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Abstract Despite routine detection of coseismic acoustic-gravity waves (AGWs) in Global Navigation
Satellite System (GNSS) total electron content (TEC) observations, models of the earthquake-atmosphere-
ionosphere dynamics, essential for validating data-driven studies, remain limited. We present the results of
three-dimensional numerical simulations encompassing the entire coupling from Earth's interior to the
ionosphere during the M,, 7.8 2016 Kaikoura earthquake. Incorporating the impact of data/model uncertainties
in estimating the ionospheric state, the results show a good agreement between observed and simulated slant
TEC (sTEC) signals, assessed through a set of metrics. The signals exhibit intricate waveforms, resulting from
the integrated nature of TEC and phase cancellation effects, emphasizing the significance of direct signal
comparisons along realistic line-of-sight paths. By comparing simulation results initialized with kinematic and
dynamic source models, the study demonstrates the quantifiable sensitivity of STEC to AGW source
specifications, pointing to their utility in the analysis of coupled dynamics.

Plain Language Summary Earthquakes launch acoustic-gravity waves (AGWs) into the
atmosphere, spanning periods from seconds to minutes, that can reach the ionosphere at ~100—-400 km altitude.
The majority of AGW detections in the ionosphere are performed with the use of GNSS signals collected with
ground-based receivers that nowadays comprehensively cover seismically active regions. However, the
modeling of earthquake-atmosphere-ionosphere processes together, essential for validating and supporting
data-driven studies, remains rare. We present the outcomes of three-dimensional numerical modeling of
interconnected processes, spanning from Earth's interior to the ionosphere. We conducted a case study focused
on the 2016 M,, 7.8 earthquake in New Zealand, renowned for its complexity and comprehensive observations
of coseismic AGWs recorded with GNSS signals. Our results demonstrate a high level of accuracy of simulated
GNSS signals, also revealing the high sensitivity to the chosen earthquake model and the complexity of
resulting ionospheric signals, highlighting the necessity of attributing realistic geometries of GNSS TEC
observations. The findings highlight the potential for using GNSS signals to investigate coseismic AGWs to
infer characteristics of earthquakes.

1. Introduction

Seismically excited acoustic and acoustic-gravity waves (here, AGWs) in the atmosphere serve as sources of
detectable ionospheric plasma density fluctuations (Blanc, 1985; Ducic et al., 2003; Hines, 1960; Tanaka
et al., 1984). By AGWs, we include the spectrum of compressional atmospheric waves and modes ranging from
infrasonic acoustic waves, primarily <1 Hz, down to the acoustic cut-off frequency in the middle thermosphere
corresponding to a period >10 min. The terminology “AGW spectrum” thus acknowledges that acoustic waves
that have evolved to longer periods in the thermosphere (i.e., by nonlinear evolution) may exceed the Brunt-
Viisild period in the upper mesosphere and lower thermosphere, requiring the consideration of gravity and the
use of an acoustic-gravity wave dispersion relation in analysis or modeling of their long-range propagation.

Above earthquakes and other natural hazards, the low-frequency acoustic regime of the AGW spectrum is
routinely detected by measuring delays of Global Navigation Satellite System (GNSS) signals to infer
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fluctuations in total electron content (TEC), which is directly proportional to the integrated number of electrons
along the path between a GNSS satellite and a ground-based receiver (e.g., Hofmann-Wellenhof et al., 2007). The
distribution of GNSS receivers in seismically active regions, the tracking of signals from multiple GNSS con-
stellations, as well as the advancements in temporal resolution of measurements, have significantly bolstered the
use of TEC for the detection and analysis of coseismic AGWs (Astafyeva, 2019; Calais & Minster, 1995;
Komjathy et al., 2016; Occhipinti et al., 2013). The studies rely on the temporal and spatial characteristic vari-
ability of TEC signals, including arrival times (Astafyeva & Shults, 2019; Sanchez et al., 2023; Thomas
etal., 2018), amplitudes (Cahyadi & Heki, 2014; Inchin et al., 2021; Manta et al., 2020), and shapes (Astafyeva &
Heki, 2009; Bagiya et al., 2023; Brissaud & Astafyeva, 2022), showing promise for enhancing the operational
capabilities of systems that monitor AGW fluctuations in the ionosphere (Maletckii & Astafyeva, 2021; Manta
et al., 2021; Martire et al., 2023; Ravanelli et al., 2021; Savastano et al., 2017).

At the same time, simulations of earthquake-atmosphere-ionosphere processes, essential for validating data-
driven studies, remain challenging. First, the development of comprehensive earthquake source models is
essential and necessitates a thorough consideration of the rupture process to address resulting atmospheric dy-
namics (Astafyeva & Heki, 2009; Bagiya et al., 2018; Nozuka et al., 2024). Second, high-resolution three-
dimensional nonlinear and compressible atmospheric models are required for simulating AGWs with periods
ranging from seconds to minutes (Inchin, Snively, Williamson, et al., 2020). The resolution of AGWs is required
over comparatively large regions to cover line-of-sights (LOS) between GNSS satellites and ground-based re-
ceivers. Third, the direct modeling of ionospheric responses to AGW:s is also crucial, taking into account potential
nonlinear behavior and the complexity of plasma responses to neutral gas drivers within ambient geomagnetic
field (Zettergren & Snively, 2015, 2019). Atmospheric and ionospheric simulations must effectively account for
background states and winds, which influence AGW propagation and resulting plasma drifts (Drob et al., 2003;
McDonald et al., 2012). The scope and complexity of these processes necessitate a comprehensive analysis of the
dynamics at every step and in every system.

The magnitude 7.8 Kaikoura earthquake struck the South Island of New Zealand on 13 November 2016
Ty = 11:02:56 UT (11/14/2016, 00:02:56 local time) and resulted in more than 20 fault segments ruptured,
including some previously unknown or considered inactive. Despite the availability of various geophysical data
sets, the complete understanding of its rupture evolution remains elusive, positioning this earthquake as one of the
most intricate records to date (Hamling et al., 2017; Kaiser et al., 2017). Despite this, the ionospheric responses to
coseismic AGWs were measured by a substantial number of multi-GNSS receivers across New Zealand. These
detections offered an opportunity to investigate and quantify coseismic processes for an inland earthquake
together with ionosphere responses and to propose new techniques for earthquake source characterization (Bagiya
et al., 2018; Inchin et al., 2021; Lee et al., 2018; Zedek et al., 2021).

We report new results leveraging our fully 3D modeling approach for simulating earthquake-atmosphere-
ionosphere coupling processes, applied to the M,, 7.8 Kaikoura earthquake and its associated TEC signals. We
investigate the structure of electron density fluctuations along LOSs and the resulting sSTEC signals, and assess the
impacts of uncertainties in estimating background ionospheric states (based on absolute TEC) on these fluctu-
ations. In addition to simulations utilizing the earthquake's kinematic source model, we here compare to simu-
lations with a multi-fault dynamic rupture earthquake source model.

2. Methodology

We conducted 3D seismic wave propagation simulations with the specification of kinematic and dynamic
earthquake source models. The first two simulations (referred to as Sim 1 and Sim 2) corresponds to the kinematic
source model of Inchin et al. (2021), constrained by strong-motion, InSAR, Global Positioning System (GPS),
vertical coastal uplift and tsunami data, and was used to initialize a SPECFEM3D simulation (Komatitsch &
Tromp, 2002; Komatitsch & Vilotte, 1998). To address the uncertainty in estimation of absolute vTEC, expected
to be at the level ~1-6 TECu (e.g., Chen et al., 2020; Ren et al., 2019; Roma-Dollase et al., 2018; Wielgosz
etal., 2021), and its role in determining AGW signals in sSTEC (~0.02-0.2 TECu), we conducted two 3D GEMINI
simulations corresponding to the background ionospheric conditions at the time of the earthquake 7y and T-
30 min (Sim 1 and Sim 2, respectively), but with the same seismic wave propagation and AGW simulation inputs
with kinematic source model. Third simulation, Sim 3, included coupled dynamic source model and wave
propagation simulation, which was conducted with the SeisSol software (Breuer et al., 2014; Dumbser &
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Figure 1. Absolute simulated STEC calculated with zenith-looking LOSs at (a) 11:02:56 UT (Sim 1) and (b) 10:32:56 UT (Sim 2). (c) Observations of absolute vTEC at
11:00 UT. (d, e) Meridional and zonal slices of simulated electron density at 11:02:56 UT. (f) Schematic representation of the overlay of numerical domains used for
SPECFEM3D/SeisSol and MAGIC simulations. The colors show maximum vertical velocities at the surface from the SPECFEM3D simulation for illustrative purposes.

Kiser, 2006; Pelties et al., 2013; Uphoff et al., 2017) with dynamic source model described in Ulrich et al. (2019).
Sim 3 was run at the original time of the earthquake 7'y, as Sim 1. The summary of simulation setups is provided in
Table S1 of the Supporting Information S1.

Coupling with 3D nonlinear and compressible neutral atmosphere model MAGIC was made through the transfer
of vertical momentum at the surface (Inchin, Snively, Zettergren, et al., 2020). The overlay of numerical domains
used for SPECFEM3D/SeisSol and MAGIC simulations is illustrated in Figure 1f. MAGIC simulations were
configured with a spatial resolution of 500 m in horizontal and 250 m in vertical directions. Atmospheric
stratification and winds were based on global empirical models NRLMSISE-00 and HWM-14 (Drob et al., 2015;
Picone et al., 2002), and covered the heights from the surface to 500 km, with ~9 X 17.7° in meridional and zonal
directions. Geomagnetic indexes Kp and Dst during the events were 3 and -20 nT, respectively. The 3D output of
the MAGIC simulations, including perturbations in major gas species densities, temperature, and fluid velocities,
served as drivers in the three-dimensional ionospheric model GEMINI. The basis for MAGIC and GEMINI are
described in Zettergren and Snively (2015).

Slant TEC (sTEC) observations, representing the total number of electrons along a path between receiver and
satellite and derived based on the measurements of phase advances and group delays at two GNSS signals (e.g.,
Komjathy, 1997), were calculated using software developed at the Jet Propulsion Laboratory gnsstec. py (JPL
New Technology Report 52,034, Bertiger et al. (2020)) and GIM (Mannucci et al., 1998). We utilized raw GPS
and GLONASS navigation and observation data at a sampling rate of 1 Hz in Receiver Independent Exchange
Format (RINEX). For observations, the height of 300 km was specified as ionospheric shell layer to calculate
ionospheric pierce point (IPP) positions. Vertical TEC (vTEC), which represents scaled sTEC from the geocenter
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and through IPP positions (e.g., Mannucci et al., 1998), was estimated using a Single Layer Mapping function.
Model synthesized sTEC signals were calculated from the integration of electron densities (n,), based on the
outputs of n, from GEMINI simulations. To compare measured and simulated sTEC signals along temporally and
spatially varying LOS, we applied a Butterworth filter with a fourth-order and a window of 30-600 s.

3. Results
3.1. Ionospheric Responses to Coseismic AGWs

The results of seismic wave propagation simulations with a kinematic source model and atmospheric dynamics
were presented by Inchin et al. (2021), whereas here we focus on fully 3D ionospheric plasma responses to AGWs
and sTEC signals. During the local night-time of the event, the absolute vTEC exhibited values ranging between 6
and 14 TEC units (TECu) across New Zealand (Figure 1c). While a broad positive gradient of vTEC is evident
from south to north, the observations reveal intricate variations in VTEC, potentially attributable to ionospheric
disturbances of diverse origins. Figures 1a and 1b depicts the absolute vTEC from Sim 1 and Sim 2 simulations.
Simulated vTEC ranges from ~5—7 TECu at the south to ~1 1-14 TECu over the Northern Island, giving difference
between the simulations of 2—5 TECu over the numerical domain. Figures 1d and 1e illustrate n, fields from Sim 1
along the meridional and zonal directions with altitudes, respectively, sliced over the center of GEMINI domain.
The electron density peak altitude (hmF2) from simulations is at ~300 km, reaching values of 5.5 x 10'' m™.
Figures 2a-2d illustrate the snapshots of simulated sSTEC fluctuations, assuming zenith-looking LOSs. The
leading fluctuations, surpassing the typical noise level of TEC at ~0.01-0.02 TECu, become discernible ~10 min
after Ty. The time required for the rupture propagation spans over ~90 s, with the most pronounced AGWs being
generated ~60—80 s after the rupture initiation (Inchin et al., 2021). The leading fluctuations are slightly inclined
toward the northeast, aligning with the direction of rupture propagation. They arise from n, perturbations
occurring at altitudes of ~230-250 km, revealing plasma drifts not fully aligned with magnetic field lines and
influenced by larger neutral-ion collision frequency at these altitudes. The largest amplitude sTEC fluctuations,
calculated with zenith-looking LOS geometries, are simulated over the region between the North and South
Islands of New Zealand (~39-41°S/172-175°E), with the positive phase reaching this area ~12 min after 7. As
plasma drifts from AGWs are primarily aligned with magnetic field lines (Inchin et al., 2021; Zettergren &
Snively, 2015), the simulated electron density fluctuations, as can be seen from sTEC, dominantly evolve
equatorward (Figures 2c and 2d).

Figure 2e displays the field of peak absolute amplitudes of sTEC fluctuations (zenith-looking LOS geometry as in
panels a—d). Figure 2f shows neutral major gas temperature perturbations (their moduli) at 300 km altitude. The
largest amplitude temperature perturbations from AGWs are found to the north and northeast of the epicenter,
arising from the northeastward propagation of the rupture and focusing of AGWs. At the same time, the largest
amplitude sTEC fluctuations, up to 0.26 TECu, are observed over the region between the North and South Islands
of New Zealand (Figure 2e). The fluctuations to the west and south from the epicenter, as well as offshore to the
east, also exhibit amplitudes higher than TEC noise level, in the range of ~0.02—-0.08 TECu. The disparities
between the illustrated fields of peak amplitudes of sTEC fluctuations (panel e) and AGW-driven perturbations in
the neutral atmosphere at 300 km altitude (panel f) highlight the importance of the alignment of plasma drifts
driven by AGWs along magnetic field lines, exhibiting dominant equatorward motion, even in the present of large
amplitude dynamics in the neutral gas (Bagiya et al., 2017; Rolland et al., 2013; Zettergren & Snively, 2015).

Simulated n, fluctuations for six satellite-station pairs along their actual LOSs with time are presented in the top
panels of Figures 2g—21. Their Y axes are altitudes along respective LOSs. To obtain n, fluctuations along LOSs,
we additionally performed GEMINI simulation excluding AGWs drivers, and then subtracted its 3D fields of n,
from the 3D fields of n, calculated in the simulation which included AGWs (Sim 1). In the corresponding bottom
panels, we show the resultant sSTEC fluctuation signals (black lines). To avoid filtering artifacts, here sSTEC
fluctuations are calculated by directly subtracting absolute sSTEC from simulations with and without AGWs. The
altitude of the largest amplitude 7, fluctuations along the respective LOS are illustrated with red lines.

The onset time of sSTEC signals corresponds to altitudes ~230-260 km, depending on the elevation angle and
positioning of LOS. This suggests that sSTEC signals are sensitive to AGW-driven fluctuations at altitudes
significantly lower than hmF2. The complexity of n, fluctuations along the LOS demonstrates the fact that they,
and thus sTEC signals, do not originate from a single, fixed altitude. Instead, this altitude varies in accordance
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(a-e) Simulated sTEC fluctuations for each point of the numerical domain calculated with zenith-looking LOSs
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Figure 2. (a—d) The snapshots of simulated sTEC fluctuations calculated for each point of the numerical domain with zenith-looking LOSs at four epochs and (e) the field
of their maximum values (moduli) calculated over the whole time of simulation. (f) Maximum neutral major gas temperature perturbations (moduli) at 300 km altitude
calculated over the whole time of simulatio. (g-1) Electron density () fluctuations over the time along realistically spatially and temporally varying LOSs and resulting
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yellow lines for 20 min from T,
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with the evolving plasma drifts over time. While the initial fluctuations in STEC may arise from n, fluctuations
contributing at lower altitudes, the peak amplitudes of these signals can result from heights close to hmF2 or
higher at 400-500 km.

The nature of STEC, which involves integrating n, along the LOS, can introduce complexities that lead to the
potential cancellation of otherwise detectable fluctuations. This is demonstrated in panels i and 1 of Figure 2,
where the initial positive n, fluctuations along the LOS (top panels), although present, contribute minimally to
the resulting sTEC signals (respective bottom panels). Subsequent negative n, fluctuations then dominate in
contribution to STEC, ultimately resulting in an apparent initial negative phase in STEC fluctuation signals.
The phase-cancellation effect (i.e., when the LOS pierces positive and negative phases of n, fluctuations,
eventually returning a smaller amplitude sTEC fluctuation signal than if piercing only positive or negative
phases of n, fluctuations, e.g., Manta et al. (2020)) may lead to signals falling below TEC noise level, as
demonstrated for the GPS51-HANM pair. Such dynamics of n, fluctuations, as shown in panels i and 1, also
imply an apparent delayed detectability of sTEC (onset time) when observed with an unsuitable LOS.
Likewise, the period and shape of these signals vary depending on the alignment of plasma drifts relative to
the LOS.

3.2. Comparison of Observed and Synthetic STEC Signals

Figure 3 provides a comparison between observed and simulated sTEC signals. The focus of our analysis lies
within observations taken over the main group, as shown on the map in Figure 3. The other groups of observations
originated from areas west of the epicenter, spanning over North Island of New Zealand, and over the ocean to the
east of the epicenter. Although still finding a sufficient level of agreement with observations, we omitted most
signals originating to the south of South Island, as they consistently exhibited signal amplitudes below expected
TEC noise level. Simulated sTEC signals in Figure 3 are calculated along actual LOSs, that is, in the same ge-
ometry as they were observed during the event.

First, we find that the variability of the background ionospheric state between Sim 1 and Sim 2 does not
translate into a notable difference in simulated sTEC signals and neither of the simulations outperformed
when compared with the observations. Thus, for the event considered here, we expect that the presented
uncertainty associated with absolute VTEC may not necessarily be a source of error when simulating sTEC
signals driven by AGWs. However, we expect that larger discrepancies in absolute VTEC or variations in the
ionospheric layering unrelated to the event may lead to more significant differences in simulated sTEC
fluctuations.

The highest level of agreement of simulated and observed sTEC signals is over the region between North and
South Islands of New Zealand with a similar level of concordance to the west and northwest of the epicenter. A
common trend of smaller amplitudes in the simulated signals over Northern Island is noted. Here, despite closely
matching the shapes of the signals and onset times, simulated sSTEC consistently exhibit ~50% lower amplitudes.
Separately, analyzing sTEC signals to the east of the epicenter, we find that their amplitudes are effectively
captured by simulations, but they appear ~20 s earlier in time than the observed ones. Lastly, Figure 3 presents a
comparison of signals located to the south of the epicenter, which mostly agree, but exhibit limited utility due to
low signal-to-noise ratio. Understanding the causes of STEC discrepancies for some satellite-station pairs to the
north and east require further in-depth parametric investigation.

To quantify the differences between simulated and observed sTEC, we implemented a set of metrics, including
the time of flight (TOF), maximum and minimum amplitudes, the duration of pulses, and the temporal track cross-
correlation of signals. An example of metrics estimation is presented for pair GPS51-LEVN in Figure 3 and full
metric analysis is provided in the SI (Tables S2—S5 in Supporting Information S1). The TOF error is determined
as the difference between the observed and simulated STEC fluctuation onset times. The onset time is identified as
the point at which the derivative of the sTEC signal exceeds the trend four times. Maximum and minimum
amplitudes, as well as the duration, for both synthetic and observed sTEC signals, are calculated for the main
pulse, which falls between signal onset time and the point where the N-shaped pulse crosses zero amplitude from
negative (see pair GPS51-LEVN for reference). The cross-correlation coefficient R, providing the linear
dependence between observed and synthetic signals, is calculated for filtered observed and simulated sTEC time
series for each satellite-station pair over a period from 120 s before the observed TOF to the last simulated time
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step Ty + 1,168 s. The error of cross-correlation reported here and in SI is calculated as (1-R)/100%. The selected
subset of 92 satellite-station pairs focuses on clearly identifiable signals of AGWs in sSTEC, where metrics could
be calculated automatically. Unresolved signals to the north of the North Island, east to the Ocean and south (with
STEC signals close or below the TEC noise level) are excluded from the analysis.

On average, the metric errors are as follows: ~15 s for TOF, 10.4% for the duration of the pulse, and 12.2%
for the temporal track cross-correlation of signals and 17.9% for the maximum and 20.2% for the minimum
amplitudes of the pulse. We find relatively small error in the TOF constituting ~15 s. This error is signifi-
cantly smaller than the time of AGW arrival from the ground of 600 s, on average (i.e., Onset,,; — T sec,
where Onset,,,, is observed sTEC fluctuation onset time), implying sufficiently accurate timing of the source
model and good estimation of atmospheric speeds of sound and ionospheric fluctuation altitudes relative to
layers. Similarly, we find favorable agreement for the temporal cross-correlation of signals and the period of
pulses. The error in pulse duration, ~30 s, is relatively small compared to the total period of the signals, which
ranges from ~300-480 s, implying reasonable constraint on the source spectrum as well as timing consid-
erations. We find higher levels of errors in the amplitudes of simulated fluctuations, which are found to be the
most challenging to replicate, but note that these errors (~0.01-0.04 TECu) are close to the noise level of TEC
observations themselves.

3.3. Kinematic Versus Dynamic Earthquake Source Model

We performed a set of simulations using the 3D dynamic rupture (e.g., Harris et al., 2018) earthquake source
model proposed by Ulrich et al. (2019), referenced as Sim 3 below. The advantage of dynamic source
modeling compared to kinematic models is to account for the physics of spontaneous rupture nucleation,
propagation and arrest, which, while more complex, can help to address the problems of non-uniqueness of
solutions based on purely data-driven source inversion techniques (e.g., Jia et al., 2023; Taufiqurrahman
et al., 2023). Thus, the dynamic model, although less-tuned to describe the observations, serves as a tool for
understanding the physics underlying rupture progression, which is especially important for complex earth-
quakes. Additionally, the ruptured faults and the segment sequence in dynamic model by Ulrich et al. (2019)
differs from the kinematic source model by Inchin et al. (2021). The background state of the ionosphere in
Sim 3 is specified from Sim 1.

Figures 4a and 4b illustrates the comparison of maximum absolute vertical velocities at the Earth surface between
Sim 1 and Sim 3. These values are much higher in Sim 3 than those simulated with the kinematic source model
(Sim 1). In particular, Figure 4c demonstrates that the maximum temperature perturbations at 300 km altitude in
Sim 3 peak at 321 K and are ~50% larger than in Sim 1. The SI includes the 3D fields of vertical fluid velocities,
as well as figures of their peak amplitude at 300 km altitude. Vertical fluid velocities at 300 km altitude from Sim
3 reach maximum and minimum values of 369 m/s and —760 m/s, exceeding these values from Sim 1 by ~90%,
which are 219 m/s and —400 m/s, respectively.

Although Sim 3 results in larger in amplitude AGWs in the atmosphere than Sim 1, the possibility to infer these
differences based on sTEC is yet not clear. Thus, Figure 4d shows sTEC signals from Sim 3 compared with sSTEC
observations and results of Sim 1. We find markedly larger in amplitude sSTEC fluctuations in Sim 3, exceeding
the amplitudes of observed signals to ~70-100%. A common earlier onset times of signals of ~40-50 s is also
evident in Sim 3. This points to the importance of a nonlinear evolution of AGWs to acoustic shock N-waves with
height, which then lengthen and exhibit speeds of its leading shock fronts faster than local speed of sound.
Likewise, the steepness of the signal is more pronounced in Sim 3 than found in observations or in Sim 1,
highlighting the nonlinear evolution of AGWs. Such disagreements between observed and simulated signals are
found for practically all sSTEC signals (additional figures are provided in the SM) in this case. Thus, the dynamic
source model would require additional ingredients to fully capture surface vertical motions (e.g., Kaneko &
Goto, 2022; Schliwa & Gabriel, 2024), potentially including GNSS TEC signals of coseismic AGWs as novel
constraints.

4. Discussion and Conclusion

We presented the results of novel 3D direct numerical simulations, encompassing the chain of dynamics
extending from Earth's interior and surface, to the atmosphere and to the ionosphere in response to the 2016 M,,
7.8 Kaikoura earthquake. They have enabled us to conduct a comparison between observed and simulated GNSS
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Figure 4. Maximum vertical velocities reached at the Earth's surface calculated based on the (a) kinematic source model (Sim 1) and (b) dynamic source model (Sim 2).
(c) Maximum absolute temperature perturbations at 300 km altitude from simulation with dynamic source model. (d) Comparison of sTEC signals as observed (blue
lines), derived from Sim 1 (red lines) and Sim 3 (yellow lines).

sTEC signals, considering variations in LOS paths and thus delving into the intricacies of sTEC signals. Our
findings highlight that sSTEC fluctuation signals, which commonly resemble N-wave shapes (Figure 3), provide a
direct representation of AGWs. However, in some cases, the structure of these signals can be significantly
influenced by the integration of electron density fluctuations along the LOS. The geometric phase-cancellation
effect can result in the attenuation of AGW-driven fluctuations in sSTEC signals below TEC noise level, mak-
ing it challenging to accurately determine signal onset times just relying on data. The results also suggest
dominant sTEC signal components originating from different altitudes, above or below the peak of electron
density. This questions the common practice of using a fixed IPP height to localize sTEC fluctuations, which are
particularly relevant in the context of GNSS TEC observations with low elevation angles, when estimated IPP
positions change rapidly. The findings highlight that direct comparisons of simulated and observed sTEC signals
along realistic LOS can reduce ambiguity and improve fidelity.
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The results demonstrated a high level of agreement between observed and simulated sTEC signals utilizing a
kinematic source model, reinforcing the appropriateness of this simulation approach and model specifications
for constraining surface motion that drives AGWs. The set of metrics shows promise for applications in the
analysis of other seismic events. At the same time, simulations initialized with the dynamic source model find
sTEC signal differences reflecting the presence of higher vertical velocities (than simulated with kinematic slip
model) at the Earth's surface that act as sources of AGWs. This further highlights the opportunity to employ
STEC signals for constraining surface dynamics during seismic events and to enhance earthquake source
models and their validation. Results reinforce the importance of using a large number of observations for the
analysis and validation of observational and simulation results, making sTEC particularly attractive to inves-
tigate spatially resolved AGW signals in the ionosphere that provide insight into their source geometries and
evolutions.

Future studies may clarify the reasons for inconsistencies between synthetic and observed sTEC signals at some
station-satellite pairs (Figure 2). For sTEC signals over the northern part of the North Island, it is unlikely that the
underestimation of absolute vVTEC is the primary cause of such differences, as the difference of several TECu in
absolute VTEC between Sim 1 and Sim 2 results in practically unchanged sTEC fluctuation signals. Thus, the
discrepancy may be due to under-resolved AGW dynamics in the atmosphere or inaccuracies in the 3D velocity
structure assumed in the earthquake model, although no clear correlation is observed between the ground velocity
misfit (Figure S2 in Supporting Information S1) and the misfit of sSTEC (Figure 3). Similarly, we attribute the
temporal lag for a set of signals over the ocean to a potential lack of constraints on rupture propagation offshore,
which is less evident based on available geodetic data. These hypotheses can be tested, with development of new
kinematic source models, and performance of parametric investigations using the 3D MAGIC-GEMINI capa-
bilities described here.
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