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Asteroid 2012 DA14, Feb. 15, 2013 



Chelyabinsk, Russia, Feb. 15, 2013 

~20-meter asteroid, 500 kt of energy released at ~30 km altitude 



http://neo.jpl.nasa.gov 



Current locations of large asteroids 

About 43,000 

asteroids 

larger than  

5 km (3 miles) 

are currently 

known. 

 

These are their 

positions as of 

today. 

 

Only 20 of 

these are 

NEAs, and 

only 2 are 

PHAs. 

Main Belt 
Leading 

Trojans 

Trailing 

Trojans 



Current Positions of 

all NEAs  

with Diam. > 1 km 



Current Positions of 

all NEAs  

with Diam. > 1 km 

+ 300 of their orbits 



NASA’s NEO Search Programs 
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Haleakala, Maui 

• Currently, most Near-Earth Asteroid discoveries are made by: 

Catalina Sky Survey (60%) and Pan-STARRS-1 (35%). 

• LINEAR is now retired, but was very productive at finding large NEAs. 

 

http://www.ll.mit.edu/LINEAR/gts2.jpg


Discovery of 2012 DA14 

• Discovered by an amateur 

astronomer in La Sagra, Spain 

using a state-of-the-art fast 

readout camera and detection 

software that looked for trails 

produced by fast-moving 

asteroids. 

• The asteroid was found in a 

less searched region of the 

sky. 

• Moderately faint: magnitude 

18.8, and moving quite fast:  

11 arc-sec per minute. 

 

 

Discovery Images, Feb. 22, 2012 

Courtesy Jaime Nomen, La Sagra Observatory 



Sky Coverage, Feb.-Mar. 2014 

Courtesy of Tim Spahr, Minor Planet Center 



Trajectory of Chelyabinsk Impactor 



Kepler’s Laws 

1. The orbit of each planet (or asteroid) is an ellipse, with the Sun 

at one focus. 

• Each orbit lies in a plane; the plane of the Earth’s orbit is called 

the ecliptic. 

2. The line joining the planet (or asteroid) to the Sun sweeps out 

equal areas in equal times. 

• A body moves slower when far from the Sun, faster near the Sun. 

3. The square of the orbital period of a planet (or asteroid) is 

proportional to the cube of the mean distance from the Sun. 

• Two neighboring bodies at slightly different mean distances from 

the Sun will steadily separate along their orbit tracks, an effect 

known as “Keplerian sheer”. 

 



Orbital Elements 

• Six parameters which describe the orbit of an asteroid and the 

asteroid’s position at a fixed time called the “epoch”. 

• Closest point to the Sun is 

called the perihelion. 

• Farthest point is called the 

aphelion. 

• Distances are typically 

measured in astronomical 

units (au), which is 

essentially the mean 

distance between the Earth 

and Sun. 



Orbit Propagation Models 

• Kepler’s Laws do not hold exactly because of perturbations.   

• Perturbations cause asteroid orbits to change with time, 

especially for those asteroids which are planet-crossers. 

• The following perturbations are accounted for: 

• Gravitational attraction of the planets, the Moon, and 16 of the 
largest asteroids 

• Relativity 

• In some cases, non-gravitational forces such as Solar Radiation 
Pressure and the Yarkovsky Effect (recoil from thermal emission) 

• The precise trajectory of the asteroid is computed by a process 

called numerical integration. 

• The sensitivity matrix is also numerically integrated, relating 

variations in initial orbital elements to variations in position and 

velocity at any other time. 

 



Planetary Encounters  

Can Change an Asteroid’s Orbit 



NEO Discovery & Characterization Processes 
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Optical Observations 

• Asteroid tracking observations are 

mostly from optical telescopes. 

• An image is taken of the region of 

the sky around the asteroid, wide  

enough to include catalog stars. 

• Celestial coordinates (Right 

Ascension and Declination) of the 

asteroid are determined using the 

known coordinates of the stars. 

• Distance to asteroid is not known! 

• Typical accuracy is about 0.5 arc-

sec, or better. 

• Over time, dozens or hundreds of 

observations are accumulated. 
Image of 2008 FP from Catalina Sky Survey 



Sample Asteroid Observations 

Top portion of a sample MPEC, courtesy of the Minor Planet Center 



Radar Observations 

• A powerful burst of radar pulses is transmitted to the asteroid, and the 

echoes are received within a listening window. 

• The precise time delay from transmission to reception is determined to a 

fraction of a microsecond, and the Doppler shift of the signal is determined 

to a fraction of a Hertz. Radar observations are extremely precise. 

• The asteroid must have a fairly well known orbit for accurate antenna 

pointing, and it must be within range. 

 

Arecibo 305 m Goldstone  70 m 



NEO Program Office Data Flow 



Orbit Determination 

• The process of estimating the asteroid’s orbital parameters given a set of 

observations. 

• The initial orbit estimate is made by the Minor Planet Center typically 

using just a handful of the initial optical observations. 

• Thereafter, orbit determination is an iterative process of refining the orbit: 

• Given an orbit, each of the observations is computed at the 

observation time and differenced with the actual observation to form a 

“residual”.  The sensitivity of each observation to the orbital elements 

is also computed. 

• The residuals are weighted according to their accuracies, and then 

combined with their sensitivities in a process called weighted least 

squares estimation, yielding a correction to the orbit; the process 

repeats until the corrections are small. 

• The process also computes uncertainties in the orbital elements, and 

these can be used to predict position uncertainties at other times. 

 

 



Observation “Residuals” 

• Each observ-

ation is reduced 

to a “residual”: 

observed value 

minus 

computed value 

• Observations 

with large 

residuals are 

deleted. 

• A good orbit fit 

is indicated by 

zero mean and 

no systematic 

trend. 

 

 

 

R.A. Residuals for 2014 DX110 



http://ssd.jpl.nasa.gov 



JPL Small-Body Database Browser 



http://neo.jpl.nasa.g

ov 

Orbital Elements Page for 2014 DX110 



Orbit Viewer App for 2014 DX110 



Orbit Uncertainties 

• Since the observations contain measurement errors, the resulting orbit 

will be uncertain. 

• Ways to reduce orbit uncertainty: 

• Obtaining more observations helps somewhat 

• Obtaining observations over a longer time span (“data arc”) helps a lot 

• Obtaining radar observations helps a lot 

• As more and more observations are made of an asteroid, its orbit 

is updated and the orbit uncertainties get smaller and smaller. 

• Orbit uncertainties can be mapped forward or backward in time, and 

used to compute the position uncertainty of the asteroid. 

• Position uncertainty is represented by an uncertainty ellipsoid centered 

on the nominal position. 

• The position uncertainty of an asteroid generally grows with time along 

the orbit path. 

 

 



Basic Impact Probability Computation 

• Propagate uncertainty region 

to time of close approach. 

• Define target plane (“b-plane”) 

and project the uncertainty 

region into the plane. 

• If any portion intersects the 

Earth disc, impact is possible 

during that encounter. 

• Numerically integrate 

uncertainty ellipse probability 

density over Earth disc to get 

impact probability. 

 



Tracing Uncertainties with  

Monte Carlo Points 

• Position uncertainties grow as we map farther into the future. 

• When the uncertainties get large, they start curving around the orbit, so 

we call it an uncertainty region. 

• Monte Carlo tracer points are useful for a detailed mapping of what 

happens to the uncertainty region, including seeing which parts of it 

might impact. 

2007 VK184 uncertainty region in 2048 



Impact Probability Changes with Time 

• Warning time is the time before 

impact when the probability 

reaches a level that causes 

concern. 

• It could take months or years 

after discovery before impact 

probability reaches this level. 

• Until impact probability reaches 

50%, the most likely scenario is 

that the impact probability will 

drop to zero. 

Impact probability for a hypothetical 

impacting asteroid discovered 40 years 

before impact. 



Keyholes 

• Keyhole: narrow slice 

through the uncertainty 

region leading to impact 

in a later year. 

• There may be many 

keyholes for impacts in 

many different years. 

• Typically 10–100 km 

wide, but the Apophis 

2036 keyhole was only 

600m wide. 

• Positions and widths of 

keyholes are essentially 

fixed by the encounter 

geometry. 

 

Apophis 2029 

target plane 

Keyhole to 2036 

impact 



Sentry Risk Table:  http://neo.jpl.nasa.gov/risk 



 Earth Impact Risk Table for 2014 EC, March 5, 2014 



2008 TC3:  A Real Impact 

• On October 7, 2008 we had the 

first predicted impact of an 

asteroid: 2008 TC3. 

• Discovered by Catalina Sky 

Survey at 1.3 lunar distances, 

19 hr before impact. 

• Impact location was 11 hours 

before impact. 

• The object was clearly very 

small and would likely break up 

on entry. 

 

Discovery images of 2008 TC3 from Catalina Sky Survey 



Predicted Impact Location: N. Sudan 

• Impact predicted to occur near a 

tiny town named Station 6, 

“Almahata Sitta”. 

• Local time of impact was shortly 

before dawn. 

• The impact event was actually 

observed and the impact time 

was within a few seconds of the 

predicted time. 

 



2008 TC3 Trajectory & Timeline 

 

 

 



Impact Site in Nubian Desert 
(from Jenniskens et al. Nature, 26 March 2009) 


