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Abstract: Extraterrestrial impacts, ranging from minor asteroids to larger bodies, induce varying degrees of
atmospheric perturbation, with potential consequences ranging from localized disruptions to global events. This
study investigates the ionospheric disturbances caused by a meteoroid impact over the Caribbean Sea on June 22,
2019. Detected by U.S. government sensors and the Geostationary Lightning Mapper (GLM), the event released
approximately 6 kilotons of energy, marking the most energetic meteoroid impact recorded by both databases.
We used data from the UNAVCO network of GNSS stations, alongside energy estimates derived from GLM
light curves and USG sensors, to identify significant variations in Total Electron Content (TEC) associated with
the meteoroid’s atmospheric passage. Advanced detrending techniques, including the Savitzky-Golay filter,
were employed to enhance wave-like features within the TEC time series, confirming their correlation with
the meteoroid event. Additionally, the analysis confirms minimal solar activity during the event, ruling out
solar terminator effects as a major contributor to the observed disturbances. This study underscores the need
for continued research into ionospheric perturbations from meteoroid impacts, with future work focusing on
modeling TID propagation velocity and refining detection techniques using tools such as the Rate of TEC Index
(ROTI).

Keywords: meteoroids; atmosphere; ionosphere; plasma physics; TEC

1. Introduction

Bolides impact the Earth daily, ranging from small objects (d < 0.5m) that disintegrate upon
atmospheric entry to larger (4 > 100 m), rare events capable of causing global disturbances. If their
diameter is greater than 1 km the impact can be considered a global catastrophe [1,2]. Some famous
modern cases are the Tunguska event 1n 1908 [3] and the Chelyabinsk event [4] in 2013.

In addition, the General Civil Protection Law in Mexico, amended in June 2014, incorporated
near-Earth objects (NEOs) into the list of natural hazards phenomena [5]. The legislation mandates that
the National Center for Disaster Prevention (CENAPRED) establishes responsibilities and the Mexican
Space Agency to establish national action protocols in case of meteorites. Meteorite impacts and NEOS
are also included in the UNDRR "Hazard Definition and Classification Review" [6], denoting their
importance for the international community.

As bolides passes through the Earth’s atmosphere at hypersonic velocities, and posterior breakup,
may produces turbulence, wave processes, etc. Thus leading to displacements of air, which produces
Acoustic Gravity Waves (AGWSs). AGWs can reach ionospheric levels and be detected as Traveling
Ionospheric Disturbances (TIDs). Such events have been recently recorded in certain databases,
such as the Center for Near Earth Objects Studies (CNEOS), Jet Propulsion Laboratory (JPL) and the
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Geostationary Lightning Mapper (GLM) publicly available at https://cneos.jpl.nasa.gov /fireballs/
and https:/ /neo-bolide.ndc.nasa.gov/#/, respectively.

We picked our interest in one certain event, that we nicknamed “the Caribbean Meteoroid.” This
meteoroid is the most energetic which appears in both databases and thus is an interesting case for
studying the potential TID that could be produced. To do so, we collected Receiver INdependent
EXchange (RINEX) data from nearby GNSS stations from the UNAVCO network (also publicly
available ') and developed a method to detrend the resultant TEC series and estimate the TIDs
propagation speed.

The Figure 1 depicts a bright flash of light generated by the impact of a small Near-Earth Object
(NEO) upon entering Earth’s atmosphere on June 22, 2019, over the Caribbean region. The flash,
captured in a sequence of images, highlights the precise moment of the meteoroid’s entry and its
interaction with the upper atmosphere just prior to disintegration. The image reveals a radiant
expansion of energy, corresponding to the heat and pressure release caused by the meteoroid as it
traverses the upper layers of the atmosphere. This visual context is critical for understanding the
ionospheric disturbances induced by this event, which are discussed throughout the study.

Figure 1. Upon entering Earth’s atmosphere over the Caribbean region on June 22, 2019, this small
Near-Earth Object produced an intense flash. Image from the GOES satellite, RAMMB/CIRA /Colorado
State University.

Our approach involved advanced signal processing techniques, such as the Savitzky-Golay filter
[7], to enhance the signal quality of the TEC time series. This allowed us to isolate wave-like features
indicative of TIDs. We analyzed the spatial and temporal patterns of the disturbances to ascertain
their velocities and directions of propagation, which are crucial for understanding the dynamics of
ionospheric responses to meteoroid impacts [8].

Furthermore, we correlated these disturbances with the estimated impact energy derived from
GLM light curves to establish a relationship between the meteoroid’s energy and the magnitude of
ionospheric disturbances observed Maruyama et al. [9]. By comparing our findings with background
ionospheric conditions, we aimed to delineate the influence of this specific meteoroid event against
natural variability [10].

1 https:/ /www.unavco.org/instrumentation/networks/map/map.html#! /
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Our study not only sheds light on the immediate effects of meteoroid impacts on the ionosphere
but also sets the stage for future investigations into similar phenomena, highlighting the need for more
robust methodologies in detecting and analyzing TIDs caused by various atmospheric disturbances
[11]. This research contributes to a broader understanding of the role of meteoroids in modifying the
ionospheric environment and paves the way for advancements in predictive models for space weather
events [12].

2. Data Processing

2.1. Meteor Location and Trajectory

The entry of the Caribbean meteor into the atmosphere was identified and studied its behavior
and impact in the ionospheric region. To do so we used data from the GLM [13] and the CNEOS
of the JPL of the NASA. We used the interactive database of both projects, available at https:/ /neo-
bolide.ndc.nasa.gov/#/ and https:/ /cneos.jpl.nasa.gov/fireballs/. From CNEOS database, we found
basic physical parameters such as event coordinates, altitude, total velocity and its components, total
radiated energy and calculated impact energy. These data are shown in Table 1. On the other hand,
from GLM we got the meteor light curve, accurate position of the fragments and duration event.
The use of both databases allowed us to cross-verify the detection data, providing complementary
information about the meteor’s properties due to the independent nature of their measurements.

Table 1. List of meteor basic parameters, compared with Chelyabinsk meteor event. Source: https:
/ /cneos.jplnasa.gov/fireballs/.

Caribbean meteor Chelyabinsk meteor
Date (DD Month 22 June 2019 15 February 2013
YYYY)
Time (UT) 21:25:48 03:20:33
Latitude (deg) 14.9 54.8
Longitude (deg) -66.2 61.1
Altitude (km) 25.0 23.3
Velocity (km/s) 14.96 18.6
Duration (seconds) 4.873
Uy -13.4 12.8
Velocity components (kms™1) vy 6.0 -13.3
vy 25 -2.4
Total radiated energy 294.7 x 1010 3.75 x 101
1)
Calculated Total 6 440
Impact energy (kt)

Notes — Row. (1): Meteoroid fell date, in format DD Month YYYY. Row. (2): Detection time
(UT), in format hh:mm:ss, for the burst. Row. (3): Latitude of meteoroid at detection time, in
degrees. Row. (4): Longitude of meteoroid at detection time, in degrees. Row. (5): Estimated
meteoroid velocity, in kms~! Row. (6)': Duration of meteoroid detection, in seconds. Row. (7)-(9):
Meteoroid velocity components. Row (7) is for the velocity in the equatorial plane, positive
towards the prime meridian. Row (9) is for the velocity directed towards the celestial north
pole and row (8) completes the right-handed coordinate system. Row. (10): Meteoroid total
radiated energy, in joules. Row. (11): Meteoroid total kinetic energy, in kilotons. T:Source:
https:/ /neo-bolide.ndc.nasa.gov /#/

According to the CNEOS database records, the total energy is about 1.4% of the Chelyabinsk
bolide, and fragmentation occurred above the open sea, at afternoon or near sunset depending on
the closest mainland available: from Dominican republic, Puerto Rico, the lesser Antilles, Venezuela,
Guyana, French Guyana and Suriname.


https://neo-bolide.ndc.nasa.gov/#/
https://neo-bolide.ndc.nasa.gov/#/
https://cneos.jpl.nasa.gov/fireballs/
https://cneos.jpl.nasa.gov/fireballs/
https://cneos.jpl.nasa.gov/fireballs/
https://neo-bolide.ndc.nasa.gov/#/
https://doi.org/10.20944/preprints202411.1221.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2024 d0i:10.20944/preprints202411.1221.v1

40f23

3. RINEX Data

In order to study the ionospheric behavior, we use the RINEX data for event from 38 stations that
surrounded the meteor detection coordinates for the day of the event. Since the event occurred near
UT midnight, we also obtained GNSS data for the next day in case of there would be TIDs detected
several hours after the fragmentation. Using a software developed by Gopi K. Seemala [14], publicly
available at https:/ /seemala.blogspot.com/, we computed the slant TEC (sTEC) and vertical TEC
(vVTECQ) for different GNSS satellites, each one identified with a PseudoRandom Noise code (PRN). The
behavior of the TEC curve is due to many factors, including the Earth’s rotation, solar activity, etc.
TID’s and wave-like curves are not as prominent and are difficult to identify. Due to the sample size,
the detrending process necessitates manual intervention to ensure precise data interpretation [15]. In
Appendix A1l shows the stations names, coordinates and proper citations.

3.1. Detrending Process

For detrending our data we used a method developed for detecting plasma bubbles in the
equatorial region [16], but proved to be effective for detecting AGWs and TIDs. With this method we
are able to infer the trend from our TEC data using a Savitzky-Golay filter [16,17]. However, the results
of this filtering are sensitive to the parameters we explored or use for such filtering, thus altering
significantly the quality of the detrended signal. The TEC time series are assumed to be an additive
combination of a signal and a trend [15,18]. Thus we tested the method of Pradipta et al. [16] over the
sum of a known signal and a known trend and find the parameters of the Savitzky-Golay filter that
recover in the best way the original signal. We used a test signal with the purpose to find out the most
appropriate parameters for the filter and we show its functional form in appendix B.

3.2. Comparison with ARTU data for Chelyabinsk meteor

Our final test was to compare our resulting time series with the results of another, more doc-
umented event: the 2013 Chelyabinsk meteor impact. Yang et al. [4] obtained TEC time series by
analyzing the coherence spectrum of TEC measurements with many GNSS stations distributed in
Russia, United States, and Japan, with the ARTU station being the closest to the meteor impact lo-
cation. Then, using the most prominent detected frequencies (4.0-7.8 mHz and 1.0-2.5 mHz), they
reconstructed the TEC series for PRN 18 and 26. This methodology aligns with previous findings that
emphasize the significance of frequency analysis in identifying ionospheric disturbances [19].

Thus, we obtained the RINEX data for the ARTU station and detrended the data using the method
described in this paper for the ARTU-PRN18 and ARTU-PRN26 station-satellite links. The results are
shown in Figure 2. In this case, we have noticed that the positions of the resulting AGWs align, so we
can be confident in our method, which is consistent with the work of [4] with TIDs periods of around
20 min. However, it is also noteworthy that the shape of the detrended time series is not the same due
to the fact that it is actually the superposition of all the frequencies involved [20].

Additionally, we already knew where the produced ionospheric perturbation occurred. Finding
and distinguishing ionospheric perturbations using this method can be a difficult task, but it has proven
to be an accessible confirmation method. This aligns with the conclusions of previous research that
highlights the utility of detrending techniques in isolating significant disturbances from background
noise [21].
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Figure 2. Comparison between Yang ef al. [4] reconstructed TEC series from coherence spectrum
most prominent frequencies and sTEC series and our detrended data for ARTU-PRN18 (top row) and
ARTU-PRN26 (bottom row) satellite-station links. In left panels we see the high frequencies time series,
in middle panels the low frequencies time series and our detrended data in right panels.

4. Meteor Physical Properties

Using the estimation of the meteor energy and velocity from Table 1, the trajectory angle estimated
in appendix A from the velocity components of 25.6° and assuming the meteor has a density of
4000 kg m~3, roughly consistent with the composition of chondrites [22], we estimated the initial
velocity, initial mass and entry angle of the Caribbean meteor, enlisted in Table 2, by using a system of
equations that models the dynamics of a meteoroid passing through Earth’s atmosphere [23]. Solving
numerically this set of equations we modeled the Caribbean meteor evolution as passing through
Earth’s atmosphere. In Figures 3 to 5, we show the evolution of meteor parameters as it passes through
the atmosphere.

Table 2. Caribbean meteor possible physical initial parameters obtained by solving flight equations
[24], assuming an initial density of 4000 kg m 3.

Initial Velocity 19.9kms™!
Initial mass (x10°) 1.3kg
Entry angle (deg) 24.6

Diameter 39m
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Figure 3. Solutions of flight equations following Gutiérrez-Zalapa et al. [24] which models the dynamics
of the meteor as it passes through the Earth’s atmosphere. In the top panel we show the meteor velocity
as a function of height. In the middle the mass and in the bottom the flight angle. The vertical
dashed line indicates the height where fragmentation (or breakup) occurred, while the dot-dashed line
represents the height where the most energy liberation occurred.

In Figure 3, we see that after breakup mass and velocity drops fast to zero, this is due that after
breakup these graphs show the mass and velocity of the fragment cloud, which is more susceptible to
dissipation, explaining the fast mass drop, each individual fragment into the cloud is easily slowed
down by the atmosphere, explaining the velocity drop. The model lost trace of the fragment cloud
mass slightly below 30 km. On the other hand, the trajectory angle changes with height linearly in
about one degree similar to the suggested by [20,24,25].
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Figure 4. Top panel: Meteor diameter as a function of height. After burst and breakup we consider the
diameter of the fragmentation cloud mass, explaining the growth of this parameter at lower heights.
Bottom panel: Meteor density as a function of height. Vertical lines and parameters at top panels are
the same as Figure 3.

The meteor diameter and density are shown in Figure 4, we see for density in left panel that
it drops drastically at 40 km approximately due that the density considered after breakup is for the
fragmentation cloud, where all the meteor fragments are scattered in a greater volume, for the same
reason in the right panel the diameter increases from the same height [26].

Finally, we obtained the meteor energy and pressure, shown in Figure 5. We observe the meteor
energy as a function of height, which decreases after breakup and the burst, since most of this energy
was released after the burst, which is behavior similar to that suggested by [3,27]. The deposited
energy is shown in top panel of Figure 5, where it is discernible a similar behavior however is similar
but it has maximum around a height of 40 km. Finally the pressure is shown in right panel, where
the meteor stagnation pressure is also displayed. When the meteor pressure exceeds the stagnation
pressure it increases dramatically until a maximum at & ~ 25km.


https://doi.org/10.20944/preprints202411.1221.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2024 d0i:10.20944/preprints202411.1221.v1

8 0f23

700

Energy Deposition
(10¢ J/m)

1 1 1]
30000 40000 50000 60000 70000
Height (m)

Figure 5. In top panel we show the energy deposition as a function of height. Finally, at bottom we
show the pressure versus height. The lower dotted line indicates the stagnation pressure of the meteor.

5. Estimated meteor trajectory

Using the data obtained from the model explained in the former section, we estimated the meteor
trajectory. The data extracted from the model is shown in Table 3.

Table 3. Numerical values extracted from the results of the solutions for the flight equations near the
breakup instant. These values are necessary to estimate the meteor trajectory as it passed through the

atmosphere.
UT Height (km) Velocity (kms~1) Trajectory angle (deg)
21h25m425s 70 20.60 24.60
21h25m43.7s 60 20.60 24.82
21h25m44.8s 50 20.50 25.04
21h25m46.0s 40 19.50 25.26
21h25m473s 30 16.50 25.50
21h25m48.0s 25 15.00 25.62

With these data, the meteor trajectory can be estimated as follows:

L—Ly =msina h;; %Z‘fgdh, (1)
A=Ay =mcosa [ G, )

Where L and A correspond to the latitude and longitude as a function of height k, respectively, the
0 sub-index correspond to the position where measurements started, in this case by = 70km, v is the
meteor velocity, 0 is the trajectory angle, R is the radius of Earth and « is the trajectory angle respect
to the equator, assumed to be constant since Coriolis force is negligible for this case, and computed
from the components of the meteor velocity in Table 1. Following the results described in §4, we found
that a linear relation between time and height, being m the proportionality constant. For heights above
70 km until the Ionospheric Piercing Point (IPP), at 350 km we assumed that the meteor was moving at
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constant speed equal to the terminal velocity and we supposed a linear relation between trajectory
angle between height and trajectory angle 0.

6. Ionospheric Background and sTEC Time Series

Ionospheric perturbations can take place due to space weather conditions, with an origin from
solar events affecting the Earth environment by radiation or charged particles. So, in order to discard
such events we investigated the space weather conditions in the day each event occurred. We investi-
gated the solar wind parameters in the event day and the previous 7 days, the x-ray flux and the Dst
index at the event date.

6.1. Dst Index

Measurements of the Dst Index were obtained from WDC for Geomagnetism, Kyoto DST index
service (https://wdc.kugi.kyoto-u.ac.jp/dstdir/). From these data, we found out that Dst index
remains practically constant around zero, which confirms that there were not geomagnetic storms that
could prevent us from detecting TIDs in our GNSS data, see Figure 6.

6.2. Solar Wind

The solar wind is part of the space weather events that we should take in account (in order to
confirm if TIDs produced by the meteor passage are viable to be detected or no) is unusual solar
wind behavior or even coronal mass ejections. To do so, we collected data from the Deep Space
Climate Observatory (DSCOVR) of solar wind speed, temperature, density, dynamic pressure and
solar magnetic field, in order to monitor the solar wind behavior in the day of the event and the
previous 6 or 7 days.

Potential shock waves produced by rapid wind transitions were considered reaching slow wind,
which also may produce TIDs and thus contaminating our GNSS data, and may not be distinguishable
from TIDs produced by the meteor passage. To check the presence of such shock waves, we estimate
the relative velocity of solar wind of one day respect the previous one. The results are shown in Figure
7, where we observe that this velocity is almost constant and gives no chance for a fast stream reaching
a slow that could produce a shock wave.

100 June 2019 Dst Index WDC for Geomagnetism, Tokyo

s 0 UW-WWWWNM’
'_
£ -100
)
2 200
£
= —300
a

-400

-500
06-01 06-06 06-11 06-16 06-21 06-26 07-01

Date (mm-dd)

Figure 6. Dst index for 2019 June 22th. Data obtained from WDC for Geomagnetism, Kyoto DST index
service.
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solar wind proton speed for event day and previous week
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Figure 7. Relative speed of solar wind at the event day and previous week respect the previous day,
normalized with speed of sound. Each curve represents one day data.

6.3. X-Rays Flux

X rays can be produced in solar flares impacting directly the ionospheric layer. A sudden increase
of the flux or sudden variations may be a source of AGW or giving appearance of AGW. We investigated
the X ray flux at the event date and the previous week, and collected data from the NOAA Space
Prediction Center. A thorough review confirmed the absence of type C, M, or X solar flares capable of
impacting Earth’s ionosphere during the period in question.

6.4. Solar Terminator

When a meteoroid enters the atmosphere and experiences subsequent breakup or burst near the
solar terminator, the influence of the terminator’s passage on ionospheric conditions warrants careful
consideration. Acoustic gravity waves (AGW), observed near the terminator region, are known to
induce significant disturbances in the ionosphere [18]. Therefore, disentangling meteoroid-induced
effects from terminator-related phenomena in such scenarios requires a comprehensive analysis that
accounts for the potential contributions of both sources [28]. Figure 8 shows that meteor burst occurred
outside the solar terminator, but some GNSS stations (KOUG and KOUR) are located close to (20
minutes after the fragmentation). In an effort to distinguish between the effects of the meteor and
the solar terminator we detrended GNSS data for the mentioned stations at dates prior of the meteor
fall, those dates are close enough to guarantee that the sunset occurs at different times. According to
the previous, we can isolate the effects of the solar terminator and analyze its effects to check how
they could affect time series. Some results are shown in Figure 9 for station KOUG, PRNs 2 and 12.
In these cases we see that the solar terminator perturbs the ionosphere, and its effects can bypass the
detrending process, since they consist in wave-like variations of TEC. However, these perturbations
are typically weak and can be distinguished from those generated by meteor passage, allowing us to
confidently conclude that they do not significantly affect our detections. Even more, comparing time
series from previous days it can be helpful us to discriminate between time series with detected TID
from others where only noise is recorded since some patterns in the time series can be detected. The
time series that are similar with the previous days can be classified as non detections.
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Figure 8. Solar terminator position (orange line) for the most southern GNSS stations: BOAV, KOUG
and KOUR, at the time detection (burst time) of 21:25:48 UTC, as it is indicated in Table 1. The stations
KOUR and KOUG were situated at a distance of approximately 20 minutes from this line, at that

moment. The meteoroid burst position is indicated with a green star.
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Figure 9. Detrended sTEC time series for station KOUG for the days 2019-06-20, 2019-06-21 and
2019-06-22 (three and two days before meteor fall), and the meteor fall date, from left to right). The
satellite receiver LOS with PRN 2 is in top, and the LOS with PRN 12 is in bottom.

6.5. STEC Time Series

We processed the satellite-receiver time series collected from all stations, analyzing each series
separately to identify wave-like features through visual inspection. Caution is required when drawing
conclusions regarding the presence of TIDs or AGWs associated with the bolide, as ionospheric
perturbations induced by the meteor passage may be confounded with other types of ionospheric
disturbances. A significant sample of about 10% of all the time series are depicted in Figures 10-11.
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Figure 10. sTEC time series for stations where TIDs are likely to be detected. We show the time series

for the previous day of meteor fall, and the time series for the meteor fall (dashed line) date. We show

sTEC time series for stations CN04 (which belong to set 3), CN40, TTSF and TTUW (set 4)
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Figure 11. Continuation of Figure 10, showing the station GRE! (set 3) and stations BOAV and KOUG
(set 5).

To facilitate the organization of data and trace spatially the propagation of TIDs, we divided the
GNSSS stations into 5 sets, roughly based in their location. The spatial distribution of sets and stations
is shown in Figure 12.

After analyzing data related to TIDs, the analysis indicates that the stations detecting TIDs are
part of sets 3, 4 and 5, which are located southeast of the meteor detection site. It is suspected that
TIDs were generated at the position where the meteor crossed through the IPP and propagated away
from the source. To estimate such position, we reconstructed the meteor trajectory using the results of
the flight equations [24], but these results only were useful up to a height of 70 km. To reconstruct the
rest of the trajectory, we observed that before breakup the meteor was moving at a terminal velocity
of 20.6kms ™!, and then extrapolated the linear correlation between trajectory angle and height (see,
for example, Figure 3). The resultant trajectory is also shown in Figure 12, as well as the positions of
breakup and the meteor crossing the IPP (blue star), from where the TIDs should have been generated
(TIDs source from this point). Stations from set 3 and a few from set 4 were close enough to detect
TIDs as they passed through. In fact, TIDs were detected for stations located at the south of the meteor
estimated trajectory. Set 1 stations were the farthest of the TIDs source. If stations of this set detected
anything, the TIDs amplitude after traveling such distances should have been diminished, and become
indistinguishable from local noises. The same applies for stations from set 2, but is evident that we did
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not find TIDs from this set of stations, since the distance to the TIDs source is much shorter, and is
also evident that the stations from set 4 and 5 detected TIDs farther from the source. To explain this
situation, an independent detection method should be used as corroboration. In this context, we used
ROTI index for high resolution data in order to study this.

Latitude (deg)

UNAVCO GPS stations map

==~ Estimated meteor trajectory
-== Extrapolated meteor trajectory

665 6.0  ess s 645 GLM data
Langitude (deg)
. * USG detection
T w * Estimated breakup position
\’ % Estimated passage through IPP

Latitude (deg)

-75 =70 —65 —60 =55 -50 —45
Longitude (deg)

Figure 12. Distribution of UNAVCO stations positions. We classified such stations into 5 sets, roughly
based in their locations, but mainly for organizational purposes. The red star is the position of the
meteor reported by the USG sensors, the magenta dots corresponds with the GLM data. The green
dashed line corresponds to the meteor estimated trajectory using the solutions of the flight equations
from Gutiérrez-Zalapa et al. [24] shown in Figure 3 to 5, the green star marks the position when breakup
started. The red dashed line is an extrapolation back in time until the meteor crossed through the IPP,
marked with the blue star, where presumably the meteor first perturbed the ionosphere. The upper left
graph is a zoom of the region within the gray rectangle.

6.6. High Resolution Data and ROTI Estimation

We employ high resolution GNSS data (1 Hz) from a subset of stations enlisted in Table A1 of
Appendix A. From these data, we recalculated dTEC in order to see if the dTEC changes correlated with
the meteoroid event. By employing the ROTI method, we were able to quantify the rapid fluctuations
in TEC that typically accompany TIDs. ROTI is a useful tool for assessing ionospheric irregularities, as
it highlights variations that may not be evident in standard TEC measurements [29].

The dTEC time series were analyzed before, during, and after the impact to capture the temporal
evolution of the disturbances. This analysis allowed us to observe significant spikes in dTEC that
corresponded with the expected arrival time of the TIDs generated by the meteoroid’s atmospheric
entry. The use of high-resolution data enhanced our ability to detect these transient events, providing
a clearer picture of their propagation characteristics [30,31].

Furthermore, by applying statistical methods to the ROTI values, thresholds were established to
identify significant disturbances linked to meteoroid impacts. This approach not only improves our
detection capabilities but also contributes to understanding the broader implications of such events on
ionospheric dynamics [31]. Our findings emphasize the importance of using high-resolution GNSS
data and advanced analysis techniques to accurately capture the intricate behavior of the ionosphere
during meteoroid-induced disturbances.
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Nevertheless, with such data, ROTI may be computed. It is defined as the standard deviation
of the rate of change of TEC (ROT) within an interval of 1 minute and is computed forward in
time through moving average. Low resolution data provides insufficient information to compute
satisfactorily the ROTI, but high resolution data solves this issue. In Figure 13, we compare the
computed ROTI for station CN40 for satellites with PRN 2, 5, 6,9, 12 and 15 (which seems to be the
most probable TIDs detections) against the detrended data.
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Figure 13. Left: ROTI estimations with CN40 station data with different satellites. Right: detrended
TEC for the same data.

Scintillation indices such as S4 and 0, are not available in this study, but ROTI and Multipath
(MP) are correlated with scintillation under certain circumstances that are fulfilled in this study [32].
MP is computed with the following the equation:
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MP = (TEC; — TEC)?, 3)

Z|=
1=

I
—

1

where N is the number of data points, TEC; is the total electron content at time i, and TEC is the
mean TEC over the observation period. This approach helps to quantify the fluctuations in TEC that
arise from multipath effects, which can occur when satellite signals reflect off nearby surfaces before
reaching the receiver.

In our analysis, we focused on periods of high ionospheric activity associated with the meteoroid
impact. By correlating MP with ROTI, we aimed to enhance our understanding of how these metrics
interact and their implications for ionospheric disturbances. Previous studies have shown that higher
multipath effects often coincide with increased scintillation activity, particularly during geomagnetic
storms and other significant ionospheric events [33,34].

These insights are crucial for interpreting the overall impact of the meteoroid on the ionosphere
and for refining models that predict ionospheric behavior under similar circumstances. Our findings
suggest that monitoring both ROTI and MP can provide a more comprehensive view of the ionospheric
response to transient disturbances. However, on this occasion, we did not observe any evidence of
perturbations in the ROTI index.

Finally, dTEC and the W index were also calculated for each station on the event day. The W index,
indicative of ionospheric perturbation levels, did not exhibit any significant fluctuations, aligning with
the stable behavior observed in the Dst index.

7. Discussion and Conclusions

GNSS data from a subset of stations within the UNAVCO network was collected, focusing on
the period surrounding the detection of the Caribbean bolide event. Data acquisition emphasized the
day of the event and the subsequent day. Additionally, GLM data, specifically total energy estimates
derived from light curves, provided measurements enabling the determination of the bolide’s position
and the estimation of its trajectory at the point of fragmentation.

For the GNSS data, we adapted the method from Pradipta ef al. [16] to detrend the resultant TEC
curves, effectively removing the influences of Earth’s rotation and solar activity (including diurnal and
seasonal variations) to make the wave-like features more pronounced. We estimated initial parameters
of the meteor, such as velocity, mass, and trajectory angle, assuming a density of 4000 kg m~3, which is
comparable to that of chondrites. We also analyzed how these parameters—velocity, mass, density,
diameter, and trajectory angle—changed as the meteor descended through the atmosphere, allowing
us to derive energy and pressure. Notably, we found no evidence of intense solar activity on the day of
the meteor’s fall or in the preceding days. Indicators such as unusual fluctuations in x-ray flux, spikes
in solar wind speed, and significant variations in the Dst and W indices remained within normal levels.
Only two (or perhaps three) stations were located near the solar terminator at the time of meteor
detection, differing by about an hour. To isolate the solar terminator’s effects at these stations, we
adjusted time series from the days leading up to the event and discovered that while solar terminator
effects were present, they were weaker and had minimal impact on our detections.

The findings of this study confirm that the 2019 Caribbean meteoroid event generated detectable
ionospheric disturbances, evident in the detrended sTEC signal. This phenomenon, consistent with
observations from events such as the 2013 Chelyabinsk meteor airburst, underscores the capacity of
extraterrestrial objects to induce significant perturbations in the upper atmosphere. Comparisons with
the Chelyabinsk event reveal similarities in the propagation characteristics of ionospheric disturbances
and the velocity of Acoustic Gravity Waves. However, the Caribbean event exhibited lower overall
energy.

A key contribution of this work is the validation of adjustment methods for analyzing meteoroid-
induced ionospheric disturbances. The study demonstrates the efficacy of employed tools, such as the
Savitzky-Golay filter, in identifying Acoustic Gravity Waves and Traveling Ionospheric Disturbances,
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consistent with the work of [4] with similar periods of around 20 min for these AGWs. Furthermore,
data integration from networks like UNAVCO and databases such as CNEOS and GLM facilitated
the development of a more accurate model of the ionospheric impact. However, challenges remain in
detecting and analyzing these phenomena due to data sensitivity limitations and inherent variations
in Total Electron Content.

Having ruled out the presence of extraneous Traveling Ionospheric Disturbances and Acoustic
Gravity Wave phenomena, the observed wave-like features within the time series are confidently
attributed to ionospheric perturbations resulting from the Caribbean meteor’s atmospheric passage. In
summary, this study confirms the significant role of meteoroids in generating ionospheric disturbances,
validating the effectiveness of advanced monitoring tools such as the Savitzky-Golay filter, and
informing the development of enhanced detection methods for space weather research. Given the
potential atmospheric and security implications of space object impacts, continued research in this
domain is essential to improve our understanding and response capabilities for future events. Future
publications will encompass estimations of the ionospherically perturbed area, analysis of TID velocity
propagation, and wavelet analysis.

The insights derived from this analysis can be used to refine predictive models of ionospheric be-
havior, particularly in response to transient space objects, thereby enhancing space weather forecasting
capabilities. This study establishes new avenues for investigating the complex interactions between
meteoroids and the Earth’s atmosphere. Future research directions include analyzing similar events
across varying latitudes and geophysical conditions, as well as refining models of Acoustic Gravity
Wave propagation through different atmospheric layers. The implementation of more robust methods
for data filtering and TID detection, such as incorporating the Rate of TEC Index (ROTI) to identify
ionospheric disturbances with greater resolution, is also advised. Given the multifaceted implications
of meteoroid impacts on ionospheric dynamics, encompassing atmospheric and security-related con-
cerns, continued advancements in detection methodologies and predictive modeling efforts within
this domain are imperative.
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Appendix A. Bolide Velocity Components

The USG database from JPL is a great source of information about the brightest bolides that
have entered the atmosphere since 1988. However, velocity components (v, vy, v;) are displayed in a
geocentric Earth-fixed reference frame explained as follows:

vy lies in the Earth’s equatorial plane, parallel to the equator and points towards the prime
meridian, v; is parallel to the earth’s rotational axis and points towards the north celestial pole and v,
completes the right-handed reference system.

On the contrary, it might be useful and more intuitive to describe the velocity components in
terms of the local reference system composed by (voy,, V141, 01 ), Where vy, is the velocity component
parallel to the equatorial plane, positive towards east, v, is parallel to the polar plane, positive to
north, and vy, is the radial component pointing towards the center of Earth.

The transformation between both reference systems in the north-west hemisphere is given as
follows:

Olon = Ux, (A1)
Ulqt = UzcO8 L — vy sinL, (A2)
vp = vycosL+v;sinL. (A3)

Where L is the bolide latitude. With this information, we can estimate the velocity tangential to

the Earth’s surface as van = ((004)* + (01a1)?) Y2 and finally the trajectory angle respect to the Earth’s
surface as tan 0 = % Using equations (A1) to (A3), we obtain the following:

5 ) )\ 1/2
Vtan = ((vx) + (vzcos L —vysinL) ) , (Ad)
vycos L +vzsinL

tanf = 73
((vx)? + (vz cos L — vy sin L)?)

(A5)
Substituting the corresponding data from Table 1 into equation (A5), we find that that the trajectory
angle of the meteor is 6 ~ 25.62°.

Appendix B. Detrending Test Signal

Figure Al shows the form of this test time series, described mathematically as follows [15]:

_ N2
Ir(t) = A-exp [0.5(t df””) ] =Y sin(w;t) (A6)

Trend(t) = B - |t — to| (A7)
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Figure Al. Initial setup for testing detrending method. Left: reference signal given by equation (A6).
Right: superposition between reference signal and the trend given by (A7)

Where equation (A6) is the signal to detrend, and equation (A7) is the trend to remove. A is
the amplitude of the signal, set as 0.2 TECU, t,, is a parameter which determines the position of the
envelope maximum, set as 250 min, which is the half of the array length, d; is the half width of the
envelope, set as 50 min and w; are the frequencies of three harmonics with periods of 20 min, 40 min
and 60 min. Besides, B is the amplitude of the trend, set as 3.84 x 10"® TECU min ! and ty = 250 min
determines position of the minimum of the trend.

For the detrending, we used a Savitsky-Golay filter of order 3, this is lowest order filter which at
the same time avoids too much oscillations and allows to the fit (and its derivative) to be smooth. The
other remaining parameter is the window size, i.e. the number of convolution coefficients neccesary
for the regression, which must be an odd integer, greater than the order of the polynomial order and
lower than the array size. Then, we estimated the detrended signal using all possible values for the
window size and estimated the residuals as follows:

N
residuals =Y _(d; — s;)? (A8)
i

Where N is the array size, d; is the value of the detrended signal at the time ¢; and s; is the reference
signal at the same time. In Figure A2 we show the behavior of residuals as a function of the window
size relative to the array size. We noted that the residuals behavior is almost insensitive to the window
size when its size is lower than than 60% of the array size, when the errors start to grow exponentially,
but going to more detail, we found that using a window size of about 1/4 of the array length, such
errors are minimal. The detrended test curve is shown in Figure A2, compared with the original signal,
as well as the substraction of both curves. In the ideal case, it should be zero for all times, but even in
this case the amplitude of the envelope is about the tenth part of the amplitude of the envelope of the
signal.
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Figure A2. Left: Original test signal (blue continuous curve) compared with the result of detrending
the superposition of the test signal with the test trend (rigth panel of Figure A1, which is the orange
dashed curve. Right: Substraction of both curves of left side. The amplitude of the envelope of this
residuals qualitatively is about tenth percent of the amplitude of the original signal.

Appendix C. UNAVCO Stations List

In Table A1 we enlist the stations from we collected data for our work, their coordinates and
add the citation link when available, they are separated by sets, as shown in Figure 12. Stations in
set 1 are all located in Dominican Republic, set 2 in the northern lesser antilles. Set 3 in the southern
lesser antilles, set4 in Aruba, Curacao and Trinidad and Tobago, and finally set 5 in continental land in

Suriname and French Guyana. Stations highlighted in green are the ones where we suspect that TIDs
were detected.
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Table A1l. List of GNSS stations used for this work, classified in sets according to their spatial location.
In highlighted stations at least in one of the satellite-receiver line of sight TIDs were detected.

Station Latitude Longitude  Resolution  Citation

name (deg) (deg) data

Set1

BARA 18.21 -71.09 15s,1Hz None available

CNO5 18.56 -68.35 15s,1Hz https:/ /doi.org/10.7283 /T5VQ30ZH
CN27 19.67 -69.93 15s,1Hz https:/ /doi.org/10.7283/T5]D4V2P
CRLR 18.41 -68.93 15s,1 Hz https://doi.org/10.7283 / TSFN14]JM
CRSE 18.76 -69.04 15s None available

JME2 18.23 -72.54 15s,1Hz https://doi.org/10.7283 / TSKW5D38
LVEG 19.22 -70.53 15s,1 Hz https:/ /doi.org/10.7283 /T5CZ35GC
RDAZ 18.45 -70.72 15s None available

RDEF2 19.45 -70.68 15s None available

RDHI 18.60 -68.72 15s None available

RDLT 19.31 -69.55 15s,1Hz https://doi.org/10.7283 /T5]101GT
RDMA 19.54 -71.08 15s,1Hz https:/ /doi.org/10.7283 /T50863NM
RDMC 19.85 -71.64 15s,1 Hz None available

RDMS 18.98 -69.04 15s https://doi.org/10.7283/TSDV1IHPQ
RDNE 18.50 -71.42 15s None available

RDSD 18.46 -69.91 15s,1Hz https:/ /doi.org/10.7283 /T5CZ3594
RDSF 19.29 -70.25 15s None available

RDSJ 18.82 -71.23 15s,1Hz https:/ /doi.org/10.7283 /T59WOCTW
SPED 18.46 -69.31 15s,1Hz https:/ /doi.org/10.7283 / T5HQ3X75
SROD 19.48 -71.34 15s,1Hz https:/ /doi.org/10.7283 /T5862DSD
TGDR 18.21 -71.10 15s,1 Hz https:/ /doi.org/10.7283 /T522253R
Set 2

AIRS 16.74 -62.21 15s https://doi.org/10.7283 /T53B5XGJ
CNOO 17.67 -61.79 15s,1 Hz https://doi.org/10.7283 / TSFN14GQ
GERD 16.80 -62.19 15s https://doi.org/10.7283 /TSTT4PBT
NWBL 16.82 -62.20 15s https://doi.org/10.7283 /T5ZK5F13
OLVN 16.75 -62.23 15s https:/ /doi.org/10.7283 /T5Q23XMD
RCHY 16.70 -62.15 15s https:/ /doi.org/10.7283 /T5707ZS]
RDON 16.93 -62.35 15s https://doi.org/10.7283 /TSW37TFB
TRNT 16.76 -62.16 15s https://doi.org/10.7283 / T5SK935W2
Set 3

CNO04 14.02 -60.97 15s https://doi.org/10.7283 /T5BP0124
GRE1 12.22 -61.64 155 https:/ /doi.org/10.7283 /T5BC3WZ5
Set 4

CN19 12.61 -70.04 15s https:/ /doi.org/10.7283/T5HD7SZB
CN40 12.18 -68.96 15s,1Hz https:/ /doi.org/10.7283/T5BV7DWT
TTSF 10.28 -61.47 15s https://doi.org/10.7283 /T5]Q0ZC]
TTUW 10.64 -61.40 15s https://doi.org/10.7283/T5TQ5ZTR
Set 5

BOAV 2.85 -60.70 15s None available

KOUG 5.10 -52.64 30s None available

KOUR 5.25 -52.81 30s None available
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