, we will refer to this model as the “Hold-
en—-Xu” preferred model. It combines the finite-fault model of Holden et al. (2017) (Model A shown in their
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study) and the Papatea fault model shown by Xu et al. (2018) with the specification of rupture propagation
on the Papatea fault as discussed in this section. We first describe the results of simulations based on the
“Holden-Xu” preferred model and the results based on other models are discussed in Section 4.3.

The original Holden finite-fault model was derived from seismic wave propagation simulations using the
spectral-element solver SPECFEM3D Cartesian (Komatitsch & Tromp, 2002; Komatitsch & Vilotte, 1998)
with 3D seismic wave velocity and attenuation models of New Zealand (Eberhart-Phillips et al., 2015, 2017),
as well as regional topography and bathymetry (Becker et al., 2009). Additional details of seismic wave sim-
ulation method are provided in the Supporting Information. Initial finite-fault geometry and slip (displace-
ment) distribution were based on results from Clark et al. (2017). Due to relatively minor contribution of
the Papatea fault to local seismic observations (strong motion and GPS waveforms), the original model did
not include this fault, despite the large surface deformation seen in the InSAR data (Figure 2c). In the Hold-
en-Xu model, we take nonplanar fault geometry and slip distribution of the Papatea fault, presented in Xu
et al. (2018), assume that the rupture on the Papatea fault nucleates (e.g., starts propagating) at T, + 57 s at
its southern end and propagates to north with an average speed of 1.5 km/s, and add this Papatea fault mod-
el to the original Holden model. The slip distribution of the Holden-Xu model is shown in Figure 2a and
the comparison of observed and simulated vertical surface velocities for selected near-epicentral stations
is presented in Figure 2b. In this source model, the maximum slip on the Papatea fault is 16 m. The total
moment magnitude of the simulated earthquake is Mw = 7.9. The small contribution of seismic moment
(Mw = 7.3) and slow rupture speed lead to small seismic signals from the Papatea fault, relative to the large
moment release on the Jordan-Kekerengu-Needles faults, and hence the simulated waveforms at near-ep-
icentral stations are essentially the same as in those shown in the original Holden model. The Supporting
Information provides comparison for other seismic stations, as well as the horizontal components of veloc-
ity waveforms. The map of final vertical surface deformation, resulting from the SPECFEM3D simulation
with the Holden-Xu model, is shown in Figure 2d. Compared to the original Holden model, the Holden-Xu
model better reproduces the InNSAR-derived vertical deformation around the Papatea fault (see Figure SP2.
pdf in the Supporting Information).

In the Holden-Xu preferred model, the rupture originates on the Humps fault at Ty = 11:02:56 UT and
propagates predominately toward the northeast at a rupture velocity of ~1.9 km/s on the Hundalee fault.
The rupture then moves onto the offshore, Point Kean fault at T, + 31 s, and then continues onto the north-
ern faults, including Upper Kowhai, Kekerengu, and Needles at a velocity of ~2.0 km/s. As in the original
Holden model, the Holden-Xu model incorporates rupture reactivation at the southern segment of the
Kekerengu fault with the rupture velocity of ~1.5 km/s, producing large surface deformation. This rupture
reactivation, which was supported by other kinematic source inversion approach (Model B from Holden
et al. [2017]), helps to explain two dominant seismic signals observed at near-epicentral stations (Figure 2b).
While the Hikurangi subduction interface is included in the Holden-Xu model, there is little (~8%) contri-
bution from slip on it to the overall moment. The total rupture process takes ~90 s, with the largest seismic
moment release on the northern faults occurring at T, + (60-80) s.

We include offshore displacements to simulations without considering the propagation of hydro-acoustic
waves in the ocean interior. For the shallow ocean region above the Point Kean fault (~<2 km), the water—
air interface can be considered as transparent (Godin, 2006; McDonald & Calvo, 2007), resulting in prac-
tically the same ocean surface displacements as displacements at the ocean bottom (Levin & Nosov, 2016;
Satake, 1987; T. Saito, 2019), taking into account that wavelength of resolved seismic waves is longer than
~20 km.

To simulate IAWs and ionospheric plasma disturbances, we follow an approach similar to that discussed in
Inchin, Snively, Zettergren, et al. (2020). For this investigation, simulated surface vertical deformations are
first obtained from a numerical forward seismic wave propagation simulation as described above, for the
domain of 600 x 600 km around epicentral area from T, to 200 s. Then, surface deformations are regridded,
reinterpolated, differentiated, and used to impose vertical velocity lower boundary conditions for the 3D
compressible nonlinear atmospheric Model for Acoustic-Gravity wave Interactions and Coupling (MAGIC)
(Snively, 2013). These are mapped over the horizontal domain 900 X 900 km in latitude and longitude, with
an altitude span of 500 km, at resolution of 1 and 2 km in horizontal and 0.25 km in the vertical directions.
After 200 s, we set a reflective boundary condition at the ground surface boundary to enable realistic IAW
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reflections at later times. The profiles of meridional and zonal winds, temperature, and major species densi-
ties (O, O,, N, that constitute >99% of atmospheric density) at T, are derived from empirical models HWM-
14 and NRLMSISEOQO, respectively (Drob et al., 2015; Picone et al., 2002).

For the simulation of ionospheric responses to IAWs, we use the 2D nonlinear ionospheric plasma dynamic
model GEMINI (M. Zettergren & Semeter, 2012), which solves a full set of conservation equations for the
major ionospheric species (s = O*, NO*, N3, 03, N*, H*, and e). The perturbations of atmospheric densities,
temperature, and fluid velocities, computed in MAGIC, are specified time dependently (via interpolation in
space and time) as an input to GEMINI (M. D. Zettergren & Snively, 2015). An initial ionospheric plasma
state, prior to the earthquake, is calculated based on the GEMINI simulation self-consistently. The schemat-
ic representation of numerical domains is shown in Figure 6h.

4. Simulation Results

4.1. IAW Dynamics

First, we examine the nature of the earthquake evolution and surface deformation by quantifying differ-
ent fault contributions to resulting IAW wavefields. Figure 4 shows simulated IAWs for four earthquake
finite-fault models: (1) the Holden-Xu preferred model, (2) Holden-Xu model without Papatea fault contri-
bution, (3) the Holden-Xu model without northern faults contribution, and (4) isolated Papatea fault. This
figure shows horizontal plane slices of vertical fluid (flow) velocities at two altitudes—75 km (left column)
and 250 km (middle column), representing the upper mesosphere and bottom part of ionospheric F-layer,
where TEC perturbations occur. The rupture propagation direction on the Papatea fault in all these cases is
assumed to be from the south to the north, which is the same as in the preferred Holden-Xu model. Anima-
tions for each of the simulations are included in the Supporting Information.

Our modeling results suggest that two main areas of surface deformation, around the Humps fault in the
southwest and around the Papatea and Kekerengu faults in the northeast (Figure 2c), contribute to IAWs
in the atmosphere. Bagiya et al. (2018) and Lee et al. (2018) attributed these areas as the source of observed
TEC perturbations. Our modeling results are consistent with their findings, in that comparatively weak
and strong IAWSs are excited around southern and northern faults, respectively (Figure 4a). Two radiations
of strong IAWSs, originating from the northern faults, can be discerned at 75 km altitude. The first one cor-
responds to IAWs of comparatively small amplitudes to the north-northeast by earlier (T < 55 s) surface
deformation associated with the Kekerengu and Needles fault rupture. The second, strongest IAWs are
excited by the later (T > 55 s) surface deformation associated with both the Papatea fault rupture and the
rupture reactivation on the Kekerengu fault (Figures 4a and 4d). Vertical fluid velocities of IAWs peak at
277 m/s at 250 km altitude, such that nonlinearity—leading to acoustic shock formation—is important in
their propagation. The simulation with only the southern faults show comparatively weak IAWs, though
still contributing to IAWSs to the north and northeast (Figures 4g-4i).

Vertical surface deformation around the Papatea fault drives IAWs in the atmosphere with vertical fluid
velocities up to 130 m/s (Figures 4j-41) at 250 km altitude that substantially contribute to the wavefield. At
75 km, the amplitudes of arrived IAWSs to the northeast with and without Papatea fault contributions differ
markedly (Figures 4a and 4d, respectively), and at 250 km the difference of vertical fluid velocities to the
north-northeast is ~50 m/s (Figures 4b and 4e).

The spatial asymmetry of IAWS can be seen throughout the whole range of altitudes (Figures 4b, 4e and 4h).
At ionospheric F-layer heights (>200 km), differentiating between IAWs from individual fault segments is
complicated, due to the interference of nonlinear IAWs, the substantial increase of IAW wavelengths above
~120 km due to the increase of atmospheric temperature, and the thermo-viscous dissipation that markedly
damps and smooth IAWs. Nevertheless, their overall dynamics can still be discerned. The first emergence
of IAWs is directed to the northeast and is related to surface deformation around the southern faults (Fig-
ure 4c). Later on, there is an arrival of much stronger IAWs from the northern faults with a slight rotation
of the wavefront of the strongest IAWs to the north-northeast (Figure 4b). The direction of rupture propa-
gation plays a role in the IAW asymmetry even for very localized surface deformation at the Papatea fault
(Figures 4j-41). Figures 4f and 41 present snapshots at early arrival times of IAWs. Here, IAWs excited by the
strong permanent surface deformation at the epicentral area, as well as by transient surface displacement
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Figure 4. Simulated vertical atmospheric fluid (flow) velocities at 75 and 250 km altitudes for four different configurations of the Holden-Xu model: (a-c) the
preferred model, (d-f) the model without the Papatea fault, (g-i) the model that includes the southern faults only, and (j-1) the model with an isolated Papatea
fault. Left column includes snapshots at 75 km altitude at T, + 588 s and middle column—snapshots at 250 km altitude at T, + 668 s. The red star shows the
epicenter of the earthquake. The color scales are different.
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Normalized pressure fluctuations P’ for the meridional slice 173.65°E
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Figure 5. (a-d) Altitude-latitude diagrams of normalized pressure fluctuations (p) for the slice along 173.65°E at four
time epochs. Time-altitude diagrams of normalized (#) (e) and absolute (f) vertical fluid velocities for the position of
Papatea fault (42.2°S/173.65°E). Color scales are oversaturated for better visibility of weak signatures.

from surface seismic wave propagation farther from this area, can be discerned. The complex pattern of
IAWs is excited by surface seismic waves and is related to temporally and spatially varying rupture evolution
on different faults.

Figures 5a-5d present normalized pressure perturbations ( p' = p' / \/p / p, , Where p’ is the pressure per-
turbations, p is the equilibrium atmospheric density, and p, is the equilibrium atmospheric density at the
ground level) from the atmospheric simulation with Holden-Xu preferred model for the latitude-altitude
slice along 173.65°E at four time epochs. The permanent surface deformation drives IAWs starting from
the southern faults and later at northern faults (Figure 5a). The IAWs exhibit nonlinearity as they propa-
gate upward from the ground; this includes steepening and the formation of acoustic shocks. The N-wave
starts to be discerned from thermospheric heights (>100 km), where individually formed acoustic shocks
merge, resulting in a uniform N-wave shock signature reaching ~150 km and higher. Merging of acoustic
shocks, generated over northern faults, leads to the strongest IAWSs propagating to the north. Their vertical
fluid velocities at altitudes 250-300 km peak at +225/—351 m/s (10 s of % of local Mach number, which
represents the ratio of fluid velocity to the local speed of sound). The amplitudes of IAWs to the south are
comparatively small (Figure 5c).

INCHIN ET AL.

10 of 26



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances

10.1029/2020AV000260

(a) Field-aligned drift velocity (m/s)

(b) Electron density perturbations (%)

(c) lons temperature perturbations (%)

900 5
340 200 : magnetic field lines 30 I
3 + 77
e g -
300 >
-200 -30 -15
z 284 km
=
[
g 0 alt.
= 0 3
©
180 A -
\ b\
140 T=6255s
44.45°S 422°5 39.95°5 44.45°S w2rs 39.95°5 44.45°S 39.95°5
u
39.95°5 @] [(BEs @] [0 g Absolute | () Models 51023
: max: 0.46 modeled vTEC | configuration el
min: -0.40 °
GEMINI domain s| 136
N-wave g
. shape CIDs 2 0.0
42.2° ,
9.0
ionogbheric"hole”
44.45°S 18.0
. TECu A ———
max: 0198 015ET o5 0 km
min:-2.21 7.0 & d
s MAGIC i
T=0s 1200 2400 3600 T=375s 800 1225 T=0s 1800 3600 omain

Figure 6. (a) Magnetic field lines-aligned ionospheric plasma velocities, and (b) electron density perturbations and (c) plasma temperature perturbations in
percentage from background from simulation with preferred Holden-Xu finite-fault model for the meridional slice along 173.65°E at T, + 625 s. (d) Latitude—
time diagram of simulated vTEC calculated with zenith integration of electron densities. (e) Latitude-time diagram of VTEC perturbations recalculated from
sTEC with 50° elevation angle of LOS pointing to the south. (d) Latitude-time diagram of vTEC perturbations recalculated from sTEC with 30° elevation angle
of LOS pointing to the north. The coordinates on diagrams (d)-(f) are specified for IPP positions. Data on plots are oversaturated for better visibility of weak
features. (g) Simulated vTEC for the position 173.98°E/40.3°S. (h) Configuration of numerical domains and direction of LOS for latitude-time diagrams shown
in panels (d)-(f). Panel (b) contains the profile of electron density for location over the Papatea fault used in simulations. vTEC, vertical total electron content;
sTEC, slant total electron content; LOS, line-of-sight; IPP, ionospheric pierce point.

IAWs, generated by surface seismic waves and propagating away from the epicentral area with much faster
apparent horizontal phase velocities, can also be discerned as practically horizontal lobes of the wavefield
due to large speeds of surface seismic wave propagation (Figures 5a-5c). In the proximity of the epicentral
area, their vertical fluid velocities reach amplitudes of ~100 m/s. The direction of the rupture propagation,
defining the main lobe of surface seismic wave energy, also results in stronger IAWs to the north and north-
east of the epicenter.

Panels e and f of Figure 5 include time-altitude diagrams of normalized (W = w / \/p / p,, where w is the
absolute vertical fluid velocity, p is the equilibrium atmospheric density, and p, is the equilibrium atmos-
pheric density at the ground level) and absolute vertical fluid velocities, respectively, at the position of
the Papatea fault. Again, the merging of individual acoustic shocks to a single shock N-wave can be seen
from ~100 km altitude. Later on, long-lived resonances of IAWs, trapped between lower thermosphere
at ~120 km altitude (from partial IAW refraction) and the ground, are present (Godin et al., 2020). They
also leak energy to higher altitudes, with a second packet of notable IAWS arriving to ionospheric heights
~30-40 min after the earthquake. IAWS, refracted from the stratospheric heights (~15-30 km), can also be
seen (Figure 5e).

To summarize, the modeling results suggest that the strongest IAWs are excited to the north-northeast
from the epicentral area. The contributions of comparatively small surface deformations from the southern
faults to IAWSs to the north-northeast are relatively small. The propagation of IAWs is impacted by nonlinear
effects, which lead to the formation of acoustic shocks. At ionospheric heights, acoustic shocks merge to
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Figure 7. (a-c) Travel time diagrams of 10-s to 8-min band-pass-filtered vTEC to the north from the position of Papatea fault with GPS PRN21, 29, and 20.
(d) Travel time diagram of modeled vTEC perturbations for the meridional slice along 173.98°E. (e) Comparison of observed (blue) and simulated (red) vTEC
perturbations. Both time series are 20-s to 8-min band pass filtered. vTEC, vertical total electron content.
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single N-waves that are then markedly smoothed by dissipation and practically fully damped at 400-500 km
altitude. The Papatea fault significantly contributes to the IAWS to the north and northeast.

4.2. Tonospheric Plasma Responses to IAWs

The snapshots from the ionospheric plasma dynamic simulation with the Holden-Xu preferred finite-fault
model for the latitude-altitude slice along 173.65°E are presented in Figures 6a—6c¢. The strongest pertur-
bations in ionospheric plasma are driven by IAWs to the north, and this asymmetry is connected with the
dominant plasma motion along magnetic field lines, and with the focusing of the strongest IAWs to the
north-northeast, as discussed earlier. Again, we highlight that the fluctuations of plasma at the bottom of
ionospheric F-layer driven by IAWs are practically fully constrained along magnetic field lines (supporting
our use of 2D ionospheric plasma dynamic model) and thus direction of IAW propagation and the local
geometry of magnetic field lines are important. At 250 km and higher, near-epicentral CIDs possess a single
(but nonuniform) leading front to the south and north. Surface seismic wave-induced IAWs also drive CIDs
farther from the epicentral area, although of comparatively small amplitudes. The propagation of IAWs re-
sults in electron density perturbations up to ~30% from the background unperturbed state, and up to ~15%
in ion (plasma) temperature.

Stronger (weaker) electron density perturbations are generated by surface seismic wave-induced IAWs to
the north (south) (Figures 6a-6¢). Again, this is driven by two factors: (1) the directivity of rupture prop-
agation that defines the direction of main energy lobe for surface seismic waves and subsequently IAW
focusing and (2) longer projection of IAW propagation direction vector along magnetic field lines to the
north, whereas for IAWSs propagating to the south this vector has smaller projection to magnetic field lines
and thus comparatively weak resulting ionospheric plasma fluctuations (Figure 6b).

Panel g of Figure 6 shows the trend of vTEC for the hour after the earthquake at the position 173.98°E/40.3°S.
VTEC values match the observations (see Figures 3c-3e) and, in general, we obtain similar values, trends,
and gradients of vTEC over the considered region. Simulated vTEC values are ~9-9.5 TECu in the region of
epicentral area, matching observations.

Figure 6 presents latitude-time diagrams of simulated vTEC perturbations using three geometries of LOS:
(d) zenith-looking observations, (e) 50° elevation and 180° azimuth angle observations, and (f) 30° eleva-
tion and 0° azimuth angles observations. Azimuth angle is set from the north direction and the geometries
for one LOS in each case are shown in Figure 6h for reference. We use height of 300 km to calculate IPP
coordinates (as for IPP coordinates calculation based on observations) and Single Layer Mapping function
to recalculate STEC to VTEC (Parkinson et al., 1995). The diagram on panel (d) demonstrates latitudinal
asymmetry, with stronger TEC perturbations to the north (Figure 6d), as also found in observations. Head
(leading) shock of N-waves to the south does not drive significant enhancements in vTEC, whereas their
following rarefaction phase, possessing higher amplitudes, generates detectable initial decreases in VTEC.
This is also consistent with vI'EC observations shown in Figure 3, for example, for PRN20-METH/YALD.
For southward-pointing geometry, with LOS practically perpendicular to plasma motion direction at ion-
ospheric heights, as shown in Figure 6h, the mapped vTEC perturbation reaches ~0.9 TECu ptp, which is
almost twice higher than observed with GPS satellites PRN20 and 29 with LOS of 70-85° elevation angles
(Figure 6e). The vTEC on panel f is derived from sTEC with LOS geometry practically along plasma motion
direction and thus exhibits maximum amplitudes of only ~0.15 TECu. This illustrates well-known phase
canceling effect, as TEC fluctuations tend to be the greatest when TEC LOS lies along CID phase front
(Georges & Hooke, 1970). The amplitudes and shapes of simulated TEC perturbations with zenith-looking
LOSs show good agreement with TEC observations with GPS satellites PRN20 and 29.

Panels a-d of Figure 7 show time-distance diagrams of filtered vTEC observations with GPS satellites
PRN20, 21, and 29 and VTEC perturbations from GEMINI simulation with Holden-Xu preferred finite-fault
model. On panels a-c, we show detected VTEC perturbations to the north from the position 42.2°S/173.98°E
and 172°E-176°E longitudinal range of IPP positions. Panel d represents simulation results for the slice
along 173.98°E from 42.2°S/173.98°E and to 433 km to the north. Black lines are added to each plot to the
same positions and times and indicate that apparent horizontal phase speeds of CIDs, and the general
dynamics of simulated CIDs are fairly close to those in reality. The N-wave shape of the CIDs for all three
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satellite observations and simulation can be seen, and plasma disturbances driven by the head shock of the
N-wave have similar apparent phase velocities as in observations—~1.1-1.3 km/s.

Next, we compare time series of synthetic vTEC perturbations with observations. First, the coordinates of
IPP positions at the time of leading CID onset (depicted in Figures 6g, 7c and 7d for demonstration) are
found from TEC observations. Data are used from GPS satellites PRN20 and 29 only, for which these onsets
can be clearly discerned, as for example shown in Figures 3c and 3d. Then, among this data set, we choose
observations that are close to the meridional slices to the west and to the east from the epicentral area for
which we performed ionospheric simulations. Finally, we use the same latitudes of IPP positions from sim-
ulations as found from TEC observations. In summary, we match IPP positions at moments of CID arrivals
from observations and simulations and compare vTEC perturbations. For GEMINI simulation, we integrate
electron densities vertically (90° elevation angle) to represent zenith TEC LOS, while in observations we use
VTEC recalculated from sTEC values with only high (75°-85°) LOS elevation angles. Uncertainties in this
methodology are discussed in Section 5.4.

The resulting vTEC perturbation time series comparisons are presented in Figure 7e. For all plots, we indi-
cate the longitudes of CID onsets that are estimated from observations (first value at bottom-right on each
plot) and longitudes of meridional slices used from simulations (second value at bottom-right). Overall,
we find good agreement with TEC observations, in terms of the timing of CID onsets and their amplitudes
and shapes. The latter indicates also a reasonable reproduction of the nonlinearity, present in the observed
waveforms, which further supports that the simulated amplitudes of IAWs are reasonable.

Trapped IAWSs drive long-lasting CIDs that can be seen from observations and simulation results (e.g., Fig-
ures 7a and 7d). Some later-emerging CIDs might have come from early aftershocks (as large as M6.2),
although their contributions are expected to be relatively small or negligible. Our results suggest that these
long-lasting CIDs must have been driven by trapped IAWs (Figures 5e and 5f), similar to those reported
in A. Saito et al. (2011). Reported landslides (Mountjoy et al., 2018), along with ocean dynamics driven by
the tsunami (Heidarzadeh & Satake, 2017), are another possible source of atmospheric waves that could
potentially contribute to CIDs, although we estimate their effects to be offshore to the east and not in the
near-epicentral region we investigate.

Finally, simulation results suggest only very limited formation of an ionospheric “hole,” which we define as
the decrease in electron density persistent over tens of minutes and driven by a higher rate of ionospheric
plasma recombination and quasi-permanent transport of plasma over near-epicentral region (e.g., Astafye-
va et al., 2013; Kakinami et al., 2012; Mendillo, 1988; M. D. Zettergren et al., 2017). Its duration is ~20 min
and magnitude ~0.03 TECu. We do not find any signatures in TEC observations that can be connected with
an ionospheric “hole” with high confidence, particularly because its magnitude is close to the TEC thresh-
old level, which, for the chosen data set, we estimate at the level ~0.02 TECu (see Figure 3).

4.3. Seismo-Ionospheric Imagery

As demonstrated earlier, shock acoustic waves, reaching altitudes of 100-150 km and higher, coalesce
into a single N-wave (Figures 3 and 5). Our previous case studies, for the 2015 M7.8 Nepal and the 2011
MO9.1 Tohoku-Oki earthquakes, also pointed out similar nonlinear evolution (Inchin, Snively, Williamson,
et al., 2020; Inchin, Snively, Zettergren, et al., 2020). Such common dynamics resemble, for example, the
confluence of acoustic shocks excited by supersonic aircraft: while shock-wave signatures at close to aircraft
distances depend on the source parameters, at sufficiently far distances, which depend on the characteris-
tics of initial signal, they coalesce into N-wave (Carlson et al., 1966). Thus, in a homogeneous atmosphere,
the resulting long-time behavior shape at far field does not depend on the source characteristics (Carlson
& Maglieri, 1972; Smoller, 2012). However, the durations, amplitudes, and times of arrival of the resulting
N-waves at far distances do depend on the source characteristics (Howes, 1967; T.-P. Liu, 1977). In gener-
al, however, the shape of N-waves may be distorted by atmospheric stratification, winds, and turbulence
(Crow, 1969; Marchiano et al., 2005; Pierce & Maglieri, 1972; Sabatini, Snively, et al., 2019), as well as non-
linear effects and wave focusing (Inoue & Yano, 1997; Sabatini, Marsden, et al., 2019). Also, for earthquakes,
the dynamics are complicated by the initial formation of acoustic shocks that may evolve at different alti-
tudes due to the spatial and temporal variability of IAW sources.
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Thus, we propose that the earthquake rupture process must influence the

Table 1

Finite-Fault Models and Configuration of the Papatea Fault Used in the characteristics of the N-wave(s) reaching the ionosphere, and their gener-

Analysis ated CIDs and subsequent variations in times of arrivals, amplitudes, and
Papatea fault periods of TEC perturbations. Such inference must be carefully interpret-

nucleation Papatea fault rupture ed on a nonlinear basis—for example, assessing amplitudes and time of

Model time (s) propagation direction arrivals of the nonlinearly evolved wavefield, with an appreciation that

1. Preferred Holden-Xu To + 57 From south to north they have evolved from their initial forms.

2. Holden et al. (2017) N/A N/A

3. Wang et al. (2018) To + 27 From northwest to southeast

4.3.1. Comparison of IAWs and CIDs From Various Models

4. Holden-Xu Ty + 27 From south to north
ERE R T, + 27 . — In ordc'er to understand the sens'1t1V1ty of TE.C 'perturbatlons to ear?hquake
evolution parameters, we consider seven finite-fault models, which vary
6. Holden—-Xu To + 57 From northwest to southeast . . o e .
in their specification of rupture progression on the Papatea fault (Ta-
7. Holden—Xu To + 57 From north to south ble 1). With these models, we investigate (1) if Papatea fault was ruptured
Note. T, is the origin time of the earthquake. during the Kaikoura earthquake, (2) time of rupture initiation on the Pa-

patea fault, and (3) direction of rupture propagation on the Papatea fault.

For example, in the finite-fault model of Wang et al. (2018), the rupture

on the Papatea fault initiates at the northwest of the fault at ~27 s after
T, and propagates toward the southeast. Hence, the timing of the Papatea fault rupture in this model is 30 s
earlier with respect to our preferred Holden—-Xu model, described in Section 3. In each case, we run seismic
wave propagation, atmospheric and ionospheric simulations as described in Section 3.

Figure 8 presents snapshots of atmospheric vertical fluid (flow) velocities and ionospheric electron density
perturbations for the meridional slice along 173.98°E for two time epochs from simulations with finite-fault
Models 1-3 and 5, as well normalized atmospheric pressure signals at two altitudes (150 and 250 km).
Resulting IAW and CIDs are compared for the region of maximum contribution of the Papatea fault to the
north and northeast, in the same manner as discussed previously. The results with other models are pre-
sented in the Supporting Information.

Simultaneous rupture on northern faults in Model 1 leads to a stronger N-wave before reaching the altitudes
where wave damping from thermo-viscous dissipation becomes dominant, thus resulting in stronger CIDs
(Figure 8a and 8m). However, in the case of earlier rupture initiation on the Papatea fault (i.e., Models
3-5), the confluence of acoustic shocks does not form a uniform N-wave until ~230 km, where dissipative
damping is already substantial, finally resulting in weaker CIDs for Models 3-5 (panels ¢, d, g, h, and m in
Figure 8). At 150 km altitude, pressure signals exhibit separate leading shocks in these cases (Figure 8m);
and although reaching 250 km pure N-wave is formed, its amplitude is substantially lower than in simu-
lation with Model 1. Simulations with Models 3-5 show similar IAW wavefields and pressure signals at
ionospheric heights to the north and northeast. We find that simulations with Holden-Xu Models 4 and 5
(i.e., earlier Papatea fault rupture initiation) show 20% and 25% lower amplitudes of vertical fluid velocities
of IAWs in the bottom F-layer of the ionosphere than in simulation with Model 1.

We further explore the influence of rupture propagation direction on the resulting IAW amplitudes and TEC
perturbations. From Models 6 and 7, we find that the Papatea fault rupture propagation direction affects
IAW amplitudes to the north and northeast, but only to ~7%-10% in vertical fluid velocities. Thus, taking
into account possible uncertainties in the determination of initial atmospheric and ionospheric states and
model configurations (Section 5.4), it is difficult to draw any strong conclusions on the Papatea fault rupture
propagation direction, at least with 2D simulations and proposed comparison approach of simulated vTEC
with high-elevation TEC LOS observations. The difficulties are exacerbated by the fact that large vertical
surface deformation occurred at two areas over the main Papatea fault strand: (1) at its northern end and (2)
to the southeast, near the shore (Figure 2d) (see e.g., Diederichs et al., 2019; Langridge et al., 2018), resulting
in a complex pattern of excited IAWs in the atmosphere.

Finally, Model 2 (i.e., excluding the Papatea fault) shows practically uniform N-wave at 150 km that exhib-
its ~35% smaller amplitudes than in simulation with Model 1. Also, its leading shock reaches ionospheric
altitudes notably later than in other simulations (Figure 8f).
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Figure 8. Latitude-altitude diagrams of vertical fluid velocity for the meridional slice along 173.98°E from simulations with Models 1-3 and 5 at (a-d)

T =500 s and (e-h) T = 620 s. (i-1) Electron density perturbations for the same models as above at T = 620 s. (m) Normalized pressure signals at 150 and
250 km for the position 42.08°S/173.98°E (along dashes lines though plots (a) and (e)). Color scales at plots (a)-(h) are oversaturated by 1.5 times for better
visibility of weak signatures and absolute maximum velocities are provided for each plot instead.

In summary, these results demonstrate that TAWs are sensitive to the time of the Papatea fault rupture in-
itiation (or to the absence of the Papatea fault) and amplitude differences vary in the range of ~20%-35%.
In all cases, we find practically the same differences of CID amplitudes (in percent from the background)
as of IAW amplitudes: the strongest CIDs are simulated with Model 1, weaker with Models 3 and 5, and
fairly weak with Model 2 (Figures 8i-81). As Models 4 and 5 and 1, 6, and 7 showed small differences in
IAW amplitudes (~5% and ~7%-10%, respectively), further in the text we discuss modeling results only
based on Models 1-3 and 5, which demonstrate substantial differences and thus allow providing conclusive
outcomes.

4.3.2. Comparison of TEC Signals

Figure 9a presents the comparison of simulated TEC signals based on earthquake finite-fault Models 1-3
with high elevation angle LOS TEC observations to the north and northeast. Simulated TEC perturbations
based on Model 3 show, on average, 38%-40% lower amplitudes than from simulation with Model 1 or ob-
servations. The absence of the Papatea fault in Model 2 shows ~30% lower amplitudes of TEC perturbations
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(a) Comparison of observed and simulated vTEC perturbations
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Figure 9. (a) Comparison of observed and simulated TEC perturbations based on Model 1 (Holden-Xu with the Papatea fault ruptured at 57 s), Model 2
(Holden et al., 2017, without the Papatea fault), and Model 3 (Wang et al., 2018) to the north and northeast from the focal area. (b-d) Comparison of TEC
perturbations between Model 1 (black) and Model 5 (Holden-Xu with the Papatea fault ruptured at 27 s, cyan) in three LOS geometry of TEC observations.
TEC, total electron content; LOS, line-of-sight.

and later (tens of seconds) arrivals of CIDs than detected with observations. These systematic biases in
simulation with Model 2 are found for the majority of TEC observations in the considered near-epicentral
region to the north and northeast, suggesting the need of incorporation of the Papatea fault rupture during
the earthquake.

At the same time, amplitudes of TEC perturbation with Model 5 are practically the same as with Mod-
el 1 (Figure 9a). This shows that, due to phase canceling effect, TEC measurements, as integrated values
through wave structures (resulting from IAW propagation), may be less sensitive to differences in CIDs,
although IAW and CID amplitudes are ~20%-25% weaker in simulation with Model 5 than in Model 1. To
demonstrate this phase cancellation effect, we compare sTEC from simulations with Models 1 and 5 with
different geometries of LOS in Figures 9b-9d. Zenith-looking TEC observations show practically no use-
ful difference in perturbations (Figure 9b); however, the slant geometry of TEC observation (50° elevation
angle) demonstrates both differences in time of CID arrivals and their amplitudes (Figures 9c and 9d). As
shown in Section 4, the IPP position and spatial configuration of LOS relative to the direction of plasma
motion play an important role in the detection of CIDs. When CID intersects LOS at altitudes ~250 km, as
shown in Figure 9c, TEC amplitude differences between two simulations are negligible, but TEC remains
sensitive to the time of CID appearance (~13 s). In case where plasma motion intersects LOS at altitudes
~300 km, the difference in time of CID appearance is negligible, but amplitudes differ by ~20% (Figure 9d).

5. Discussion
5.1. Apparent Propagation Velocities of CIDs

For the 2016 M7.8 Kaikoura earthquake, Bagiya et al. (2018) and Lee et al. (2018) reported apparent hori-
zontal phase speeds of CIDs as 1.05-1.4 km/s based on TEC observations. They pointed that the values
exceed the speed of sound of IAWs in the F-layer of the ionosphere that drive these CIDs. In addition, Lee
et al. (2018) concluded that travel time delays in their simulated TEC waveforms, based on linear IAW
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Figure 10. (a) Speed of shocks relative summed up with speed of sound for each point for the meridional slice along 173.98°E at T = 660 s. (b) Wavefield
of maximum absolute vertical fluid velocities for the full hour of simulation for the meridional slice along 173.98°E. (c) Field of maximum electron density
perturbations calculated for the full hour of the simulation for the meridional slice along 173.98°E. The results are based on simulation with Preferred Holden—

Xu finite-fault model.

propagation approximations, may be related to the errors in a wind model used. Although this conclusion
may be valid, we propose other reasons for higher apparent speeds of CIDs. First, the curvature of the IAW
phase fronts relative to TEC LOS and inhomogeneities in ionospheric plasma distribution may result in
apparent variations of horizontal phase velocities calculated from VTEC observations. We expect that these
effects produce small impacts, as dozens of TEC observations are available for the considered event with
different geometry of LOS and IPP coordinates to investigate phase velocities.

Second, this can be explained by the nonlinear propagation of IAWs. In addition to the substantial increase
of the mean atmospheric temperature at altitudes above ~120 km, which leads to higher speeds of sound,
the faster speed of propagation of the head shock of N-wave (and slower speed of propagation of its tail
shock) leads to the lengthening of the N-wave pulse (Whitham, 1974). The present case study corroborates
our previous findings of the formation of a single N-wave reaching the upper atmosphere, based on case
studies of the 2015 M7.8 Nepal and the 2011 M9.1 Tohoku-Oki earthquakes (Inchin, Snively, Williamson,
et al., 2020; Inchin, Snively, Zettergren, et al., 2020), which also support the conclusions of numerous ob-
servational studies (e.g., Afraimovich et al., 2001; Astafyeva et al., 2009; Reddy et al., 2017). Within the
weakly nonlinear regime (when IAW amplitudes are below ~1/10 of local atmospheric pressure), the speed
of both head and tail shocks of N-wave relative to the center of N-wave can be found as v = ¢cy(y + 1)/2y,
where ¢ = p/p, — 1, y is the adiabatic index, c, is the local speed of sound, and p and p, are disturbed and
equilibrium pressures, respectively (e.g., Beyer, 1974). Thus, for nonnegligible pressure changes, the speed
of the head shock of N-wave always exceeds the speed of sound, the tail shock lags, whereas center point of
N-wave (point of zero fluid velocity) propagates with the speed of sound.

We provide the diagram of shock speeds calculated based on the formula above and estimated using the
local mean speeds of sound for every point of the numerical domain for the meridional slice along 173.98°E
at T, + 660 s, when the head shock of N-wave is in the F-layer of the ionosphere (Figure 10a). The results
are based on simulation with the preferred Holden-Xu model. As the provided formula neglects terms of
order ¢* + O (along with consideration of plane wave propagation in a homogeneous fluid without wind),
we still obtain close values of head shock speed as from our numerical simulation—1.141 km/s versus
~1.1-1.3 km/s. It is important to highlight that the consistencies in times of CID arrivals from simulation
with preferred Holden—Xu finite-fault and TEC observations support our conclusions.

In addition, at ionospheric heights, larger amplitudes of the formed N-wave result in stronger distortions of
its shape (Figure 8m). Particularly, the curvature of the central part of the pressure signal is seen from the
results with Model 1, where maximum amplitudes of N-wave are simulated. For Model 2, the central part
of N-wave exhibits only slight distortion, whereas N-wave possesses practically straight central part with
Models 3 and 5. This may be due to the strongly nonlinear propagation of IAWSs, and the importance of
higher order effects in p/po, where p is the pressure and p, is the equilibrium pressure (Sabatini, Marsden,
et al., 2019).
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5.2. The Importance of Finite Characteristics of Coseismic IAW Sources

Bagiya et al. (2018) proposed that the separation between various tectonic sources of IAWSs near the epi-
center within rupture duration of ~100 s may not be possible and explained this by the much shorter time
of rupture propagation in comparison with periods of CIDs (~4 min). Our current study demonstrates the
importance of the directivity of rupture propagation to resulted IAW wavefield, even at ionospheric heights.
In addition to the results presented in Figures 4, Figure 10b presents the field of maximum absolute vertical
fluid velocities, reached at each point for the latitude-altitude slice along 173.98°E and Figure 10c—max-
imum reached electron density perturbations for the same slice. These maximum values are derived con-
sidering the dynamics for the whole hour after the earthquake. The IAW wavefield exhibits a meridionally
asymmetric pattern due to the finite nature of the source and north-northeast direction of rupture propaga-
tion. The strongest perturbations are driven by IAWs to the north, with weaker perturbations to the south
and above southern faults. IAWs exhibit the strongest fluid velocities at 250-300 km, with a substantial de-
crease of amplitudes at higher altitudes driven by thermo-viscous dissipation. A similar spatial pattern can
be seen in the maximum electron density perturbation field; the strongest perturbations were driven to the
north at ~280-310 km, which supports our choice of 300 km altitude for the calculation of IPP coordinates.

Earlier, based on modeling results of atmospheric and ionospheric responses for the 2015 M7.8 Nepal
Gorkha earthquake, we also demonstrated that the direction of rupture propagation, as a supersonic mov-
ing source of IAWs in the atmosphere, defines the direction of IAW focusing, notable even at ionospheric
altitudes (Inchin, Snively, Zettergren, et al., 2020) and these outcomes were supported by observational
studies based on TEC (Catherine et al., 2017; Sunil et al., 2017). In the case of simpler, unilateral rupture
over a much longer fault length, as in the Gorkha earthquake, strong correlation between the direction of
rupture propagation and propagation of the strongest IAWs is present. Also, CIDs of 4-6 min periods in the
ionosphere may results not only from IAWs of same periods as excited at the surface but also from nonlinear
effects on IAW propagation that lead to the formation of N-waves, followed by their lengthening and subse-
quent smoothing at ionospheric altitudes by thermo-viscous damping, as discussed above.

Thus, in addition to complex plasma responses to atmospheric waves (magnetic field-seized plasma mo-
bility and plasma distribution), we highlight that source effects also play a vital role in ionospheric arrivals
of IAWs. The need to consider finite-faulting processes for large earthquakes at near-epicentral regions is
dictated not only by seismological principles but also by spatial asymmetry of IAWs in the atmosphere.

5.3. Investigation of Earthquake Evolution “From Above”

The analysis provided in Section 4.3 indicates the need for the inclusion of the Papatea fault into finite-fault
model to reproduce detected TEC perturbations and therefore suggests that the Papatea fault was ruptured
during the Kaikoura earthquake. We found that the absence of the Papatea fault results in a substantially
lower amplitudes of simulated TEC perturbations (~30%). Providing further support for the significance of
this result, temporal lags in the appearance of simulated TEC perturbations, in case of the absence of the
Papatea fault (tens of seconds), serves as an additional confirmation for the necessity of the Papatea fault
to reproduce the dynamics of IAWs and their nonlinear evolution. Specifically, the presence of the Papatea
fault markedly increases amplitudes of formed N-wave and its lengthening, which results in earlier arrival
of its head (leading) shocks to ionospheric heights. The weakest perturbations in the source model by Wang
et al. (2018) are caused by lower amplitudes of surface deformation and differences in the rupture kinemat-
ics, although, as we demonstrated, similar IAW and CID dynamics to the north-northeast can be obtained
by reconfiguring the Papatea fault rupturing process in the Holden-Xu finite-fault model (Model 5).

The full sensitivity analysis of the rupture kinematics of the Papatea fault, including direction of rupture
propagation, would require full 3D ionospheric simulations. Particularly, with the precise tracking of LOS
and the use of low elevation angle STEC observations (GPS satellites PRNOS5, 21, and 29), it is plausible
that further steps toward resolving the Papatea fault rupture can be made. Further investigation may be
warranted to understand the sensitivity of conditions of atmosphere and ionosphere on a statistical basis
through numerical parametric studies. We would like to highlight that these numerical simulations are very
computationally expensive, and parametric studies, as shown here, already require hundreds of thousands
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of core-hours of calculations on a high-performance computing cluster. However, with the improvement of
models and computational resources, such parametric studies may soon become feasible.

These findings call for the need for denser networks of ground-based receivers and the inclusion of TEC
measurements based on signals from other constellations of navigational satellites, for example GLONASS,
BeiDou, and Galileo (Ren et al., 2016; Savastano et al., 2019), as well as the more widespread use of other
observational techniques and instrumentation. Among them are atmospheric and ionospheric airglow im-
agers (Pilger et al., 2013; Inchin, Snively, Williamson, et al., 2020), ionosondes (Chum et al., 2012; Maruy-
ama et al., 2017), RADAR and LIDAR systems (Occhipinti et al., 2018), magnetic field observations, etc.
The use of radio-occultation observations and satellite missions that deliver information on atmospheric
and ionospheric states (such as NASA TIMED, GOLD, and ICON) may also provide additional constraints
on simulations of ambient ionospheric conditions to improve precision.

Finally, the small amplitude of the simulated electron density depletion (“ionospheric hole”), as discussed
in Section 4.2, may lead to difficulties with its detection, as it can be obscured by other dynamics. This raises
an important question of ionospheric “hole” observation applicability for tsunami early-warning systems
proposed by Kamogawa et al. (2016), particularly during nighttime events, when the density of ionospheric
plasma is low. Although the surface uplift is substantial (up to ~4-10 m over ~30 X 30 km region) and
results in strongly nonlinear IAWs, the simulated ionospheric “hole” is still fairly weak and at the level
of TEC threshold of detectability. We recall that electron density depletion is not found in available TEC
observations too.

5.4. Possible Sources of Uncertainties

In this subsection, we discuss possible sources of uncertainties in the data sets and models used, and their
configurations, as they can contribute uncertainties that play important roles in interpretation of the dy-
namics in different media.

In Section 2, we have addressed the questions of uncertainties in the model parameters by considering dif-
ferent finite-fault kinematics. Since the Kaikoura earthquake was a complex event, we cannot explore the
full parameter space to address the uncertainties in the finite-fault kinematics due to computational limi-
tations. For example, in both Holden and preferred Holden-Xu models, the deformation is slightly overes-
timated in general, because the final slip distributions were previously obtained assuming a homogeneous
elastic half-space (Clark et al., 2017; Xu et al., 2018), as opposed to a 3D velocity model accounting for lower
rigidity rocks at shallow depths assumed in our simulations (see Supporting Information). One example of
major uncertainties is whether there was a large (>5 m) slip on the Hikurangi subduction interface. Unlike
the preferred Holden-Xu model, the broad uplift around the northern faults (Figure 2c) might be a signa-
ture of major slip on the subduction interface (e.g., Wang et al., 2018). In contrast, all the published studies
reported the presence of large crustal uplift associated with the Papatea fault rupture (Figure 2c), which is a
robust feature. Since the timing (and even its coseismic rupturing) and propagation direction of rupture on
Papatea Fault was not well constrained by traditional, seismic and geodetic data sets, our study has focused
on this issue.

Currently, MAGIC does not include topography, incorporating a flat bottom boundary that represents
Earth's surface. The topography in the region considered varies between 0 km (near the ocean) and 2 km.
Such variations can result in maximum 6 s difference in the arrival of IAWs to the certain altitude. We
assume these discrepancies to be negligible for the investigation of long-range IAW propagation (284 km
toward the peak of electron density in F-layer of ionosphere in ~600 s), taking into account other possible
uncertainties in the profiling of atmosphere, winds, and timing of IAW sources, as well as resolution of the
neutral atmosphere model domain. In addition, the area of main vertical surface displacements is localized
around the Papatea and Kekerengu faults, providing negligible differences in timing of IAW excitation from
the topography. We note that the topography was included to the simulation of seismic wave propagation,
incorporating its effects on seismic wave dynamics and thus vertical displacements.

For the precise comparison of TEC observations with simulation results, we would need 3D ionospheric
simulations and to track every GPS satellite-receiver LOS, accounting for the change in their elevation
and azimuth angles temporally. Thus, in our comparison, some biases are expected later in time, because
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we match only positions of CID onsets with fixed meridional slices from simulations; in reality, IPP posi-
tions are constantly moving. Also, the periods of CIDs may be biased from Doppler shift effects (caused by
IPP motion relative to CIDs propagation), while our simulation results are free from this effect due to the
assumptions of frozen LOS. Another source of possible inconsistency is the effect of mutual geometry be-
tween the CID propagation direction and the LOS that may differ in simulation and in reality, as discussed
in Section 4.2. These inconsistencies are assumed to be small for chosen observations with high elevation
angles of LOS (75°-85°), that possess comparatively negligibly slow speeds of IPPs (Savastano, 2018). In
addition, IPP positions can be offset, as we do not know the exact vertical electron density profiles for each
location. However, at ionospheric altitudes IAW wavelengths are ~100-160 km and speeds (~1.1 km/s),
relative to the slow motion of IPPs or small-scale ionospheric plasma irregularities. Thus, we assume that,
for the comparison of leading IAWs and the CIDs driven by them with high elevation angle vTEC obser-
vations, our approach is sufficient and, likely, as good as feasible without performing a fully 3D GEMINI
simulation. We estimate the error in the determination of vTEC to be in the range +1 TECu and accuracy
of ~0.02 TECu.

Another potential source of uncertainties is the ambient atmospheric density. Note that a 43% increase in
amplitude (factor 1.43 to compensate for a 30% deficit) could be attributed to a neutral mass density ~49%
(factor ~0.49) of that estimated by empirical model NRLMSISEOO near the IPP altitude at 300 km (assuming
linearity) and this deviation appears unlikely. Likewise, the sensitivity of IAW amplitude to nonlinear evo-
lution as they propagate upward should be further-quantified; however, most conceivable scenarios lead to
weaker rather than stronger IAWSs and responses. Also, we found that to reach to the amplitudes of the de-
tected TEC perturbations in our simulations without the incorporation of the Papatea fault, the background
electron density would need to have been much in vTEC than found in observations. For comparison, we
run two simulations with vTEC in the region of interest with ~13 TECu and ~14.5 TECu, that were ob-
tained from GEMINI simulations 1.7 and 5.7 h prior to the earthquake, in the local evening and day times,
when ionospheric plasma density is higher due to solar radiation impacts. The results of comparison of
TEC perturbations from simulations using earlier initial ionospheric plasma conditions with observations
are provided in the Supporting Information. In these simulations, we indeed find amplitude increase of
TEC perturbations but that remained insufficient to replicate observed perturbations. The amplitudes of
TEC perturbations in ionospheric state of 14.5 TECu show only very limited increase in comparison with 13
TECu case. To recall, values of vTEC from available receivers were found to be 9.5 TECu over the epicentral
region and they match simulation results. Meanwhile, no VTEC of 13 (~36% higher) or 14.5 TECu (~50%
higher) were found in available observations with all receivers during the earthquake. Moreover, substantial
lags of CID onsets in these simulations are still present and cannot be eliminated, requiring some other
physical reasoning.

Severe geomagnetic conditions, for example during geomagnetic storms, may also impact resulting profiles
and gradients in ionospheric plasma densities. However, during the Kaikoura earthquake Kp index was 3
and Dst index —20 nT, which are consistent with quiet geomagnetic conditions. Disagreements between
simulated and measured shapes and the altitudes of peaks of electron density profiles can provide addition-
al biases. Thus, we compared the electron density profile from our simulations (presented in Figure 6b) and
the profile of electron density from radio-occultation measurements registered with COSMIC satellite at
10:55 UT (7 min prior to the earthquake) to the east from South Island of New Zealand (figure is provided in
the Supporting Information). It can be seen, that the altitudes of the peak of electron density in observations
(~288 km) and peak of electron density from simulations (~284 km) match closely, indicating accuracy of
simulations of electron density distribution.

The combination of ~30% lower amplitudes of TEC perturbations and later times of CID arrivals (phase
lags in TEC) in the simulation with the Holden-Xu model excluding the Papatea fault can most plausibly be
explained by weaker IAWs generated from the ground and then comparatively small lengthening of formed
N-wave. Thus, the simulations favorably support that the amplitude and timing of the signals are consistent
with additional surface motions that can be explained by the hypothesized Papatea fault rupture.
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6. Conclusion and Future Work

Through simulations using physics-based numerical models, we investigated the dynamics of IAWSs gener-
ated by the 2016 M7.8 Kaikoura earthquake and their corresponding disturbances in the ionospheric plas-
ma. We simulated time-dependent surface deformation using the forward seismic wave propagation code
SPECFEM3D, which was used to drive the 3D nonlinear compressible neutral atmosphere model MAGIC.
Plasma responses, excited by the seismically induced IAWs, were then simulated with the 2D nonlinear
multispecies ionospheric plasma dynamic model GEMINI.

Specifically, we investigated the contribution of different faults, involved in the earthquake rupturing pro-
cess, to atmospheric and ionospheric signals through the use of different configurations of the Holden-Xu
finite-fault model. We found that our preferred finite-fault model, that includes rupture on the Papatea fault
during the earthquake, reproduces the amplitudes, shapes, and time epochs of appearance of detected TEC
perturbations most accurately. The absence of the Papatea fault showed significant ~30% lower amplitudes
of TEC perturbations, as well as significant timing (phase) differences, supporting the interpretation that
the Papatea fault was ruptured within the coseismic phase of the earthquake.

To investigate further, we then varied the timing of rupture initiation on the Papatea fault and its rupture
propagation direction and demonstrated that these parameters result in differences of amplitudes of IAWs
reaching ionospheric heights and corresponding CIDs. However, for chosen high elevation angle observa-
tions, used for the comparison with 2D ionospheric plasma dynamic simulation results, vTEC was found
to be insufficiently sensitive to these kinematic source characteristics. Nevertheless, in case of the 3D iono-
spheric simulations and precise tracking of satellite-to-receiver LOS of sTEC perturbations, the timing and
the direction of the Papatea fault rupture could potentially be further constrained. Thus, we find substantial
justification and opportunity for future fully 3D sTEC simulations to investigate seismically generated IAW
fields toward reconstructing earthquake processes.

We highlight the following general conclusions as well:

1. For the simulation of IAW excitation and subsequent CIDs from the earthquake's source region, fi-
nite-fault models should be considered, particularly for complex events. Rupture propagation (and its
direction) plays an important role in the spatial asymmetry of observed CIDs and can be assessed sep-
arately from observational biases imposed by the geomagnetic field and with reasonable consideration
for atmospheric variability.

2. The regime of propagation of IAWs, driven by large earthquakes, can be weakly to strongly nonlin-
ear, leading to substantially different dynamics in comparison with linear assumptions. In this case,
direct physics-based numerical simulations are the most comprehensive way to resolve IAW propagation
through the whole range of altitudes and to subsequently reproduce accurate CIDs.

3. Trapped IAWs occur between ~120 km altitude and the ground, leaking some part of their energy into
the ionosphere, and can drive long-appearing CIDs, observable in TEC even an hour after the event. This
supports prior investigations, for example, by Matsumura et al. (2011) and M. D. Zettergren et al. (2017).

4. TEC observations may supplement seismological studies through the investigation of different earth-
quake finite-fault models and their ability to reproduce detected ionospheric perturbations. These find-
ings may be particularly relevant for large undersea earthquakes with lack of geophysical and near-field
data.

5. TEC observations (as they are integrated spatially along specific LOSs between GPS satellite and ground-
based receiver) are affected by the geometry of LOS and plasma motion direction. Thus, TEC, in a par-
ticular geometry of LOS, may be insufficiently sensitive to the differences in amplitudes of electron den-
sity perturbation. For such studies, the analysis of VTEC perturbations presented here can be improved
by tracking TEC LOS precisely and comparing time of CID arrival and their amplitudes based on STEC
observations.

It is anticipated that modeling and parametric case studies based on full 3D-coupled atmosphere—iono-
sphere modeling, as well as full STEC reconstructions, can provide additional insights on earthquake-at-
mosphere-ionosphere processes. Such simulations, though currently computationally intensive, may pro-
vide a significant path forward to constrain finite-fault models of large earthquakes, especially for complex
events.
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