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Assigning coordinates to points and objects on Earth, and to describe Earth's motion 
in space, we need to measure Earth's shape, gravity field, and rotation. 
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Assigning coordinates to points and objects on Earth, and to describe Earth's motion 
in space, we need to measure Earth's shape, gravity field, and rotation. 

For this purpose, two reference systems are intrinsic in geodesy: 
- International Celestial Reference System (ICRS) 
- International Terrestrial Reference System (ITRS) 
and these are connected through Earth Rotation.
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Assigning coordinates to points and objects on Earth, and to describe Earth's motion 
in space, we need to measure Earth's shape, gravity field, and rotation. 

For this purpose, two reference systems are intrinsic in geodesy: 
- International Celestial Reference System (ICRS) 
- International Terrestrial Reference System (ITRS) 
and these are connected through Earth Rotation.

The two reference systems are realized through reference frames: 
- International Celestial Reference Frame (ICRF) 
- International Terrestrial Reference Frame (ITRF) 
and the connections is provided by the  
- Earth Orientation Parameters (EOPs). 
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Measuring land motion with 
respect to the center of 
mass of the Earth requires 
a stable, global reference 
frame well tied to the 
center of mass.

Global Geodetic Observing 
System
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Interferometric Synthetic 
Aperture Radar (InSAR) 
Spatial scales: order 25 m  
Temporal scales: < ~10 days
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InSAR-Determined Surface Displacements

Subsidence  1992-1997  

Four subsidence bowls 
Aquifer system response 
strongly controlled by  faults 
Faults are subsidence 
barriers 
Subsidence rate is 
decreasing 

•Amelung et al., 1999  
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GRACE: Gravity Recovery And Climate Experiment  
Spatial scales: > 150 km 
Temporal scales: 1 day to 1 decade

Monitoring Small Changes



http://grace.jpl.nasa.gov/information/
Satellite Gravity Missions (GRACE)
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JPL MASCON, secular trends 2003-2007, Watkins, 2008

Hydrology: Secular trends in Land Water storage
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GRACE Reveals Changes in Arctic Ocean Circulation Patterns

Morrison et al., GRL,2007

Monitoring Small Changes

Variations in the Arctic Ocean circulation are associated with clockwise and counterclockwise shifts in 
the front between salty Atlantic-derived and less salty Pacific-derived upper ocean waters.  
Orientation of the front is climatically important because it impacts sea ice transport.



GRACE Quantifies Massive Depletion of Groundwater in NW India
The water table is declining at an average rate of 33 cm/yr

During the study period, 2002-08, 109 km3 of groundwater was lost from the 
states of Rajasthan, Punjab, and Haryana; triple the capacity of Lake Mead

GRACE is unique among Earth observing missions in its ability to monitor variations in all 
water stored on land, down to the deepest aquifers.

Trends in groundwater storage during 2002-08, 
with increases in blue and decreases in red.  The 
study region is outlined.

Time series of total water from GRACE, simulated soil water, and 
estimated groundwater, as equivalent layers of water (cm) averaged 
over the region.  The mean rate of groundwater depletion is 4 cm/yr.  
Inset: Seasonal cycle.

Rodell, Velicogna, and Famiglietti, Nature, 2009
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Greenland:  
- mass loss increased from 137 Gt/yr in 2002–2003 to 286 Gt/yr in 2007–2009 
- acceleration of -30 ± 11 Gt/yr2 in 2002–2009.  
Antarctica: 
- mass loss increased from 104 Gt/yr in 2002–2006 to 246 Gt/yr in 2006–2009 
- acceleration of -26 ± 14 Gt/yr2 in 2002–2009.

GRACE Detects Accelerated Ice Mass Loss in Greenland and Antarctica

Velicogna, GRL,2009

During the period of April 2002 to February 2009 the mass loss of the polar ice sheets was not constant 
but increased with time, implying that the ice sheets’ contribution to sea level rise was increasing. 

AntarcticaGreenland
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Threats from Space

• Near-Earth Objects: Meteoroids, asteroids and comets with orbits that intersect Earth’s orbit. 
• Meteoroids and asteroids: Fragments of rock and/or metal in space. The smaller fragments generate 

light as meteors as they pass through Earth’s atmosphere. Larger fragments land as meteorites. 
• Comets: Balls of ice, dust, and rock that normally reside beyond the orbit of Neptune. 
• Bollides: Meteoroids and cometary fragments that explode on entering Earth’s atmosphere. 
• Solar storms and space weather: Solar flares and coronal mass ejections occur frequently and can 

disrupt telecommunications or have more severe consequences for electrical and electronically 
infrastructure. 

• Gamma Ray bursts: Extremely energetic explosions that have been observed in distant galaxies 
• Extraterrestrial intelligence:  
• Human space debris: debris of satellites and rockets
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Near-Earth Objects (NEOS)
Near Earth Objects (NEOs) are meteoroids, asteroids or comets that pass close to the Earth. 
Potentially hazardous NEOs are estimated to be greater than 20 m in diameter. 
Asteroids reside in the asteroid belt within the inner solar system whereas comets originate from 
the Kuiper belt in the outer solar system. Their relatively stable orbits can be perturbed 
gravitationally so that their paths can intersect the trajectory of the Earth, possibly resulting in a 
collision. 
NEOs greater than 1 km in diameter have the potential to severely disrupt and destroy life.



Near-Earth Objects (NEOS)
The United States of America leads discovery and tracking survey programs using optical 
telescopes. NASA and the European Space Agency determine the likelihood of an impact 
with the Earth. 



Near-Earth Objects (NEOS)



Near-Earth Objects (NEOS)



Near-Earth Objects (NEOS)



Near-Earth Objects (NEOS)



Near-Earth Objects (NEOS)



Near-Earth Objects (NEOS)



NEO Search Program

There are a number of NASA supported Near-Earth Object (NEO) discovery teams currently in operation. 
The early efforts to discover NEOs relied upon the comparison of photographic films of the same 
region of the sky taken several minutes apart. The vast majority of the objects recorded upon these 
films were stars and galaxies and their images were located in the same relative position on these films. 
Early discovery techniques included blink comparators and stereomicroscopes to examine the 
photographic images. Because a moving NEO would be in a slightly different position on each photograph 
and the background starts and galaxies were not, the NEOs appeared to jump back and forth when each 
image, in turn, was quickly viewed through a so-called blink comparator. Alternately, the NEO’s image 
appeared to “rise” above the background stars when two different and slightly offset images were viewed 
with a special stereo viewing microscope. 
All of the NEO discovery teams currently use so-called charged couple devices (CCDs) rather than 
photographic images. These CCD cameras are similar in design to those used in cell phones and 
they record images digitally in many electronic picture elements (pixels). The length and width of a CCD 
detector is usually given in terms of pixel elements. A fairly common astronomical CCD detector might 
have dimensions of about 2000 x 2000 pixels. While the CCD technology allows today’s detectors to be 
more sensitive and accurate that the older photographic images, the modern discovery technique itself is 
rather similar. Separated by several minutes, three or more CCD images are taken of the same region of 
the sky. These images are then compared to see if any NEOs have systematically moved to different 
positions from one image to the next. For a newly discovered NEO, the separation of the object’s 
location from one image to the next, the direction it appears to be traveling and its brightness 
are helpful in identifying how close the object was to the Earth, its size and general orbital 
characteristics. For example, an object that appears to be moving very rapidly from one image to the 
next is almost certainly very close to the Earth. Sophisticated computer-aided analyses of the CCD images 
have replaced the older, manual detection techniques but often times, a new NEO discovery is still verified 
using the human eye. 

Catalina Sky Survey, University of Arizona

https://cneos.jpl.nasa.gov/about/search_program.html

Near-Earth Objects (NEOS)

https://cneos.jpl.nasa.gov/about/search_program.html


NEO Search Program

Not surprisingly, discovery teams who search the largest amount of sky each 
month will have the most success in finding new NEOs. How much sky each 
telescope covers per month will depend upon a number of factors including the 
number of clear nights available for observing, the sensitivity and efficiency of the 
CCD detector and the field of view of the telescope. It is also important for search 
teams to extend their searches to greater and greater distances from the Earth or, 
in other words, go to fainter limiting magnitudes. A 6th magnitude star is roughly 
the limit of a naked eye object seen under ideal conditions by someone with very 
good eyesight. A 7th magnitude star would be 2.5 times fainter than a 6th 
magnitude star and an 8th magnitude star would be 6 times fainter than a 6th 
magnitude object (2.5 x 2.5 = 6.25). A difference of 5 magnitudes is a brightness 
difference of nearly 100 (2.5 x 2.5 x 2.5 x 2.5 x 2.5 is equal to about 100).

https://cneos.jpl.nasa.gov/about/search_program.html

Pan-STARRS1 Telescope, IFA University of Hawaii
In 1998, NASA established a goal to discover 90% of the NEOs larger than one kilometer in diameter and in 2005, Congress 
extended that goal to include 90% of the NEOs larger than 140 meters. There are thought to be about 1000 NEAs larger than one 
kilometer and roughly 15,000 larger than 140 meters. The progress toward meeting these goals can be monitored on the NEO Discovery page. 
Since NASA’s initiation of the NEO Observations program in 1998, Near-Earth Object (NEO) surveys have been extremely successful finding more 
than 90% of the Near-Earth Asteroids (NEAs) larger than one kilometer and a good fraction of the NEOs larger than 140 meters. The vast majority 
of NEO discoveries have been due to NASA-supported ground-based telescopic surveys including the Catalina Sky Survey (CSS) and 
Spacewatch near Tucson Arizona, the LINEAR project near Socorro New Mexico, Pans-STARRS1 on Haleakala, Maui, Hawaii, LONEOS near 
Flagstaff Arizona and the NEAT project run by NASA/JPL. Using a near-infrared space telescope in an Earth polar orbit, the NEOWISE project was 
actively discovering and characterizing NEOs for ten months in 2010 before its cryogens were exhausted. It continued another four months into 
early 2011 as a post-cryogenic mission. The LONEOS and NEAT surveys have been discontinued and Spacewatch is now primarily a follow-up 
facility.

Near-Earth Objects (NEOS)

https://cneos.jpl.nasa.gov/about/search_program.html
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Meteoroids and Asteroids
A meteoroid is a small rocky or metallic body traveling through outer space. Meteoroids are significantly smaller 
than asteroids, and range in size from small grains to 1 meter-wide objects. Objects smaller than this are 
classified as micrometeoroids or space dust. Most are fragments from comets or asteroids, whereas others are 
collision impact debris ejected from bodies such as the Moon or Mars.
Asteroids are small, airless rocky worlds revolving around the sun that are too small to be called planets. They 
are also known as planetoids or minor planets. In total, the mass of all the asteroids is less than that of Earth's 
moon. But despite their size, asteroids can be dangerous. Many have hit Earth in the past, and more will crash 
into our planet in the future. That's one reason scientists study asteroids and are eager to learn more about their 
numbers, orbits and physical characteristics. If an asteroid is headed our way, we want to know that.

A comet is a very small solar system body made mostly of ices mixed with 
smaller amounts of dust and rock. The main body of the comet is the 
nucleus, which can contain water, methane, nitrogen and other ices. Most 
comets are smaller than a few kilometres in diameter. When passing close 
to the Sun, a comet warms and its ices begin to release gas (outgasing). 
The mixture of ice crystals and dust blows away from the comet nucleus in 
the solar wind, creating a pair of tails. The dust tail is what normally can be 
seen from Earth.



Meteoroids and Asteroids

Meteorites are rock and/or metal fragments 
that land on Earth after falling from space at an 
average speed of about 64,000 km/h. While still 
in space, they are called meteoroids – or 
asteroids if they are very large.  
When a stray meteoroid is captured by Earth’s 
gravitational field the heat generated as it 
passes through Earth’s atmosphere causes its 
outer skin to vaporize, glow, and become 
visible as a meteor streak. 
Roughly 44,000 kg of meteoritic material falls 
onto Earth each day, almost all as fragments a 
millimeter or smaller in diameter. Larger pieces 
do fall, including a few in North America in 
recent times. Very large meteoroids and 
asteroids are extremely rare, but have caused 
catastrophic damage in the geological past.

Meteor streak photographed on 
August 12, 2016, with the 
Andromeda Galaxy in background. 
Green color is from vaporized 
meteor gas flares.

A 12 kg stony-iron 
meteorite (seen on 
floor), estimated as 
4.4 billion years old, 
landed on this car in 
Peekskill, NY on 
October 9, 1992. 

The Willamette iron 
(+nickel) meteorite, is 
the largest ever found in 
the U.S.A. at 14,000 kg.



Meteoroids and Asteroids

Stony meteorites are rock-like pieces of left-over 
debris from our solar system’s formation. 
Stony meteorites, which are similar to rocks on Earth, 
comprise nearly 85% of meteorites found. They range 
widely in composition and also in size, from microscopic to 
several meters across. 
There are two main groups of stony meteorites: 
Chondrites, which have never melted and contain 
rounded, bead-like “chondrules” of silicate minerals and 
metal that were formed very early in the solar system’s 
formation, at about 4.6 billion years ago. They comprise 
80% of all found meteorites. 
Achondrites, which once melted and then solidified again, 
comprise about 4% of all found meteorites. They have a 
composition similar to that of Earth’s mantle and are 
thought to have originated when extremely small planets 
that had already differentiated into crust/mantle and core 
were fragmented in collisions.

A typical achondrite stony meteorite that was found 
near Bishopville, South Carolina, U.S.A. It contains 
silicate mineral crystals, but no chondrules. Specimen 
housed in Arizona State University’s Center for 
Meteorite Studies.

A slice, roughly 5cm across, cut 
through a 4.6 billion year-old 
carbonaceous chondrite that fell 
near Murray, Kentucky, U.S.A. in 
1950. The specimen has visible 
round chondrules of a greenish glass 
in a matrix of silicate minerals and 
magnetite. It also contains about 
10% water and organic compounds.



Meteoroids and Asteroids

Iron meteorites are formed in the core of planetary 
bodies from a mixture of iron and nickel metal. 
Although most metallic meteorites are known as ‘iron 
meteorites’, they are really made of a mixture, known as 
an alloy, of solid iron and nickel. Such alloys do not 
occur naturally in Earth’s crust, but form inside its core, 
or the core of other large planetary bodies. Iron 
meteorites are magnetic due to their high iron content 
(90–95%) and they are very dense, which makes them 
easy to recognize. They may have an internal crystalline 
structure known as Widmanstätten pattern formed by 
slow exsolution of the solid alloy.  
Many iron meteorites have a smooth, shiny surface with 
shallow depressions called regmaglypts that form as the 
meteorite passes through Earth’s atmosphere. This 
surface feature distinguishes iron meteorites from the 
left-over material from old iron foundries known as 
‘slag,’ which does not have regmaglypts.

Widmanstätten pattern of interlocking metal alloy 
crystals in a slice through an iron meteorite. The pattern 
forms by slow exsolution of crystals from solid iron-
nickel alloy.

Typical external surface of 
an iron meteorite with 
numerous regmaglypts 
(shallow depressions).



Meteoroids and Asteroids

More than 8,000 asteroids and meteoroids orbit 
in the asteroid belt, between Jupiter and Mars. 
The asteroid belt, located in the orbital plane between 
Jupiter and Mars, contains at least 8,000 asteroids that 
are 10 to 20 km in diameter and millions of smaller ones. 
The orbits of asteroid belt objects are generally stable, 
although they are often much more elliptical than those of 
Earth or Mars. 
However, not all of the asteroids are in the same orbital 
plane, which can lead to asteroid-asteroid collisions that 
in turn may knock an asteroid into a less stable orbit. 
A few dozen of the objects in the asteroid belt are over 
100 km across. Ceres is the largest at 960 km diameter, 
a little less than 1/4 the size of the Moon, and shows 
evidence of recent landslides and domes that have 
formed from sodium carbonaterich ice oozing to its 
surface. Many of the asteroids 
are irregularly-shaped and pockmarked by craters that 
formed by collisions with smaller meteoroids and 
asteroids over their long history.

View looking down onto 
Earth’s orbital plane shows 
the elliptical orbits of 4 of 
the main asteroids in the 
asteroid belt. 

Small asteroids in the asteroid belt, shown to scale with Mars. Most are 
irregular in shape, but Ceres is large enough to have self-gravitated into 
a roughly spherical shape. Besides impact craters on its surface, Ceres 
shows evidence of geological activity, including landslides and 
cryovolcanoes (ice volcanoes) up to 4 km in height.

Oblique view shows the orbits of Pallas 
and Juno are at a significant angle to 
those of Earth and Mars.



Meteoroids and Asteroids
Meteorite Impact Frequency 
Meteor showers occur frequently, but large 
meteorite falls are very rare. 
Between 4.1 and 3.8 billion years ago, the solar 
system’s planets and their moons underwent a 
barrage of asteroid impacts known as the Late Heavy 
Bombardment. The frequency and size of asteroid 
impacts gradually reduced to only a few really large 
events since about 2.0 billion years ago. Today, at 
least one meteorite of several cm to a meter in size, 
with velocities of 15 km/s or more, lands on Earth 
each year, but larger meteorite falls are rare. When 
Earth’s orbit passes through locally high 
concentrations of space dust, sometimes left behind 
by a passing comet, we see meteor showers such as 
the mid-August Perseid Shower, named for the 
position in the sky from which the meteors appear to 
originate. Meteor showers are usually harmless events, 
although in 2003 a meteoroid impact that occurred 
during a meteor shower destroyed two houses and 
injured several people in India.

Meteorite fragments of 1 mm or less in 
diameter fall all the time onto Earth. 
Larger pieces fall less often, but are 
potentially very dangerous. A meteorite 
tens of meters in diameter, although rare, 
would cause a tsunami if it landed in an 
ocean and would devastate the region 
around a landfall.

Meteor showers occur when 
Earth’s orbit enters the dust 
and debris left behind by a 
comet.



Meteoroids and Asteroids

Impact Crater Formation 
Energy release from a meteorite impact creates a 
circular crater with a characteristic morphology. 
When an asteroid or meteoroid impacts the surface of a 
planet, moon, or another asteroid, it releases energy as 
a shock wave. The kinetic energy Ek of the impact shock 
depends upon the mass m and velocity v of the 
impactor. The shock wave radiates outward and, 
instantaneously, fractures the surrounding rock into 
pieces, called breccia. The shock also melts rock at the 
impact site and blasts tiny globules of molten rock, along 
with pulverized rock fragments and meteoritic material, 
high into the atmosphere. The blasted-away material is 
called ejecta and it leaves behind a circular crater. Rock 
in the crater’s center rebounds almost instantaneously, 
creating a central uplift in the crater. The molten ejecta 
globules can be carried far in the atmosphere before 
they are strewn as glassy objects, called tektites, over a 
very wide region around impact sites.

Two tektites that originated from a 35.5 million year 
old impact in Chesapeake Bay, eastern U.S.A. Each 
specimen is just a few cm long. Left: Tektite found in 
Georgia, U.S.A. Right: Tektite found in east Texas, 
U.S.A.

A meteorite impact releases kinetic 
energy Ek as a shock wave 
according to Ek = m·v2. Top: The 
shock wave creates a crater by 
pulverizing and melting 
rock strata, which is ejected high 
into the atmosphere. Bottom: 
Rebounded rock beneath the 
crater’s center forms a central 
uplift, surrounded by an inner ring 
of breccia and an outer rim of 
upturned rock and ejecta.



Meteoroids and Asteroids
Earth’s Impact Craters 
Earth’s erosional and tectonic forces have removed much 
of the evidence for asteroid impact craters.  
There are presently 190 confirmed impact craters on 
Earth, ranging from about 50 m to 300 km in diameter, 
but this is a tiny number compared to the thousands of 
craters, large and small, that are visible on the Moon. 
Reasons for the lack of impact craters on Earth include: (i) 
tectonic processes have reworked the margins of the 
earliest stable continental crust, called cratons, leaving 
relatively small remnants of craton surface rocks 
preserved; (ii) there is no oceanic crust older than about 
270 million years; (iii) erosion by wind, water and/or ice 
has modified crater morphology; (iv) younger sediments 
and volcanic rocks have covered many smaller craters; 
and (v) the friction of passing through Earth’s atmosphere 
slows down and melts or completely evaporates small 
meteoroids, whereas on the Moon these would still form 
craters in impact, albeit small ones.

NASA’s Lunar 
Reconnaissance Orbiter 
image of lunar craters. 
Image width 365 km.

Localities of 50 of the 190 confirmed meteorite impact craters 
on Earth. At least 40 of the craters are over 20 km in diameter.



Meteoroids and Asteroids

Large Terrestrial Impacts 
The Vredefort structure in South Africa and the Sudbury 
Impact Crater in Canada, are the two largest known 
impact structures on Earth. The largest confirmed 
meteorite impact on Earth is the Vredefort Dome in South 
Africa, which was formed 2.02 billion years ago by a 10 km 
diameter impactor. The Vredefort crater is at least 120 km-
in diameter now, although some estimates put the crater’s 
original diameter at 300 km. Rocks from Earth’s lower 
crust are exposed in its center along with a large volume of 
impactgenerated melt rock called pseudotachylyte. The 
crater has a rim of upturned sedimentary rocks and 
contains numerous examples of shatter cones and 
shocked quartz grains. Earth’s second-largest impact 
crater formed near Sudbury, Canada. The originally 
circular, 1.85 billion year-old crater has been deformed into 
a roughly elliptical shape by younger tectonic events, but 
still contains shatter cones and other shock features, as 
well as high amounts of nickel, platinum, copper, and gold.

Aerial radar image of the 
Sudbury, Ontario, Canada 
impact crater, formed 1.85 
billion years ago by a 
cometary impactor 10–15 
km diameter. The crater’s 
rim is outlined by dashed 
white line.

Left: The 2.02 billion year-old Vredefort impact crater in South 
Africa is at least 120 km in diameter and now partly covered by 
younger sedimentary rock. Right: A 4 m-high quarry face in the 
crater’s inner ring shows shock-generated pseudotachylyte rock 
(black) containing large, rounded blocks of partially melted granite 
(pink).



Meteoroids and Asteroids
Chicxulub Impact And The End-Cretaceous Mass Extinction 
Several mass extinctions of biota on Earth may have been caused by asteroid 
impacts. The most famous is the demise of dinosaurs at the end of the 
Cretaceous Period, 65.5 million years ago. 
Impact of a large asteroid affected life on Earth 65.5 million years ago, at the 
end of the Cretaceous Period. The asteroid, estimated as 12–14 km in 
diameter, made a crater 170–180 km across on the edge of the Yucatán 
Peninsula. Known as the Chicxulub crater, the structure is best seen using 
remote sensing data. Surface rocks were pushed downward by as much as 
30 km by the impact, and then rebounded to heights of 10 km above 
surface. The estimated energy released was equivalent to 5·1023 J (about 
100 times the energy released during the last eruption of the Yellowstone 
super volcano). Enormous tsunami waves would have been generated. 
Impact breccias, quartz grains with shock features, and tiny spherules made 
of melted rock, are common within the crater and around its rim. Vaporized 
ejecta reaching the stratosphere would have caused years of darkness. The 
timing of the Chicxulub impact coincides with the extinction of 85% of Earth’s 
animal and plant species, including almost all species of dinosaurs. All the 
major continents and oceans were affected. However, the concept of an 
impact origin for this mass extinction event was controversial for decades, 
until the Chicxulub crater was discovered and high IR concentrations were 
found in very thin layers of sediment of exactly the same age from locations 
around the world.

Left: Location of the Chicxulub impact crater.  
Right: Anomalies in Earth’s gravity field outline the crater. 
Red and yellow colors indicate a higher than normal 
gravity signal. Lower half of image (darker) is over land; 
upper half with brighter colors is under water. White 
dots are locations of collapsed and broken limestone 
rocks around the crater’s rim.
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Comets
Comets are balls of ice, dust, and rock that 
normally reside beyond the orbit of Neptune. 
When the solar nebula of gas and dust condensed to 
form the Sun and its planets, some of the leftover 
material formed balls of frozen water (H2O) and rock 
fragments that we call comets. Some comets reside in 
the Kuiper Belt, beyond the orbit of Neptune, but most 
are in the Oort Cloud, well beyond Pluto, and some are 
occasionally perturbed into eccentric orbits. Some 
comets have a rocky center and many also contain small 
amounts of CO2, CO, ammonia, and methane. They only 
become visible when, as they approach the Sun, their 
frozen surfaces emit gas that streams behind them as 
they travel.  
Comets that take less than 200 Earth-years to orbit the 
Sun have well-documented orbits, such as Halley’s 
Comet. Others take much longer to complete one orbit 
and are less well mapped, therefore their direction of 
approach and distance from Earth as they pass can be 
unpredictable.

The Kuiper Belt, at 30 to 50 
AU from the Sun (1 AU = 
149,597,870,700 m), 
contains icy debris that 
orbits the Sun in a disc-
shaped zone beyond the 
orbit of Neptune. The Oort 
Cloud is at 50,000 to 
200,000 AU; its objects 
have random orbits. Image 
not to scale.

Halley’s Comet as photographed 
on March 12, 1986 from 
Australia. The bright ‘head,’ also 
called ‘coma,’ of the comet is 
caused by expanding gases that 
are swept into a ‘tail’ by solar 
radiation pressure. Comet 
Halley’s next appearance will be 
in 2062.



Class 5: Extraterrestrial Hazards 
• Threats from Space 
• Near-Earth Objects (NEOS) 
• Meteorids and Asteroids 
• Comets 
• Bolides 
• Space Weather, Solar Storms, Gamma Rays

Natural Hazards and Disaster



Class 5: Extraterrestrial Hazards 
• Threats from Space 
• Near-Earth Objects (NEOS) 
• Meteorids and Asteroids 
• Comets 
• Bolides 
• Space Weather, Solar Storms, Gamma Rays

Natural Hazards and Disaster



Class 5: Extraterrestrial Hazards 
• Threats from Space 
• Near-Earth Objects (NEOS) 
• Meteorids and Asteroids 
• Comets 
• Bolides 
• Space Weather, Solar Storms, Gamma Rays

Natural Hazards and Disaster



Bolides

Bolides are meteoroids and cometary fragments 
that explode on entering Earth’s atmosphere. 
Asteroids, meteoroids, and fragments of comets 
that explode in Earth’s atmosphere before reaching 
the surface are called bolides. The explosions are 
seen as very bright meteors, sometimes called 
‘fireballs.’ In a 20-year period, more than 500 bolides 
with diameters > 1 m are typical. 
A bolide thought to be at least 60 m in diameter and 
weighing 108 kg exploded in Earth’s atmosphere on 
June 30, 1908, high above a remote forested region 
of the Tunguska River in Siberia. Roughly 80 million 
trees were flatted by the blast. Energy estimates are 
between 1.3 and 2.1·1016 J. A man more than 65 
km away from the blast epicenter reported being 
thrown out of his chair by the shock wave. A bolide of 
that size over a large city would be truly catastrophic.

Each bolide on the map was visible as a meteor; circle sizes 
represent their optical radiated energy in billions of Joules (GJ).

Flattened trees in Tunguska, 
Siberia, after a bolide blast on 
June 30, 1908. Trees over an 
area of about 2,000 km2 were 
downed in a radial pattern, 
pointing inward toward the 
blast source.https://en.wikipedia.org/wiki/Tunguska_event

https://en.wikipedia.org/wiki/Tunguska_event


Bolides

Chelyabinsk, Russia, 2013  
An unexpected bolide blast over southern Russia shattered 
windows and caused multiple injuries. On February 15, 
2013, a bolide at least 17 m in diameter exploded at a height 
of about 20 km in the atmosphere above Chelyabinsk, 
Russia. The bolide had an estimated energy release 
equivalent to over 2·1015 J. The blast was recorded by 
seismic stations around the world. Although initial reports 
indicated a number of deaths, there were no direct fatalities 
from the bolide, but 1,500 people were injured, some 
seriously, by flying glass and debris. By coincidence, NASA 
had predicted that a different asteroid, they had named 
2012DA14, would make a close approach to Earth on about 
the same day, however they were unaware of the 
Chelyabinsk asteroid; the two were on completely different 
and unconnected orbits.

The Chelyabinsk bolide 
explosion in 2013, as 
seen by a Russian 
driver’s Dash Cam.

Orbits of the inner planets, including Earth, and those of the 
Chelyabinsk asteroid and 201DA14. Both asteroids crossed 
Earth’s orbit within hours of each other, but only the 
Chelyabinsk object came close enough to become a bolide.
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Space Weather and Solar Storms
Space Weather 
Solar flares and coronal mass ejections occur frequently and 
can disrupt telecommunications. 
Streams of electrically charged particles are constantly 
emitted by the Sun as a ‘solar wind.’ We see the effects on 
our upper atmosphere most often as an Aurora Borealis at 
high latitudes. Variations in the Sun’s magnetic field, 
especially in its photosphere and chromosphere produce 
intense, localized solar X-ray and proton flares, whose 
frequency and strength are often correlated with sunspot 
activity. A solar X-ray burst does not produce an Aurora 
Borealis, but it does disturb the ionosphere and can jam 
both high- and low-frequency radio signals. Many solar 
flares trigger coronal mass ejections (CMEs), which blast 
billions of tons of charged gas into space at speeds of 
hundreds to thousands of km/s. CME’s are classified 
according to their speed, with the fastest also being the 
most rare. A CME can take from one to four days to reach 
Earth, where it can cause serous disruption to 
telecommunications and power grids. Because of their 
potential to disrupt human society on Earth, solar flares and 
CME’s are monitored as part of NASA’s Space Weather 
program.

Left: Schematic diagram of the internal structure of the Sun. Right: 
Composite* image of the Sun’s coronal surface and CMEs on January 8, 
2002, imaged by NASA’s Solar and Heliospheric Observatory. [ *Solar 
telescopes cannot image both the Sun and its coronal ejections at the 
same time because the Sun’s radiation is too intense.]

Classification of CME’s based 
on their frequency of 
occurrence and the speed at 
which the charged gases 
move through space.
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Space Weather and Solar Storms

The Carrington Superstorm 
Records of major solar flares and their associated coronal mass 
ejections first began in 1859. Solar flares are classified today according 
to their strength in watts per square meter reaching Earth, using a 
lettered scale in which each level is 10 times greater than the next 
lower rating. For example, an M0 flare is ten times greater than a C9, 
and an M3 is ten times greater than an M2. The strongest, most 
damaging flares are given X values, with no upper limit. On September 
1, 1859, an intense white-light solar flare was observed by British 
astronomer Richard Carrington. This was the first recorded observation 
of a solar flare, which lasted for about 5 minutes and is now classified 
as an X15 Super Geomagnetic Storm. When the intense burst of 
energy reached Earth it caused aurora-induced electrical currents in 
telegraph wires that were sufficient to give electric shocks to telegraph 
operators. In the hours before dawn next morning, bright auroras were 
visible as far south as Cuba.  
A large solar flare on August 4, 1972, disrupted telephone 
communication across the state of Illinois and caused AT&T to 
redesign its power system for transatlantic cable.  
On April 2, 2001, an X20 flare became the largest so far on record; it 
generated a 2,000 km/s CME blast that, fortunately, was not directed 
toward Earth.

NOAA's GOES-13 satellite recorded this Xray image of a 
solar flare on December 5, 2006. The flare was not as 
intense as the Carrington flare, but it still damaged the 
satellite’s imaging instruments.

NASA’s letter-scale rating 
of solar flare strength. The 
logarithmic scale goes 
from 1 to 9 within each 
letter, and extends beyond 
20 for X-level flares.



Space Weather and Solar Storms

Earth’s Safety Shield 
Earth’s magnetic field deflects the solar wind, shielding 
the planet from harmful ions. Earth is protected from 
much of the ionized solar wind and from most solar 
emissions by its magnetosheath, which is the result of 
the magnetic field generated by electrical currents in 
Earth’s core. The magnetosheath is not symmetrical, 
but is compressed on the daylight side of Earth (the 
side facing the solar wind) and extended on the dark, 
night-time side into a long tail, called the magnetotail. 
Large solar flares and very fast-moving CMEs further 
distort Earth’s magnetosheath and cause geomagnetic 
storms that can seriously disrupt satellites and 
telecommunications.  
A powerful geomagnetic storm occurred in May 1921, 
burning out telephone and telegraph wires across 
Europe and North America. On March 10, 1989, an X15 
solar flare and CME caused a geomagnetic storm three 
days later that disrupted weather satellites and shut 
down the power grid of Quebec province, Canada, for 
over 9 hours.

Where the solar wind interacts 
with Earth’s magnetic field, at a 
distance of about 90,000 km, a 
bowshaped boundary forms, 
called a ‘bow shock’ because of 
the abrupt reduction in the solar 
wind’s speed. The approximate 
symmetry of Earth’s local 
magnetic field (inset) is distorted, 
becoming compressed on the 
side facing the Sun and 
stretched on the night side of 
Earth.

At least 350 of the U.S.A.’s largest electrical 
transformers, affecting over 130 million people, 
could be damaged by a geomagnetic storm of 
the same magnitude as that of May 1921.


