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Abstract volcanic eruptions provide broad spectral forcing to the atmosphere and understanding

the primary mechanisms that are relevant to explain the variety in waveform characteristics in the
Tonosphere-Thermosphere (IT) is still an important open question for the community. In this study, Global
Navigation Satellite System (GNSS) Total Electron Content (TEC) data are analyzed and compared to
simulations performed by the Global Ionosphere-Thermosphere Model with Local Mesh Refinement (GITM-R)
for the first phase of the 2015 Calbuco eruption that occurred on 22 April. A simplified source representation
and spectral acoustic-gravity wave (AGW) propagation model are used to specify the perturbation at the lower
boundary of GITM-R at 100 km altitude. Two assumptions on the propagation structure, Direct Spherical (DS)
and Ground Coupled (GC), are compared to the GNSS data and these modeling specifications show good
agreement with different aspects of the observations for some waveform characteristics. Most notably, GITM-R
is able to reproduce the relative wave amplitude of AGWs as a function of radial distance from the vent,
showing acoustic dominant forcing in the near field (<500 km) and gravity dominant forcing in the far-field
(>500 km). The estimated apparent phase speeds from GITM-R simulations are consistent with observations
with ~10% difference from observation for both acoustic wave packets and a trailing gravity mode. The
relevance of the simplifications made in the lower atmosphere to the simulated IT response is then discussed.

Plain Language Summary The two eruption phases of the 2015 Calbuco volcanic event created
atmospheric pressure and gravity disturbances that were measured as plasma disturbances in the earth's upper
atmosphere by global navigation satellites. This study utilizes a fully self-consistent global circulation model

of the upper atmosphere, with a highly flexible resolution, to simulate and investigate our understanding of the
coupled atmosphere-plasma system in the event of a volcanic eruption. It is shown that the current methodology
is capable of recreating important features of the observed upper atmospheric signals which include magnitude
distributions, arrival times, and the relative contributions of pressure and gravity influenced waves as a function
of distance from the volcano.

1. Introduction

It is known that explosive events can generate acoustic-gravity waves (AGWs) that propagate, by virtue of
the atmosphere's density profile, to thermospheric heights and influence the ionosphere in a way detectable
by dual frequency Global Navigation Satellite Systems (GNSS) (Calais et al., 1998; Cheng & Huang, 1992;
Hines, 1960; C. Y. Huang et al., 2019; Klobuchar, 1985; Komjathy et al., 2012; Kouck4 KniZov4 et al., 2021).
Kanamori et al. (1994) demonstrated that point source forcing in an isothermal atmosphere, depicting injection
of mass/energy, resulted in two dominant modes, one below the buoyant frequency and the other above the
acoustic cut-off frequency. It had been shown previously from C. H. Liu and Yeh (1971) and Chimonas and
Hines (1970) that the far field response of relatively localized sources is influenced by the buoyant, gravity, and
acoustic modes, suggesting that these frequencies may explain some of the dominant structures present in the
Ionosphere-Thermosphere (IT) system as a direct consequence of a volcanic eruption.

Progress in observational capabilities, primarily advances in GNSS infrastructure, have allowed for a variety of
Covolcanic Ionospheric Disturbance(s) (CVIDs) to be detected and analyzed. The extraordinary Tonga event has
generated additional interest in the IT response to volcanic eruptions because of local and global affects that are
of explanatory value to the community (L. Liu et al., 2023; Themens et al., 2022; K. Zhang et al., 2022; S.-R.
Zhang, Nishimura, et al., 2022; Zhang, Vierinen, et al., 2022). A few examples include the horizontally broad
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ionospheric hole that persisted ~16 hr after the eruption (Aa, Zhang, Erickson, et al., 2022; Aa, Zhang, Wang,
etal., 2022; He et al., 2023), suppression and X-pattern merging of the equatorial ionization anomaly (Aa, Zhang,
Erickson, et al., 2022; Aa, Zhang, Wang, et al., 2022; K. Zhang et al., 2022), the modification of electric field
systems (Harding et al., 2022), and the upper atmospheric manifestation of surface waves, such as the Lamb wave
(LW), (cited in most above; Matoza et al., 2022; Vadas, Becker, et al., 2023; Vadas, Figueiredo, et al., 2023). The
unprecedented data coverage from a variety of instruments allows for an attempt at a cohesive understanding of
energy redistribution in the coupled lithosphere-ocean-atmosphere-ionosphere-magnetosphere system, however
such coverage should be supplemented with detailed modeling to infer causal links between observed CVIDs and
known physical processes.

CVIDs observed following main eruption phases are typically categorized as one of two types in the measured
total electron content (TEC) signals (Cahyadi et al., 2021). Thought to be indicative of the eruption dynamics,
the first type (T1) consists of N-shaped pulses and are associated with acoustic/shock perturbations created
by sudden, sufficiently intense, explosions like a vulcanian eruption (and similarly, manmade explosions). The
second type (T2) is thought to be associated with a continuous eruption style, such as Plinian or sub-Plinian erup-
tions, and comes in the form of Quasi-periodic TEC oscillations with dominant AGW modes (Astafyeva, 2019;
Cahyadi et al., 2020). As a result, T1 disturbances often arrive in the IT system in ~8—12 min, roughly corre-
sponding to propagation at the sound speed, while T2 disturbances can take anywhere from ~14 to 60 min.
Because of source variability (size, intensity, duration, etc.), the TEC data associated with CVIDs show a variety
of waveform characteristics with typical magnitudes often of the order ~0.1-0.9 TECU and apparent phase
speeds ranging from ~100 to 1,000+ m/s. (Astafyeva et al., 2022; Cahyadi et al., 2020; Dautermann, Calais,
Lognonné, & Mattioli, 2009; Heki, 2006; Manta et al., 2021; Nakashima et al., 2016; Shults et al., 2016; Yue
et al., 2022; S.-R. Zhang, Nishimura, et al., 2022; Zhang, Vierinen, et al., 2022; K. Zhang et al., 2022). However,
several authors have stressed the use of a relative measure for proper feature extraction, or comparisons, as obser-
vational TEC waveforms are also heavily influenced by the local geomagnetic field orientation, background iono-
spheric conditions, and line of sight (LOS) satellite-receiver geometry (Bagiya, et al., 2019; Cahyadi et al., 2020;
Calais et al., 1998; Heki & Ping, 2005; Inchin, 2020; Zettergren & Snively, 2015).

The spectral content of the ionospheric response is mostly acoustic dominant with spectral peaks typically cited
around the acoustic-cutoff frequency of the neutral atmosphere (~3.6-3.8 mHz). Gravity dominant wave modes
are not always present in the TEC data during a volcanic eruption, but several studies have documented distur-
bances with dominant peaks at 1-2 mHz (Lindstrom, 2015; Yue et al., 2022). Additionally, theory and observa-
tional evidence from mesospheric airglow and satellite images indicate the generation of gravity waves (GWs)
from volcanic eruptions should not be neglected (Cappucci, 2021; Miller et al., 2015).

Although observational evidence for CVIDs is quite pronounced, attempts to simulate these events have been
infrequent. Most methodologies use ray tracing of a simplified forcing function and consider ionospheric dynam-
ics by utilizing the momentum and continuity equations for an assumed electron density distribution (Dautermann,
Calais, Lognonné, & Mattioli, 2009; Heki, 2006; Heki & Fujimoto, 2022). These methodologies have shown
good agreement with fitting N-shaped TEC variations to N-shaped forcing functions. Using a similar approach,
Dautermann, Calais, Lognonné, and Mattioli (2009) showed the importance of AGW dispersion in explaining
the observed acoustic wave trains and later considered the eigenmodes of a coupled earth-atmosphere model to
drive the ionospheric disturbances (Dautermann, Calais, & Mattioli, 2009). Their results showed that both meas-
urements in the earth and GPS-TEC signals could be explained by a single explosive atmospheric source and
the observed wave packets in the IT system are a consequence of the superposition of the three least attenuated
modes. Zettergren and Snively (2015) were the first to use a two-dimensional (2D) compressible atmospheric
model in conjunction with a multi-species 2D ionospheric model to investigate plasma responses to volcano like
forcing, albeit under the guise of a generalized forcing function for natural hazards. Nevertheless, the dominant
predicted acoustic periods match well to that of analyzed CVID events and their simulations showed quantita-
tively how the source characteristics and local geomagnetic field orientation influence the ionospheric response.

While lots of progress has been made to understand the IT disturbance caused by geographic events through both
observations and modeling, understanding the primary mechanisms that are relevant to explain the variety of
waveform characteristics found in the system is still an important open question for the community. The current
literature on simulated CVIDs is lacking in two key areas. First, the ray tracing methodologies all assume some
simplified form of the complex coupling occurring in the IT system and this comes at the price of self-consistency
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when compared to a full IT model. Second, the previous attempts are mostly constrained to 2D local domains
and as such not only limit the dynamics but may interfere with the background state through impositions of the
regional boundary conditions. In this study, we utilize the newly developed Global ionosphere-thermosphere
model with local mesh refinement (GITM-R, Deng et al., 2021) to simulate the first phase of the 2015 Calbuco
eruption. The propagation of a simplified forcing function is used for the domain below 100 km altitude, but in
this study a fully self-consistent model for IT coupling is utilized to calculate the ionospheric response and for
the first time simulate high resolution meso-scale CVIDs in a global circulation model (GCM), made possible
by the local mesh refinement feature. The data-model comparison shows that the observed propagation speed
and perturbation amplitude have been well reproduced by the GITM-R simulations. The relative significance of
acoustic wave and gravity wave and its dependence on the distance from the eruption location have been exam-
ined through both observations and modeling. Meanwhile, some preliminary study indicates that including the
ground-coupling process can be a promising way to further improve the data-model comparison in the future.

2. Calbuco 2015 Event and Previous Observations

The Calbuco volcano is located at ~ 41.3°S, 72.6°W in Southern Chile near the west coast and its vent is approxi-
mately 2 km above sea level (Matoza et al., 2018). On 22-23 April 2015, Calbuco erupted following brief seismic
activity (<3 hr prior) with two main sub-Plinian phases. The first eruption phase began on April 22nd at 21:04 UT
(18:04 LT) and lasted approximately 1.5 hr based on seismic and visual records. After a nearly 5.5-hr pause, the
second eruption phase started on April 23rd at 4:00 UT (1:00 LT) and continued for 6 hr (Castruccio et al., 2016;
Matoza et al., 2018). Both phases were categorized as 4, out of 8, on the Volcanic Explosivity Index (VEI), which
is in the range typically associated with CVID detection (Astafyeva, 2019). Fall deposit and umbrella expansion
methods roughly predict bulk injected volumes in the range ~0.27-0.56 km?, with ~15% being attributed to the
first phase and ~85% the second phase (Castruccio et al., 2016; Van Eaton et al., 2016). Although the second
phase was continuous, a notable change in the eruption dynamics occurred ~2 hr after the phase start time. The
release of pyroclastic density currents from the vent resulted in a decrease in the eruption rate, and associated
plume height, while increasing the electrical activity (Castruccio et al., 2016; Van Eaton et al., 2016). The erup-
tive column eventually returned to its original height until its abrupt end at ~10:00 UT. It is interesting to note the
difference between the dynamics and duration of the lower atmospheric response, lasting ~1.5 for the first phase
and ~5.5 hr for the second phase, while each ionospheric response only seemed to last ~1.5 hr and had similar
waveform characteristics (X. Liu et al., 2017; Shults et al., 2016).

The ionospheric disturbances induced by the eruptive phases have been analyzed previously and the CVIDs
were examined by filtering the TEC time series using a bandpass fourth-order zero-phase butter-worth filter
with a lower cutoff frequency of 3 mHz and higher cutoff frequencies of 8 and 10 mHz, respectively (X. Liu
et al., 2017; Shults et al., 2016). Although they used data from different networks, both showed agreeable results
with documented filtered TEC magnitudes of 0.4—-0.6 TECU for the first eruption phase and 0.1-0.3 TECU for
the second (X. Liu et al., 2017; Shults et al., 2016). X. Liu et al. (2017) estimates the apparent phase speeds as
~800 and ~900 m/s for each respective eruption phase while Shults et al. (2016) estimates ~900 m/s for the first
eruptive phase and ~1,100-1,300 m/s for the second. These discrepancies may be caused by the differences in the
corresponding data sets, such as LOS geometry and its relation to CVID wave fronts, or perhaps a methodological
contrast when making assumptions about the F2 peak height used in calculations. Both studies report similar
spectral content with independent analysis confirming spectral dominance at ~3.7 mHz in X. Liu et al. (2017)
and 3.8-5.2 mHz in Shults et al. (2016); reasoning these peaks occur due to the superposition of eigenmodes in
the coupled earth atmosphere system as in Dautermann, Calais, and Mattioli (2009).

This study focuses on the first eruption phase since the initial atmospheric state better represents the traditional
climatology, whereas propagation of AGWs in the second eruptive phase may be influenced by the first.

3. Methodology

This section starts with Section 3.1 that describes the analyzed GNSS TEC data produced by the MIT Haystack
Observatory using global GNSS TEC receiver networks for both phases of the 2015 Calbuco eruption. Section 3.2
describes the specific version of (the) Global Ionosphere Thermosphere Model (GITM) used in simulating the
ionospheric response to the first eruption phase. Section 3.3 describes how the forcing is applied to GITM's lower
boundary in the case of Direct Spherical (DS) propagation and Ground Coupled (GC) propagation.
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Figure 1. Detrended TEC data for the first (top row) and second (bottom row) eruption phase; measured by the right axis. The background contour represents the
corresponding wavelet transform of the displayed time series; measured by the left axis. The dashed red line represents the frequency with maximum transform
amplitude in the time series. The middle panels display estimated IPP trajectories for the GNSS observations as well as the volcano location (red diamond). The black
triangle along the time axis represents the start time of the eruption for each respective phase while the dashed black line corresponds to the UT associated with the
terminator line shown in the middle panel (first phase only).

3.1. Overview of MIT GNSS Observations

This study focuses attention on measurements north (N) and northeast (NE) of the volcano due to limited data
availability poleward of the volcano. The GNSS TEC data are converted to dTEC by subtracting a smoothed
version of the signal using a Savitzky-Golay 1D filter with a window length of 30 min (Virtanen et al., 2020). This
Savitzky-Golay filter detrending approach is extensively used to derive TID information; detailed information
can be found in for example, S.-R. Zhang et al. (2017). This window allows for effective TID detection without
contamination by large scale ionospheric structures. The left and right panels of Figure 1 show the detrended
GNSS TEC variations for a few of the satellite-receiver (PRN #-site #) pairs in both eruption phases. The top row
of figures is for the first phase while the bottom row of figures is for the second. The X-axis shows the UT time
and the Y-axis (right) of each of the four data panels shows the amplitude of the detrended GNSS TEC data in
TECU (1 TECU ~10'6 electrons/m?). The background contour displays the wavelet transform of the times series
and provides spectral information as a function of time, measured by Y-axis (left) in mHz. The wavelet transform
is performed utilizing the python pywr package (Lee et al., 2019) and a complex Morlet wavelet is used for the
transform. Figure 1 is oriented such that distance of the GNSS observations from the volcano increases from top
to bottom for each of the four data panels. We define the distance of an observation for a satellite-receiver pair by
calculating the horizontal distance from the volcanos vent and the position along the ionospheric piercing point
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Figure 2. Travel time diagrams (TTD) for GNSS TEC observations following the first eruption phase. (a) 30-min SG filter. (b) 15-min SG filter. Dot size is
proportional to TECU magnitude, and the color bar is oversaturated to enhance wave visibility.

(IPP) trajectory where the maximum detrended TECu occurs. For the first eruption phase, the left panel consists
of near and mid-field observations (<500 km from the source) and the right panel consists of far-field observa-
tions (>500 km from the source); however, for the second eruption phase most observations are in the mid-field.
The near (<400 km), mid (400-500 km), and far (>500 km) fields are defined, for this event, by the apparent
transition of dominant CVID modes inferred from the full travel time diagram (TTD) for the first eruption phase
(see Figure 2). The middle panels provide a spatial supplement for the observations showing oversaturated data
along the IPP trajectories for the individual PRN-site pairs. We assume an ionospheric shell height at 300 km for
IPP estimation.
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Figure 2 shows the TTD for the GNSS data during the first eruption phase. The only difference between (a)
and (b) is the duration of the SG sliding filter, where (a) is 30 min and (b) is 15 min. Visible near the source
(<400 km) are the high frequency variations associated with the first and second wave packets while a lower
frequency mode starts to dominate in the far field (>500 km).

3.2. Global Ionosphere-Thermosphere Model With Local-Mesh Refinement (GITM-R)

GITM is a 3D non-hydrostatic GCM that solves the Navier-stokes equations for the neutral constituents and
simplified dynamics for the plasma constituents, however it does not solve for magnetic fields or currents (Deng
et al., 2008; Ridley et al., 2006). GITM uses a stretched altitudinal coordinate with discretization dependent on
the scale height (~H/3 in this study) and utilizes two-dimensional domain decomposition that allows for flexibil-
ity in specifying the meridional and zonal resolutions. The newly developed version with local-mesh refinement
feature (GITM-R) increases this flexibility by allowing layered patches of increased resolution to be embedded
and coupled together (Deng et al., 2021; Zhao et al., 2020). The advantages of using GITM-R for localized
meso-scale AGW simulations are threefold:

(1) The grid refinement using regional patches allow for extreme flexibility in specifying the resolution in areas
of interest. The patches are imbedded into a global grid and can be 2-way coupling so that regional boundary
conditions can be more realistically set (Deng et al., 2021).

(2) GITM-R has a self-consistent physics-based description of the coupling between the IT system and solves
for neutral and ion densities, dynamics, and temperatures. It includes chemistry, solar and geomagnetic
inputs, and viscous and thermal conduction terms for more accurate descriptions of IT phenomena (Meng
et al., 2022; Ridley et al., 2006).

(3) GITM's numerical configuration allows for non-hydrostatic solutions by explicitly solving the vertical
momentum equation. This permits the upward propagation of acoustic waves and gives a more complete
description of high frequency AGWs (Deng & Ridley, 2014; Deng et al., 2008).

For this simulation a 3-layer embedded configuration is used and partially shown in Figure 3. The innermost
regional layer is centered at the volcano location (41.3°S, 72.6°W) and spans ~15° (~1,500 km) in either hori-
zontal direction creating a 30° X 30° domain with 0.1° X 0.1° resolution. The second regional domain spans
a 60° x 60° square centered at the volcano location and increases the resolution to 0.5° X 0.5°. The domain is
completed by the global layer whose resolution is 1.8° in longitude and 1° in latitude. This configuration does
not require additional specification of horizontal boundary conditions in the regional domain (Deng et al., 2021;
Meng et al., 2015), a clear advantage compared to other regionalized simulations.

Although the domain of interest for this simulation is in the mid-latitudes, the relative magnitude of ionospheric
perturbations is highly dependent on the background electron density distribution, therefore the IMF and solar
wind conditions from OMNI-web are utilized to drive GITM-R run for ~8 hr prior to the addition of a volcanic
perturbation, to better specify the background state. The other input is solar irradiance given by an f10.7 index
with value of 155 sfu. GITM-R's vertical extent covers from 100 to 600 km altitude. At the upper boundary an
open condition is used in all layers. During the volcanic event, the lower boundary of the innermost domain is
specified using the linear theory of AGW propagation, details of which are in Section 3.3 and Appendix A.

3.3. Source Representation and Propagation to 100 km

The atmospheric forcing for a particular volcanic eruption with mass injection rate given by F, () can be esti-
mated, in the linear theory, by convolution with the atmosphere's response to a step function mass injection
(Kanamori et al., 1994). In this model, the atmosphere's response is represented as a single point pressure oscil-
lation described by Equation 1 (Kanamori, 2004; Kanamori et al., 1994).

=N walo ) [wa(12 -r)""
p'(t) = Ae*r 35t —19) —

(=r)”

H( - 1) (1)

Here, A is meant to represent a kind of minimum impulse mass injection rate estimated for the first eruption
phase as ~6.0e6 kg/s/m (Van Eaton et al., 2016), H, is the local density scale height (~6 km), 6 is the Dirac delta
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function, H is the Heaviside step function, J; is Bessel's function of the first kind (of order 1), w,, is the (local)

acoustic cut-off frequency (2.9 mHz, ~5.75 min), and #, is the eruption start time. The above equation is meant to

represent the local solution of an isothermal atmosphere to a step change of mass injection. As in previous stud-

ies, the time series of the mass injection is represented as a Gaussian (derivative) shown in the equation below.
—(t—r(,)2

Fu(t) = B(t —to)e 2% @

where B is an arbitrary factor used to adjust the magnitude of the final forcing signal for a comparable dTEC
magnitude, and o, is some characteristic time of the eruption chosen here to be 58.5 s corresponding to a width at
half maximum of approximately 4-6 min. The final forcing signal is created by the convolution of the assumed
pressure response of system (1) and the event specific mass injection rate (2), p’ * F,, (Kanamori, 2004; Kanamori
et al., 1994). In the future this framework would allow studies of specific
volcanic events by using data to constrain the mass injection rate, but no such
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data was available for the Calbuco event. The normalized spectrum of the
final forcing function is shown in Figure 4.

The forcing function is then propagated to GITM-R's 100 km boundary using
two different assumptions. First, Direct Spherical (DS) propagation utilizes
the assumptions in Meng et al. (2015, 2018, 2022) to relate the horizontal and
vertical structures as shown below,

3

k* = m*tan’ 0.

where (k, m) are, respectively, the horizontal and vertical wavenumbers and

0.000

Figure 4. Normalized forcing spectrum showing clear spectral peak at local
acoustic cut-off frequency. Dashed lines mark the local acoustic and buoyant

frequencies.

0.002

0.004

Freqeuncy (Hz)

0.006 0.008 0.010 @ is the propagation angle measured from a vertical axis extending from the
source. This is meant to represent primary waves that directly propagate
to the point of interest. To test the hypothesis that the second wave packet
is evidence of local forcing due to ground-coupled airwaves, a second set

of assumptions representing Ground Coupled (GC) propagation was also
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introduced to slightly alter the propagation methodology. Instead of making an assumption on the horizontal
track wavenumber k, an assumption is made on the horizontal track phase speed ( vs = % ) following (Kurokawa
& Ichihara, 2020) as

Cg

v, = @)

sin 0,

where ¢, = 334 m/s is the sound speed along the ground, calculated by the MSIS profile and supported by infra-
sound records (Matoza et al., 2018), and Hg is the ground strike angle measured from the vertical. Further details
related to the equations used, definitions of the propagation and ground strike angle, as well as the reconstruction
of the forcing to GITM's lower boundary are given in Appendix A. With the assumptions of Equations 3 or 4 the
AGW dispersion relation (Equation A1) can be used to solve for the vertical wavenumber at a given frequency.

4. Results and Discussion

This section starts with Section 4.1 that discusses important features of the observations and potential explana-
tions. In Section 4.2 the data is compared to GITM-R simulations of the first phase of the event driven by the
DS and GC propagation assumptions discussed in Section 3/Appendix A. Shortfalls of the methodology and its
relevance to recreation of the observed TEC signals are discussed in Section 4.3.

4.1. GNSS Observations

Focusing on the observations in the near-field (top left panel in Figure 1), the GNSS data (black line) shows at least
two distinct wave packet structures; one occurring ~8—14 min after the eruption time and the other ~40-60 min
after, suggesting these may be T1 and T2 disturbances respectively. Both wave packets are quasi-periodic with
dominant modes between 4 and 6 mHz (with an overall maximum at ~4.67 mHz throughout the event; corre-
sponding to a period of ~3.5—4 min) with the maximum magnitude of the detrended TEC being ~0.6 TECU,
both of which are well supported by other studies (X. Liu et al., 2017; Shults et al., 2016). The magnitude of the
second wave packet being larger than the first is an interesting observational result and may suggest indirect forc-
ing caused by the eruption, such as turbulence/convection in the plume (Vadas & Liu, 2009; Vadas et al., 2003),
leakage of concentrated energy due to atmospheric resonance (Watada & Kanamori, 2010), AGW interaction
with the complicated topography of the Andes mountains such as diffracted infrasound (Le Pichon et al., 2002;
Martire et al., 2022), or the breaking of mountain waves (Vadas et al., 2019) as a primary cause.

Missing from previous publications is the low frequency TID shown in the far-field response to the first eruption
(top right panel, Figure 1). The analysis shows that the TEC signal becomes dominated by a spectral peak at
~0.8-0.9- mHz (~17-20 min). The high-frequency acoustic perturbations are modulated by the low frequency
disturbance and reach magnitudes of 0.1-0.3 TECU. This mode might have been left out of the previous analy-
sis because the filtering techniques in either instance use a bandpass approach with a lower cutoff frequency of
3 mHz. It is not uncommon for such a mode to follow acoustic dominated forcings, such as volcanos and earth-
quakes, and multiple low-frequency TIDs have been identified in the hours succeeding main eruption phases
(De Angelis et al., 2011; Matsumura et al., 2011; Ripepe et al., 2010; Yue et al., 2022). However, the timing of
this event coincides with the passage of the solar terminator (ST) line, as shown by the (black) dashed vertical line
in the data panels for the first eruption phase in Figure 1, and caution must be taken when tracing the origin of
this mode. If the ST wave (STW) plays a role, it may be expected that the near and far field observations (Forbes
et al., 2008) should be similarly affected, however the near-field observations seem to be less influenced by
the low frequency disturbance. The observed distribution perhaps suggests propagation from a localized source
rather than thermal forcing induced by the terminator.

Meanwhile, geomagnetic storms can trigger TIDs propagating from high-latitudes to the middle- and low-latitudes
(Lyons et al., 2019; Sheng et al., 2020; S.-R. Zhang, Nishimura, et al., 2022; Zhang, Vierinen, et al., 2022; K.
Zhang et al., 2022; Zhu et al., 2022) and may be responsible for the low frequency mode. Although no noticeable
storm/substorm can be identified from the Dst index during the Calbuco volcanic event, the detrended TEC shows
several TIDs propagating both equatorward and poleward in the hours preceding the eruption. In our methodol-
ogy, we acknowledge this mode's existence and explore the possibility of it being a low frequency (gravity mode)

TYSKA ET AL.

8 of 21



A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2023SW003502

CVID. We later supplement this view in the comparison to GITM-R simulation (Section 4.2) but suggest the
reader to be aware of other possibilities.

Most of the results displayed for the second eruption phase (bottom half, Figure 1) are in the mid-field
(~400-500 km) from the source. Notably, the GNSS data for the second phase mostly consist of only one
distinct quasi-periodic wave packet that occurs ~40—-60 min after the eruption time, a clear T2 type disturbance
(Astafyeva, 2019; Shults et al., 2016). Although the eruption in the lower atmosphere lasted nearly 6 hr the upper
atmosphere's response only lasts ~1.5 hr, like the first phase. Similarly, the dominant spectral content of the wave
packet is nearly identical to the first eruption phase with most energy concentrated into the 4-6 mHz range. It is
interesting to note the change in maximum dominant mode associated with PRN 13 opposed to PRN 28 suggest-
ing the direction of IPP trajectory in this case, moving nearly parallel and anti-parallel respectively, may play a
role in the perceived maximum frequency. The TEC response only reached an overall maximum of ~0.2 TECU,
which agrees with previous publications, but is smaller than that of the first phase. The primary difference in
TECU magnitude between the two phases is likely the contrast of the electron number densities between the day
side and night side (Shults et al., 2016). Absent in the TEC response of the second eruption phase is the gravity
mode and initial acoustic wave packet, to which there are some possible explanations. First, it should be noted
that the background neutral atmosphere, as well as the local temperature and wind changes caused by the first
eruption phase, may play a significant role in the propagation of AGWs launched from the second eruption phase.
In fact, observational imaging of mesospheric airglow from the second eruption phase shows the GW propagation
to be altered N-NE of the volcano breaking its nearly concentric pattern (Astafyeva, 2019; Miller et al., 2015).
It is known, by advection of the ash plume, that the average wind field was also directed to N-NE direction and
could contribute to the filtering of the GW disturbance which eventually arrive in the ionosphere affecting GNSS
observations (Heale & Snively, 2015; Vadas et al., 2009). Second, IPP trajectories may have been too far/close,
at the relevant times, to capture the initial wave packet or GW disturbance, although the total coverage suggests
this to be unlikely. Third, Calbuco started a new eruptive phase after 43 years, with little precursory activity,
meaning the first eruptive phase had to generate an overpressure that split the surrounding earth to open a conduit
(Castruccio et al., 2016; Shults et al., 2016). It is perhaps this component of the eruption that induced the initial
acoustic wave packet. As such, the absence of these features may suggest a difference in the forcing relevant to
the IT system between the two eruption phases. Similarly, the main TEC response in both phases might represent
some indirect AGW forcing mechanism and be separate from the initial AGW packet and trailing GW mode. As
of now, it is unclear as to why the second, more powerful, eruption phase did not exhibit a clear double packet
structure or trailing GW disturbance like that of the first phase and the proposed explanations would require addi-
tional inquiry. Therefore, in our simulation efforts, we focus on the first eruption phase.

Focusing attention on Figure 2a, the estimated apparent phase speed from the travel time diagram is ~870 m/s
and ~811-986 m/s for the first and second packet respectively. This is in close agreement with those reported
by Shults et al. (~911/897 m/s) and Liu et al. (~800 m/s) using approximately the same assumption on the F,
peak (270 km). At larger distances from the volcano, a lower frequency GW starts to dominate the filtered TEC
response and has an estimated apparent phase speed of ~200-222 m/s. The apparent phase speed of ~222 m/s
for the gravity mode may be larger than the proposed mesopause bottleneck (Vadas & Azeem, 2021; Vadas
et al., 2019), suggesting the observation may be a secondary GW, if its origin is the lower atmosphere. However,
interaction with the mean flow can shift phase speeds to higher values and primary waves with sufficiently
large vertical wavelengths can tunnel through evanescent regions in the lower atmosphere (Heale et al., 2022;
Walterscheid & Hecht, 2003). Numerical results that resolve the lower atmosphere's structure have shown
primary waves can reach the thermosphere with phase speeds larger than the proposed bottleneck, even when the
calculation accounts for non-isothermal conditions (Gavrilov & Kshevetskii, 2018; Heale et al., 2022).

In Figure 2b it is interesting to note the mild suppression of GW signatures in using the smaller sliding window.
This allows better visibility of GW induced TID from 400 to 650 km and may suggest lower frequency components
play more of a role at larger distances. Such is expected from the far-field response of relatively localized point
sources (Kanamori et al., 1994; C. H. Liu & Yeh, 1971) and may provide support for the CVID hypothesis.

4.2. GITM-R Simulations and Data-Model Comparisons

For comparison with filtered GNSS observations, GITM-R dTEC is created by subtracting the vTEC of a base run
(with no forcing) from the vTEC of a run with forcing. As a result, the GITM-R dTEC represents the perturbed
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GITM-R (DS) dTEC on 2015-04-22 at 22.0 UT
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Figure 5. Direct comparison of simulated dTEC (blue) and GNSS observation (black) for the DP case. The format is the same as the top panel in Figure 1. The dashed
magenta horizontal line represents the forcing frequency, while the dashed blue and black horizontal lines represent the frequency with maximum transform amplitude
for GITM-R simulated and GNSS data time series respectively. The dashed vertical line represents the snapshot in time of the GITM-R simulated dTEC displayed as

the color contour in the middle panel.

values and do not include the first order (linear) contributions of the ST wave. Only satellite-receiver pairs with
elevation angles greater or equal to 40° were used in the analysis for comparison to GITM-R simulated vertical
dTEC. Figure 5 shows the direct comparison of the GITM-R simulated dTEC (blue) and the filtered GNSS
observation (black) along the satellite trajectories shown in Figure 1 under the direct spherical (DS) propagation
assumption outlined in Section 3/Appendix A. The comparison shows decent agreement between simulation and
observation for both acoustic and gravity perturbations. Arrival times and perturbation onsets in GITM-R match
well to observation near the source but start to differ as the distance of the observations increases. Although the
GITM-R dTEC magnitudes underpredict the observations near the source, and overpredict at larger distances,
GITM-R reproduces the magnitude distribution as a function of radial distance from the source quite well. That
is to say, GITM-R reproduces the general magnitude trend of first increasing then decreasing with distance.
Additionally, the relative significance of the acoustic and gravity response is replicated, showing AGW dominant
signature in the near-field and dominant GW signatures in far-field. The spectral results for the GITM-R simula-
tion, displayed as the background contours of the left and right panels in Figure 5, show this distribution clearly
as well.

The spectral analysis also shows that the initial wave packet's spectral content matches better to observation,
showing dominance in 4-6 mHz range, but as the forcing continues the spectral content of the AGWs starts to
approach closer to the forcing frequency (~2.9 mHz; 5.75 min), shown by the magenta dashed horizontal line in
Figure 5. The (horizontal) dashed blue and black lines represent the spectral maximums found in the GITM-R
simulated response and observational GNSS respectively. The initial agreement and later difference may explain
why onset and phase of the initial wave packet match so well but start to differ significantly over time and will
be further discussed in Section 4.3. Noticeable missing from the GITM-R results is the second wave packet in
the acoustic mode that represents the main TEC response, although the overall timespan of the perturbation
(~1.5-2 hr) seems to match well. As mentioned previously, the double wave packet structure is potentially an
indication of dominant modes that together form an envelope in the TEC response. Although the forcing at any
point along the lower boundary has two dominant modes (the acoustic forcing frequency and an additional grav-
ity mode, dependent on the propagation angle and the chosen lower atmospheric value [6,, sin 9]), the current
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Figure 6. Recreated GITM-R dTEC travel time diagram for the DS case, showing approximated phase speeds.

specification is insufficient to recreate the 2-packet structure, because they are too separated in the frequency
domain. However, this dominant gravity mode is mostly able to recreate the magnitude, phase, and timespan
of the observed GW signatures found in the GNSS data, other than arrival offsets of ~15-30 min and a more
broadly defined spectral packet. Some satellite-receiver pairs find better agreement than others, both in apparent
phase and magnitude for this mode. Pairs close to the source (left panel, Figure 5) match onset and magnitude of
observations of the GW with good agreement, while others, such as those Northeast of the source (Top three right
panels, Figure 5), are considerably smaller in magnitude and shifted ~30 min in time. Interestingly, the farthest
pairs (Bottom two right panels, Figure 5), have decent agreement with observations of the GW in magnitude
and phase and only ~15 min of offset.

The location-dependent performance may be due to an effect of the IPP trajectory motion, that is, in a direction
nearly antiparallel to the GW, or suggest a different forcing mechanism than what is assumed. Meanwhile, the
simplified propagation in the lower atmosphere (<100 km) will also contribute to the discrepancies in GW
mode. For example, because the GITM simulated gravity mode is driven directly by the lower boundary forc-
ing at ~100 km altitude, the GW initial properties are strongly under the influence of the assumption of lower
atmospheric background parameters. In the current approach the propagated GW signature is unaffected by
atmospheric stratification and wind variations in the lower atmosphere, both of which may significantly alter
propagation parameters, especially for low frequency waves (Heale & Snively, 2015; Vadas et al., 2003). Addi-
tionally, the primary forcing mechanism may not be the atmosphere's natural buoyant response, which the forcing
is meant to represent, and instead be convectively generated in the plume (Vadas, 2013), produced by the dissi-
pation of primary waves (Vadas, 2013; Vadas et al., 2009), result from thermal forcing near the solar terminator
(Afraimovich, 2008; H. Liu et al., 2009; S. Zhang et al., 2021), or be TIDs propagating from unrelated sources.

Figure 6 is a GITM-R reproduction of the travel time diagram shown in Figure 2. To create the figure, a latitudinal
slice is used extending from the volcano location. The AGW packet and trailing GW mode are clearly visible
in the GITM-R results and have similar apparent phase speeds to the observations (Figure 2) equatorward of
the volcano. The estimated equatorward phase speeds for simulated CVIDs associated with the first and second
acoustic perturbations are ~800 m/s (~8% diff.) and ~808 m/s (~1%—18% diff.) respectively and the gravity wave
perturbations are ~204-243 m/s (~2%—-19% diff.). A proper comparison of simulated poleward phase speeds
cannot be made due to lack of GNSS data coverage; however, the GITM-R results predict larger phase speeds for
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Figure 7. Direct comparison of simulated dTEC (blue) and GNSS observation (black) for the GC case. The format is identical to Figure 5.

the two modes (Figure not shown). The difference in simulated phase speeds equatorward/poleward of the source
is likely related to the geomagnetic field orientation (Zettergren & Snively, 2015) or interaction of AGWs with
the local neutral mean flow (Heale, et al., 2022). The GITM-R results also show a latitudinal asymmetry in the
dTEC magnitude (not shown in Figure 6). A slight depletion occurs poleward most likely due to the downward
transport of ions and electrons along magnetic field lines resulting in a higher recombination rate than plasma
pushed equatorward (Meng et al., 2022).

Figure 7 shows a direct comparison of the GNSS data (black) and GITM-R simulated (blue) dTEC for the GC
case, identical in format to Figures 1 and 5. Clearly noticeable in the simulated results is a multi-wave packet
structure and tendency toward higher frequency modes in the range 4-6 mHz. While the initial wave packet is
shifted by ~10 min, the arrival time and phase of the second wave packet are in good agreement with GNSS
observations. The duration of the second wave packet in GITM-R is shorter than observation and the associated
peak perturbation is shifted ~5 min. It is clear that the spectral content of the GITM-R results under the GC case
matches better than the DS case, however the dominant modes in the GC case are still insufficient to recreate
the exact TEC envelope. Far field AGW magnitudes agree with data and the lower frequency mode of ~1 mHz
starts to influence the acoustic signal upon arrival of the second wave packet but opposite in phase, shorter in
duration, and smaller in magnitude to observation. This mode is not directly inputted along the lower boundary
as forcing at 100 km altitude, as opposed to the DS case, because the low frequency modes (z > 7, = 5.7 min)
are considered inefficient for coupling with the earth and left out of the reconstruction of the boundary condition
(Godin et al., 2020). Instead, it appears that this mode is excited by the lower boundary forcing, in the lower
thermosphere, and may be the model's buoyant response.

As seen in the snapshot displayed in the middle panels of Figures 5 and 7 the horizontal wavelength of the vdTEC
in the GC case is shorter than that of the DS case due to the higher spectral content, as expected. The magnitude
of the acoustic forcing directly above the vent appears to result in a TEC depletion in both specifications, shown
in both the middle panel and in the closest displayed IPP comparison in Figures 5 and 7. It should be noted
that this depletion appears much larger for the GC case than that of the DS case and could explain the sudden
depletion found in PRN28 1770 in the second eruption phase (Figure 1). From the TTD of the GC case shown in
Figure 8, the apparent phase speeds of the first acoustic wave packet is similar to the DS case (~800 m/s, ~8%
diff) however the second wave packet is estimated faster (~842 m/s) with a ~4%-14% difference to observation.
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Figure 8. Recreated GITM-R dTEC travel time diagram for the GC case, showing approximated phase speeds.

The GW responses shown in Figure 8 have slightly different apparent phase speeds. The initial GW disturbance
has the largest phase speed (~312 m/s) while the second and third disturbance are slower at ~285 and ~263 m/s
respectively. These estimates also suggest GW generation in the lower thermosphere (Vadas & Azeem, 2021),
and the reduction of phase speed is also seen in other numerical simulations of acoustic forcing (Matsumura
etal., 2011). These estimates yield ~17%—44% diff. to the observational mode and might suggest the responsible
mechanism is not the correct forcing of the observed GWs.

4.3. Discussion

The GITM-R simulations showed decent agreement with GNSS observations about the first acoustic wave packet
and trailing gravity mode when using the DS propagation assumption to force the lower boundary. However, this
specification of the forcing misses the second wave packet and its higher spectral content, whereas the GC case
is in better agreement. Three shortcomings of the DS methodology may provide some explanation for these large
differences. The first and most obvious being the oversimplification of the source representation. Our method
is purposefully meant to resemble the natural acoustic mode response of the atmosphere in the vicinity of the
volcano, however the true near field dynamics are certainly more complicated (Castruccio et al., 2016; Van
Eaton et al., 2016). It is not qualitatively known what effect the near field complexity might have on the far-field
response; however, the difference between the eruptive phases in the lower atmosphere contrasted with similari-
ties in both waveform and spectral characteristics of the respective ionospheric responses provides evidence that
a simplified source could be sufficient to describe the influence on the IT system, at least for this event. Second,
the propagation to 100 km uses the assumption of a constant, windless atmosphere, and simplifying the dynamics
similar to Meng et al. (2015). Our methodology would not include amplitude changes brought by partial reflec-
tion/transmission, tunneling, or doppler shifts associated with background winds (Balachandran, 1968; Brown
& Sutherland, 2007; K. M. Huang et al., 2010). Therefore, the energy partitioning of the propagated signal may
be over or underestimated for any given mode. Third, only the direct effect of the local atmosphere's average
response is considered as the forcing in this simulation. Sudden changes in the atmospheric state are sure to
produce broad spectral forcing and as such additional AGWSs can be produced through secondary mechanisms
dependent on the interactions between the volcano, atmosphere, and earth. For instance, convective systems can
be formed from the cooling of injected gaseous material by the surrounding atmosphere, or as a response to an
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atmospheric buoyant barrier (such as a temperature inversion layer) in general, and this can result in oscillatory
forcing with various periods (Baines & Sacks, 2017). Additionally, the eruption will most likely generate some
movement of the earth's surface, either internally or form airwaves impinging on the ground. While the earth
and atmosphere have a large impedance, resonant coupling in the lower atmosphere is postulated to sustain
amplitudes of long-duration acoustic wave trains as they propagate horizontally and has been used to explain
infrasound, seismic, and TEC data related to various eruptions (Heki & Fujimoto, 2022; Matoza et al., 2018;
Nakashima et al., 2016; Shults et al., 2016; Watada & Kanamori, 2010). These secondary coupling/generation
mechanisms might provide an explanation for the delay in TEC response between T1 and T2 disturbances.

Shults et al. (2016) mentioned the spectral peaks of ~3.8-5.2 mHz in the GNSS data are close to the periods
of the first trapped atmospheric mode and its successive overtones. Additionally, Siemo-acoustic analysis of a
collocated seismogram and infrasound station <1,000 km from the vent demonstrate a strong cross-correlation
in their respective signals indicating air-ground coupling may play a significant role in the propagated air-waves
(Matoza et al., 2018). Studies have shown for the coupled earth-atmosphere system that these modes are prefer-
entially excited by above ground sources (Watada, 1995) and that the fundamental atmospheric acoustic mode
(oPyo) 1s nearly degenerate to that of the ,S,, mode of the earth (with and eigen frequency of ~3.7 mHz during
July) (Kobayashi, 2007). These modes are reflected in the lower atmosphere due to the vertical temperature/wind
structure and create resonance by forming standing wave patterns in the associated waveguides (Dautermann,
Calais, & Mattioli, 2009; Godin, 2012; Godin et al., 2020; Lognonne et al., 1998, 2016; Watada, 1995). These
waveguides can then efficiently leak energy into the thermosphere.

These studies form the basis for testing the GC specification, although the simplicity of our implementation,
in comparison to those studies, cannot be neglected. Here, the vertical eigenfunction of the coupled system is
not solved and instead an assumption is made on the horizontal trace velocity that relates to the atmospheric
properties along the ground. In the limit that the ground strike angle approaches the horizontal, the horizontal
dispersion approaches that of a pseudo-lamb wave propagating along earth's surface. It is important to note that
pseudo-Lamb waves, in this context, refer to AGWs whose horizontal propagation is that of the Lamb wave but
with a non-homogenous lower boundary condition, permitting non-hydrostatic solutions in the vertical (w # 0)
(Walterscheid & Hecht, 2003). This distinction, between pseudo-Lamb and Lamb waves, may not be important
when discussing observational data because the solution for the Lamb wave (from here on just LW) cannot be
obtained in the general stratified environment without numerical computation (Godin, 2012). Theoretically, it's
expected that spectrally broad LW packets can excite GWs in the lower thermosphere and may explain the GW
modeling result shown in Figure 8 (Francis, 1973; Lindzen & Blake, 1972; Vadas, Becker, et al., 2023; Vadas,
Figueiredo, et al., 2023; Walterscheid & Hecht, 2003; Watada, 1995). Vertical coupling of the Lamb wave, in a
real atmosphere, is still not well understood and observational evidence of TIDs generated from LWs will have to
be heavily supported by proper modeling to discern GWs generated by the passage of the LW (e.g., S.-R. Zhang,
Nishimura, et al., 2022; Zhang, Vierinen, et al., 2022; K. Zhang et al., 2022) and GWs generated by the breaking
of primary GWs (Vadas, Becker, et al., 2023; Vadas, Figueiredo, et al., 2023).

While the simplified approach outlined in this study was able to show some improvement in the data-model
comparison it is clearly insufficient to reproduce some of the important features of the GNSS TEC data, such as
the magnitude of the second wave packet. It is expected that including the vertical temperature structure below
100 km would allow for atmospheric resonance and not only increase the magnitude but help to partition the
acoustic energy into dominant modes that produce a better agreement to the envelope of the two-packet struc-
ture found in the GNSS observations. A methodology with 2-way coupling of GITM-R and a lower atmosphere
model might be needed to fully capture atmospheric resonance as some AGW propagation angles may result in
turning point altitudes higher than the lower boundary of GITM (De Angelis et al., 2012; Le Pichon et al., 2002).
Additional complexities such as coupling with solid earth might also improve the data-model comparison, due to
the degeneracy of modes and the need for consistent lower boundary forcing as mentioned previously. It is likely,
for a volcanic eruption, that atmospheric resonance occurs and is needed to fully explain the observed wavefield
in the lower atmosphere but relevance to the IT system is still to be determined. Another potential candidate for
formation and magnitude of the second wave packet is the complicated topography created by the Andes moun-
tains just below the IPP trajectories to the east of the volcano. This topographical structure may induce signifi-
cant interactions of the propagated air waves as mentioned previously (Fritts et al., 2021; Le Pichon et al., 2002;
Martire et al., 2022; Vadas et al., 2019), and may also concentrate/diffract the coupled seismic waves to generate
local enhancements/depletions of energy (Haney et al., 2009). Although many of these features are not included
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in our current methodology, we believe this work provides a good starting point to further investigate the influ-
ence of the coupled earth-atmosphere on the IT system.

5. Conclusion

Observational GNSS TEC data was analyzed for both eruptive phases of the 2015 Calbuco event and it was
shown that the magnitudes, duration, spectral content, and apparent phase speeds agree with previous publi-
cations of Shults et al. (2016) and X. Liu et al. (2017). By using a different TEC filtering technique, it was
shown that the first phase has a notable difference in the observed IT response due to a far-field low frequency
TID. While GW modes are expected in volcanic events, the timing and location, as well as the background TID
activity, make it difficult to discern the TIDs origin without detailed modeling of both the source and other TID
inducing ionospheric weather.

For our modeling approach, a simplified spectral model for spherical AGW propagation was used to force the
lower boundary of a self-consistent 3D model for IT coupling, GITM-R. It was shown that GITM-R could
reproduce important features of the observed GNSS data related to the sub-Plinian eruption of the first phase
of the Calbuco 2015 event on April 22nd. In particular, GITM-R was able to reproduce the relative magnitude
contributions of AGW perturbations as a function of radial distance, showing AW dominant perturbations near
the source and GW dominant perturbations at further distances. The spectral results of the simulated initial acous-
tic perturbations were close to observation in the frequency domain, with dominance in the 4-6 mHz (2—4 min)
range, while the majority of the AGWs in the timeseries are near the forcing frequency at ~2.9 mHz (~6 min).
At later times and further distances, the simulated GW response has a spectral peak centered close to observa-
tion at ~1 mHz (16-17 min) but was broader in spectral space. GITM-R's reproduction of the TTD also showed
good agreement with estimated equatorward apparent phase speeds for either mode, with CVIDs associated with
the acoustic and gravity wave perturbations having ~4%-18% difference and ~2%—19% difference, respectively.

Data-model comparisons were shown to improve when including the ground coupled (GC) specification, but the
simplified propagation model was unable to predict relevant magnitudes unless an additional multiplicative factor
(g = 100) was added. Most notably, the GC specification was able to reproduce the second, larger, wave packet
(in the near field) and onset time, maintain spectral dominance in the acoustic range between 4 and 6 mHz, as in
observations, and slightly improve estimated phase speeds of the acoustic wave packets. The overall TEC enve-
lope in the observation is still not achieved, but the GC specification shows promise, and the results are expected
to improve if the lower atmosphere is vertically resolved. Both specifications demonstrated lower frequency
perturbations of ~1-2 mHz in the far-field, however the ionospheric response for this mode is quite different
because of the assumptions made in the lower boundary forcing. The GW packet response in the GC case had
notable differences to the observed GW phase speeds with ~17%-44% diff. and might suggest the generation
mechanism did not play a significant role in the observed GW mode.

Comparison of the DS and GC cases suggests the initial wave packet might be acoustic waves propagating
directly from the source while the second may be formed by the passage of a ground-coupled airwave. For the
GW mode, the comparison shows distinct differences in TID propagation and characteristics from the different
forcings however, the current forcing specification and modeling environment are not yet sufficient to comment
on the origin of the GW mode shown in the GNSS observations. It is clear the current methodology needs to be
improved in predicting travel time or phase variations for the GW mode as well as the AWs. A simple combina-
tion of the boundary conditions does not result in an improvement to the data-model comparisons, likely because
of the difference in dominant modes between the two boundary forcings. Proper combination of the two speci-
fications likely requires resolving the propagation changes induced by the atmosphere’s vertical structure below
100 km.

Appendix A: Specification of GITM-R Lower Boundary Wave Forcing

As mentioned in the main text, GITM-R's lower boundary is at 100 km altitude and there is a need to represent
the propagation of the forcing signal to the lower boundary. First, to represent the atmosphere below 100 km
a local MSIS profile is used to calculate an altitudinal average of basic atmospheric properties. In our stud-

ies, 7, T, and Z—T’ are used to calculate P,Z°, w,, and Ei The purpose of this methodology is to skew the average

z
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atmospheric properties to better represent important characteristics, such as @, and 5%, close to the vent altitude
(~2 km). Dynamics of AGWs are represented using the linearized, density scaled, Euler equations in an isother-
mal (constant background) atmosphere in the absence of wind, shown below.

95 N
—p+po V-o- f =0
ot 2H,

g 1oP _
at  po 0x
ot + ﬁ ) L a_P — _P =0
o po- po\ 9z 2H
0P _»0p N
- —+ =0
or ~C o Toob
Where p, is the neutral density along the ground (~1.11 kg/m?), E,, = —%%, o= yRT, and f = %—7 —g. The

P
equation set is formulated with 4 as a horizontal track velocity which can be generalized to three dimensions
(Vadas & Nicolls, 2012). Taking the Fourier transform of the equation set (X = / Relr=kndrdt, r=(x,z), k= (k,
m)) gives the algebraic system,

2

iw —poaw —ik*|| p
g ipow —a [[@]=0
—icw pof iw || p

where a = im + # The determinate of the above system, set to zero, gives the well know dispersion relation for
»

AGWs where solving for the vertical wavenumber gives,

-2 —2
2w, — Wy
m° = > —k .

- p (A1)

Here w is the angular frequency, m is the vertical wavenumber, and £ is the horizontal track wavenumber, and

2 —_— re . . . .
@, = =, a)i = i—f define the acoustic cut-off and buoyancy frequencies respectively. When m? > 0 the larger

p
solution is used for acoustic frequencies (@ > ®,) and the smaller solution for gravity frequencies (o < ®,)

to give an upward propagating mode (Godin et al.. 2020; Watada, 2009). To use the dispersion relation and
Fourier representation, the spectral method developed in Meng et al. (2015, 2018, 2022) is used to propagate
the forcing spectrum using spherical waves under the assumption k* = m? tan? @ where @ is the propagation
angle measured from a vertical axis extending from the source. If r = (r,, z — z,) is the separation vector

between any point along GITM-Rs lower boundary (x,, y,, z,) and the source (x, y,, z,), then tan? 6 = (:‘Z )

and Equation A1 can be used to calculate the vertical wavenumber. The AGW forcing to GITM-R is then given

by spectral reconstructions

172 |
w= ( POkm ) s / G]u)xpei(k-r—wr)dw (A2)
P100km 2rr
1/2
ky,ky) ~ .
(u,v) = < £o ) 1 [ kek) Pe* = dq (A3)
P100km 2zr pow
2 (1 - TRG‘;,)
T = < POkm > _/ I’iei(k-r—wr)dw (A4)
P100km 2zr poR
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where P is the Fourier transform of the forcing signal, r is the separation vector between the source and the
boundary point of interest, k = (Imltan 6, m) is the assumed resonant k-vector for the given point, and G/ and G}
are the solutions to

iw? —poaw ik?
P
_ . Gy _
g Lpo@ = a
w
=2 GP .
—icw pof —iw

via left psudo-inverse. The Fourier decomposition/reconstruction is performed using 5,000 equally partitioned
frequencies in the range [0, 40] mHz. The decomposition/reconstruction is done bin-wise using the non-integer
generalized Goertzel algorithm (Sysel & Rajmic, 2012).

To test the hypothesis that the second wave packet is evidence of local forcing due to ground-coupled airwaves,
the propagation methodology is slightly altered. Instead of making an assumption on the horizontal track wave-
number k, an assumption is made on the horizontal track phase speed (vs = % ) following Kurokawa and
Ichihara (2020) as

Cg

= Sin 0, (AS)

where ¢, = 334 m/s is the sound speed along the ground, calculated by the MSIS profile and supported by infra-
sound records (Matoza et al., 2018), and 6, is the ground strike angle measured from the vertical. The strike
angle 6, is found for each angular frequency by first assuming direct propagation to the point (r,, —z,), using the
defined spatial structure, assuming downward energy propagation (j—: < 0), to compute vertical and horizontal

group velocities (vgx = %‘:, Vgz = ‘:ﬁ ), then calculating the radial separation between the ground strike point and
0 om

—ZsUgx o

the volcano's vent as ry = 7r. The strike angle can then be expressed as,

gz

(A6)

Note as r, > z, sin 6, - 1, and v, — c, representing a kind of Lamb mode. The desired changes come with

ei(khrg 7m:'\)

/1242
rg +z

calculated on the direct propagation (DS) assumption and the denominator accounts for geometric spreading. An

an additional factor for dispersion under direct propagation to (r,, —z,) defined as 6, = where k is

example for the reconstructed vertical velocity at GITM-R's lower boundary is,

12
w = < M ) i / Giasﬁei[k'(rfrg)—wr]dw

P100km 27

where the final magnitude is determined by a free parameter g. For the results displayed, ¢ was chosen to give a
comparable magnitude of the second wave packet (¢ = 100). Methodologically, a justification for this multiplica-
tive factor can be made by assuming that very little leakage occurs without the occurrence of atmospheric reso-
nance, noting that the current lower atmospheric methodology cannot support the phenomenon without resolving
the vertical temperature profile (Godin et al., 2020). Preliminary calculations suggest a magnitude increase when
considering thermal variation using the full MSIS profile, however a more in-depth treatment of atmospheric
resonance is certainly needed rather than this simplified approach. Other contributing factors that have potential
to increase the magnitude, and are not included in the current methodology, might include non-linear propagation
affects, interaction with topography, or even the neutral dynamo as it is known the modes typically associated
with atmospheric resonance have large energy densities near the E-region at ~80-120 km (Balachandran, 1968;
Godin et al., 2020; Watada, 1995).
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