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            Abstract
Earth is continuously colliding with fragments of asteroids and comets of various sizes. The largest encounter in historical times occurred over the Tunguska river in Siberia in 1908, producing1,2 an airburst of energy equivalent to 5–15 megatons of trinitrotoluene (1 kiloton of trinitrotoluene represents an energy of 4.185 × 1012 joules). Until recently, the next most energetic airburst events occurred over Indonesia3 in 2009 and near the Marshall Islands4 in 1994, both with energies of several tens of kilotons. Here we report an analysis of selected video records of the Chelyabinsk superbolide5 of 15 February 2013, with energy equivalent to 500 kilotons of trinitrotoluene, and details of its atmospheric passage. We found that its orbit was similar to the orbit of the two-kilometre-diameter asteroid 86039 (1999 NC43), to a degree of statistical significance sufficient to suggest that the two were once part of the same object. The bulk strength—the ability to resist breakage—of the Chelyabinsk asteroid, of about one megapascal, was similar to that of smaller meteoroids6 and corresponds to a heavily fractured single stone. The asteroid broke into small pieces between the altitudes of 45 and 30 kilometres, preventing more-serious damage on the ground. The total mass of surviving fragments larger than 100 grams was lower than expected7.
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                    Figure 1: Ground projection of the terminal part of the bolide trajectory and meteorite-strewn field.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Visibility and orbital evolution of Chelyabinsk asteroid in the past.
The results of backward integration of Chelyabinsk nominal orbit (red) and its 1,000 clones (black dots). a, Apparent magnitude as seen from the Earth at 30-day intervals during past 10 years. Green, mean of all clones. Plotted only for elongations >45° from the Sun. b, Minimum orbit intersection distance (MOID) between the Chelyabinsk orbit and the osculating orbit of asteroid 86039 during the past 2,000 years. c, Change in velocity required to reach Chelyabinsk orbit from the orbit of 86039 at MOID during the past 2,000 years.


Extended Data Figure 2 Light curve of Chelyabinsk superbolide in relative units and fragmentation altitudes as determined from sonic booms.
The luminous signal was computed in relative units from pixel sum values from substantial parts of the images, and then normalized to 100. Corrections to bolide range and atmospheric extinction were applied but no attempt to convert the signal to absolute units was made (for the absolute light curve, see ref. 5). For each video, the measured pixel sum was corrected using the estimated changes of automatic gain control of the camera. The absolute timing was obtained from the Nizhny Tagil video (L1) and the height scale from the Beloreck video (video 14, or L4). The fragmentation altitudes were determined from the timing of secondary sonic booms and numerical ray-tracing modelling of the sonic wave’s propagation from the bolide to the video sites. The videos used are listed in Extended Data Table 1. a, Bolide light curve as a function of time. b, The same data as a function of height compared with the computed source heights of sonic booms detected (as image failures) in the Mirnyi video (A19). The fragmentations are marked by vertical bars at the corresponding height. The length of the bar is proportional to the number of video frames affected by the failure. c, The compilation of sonic boom source heights from all 19 videos used for acoustic analysis.


Extended Data Figure 3 Deviation of fragment F1 from the main trajectory.
Frame from video 15. The time is counted from 3:20:20 ut. The labelled marks identify points on the main trajectory at the given altitude (in kilometres). E represents the endpoint of the main trajectory.


Extended Data Figure 4 Predicted impact position of fragment F1, computed with four different wind fields, compared with the position of the hole in the ice (‘Crater’).
The point marked F1 was computed with Verkhnee Dubrovo radiosonde data (0:00 ut). Point K is for Kurgan radiosonde (0:00 ut), point U is for the UKMO wind model for Chelyabinsk (12:00 ut) and point G is for the G2S model (3:00 ut) (ref. 31 in Supplementary Information). The distance between U and K is 960 m. The distance between F1 and the crater is 220 m. We note that the position of the crater was not used for the computation of the F1 trajectory and impact point. The background image is from Google Earth and was taken one day after the impact.


Extended Data Figure 5 Identification of fragments in a series of images from video 7.
Fragments F1–F7 originated at lower altitudes (∼25 km), whereas fragments F11–F16 originated at higher altitudes (>30 km).


Extended Data Figure 6 Dynamics of the dust trail and fragments and predicted impact positions of observed fragments.
a, Altitude as a function of time for the lower edge of the thick dust trail (TE) and hotspots within the trail (HS1–HS3). The hotspots are identified in Extended Data Fig. 7. b, Altitude as a function of time for the main body (M), lower fragments (F1–F7) and upper fragments (F11–F16), plotted together with the dust trail features. The fragments are identified in Extended Data Fig. 5. The main body and trail were measured primarily from video 2; and the fragments, from video 7. c, Upward motion of the main hotspot (HS1) within the dust trail. Vertical deviation of the centre of the hotspot from the trajectory is plotted against time. The linear fit gives upward velocity of 0.08 km s−1. d, Predicted impact positions and dynamic properties of observed fragments. Ablation coefficients and terminal masses were obtained by fitting the observed decelerations. Masses are valid for assumed spherical shapes and bulk densities of 3,300 kg m−3. In some cases, the ablation coefficient could not be computed because there was an insufficient number of data points.


Extended Data Figure 7 Images of the dust trail at early stages.
a–c, Images from a single video site (video 2) located north of the fireball trajectory. Time is counted from 3:20:20 ut. Three distinct hotspots (HS1–HS3) are identified. The labelled marks identify points on the trajectory at the given altitude (in kilometres). The unlabelled marks above them identify points at the same geographic coordinates but 1 km higher. They are provided to assess the width of the trail. d, Image from video 14, from the southwest. It demonstrates that the width of the fully illuminated fresh trail was ∼2 km over much of its length. For later evolution of the trail, see Extended Data Figs 8 and 9.


Extended Data Figure 8 Evolution of the lower part of the dust trail as seen from Chelyabinsk during the first minute.
Three frames from video 6 (the video has colour defects). The time is given in minutes and seconds and is counted from 3:20:20 ut. The lower marks identify points on the trajectory in 1-km altitude intervals. The upper marks identify points at the same geographic coordinates but 1 km higher. The video demonstrates vertical ascent and splitting of the trail. When the original video is speeded up, rotation of the material in the trail is clearly visible. The trail was illuminated from below. The ‘bubble’ formed at the position of the main hotspot (HS1; see Extended Data Fig. 7) was in shadow most of the time. Only its illuminated top is visible on the third frame, just at the edge of the field of view.


Extended Data Figure 9 Longer-term evolution of the dust trail.
Five frames from an uncalibrated video (http://www.youtube.com/watch?v=Z20lnOVscpc, author D. Beletsky) taken from south of the fireball trajectory (on the road from Magnitogorsk to Chelyabinsk). The time is given in minutes and seconds and is counted from 3:20:20 ut. The trail was fully illuminated from this site. The video demonstrates the rise of the ‘bubble’ formed at the position of the main hotspot (HS1; see Extended Data Fig. 7). The maximum altitude was reached about 3 min after the bolide had passed by.


Extended Data Table 1 List of YouTube videos usedFull size table
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        Editorial Summary
Airburst behaviour of the Chelyabinsk fireball
The fireball that streaked across the skies above Chelyabinsk in Russia on 15 February 2013 is providing astronomers with a wealth of information. Two papers in this issue present detailed reconstructions of the Chelyabinsk event. From an analysis of videos, Jiří Borovička et al. determined the trajectory and velocity of the superbolide with high precision. Its orbit was similar to that of the 2-kilometre-diameter asteroid 86039 (1999 NC43), suggesting that the two bodies may be part of the same asteroid family. And they show that it broke into small pieces between the altitudes of 45 and 30 kilometres. In the companion paper, Peter Brown et al. analysed the damage caused by the airburst which they estimate was equivalent in energy to the detonation of 400 to 600 kilotons of TNT. They suggest that the number of impactors with diameters of tens of metres was an order of magnitude higher than current estimates, shifting much of the residual impact risk to these sizes.
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