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Abstract: Possible ionospheric effects of the Morelian meteoroid that passed and exploded over
Mexico on 19 February 2020 (18 February 2020 local time) were estimated. The meteoroid trajectory,
velocity and time of occurrence were calculated based on outdoor camera records. Modeling was
used to estimate the meteoroid initial diameter, density, mass, velocity, energy and their change
during its flight in the atmosphere. The ensemble of ionospheric scintillation indices calculated from
the high-rate GNSS data and the filtered slant Total Electron Content data were used to reveal the
presence of ionospheric disturbances generated by shock waves excited by the meteoroid flight and
explosion. The first ionospheric responses to phenomena accompanying the meteoroid were detected
(2.5-3.5) min after the explosion. The disturbances were attenuated quickly with distance from their
source and were rarely recorded by GNSS receivers located more than 600 km from the meteoroid
explosion site. The ionospheric disturbances of intermediate-scale, small-scale, shock-acoustic-wave-
scale and sometimes medium-scale were revealed. The detected disturbances corresponded to
the range of acoustic-gravity waves. An asymmetry of the disturbance manifestation in different
directions was observed. The obtained results are in accordance with results of the observation of
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other meteoroids. Although the object was smaller and of less energy than other known meteoroids,
it is an interesting case because, to the best of our knowledge, it isthe first known to us low-latitude
meteoroid with the detected ionospheric effects.

Keywords: meteoroid; atmosphere; ionosphere; Mexico; scintillation indices; slant TEC

1. Introduction

The Earth’s atmosphere protects us from extraterrestrial bodies (meteoroids) that
pass near our planet at low heights above the ground. The dark cold objects become fiery
meteors or fireballs. Meteoroids causing meteors enter the atmosphere at speeds ranging
between 11.2 and 72.5 km/s. On the evening side of the Earth, meteoroids must catch up to
the Earth’s atmosphere to cause a meteor, and tend to be slow. On the morning side, they
can collide with the atmosphere and tend to be fast. Some meteoroids consist of nearly pure
iron with an interesting crystal structure, others are stony or ice objects. Large meteoroids
burning only on the outside lose their speed and usually split apart in the air becoming
meteorites. Large meteorites are rare phenomena. Most of them are rather well known.
Tons of small meteorites and dust arrive per day on the Earth. At the same time, many
meteoroids are too small and usually burn up in the atmosphere, not reaching the surface
of the Earth.

Around 20:40 LT on 18 February 2020, social network users from different parts of
Mexico reported seeing a luminous object that fell from the sky. According to these reports,
it was seen in Mexico City, state of Mexico, Jalisco, Guanajuato, Queretaro, San Luis Potosi
and Michoacan states. Indeed, it was a meteor that illuminated the Mexican sky, and was
probably caused by a small object that burned up in the dense layers of the atmosphere.

It is of interest to make at least a rough assessment of the possible ionospheric effects
of this meteoroid passage. For this purpose, the parameters of the meteoroid and its
meteor (trajectory, time of passage, dimensions, mass, etc.) are needed. Unfortunately,
the scientific optical instruments did not record the object passage: all-sky camera in the
center of Mexico began to operate an hour later after the meteor was reported via social
networks; the ORI-25 survey telescope of ISON in Sinaloa [1] observed the sky area that
did not sweep the meteoroid passage trajectory. The Mexican Array Radiotelescope did
not operate due to the maintenance work. Therefore, we needed to search for alternative
sources of information taking into account that they can provide less certain data than the
mentioned instruments.

A meteoroid event, which includes a meteoroid flight at hypersonic velocities, its
meteor and explosion (fragmentation with an explosive release of energy during the
atmospheric flight), could be accompanied by effects of turbulence, wave processes as
well as plasma, magnetic, electrical, electromagnetic, ionospheric and seismic effects. The
kinetic energy of the body is expended to its break-up, heating, melting, ablation, ionization,
heating the substance in its trace (wake) and formation of shock waves (SW).

The accompanying phenomena that are able to influence the ionosphere can be divided
into two groups: wake effects and waves excitation consequences. First, electrons emitted
by a hot meteoroid ionize the environment, forming a wake behind the flying object. The
wake diameter rapidly increases due to diffusion processes. Such ionized traces are created
at 80-120 km above the ground (E-layer) and can last 0.1-100 s. The effectiveness of this
process depends on the mass of the meteoroid. Sometimes electric currents occur inside a
wake, but their electromagnetic radiation power is low.

Furthermore, a cosmic body movement in the atmosphere is accompanied by the
process of a rapid release of large amounts of energy in the limited volume. This released
energy leads to a variety of wave phenomena [2—4] and references therein. First, there
is a shock in front of the meteoroid. Then, kinetic energy during a meteoroid flight is
partially spent on the formation of a cylindrical SW along the meteoroid trajectory. Its
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strength depends on the energy deposition by the ablating meteoroid per unit path length.
Behind the front of SW, the air is heated in a shock-compressed layer and plasma is formed
consequently. Cylindrical SW is superimposed on the more intense spherical SW generated
by an explosion. SWs expand from the body trajectory gradually fading. The energy of the
explosive SW is transformed into the energy of acoustic waves. Upward SWs propagation
leads to disturbance of the upper atmosphere.

Since the movement of the meteoroid disturbs the air, it leads to displacement of
air parcels and as a result to formation of atmospheric gravity waves (GWs). Excited in
the lower atmosphere, GW can reach ionospheric heights and be detected as Travelling
Ionospheric Disturbances (TIDs) [5]. A complex meteoroid phenomenon can generate a
wide range of GW and their associated TIDs of different wavelengths and lifetimes [6,7].
The flight and destruction of a meteoroid at stratospheric heights can cause infrasound
waves. Acoustic waves provoked by a meteoroid can also transform into infrasound
waves [2,4,8].

The aim of the present study was to consider possible effects of the meteoroid passage
over Mexico on 19 February 2020 and identify which of them could be observed. It was of
interest to reveal the presence or absence of each of them. Special focus was on estimation
of possible ionospheric response. The tasks included (1) the assessment of the meteor
trajectory and reconstruction of the meteoroid parameters; (2) revealing the features of
the meteoroid’s impact on the ionosphere; and (3) examination of presence or absence
of other possible effects. The ionospheric behavior was analyzed using data of slant
Total Electron Content (STEC) fluctuations, which is a “classical” approach to detect the
ionospheric disturbances resulting from a meteoroid event. In addition, we suggest the
detection of ionospheric response to SW using ionospheric scintillation indices, which is a
new approach.

The paper is organized as follows: Section 2 discusses some recent meteoroid events.
Section 3 introduces the background conditions during the Morelian meteoroid flight.
Section 4 presents the results of meteor parameter calculations based on observations.
Section 5 concerns the results of modeling of the meteoroid parameters and its trajectory in
the atmosphere with time. Section 6 discusses the results of the meteoroid’s ionospheric
impact detection by two methods. Section 7 estimates the possibility of other effects. Final
remarks are given in Conclusions. A list of abbreviations is given in Appendix A.

2. Brief Review of Previous Meteoroid Events

Notwithstanding the seeming rarity of meteoroid phenomena, studies of the asso-
ciated processes are of great interest, since, like in the case of geomagnetic storms, there
is no identical meteoroid fall. This section highlights some recent cases. The most de-
tailed description of physical processes accompanying a meteoroid phenomenon is given
in [2,3]. The effects of the Romanian (2015) and Chelyabinsk, Russia (2013) meteoroids
were compared. The two objects were of rather different size and impact intensity. An
important conclusion is that the perturbations caused by the explosions of both meteoroids
propagated both vertically (hundreds of km upwards) and horizontally (a thousand km).
The registered disturbances occurred not only in the atmosphere, but also in the ionosphere
and in the geomagnetic field. Ref. [9] described the case of the Beringovomorsky meteoroid,
Russia (2018). If the estimate of its mass is correct, then it was the second by its explosion
energy outer body in the atmosphere during the last 30 years (after Chelyabinsk event),
with the destruction accompanied by shock wave formation. Ref. [10] presented the trajec-
tory reconstruction for the Annama meteoroid, Russia, near the border with Finland (2014).
Refs. [11,12] studied the effects of high-latitude meteoroids over Northern Finland (2017),
over Vilyuisk, Russia (2014) and over Sayanogorsk, Russia (2016). The authors showed that
the explosions provoked changes in the ionosphere and geomagnetic field. They detected
the appearance of internal gravity waves and slow magneto-hydrodynamic waves. In
the case of Northern Finland, the first ionospheric disturbance amplitude increased very
sharply at the heights of 85-95 km being caused by the shock wave arrival and the second
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disturbance was similar to a wave packet form at the heights of 80-93 km caused by internal
gravity waves. None of the mentioned works used TEC to estimate ionosphere changes.
Ref. [13] analyzed sTEC behavior for the famous Chelyabinsk case using data of a dense
GPS receiver network. They also provided the review of observations by other authors.
The fine disturbance effects were revealed: several wave modes propagating with velocities
250-660 m/s. Ref. [14] also studied the effects of the Chelyabinsk event using TEC time
series. They found the asymmetry of the ionospheric disturbance propagation from the
epicenter of explosion and the absence of classical N-type response corresponding to the
acoustic shock. Ref. [15] analyzed the Chelyabinsk event with TEC as well and revealed
three types of TID propagating with different velocities. Some of the disturbances were
associated with gravity waves and meteor acoustic waves (infrasound signals).

It was of interest to compare the changes in the ionosphere during some of the
cases mentioned above. We estimated the overall ionospheric conditions with vertical
TEC (vTEC) data (GIM JPL). When available, Vertical Ionospheric Sounding (VIS) data
providing information on the ionospheric layers changes was analyzed. The data were
summarized in Table 1 in the descending order of latitude of the event.

Table 1. Recent meteoroid phenomena.

Geographical Data of Event SVTEC., % ‘
Ne Coordinates (Lat, Lon)° (DD.MM.YYYY, VIS Data at the Site of Region
. HH:MM) Explosion/Meteor

1 68.70, 23.8 16.11.2017, 16:40 +) -30 Northern Finland
2 65.95,29.72 19.04.2014, 22:14 +) —10 Annama

3 64.30, 123.1 04.03.2014, 21:29 (+) -17.9 Vilyuisk

4 56.90,172.4 18.12.2018, 23:48 -3 Bering Strait

5 55.00, 61 15.02.2013, 03:20 (+) —15 Chelyabinsk

6 45.70,27.1 07.01.2015, 01:06 -7.8 Romania

(1) For the most high-latitude case (Finland), at the moment of the meteoroid the Es
layer appeared with the very high cut-off frequency foEs by Lovozero station data (68.0° N,
35.0° E), but no such layer was detected at Gorkovskaya station (60.27° N, 29.38° E). vTEC
deviation from its median value (5vTEC) was negative.

(2) For the second high-latitude case, the foF2 data for Murmansk (68.57° N, 33.2° E)
was available from SPIDR database (downloaded before the website was closed). SvTEC
was calculated for three sites that limited the meteorite fall area. The values of both
parameters decreased near the time of the meteorite fall at Murmansk station. Three
Finnish stations (61.68° N, 23.24° E; 64.95° N, 26.01° E; 65.95° N, 29.72° E) showed the
same effect being less with less latitude.

(3) According to data from the closest to the site of interest Yakutsk station (62.0° N,
129.6° E) obtained from DIDBase [16], the slight increase of foF2 values was observed. A
slight decrease of vIEC was observed at Vilyuisk.

(4) In this case, at the background of the increased vIEC values during two days
(18-19 December 2018), the smallest increase of VTEC was observed at the moment of the
meteoroid passage, which in essence means the implicit decrease.

(5) For the most studied case, no foF2 data for Moscow station was available at 0 and
2 UT. In subsequent moments, foF2 < foF2(med); 5vTEC also decreased.

(6) In the last case (the most low-latitude of the considered cases) 6vTEC also de-
creased.

Assuming that vIEC changes characterize mostly F-region conditions and considering
available VIS data, it seems that some tendency is observed. The values given in Table 1
may seem large but it should be taken into account that vTEC values themselves are small
at high latitudes. From this perspective, the intermediate conclusion is that a meteoroid fall
at mid /high-latitudes of the Northern Hemisphere can be accompanied by the appearance
of dense sporadic Es layers and a decrease of the ionization in the F layer.
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In this work, we study the low-latitude meteoroid case. vTEC behavior is illustrated
in Figure 1 (lower panel). The influence of this meteoroid can be masked and the search for
wave disturbances is challenging due to the mixed background conditions as discussed in
the next section. However, the study of filtered GNSS data for individual satellites should
make possible to reveal the presence of disturbances caused exactly by the meteoroid fall.

0 3 6 9 1215018 21 0 |3 6 9 12 15 18 21 UT

MP FE

0 6 12 18 0 ] 12 18 uTt
Figure 1. Variations of Dst-index (upper panel) and vTEC (lower panel) during 18-19 February 2020.

Observed vTEC (blue curve); vVTEC median by 27 previous days (black dotted curve).

3. Background Conditions
3.1. Space Weather

2019 and 2020 were years of very low solar activity. Geomagnetic disturbances
were rare and mostly weak when they occurred. Unfortunately, being quiet all month,
geomagnetic conditions on 18-19 February 2020 were characterized by moderate and weak
storms. Figure 1 shows Dst-index characterizing variations of geomagnetic field and vTEC
variations representing the overall ionospheric behavior. The last was calculated for the
closest to the meteoroid detection station UCOE. The moderate magnetic storm occurred
on 18 February (Dstyin = —52 n'T, Kpmax = 5). Its main phase (MP) lasted between 03 and
17 UT and was followed by the recovery phase (RP) that lasted until 2 UT of 19 February.
Further this day, the weaker Dst disturbance was observed. These resulted in short-term
vTEC enhancement characteristic for Mexican region during disturbances [17,18]. The
meteoroid became visible as a meteor at 2:18 UT on 19 February, which was exactly between
the moderate and the weak storm (vertical red line M in Figure 1).

Ionospheric disturbances caused by geomagnetic storms are of higher order of magni-
tude and duration if compared to much less intense short-time local effects that possibly
could have been produced by small meteoroids. Therefore, in the first approximation, it
seems possible to separate these two types of impacts.

3.2. Terminator

If a meteoroid passage and explosion occurs at sunrise or sunset, the passage of the
solar terminator should be taken into account as it can be one of GW sources and also cause
some disturbances in the ionosphere observed in sTEC variations [7,19]. Our meteoroid
fell in the evening hours. Figure 2 shows the terminator position at different heights: 0 km
(ground), 100 km (E-layer), 350 and 500 km (F2-layer). The blue dot in the center of Mexico
is the site of the meteoroid explosion. Usually, major impact on GPS signal scintillations is
produced in the ionospheric F region at ~350 km (100 km). Although Mexico was already
at the night side of the Earth, the terminator passed recently these heights over the site of
the explosion (between 01:50 and 02:13 UT (5-28 min before the meteoroid)).
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Figure 2. Terminator position at different heights at 02:18 UT on 19 February 2020. Blue dot indicates the meteoroid

explosion site.

México

o Guadalajara

4. Meteor Trajectory Estimation

No data from regional all-sky cameras or other optical instruments were available for the
moment of the meteoroid passage. There are methods of meteoroid trajectory determination
based on data of multiple cameras, for instance [20,21]. We searched for videos by outdoor
surveillance cameras which captured the meteor from different places. Four videos from
the “Webcams de México” network of outdoor cameras (www.webcamsdemexico.com) were
found (Appendix B). They were taken in (a) Puebla, (b) Mexico City, (c) Guadalajara and (d)
San Miguel de Allende (Figure 3a). Thus, the meteor trajectory captured from four different
locations was available for the analysis.

(a)

o o Puebla

Figure 3. (a) Cameras locations; (b) planes of the apparent meteor trajectory for each camera.

First, known object sizes were used (buildings, streets, landscape marks, etc.) to
estimate the field of view, azimuth and the height of the cameras. Further, the planes of the
apparent meteor trajectory for each camera were plotted. Figure 3b shows these planes
represented by imaginary triangles and their intersection. The length of each triangle
is random and serves only to illustrate different projections of the trajectory. Third, the
meteor trajectory vector in the equatorial coordinate system was determined using the
method [21] and based on estimations of azimuth and height for the initial and end points
of the trajectory at different sites with the known geodetic coordinates.


www.webcamsdemexico.com
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The topocentric radiant (the point on the sky from which the meteor seems to appear)
was estimated as RA 13.96 + 9.085°, Dec —0.64° + 0.16°. The geodetic azimuth (measured
from the North) was approximately 0 = ~242°. This means that the considered meteor is
not associated with some major meteor shower, as the closest showers were Quadrantids
in January and Lyrids in April. According to American Meteor Society information (www:.
amsmeteors.org/meteor-showers/2017-meteor-shower-list), the closest meteor showers
were (a) the minor shower “alpha Centaurids” during 02-19 February 2020 (RA 14:04,
Dec —58.2°; velocity 59.3 km/s) and (b) the weak shower “February Virginids” during
16 February—4 March 2020 (RA 16:12, —02.0°; velocity 62 km/s). Considering the high
velocities at which meteoroids of these showers stroke the atmosphere, our object is
assumed to be a sporadic (random) meteoroid.

Using triangulation, the coordinates of the initial point (beginning of the visible
trajectory) were obtained: lat = 19°30’ N + 11/, lon = 100°59’ W =+ 2/, h~50 km. The point
of disappearance (the end of the visible trajectory) was at lat = 19°42’ N + 21/, lon =
100°37' W4 1/, h~28 km. For further calculations, the values (19.500° N, 100.983° W and
19.700° N, 100.617° W) were used. According to the videos, the meteor was visible for five
seconds between 02:18:46 and 02:18:51 UT. The time of the peak brightness (meteoroid
explosion) was at 02:18:49 UT. Consequently, the approximate height and coordinates of its
ground projection point can be found: 19.619° N, 100.764° W, hy = ~36.8 km. The average
slope of the atmospheric trajectory to the Earth’s surface (angle to the horizontal) was
approximately at o = 26.46°. The average velocity during the meteor flight was v (yisible)
=~ 9.87 km/s. Figure 4 schematically illustrates the estimated meteor trajectory and its
projection on the ground.

100.46

Figure 4. (a,b) Illustration by Google Earth; (c) scheme of calculated meteoroid /meteor trajectory
and its projection on the ground (approximate distances are indicated in km).


www.amsmeteors.org/meteor-showers/2017-meteor-shower-list
www.amsmeteors.org/meteor-showers/2017-meteor-shower-list
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Our reconstruction was confirmed by satellite measurements. The Geostationary Light-
ning Mapper (GLM) installed on GOES-16 spacecraft (36,000 km altitude, 0° inclination)
is a near-infrared optical transient detector operating in the single band 777.4 nm [22,23].
According to GLM data (Figure 5), the “lightning” was detected at 02:18:49 UT exactly
over the coordinates of the meteoroid explosion (19.66865° N; 100.77114° W). Sometimes,
a weak lightning discharge can occur in the meteoroid wake, but its energy is relatively
small [2]. Thus, it could have been a weak lightning discharge, but most probably it was
the light of the meteor explosion (anyway, both would be caused by the meteoroid). The
time of the explosion in the videos and by GLM coincides. No lightning discharges (for
detection of which serves GLM) or meteorological conditions for them were observed
during 19 February in Michoacdn state of Mexico. In addition, usually the discharges
in this area are multiple and last at least several minutes, which would result in several
marks in a sequence of images. However, only one “lightning” in one image was detected
during 02-03 UT and it was exactly over the explosion point. Therefore, GLM detected the
meteoroid explosion.

GOES-16 True Color, Night IR, and Lightning (GLM)
2020 February 19, 02:17 UTC

o

OR_ABI-L2-MCMIPC-M6_G16_s20200500216164_€20200500218543_c20200500219089.nc

Figure 5. Morelian meteoroid detection by GLM installed on GOES-16.

To sum up, the meteor caused by the sporadic slow-moving catching up the Earth
night meteoroid was visually observed on 19 February 2020, during five seconds. The
following estimates were received.

1.  RA13.96 & 9.085°, Dec —0.64° 4= 0.16°; 0 = ~ 242°;
2. Meteor trajectory:

Initial point: 19.500° N, 100.983° W, h; = ~50 km (02:18:46 UT, 19 February 2020);
Explosion point: 19.619° N, 100.764° W, hy = ~36.8 km (02:18:49 UT, 19 February
2020);

e End point: 19.700° N, 100.617° W, h3 = ~28 km (02:18:51 UT, 19 February 2020)
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e Angle to the horizontal: o = ~26.46°.

3. The average observed meteor velocity: V(yisiple) = ~9.87 km/s.

As the explosion occurred near the city of Morelia in the Michoacén state of Mexico,
hereafter we refer to the object as the Morelian meteoroid. To reveal if there was any effect,
the meteoroid trajectory in the ionosphere (higher than h; = ~50 km) needs to be known.
Modeling was used to evaluate it.

5. Modeling Results

To reconstruct the parameters of a meteoroid crossing the Earth’s atmosphere, the
program complex was developed. It is a numerical-analytical 2D solution of the equations
of state, which represent the evolution of speed, mass, angle of the flight and height with
time, taking into account the gravity force of our planet on the considered object. The
program was based on the methods described in works [24-26]. For details, the reader
is referred to these works and references therein. Basically, as input data, the program
requires initial parameters of the body: its mass (diameter and density), speed and angle at
the moment of its entry into the atmosphere. The output data are the values of the same
parameters, which allow us to estimate the behavior of mass as a function of height or
other parameter relationships.

The parameters values calculated from observations in the previous section correspond
to the program output. Therefore, different initial conditions were simulated (input values
varied) to reveal which of them corresponded to the known output values. For our
simulations, 480 km was considered to be the atmospheric entry height. The change of
azimuth angle between the moments of atmospheric entry and the visible part of the
trajectory (meteor) may be neglected for our tasks [27,28]. The mass is defined by the object
diameter and density. For our simulations, the initial diameter and velocity were varied
as follows: dy = (0.5-7.0) m and vy = (11.3-17) km/s. The initial angle to the horizontal
(xp) was taken ~1° less than the observed value (g = 25.3°), as it slightly changes during
a meteoroid passage. The ablation coefficient and pancake factor values [27,29] were
determined experimentally during the series of simulations (1.1 x 10~7 and 4, respectively).

With the known v(yisiple),  and the height of the break-up (h(breakup)), the Stagnation
pressure can be calculated. Then, considering to which meteoroid composition it corre-
sponds (ice/stone/iron), the meteoroid density could be estimated [29,30]. Unfortunately,
in our case, h(breakup) is unknown. Therefore, we proceeded from simple assumptions.
Stony and especially ice meteoroids when heated and explode are usually crushed into
fragments. Metal projectiles can withstand pressure and reach to the ground surface en-
tirely. The small body made of ice would not reach hs. If it were an iron body, then it would
probably result in a meteorite and a small crater. However, considering the videos, it seems
that the object totally (or almost totally) burned up in the atmosphere. Then, most probably,
the meteoroid was stony. Consequently, for our simulations we varied the mean density of
the object (p) between 2500 and 3500 kg/m?3. In the process of simulations, the upper limit
of p value was increased in order to bring the modeled explosion height h(burst) value
closer to the observed explosion height (hy). Therefore, in the first approximation, the
object seems to have been a dense rock with some iron inclusions.

According to our simulations, the most probable scenario was as follows. (1) Atmo-
spheric entry occurred with the following parameters hy = 480 km, dg = 0.7 m, p = 4000 kg/m3,
my = 719.2 kg, ag = 25.3°, vg = 12 km/s. The estimated total kinetic energy before the at-
mospheric impact was Eg = 5.1 x 1019 7. (2) The maximum energy deposition 806,775.8 ] /m
occurred at 55.3 km above the ground (before the explosion). (3) The break-up and explosion
occurred at close altitudes h(breakup) = 40 km and h(burst) = 39.2 km, respectively. The
energy deposited with the explosion was E = 271,160 ] /m. (4) The “final” object’s dimensions
were d = 18 cm, m = 14.05 kg at 36.6 km. The object speed at 37 km was v = 9.87 km/s and
o = 26.8°. Figure 6 illustrates reconstructed characteristics of the meteoroid flight.



Atmosphere 2021, 12, 185 10 of 30

@ =0.7m, p = 4000kg/m?, vo = 12km/s (a) @ =0.7m, p = 4000kg/m?3, vy = 12km/s (b)
90 90 4
== h(burst) == h(burst)
== h(breakup) == h(breakup)

Height [km]
Height [km]

0 1 2 3 4 5 0 100,000 200,000 300,000 400,000 500,000 600,000 700,000 800,000
Energy [] 1e10 Energy deposition [J/m]
@ =0.7m, p = 4000kg/m?, vo = 12km/s (c) les @ =0.7m, p = 4000kg/m?, vo = 12km/s (d)
0.9
700 { == h(burst) == h(burst) :
== h(breakup) == h(breakup) 1
600 - 0.6 - — = Stangnation pressure i
1
] 1
500 :
_ _ 1
£ 400 1 £ i
-
g 5 l
= 300 - L] 1
1
1
200 - 1
1
1
] 1
100 |
0-
0 10 20 30 40 50 60 70 80
Height [km]
500 @ =0.7m, p = 4000kg/m?, vo = 12km/s (e)
== h(burst) 12.0°1
== h(breakup)
11.5 A
400
E' 11.0 4
=
= 300 A
-§, % 10.5 A
= o
) =
Q 4
T 2001 100
- h
%5 1 == h(burst)
100 I == h(breakup)
9.0 4 | —— average observed velocity
1
gy — - i . i I : ' : '
254 256 258 260 262 264 26.6 268 0 10 20 30 40 50 60 70 80
angle a [°] Height [km]

Figure 6. Reconstruction of the Morelian meteoroid passage: (a) total energy change with altitude; (b) energy deposition,
(c) mass loss and (d) pressure change with altitude; (e) « estimation; (f) velocity loss with altitude. Blue and black dotted
lines indicate modeled break-up and burst heights.

The reconstructed value v = 9.87 km/s at 37 km exactly coincides with V(yisiple) = 9.87 km/s
at 36.8 km. The reconstructed height of the explosion h(burst) = 39.2 km is close to the ob-
served hy = ~36.8 km. To validate our results we also compared them with the results by



Atmosphere 2021, 12, 185

11 of 30

“ImpactEarth!” simulator [27] available at www.purdue.edu/impactearth introducing the re-
constructed input values. The simulator results were h’(breakup) = 37.2 km, h'(burst) = 36.3 km,
V'(after burst) = 8.91 km/s; energy before the atmospheric entry 5.17 x 1010 J = 0.12 x 104
MegaTons TNT and the airburst energy 2.32 x 101° J = 0.55 x 10~> MegaTons. According to
the simulator, no crater could be formed, although some fragments could strike the surface.
The frequency of such a phenomenon is, on average, less than 1 month. The results are very
similar. Therefore, we consider the reconstructed scenario to be possible. To emphasize, our
estimation is of qualitative character as few observational data were available (only outdoor
uncalibrated camera videos). Even when more data are known, the meteoroid parameter
estimates vary significantly in literature, as, for example, for the Romanian meteoroid that
passed on 7 January 2015. According to different authors [2,3,31,32], its initial diameter, velocity,
heights of the fireball and explosion varied in different works as ~(0.87-1.15) m, ~(28—40) km/s,
~(100-39) km and ~43 km (~0.4 kilotons), respectively. The Morelian meteoroid seems to be
to some extent similar to it (diameter, density, meteor and explosion heights). However, their
energies were different (E = 10'? ] in the Romanian case). According to [31], the Romanian
meteoroid was not quite typical and there was a possibility of small fragments (maximum of a
few centimeter size) reaching the ground. As far as the authors know, no fragments were found.
In our case, we suppose that the body was totally or almost totally burned in the atmosphere.
Maybe some small particles reached the ground, but we assume it would be impossible to find
them due to the small size. Thus, we do not calculate the possible impact area.

Knowing the meteoroid’s velocity and time when it was at h;, and using the results of
Figure 6e,f, it was possible to estimate the approximate time when it was at other heights
including 480 km, 250 km (F region) and 100 km (E region). For this matter, the oblique
path traversed by the meteoroid was calculated (analogously to Figure 4c) for each part of
the trajectory characterized by different v and «. This gave us the reconstructed trajectory
of the object: coordinates of the path projection points corresponding to each altitude
above the ground against time. Figure 7 illustrates the results. Therefore, we can associate
the time and coordinates of the ionospheric response to the time and coordinates of the
meteoroid event (entry, flight, explosion).

480

log(height), km
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28
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Figure 7. Reconstructed meteoroid oblique path in time.
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6. Possible Ionospheric Impact: Results of Observations
6.1. General Considerations and Methods (Approaches) Used

Rapid temporal fluctuations of the radio signal phase and amplitude are known as
ionospheric scintillations [33]. In general, they are most pronounced during geomagnetic
storms [34,35]. Other physical phenomena (e.g., tsunami, earthquakes, explosions, etc.) can
provoke atmospheric and related ionospheric waves, which cause ionospheric irregularities
that in turn provoke scintillations, e.g., [36]. The Morelian meteoroid could cause some
small-scale ionospheric disturbances, which provoke these effects. Trajectories of large
objects or objects with high kinetic energy, which pass through the atmosphere, can be
considered as the source of shock-acoustic waves (SAW). In turn, SAW generates waves of
multi-scale local electron concentration disturbances in the ionosphere [7]. A meteoroid
that passes through the ionosphere and explodes in the lower atmosphere can provoke
SAW. For instance, the large Chelyabinsk event caused by different estimates ionospheric
disturbances with amplitudes of ~(0.1-0.5) TECU and periods (1.5-15) min [14,15,37].

The ionospheric parameter usually used for SAW-generated ionospheric disturbance
detection is sSTEC, for instance [38,39]. sSTEC value is measured along the ray paths from
GNSS satellites which cross (or pass near) a disturbance region in the ionosphere. Global
availability of TEC data makes them a convenient tool for detection of fine effects in the
ionosphere. At the same time, its potential sensitivity can be limited by the GNSS data
temporal resolution and the processing procedures applied in a receiver [40]. To note,
sTEC response to SAW is expected to be the most pronounced when SAW is excited in the
F-region of the ionosphere. When a SAW source is at other altitudes or has a low power
(our case), the sensitivity of STEC-based detection tool can be insufficient. For the reliable
detection of TIDs of different scale caused by a relatively weak SAW the use of an additional
detection tool can be beneficial. In this study, in addition to sTEC, we suggest the possibility
of detection of the secondary small-scale waves from ionospheric disturbance of the order
of the first Fresnel zone at GPS frequencies (0.1-1 km) using ionospheric scintillation
indices. The secondary wave disturbances generated by the main disturbance wave in
the ionosphere last more than the primary (main) disturbance wave and if sufficiently
intense (>(3-5)% change of the background electron density) can be a source of amplitude
and phase scintillations of trans-ionospheric signals. For the experimental detection of
SAW-generated waves of small-scale ionospheric disturbances, the amplitude (5S4 and
DROTI) and phase scintillation indices (0@ and d2fi) were used in this study. The use of
high-rate measurements provided the high sensitivity of the indices [41].

Hence, to reveal the ionospheric response to the Morelian meteoroid flight and ex-
plosion, the data of ionospheric scintillation indices and processed sTEC time series were
involved.

6.2. Data Used

For scintillation indices calculation high-rate L1C and L2PY GPS observations were
available from five GNSS receivers in Mexico (Table 2, Figure 8a). Only the measurements
from GPS satellites with elevation angle 8 > 30° were used in order to separate the expected
scintillation effects from the possible multipath effects. For the same reason, the data were
compared with the measurements the day before and the day after the meteoroid. ROTI
values were calculated from the detrended (by the centered moving window with 0.1 Hz
cut-off frequency) sTEC data with 1 s time averaging [42]. The indices 54 and o¢ were
calculated from the detrended high-rate L1 data with 1 sec averaging time as well [43].
d2fi was calculated as the second-order derivative of GPS signal carrier phase without
additional data pre-processing [41].
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Table 2. GNSS receivers whose data were involved in the analysis.

Stati Distance to The Explosion Data Time Geographic Geomagnetic
ation L . .
Ground Projection Point, km Resolution Lat° N Lon®,W Lat° N Lon®,W
High-rate data
UCOE (Trimble) 99.7 20 Hz 19.8 101.68 27.88 31.11
UJUR (Trimble) 125 50 Hz 20.7 100.44 28.83 29.85
TNGEF (Trimble) 171 50 Hz 19.32 99.17 27.56 28.37
IPN1 (Leica) 172 50 Hz 19.29 99.64 27.54 28.89
OXUM 632 5Hz 15.66 96.49 24.13 25.22
(Trimble)
Low-rate data
UCOE 99.7 15s 19.8 101.68 27.88 31.11
TNMO 54 15s 19.65 101.29 27.72 30.65
ARIG 155 30s 18.28 100.35 26.43 29.52
SSNX 171 30s 19.33 99.18 27.57 28.38
ZIHU 235 30s 17.6 101.47 25.67 30.64
RPIG 265 30s 21.89 99.98 30.04 29.48
UGEO 293 15s 20.69 103.35 28.57 32.94
UAGU 302 15s 21.92 102.31 29.88 31.97
TNMR 308 30s 18.28 103.35 26.18 32.69
PDIG 769 30s 25.04 105.4 32.69 35.63
TNPJ 915 30s 15.7 93.22 24.38 21.78

=110* -105° -100° -95° -80% =110° -108° -100° -95° -50°

T W

Figure 8. Map of stations whose data were used for calculation of (a) scintillation indices and (b) dIv. The meteoroid passage
direction is marked with the line.

For the “classical” approach, the lower resolution data can be used. Such data were
available from the eleven stations (Table 2, Figure 8b). Their data were processed with the
SIMURG tools [44]. First, sTEC was calculated along the receiver—satellite line-of-sight
(LoS) based on dual-frequency phase measurements. Further, sTEC series were detrended
with splines and then filtered with the centered moving average with 2 and 10 min windows
(2-10 min TEC variations). Finally, sTEC variations were converted to equivalent vertical
variations (dIv). The same was done with 10 and 20 min windows (10-20 min TEC
variations). Please see more details on the method in [44] and references therein.

The stations location of both high and low rate data allow us to estimate the spatial-
temporal propagation of ionospheric disturbances after the meteoroid explosion.
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6.3. lonospheric Response Registered by Scintillation Indices

The meteoroid explosion occurred at h~37 km at ~02:18 UT generating a spherical
SAW. In addition, a cylindrical SAW component was generated along the meteoroid flight
and in front it [2,4]. The nearest station to the meteoroid trajectory and explosion site
is UCOE (Table 2, Figure 8a). Stations UJUR, TNGEF, IPN1 are “behind” the explosion
and at greater distances. The most distant station OXUM is located southward from the
meteoroid event.

Figure 9 illustrates the ground projection of GPS satellite tracks selected to observe
the ionospheric response to SAWs and the meteoroid trajectory with respect to receiver
locations. The plot for TNGF is almost identical to IPN1 and not shown for the economy of
space. The LoSs between PRN28 and PRNO2 satellites and UCOE and UJUR receivers were
the closest to the meteoroid trajectory. The only LoS at which the response to SAW was
observed southward from the meteoroid trajectory was PRN05-OXUM.
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Figure 9. Sub-satellite and meteoroid trajectories with respect to UCOE, UJUR (upper panels), IPN1
and OXUM locations (lower panels).

Figure 10 illustrates four scintillation indices behavior during 02-03 UT at LoSs be-
tween all the receivers and PRN02 calculated with L1 data. The same plots were constructed
for other satellites (not shown for the economy of space; see Appendix C). Table 3 sum-
marizes the overall picture of disturbance manifestations by different indices at different
satellite-receiver rays. Columns from left to right are in order from the closest to the farthest
to the meteoroid trajectory LoS with respect to UCOE. The sign “+” means an intense index
response; “+/-” means a low intensity of manifestation; “*” means that a manifestation
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was delayed if compared to other indices at the same PRN; and “-” means no index peak.
The characteristic examples of index bursts are given in Figure 11.
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Figure 10. d2fi, o, S4 and ROTI variations at LoSs between PRNO02 and four receivers during 02-03 UT. Vertical line

indicates the time of explosion.
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Figure 11. Examples of index bursts at different satellite-receiver rays after the meteoroid flight and explosion.
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Table 3. Scintillation indices responses registered at different lines-of-sight.

Station PRN28 PRNO02 PRN24 * PRNO6 PRN19 PRN17

UCOE + + + + + +
. UJUR + +/- + +/- +/- +/-
& IPN1 + - + +/- + +°
© TNGE - - - - - -
OXUM - - - - - -
UCOE + + + + + +
UJUR + + + + + +
%‘ IPN1 + + + + + +
TNGF - - - - - -
OXUM + - no data - + +
UCOE + +" + + + +/-
UJUR + +" +" + +/- +
b IPN1 - - - - +
TNGF + +-" - +/- - -
OXUM +/- + + - - +
UCOE + - - + + +/-
— UJUR - - - - + -
5 IPN1 +/- - - +/- + +/-
a TNGF - - - - + -
OXUM - - - - + +

* in case of OXUM the column stands forPRN05 as PRN24 was not observed.

The following overall picture of indices response to SAW-generated disturbances
was observed.

(a) d2fi showed a clear response at all LoSs to UCOE (a bit earlier at PRN02-UCOE than
at others because the meteoroid trajectory crossed this LoS first). d2fi behavior at UJUR
was very similar to UCOE but with 3—4 times less amplitude and with more dispersed
peaks. The responses registered at IPN1 were with few exceptions less pronounced and
varied between the rays. The overall reaction to the event at TNGF was not so evident as at
other stations. No response to the meteoroid was detected at any LoS to OXUM.

(b) o@ clear response at UCOE was registered first at PRN28, PRN02, PRN24 and a
bit later at PRN06, PRN19, PRN17, which in general corresponded to the distance of the
rays from the meteoroid trajectory. o measured at UJUR showed peaks of less amplitude
and with some differences between the rays. The form of o response at IPN1 was similar
to UJUR. To note, the o amplitude at IPN1 was higher than even at the closest to the
explosion station UCOE. Maybe this could be related to the different processing procedures
in this receiver because it is of different make (Leica) than others (Trimble). TNGF showed
some mixed picture. OXUM showed o¢ peaks at some rays with a certain delay as the
farthest receiver of all. o¢ second peak was detected at some satellite-receiver pairs about
6 min after the explosion.

(c) S4 peaks (when detected) appeared later than the peaks of phase scintillation
indices. The picture at UCOE and UJUR was mostly similar. IPN1 showed the weakest
or no response. TNGF showed almost no response. Different responses were detected at
some LoSs to OXUM.

(d) ROTI reacted less frequently than the other three indices. Its bursts were registered
only at some LoSs about 2.5-3 min after the explosion. Sometimes, the additional response
was observed 6-9 min after.

Let us discuss some of the revealed general features.

(1) d2fi, o S4 and ROTI responded differently to the event when observed at a same
LoS. This is because different scintillation indices respond to disturbances of different scale,
lifetime and propagation parameters. This issue is discussed below.

(2) d2fi, o and ROTI first responded approximately (2.5-4) min after the explosion
at the majority of LoSs. This is in accordance with the results of [38]. They revealed that
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the time period of ionospheric response to SAW generated by earthquakes was (180-390) s.
Considering the F-layer height is at ~300 km, it gives us a range of SAW velocities of
approximately (770-1660) m/s. In our case, the SAW source was at hy = ~37 km; therefore,
the SAW velocity was about ~1460 m/s, which is within the mentioned velocity range. The
farther the station from the explosion site, the less pronounced (or even absent) and the
later the detected response. At some satellite-receiver rays, the second peak of some index
occurred 2.5-3.5 min after its first peak.

(3) Comparing four indices in all the plots, visually it seems that the d2fi-index
highlights exactly the response to the meteoroid event, mostly ignoring other impacts
(e.g., UCOE in Figure 10). This is because 54, o and ROTI variations depend both on
the ionospheric turbulence intensity and the time of data averaging. In contrast, d2fi is
calculated directly from the carrier phase measurements and better corresponds in time to
the local ionospheric turbulences.

(4) In general, the character of 0@ response was similar to d2fi. Sometimes, it was
weaker, which is explained by the applied data averaging procedure because the averaging
time does not always correspond to the prevailing scale of ionospheric disturbances.
Although calculations of both d2fi and o were based on the carrier phase measurements,
sometimes their response was not the same. Probably, the procedure of accumulation
and averaging of the carrier phase counts for o calculation resulted in smoothing of the
shortest small-scale disturbances and enhancement of the observed phase variations with
a large period.

(5) Analyzing all plots, it was noticed that the overall response was pronounced
more clearly to the northeast of the meteoroid trajectory. Westward from it, the response
manifested itself much less. For example, according to Figure 10, d2fi showed its peaks
at UCOE and UJUR, a finer effect was at IPN1 and nothing was registered at TNGF. The
southern OXUM showed nothing as well due to the larger distance to the explosion site.
Table 3 also confirms the more pronounced responses at UCOE and UJUR, than at IPN1
and TNGF. OXUM detected fewer indices peaks than other stations and only at some rays,
which is due to its location.

The preliminary conclusion is that the SAW-generated disturbances moved non-
uniformly. Probably, it is explained by the wind patterns at F-layer heights within the
observation area. In general, at ~300 km the wind blows from the afternoon sector to the
early-morning sector across the polar region and at the lower and middle latitudes zonally
around the globe westward in the morning and eastward in the evening [45,46]. The value
of the meridional component of its velocity is higher than the value of the zonal component.
The direction of the winds undergoes very complex variations. The (20-30)° N zone of the
northern hemisphere is a transient region between the wind patterns of high-middle and
equatorial latitudes. The evening hours close to the solar terminator passage can also be
considered as transient. Both apply in our case. The north-east component of the wind
dominated at the time of the meteoroid explosion [46]. Considering that, it can be assumed
that the neutral wind “filtered” the TIDs by their movement direction [7] which caused
the non-uniform manifestation of scintillation indices response observed southward and
northward from the meteoroid trajectory and explosion site. As the lifetime and speed of
ionospheric disturbances of different scales are different, the neutral wind filtering effect
can also partially explain the difference in the scintillation indices responses in time and at
different angles of observation of satellites.

(6) The receivers TNGF (Leica) and IPN1 (Trimble) are at ~20 km from each other,
which means practically the same conditions of observations. However, in many cases
the indices behavior observed at two stations was different by amplitude and form of
response. The significant difference in the level of phase measurement noise is notable for
two stations (see d2fi in Figure 10). Despite the lower noise level at TNGF, in the majority
of cases no index response was detected here. We suppose that the mentioned differences
are due to the dependence of the measurement quality and sensitivity of the navigation
receiver on its make/type, as it was shown in [40].
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(7) In individual cases the peaks of particular indices were detected before the me-
teoroid explosion (e.g., S4 at 02:12 and 02:16 at some LoS to PRN28 and PRN06; ROTI
at 02:17 at one LoS to PRN28). The gravity waves generated by the solar terminator are
known to be a source of secondary waves of electron density disturbances in the F-region
of the ionosphere [19,47]. According to the review [48], the medium-scale (~15 min) dis-
turbances triggered by terminator usually are observed during (1-2) h or longer along
the front of at least 1600 km two to three hours after the terminator passage at 100 km.
Such electron density fluctuations tend to be of a wave packet form. However, in our case
only some short (2-5 min) separate scintillation index peaks were observed individually.
To add, the analysis of geometry of sub-ionospheric points and time of these individual
peaks detection shows that they arose too early to be a terminator result. Therefore, the
mentioned scintillation marks resulted from the isolated ionospheric irregularities. The last
could be produced by a wide range of other than terminator phenomena. The ionosphere
over Mexico is never stable as its latitudes are close to the sub-equatorial zone in which
ionospheric scintillations predominantly occur.

(8) Some difference in the four indices responses to the same phenomenon at the
same LoSs is explained by the fact that SAW generates multi-scale waves of electron con-
centration disturbances. A manifestation of refractive and/or diffractive effects of signal
propagation through a disturbance depends on a signal wavelength, angular conditions
(geometry of observations, disturbance scale and intensity). The ionospheric turbulences
of several kilometers (intermediate scale disturbances) mostly result in the refractive ef-
fects and phase scintillation predominance over the amplitude scintillations of GPS signal.
Usually, they are well detected with o and sometimes ROTL. When a disturbance size
corresponds to the first Fresnel zone (about 300-400 m at GPS frequencies), both amplitude
and phase scintillations can occur and usually manifest themselves in the well-correlated
54, o¢ and d2fi behavior and sometimes ROTI sharp variations. The smaller turbulences
(from tens of meters to 100-200 m) mostly result in the predominance of the diffractive
scintillations of both amplitude and phase. d2fi and o¢ are good tools for their detection.
54 usually detects the ionospheric turbulences of high intensity. The detection of diffractive
small-scale turbulences depends on the data time resolution [41]. Our high-rate data allow
this detection. Considering the said above, scintillation analysis should involve not some
particular index but the ensemble of scintillation indices. Our results suggest that the regis-
tered TIDs were of small- (including 250-400 m corresponding to typical horizontal size
of SAW generated disturbances), intermediate- and even medium-scale. According to [7],
disturbances of intermediate and small-scale (0.1-1km) can accompany such phenomena
as earthquakes, explosions, rocket launches, etc. The medium scale disturbances can be
provoked by a variety of sources (including solar terminator). Magnetospheric storms
are expected to provoke larger-scale disturbances. Thus, we are sure that the detected
disturbances can be associated with the complex meteoroid event and not the geomagnetic
perturbations that occurred before; neither were they a result of solar terminator.

6.4. lonospheric Response Registered by dlv Data

dIv time series for stations from Figure 8b were compared during the meteoroid day,
the previous day characterized by moderate geomagnetic activity and the day before it
which represents quiet conditions. Figure 12 shows the example of comparison for UCOE
in the period of interest on 17-19 February 2020. The same plots were constructed for
all the receivers. The overall picture was the same at all stations. (a) No ionospheric
disturbances (except for some separate small peaks) were observed during the whole
quiet day of 17 February. (b) On the following day, dIv at some lines-of-sight, showed
isolated short disturbances detected within (19-21) UT. This interval corresponded to
geomagnetic storm bay and its associated largest vIEC deviation (Figure 1). Therefore,
these dIv fluctuations were the result of the storm. (c) In contrast to the previous days,
19 February was characterized by dlv > 0.1TECU. Despite the possible effects of solar
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terminator and geomagnetic storm, the characteristic disturbances caused by the meteoroid
event can be distinguished at separate receiver-satellite rays during (02-04) UT.
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Figure 12. (2-10) min dIv series in different LoSs to UCOE receiver during: (a) the quiet day,
(b) geomagnetic disturbance day and (c) day of meteoroid. (d) The same as in panel “c” but for the
(10-20) min dIv series. Each curve represents dIv for the corresponding satellite. The Y-axis unit is
0.1 TECU. The dashed line marks the explosion moment.

The shape of the detected dIv disturbances in many cases looked like the wave-
packet form (several minima and maxima), classified in work [13] as a type-III disturbance.
According to this study, TEC disturbance of this type can be associated with gravity waves.
Figure 13a,e provides the characteristic examples. Type-I disturbances characterized by
a shockwave form of one maximum and one minimum (classical N-form response) were
detected at several LoSs (Figure 13b,c). In some cases, the inverse N-form weak response
(U-form) was observed (Figure 13d). The approximate period of type-I dIv fluctuations
was about 15 min. According to [13], the type-I disturbances are generated by acoustic
shockwaves. The type-II (isolated two maxima and one minimum) was not observed with
some exceptions of the inverse type-II (two minima and one maximum) as in Figure 13f.
The observation of different types of responses is due to different geometry of lines-of-site
to satellites and their distance to the disturbance source. In many cases, the mixed complex
fluctuations were observed which could be a result of superposition of different types.
Probably, apart from the explosive SAW, the less intense cylindrical SAW formed by the
meteoroid flight and the meteoroid wake played some role in the fluctuations in particular
directions [3].
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Figure 13. (2-10) min dIv series for lines-of-site (a) SSNX-PRN02, (b) UCOE-PRN17, (c) RPIG-PRNO06, (d) RPIG-PRN12,
(e) RPIG-PRN19 and (f) ARIG-PRN28.

Such disturbance signatures as reported above were observed previously after power-
ful earthquakes ([38] and references therein) and after the Chelyabinsk meteorite [13-15,37].
The disturbance amplitudes of (0.1-0.2) TECU exceeded the level of background fluctu-
ations on the control days. Such amplitudes and the period of (2-10) min correspond to
small-, intermediate-scale and SAW disturbances. The time-scale of the observed dlv(,_1q)
disturbances (11.2-20 min) corresponds to the range of the acoustic-gravity waves. The
“slower” dlv(jg_p0) variations (shown in Figure 12d) correspond to medium-scale TIDs.
Similarly to dIv(;_1), the behavior of dlv(jp_0) did not reveal disturbances during the
previous days (not shown for the economy of space). In general, dIv(;90) showed similar
features of disturbances as dIv(,_1p), but with larger amplitudes and periods.

Analyzing dIv behavior at all LoSs, the following was revealed.

(a) The noticeable dIv response to the meteoroid manifested itself at the LoSs to
PRNO2 before the LoSs to other satellites and mostly with larger amplitudes (exceeding 0.1
TECU and reaching its maximum deviation more than 0.2 TECU). Maybe, it is connected
with the fact that the PRN02 LoSs were approximately along the meteoroid trajectory.
The disturbance registered at all LoSs to this satellite was of type-III slightly shifted in
time for each receiver (Figure 14a). The “most shifted” response was detected at more
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distant PDIG, the most distinct response at TNPJ. The order of the dIv response appearance
is illustrated in Figure 14b. Visually, it seems that there is a slight longitudinal effect.
The time and order of appearance of the wave-packet disturbance at the sub-ionospheric
points did not correlate to the time of terminator passage over coordinates of these points.
The longitudinal effect was observed only for LoSs to one satellite. Thus, we do not
associate these disturbances with the terminator passage. The order of the dIv disturbance
registration at the sub-ionospheric points also does not correspond to the distances between
the sub-ionospheric points and the explosion epicenter. Our inkling is that the source of
the secondary disturbances could be shifted to the direction behind the explosion. In this
case, it probably could explain the order of disturbance appearance. Consequently, as
a preliminary conclusion at this point, we assume that the dIv wave-packets were the
eventual result of the meteoroid event.

(b)
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Figure 14. LoSs to PRNO02: (a) dIv time series; (b) sub-ionospheric point locations numbered in order of wave-packet

disturbance registration.

(b) Summarizing the dIv fluctuations features by station (one station—all LoSs), the
following was noticed. The variations at TNPJ and PDIG (most distant stations at the
opposite directions from the explosion site) were almost always different compared to all
other receivers as well as between each other. Variations at TNPJ in many cases did not
seem to be related to the meteoroid impact. The same but to less extent applies to PDIG.
This implies that the disturbances attenuated rapidly with distance (see Table 1), because
the energy of the meteoroid explosion was relatively low (weak event). The results at the
close to each other TNMO and UCOE were very similar. UAGU results were similar to
them but less intense, as this station is located farther from the explosion site. The results
by the equidistant but located in different directions from the explosion TNMR and UAGU
were different which argues for the asymmetry of the disturbance manifestations. Probably,
the disturbance did not propagate backward to the direction from which the meteoroid
came (TNMR). In contrast, the disturbances behind the trajectory were well-registered
(RPIG). Results at UGEO and UAGU (both located northwestward from the meteoroid
explosion) were similar.

(c) Analyzing dlv series at all LoSs (all receivers—all satellites), in many cases a
difference was notable between the character of variations and the number of disturbances
registered northwestward and southeastward from the meteoroid event. In addition, the
intensity and forms of dIv disturbances observed at the satellites whose positions were on
the “opposite sides” from the explosion were noted to be different. Figure 15 illustrates the
examples. LoSs to PRN02 were westward from the meteoroid explosion and to some extent
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“along” the meteoroid trajectory. LoSs to PRN28 were eastward from the explosion. The
disturbance amplitudes at PRN28 rays were at least twice less than at rays to PRN02. No
valuable fluctuations were registered at LoSs to PRNO5 (directly southward). At the same
time, dIv at LoSs to PRNO6 (directly northward) showed the response to the shock wave
(though in few cases). The mentioned facts argue for the asymmetry of the effects again.

Figure 15. Schematic illustration of the geometry of LoSs to PRN02 and PRN28 (left) and PRN05 and PRNO6 (right).

(d) The general picture of sub-ionospheric points, at which the disturbances of the
particular type were registered, was different. For example, N-form was characteristic
northward from the explosion and 1-form manifestation seemed more “circular” though
still more pronounced northward (Figure 16). Based on the previous works [13,37], it
may be assumed that the explosive spherical SAW triggered a radial propagation of
ionospheric disturbances. In that case, the comparison of distances and time of occurrence
for dIv fluctuations of the same form (separately for positive and negative deviations),
would suggest that the source of the secondary disturbances in the ionosphere was shifted
northward from the explosion coordinates.

To sum up, the meteoroid-associated fluctuations at LoSs to the satellites, whose posi-
tions were westward or northward from the explosion site, were much more pronounced
than at LoSs to the satellites southward from the explosion. The same picture was observed
with the scintillation indices which indicates the same nature of the responses observed
by two methods. In general, the intensity and time of appearance of the effects did not
seem uniform in different directions from the meteoroid flight trajectory and explosion site.
The farther from the trajectory, the less pronounced the effects which is natural because
the disturbance energy is attenuated with distance which is well-observed during the
weak events.
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Figure 16. Map of sub-ionospheric points at which N-form (left) and I1-form (right) disturbances were detected. Red circles
stand for positive and blue circles for negative dIv deviations in N- and I1-form deviations.

6.5. Comparative Analysis of Results by Two Methods

In conclusion of Section 6, the following characteristic features can be emphasized.

(1) The ionospheric effects caused by the meteoroid accompanying phenomena were
detected in the vicinity of the meteoroid trajectory and explosion site by both the ensemble
of scintillation indices and dIv data. The usefulness of such an integrated approach to
event observation was demonstrated. The analysis of the ensemble of scintillation indices
provided the clearer picture of spectral composition of a complex ionospheric reply to the
meteoroid accompanying phenomena.

(2) The ionospheric response at stations OXUM, TNPJ and PDIG situated more than
600 km from the place of interest was almost absent except for one LoS over the Pacific
Ocean in each case (OXUM-PRNO05, TNPJ-PRNO02 and PDIG-PRNO02). This implies that the
ionospheric disturbances were attenuated rapidly with distance, which is not surprising
considering the relatively low energy of the meteoroid.

(3) The registered disturbances had complex structure. According to scintillation
and dlv(y.1g) data, a variety of the intermediate- (several km size), small- (0.1-1 km) and
SAW-scale (300-400 m in our case) disturbances were formed after the meteoroid flight and
explosion. The “slower” dlv(;o_() variations and some marks of scintillation indices point
to the presence of some medium-scale TIDs. The detected horizontal scales of disturbances,
the time of their observation by both methods and amplitudes of dIv indicate that the
revealed effects could not be provoked by the geomagnetic storm.

(4) The detected dIv disturbance shapes (IlI-, I, inversed II- and mixed types) and
their time-scales (11.2-20 min) indicate that the disturbances can be associated with the
acoustic-gravity waves excited by the meteoroid flight and explosion.

(5) The asymmetry of disturbances in different directions from the epicenter of ex-
plosion was detected by both methods. The ionospheric response was more pronounced
northwestward and along the direction of the meteoroid trajectory (including behind it).
Southeastward and backward to the meteoroid flight direction, the response manifested
itself much less. Previously, the asymmetry of the ionospheric response to the acoustic
shock caused by the meteoroid was also revealed in work [14]. Possibly, the complex wind
patterns during the transition from day- to night-hours were responsible for the asymmetry.
In addition, maybe the secondary disturbances source was not located exactly above the
explosion site but shifted northward. The meteoroid wake probably also played some role.

7. Possibility of Other Effects

It is known that the fall and destruction of meteoroids can lead to a large number of
phenomena. They were briefly described in the Introduction. It was of interest to examine
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the possibility of observation of the most notable meteoroid impacts for the Morelian case
with the available data in the region. The results are given in this section.

7.1. Possible Schumann Resonance Effect

The Schumann resonance station is installed at the same site as the UCOE receiver.
It operates in a range of (0-60) Hz (ELF). Its detailed description is given in [49]. The
data temporal resolution is 130 observations per second. Only the north-south antenna
operated on 19 February 2020. An infrasound wave can be a byproduct resulting from
shock decay [4]. Previously, infrasound effects from meteoroids were reported in [3,4,8,15].
We had no access to data of any infrasound station, but considering the Schumann antenna
operation range, we tried to search for a mark of possible interference. The speed of
sound with which the infrasound signal propagates is about 343 m/s at 20 °C near to the
Earth’s surface. In our case, the temperature was lower and consequently the speed as
well. If we consider the wide range of velocities 250-340 m/s, then the wave could arrive
at the station in (4:53-6:06) min. To add, maybe the wave was not excited immediately.
Considering all this, we checked the data in 02:23:40-02:27:00 UT. The spectral analysis
showed that during the period of interest the first three Schumann resonance harmonics (~8,
~15, ~21 Hz) did not change much (frequency value or amplitude). The meteoroid event
was very weak; thus, the result is not surprising. We also checked the raw measurements
of the north-south component of the horizontal magnetic field channel. There was a signal
amplitude peak at 02:18:57 UT (Figure 17a). No similar effect was detected on the closest
quiet day with the data available (27 February). The raw data time series were filtered by
the second order derivative to eliminate the trends, which allowed us to reveal the two
smaller peaks at 02:19:02 and 02:19:07 UT (Figure 17b). The period of ~5 s corresponds to
the infrasound range. However, it can have no connection to the meteoroid event. This is
an initial approximation. More statistics than one very weak event is needed to draw the
final conclusions.
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Figure 17. Schumann antenna signal amplitude on 19 February 2020: (a) raw time series; (b) its second order derivative

time series.

7.2. Possible Seismic Effect

A large meteoroid explosion among other effects can result in an impact-induced
seismic shaking. For instance, the Chelyabinsk meteoroid explosion (the largest object
that collided with Earth since Tunguska) at h = 23.3 km caused the related earthquake
of My, ~ (3—4) magnitude registered by the nearest seismic stations [37]. In our case, the
object was much smaller and of much less kinetic energy. However, it was possible to feel
the shock wave at a tall building at ~40 km from the explosion site (the author’s personal
experience), which inspired us to check the seismic data. The nearest seismic station was
48.7 km far from the explosion site. The analysis showed that the considered period was
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characterized by the quiet seismic background with no trace of the meteoroid explosion
impact. According to [2], about 107> of the shock wave energy from the explosion can
be transformed to the energy of seismic waves Eg,,, which is related to the magnitude
of an earthquake as follows: 1g(Esw) = 4.8 + 1.5 x My. Considering the small energy
released in the Morelian meteoroid explosion (see Section 5), the effect could be similar to
an earthquake of My, = 0.37. In general, Mexico is a seismically active zone. The activity
of My, ~ (1-4) is registered almost every day in some parts of the country. This “noisy”
background, low M,, and a far distance between the seismic station and the explosion
made it difficult to register the possible seismic effect.

7.3. Possible Magnetic Effects

According to literature, the turbulence in the plasma wake of the meteoroid passage
can cause a slight increase in the magnetic field [12,50] and references therein. According
to [3], it can be estimated as B(R) = B(0) x (w/R)3, where B is magnetic field, R is the
distance from the meteoroid wake and w is wake diameter. In our case, R to magnetometer
site was more than 190 km. If assume that w~10 m (as for the Romanian meteoroid), then
the induced effect will be of the order of pT. It should be recalled that the meteoroid flew
during the geomagnetic disturbance. Therefore, due to the weakness of the effect and the
dominant disturbed background, it is impossible to detect the meteoroid induced magnetic
field change.

8. Conclusions

This study discusses the possibility of the Morelian meteoroid impact on the low-
latitude ionosphere (Mexico) under solar minimum conditions. Though it was smaller
and of less energy than other known meteoroids, it is an interesting case as, to the best
of our knowledge, it is the first meteoroid with detected ionospheric effects, which fell at
low-latitudes. The aim of this work was to examine in general the presence or absence
of ionospheric response of different scales that could be associated with the weak mete-
oroid event. Explanations of the obtained results were provided. Some of the revealed
features/effects need to be studied further and may be the subject to future research.

(1) We roughly estimated the meteoroid parameters and their change with time. The
object entered the atmosphere at 480 km above ground approximately at 02:17:20 UT on
19 February 2020 having the diameter of 0.7 m, mass of 719.2 kg, velocity of 12 km/s and
moving with the ~25.3° angle from horizon. Its break-up and explosion occurred at the
close heights, when the speed of the object (moving with ~26.46° angle from horizon) was
9.87 km/s. The explosion occurred at 02:18:49 UT at 36.8-39.2 km above ground when the
diameter and mass of the object were 18 cm and 14.05 kg correspondingly. The calculated
coordinates of the explosion projection point on the ground (19.619° N, 100.764° W) were
confirmed by GOES-16 data. The site is close to the city of Morelia in Mexico. The results
of the meteoroid parameters reconstruction were confirmed with “ImpactEarth!” simulator.
It is worth noting that the only available source of observations were videos of outdoor
uncalibrated cameras.

(2) We analyzed the meteoroid ionospheric impacts during other events known to
the authors and tried to assess how the Morelian meteoroid fits in this framework. The
intermediate conclusion (which needs to be proved with more statistics in the future) is that
meteoroid events (if occurred at mid- and high-latitudes of the Northern Hemisphere) can
be accompanied by the appearance of dense sporadic Es layers and decrease of ionization
in the F layer.

(3) Two methods were used to search for possible impact of the Morelian event on
the regional ionosphere. The new suggested approach proved its efficiency: the analysis
of the ensemble of scintillation indices behavior allowed us to detect the SW-generated
disturbances. The “classical” approach using filtered and processed sTEC time series
confirmed the obtained results. It is worth noting that each method revealed some specific
disturbance features. The obtained results are in accord with the previous works.
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(4) The first ionospheric effects were registered (2.5-3.5) min after the meteoroid explo-
sion and had the amplitudes of (0.1-0.2) TECU that exceeded the background fluctuations
in the previous quiet and geomagnetically disturbed days. The disturbances quickly atten-
uated with distance. Almost no response or weak response was detected at the stations
situated more than ~600 km from the explosion epicenter.

(5) The registered disturbances had complex structure. The intermediate- (several
km size), small- (0.1-1 km) and SAW-scale (300400 m in our case) disturbances were
formed after the meteoroid flight and explosion. There were marks of the medium-scale
TIDs presence.

(6) The Morelian meteoroid impact detection was challenging because it could be
masked by geomagnetic disturbance and solar terminator passage effects. The performed
analysis (the revealed horizontal scales and lifetime of disturbances by both methods and
dIv amplitudes) allowed us to affirm that the detected effects were the responses exactly to
the meteoroid accompanying phenomena.

(7) According to the detected dIv fluctuation shapes (types) and their time-scales
(11.2-20 min), the detected disturbances are associated with SAW-generated acoustic-
gravity waves. The meteoroid wake probably also had some impact on the electron
concentration fluctuations along the flight trajectory.

(8) The propagation of the generated TIDs was non-uniform. The disturbances were
more pronounced northwestward and along the direction of the meteoroid trajectory
(including behind it) and less pronounced southeastward and backward from the direction
of the flight. The asymmetry of the effects could be due to the complex winds picture and
maybe the shift of the secondary disturbance source northward from the explosion.

(9) No seismic, geomagnetic field or Schumann resonance effects were detected due
to the small size and low kinetic energy of the meteoroid together with the overall mixed
background conditions.

To sum-up, the small sporadic (0.7 m) night catching up the Earth (12-9.87 km/s)
meteoroid made of stone with small iron inclusions did not produce any significant impact
on the low-latitude ionosphere under solar minimum conditions (small ionization rate).
Nonetheless, its passage was detected with use of ionospheric scintillation indices based
on the high-rate (5-50) Hz GNSS data, which is a new approach and with the dIv series
based on the (15-30) s GNSS data.

In conclusion, it is worth noting that Mexico is vulnerable to many natural hazards:
hurricanes, volcanoes, earthquakes, tsunamis, etc. [51]. Using the example of September
2017 events (Space Weather, hurricanes and intense earthquakes at the same time), Ref. [52]
showed that the simultaneous combination of natural hazards can represent a significant
danger. According to [4], deep penetrating meteoroids can result in the destructive conse-
quences at the ground, even if an object does not make a touchdown. In this study, only
fine ionospheric effects of the small meteoroid event were detected. At the same time, the
complex “meteoroid-meteor-meteorite” phenomena should be taken into account in terms
of civil protection management as much larger objects can hit the Earth’s atmosphere.
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Appendix A
List of main abbreviations.
GNSS Global Navigation Satellite System
GPS Global Positioning System
SAW shock-acoustic wave
GW gravity wave
TID Travelling Ionospheric Disturbance
Dst disturbance storm time index of global magnetic activity
Kp planetary three-hour index of global magnetic activity
sTEC slant Total Electron Content
vTEC vertical Total Electron Content
SvTEC VvTEC deviation from its median value
VIS Vertical Ionospheric Sounding
foF2 critical frequency of F2 layer
RA right ascension for topocentric radiant
Dec declination for topocentric radiant
PRN number of the pseudo-random noise code sequence unique for each satellite
GLM Geostationary Lightning Mapper

h(breakup) height of break-up
h(burst) height of explosion

LoS line-of-sight
dIv sTEC variations converted to equivalent vertical variations
Appendix B

Links for the outdoor camera videos:

www.youtube.com/watch?v=G-D9Viq6TbY,
www.youtube.com/watch?v=wEBvsuUTO0r],
www.youtube.com/watch?v=inE2bqvajQU,
www.youtube.com/watch?v=tMPIllqJKc1M.

Appendix C
Additional material can be found at: http://doi.org/10.6084/m9.figshare.13623215.
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