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Meteor observations provide information about Solar System constituents and their influx onto Earth, their interaction processes in the atmosphere, as well as the neutral dynamics of the upper atmosphere. This study presents optical, radar, and infrasound measurements of a daytime fireball that occurred on 4 December 2020 at 13:30 UTC over Northeast Sweden. The fireball was recorded with two video cameras, allowing a trajectory determination to be made. The orbital parameters are compatible with the Northern Taurid meteor shower. The dynamic mass estimate based on the optical trajectory was found to be 0.6–1.7 kg, but this estimate can greatly vary from the true entry mass significantly due to the assumptions made. The meteor trail plasma was observed with an ionosonde as a sporadic E-like ionogram trace that lasted for 30 min. Infrasound emissions were detected at two sites, having propagation times consistent with a source location at an altitude of 80–90 km. Two VHF specular meteor radars observed a 6 minute long non-specular range spread trail echo as well as a faint head echo. Combined interferometric range-Doppler analysis of the meteor trail echoes at the two radars, allowed estimation of the mesospheric horizontal wind altitude profile, as well as tracking of the gradual deformation of the trail over time due to a prevailing neutral wind shear. This combined analysis indicates that the radar measurements of long-lived non-specular range-spread meteor trails produced by larger meteoroids can be used to measure the meteor radiant by observing the line traveled by the meteor. Furthermore, a multistatic meteor radar observation of these types of events can be used to estimate mesospheric neutral wind altitude profiles.
Keywords: meteor, fireball, multi-instrument observations, ionosonde, infrasound, meteor radar, video camera
INTRODUCTION
On 13:30:38 4 December 2020 (UTC), a 6.5 s long daylight fireball was observed in Northern Scandinavia. Eyewitness accounts of the bright fireball were reported in the local newspaper (Medby, 2020). The reports included observations of a greenish color and fragmentation. There were no observations of audible rumble nor were there any meteorite findings. Several photographs of the fireball are shown in Figure 2.
The event occurred in a geographic region that is relatively well instrumented for atmospheric studies allowing us to report on a wide variety of atmospheric effects associated with fireballs. The optical signature was captured by two video cameras of the Norwegian meteor network, which were used to estimate a trajectory across Northwest Finland and ending above the village of Pajala. Cameras in Sweden and Finland did not observe the fireball due to dense cloud cover. In the geographic region surrounding the trajectory of the fireball, five specular meteor radars and three ionosondes recorded the echoes from plasma density irregularities created by the meteor. Two infrasound monitoring stations measured pressure waves that could be associated with this event. An overview of the observations of this event is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Summary of the observations of the fireball on 4 December 2020 at 13:30 UTC.
The primary focus of this study is to present and discuss the observations associated with the Pajala fireball. These multi-instrument measurements allow us to: 1) estimate the orbital elements and the entry mass of the meteoroid, 2) compare the plasma trail characteristics with existing theories of the governing physical processes associated with meteor trail plasma evolution, and 3) study mesospheric neutral wind with high spatial and temporal resolution.
OPTICAL OBSERVATIONS
The Sørreisa and Skibotn stations of the Norwegian meteor network observed the optical path of the fireball. Both stations have all-sky coverage obtained with four Vivotek IP9171 security cameras that have 2048 × 1536 RGB pixel CMOS sensors. The Sørreisa camera acquired 14 frames per second and the Skibotn camera 15 frames per second. The output was compressed with the H.264 video compression algorithm (Wiegand et al., 2003). The cameras are timed using network time protocol. The field of view of the camera across the diagonal of the sensor was approximately 115° for Skibotn and 136° for Sørreisa. Simultaneous frame captures from the Skibotn and Sørreisa cameras are shown on the left in Figure 2.
[image: Figure 2]FIGURE 2 | On the left, video camera stills of the fireball from two observing stations at 2020-12-04 13:30:42 UTC. The view from Skibotn is shown above (A) and the view from Sørreisa is shown below (B). On the right, there is an image (C) of the fireball taken by John M. Oskal in Sørreisa using a smartphone camera.
In order to estimate the trajectory of the meteoroid, a star calibration with approximately 100 stars covering the full camera field of view was performed using a technique described by Gustavsson et al. (2008). For the geometric camera calibration we found that a camera model:
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Was sufficient to accurately represent the mapping of light from a direction in space to the horizontal, u, and vertical, v, coordinates. Here θ is the polar angle from the optical axes of the camera, ϕ is the azimuthal angle; fu and fv are the horizontal and vertical focal widths; u0 and v0 are the horizontal and vertical image-coordinates of the optical axis, and κ is a shape-parameter. In addition three rotation-angles (ψi) are used to determine the rotation of the camera. This in total leads to 8 parameters (fu, fv, u0, v0, κ, ψ1, ψ2, ψ3) that determine the mapping of light from a direction (azimuth, zenith) to image-pixels (u, v).
To make it possible to identify a sensible number of stars, we integrate the intensity from 225 frames after background reduction with a 9-by-9 pixel median-filter. This made it straightforward to identify 78 stars from Skibotn, which is shown in Figure 3. The calibration sources selected from the bright star catalogue (Hoffleit and Warren Jr, 1987). The standard deviation of the differences between the centroids of the identified stars in the image and the corresponding points calculated with the calibrated camera-model are 0.39 pixels in the horizontal direction and 0.35 pixels in the vertical direction. The residuals for all calibration sources are shown in Figure 4. The calibration error coresponds to a pointing-uncertainty of 0.02° in the fire-ball part of the image. The procedure produced similar calibrations for the images from Sorreisa and Skibotn.
[image: Figure 3]FIGURE 3 | An example star calibration image during the first clear night after the fireball (2020-12-07T01:01:55Z).
[image: Figure 4]FIGURE 4 | Position residuals for calibration sources in the Skibotn camera in units of pixels in the horizontal and vertical direction.
The centroid position of the fireball was manually determined from each frame of the video recording. The trajectory was then determined by searching for the shortest line of sight intersection using a technique similar to the one described by Vida et al. (2020). Linear interpolation of inter-frame pixel position was used to align the timings of the frames obtained with the two stations. The RMS uncertainty in Earth Centered Earth Fixed (ECEF) coordinates for the estimated trajectory was estimated to be 384, 1,060, and 214 m in the x, y, and z directions based on the fit residuals.
Within the brightest portion of the trajectory, the intensity of the fireball was saturated, making it difficult to obtain a good estimate for brightness. A rough estimate for apparent brightness magnitude of −13 is based on the similarity of the brightness of the fireball to the brightness of the full Moon in similar lighting conditions and camera settings.
Orbital parameters
In order to estimate the velocity vector v (0) at atmospheric entry, a model with an exponentially increasing atmospheric drag (Whipple and Jacchia, 1957; Jansen-Sturgeon et al., 2020) was fit using the least-squares method to the measured optical positions as a function of time:
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Here [image: image] and [image: image] are parameters describing the atmospheric drag, [image: image] is the magnitude of the entry velocity, and [image: image] is a unit vector describing the initial velocity vector direction, and x0 is the initial position. The distribution of the estimated parameters x0, [image: image], v0, a0 and a1 were sampled using the Single Component Adaptive Metropolis-Hastings (MCMC) algorithm (Haario et al., 2005).
In order to remove the effect of Earth’s gravity on the orbital parameters, the REBOUND N-body code (Rein and Liu, 2012) was used to propagate the position of the object back in time by 16 h, to a position before the object entered the sphere of influence of Earth’s gravity. The simulations were integrated using IAS15, a 15th order Gauss-Radau integrator (Rein and Spiegel, 2015). The uncertainty of orbital parameters was obtained using the MCMC samples obtained when fitting Eqs 3, 4. The estimated orbital parameters in the Heliocentric Mean Ecliptic J2000 frame are shown in Table 1. The propagation included perturbations from all planets and the Moon, and initial states of these bodies at the epoch of observation were generated using the JPL DE430 planetary ephemerides (Folkner et al., 2014). The table also shows the estimated Cartesian state in the J2000 instance of the International Terrestrial Reference Frame (ITRF) (Altamimi et al., 2002), as well as the apparent radiant without any corrections for the effects of Earth’s gravity.
TABLE 1 | Orbital parameters. Note that the orbital parameters with zenithal attraction removed are using an epoch 16.23 h before atmospheric entry. The radiant is reported as the apparent radiant, without removal of Earth’s gravitational effect.
[image: Table 1]To determine a origin of the meteoroid, long term backwards propagation of the entire probability distribution of possible orbits is needed. Such a propagation should be limited by chaos indicators and may hence not yield an association (e.g., Cincotta and Simó, 2000). Additionally, during this backwards propagation, there are several metrics that can be used to indicate dynamical association (Trigo-Rodriguez et al., 2007; Peña-Asensio et al., 2022). However, such an in depth dynamical investigation is outside the scope of the current study.
Instead, a first order examination of the origin of the object can be made using three methods: 1) orbital similarity criteria at time of detection, 2) cometary versus asteroidal classification criteria, and 3) comparison with known meteor showers.
Applying the two recommended cometary origin criteria proposed in Jopek and Williams (2013), the “Q-i” criterion (Q < 4.6 AU or i > 75°) failed with a Q = 4.06 AU and i = 3.2°, as well as the “E-i” criterion ([image: image] D−2 or i > 75°) with a [image: image] D−2. As such both criteria indicate asteroidal origin. As is also noted in Jopek and Williams (2013), the asteroidal and cometary populations are not completely disjointed.
The observed object is compatible with the Northern Taurids meteor shower. When taking into account radiant drift and radiant distribution width derived from a catalogue of optical observations (Jenniskens et al., 2016), the Northern Taurids would have a radiant of α = 81.9° ± 5.2° and δ = 29.0° ± 1.6° with one standard deviation radiant width at the time of the fireball detection. The radiant derived from meteor radar observations (Brown et al., 2010) would predict a radiant position of α = 80.3° and δ = 25° at the time of the fireball detection. These are compatible with the values we derived for the Pajala fireball in Table 1, although the right ascension is slightly outside of one standard deviation. The velocity at atmospheric entry derived for the fireball also fits with the previously reported 28.0 km/s (Jenniskens et al., 2016). Therefore it is plausible that the object is associated with the Comet Encke complex.
Using the Near-Earth Asteroid and Comet databases available at the JPL Small-Body Database Search Engine 1 we applied the Southworth and Hawkins (1963) DSH function to search for similar objects. The best match to the Comet database also gave 2P/Encke, but with C/2002 R5 (SOHO) also returning a similar DSH value.
As the object could not be clearly defined as cometary or asteroidal, we also performed a DSH search trough the Near-Earth asteroid database. The Apollo asteroid 2008 XM1 as a very close best match together with many other Apollo asteroids. If one would restrict the search to only asteroids with an available size estimate above 1 km in diameter, the best match was 5,143 Heracles (1991 VL).
Dynamic mass
In order to estimate the mass from the velocity and acceleration of the object, the method introduced by Ceplecha (1966) was used. The derivation is discussed by several authors (see Gritsevich (2008) or Jansen-Sturgeon et al. (2020) and references therein). The atmospheric drag force for a high velocity object is assumed to be described by:
[image: image]
with md the mass of the object, [image: image] the deceleration, cd the drag coefficient, ρa the atmospheric density, v the velocity, and S the cross-sectional area of the object. The shape of the object is assumed to be brick-like with side lengths 2L, 3L, and 5L as described by Halliday et al. (1996), with L a scaling constant defining the size of the object. This leads to md = 30ρmL3 and S = 15L2. Here ρm is the density of the meteoroid. Assuming that cd = 1, the dynamic mass md can be estimated from Eq. 5 as:
[image: image]
The acceleration and velocity are determined from the exponential velocity fit given in Eq. 3, with uncertainty propagated using the same MCMC samples. The atmospheric density ρa was determined using the MSIS model (Hedin, 1991).
The left panel of Figure 5 shows the estimated velocity as a function of altitude. The right panel of the same figure shows the estimated dynamic mass using three different object densities: 4 g/cm3, 1.7 g/cm3, and 0.6 g/cm3.
[image: Figure 5]FIGURE 5 | Left: The absolute magnitude of the measured velocity as a function of altitude. Two standard deviation errors in velocity and height are indicated. Right: Three different dynamic masses estimated from the meteor trajectory. The error estimates are two standard deviations.
An analysis of the ballistic coefficient and mass loss (Gritsevich, 2009) was performed using an implementation provided by Sansom et al. (2019). The derived ballistic coefficient is quite large (α = 680), as is the mass loss parameter (β = 4.2). They are both on the high end of the distribution compared to what is usually reported in the literature (Gritsevich, 2009; Sansom et al., 2019; Moreno-Ibáñez et al., 2020; Peña-Asensio et al., 2021; Boaca et al., 2022). The value of β indicates intensive mass loss, and a fairly large ballistic coefficient is due to the small initial mass. The effect is enhanced also by shallow entry angle of γ = 14.1° with respect to local horizon. This suggests that the meteor material is fairly fragile and volatile, implying a low-density meteoritic material. Due to the observed high mass loss rate, no meteorites are expected to make it down to the ground (Gritsevich et al., 2012; Sansom et al., 2019; Boaca et al., 2022).
The dynamic mass estimate is highly dependent on the density of the meteoroid, due to the [image: image] term. The determined orbit is compatible with the Comet Encke complex, and the α − β analysis also indicates a low density material. If we assume cometary meteoroid density of 0.6 g/cm3, we find a dynamic mass of 323 ± 120 g. Figure 5 also shows the dynamic masses estimated for densities of 4 and 1.7 g/cm3, which yield much lower masses. The dynamic mass estimate is typically considered to be an underestimate of the object mass, especially if fragmentation occurred. Typically the dynamic mass is multiplied by a factor of 3-4 to take into account underestimation of entry mass due to fragmentation (Gritsevich, 2008). And in this case, there were several reports of fragmentantation and the optical observations showed at least two separate fragments at the end of the trajectory at 60 km altitude. Assuming a cometary density of 0.6 g/cm3 and applying a multiplicative factor of 3-4 would provide a mass estimate in the range 0.6–1.7 kg. However, there is considerable uncertainty related to shape, object density, fragmentation, and atmospheric density, which can increase or decrease the size estimate easily by an order of magnitude.
METEOR RADAR OBSERVATIONS
There are five interferometric specular meteor radars (SMRs) operating in the geographic region surrounding the fireball trajectory. The primary use of these radars is to measure the mesosphere and lower thermospheric wind and temperature from observing specular meteor trail echoes (Hocking et al., 2001; Holdsworth et al., 2004). However, only three of these systems (Andenes, Tromsø, and Sodankylä) where configured to record raw voltage data. The routine analysis procedure discards any echoes that are not considered to be short duration specular meteor trail echoes, and therefore the systems that did not store raw voltage only retained a handful of detections associated with this event, which were falsely detected as specular meteor trail echoes. Most of the range extent of the radar echo associated with the fireball could be observed in the Sodankylä and Andenes radars, on the other hand, a large fraction of the trail echo in the Tromsø system overlapped with the transmit window.
In this study, we will focus on the Sodankylä and Andenes radar measurements. Both of the radar systems observed a long-lived range-spread radar echo as well as portions of the head echo.
Head echo
Both the Andenes and Sodankylä radars observed a head-echo return, which is due to scattering from the plasma surrounding the ablating meteoroid (see Figure 6). The expected one-way range based on optical observations is overlaid in Figure 6, which matches relatively well with the location of the head echo. These types of echoes are routinely observed with eight orders of magnitude more sensitive high power large aperture radars, which can observe head echoes associated with meteoroids in the mass range between 10–9 − 10–3 g (Flynn, 2002). For a review, refer to Kero et al. (2019) and references therein. On rare occasions, head echoes can be observed with SMRs (Schult et al., 2015; Marshall et al., 2017; Chau et al., 2021), but they are associated with large fireballs and bolide-class events.
[image: Figure 6]FIGURE 6 | The head echo observed with the Sodankylä and Andenes meteor radars.
Neither the Sodankylä nor the Andenes radar is calibrated for accurate power measurements. However, a rough estimate of the radar cross-section of the head echo can be made. This estimation is complicated by the fact that the Sodankylä radar used a four-pulse coherent integration, which attenuates some of the head echoes at some ranges. We have attempted to remove the effect of coherent integration on the signal-to-noise ratio (SNR) using the inverse magnitude response of an analytic four-sample averaging filter. The Andenes system did not use this type of a coherent integration filter, but in this case, the RCS estimation was complicated by the relatively low elevation angle (≈10°), which increases the uncertainty associated with antenna gain. We have used the antenna gain pattern given by Singer et al. (2004) in our calculations.
The estimated radar cross-section for the Sodankylä and Andenes radars is shown in Figure 7. The regions of the range-time-intensity measurement that are used to estimate RCS, i.e. σ, are indicated with a light blue color in Figure 6. The Sodankylä radar has a gap in detectable head echo between 185 and 195 km. This can be due to the four-pulse coherent integration filter. It is also possible that differential ablation from Na and K (Vondrak et al., 2008) can contribute to the presence of this gap.
[image: Figure 7]FIGURE 7 | Estimates of the radar cross-section as a function of altitude. The normalized magnitude response of the four-pulse coherent integration window of the Sodankylä radar is also included, with Doppler frequency based on the estimated trajectory. The estimates for Sodankylä are corrected for the frequency response of the coherent integration used by the radar.
Both the Andenes and Sodankylä radars produce compatible estimates of the radar-cross-section, peaking at approximately σ = 1.7 ⋅ 104 m2 or 42 dBsm at 92 km altitude. This radar cross-section is comparable with the largest reported radar cross-section observed with CMOR over a 10 month period by Marshall et al. (2017).
As seen in Figure 6, at t = 35–40 s, the head echo is slightly delayed from the range predicted by the trajectory. A possible explanation for this is intense fragmentation of the object. In this case, fragments that have been detached from the main body continue to ablate and produce a dense plasma, but trail the main body.
It is unlikely that a good ionization mass estimate from the radar observations can be made for the fireball, as the head echo could not be observed at altitudes below 90 km where much of the mass loss occurred based on the optical trajectory. Also, the literature that discusses models for ionization probability and ionization line density specifically state that the models are only valid for much smaller meteors (e.g., Jones, 1997; Marshall et al., 2017).
Long-duration trail echo
The radar echoes for the long-lived trail echo were processed using a range-Doppler analysis procedure similar to that used in MST radars. The echoes were first analyzed using a windowed pulse-to-pulse fast Fourier transform for each range. Several windows over a 10 s time period were then averaged together to form an estimate of the scattered radar signals as a function of range and Doppler.
The range-spread trail echo observed with the Sodankylä and Andenes radars is shown in Figure 8. The left hand side shows the SNR as a function of time and one-way range. The right hand side shows the estimated peak Doppler shift of the echo. The trail duration is approximately 370 s on both radars. Only a small portion of the trail echo observed in Sodankylä had a specular geometry, based on the estimated optical trajectory. The scattering geometry also made it impossible for any portion of the trail to have the Bragg scattering wave vector perpendicular to the local geomagnetic field for either of the radars. Towards the end of the echo, the trail can be seen splitting into three discernible parts, due to action by the neutral wind.
[image: Figure 8]FIGURE 8 | The long-lasting range-spread trail echo observed in (A) Sodankylä and (B) Andenes. Signal-to-noise ratio is shown on the left and Doppler shift is shown on the right. Towards the end of the trail, the trail can be seen splitting into three discernible parts as the trail is being transported due to the mesospheric neutral wind.
Such range-spread echoes that do not have specular or perpendicular to magnetic field geometry have been previously reported by a few authors (e.g., Kelley et al., 1998; Chau et al., 2014; Kozlovsky et al., 2018, 2020) during observations of larger meteors. On the other hand, long-duration range-spread echoes observed perpendicular to the magnetic field have been observed by many authors (e.g., Kero et al., 2019, and references therein). Several physical mechanisms have been proposed to explain long-duration range-spread echoes in general. Here is a list of those that could be applicable to our observations, i.e., that do not require to point perpendicular to the magnetic field:
1) The presence of meteoric aerosols produced by the ablating meteor can increase the Schmidt number of the ion species. This increased Schmidt number in the presence of turbulence, would enhance the radar backscatter cross-section [image: image] (Kelley et al., 1998; Chau et al., 2014). The needed turbulence could be due to the Kelvin-Helmholtz instability if the horizontal wind shear of the background atmosphere is large enough (Bernhardt, 2002).
2) Metallic ion chemistry (Baggaley, 1978; Maruyama et al., 2003; Plane, 2003) may deplete the controlling O3 species within the ambient atmosphere, slowing down the recombination.
3) The presence of a zonal wind shear can transport the plasma into a narrow layer (Whitehead, 1961; Mathews, 1998; Maruyama et al., 2003; Haldoupis, 2011).
We will attempt to investigate the role of the zonal wind shear later, but investigation of the other processes is beyond the scope of this study, as this would require a larger modeling effort, or measurements that are not obtainable for this event.
Trail echo location via interferometry
The Sodankylä radar was significantly closer to the meteoroid trajectory than Andenes, allowing a relatively high elevation (27–32°) observation of the trail echoes. The Sodankylä radar also has seven interferometric receiver antennas, which improves the angle of arrival estimate quality compared to the standard five antennas. Due to these two reasons, we were able to conduct interferometric angle of arrival estimation for the radar echoes with relatively good accuracy.
In order to estimate the positions of the trail echoes, we calculated cross-spectra for each of the 21 unique antenna pairs. Each cross-spectrum was calculated over 0.5 s of time using a pulse-to-pulse discrete Fourier transform that to which a Hann tapering window function was applied to. Cross-spectra were incoherently averaged over 10 s to obtain a set of cross-correlations as a function of range and Doppler shift.
The interferometric angle of arrival of each range-Doppler bin was made separately using a single scattering source location model:
[image: image]
Here r and ω are the range and Doppler shift of the scattered electromagnetic wave, Pab(r, ω) is scattered signal power, k (r, ω) is the wave vector of the scattered signal plane wave observed by the interferometer, za (r, ω) and za (r, ω) are the complex baseband signals observed on antennas a and b, and pa and pb are the positions of antennas a and b.
The azimuth and elevation for the angle of arrival was determined using a matched filter:
[image: image]
In practice, this equates to digital beamforming of the seven antennas to dense grid of angles of arrival and choosing the direction that maximizes signal power observed across the interferometer (Chau and Clahsen, 2019). Each range and Doppler shift is allowed to have an independent angle of arrival, which is estimated separately.
The estimated positions of the scattering from the trail are shown in Figures 9A–D for four 10-s time intervals at 0–10, 50–60, 150–160, and 290–300 s after meteoroid entry. During the first 10 s after atmospheric entry of the meteoroid, the trail position is a line that tracks the path of the fireball, as expected. When comparing Figure 9A with Figure 1, the positions of the trail echoes are nearly identical to the positions of the fireball estimated from the dual video camera measurements. The difference in position of the radar trail and the optical trajectory is less than 10 km. This is presumably due to errors in estimating the position of the trail with radar. As time progresses, the trail is contracted in extent as diffusion and recombination acts on the trail faster on high and low altitudes. Echoes near the height of 92 km persist the longest.
[image: Figure 9]FIGURE 9 | Trail echo range-Doppler bin positions as a function of time. The amount of time after trail formation in each plot is (A) 0 − 10 s, (B) 50 − 60 s, (C) 150 − 160 s, (D) 290 − 300 s. The trail can be seen contracting due to ambipolar diffusion and recombination. The longest duration echo is observed at approximately 92 km altitude. The action of the neutral wind in the mesosphere can also be seen in the position of the trail echo, as a wind shear rotates and twists the trail. An animated sequence of radar images is provided as a supplement to this paper.
The action of the lower thermospheric neutral wind can be observed in the time evolution of the trail position, rotating and twisting the trail. Above 92 km, the trail can be seen migrating westward and below 92 km, the trail can be observed migrating eastward. This behaviour of trail deformation is similar to observations of chemiluminescent trail afterglows observed occasionally for larger meteors (Baggaley, 1975; Kelley et al., 2000), observations of rocket-based chemical release experiments that are used to trace neutral dynamics (e.g., Larsen, 2002, and references therein), or interferometric measurements of field aligned irregularities within meteor trails (Oppenheim et al., 2009). One primary difference between these types of trail measurements and chemical release experiments is that each measurement is also associated with a position and a radial Doppler shift, which tracks the neutral wind relatively quickly after trail formation.
The fact that the initial trail location as shown in Figure 9A is nearly identical to the trajectory estimated using cameras, indicates that these types of interferometric measurements of range-spread meteor trails can also be used to estimate the radiant of the meteor. We estimated the radiant of the meteor using the positions of the trail estimated using radar interferometry for the first 10 s after trail formation. The radar-echo based radiant was estimated to be at a right ascension of 76.53 ± 0.12° and a declination of 29.50 ± 0.10°, with errors estimated from the residuals of a fit of a line to the trail position. The radiant estimated from the meteor trail differs only by approximately 0.5° from the radiant estimated using cameras. There are two possible reasons for these deviations. 1) The interferometry was done over measurements of the trail position over the first 10 s. During this time, the trail is drifting with the background wind, which is shown in Figure 10. This drift will cause the trail orientation to change. 2) The azimuth and elevation dependent radar interferometer calibration errors may cause unmodeled position errors.
[image: Figure 10]FIGURE 10 | Estimated zonal and meridional wind velocity as a function of height, which is derived by combining the Sodankylä and Andenes meteor radar measurements of line of sight velocity.
Horizontal neutral wind
By using the Doppler shift estimated from the long lived trail with the Andenes and Sodankylä systems, it is possible to estimate a horizontal wind altitude profile. In order to make this estimate, we assume that the neutral wind only has a zonal and meridional component and that the Doppler shift of the meteor trail echo reflects the neutral wind.
In order to estimate the horizontal wind from the trail echo, we relied on the estimated trajectory, which was based on the interferometric positions of the echoes determined using the Sodankylä radar. We then used the observed trail echo Doppler shift observed with Andenes and Sodankylä as a function of altitude to estimate the horizontal wind using the following relationship:
[image: image]
Here ωd is the observed Doppler shift, k is the Bragg scattering wave vector, vh is the horizontal wind vector, and ξ is the measurement error associated with Doppler shift. We express k and vh = [vm, vz, 0] in the local North-East-Down coordinate system at the position of the trail at each altitude, assuming that the vertical velocity is zero. Here vm and vz are the meridional and zonal components of the neutral wind.
Because we have two independent observations of Doppler shift with two linearly independent Bragg wave vectors, we can treat this as a linear regression problem of two independent measurements of Doppler shift and two unknowns vh, vz. This procedure is similar to the standard procedure for estimating mean horizontal wind using meteor radars, which is described by, e.g., Elford (1959).
In the case of the Sodankylä system, there is not a one-to-one mapping between range and height. In order to map trail Doppler shift to geographic position, we used the interferometric direction of arrival to map observed range and Doppler shift to height along the path of the trajectory. With the Andenes system there is a one-to-one mapping between one-way range and altitude, since the meteor is approaching the radar for the whole time. In this case, we can simply map the estimated trail Doppler shift as a function of range to height along the observed trail trajectory that is determined using the Sodankylä system.
The estimated horizontal wind velocity as a function of height is shown in Figure 10. The horizontal wind is also depicted on a map in Figure 11, where the positions of the arrows indicate the location where the wind is measured, the color indicates the altitude, and the direction and length of the arrows indicate the horizontal wind direction and magnitude. The estimated horizontal wind was compared with the regionally averaged, 1-h wind profile derived from specular meteor radars in the surrounding region. While this profile was not exactly the same, a similar general direction was observed. One key difference between the averaged wind estimate and the estimate shown in Figure 10 is the larger vertical gradient and shorter vertical wavelength. This is presumably due to the fact that the wind estimated from the fireball covers a smaller geographic region and a significantly shorter period of time (20 s vs 1 hour). While it cannot be conclusively proven that the wind estimated from the fireball trail is unbiased and accurate, it is expected that on small horizontal spatial and short temporal scales, there are significant fluctuations due to gravity waves that are not correlated over larger scales (e.g., Larsen, 2002; Vierinen et al., 2019).
[image: Figure 11]FIGURE 11 | The horizontal wind estimated from the long-lasting trail echo, overlaid on the locations of the trail map. The color indicates the trail echo height, and the white arrows indicate the magnitude and direction of the horizontal wind velocity estimated from the trail echo Doppler shifts observed with the Andenes and Sodankylä radars. Note that the deformation of the meteor trail shown in Figure 9 is in agreement with these velocities.
In order to study the role of Kelvin-Helmholtz instability (KHI) on creating turbulence that can contribute to the long duration trail echo, we can study the Richardson number
[image: image]
A sufficient condition for growth of the Kelvin-Helmholtz instability (KHI) is that Ri < 0.25. We can estimate this quantity from the horizontal velocity profile shown in Figure 10. We again need to make the assumption that the horizontal velocity estimated along the trajectory is a measurement of the prevailing horizontal velocity profile within a region of approximately 100 km horizontal extent. Assuming a 4-min Brunt-Väisälä period corresponding to an angular frequency of N = 2π ⋅ (4 ⋅ 60)−1 rad s−1, we get a Richardson number that at its minimum is Ri = 0.35 [0.15, 2.2] at 93 km. However, the uncertainty in the estimate is extremely large, making it impossible to draw definitive conclusions about the presence of KHI.
While meteor radars are already used for measuring the horizontal component of the lower thermospheric wind, this is primarily done using specular meteor trail echoes (e.g., Manning et al., 1950; Elford, 2001), which provide a nearly point like measurement in space, unlike the profile we observed. It is also known that field aligned plasma irregularities within meteoric plasma trails (Oppenheim et al., 2009, 2014), and plasma turbulence created within the wakes of larger meteors (Kelley et al., 1998; Chau et al., 2014) can also be used to measure the mesospheric neutral wind. However, these techniques have so far not gained wide-spread adoption, even though they could potentially be used as tracers of mesospheric wind, much like rocket experiments that use chemical (Larsen, 2002) or chaff releases (Koizumi et al., 2004). Especially during a meteor shower with an increased flux of larger meteors, this could be advantageous, as every range-spread meteor trail can potentially yield an independent profile of the mesospheric wind along the path of the meteor as shown in Figure 11. Long-lived range-spread meteor trails, as the one observed during this fireball, are relatively frequently observable during meteor shower times (Kozlovsky et al., 2020).
IONOSONDE OBSERVATIONS
The Sodankylä ionosonde “Alpha Wolf” is a frequency-modulated continuous-wave chirp sounder developed at Sodankylä Geophysical Observatory (SGO). Details of the instrument have been described by Enell et al. (2016). The ionosonde transmitter has a 64-m high rhombic antenna, and the receiver uses 20 orthogonal loop antennas located some 900 m from the transmitter. A sounding is made once a minute and each sweep lasts for 31 s, during which the transmitter frequency is linearly increased from 0.5 to 16 MHz. Although the ionosonde sounding is made once a minute, the time of transmission at a certain frequency is determined with much better accuracy. Indeed, the ionosonde starts transmitting 5 s before every integer minute and the transmitter frequency increases at a rate of 0.5 MHz/s. Typically, the uncertainty of the maximum frequency or the meteor echo obtained from ionograms is of the order of 0.5 MHz, so that the time accuracy is about 1 s.
The ionosonde started to observe enhanced ionization at 13:31:07 UT, 29 s after the meteor entry. It was seen as a sporadic layer (Es) reflecting radio waves at frequencies up to the highest one, i.e., foEs [image: image] 16 MHz at a range of 165 ± 3 km (Figure 12). At the same range the Sodankylä meteor radar detected the meteor trail at an elevation 28.9° and azimuth 312.6° from N to E, which gives a height of 81.4 ± 1.5 km. This corresponds to an aspect angle close to 90° (Figure 13), such that the ionosonde backscatter is nearly specular. In the case of specular reflection from a cylindrical trail expanding due to ambipolar diffusion, the duration of the radio echo from an overdense trail at frequency f (i.e., foEs) is given by
[image: image]
where αℓ is the electron line density of the trail, re = 2.82 ⋅ 10–15 m is the classical electron radius, c is the speed of light, and D is a diffusion coefficient (e.g., Maruyama et al., 2003). In such a case,
[image: image]
with an exponent γ = 0.5. The maximal reflected frequency, foEs, was larger than 16 MHz during 5 min, until 13:36:20 UTC when it had decreased down to foEs = 13.0 MHz. Then the Es with decreasing foEs was observed until 13:40 UTC, after that the power of the echo got below the noise level. The time after meteor entry and corresponding maximal frequencies are given in Table 2.
[image: Figure 12]FIGURE 12 | Mono-static ionogram measured at 13:31 UTC using the Sodankylä Geophysical Observatory “Alpha Wolf” ionosonde.
[image: Figure 13]FIGURE 13 | Left: Aspect angle of the Sodankylä ionosonde radar scatter along the meteor trail determined using the trajectory triangulated with meteor cameras. The position indicated with a red cross is where the scattering is specular. The horizontal axis shows the one-way virtual height as seen in the ionogram in Figure 12. Right: The same, but for the oblique path between Sodankylä and Skibotn. In this case, the range on the horizontal axis is total propagation distance, assuming speed of light in vacuum, as shown in Figure 14.
TABLE 2 | Plasma-frequencies and line densities as a function of time after the meteor entry.
[image: Table 2]According to the data presented in Table 2, the exponent γ = 0.32 ± 0.05, which means that in addition to the ambipolar diffusion another mechanism was responsible for evolution of the trail.
The right column in Table 2 shows the line electron density calculated from Eq. (11) using the diffusion coefficient obtained from the meteor radar data of the decay time of underdense meteor trails during 13:30 ± 3 h (it was D ≈ 3.4 m2/s near the 81.4 km height). This value, of the order of 3 ⋅ 1016 el./m, gives an upper limit estimate, because the trail was decaying slower than that given by Eq. (11).
The Sodankylä ionosonde transmissions were also received with an oblique path in Skibotn. This path saw a similar echo as the Sodankylä receiver, but the echoes related with the fireball were longer lasting, with a clearly discernible increased E-region plasma-frequency up to 1800 s after the atmospheric entry. Figure 14 (left) shows an example oblique ionogram with an E-region trace at 440 km virtual propagation distance, corresponding to the total propagation distance from Sodankylä to Skibotn, assuming a linear speed of light in vacuum propagation.
[image: Figure 14]FIGURE 14 | Left: The sporadic E trace that appeared after the fireball entry in the Sodankylä-Skibotn oblique ionogram. The horizontal trace at a virtual range of 440 km corresponds to the echoes from the meteor trail. The trace above 500 km is due to F-region O- and X-mode reflections. Right: maximum signal-to-noise ratio between 420-460 km as a function of time and frequency. The red line indicates the entry time of the fireball. The blue dots indicate points used to measure the decay rate of the cutoff frequency.
Figure 14 (right) also shows the SNR of the E-region trace as a function of time and frequency, with time measured in seconds since atmospheric entry. The peak frequency reflected by the trail is above 16 MHz for 850 s. It also takes several minutes before echoes at lower frequencies appear.
In the case of the Sodankylä-Skibotn path, the 80 km height also has a nearly perpendicular angle between the Bragg-scattering wave vector and the trail, and hence Eq. (12) should, to first order, be valid again. Using the blue dots in Figure 14, we obtain γ = 1.39 ± 0.08. This means that the trail was diffusing faster than expected, which is vastly different than in the mono-static case where the trail diffused more slowly than the theory predicts. One major difference here is that the oblique path is fit using time delays between 850 and 1900 s, whereas the mono-static case is fit with times delays between 342 and 578 s. The scales are also different.
Maruyama et al. (2003) suggested that the lifetime of the trails observed by ionosondes may be longer because of the wind shear deformation that causes a vertical divergence of electrons to a narrow layer. Using formulae 29.3 from (Haldoupis, 2011), we obtained vertical velocities 0.02 m/s and 3 ⋅ 10–5 m/s for 50 m/s zonal and meridional winds, respectively (the magnetic field inclination is 77.5°, ion-neutral collision frequency 105 s−1 at 81 km, and the ion gyrofrequency is 160 rad/s). Thus, this is not effective in the given case (near 81 km height).
Other factors affecting evolution of meteor trails are: recombination and attachment, which are important below 85 km to enhance the rate of de-ionization of Meteor smoke (dust) particles which slows down diffusion (e.g., Kelley et al., 1998; Shalimov and Kozlovskii, 2019). Turbulent diffusion accelerates expansion of the trail (Shalimov and Kozlovskii, 2019), however the turbulent structures may be responsible for long-lived non-specular backscatter (Kozlovsky et al., 2020, 2018).
These factors are important at different stages of the evolution of the trail, and also they depend on the size and properties of the meteoroid (velocity, porosity, composition), which may explain the obtained exponent different from 0.5. However, a more comprehensive analysis is required for substantial conclusions.
INFRASOUND OBSERVATIONS
Acoustic signals from the event were observed at two infrasound array stations in the region: at the 10-element microbarometer array IS37 at latitude 69.0741°, longitude 18.6076° close to Bardufoss, Norway, and at the SDK 3-element microphone array at latitude 67.4206°, longitude 26.3902°, close to Sodankylä, Finland (for array geometries and further information on the infrasound station networks, see Gibbons et al. (2015)). Filtered signal recordings and array signal processing output are displayed in Figure 15 for the IS37 station and in Figure 16 for the SDK station.
[image: Figure 15]FIGURE 15 | Infrasound observations from the Bardufoss IS37 infrasound monitoring station. Top: The sensor signal traces. Bottom: Beamforming results with relative power of the trace stack as function of horizontal slowness, with the maximum relative power indicated.
[image: Figure 16]FIGURE 16 | Infrasound observations from the Sodankylä SDK infrasound monitoring station. Left: Infrasound signals, Right: Slowness-space estimate of power for the time segment highlighted in gray on the left figure.
The signal onsets (arrival times) are approximately 13:47:00 UTC at IS37 and approximately 13:38:30 UTC at SDK. The back-azimuth direction of maximum power in the array signal processing analysis results in plane wavefronts impinging from 115° (clockwise from North) at IS37 and 321° at SDK. A straightforward triangulation of these directions is displayed in Figure 1. There is a third infrasound station outside Kiruna, Sweden, within the area displayed in Figure 1. This station is located in the forward direction of travel along the meteoroid trajectory while IS37 and SDK are located on opposite sides, almost perpendicular to the trajectory. There was a signal recorded at the Kiruna station at 13:34:21 UTC, which is close to what could be expected given the short distance to the meteor above Pajala. However, array signal processing indicates that the wavefront corresponding to this reading arrives with a back-azimuth direction close to opposite to the direction of the event. This signal candidate reading at the Kiruna station is therefore likely not associated with the fireball and is therefore discarded in the further analysis.
In order to confirm further the hypothesis that the signals recorded at IS37 and SDK came from the Pajala fireball and to rule out the possibility that these are spurious arrivals from other origins, we analyze atmospheric model profiles using the ECMWF operational analysis product. The ECMWF temperature, zonal (u) and meridional 5) winds are displayed in Figure 17 (upper panels) up to around 80 km altitude. Figure 17 (lower panel) also displays the along-track horizontal effective sound speed towards IS37 and SDK. The effective sound speed estimation was calculated by projecting u and v in the great circle direction from the event to the respective infrasound station coordinates and adding to that the adiabatic sound speed (proportional to [image: image]).
[image: Figure 17]FIGURE 17 | ECMWF wind and temperature profiles at the grid points closest to the infrasound stations IS37 and SDK as well as the assumed acoustic event site (top). Effective sound speeds from this event point towards the infrasound stations (bottom).
This effective sound speed was averaged vertically over the profile to get average effective sound speeds (neglecting vertical winds) along the vertical profiles. This resulted in 270 m/s for IS37 and 314 m/s for SDK. The great discrepancy between these values is due to the strong zonal winds between 50 and 60 km altitude. The headwind contribution towards IS37 reduced the effective sound speed to the station, while the tailwind contribution towards SDK led to an increase.
Assuming a straight-line acoustic propagation path from source to receivers along the great circle, yields the distances 268 km (IS37) and 159 km (SDK). Integrating over the vertical profiles then gives propagation time estimates of 992 s to IS37 and 506 s to SDK. This corresponds to approximate expected arrival times of about 13:47:10 UTC and 13:39:04 UTC at each station respectively, which is in reasonable agreement with the observations. The arrivals observed slightly later than expected at IS37 and SDK point towards the infrasound source region being located some kilometres higher up along the trajectory than assumed in the estimation and/or an underestimation of the effective sound speed from source to receivers.
CONCLUSION
The most interesting findings of this study are related to the plasma turbulence measured with multistatic and interferometric radar approaches. Our radar observations combined with simultaneous optical and infrasound measurements, provide an example of the kind of atmospheric effects caused by a hypersonic entry of a meteoroid. Namely, long-lived trails are produced. They are shown to be useful to determine the meteoroid orbit and more importantly to measure the “ìnstantaneous” neutral wind with high precision where the long-duration trail occurs.
Our estimated meteoroid mass should be taken as a lower limit mass, a much larger mass is anticipated for a day time meteor with such a long arc. Nonetheless, the plasma effects were extensive and the long duration observed at VHF, and much longer time with the ionosondes, is intriguing. Although classical theory predicts that the decay time should increase with increasing radar wavelength (decreasing radar frequency), such long duration meteor trails are not understood. From observations, they are caused by larger meteoroids. A model including ion-chemistry, meteoric aerosols, background wind, plasma-turbulence, and turbulent transport should be investigated in order to explain them.
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