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ABSTRACT: Computational models for the July, 1994 collision of comet Shoemaker-
Levy 9 with Jupiter have provided a framework for interpreting the observational data. Imag-
ing, photometry, and spectroscopy data from ground-based, Hubble Space Telescope, and Ga-
lileo spacecraft instruments are consistent with phenomena that were dominated by the
generation of incandescent fireballs that were ballistically ejected to high altitudes, where they
formed plumes that subsequently collapsed over large areas of Jupiter’s atmosphere. Applica-
tions of similar computational models to collisions into Earth’s atmosphere show that a very
similar sequence of events should take place for NEO impacts with energies as low as 3 mega-
tons, recurring on 100 year timescales or less. This result suggests that the 1908 Tunguska event
was a plume-forming atmospheric explosion, and that some of the phenomena associated with
it might be related to the ejection and collapse of a high plume. Hazards associated with plume
growth and collapse should be included in the evaluation of the impact threat to Earth, and op-
portunities should be sought for observational validation of atmospheric impact models by ex-
ploiting data aiready being collected from the natural flux of multikiloton to megaton sized
objects that constantly enter Earth’s atmosphere on annual to decadal timescales.

INTRODUCTION

When pieces of the broken comet Shoemaker-Levy 9 slammed one-by-
one into Jupiter in 1994, the overall physical consequences were out of pro-
portion with even the most enthusiastic predictions. The fallout included a
transformation of public perceptions about the impact threat to Earth, be-
cause the reality of planetary collisions no longer could be dismissed. Com-
mentators described the event as a wake-up call, and it led some policy
makers — for the first time — to take seriously the hazards from comets and
asteroids. Some members of the scientific community also changed their
opinions because the visible consequences of the collision were so much
greater than anticipated. Proponents of detection and mitigation pursuits are
now able to point to the impact on Jupiter when they make the case for an
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94AL85000.
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increase in effort directed at discovering near-Earth objects, or for develop-
ing a means to protect our planet from them.

By contrast, the main scientific lesson learned from the devastation on Ju-
piter was not that large, fast objects collide with planets. That fact had been
established decades earlier by analyzing the cratered planetary surfaces, and
its importance had been brought home by more recent research into the geo-
logic record of Earth’s craters, impact catastrophes, and mass extinction of
life. For scientists, the principal revelation from the crash of SL-9 was that
the direct aftermath — especially the complex sequence of phenomena that
followed — far exceeded our capability to predict. Fortunately, no lives de-
pended on any decisions that were based on the preimpact predictions of the
Jovian catastrophe. If the demise of this comet is to be taken as a warning,
it should be that even the most sophisticated modeling and theoretical stud-
ies, by themselves, do not yield a framework of knowledge that is sufficient-
ly reliable for making major policy decisions. Conversely, the data from
observed impacts such as these, by themselves, cannot be fully interpreted
and understood without the framework that can be provided by computation-
al models. Models and simulations of phenomena that take place over many
orders of magnitude in time, distance, and energy scales need to be checked
against actual data. In the case of collisions into planetary atmospheres, we
now have been able to take advantage of a validation “experiment” in the
form of a rare impact on another planet.

Even though SL-9 provides the only real benchmark data for large-scale
hypervelocity collisions with atmospheres, our understanding of such events
will continue to improve along with our modeling capabilities. It is hum-
bling to note that — even when extensive data are available — there can still
be a wide variation in interpretations and quantitative assessments. Postim-
pact estimates of mass (or energy) have varied by several orders of magni-
tude among modelers who are considering the same set of astronomical
imagery and lightcurve data. As the models begin to converge, the best esti-
mates still vary over a wide range. This observation naturally leads one to
question the quantitative accuracy of estimates of the consequences for our
own planet of an impact of a given size. An obvious response would be that
the observable phenomena that resulted from the impact on Jupiter are not
the same type of phenomena that would kill people and cause property dam-
age on Earth. For example, a Tunguska-scale impact on Earth might be a
plume-forming, lightcurve-generating event, but the threat to surface-dwell-
ers would be from the blast wave, which is easier to relate to the yield. Nev-
ertheless, the impact of SL-9 underscores the fact that the most important
effects resulting from a complex sequence triggered by a single event are not
always those that are anticipated.

For this reason, we have begun to take a closer look at the Tunguska event
by applying what we have learned from SL-9. The Tunguska explosion has
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also been attributed to an impactor with an estimated mass and yield that var-
ies by several orders of magnitude. The most commonly quoted magnitude
of the explosion (about 12 megatons) is still not universally accepted, and
many researchers have argued for a larger or smaller value. By applying the
simulation methods we used for SL-9, we are beginning to develop more in-
sight into the energy deposition into the atmosphere at Tunguska. We have
found that Tunguska is very much a terrestrial analogue of the SL-9 impact.
It was entirely an atmospheric event, in which the Earth’s surface played
very little role other than acting as a “witness plate,” covered with trees that
would be knocked down and charred for later examination. Because atmo-
spheric entry physics is similar on Earth, the Tunguska event probably gen-
erated a plume very similar to those that were seen on Jupiter. This paper
reviews the impact of SL-9, interprets it in the context of the computational
models, and presents Tunguska as a terrestrial example of the same process.

SHOEMAKER-LEVY 9

The multiple impacts on Jupiter in July 1994 provided a remarkable first
opportunity to observe the immediate results of a hypervelocity collision be-
tween a comet and a planet. Astronomers and modelers have analyzed in detail
the collision phenomena and aftermath, leading to advances in our understand-
ing of comets, of Jupiter, and of the collisional processes that shaped the solar
system. We are now beginning to take advantage of this improved understand-
ing to develop better models for the assessment of the impact threat to Earth.

The SL-9 impacts provided a free “natural experiment” that we could ex-
ploit to validate computational simulations (involving velocities, masses,
and kinetic energies many orders of magnitude higher than had ever before
been witnessed), using the shock physics codes (CTH and PCTH) that had
been developed at Sandia National Laboratories [27]. Traditionally, experi-
ments or scaled tests are used to provide data to check the validity of a com-
plex computational simulation against the real world. The natural
astronomical event allowed us to use observational data for validating our
simulations. As a spin-off, we were able to provide predictions to help guide
astronomical observations of the event. These predictions led to our primary
preimpact recommendation to observational astronomers: that the most use-
ful Earth-based measurements to be made within a few minutes after impact
would be time-resolved photometry at the Jovian limb [3]- More recently, we
have used our models and simulations to assist astronomers and planetary
scientists in interpreting the observational data.

Prior to impact, the computational effort was focused primarily on making
predictions. In the period between the recognition in mid-1993 that SL-9
would strike Jupiter, and the availability of new astrometric data after Jupiter
emerged from solar conjunction at the end of that year, the estimated point of
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impact was far on Jupiter’s back side (the history of the preimpact orbital cal-
culations is reviewed by Chodas and Yeomans[11]). There was little hope for
a direct view from Earth, and many astronomers were resigned to the very
limited possibilities of observing reflections from Jupiter’s inner satellites, or
of seeing residual atmospheric disturbances that would rotate into view sev-
eral hours after impact. After the better orbital data revealed that the impact
point for some of the brightest fragments would be less than six degrees over
the Jovian limb, various modeling groups focused more attention on the fire-
ball/plume phenomena that had the greatest potential for being observable.
By the time the comet arrived at Jupiter, there was general agreement among
the impact modelers that (for sufficiently large impactors), debris ejected by
the collisions would quickly rise above the Jovian limb into line of sight for
Earth-based telescopes [51], [42], [1], [2], [3], [41]. A consensus was never
reached, however, on how bright the fireballs would be, how high the plumes
would rise, nor on how large the fragments would need to be to generate vis-
ible plumes. The uncertainty in plume visibility as a function of fragment
size, coupled with the uncertainty in the sizes of the actual fragments [48],
resulted in a spectrum of recommendations from modelers. In most cases, the
impact models focused on fragment entry and early plume growth.

Astronomers indeed observed the fireballs and plumes predicted by the
models, and in doing so transformed them from theoretical constructions to
observational facts. The actual event, however, produced a much richer array
of consequences than anyone had anticipated. Because of a massive interna-
tional effort, an overwhelming amount of high-quality observational data was
collected during the impact week. Some of the new phenomena were quickly
explained and are fully consistent with the models; interpretation of other ob-
servations continues to require further analysis and synthesis of the data. Com-
putational models continue to provide guidance and contribute to our
understanding of this event.

Moreover, the simulations of the SL-9 impact — coupled with interpreta-
tions of the observational data — will ultimately enhance our ability to pre-
dict the consequences of a comet or asteroid impact on Earth, leading to
improved risk assessments. This section briefly summarizes the most useful
observations of the collisions, provides a description of our simulations, and
outlines our current “big picture” interpretation. The framework presented
here is an elaboration on and update of the scenario presented by Boslough
et al. [4]. It is consistent with the consensus that was reached at the 1995
IAU meeting in Baltimore (summarized by Chapman [10]), and incorporates
elements of models of Svettsov [74], Crawford [12], Fortov et al. [61], Mac
Low [23], Zahnle [52], and others. This scheme attempts to conform with as
much of the observational data as possible, and incorporates the most recent-
ly published observational interpretations. As with any working model, the
details of the interpretations may evolve as the research efforts continue.
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tion only a few degrees beyond Jupiter’s limb, as predicted by dynamicists,
the hot debris ejected by each collision had to rise only a few hundred kilo-
meters to become visible. It could then be seen in profile, making it possible
to observe its shape and size. The vantage point from Earth was close to per-
pendicular to the trajectory of the fragments, so that the effect of impact
obliquity could be seen. Because the impact point was beyond Jupiter’s
limb, the arrival time of debris above the line-of-sight altitude could be mea-
sured for some of the fragments. Combining this information with the time
of impact extracted from direct measurements from Galileo (and in some
cases from Earth), the early fireball trajectory could be determined. The po-
sition of Jupiter (near quadrature) meant that the luminous debris was in
shadow when it first rose into view, making it possible to estimate its bright-
ness. This configuration also meant that additional trajectory information
could, in principle, have come from the time of arrival of the fireball into
sunlight. As the cold, condensed plume rose into the sunlight it scattered
enough light to be imaged so that its projected shape could be determined,
and out-of-plane morphological information could be extracted from the
shadow-line on it. Furthermore, each impact site was on the side of Jupiter
(near local dawn) that immediately rotated into view from Earth. This gave
the fireball a velocity component toward the limb, and made it possible to
observe the pattern of debris and wave phenomena immediately after impact,
and for an entire Jovian half-rotation (from local Earth-rise to Earth-set) af-
terward. Finally, there wasn’t just a single collision. A whole string of about
twenty sizable fragments impacted at a rate of several per day for nearly a
week, allowing observatories around the world to collect data with many
types of instrumentation, thereby providing multiple chances to improve the
observations and to employ different modes of data collection. These multi-
ple opportunities were particularly fortunate for the Hubble Space Telescope
(HST), which is in low-Earth orbit and blocked from viewing Jupiter about
half the time. Likewise, the Galileo spacecraft was able to take advantage of
several different data collection strategies. This nearly best-case impact sit-
uation — like a well-designed series of experiments — has allowed many di-
rect comparisons to be made between simulations and observations. It would
not have been possible if the vantage point had been different, or if there had
only been a single event.

The collision also took place at a time that was quite advantageous in
terms of the instruments that could be used to make observations of the im-
pact sites; the recently-refurbished Hubble Space Telescope (HST) and the
approaching Galileo spacecraft were both available to complement the
Earth-based observations in a way that would not have been possible only a
year earlier. HST happened to be in position to capture direct images of the
plumes from four impacts, and Galileo had a direct line of sight for all. HST
images have provided information about the size, shape, evolution, and op-
tical properties of the fireballs and plumes, and about the structure and evo-
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lution of the impact sites after plume collapse [19], [63]. HST and Earth-
based spectroscopy yielded evidence for water, ammonia, iron, silicon, mag-
nesium, sodium, calcium, lithium, potassium, diatomic sulfur other sulfur
compounds, carbon monoxide, and hydrogen cyanide at the impact sites
[36], [55], [76], [24], [26], [39]. Galileo’s Ultraviolet Spectrometer (UVS),
Photopolarimeter Radiometer (PPR), Near-Infrared Mapping Spectrometer
(NIMS), and Solid State Imaging camera (SSI) instruments provided precise
timing for the entry of many of the fragments into the atmosphere, as well as
information about the expansion rates, cooling histories, and upward veloc-
ities of the incandescent, ballistic fireballs [26], [6], [9], [20]. The event tim-
ing as determined by Galileo measurements has provided a strong basis for
interpreting the multiple flashes observed from Earth in a way that is consis-
tent with the computational models (Fig. 2).

PREIMPACT SL-9 SIMULATIONS

Crawford et al. [14] used the CTH Eulerian shock-physics code to simu-
late two- and three-dimensional representations of the impact events. The
2D computations were of the impactor penetration, simulating the entry, de-
formation and breakup of the comet fragments. The calculations were per-
formed in a “reverse ballistic” sense using a Jovian atmosphere moving
upward at 60 km/sec impinging upon an initially stationary fragment. The
Eulerian mesh extended 100 km radially and 1000 km above and below the
comet. The fragment was maintained in a high resolution portion of the mesh
(equivalent to 25 computational zones across the projectile radius and ex-
tending 10 km vertically and 5 km radially) by Galilean transformations of
the entire mesh every 0.1 seconds of simulation time. Zone size gradually
increased away from the high resolution portion of the mesh to preserve all
the materials of the calculation yet maintain computational efficiency.

The comet fragments in the simulations were composed of water ice with
initial density and temperature of 0.95 g/cm? and 100 K, respectively, using
tabularized version of the ANEOS equation-of-state which allows melting
and vaporization [46]. The atmospheric stratigraphy in the calculations
matched Voyager data for Jupiter at high altitudes (Orton, unpublished data)
and extended adiabatically to lower altitudes. The atmosphere consisted of
89% hydrogen and 11% helium at all altitudes and was modeled with a tab-
ular equation-of-state allowing dissociation and ionization [21]. It was
scaled vertically by a factor of 1.41 (to account for the approximate 45° entry
angle) and inserted into the lower portion of the computational mesh. The
atmosphere propagated into the upper portion of the mesh as the comet de-
formed and broke up in the higher-pressure regions of the lower atmosphere.
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Hypothetical view from Earth
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FIGURE 2. Cartoon of the first minute of impact phenomena as observed from Earth,
relating events at the limb of Jupiter to an idealized high-resolution lightcurve. Only
light radiated or scattered from above the limb was detected on Earth.

Before the impacts, we focused our attention on modeling large fragments
with diameters between 1 and 3 km. This is the size range bracketed by the
most optimistic preimpact estimates (summarized by Weaver et al. [48]),
and would be more likely to yield observable phenomena than smaller frag-
ments. During entry into the low density outermost reaches of the atmo-
sphere, the projectile forms a clean bow shock. Atmospheric temperatures at
the leading edge of the projectile reach values as great as 35,000 K. During
deformation, the projectile thins and the leading edge flattens. Acceleration
instabilities develop in a manner described by Swegle and Robinson [43].
Eventually, projectile thinning meets with the growing instabilities and
breakup occurs. During penetration, the projectile continuously gives up ki-
netic energy to heating and deflection of the Jovian atmosphere (a relatively
small amount goes toward internal heating of the cometary constituents).
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Crawford et al. [14] determined the total energy deposited by hypothetical
1, 2, and 3 km diameter cometary fragments during their penetration of the
Jovian atmosphere. An important result for fragments between 1 and 3 km
in diameter was that most of their kinetic energy and mass was deposited be-
neath Jupiter’s outermost visible cloud layer, which is about 10-20 km
above the reference altitude at 1 bar. For the 3 km diameter fragments most
of the impactor’s mass is deposited at depth, and less than 1% is entrained
in the upwardly growing fireball. Crawford et al. [14] also investigated the
influence of fragment body shape on the energy deposition profile, and test-
ed for sensitivity to numerics by performing the same calculations with dif-
ferent resolutions.

For the 3D calculations, the results from the two-dimensional entry, de-
formation and breakup studies were inclined at 45° and mapped into a three-
dimensional representation. Three-dimensional, bilaterally symmetric simu-
lations most accurately rendered fireball evolution beginning about 10-15
seconds after first contact of the fragment with Jupiter’s atmosphere. Densi-
ty, temperature, fluid velocity, and pressure of the cometary debris and
shocked Jovian atmospheric constituents were preserved in a spatially aver-
age sense while total energy was conserved. Some calculations were allowed
to evolve for up to 120 seconds. Generally, the simulation results indicated
that early-time fireball growth is predominantly directed outward along the
incoming bolide trajectory but is redirected, at later time, towards growth
dominated by the vertical gradient of the Jovian atmosphere.

In an attempt to attain adequate resolution for these large fireball simula-
tions, the calculations were performed on the 1840-processor Intel Paragon
massively parallel supercomputer at Sandia National Laboratories. The sim-
ulation of the fireball formed by the impact of a 3 km comet fragment con-
sisted of 8 million 5 km cubical zones. Lower energy events, formed by the
impact of 1 or 2 km fragments, were modeled with more finely resolved, but
less spatially extensive, simulations. More recent 2D simulations indicate
that these preimpact 3D simulations were somewhat under-resolved, despite
having been carried out on the world’s most powerful computer. The quali-
tative aspects of the simulated fireballs and plumes remain valid, but the lack
of sufficient resolution limited their quantitative accuracy, and under-pre-
dicted the ejection velocity of material during early fireball growth.

In the 3 km simulation, the fragment deposited (as internal energy of H,,
He and H,O vapor) more than 95% of its kinetic energy (6 million megatons)
during its penetration of the Jovian atmosphere (a comparatively small
amount remained as kinetic energy of cometary water vapor). The resulting
fireball and surrounding shock wave is shown in cross-section, 67 seconds
after impact, in Crawford’s Fig. 1 [58]. The spherical shock wave is advanc-
ing upward at a velocity of 25 km/sec. It has reached a diameter of 700 km
and an altitude of 900 km above the clouds. For reference, the Jovian cloud
tops are located at an altitude of 10-20 km and the projection of the limb of
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Jupiter (as seen from Earth) varies as a function of impact location. The limb
projections for impacts occurring 4 and 6 degrees beyond the limb were at
200 and 400 km altitude, respectively. The fireball itself is a rapidly rising
cloud of cometary debris and Jovian atmosphere at high temperature. About
a minute after the impact of a 3 km cometary fragment, the fireball is still at
1700 K, and the shock wave temperature is 2300 K. An optically-thick fire-
ball would have had an apparent bolometric magnitude (as viewed from
Earth) of about 2 at this time. The observed fireballs were significantly dim-
mer, implying they were not optically thick and/or that the fragments were
smaller than 3 km in diameter.

The term “fireball” refers to the mass of hot gases consisting of a mixture
of Jovian atmosphere and cometary material that is ballistically shot upward
by the impact. In the first moments after impact it is very hot, incandescent,
and radiating in the visible and near infrared. The fireball is preceded by the
“entry flash” or “bolide” phase, during which time the comet fragment (and
associated debris) deposits its energy in Jupiter’s atmosphere. The entry
flash as seen from Earth may be dominated by the deposition of energy at
very high altitude (above the limb) by small particles in the coma surround-
ing the main fragment, and for that reason its use as a timing fiducial is not
as straightforward as we had hoped [2]. The main fragment mass does not
begin to deposit a large amount of energy until it has passed beyond the limb,
after which it begins to heat an entry column of atmosphere as it loses its ki-
netic energy. It is that column of gas that explosively expands and becomes
the fireball. The word “plume” describes the debris cloud after it has expand-
ed, cooled adiabatically, and begun to condense. Clearly, there are no pre-
cise temporal demarcations separating bolide, fireball, and plume phases,
but various well-defined “events” associated with these phases, and related
to the viewing geometry, can be extracted from the best time-resolved light-
curves (Fig. 2).

The differences between the fireballs described here, and other closely-
related phenomena should be understood. Analogies to the fireball associat-
ed with the detonation of a nuclear device are limited. The development of
a nuclear fireball is dominated by interior radiative transport at temperatures
of tens of millions of degrees. Some fraction of this energy forms a shock
wave in the atmosphere, which separates from the fireball but can still be lu-
minous if strong enough. The shock wave generated by the impact fireball is
similar to the outer, mechanically-driven nuclear blast wave. However, the
temperature of a shock wave can be much higher at a given propagation dis-
tance from an impact that is a million times more energetic than a megaton-
scale nuclear device. The fireball itself is a ballistically-rising mixture of
shocked atmosphere and vaporized cometary material. A nuclear fireball
that is small compared to the scale height of the atmosphere will be driven
upwards by buoyant forces because it is less dense than the surrounding at-
mosphere. This upwelling gives rise to the toroidal “mushroom cloud” usu-



246 ANNALS NEW YORK ACADEMY OF SCIENCES

ally associated with atmospheric explosions. A large impact fireball can be
much greater than the scale height of the Jovian atmosphere. Because the at-
mospheric pressure is much greater at the bottom than at the top, it is con-
tained at depth and relatively uncontained at altitude. It, therefore,
accelerates upwards as if shot from a gun. Simulations and observations in-
dicate that later, when most of the fireball mass is unconstrained, it begins a
more homologous upward expansion. Even though its density is much great-
er than the surrounding atmosphere at the top, its inertia will carry it on a
ballistic trajectory which rises as much as several thousand kilometers above
the clouds.

POSTIMPACT SL-9 SIMULATIONS

Subsequent to the collision, Crawford [12] has improved the computa-
tional models by developing an analytical entry model that allows the nu-
merical simulations of the fireballs and plumes to be initialized without
having to perform a computationally-intensive hypervelocity entry simula-
tion every time. This paper showed that previously-ignored radiative abla-
tion makes a significant contribution to the rate at which energy and mass
are deposited at high altitude, which controls the formation and early evolu-
tion of the fireball. By performing a large set of two dimensional simula-
tions, Crawford [12] called into question our earlier interpretation of a
fireball that transforms directly to a plume as it grows, cools, and condenses.
Instead, the early, incandescent “entry fireball” grows from and expanding
entry column, fades, and becomes transparent before it reaches an altitude of
6,000 to 10,000 km. Imbedded within the fireball, however, is material ex-
cavated from deeper within Jupiter’s atmosphere, which condenses to form
the visible outer surface of the plume that rises up to about 3,000 km.

One key result of this paper was an explanation for why all the observed
visible plumes rose to about the same height. Both the energy deposited per
unit distance along the path, and the mass into which it is deposited, are pro-
portional to a projectile’s interaction cross-section. The energy density with-
in the entry column is therefore independent of fragment size down to the
depth at which its velocity begins to appreciably drop off. Since the expan-
sion of the hot vapor in the column converts internal energy of each packet
of mass to gravitational potential energy, the maximum height each packet
reaches is independent of fragment size, as long as it comes from above the
level at which the fragment begins decelerating. If this level is beneath the
cloud layer that forms the visible envelope of the plume, the plumes will all
appear to rise to the same height. The threshold diameter above which frag-
ments will penetrate the ammonia clouds before slowing appreciably yields
the lower limit for the size of the fragments that generated the high plumes.
According to Crawford [12], this lower bound is about 200 m.
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The most recent computational models [58] have provided another means
for estimating the size of individual comet fragments, by determining light
emission from the impacts as a function of time and viewing geometry. By
varying parameters and comparing the synthetic lightcurves to those record-
ed by instruments aboard the Galileo Spacecraft, the sizes of five fragments
were estimated. These values were correlated with HST images and Earth-
based photometry to arrive at approximate sizes for the other largest frag-
ments, which in turn allowed an overall progenitor diameter to be deter-
mined assuming a density for SL-9, based only on the impact flash. For
densities of 0.25 and 0.50 g/cm3, the best estimates are 1.8 km and 1.4 km,
respectively.

SL-9 INTERPRETATIONS

Figures 1-4 are schematic portrayals of the sequence of events associated
with an idealized SL-9 impact. These representations are inferred from the
composite of Earth-based photometry data, Galileo lightcurves, and HST
imagery. Figure 1 depicts a side view, looking from a direction perpendicu-
lar to the line between Jupiter and Earth. Figure 2 is a cartoon depicting the
view from Earth during the first minute or so, with the features of a generic
high-resolution lightcurve identified with various events at the limb. The
lightcurve is modeled after the time-resolved data collected at 2.3 um from
the L impact by Hamilton et al. [64] at Calar Alto Observatory, Spain. Figure
3 is a plan view of the impact site from a stationary (nonrotating) vantage
point, with snapshots of a map projection of the evolving impact sites at var-
ious time steps after impact. As the point of impact rotates from west to east,
it moves from left to right in the stationary field of view of the illustration.
Jovian north is up; the approximately vertical lines represent the minimum
line-of-sight altitudes to the Earth and Sun. The figure is not intended to de-
pict the exact geometry, nor is it supposed to represent a particular impact,
but is a composite of features observed from various events. Figure 4 shows
a simplified side-view of the fireball/plume evolution. In reality, the ejecta
cloud is not a discrete packet, but a continuum with widely varying temper-
atures, densities, and pressures. As described earlier, the impacts were not
“clean experiments,” but probably involved closely-spaced multiple impac-
tors embedded within a dusty, light-scattering cloud of smaller particles (co-
ma), which also had a hypervelocity, light-producing interaction with
Jupiter’s atmosphere.

In the Fig. 3 inset are some idealized examples of Galileo and Earth-based
lightcurves. The Galileo PPR curve is based on the measurements of several
impacts at 945 nm [26]. Since Galileo had a direct view of the impact, the
sharp rise in the PPR curve defines the time of impact for the events for
which PPR data were collected (UVS and SSI instruments on Galileo deter-
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time-resolved infrared emission at 2.34 pm, from the vicinity of the limb just
above the impact point of G and K fragments, began to rise above back-
ground levels at about 1.5 and 3.5 minutes before fragment impact, respec-
tively. This implies that localized meteor storms were becoming bright
enough to be seen from Earth when these two fragments were still at respec-
tive distances greater than 5,000 and 12,000 km from their point of impact
(Fig. 2). The 2.3 pum lightcurve [64] shows a leader beginning about 30 sec-
onds before the peak, when the L fragment was still nearly 2,000 km above
the cloud tops. These distances are much less than the total length of the co-
mae, which had been stretched out to lengths tens of thousands of kilometers
in their approximate direction of motion as the fragments neared Jupiter due
to differential acceleration by the planet’s gravitational gradient [48].

The shape of the first precursor probably has more to do with the density
profile of the stretched-out coma than with anything else. The Earth-based
data [64] were collected from the L impact with sufficiently small sampling
intervals (1.2 seconds) to resolve the structure of the coma on a spatial scale
of less than 100 km as it collided with the rarefied upper reaches of Jupiter’s
atmosphere at 60 km/sec. At any instant in time, the emission from the en-
tering coma as seen from Earth is dominated by meteors within a scale height
of the line-of-sight altitude above the limb (about 350 km above the clouds
for the L impact) so the time-resolved emission is proportional to the number
of meteors passing through that altitude, assuming a uniform size distribu-
tion. The main peak in the L lightcurve has a half-height width of about 12
seconds, which is consistent with a debris cloud having a density concentra-
tion within about 700 km along the direction of motion. This peak appears 8
seconds before the impact time as determined by Galileo instruments [26],
precisely when the main fragment was passing the limb at about 350 km al-
titude. A second, smaller peak in the first precursor of the L lightcurve ap-
pears within one sample interval of the Galileo impact time, when the bolide
is at its brightest just before reaching the cloud tops. This short, bright entry
flash would not be visible from Earth unless there were still scattering ma-
terial above the limb at the same instant. The fact that the first peak had not
yet disappeared by this time implies that the densest inner part of the trailing
portion of the coma was still crossing the limb at the time of impact, provid-
ing a scattering medium in Earth’s line of sight.

The “trailer” of the first precursor probably contains contributions from
both the trailing portion of the coma generating high altitude line-of-sight
meteors, and the same portion of the coma scattering light emitted from the
fireball rising from beneath. There are many complications due to multiple
sources and dependence of scattering and emission on the details of the un-
known density profile of the coma in the immediate vicinity of the main
fragment. Thus, the structure and intensity of the first precursor in Earth-
based lightcurves cannot be used to determine fragment properties. More-
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over, only the L lightcurve [64] is sufficiently well resclved to distinguish
the limb-crossing coma peak from the bolide flash peak. In many of the
lightcurves, these two events are unresolved, and together form the “first
precursor.” In other lightcurves, no first precursor was observed at all. A rea-
sonable explanation is that in addition to depending on wavelength, sam-
pling interval, and sensitivity, its presence depends on coma density and
location of impact point beyond the limb. The latter is important because it
determines the altitude and density of the atmosphere into which meteors
form in line of sight from Earth, and dictates the distance between the bolide
and the scattering medium.

B. Fireball Phase (5 or 10 Seconds to 3 or 4 Minutes)

After energy is deposited in the wake of the fragment, the column explo-
sively expands upward and outward along the atmospheric density gradient,
cooling isentropically as it rises. The expansion begins instantaneously, be-
fore the entry phase is complete. This cooling is seen by Galileo instruments
as a decrease in radiative intensity, and a shift toward longer wavelengths in
thermal emission. In the infrared, the NIMS data exhibit a decrease in the
intensity of methane absorption bands with time for the G fireball, consistent
with a rapidly rising light source within Jupiter’s atmosphere. Carlson et al.
[6] used these time-dependent absorption band changes to determine that the
vertical velocity component of the main near-infrared light source from the
G fireball had reached 2-3 km/sec within 20-30 seconds of impact.

Computational models show that the fireball growth is not a simple iso-
tropic expansion, but that it starts near the tropopause and is guided up the
high-temperature, low-density, radially expanding entry column [12], with
an appearance reminiscent of the inflation of a long narrow balloon. In less
than one minute or so, the incandescent fireball rises to a few hundred kilo-
meters and becomes visible from Earth, appearing as a second precursor in
some photometry data. The exact timing depends on both the point of impact
and on fragment size although the most recent models suggest that, over the
range of sizes of the fireball-producing SL-9 fragments. the latter depen-
dence is weak [58]. The entry fireball is preceded by several seconds by a
shock wave. Earth-based detection of this shock would have provided fur-
ther validation for the computational models, but it was either too weak to
have been seen as an independent precursor, or else it was simply unre-
solved. In the absence of a nearby light-scattering medium, the arrival time
of hot material above the Jovian limb would have been seen as a sudden in-
crease in the lightcurve. In many cases the second precursor was not sharp,
suggesting that the sudden fireball arrival was preceded by a more gradual
increase in light scattered over the limb. The most likely source of light is
from the rising fireball itself, before it reaches the altitude where it can be
seen directly. The most probable light scattering material that would be
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above the limb at this time (and close to the light source) would be the trail-
ing part of the coma. Some of the lightcurves exhibit sharp second precursor
onset — such as is the 2.3 um L data [64]. At this time, the rising fireball
approaching the limb is colliding head-on with the descending coma that had
been trailing the L fragment by about 2,300 km. After this early fireball rises
above the limb, it continues to grow and cool, leading to a trailing off of the
second precursor.

Information about the Earth-based field of view during the entry and early
fireball phases for various impact locations can be extracted from Fig. 5. The
line-of-site altitude from Earth at a spot directly above the impact point is
plotted as a function of time for various fragments. As the rotation of Jupiter
brings the impact point closer to the limb, the line-of-sight altitude moves
lower, so the curves (provided by Paul Chodas, personal communication) are
decreasing functions of time. We originally used this diagram to argue for
the visibility of fireballs by plotting ballistic trajectories extrapolated from
our 3D shock physics simulations [2], and showing that for impactors greater
than 1 km in diameter, fireballs would rise above the line-of-sight altitude
within a few minutes. More recent, higher-resolution 2D simulations by
Crawford [12] has revealed that our original 3 km fireball trajectory was
about right, but that our 1 km trajectory was too low due to insufficient nu-
merical resolution. Furthermore, these simulations demonstrated that plumes
from impactors greater than about 200 m in diameter should all rise to about
the same height, so the ballistic trajectories would all be about the same.
Their time of arrival above the limb would therefore be insensitive to frag-
ment size for a given impact geometry, in contradiction to our expectations
[2]. When the calculated trajectories are plotted on this diagram, their inter-
section with the line-of-sight curves should define the times of arrival of the
plume-forming surface above the limb. If that same surface evolved from the
leading edge of the incandescent fireball, then the beginning of the second
precursor (in the absence of scattering) should appear at this time. However,
the second precursor start times extracted from a compendium of measure-
ments [11] do not show any clear correlation. This inconstancy may be the
result of a combination of light scattering and limited temporal resolution.

The Hamilton et al. [64] lightcurve at 2.3 um for the L impact provides
the best published example of an emergent second precursor with good time
resolution. This precursor starts about 36 seconds after impact, which is
about 14 seconds before the visible plume-forming surface reaches line-of-
sight. Our early work suggested that it was the expanding debris front that
defined both the leading edge of the incandescent fireball at early times, and
the top of the plume at late times [4]. This L lightcurve, however, strongly
supports the Crawford [12] view that the top of the incandescent “entry”
fireball precedes the visible plume to that altitude, and later becomes trans-
parent, with the visible plume embedded inside.
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alignment with the calculated trajectories. The differences between the HST
plume heights and the calculated ballistic plume height are probably attrib-
utable to a combination of variable sensitivities and wavelengths, as well as
exposure times that were long compared to the timescales of plume motion.

E. Plume Collapse (Splashback) and Transition Phase (about 5 to 15
Minutes)

As the still-expanding debris cloud begins to fall back, it compresses and
heats a large area of the Jovian stratosphere. The heated region grows rapid-
ly. The peak of the main event in the Earth-based lightcurves is probably de-
termined by a combination of competing effects, including increasing area,
radiative and decompressional cooling, and viewing geometry. However,
Nicholson [35] and others have pointed out that the data of McGregor et al.
[70] and Lagage et al. [69] demonstrate that the main event began about six
minutes after impact in all cases, regardless of viewing geometry. The fact
that this six-minute interval before the main event is an intrinsic property of
the plume collapse was later confirmed by the Galileo NIMS data [6]. The
most reasonable explanation for a six minute interval has been provided by
Zahnle [52], who suggested that there is a threshold vertical velocity com-
ponent that the re-entering plume must reach before the shock temperature
is high enough to synthesize the organic compounds that serve as the re-
quired opacity source for emission. This threshold velocity is about 4-5 km/sec,
which is reached after about six minutes.

Another transition takes place near the peak of the main event, and was
observed as an emergent CO emission band 12 minutes after the K impact in
the spectral data at 2.3 pm by Meadows and Crisp [79]. Excitation of this
band requires a temperature of at least 2000 K, which implies that it must be
coming from the shocked layer where the plume is collapsing onto the top of
Jupiter’s atmosphere. Nicholson [35] attributes its sudden appearance to the
time at which the vertical component of the plume re-entry velocity ap-
proaches 9 km/sec. That explanation, however, may not completely account
for the suddenness of its onset, which may be alternatively explained by a
morphological transition associated with the plume collapse process (Fig. 8).
When the plume is growing, it consists of nested shells of Jovian atmosphere
derived from various initial depths. As it begins to collapse, the outer shells
collide with Jupiter’s atmosphere first, and a zone of inverted stratigraphy
begins to grow laterally uprange from the point of impact. These collapsed
layers maintain their horizontal velocity and slide outward before losing their
kinetic energy by dissipative processes. Since the coliapse zone is shocked,
it radiates at a much higher temperature than the surrounding plume, but be-
cause the outermost visible shell of the plume has some degree of opacity,
this source is obscured. As the plume continues to collapse, a time is reached
after which the outer shell folds back upon itself and remains upright, and the
collapse front begins to recede from the outer limit of the collapse zone, ex-
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After the primary peak in the main event appear subsequent shoulders and
smaller peaks. In the infrared lightcurves of Nicholson et al. [34] and Gra-
ham et al. [18], these arise about 10 minutes after the main peak, and are al-
most certainly due to a much smaller, second compression of the atmosphere
after the plume rebounds from the first collapse with a 10 minute period
[16], [23]. This is followed by a third, and perhaps even a fourth bounce seen
in the R impact lightcurves of Graham et al. [18].

F. Postcollapse “Splat” Phase (about 15 to 45 Minutes)

As the expanding debris cloud collapses it rotates counterclockwise in Ju-
piter’s reference frame, due to the Coriolis Effect. This causes the ejecta
footprint’s symmetry axis to rotate out of alignment with the incoming frag-
ment trajectory, which approached from 16° east of due south in Jovecentric
coordinates. Since the highest parts of the ballistic plumes had as long as 18
minutes of flight time (Fig. 7), they rotated with respect to Jupiter by about
7.5° before re-entering. However, the HST image of the G impact reveals a
total rotation of 23° [19] which would have required another 30 minutes of
flight. However, one would not expect a fluid plume, collapsing onto a fluid
atmosphere, to immediately decelerate, or “stick.” Because it lands with a
high horizontal velocity component, it maintains its momentum and
“slides,” continuing to rotate counterclockwise with respect to Jupiter. The
total rotation angle of 23° actually implies a slide time of much greater than
30 minutes, because the mean sliding velocity was less than the re-entry ve-
locity owing to its ultimate deceleration to a stop. This postcollapse rotation
indicates that the ejecta blanket also expanded radially by the same mecha-
nism. The outwardly-directed velocity component sets up a radially-expand-
ing flow field that sweeps condensed matter outward, which may contribute
to the crescent-shaped postcollapse debris pattern. This pattern remains to
be fully explained, however, and is likely related to the structure of the
plume itself [58].

A linear, radially expanding wave is made visible by an unknown mech-
anism, possibly condensation in the rarefaction part of the wave. These
waves were observed in HST images of several impact sites as rings expand-
ing at a constant velocity of 450-500 m/sec [19]. They have been modeled
as inertia-gravity waves by Ingersoll and Kanamori [66] who predicted an
enrichment in the water content of the troposphere by as much as ten times
the solar abundance in order to explain the high wave velocities. However,
the Galileo probe subsequently showed that Jupiter’s atmosphere is too dry
to support this model, hence this phenomenon remains unexplained. An al-
ternative model of Zahnle [52] involves impact debris which is caught up in
breaking nonlinear stratospheric waves. As the wave expands, the debris
surfs along in front for thousands of kilometers, but slows down to a velocity
below what was observed.
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G. Aftereffects (Minutes to Hours)

The computational models indicate that there is also an upwelling phase.
Careful examination of the 3D simulations of Crawford et al. [14] reveals
that for massive, deeply-penetrating impactors, a bubble (or several bubbles)
of hot Jovian atmosphere mixed with cometary vapor rises buoyantly from
the depth of maximum energy deposition. This is between 200 and 300 km
beneath the 1 bar level for 2-3 km diameter fragments. At 82 seconds after
impact for a 1 km impactor there are three or four instabilities developing
between about 50 and 200 km below the 1 bar level. At this time, they are
20--30 km in diameter, and have risen by about that distance from their start-
ing point. These bubbles are analogous to buoyant nuclear explosion fire-
balls. Extrapolation of their upward motion suggests that they will begin
arriving at the ammonia cloud layer within minutes, after having adiabati-
cally expanded to many times their size. The resulting massive displacement
of atmosphere is a likely source for the expanding wave, perhaps enhanced
by a release of the latent heat of condensation of the entrained water vapor
as suggested by Zahnle [52]. The upwelling might also manifest itself as
thermal brightening or appearance of new spectroscopic signatures at the im-
pact sites. It may be possible to extract information about the penetration
depth (and therefore fragment mass) from the timing, temperature, and com-
position of any buoyantly-upwelling material,

Another late-time phenomenon was the giant ring that was observed at 3—
4 um by McGregor et al. [70], following two or three of the impacts. These
rings continued to expand for up to 2 hours after impact, and were seen prop-
agating as far as 18,000 km away from the impact site. McGregor et al. [70]
suggested a couple of possibilities for the giant rings; that they were either
a sliding phenomenon or second wave. One other possibility is that these
rings are related to the collapse of the outer, invisible shells of the plume
which were ejected to much higher altitudes than the visible plume, with cor-
respondingly longer flight times and re-entry velocities. This cause might
explain the sizes, locations, and velocities of the rings, but a plausible mech-
anism for emission is still lacking.

SL-9 Interpretation Summary

The description presented above is designed to provide a conceptual
framework for relating the observations to the physical phenomena that were
observed, and is not intended to be exhaustive or exclusive. The focus here
has been on phenomena that are closely related to the shock physics modeling
effort, and that can be identified with features or predictions of those models.
The primary intent of this framework is to serve as a descriptive summary of
the sequence of events, and to serve as a guide for data interpretation and pri-
oritization of future directions for computational work. Other phenomena as-
sociated with the collision, such as the stimulated auroral processes [57],
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[72], have less obvious connections to the shock physics models which have
not yet been sorted out. More rigorous reviews of the physics of comet entry,
fireball growth, and plume collapse, along with a more comprehensive dis-
cussion of the related observations, can be found in Noll et al. [36].

PLUME-FORMING COLLISIONS ON EARTH

Plume-forming collisions with Earth had already been investigated theo-
retically prior to the discovery of SL-9, but the nature of these plumes was
somewhat different from those observed on Jupiter. The plumes reviewed by
Melosh [28] are dominated by vapor released from an impact with the
ground. At the point of impact, strong shock waves are driven into the target
and back into the impactor, generating a volume of material at high temper-
ature and pressure that vaporizes upon expansion. As the resulting cloud of
vapor is ejected, it sweeps aside the ambient atmosphere and forms a strong
blast wave that propagates outward and upward. For small impacts, when the
vapor cloud reaches pressure equilibrium with the surrounding atmosphere,
its radius is less that of the atmospheric scale height, and it rises buoyantly
like a nuclear fireball. Above a threshold energy of about 150 megatons (cor-
résponding to a 3 km diameter crater, and recurring once every several thou-
sand years) the radius of the vapor cloud exceeds the scale height, and the
expanding fireball blows out the top of the atmosphere and goes ballistic.
One result of such a plume might be the formation of tektite strewn fields as
entrained melt quenches to glass and returns to Earth thousands of kilome-
ters away. At even larger scales, such as the Cretaceous/Tertiary extinction
event, so much material can be ejected by this mechanism that it can be en-
trained in the stratosphere and distributed globally. The density of atmo-
spheric debris can be so high that it reduces light levels at Earth’s surface,
resulting in global cooling [37]. Another serious consequence of the solids
ejected with the plume is that when material re-enters the atmosphere it
reaches high enough temperatures over a large enough area that wildfires
can be ignited by radiative coupling to the surface [29], [50]. Large-scale
plumes may also blow off massive quantities of atmosphere, resulting in a
net reduction of air, and long-term atmospheric erosion [30].

The SL-9 plumes are fundamentally different, because Jupiter has no sur-
face from which solid material can be shocked to form a dense vapor cloud.
Instead, the kinetic energy of the projectile is deposited in an atmospheric
wake, which then explodes downward, outward, and upward to form the
plume. Shoemaker-Levy 9 is therefore a better analogue to terrestrial impac-
tors with kinetic energies of less than 50 megatons or so, that deposit their
energy into the atmosphere and do not reach the ground. Figure 10 makes a
direct comparison between the Crawford et al. [14] 3D fireball simulation
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atmospheric impact explosions behave similarly over many orders of mag-
nitude. The following subsections summarize work in progress to assess the
implications of plume-forming collisions on Earth as a hazard to satellites,
a collective phenomenon from bolide swarms, a model for the Tunguska ex-
plosion, and a mechanism for enhancing transport of material to the upper
atmosphere.

Plume-related Satellite Hazards

The simulations and observations of the impact of SL-9 raise some issues
that relate to the impact threat to Earth, demonstrating that ballistic impact
fireballs and plumes are ejected to very high altitudes, and that explosive ex-
pansion of shocked atmosphere along the entry column is highly directional
and poorly modeled by point explosions. These observations lead to the sug-
gestion that satellites in low-Earth orbit (LEO) may be vulnerable to ejection
of material into their environment by an impact into the atmosphere. Be-
cause of the high orbital velocities of these satellites (about 7 km/sec), even
a very low-density plume ejected into their path would be catastrophic. For
a vapor plume, a satellite/plume interaction would be similar to an atmo-
spheric reentry. At best, an interaction with a very low-density plume would
cause a change in the attitude and orbit of the satellite. A worse outcome
would result from a higher-density plume, which could cause premature re-
entry or otherwise destroy the satellite. For a plume containing particles of
condensation, like those generated by SL-9, the interaction would involve
numerous hypervelocity impacts similar to those occasionally experienced
with space debris and micrometeorites. This would most likely end the life
of the satellite.

To test this idea, we have performed preliminary 2D simulations of the
plume generated by a 34 m diameter stone (density = 3 g/cm®) impacting at
20 km/sec with vertical incidence. The kinetic energy of the impactor is
equivalent to an explosive yield of 3 megatons of TNT, and the expected fre-
quency of such an event is about once per century [31]. The simulation was
performed using the same methods as our SL-9 simulations, inserting an ap-
propriate impact energy deposition curve into a gravitationally-stabilized,
stratified Earth atmosphere, using the 1976 U.S. Standard Atmosphere
(NOAA, NASA, USAF, Washington D.C., 1976) density profile. The energy
deposition curve was calculated using the model of Crawford [14] which im-
plies near-negligible radiative ablation for objects greater than about 10 m
in diameter (as required by momentum conservation) and hydrodynamic de-
formation governed by long-wavelength Kelvin-Helmbholtz instability. This
model has been calibrated with results of entry simulations using CTH. The
energy was inserted as 100 discrete energy sources with appropriate magni-
tudes along the axis of symmetry from 120 km to the surface. The individual
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A time sequence showing the results of the simulation is given in Fig. 11.
The shading indicates material velocity magnitudes, ranging from 100 m/sec
to 3 km/sec. Immediately after entry, the meteoroid has deposited its energy
in a long column, with a sharp peak in the energy deposition curve at an al-
titude of 7 km. The column begins to expand explosively the instant that en-
ergy is deposited in the column, so by the time the object reaches the bottom,
the top of the column has had time to expand and accelerate upwards. When
the main fireball begins to develop lower down, it expands most easily up
along the low-density, high-sound-speed column that is already moving up-
ward. In this way, much of its mass is accelerated and launched into space
as a “ballistic fireball.” At about 100 seconds after atmospheric entry, the
top of the plume (as defined by the 120 km density contour) has reached an
altitude of nearly 300 km, and is still moving upward at a velocity of about
3 km/sec (the “fingers” protruding from the top of the plume are an artifact
of instabilities resulting from the relatively low resolution used for this sim-
ulation). Ballistic extrapolation indicates a peak plume height at about 800
km, putting it across the path of many satellites in LEO. The plume will have
a “hang time” greater than 10 minutes; during this interval it will obstruct
any satellite passing overhead, Furthermore, it will continue to expand radi-
ally during this time to cover a region thousands of kilometers in diameter.
Observations and simulations of the plume collapse on Jupiter imply that the
atmospheric density contours in the region of collapse will remain elevated
for a much longer period of time, posing a further risk to satellites entering
the area.
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FIGURE 12. Diagrammatic explanation of 2D pseudoperiodic computational scheme
(plan view),
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FIGURE 14. Plot of maximum height of 10-10 g/cm? isodensity surface as a function
of time, for various plume separation distances resulting from bolide swarm.

Plume Clusters

We have also simulated the interaction of atmospheric impact plumes
generated by an array of simultaneous impact events on Earth. Wasson [47]
has suggested that atmospheric deposition of energy from a disrupted comet
or asteroid may have led to the formation of layered (Muong-Nong) tektites
by a process of radiative coupling, so there is possible evidence in the geo-
logic record for such atmospheric plume phenomena. In addition, NEO
threat pulverization strategies such as those proposed by Wood et al. [49],
could potentially produce broad clusters of closely spaced impactors if there
was insufficient time to disperse the fragments. As a first step toward mod-
eling an array of plumes, we approximated a swarm of equally-spaced im-
pacts by performing an axisymmetric simulation in a cylinder with reflecting
boundary conditions. The diameter of the cylinder is roughly the distance
between plumes in a hexagonal array with periodic boundary conditions, so
these boundary conditions can be considered “pseudoperiodic” (Fig. 12). In
this highly simplified geometry, the lateral extent of the cluster is infinite,
but for a 1000 km cluster the cffects of the edge will not reach the center of
the collective plume until after it has collapsed.












270 ANNALS NEW YORK ACADEMY OF SCIENCES

(megatons/km)

0 0.5 1.0
50 T T T T

58 meter stone
20 km/s
(15 megatons)

40

scaled altitude (km)

0 . 1 2 3 . 4 I 5
linear energy density
(107 ergs/cm)

FIGURE 17. Energy deposition curve from a 15 megaton impact at a 45° entry angle,
used to generate the plume depicted in Figs. 18-19.

We simulated a plume from the impact of a 20 km/sec, 34 meter-diameter
asteroid (kinetic energy of 3 megatons) at vertical incidence, and compared
its evolution and collapse to interacting plumes from arrays of impacts with
near-neighbor separation distances of 40, 100, and 200 km. As expected, the
closer-packed arrays lead to denser plumes that reach higher altitudes and
generate higher temperatures within denser air upon collapse. The time steps
at 12 minutes after impact of each simulation are shown in Fig. 13, where
the shading is proportional to log(density) with a cutoff density of 10-10 g/
cm’. The regions where the temperature is greater that 2,000 K are also
shown. Figure 17 provides maximum altitude as a function of time of air



BOSLOUGH & CRAWFORD: SHOEMAKER-LEVY 9 27

with density greater than 1071° g/cm3. Because more mass is ejected per unit
area for the tighter cluster, the density of the plume is higher and much more
atmospheric mass is heated upon its collapse. The energy transport in these
simulations neglects radiation, so the actual late-time atmospheric tempera-
tures may be lower. To fully assess the effects of radiative energy coupling
to the ground will require a simulation that includes detailed opacity calcu-
lations.

Tunguska

The 1908 Tunguska explosion was almost certainly a plume-forming im-
pact. Estimates for the magnitude of the event vary by a wide margin, but by
virtually all accounts the yield was significantly more than 3 megatons, im-
plying that the scale of the resulting plume was at least comparable to that
shown in Figure 11. The similarity between the terrestrial and Jovian impact
plume simulations suggests that phenomena associated with the Tunguska
event should be re-examined in the context of these models, and that esti-
mates for its energy should be revisited. Our model incorporates most of the
physics that was first applied to the Tunguska event by Chyba et al. [56], but
in addition couples the momentum and energy of the impacting body to the
atmosphere along the entire entry path, leading to the extended “line explo-
sion” that results in plume formation as well as enhanced momentum and en-
ergy coupling to the ground.

For reasons of practicality, most of the published models for Tunguska
have assumed that the explosion was essentially a point source, and the most
widely quoted yield estimates are based on this approximation. These calcu-
lations made use of seismic records, barograms, and measurements of fallen
trees, and are calibrated with nuclear airburst data (see Sekanina [73] for a
review of the relevant data). In all cases, however, the point source approx-
imation coupled with other simplifications may have led to serious overesti-
mates of the yield of the Tunguska explosion. One of the most solidly
accepted values for the energy of Tunguska is that of Ben-Menahem [54],
who analyzed old records from four seismic stations and compared them to
modern seismograms recorded during Soviet and Chinese atmospheric nu-
clear tests. He concluded that the ground motion resulted from a vertical
point impulse of 7 x 108 dyn sec, which would be generated by a point ex-
plosion of about 12.5 megatons at an altitude of 8.5 km. However, our sim-
ulations of a 3 megaton event reveal that within the first minute of impact,
the upward-directed momentum associated with the atmospheric plume has
reached 7 x 10'8 dyn sec, requiring that a reaction impulse sufficient to gen-
erate the observed seismic records has been coupled to the ground. This im-
plies that, from a seismic standpoint, a 3 megaton plume-forming event gives
the appearance of being a much larger point source explosion. Likewise, the
strong momentum anisotropy associated with plume formation was not taken
into consideration for estimates based on atmospheric waves [65], [54].
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There are many discrepancies among the various estimates based on tree-
fall [78], [77], [801, [54], [73], which in all cases make comparisons between
the damage at Tunguska and the criteria for blast damage to forests estab-
lished by the nuclear weapons effects literature, and range from “a few
megatons” up to 50 megatons. This is the most reasonable approach, but it
is important to recognize the limitations associated with using the weapons
tables, which apply to living coniferous forests [62] and implicitly assume
flat topography. There is cause for skepticism of these yield estimates, be-
cause it is clear from the photographs of Krinov [68], that slopes of 15-20
degrees and greater are typical of the terrain around the impact site. A 15 de-
gree upslope results in a secondary Mach stem (in addition to the one that
forms from the flat-ground reflection) that increases the dynamic pressure
by a factor of 3 for weak shock, so the topography at Tunguska would natu-
rally lead to concentrations of blast wave energy far beyond the distance that
would be calculated assuming flat terrain. One must assume that the most
distant fallen trees were in such areas, so a yield estimate based on the extent
of treefall would be too high. Krinov [68] indeed described a treefall pattern
that was dependent on local topography, and in all his photographs showing
the forest devastation, there are many trees that remain standing.

Another reason to be skeptical of treefall-based yield estimates is that
none of them take into account the pre-impact condition of the Siberian for-
est at the site of the explosion. One result of a 1961 expedition to the site
[60], was that “the region of the forest flattened in 1908 was not one of ho-
mogeneous primeval intact taiga,” and that according to an expert from the
Forestry and Lumber Institute of the Siberian Branch of the Academy of Sci-
ences, “... the region of meteorite impact in 1908 was basically a fire-dev-
astated area ... a partly flattened dead and rotting forest was standing in this
area ... .” Because of this observation, Florenskiy [60] issued the apparently
unheeded advice that “... an estimate of the force of the shock wave that is
based on the number of flattened trees must necessarily take into consider-
ation the condition of the forest at that time.” Fortunately, he provided some
of the data required for that task, in the form of dynamometry measurements
of the force required to fell trees of various sizes and conditions. A key graph
in his paper shows that the felling moment of trees from a dead timber stand
of 1908 are about one third that for living trees of the same diameter. Even
after accounting for lower wind resistance of dead timber, one would expect
the forest at Tunguska to be blown down by a significantly smaller explosion
than would be required to destroy the same area of a healthy forest. Dynamic
pressure scales as the square of wind speed, so the peak wind speeds for flat-
tening the forest could be reduced by as much a 40% from the values previ-
ously assumed.

To provide some quantitative estimates of wind speed at ground level, we
performed a series of 3D simulations, with 500 meter resolution, for various
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entry angles of a 12 megaton impact. The results (Fig. 15) show the charac-
teristic butterfly pattern that has been reproduced experimentally by Zotkin
and Tsikulin [78], and analytically by Korobeinicov et al. [67]. The peak
wind speeds immediately behind the shock front are plotted at 5-second in-
tervals. For comparison, the peak wind speed is 40 m/sec at a distance of 23
km from a 12 megaton point explosion at its optimum height of burst. Ac-
cording to Glasstone [62], this is the threshold for severe treefall (defined as
90% blow down of a conifer forest) by aerodynamic drag pressure from a 12
megaton explosion. Similarly, Glasstone’s radius to moderate damage (30%
blow down) for a 12 megaton air burst is 29 km, where the maximum wind
speed is about 30 m/sec. If the requisite wind speeds can be reduced by 40%,
as suggested by the dynamometer data Florenskiy [60], then the required
point source energy (at optimum height) to achieve the same radius for se-
vere damage is about 3.5 megatons [62].

Since the maximum wind speed contours are dependent on entry angle,
the calculated butterfly patterns can be used to estimate the angle by com-
paring them to the treefall data of Fast [17]. These data are presented in Fig-
ure 16, where the contours represent the average scatter in the deviation of
the angle of uprooted trees from the radial direction, a parameter that pre-
sumably depends on aerodynamic pressure. The best agreement is for a ze-
nith angle of about 55° which is very close to the 60° angle favored by
Zotkin and Tsikulin [79]. The contour map of Fast [17] shows a high degree
of bilateral symmetry, but there are also significant deviations that are prob-
ably related both to topography and pre-impact inhomogeneities in the taiga.
A useful next step would be to perform high resolution 3D simulations of im-
pacts, using actual topography data from Tunguska.

One of the most unusual phenomena associated with Tunguska was the
bright sky over an extensive region of Europe and Asia for several consecu-
tive nights after the explosion. Many of the early papers, especially those by
Soviet researchers [59], argue that the Eurasian bright nights were evidence
for a cometary tail that was directed southwestward from the point of the im-
pact, giving rise to the observed geographic distribution which extended
southward about two thousand kilometers, and westward through Europe to
the Atlantic Ocean. More recently, investigators have attempted to explain
the bright sky in terms of noctilucent clouds made up of water ice and dust
generated by the impact and transported westward by high-altitude horizon-
tal winds. Noctilucent clouds reside in the mesosphere, at altitudes ranging
from 75 to 90 km, and are most visible at high latitudes during midsummer
when they are in direct sunlight all night long on account of low solar dec-
linations. The Tunguska explosion took place at 60° north, and only 9 days
after the summer solstice. Turco et al. [75] suggest that the clouds were con-
densed primarily from the vapor ablated at very high altitude from the enter-
ing meteor. However, this model requires an extremely low density meteor
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of less than 0.01 gm/cm? in order to deposit sufficient mass (about 3 x 10° g)
above 50 km. Turco et al. [75] point out that deposition above this altitude
would be necessary for the cloud to have been transported westward rapidly
enough by easterly winds to have been visible 6000 km away, in England,
within 12 hours. Chyba et al. [56] were able to find a mechanism capable of
transporting as much as 3 x 1012 g of water vapor aloft, reasoning that atmo-
spheric humidity could be lifted by a buoyant fireball that rose to about
40 km from the 15 megaton terminal explosion.

We agree that the light nights were caused by noctilucent clouds made up
of water and dust generated by the impact, but the recognition that Tunguska
was a plume-forming event simplifies the explanation significantly. The eas-
iest argument is made simply by analogy to the aftermath of the impact on
Jupiter. At time (e) in Figs. 1 and 3, the geometry of the collapsed plume
from SL-9 can be seen to be on the nighttime side of the terminator, yet parts
of it are at high enough altitude to be illuminated by the Sun. The HST image
taken at 7:51 UT on July 18, 1994 of the collapsed plume from impact G is
shown in Fig. 6(b). which reveals a sunlit cloud extending above and beyond
Jupiter’s terminator. This feature is, by definition, a noctilucent cloud.

We chose to model the formation of the plume at Tunguska by depositing
the energy of a 58 m diameter stony asteroid (3 g/cm?) striking the atmo-
sphere at 20 km/sec at a 45° entry angle, using the model of Crawford [12].
The energy deposition curve is shown in Fig. 17, and represents a total en-
ergy of 15 megatons. These were 2D axisymmetric simulations, with the at-
mosphere scaled by a factor of 1.414 to accommodate the actual density
gradient encountered by the oblique impact. The resulting plume, 100 sec-
onds after impact, is shown in Fig. 18, with tracer particles showing the bal-
listic trajectories of air packets derived from altitudes of 350 m, 1.4 km,
7.1 km, and 90 km. Material within a cylinder nearly 1 km in diameter has
been accelerated to sufficient speed to escape the mesosphere, and it is this
mixture of vaporized meteor and tropospheric air that we would expect to
condense in the upper atmosphere to form the noctilucent clouds observed
across Europe. We can approximate the mass of entrained water by estimat-
ing the volume of ejected air and assuming a humid troposphere as was done
by Chyba et al. [S6]. Our result is that about 10!! g of water collapses with
the plume on top of the mesosphere, along with virtually the entire 3 x 1011
g mass of the vaporized meteor. Ballistic extrapolation of the plume reveals
that, in the absence of significant atmospheric dissipation, the ejected mate-
rial extended more than 2000 km from the impact site within 15 minutes
(Fig. 19). If the bolide arrived from the southeast, as most evidence indi-
cates, then the plume was ejected back in that direction, and may have reen-
tered the atmosphere as far away as Lake Baikal. The lateral extent of this
collapsed plume is fully consistent with that of the noctilucent cloud, ex-
tending as far south as 45°N latitude.
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FIGURE 19. Growth and collapse of the 15 megaton plume over a period of 15 min-
utes, showing that tropospheric water and meteoritic debris can be distributed over dis-
tances of thousands of kilometers at mesospheric altitudes.
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Observational Validation

The impact of SL-9 underscores the importance of observational valida-
tion of impact modeling. It is probably not realistic to expect another oppor-
tunity to watch a comet collide with Jupiter, an event that only happens once
in a period ranging from 200 to 10,000 years [41]. A more reasonable plan
would be to attempt to gather as much information as possible about the
smaller atmospheric impacts that are continuously taking place on Earth. If
the physics of atmospheric entry and plume formation is indeed similar at
scales that are different by more than 9 orders of magnitude, then careful,
quantitative measurements of impacts that take place at intervals of a year or
less would help give entry and impact models the degree of validity neces-
sary to allow their use as a basis for hazard assessment for the smallest
Earth-threatening impacts. To accomplish this task, we recommend a coor-
dinated campaign based on a combination of satellite sensors and Earth-
based observations. Infrared and visible-light sensors on satellites operated
by the U.S. Department of Defense have already detected over a hundred
events [44], including the February 1, 1994 bolide over the South Pacific
with an estimated energy of 40-70 kilotons [32]. Microbarograph records
are particularly useful in characterizing the explosive yield of large impact
events, and have recorded an explosion as large as 1.1 megatons for the Au-
gust 3, 1963 bolide (possibly in the plume-forming class) over the ‘ocean
south of Africa [38]. Other sources of data that can be used to validate the
simulations are photographic and video images (e.g., [8], [5]), infrasound
[38], and seismic data. ,

There is one major drawback in all the above methods as they have been
used to date: the events they observed were not predicted in advance. There-
fore, the instrumentation was operated in “open shutter” mode, or set to trig-
ger off of the event, or relied on serendipity. By contrast, the impact of SL-
9 was predicted a year in advance, and observing plans were carefully as-
sembled well in advance of the event, resulting in the collection of vast
amounts of high-quality data. We suggest a similar strategy would be most
useful for validation of Earth impact models. A ground-based search system
capable of providing short notice of an impact in the 100 kiloton range
would mean that the approaching object could be characterized before im-
pact. Moreover, arrays of sensors, cameras, and satellite observing plans to
be quickly put in place so that data from the event could be captured and
used to provide quantitative validation.

The enhancement in modeling sophistication brought about by further in-
creases in high performance computing capabilities will allow impact mod-
els to continue to be advanced and refined, which should reduce the
uncertainties and improve the risk assessments. However, until the next
large impact takes place, the data from SL-9 will be the only true reality
check for models of collisions with planetary atmospheres.
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