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Abstract. In July 1994 a d ramat i c cosmic event will t ake 
place: comet S h o e m a k e r - L e v y 9 will collide with Jupiter . 
The entry of the comet into the a tmosphere of Jupi ter will 
be accompanied by a rapid energy release and an explosion 
will t ake place. The energy released dur ing the explosion, 
of the order of 10 7 M t , will exceed by some thousandfo ld 
the to ta l nuclear potent ia l accumula ted by mank ind . Some 
characterist ics of the interact ion of the comet with Jupiter 
are discussed and possible consequences of the collision are 
outl ined. 

1. Introduction 
On 16 July 1994 at 22:30 M o s c o w t ime the first fragment of 
comet S h o e m a k e r - L e v y 9 will enter the dense a tmospher ic 
layers of Jupi ter [2]. Other au tho r s predict tha t this event 
will t ake place two days later, on 18 July 1994 [ 3 - 7 ] ; 
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however , we are sure tha t this is no t a fundamenta l 
disagreement because telescopes t h r o u g h o u t the wor ld 
(including the orbi ta l H u b b l e Space Telescope) will be 
aimed at Jupiter long in advance of the collision. 

T h o r o u g h observat ions and studies of comet Shoe
m a k e r - L e v y 9 were started just after its discovery on 24 
M a r c h 1993; pape r s devoted to this comet began to appear 
a lmost daily. N e w s of the for thcoming collision of the 
comet with Jupiter has reached television and the pages of 
all major newspapers a r o u n d the world . 

W h y is an event tha t will happen so far away from us, at 
a distance of abou t 600 million ki lometers , of such general 
interest? One can a t t r ibu te this not only to the fact tha t 
m a n k i n d has been interested in events occurr ing in space 
since ancient t imes, bu t also tha t events like this one m a y 
become a t ragic reality for Ea r th . 

Collision of a similar comet or an asteroid with E a r t h is 
highly improbab le ; according to est imates [8], such an event 
takes place once in a million years. However , we cannot 
predict precisely when this will happen : m a y b e in a million 
years, bu t it cannot be excluded tha t it will occur this 
century. One mus t keep in mind tha t comet S h o e m a k e r -
Levy was discovered only 16 m o n t h s before its impending 
collision with Jupiter . 

Collision of a similar comet with Ea r th would have 
ca tas t rophic consequences: the predicted yield of the explo
sion of comet S h o e m a k e r - L e v y as it p loughs into the 
Jovian a tmosphere is ~ 1 0 2 2 - 2 4 J or ~ 1 0 6 - 8 M t . This 
exceeds ten t housand t imes the to ta l nuclear po ten t ia l 
accumula ted by m a n k i n d and cor responds to approx i 
mate ly 250 million Hi rosh ima b o m b s . It is widely 
assumed tha t a collision of a large asteroid or a comet 
with Ea r th (diameter D ~ 10 km, energy released dur ing 
explosion ~ 1 0 2 4 J or ~ 1 0 8 M t ) 65 million years ago 
resulted in dust pol lu t ion of the a tmosphere leading to a 
climate change and the extinction of Mesozoic g roups of 
animals [ 9 - 1 0 ] . W e no te also tha t the yield of the explosion 
of the wel l -known Tunguska meteor i te (with a diameter of 
~ 3 0 m) is est imated at abou t 3 0 - 5 0 M t , tha t is a million 
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t imes less t han tha t of the explosion of comet S h o e m a k e r -
Levy. Accord ing to the same est imates [8], Tunguska- l ike 
meteor i tes strike E a r t h once in 2 0 0 - 3 0 0 years . 

So it is necessary to unde r s t and the process of such 
collisions and wha t are their consequences for p lanets of the 
solar system. F r o m this po in t of view, the collision of comet 
S h o e m a k e r - L e v y with Jupi ter can provide impor t an t 
informat ion no t only abou t Jupiter , bu t in general abou t 
the na tu re of explosive interact ions of large comets and 
meteors with the a tmospheres of p lanets . This informat ion 
m a y tu rn out to be essential in the future. 

Thus , it can be argued tha t scientists have no t had such 
a valuable object to investigate since the fall of the meteor i te 
on Tunguska . Unfor tuna te ly , the collision will t ake place 
on the far side of Jupiter , so direct visual observat ions of 
the event will be impossible and the quest ion is wha t da ta 
do we need for reconst ruct ing the event. 

In the present paper , m a n y of the processes are no t 
examined r igorously because the collision of comet Shoe
m a k e r - L e v y with Jupi ter involves such an extensive range 
of physics tha t a detailed descript ion of the event is beyond 
the scope of a j o u r n a l article. 

M a n y professional a s t ronomers p lan to observe the 
ou t come of the collision. One of the mos t p romis ing 
observa t ional p lans unde r t aken from the terr i tory of the 
F S U is a p r o g r a m m e initiated by the In te rna t iona l Inst i tute 
of Asteroid Safety P rob lems (St Petersburg) under an 
R F F R (Russian F u n d for F u n d a m e n t a l Research) grant 
(Table 1). 

Owing to the faintness of the object, observat ions of the 
collision are expected to be qui te difficult even with the 
techniques ment ioned above. This increases the impor t ance 
of having a reliable ephemeris of comet S h o e m a k e r - L e v y 
and a mode l of its collision with Jupiter . The initial results 
obta ined in this direction are described below. 

2. Preliminary data 
The diameter of the comet has a l ready been determined as 
abou t 10 k m at the very beginning of its as t ronomica l 
observat ions [1]. N o w the comet is k n o w n to be extensively 
fragmented. Presumably , it has been b roken up by t idal 
forces on its close app roach to Jupi ter [2, 11]. Accord ing to 
observa t ional da ta , the comet consists of abou t 20 par t s , 
the largest of them being from 1 to 10 k m across [1 -7] . 
Collisions of the comet fragments with Jupiter will 
cont inue for a lmost a week: from 16 till 21 July [2] or, 
according to other predic t ions [ 6 - 7 ] , from 18 till 24 July. 
The collision itself is best represented as b o m b a r d i n g 
Jupi ter with b locks of ice (with cosmic dust grains 
embedded in them), falling on to Jupi ter ' s surface at an 
angle of abou t 45° and with a speed vt w 6 4 - 6 5 k m s - 1 . 
The comet bulk density and block sizes appear to vary in 
the range pt ~ 0 . 3 - 3 g c m - 1 and Dt ~ 0 . 3 - 3 km, respec
tively. At present only the impact velocity has been 
determined reliably, and the uncer ta int ies in the comet 
bulk density and fragment sizes lead to a substant ia l 
uncer ta in ty (up to two orders of magni tude) in est imates of 
the masses and kinetic energies of the fragments. 

Because of the rapid ro ta t ion velocity of Jupiter (the 
per iod of ro ta t ion is abou t 10 h) and the long dura t ion of 
the collision process, one should expect the explosions to 
occur in different regions of the Jovian a tmosphere . 

Table 1. 

Organization Instrument Observational task 

Special Astrophysical 6-m telescope Superhigh resolution 
Observatory, RAS spectroscopy, 

fast photometry 

Main Astronomical MTM-500 Spectroscopy, 
Observatory, RAS (Mt Assy-Turgen', spectrophotometry 

Kazakhstan) 
p h o t o m e t e r - eight-colour (UBV 
polarimeter R I J H K ) photometry 

and polarimetry 

Kislovodsk Station FP-ZU Photometry, 
of the Main p h o t o m e t e r - spectroscopy, 
Astronomical polarimeter IR-observations 
Observatory on 1-m telescope 

Shternberg 1.5-m telescope Photometry, 
Astronomical Institute Mt Maidanak, spectroscopy 

Uzbekistan) 
0.6-m telescope photometry, 
(Crimea, Ukraine) spectroscopy 

Crimean Astrophysical 0.4-m double astrograph Astrometry 
Observatory (Crimea, Ukraine) 

1.2-m telescope Spectroscopy, 
(Crimea, Ukraine) polarimetry 
2.6-m telescope Shain Telescope 
(Crimea, Ukraine) C C D -o b servat io n s, 

Radioastronomical 25-m radiotelescope Imaging radio-
Institute, Ukraine (Kharkov, Ukraine) observations at 
Academy of Sciences 1 0 - 2 5 M H z 

If one takes into account tha t the comet fragments are 
of different sizes and the energy release occurs at different 
al t i tudes, there is a un ique oppor tun i ty to explore the t w o -
dimensional s t ructure of the Jovian a tmosphere , in 
longi tude and in al t i tude. In par t icular , this enables one 
to s tudy the stability of large-scale flows on Jupiter . W e 
no te tha t the energy of the vor tex mo t ion of the Grea t R e d 
Spot of Jupiter ( ~ 1 0 2 6 erg s _ 1 [12]) is inferior to the energy 
of explosion of a ra ther small fragment (Dt ~ 100 m) . 

The process of b rak ing of a separate comet fragment 
can be quant i ta t ively represented as follows. A not iceable 
b rak ing action begins when the mass of the a tmosphe re 
replaced by the fragment matches the mass of the fragment. 
The b rak ing of the fragment in an exponent ia l a tmosphere 
[p{h) « p 0 exp — h/H(h)], where H is a so-called scale of 
h o m o g e n e o u s a tmosphere] leads to the bulk of the kinetic 
energy being released in a co lumn of gas of height ~H 
with a cross section ~D\. 

In the Jovian a tmosphere at al t i tudes where the largest 
f ragments of the comet are b raked , H w 50 km. Since a 
substant ia l po r t ion of the kinetic energy of the fragment is 
released on t ime scales T ~ H/vt; « 1 s, the b rak ing of the 
fragment in the Jovian a tmosphere is of an explosive na tu re . 

In pape r s which appeared just after the probabi l i ty of 
the collision of the comet with Jupiter had been judged to be 
high [ 1 3 - 1 5 ] , the first minutes after the explosion of a 
separate fragment were considered; tha t is, short-l iving 
pe r tu rba t ions were studied. As a rule, the pa rame te r s of 
the optical flash tha t accompanies the explosion and the 
cloud behaviour in an early stage were analyzed. W e no te a 
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s t rong scatter in the results of numer ica l calculat ions; for 
example, the pressure of the a tmospher ic gas at which 
explosion occurs has varied, depending on the d rag mode l 
assumed, from abou t 100 bar to 50 m b a r . This cor responds 
to a range of al t i tudes from —250 to 100 k m in the Jovian 
a t m o s p h e r e . ! 

The diversity of these results m a y be of fundamenta l 
na tu re , since the cloud layer screening optical rad ia t ion is 
located at al t i tudes of ~ 0 to ~ 4 0 km. 

As we already ment ioned , the process of collision as 
such will no t be seen from Ear th , because fragments of the 
comet will fall on to the far side of Jupi ter ; the predicted site 
where the fragments will fall cor responds to abou t 45° of 
southern lat i tude. Since the ro ta t iona l per iod of Jupiter is 
abou t 10 h, the site of the impact will be seen abou t one 
hour later. Where the impact takes place near the t e rmi 
na to r (the b o u n d a r y dividing the light and dark sides of the 
planet) , this t ime difference can be smaller. 

In this connect ion here is par t icular interest in searches 
for long-living consequences of the collision tha t can be 
studied by radiophysical and opt ical facilities, b o t h g r o u n d -
based and orbi tal . The process of the collision of comet 
S h o e m a k e r - L e v y with Jupiter will be moni to red by the 
H u b b l e Space Telescope; in par t icular , it can register 
e lectromagnet ic rad ia t ion unavai lable to g round-based 
observator ies , bu t which can shed new light on the 
character of the collision. 

H e r e is a short list of possible observable consequences 
of the collision of comet S h o e m a k e r - L e v y with Jupiter , 
which will be discussed below: 
— format ion in the Jovian a tmosphere of long-lived vortex 
s t ructures with a size of the order of a t h o u s a n d ki lometres; 
— optical flashes accompany ing explosions of the frag
ments ; 
— generat ion of inner gravi ta t ional waves by a rising 
explosion cloud, which will s t imulate condensa t ion in the 
t ropo-spher ic layers and format ion of an a b n o r m a l cloud 
layer; 
— ionospher ic and magne to spheric pe r tu rba t ions result ing 
from the comet explosion; 
— anomal ies of R F emission s temming from rad ia t ion 
belts of Jupi ter and, specifically, from a magnet ic force 
tube passing th rough the explosion site; 
— specialfeatures of glow of the ionosphere and the upper 
a tmosphere in optical , IR , and R F bands . 

3. Comet Shoemaker-Levy. Historical note 
The comet tha t has excited the wide scientific wor ld was 
discovered by K S Shoemaker , E M Shoemaker , and 
D H Levy at the Pa lomar Observa tory on 24 M a r c h 
1993, and was n a m e d 'Comet S h o e m a k e r - L e v y 9 ' [1]. 
The very first plates with the come t ' s image showed it to be 
an unusua l comet. The image looked like a b a n d similar to 
a meteor i te t race in the terrestr ial a tmosphere . The b a n d 
was nearly V long. It had no central condensa t ion and was 
oriented from east to west. The comet had a weak 
luminous tail. In two nights J V Scotti obta ined the 
image of the comet as a n a r r o w band , 47" long and l l " 
wide [3]. H e observed at least 5 separate br ight fragments 

fHeight within the Jovian atmosphere is nominally measured from the 
level at which the ambient pressure is 1 bar, the same as the atmospheric 
pressure on Earth. Therefore in the Jovian atmosphere there are 'positive' 
and 'negative' altitudes. 

in the image. The brightest fragment was discovered 
approximate ly 14" away from the eastern edge of the 
linear image of the comet . In the first communica t ion [1] 5 
precise as t rometr ica l posi t ions of the comet with reference 
to the centre of the image were repor ted . On 27 M a r c h 
J L u u and D Jewitt [4] repor ted on a s tudy of the comet ' s 
image with 17 separate fragments aligned in a 50" long 
b a n d . Their n u m b e r later increased to 2 1 . At present 19 
fragments of this comet stretched as a 'string of pear l s ' 
(Fig. 1) are steadily observed [18]. Comet S h o e m a k e r -
Levy 9 is a very weak celestial object, its integral magn i tude 
varying within the range 1 4 - 1 5 . Stellar mag-n i tudes of 
separate fragments are 6 - 7 magni tudes above this value; 
tha t is, they reflect approximate ly 100 t imes less light t han 
the whole comet does. Tha t is why observat ions of the 
separate fragments are possible only by using large 

Figure 1. Comet Shoemaker -Levy 9 [18]. 

Table 2. 

Fragment Date of Angle of Fragment Date of Angle of 
number impac t /U T entry / min number i m p a c t / U T entry / min 

21 16.76 44.99 10 — — 

20 17.07 44.85 9 20.37 44.29 
19 17.19 44.61 8 20.39 44.15 
18 17.41 44.88 7 20.75 44.62 
17 17.59 44.67 6 21.17 44.46 
16 17.98 44.83 5 21.61 44.62 
15 18.26 44.87 4 21.57 44.54 
14 18.77 44.88 3 21.87 44.44 
13 — 2 22.11 44.25 
12 19.38 44.73 1 22.27 44.66 
11 19.88 44.70 
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telescopes equipped with C C D matr ices tha t enable one to 
detect very weak luminous fluxes. T rea tmen t of the first 
as t rometr ica l observat ions of the comet revealed qui te a 
high probabi l i ty of collision of the comet with Jupiter in 
1994. Fu r the r refinement of the come t ' s orbit , together 
with new observat ions and informat ion abou t the orbi ts of 
individual fragments, confirmed the l ikelihood of collision 
with Jupiter . The dates and angles of entry (between the 
velocity vector and the local no rma l ) of the fragments on 
Jupi te r ' s surface are listed in Table 2. N o t e tha t the 
number ing of fragments adop ted in the l i terature is in 
reverse order of the sequence in which the fragments will 
fall; the t ime given is G M T , as fractions of days in July 
1994. 

The velocity with which the fragments will fall varies 
within the range 6 4 - 6 5 k m s - 1 . Based on the hypothesis 
abou t destruct ion of the comet by t idal forces at the close 
app roach to Jupiter , est imates were m a d e of the sizes of the 
8 largest f ragments (17, 15, 14, 12, 11, 7, 5, 1) [2]. The 
max ima l size of the fragments tu rned out to be 1 km. The 
assumed density of the comet mater ia l is 0 . 3 - 3 g e m - 3 . 
Because of uncer ta int ies in the bulk density of the comet, 
and sizes and shapes of the fragments, the error in the mass 
(and correspondingly kinetic energy) of any one fragment 
m a y be as high as one or two orders of magn i tude . N o t e 
tha t the mass of the fragments can be corrected on the basis 
of pho tome t r i c observat ions immediately before they hit 
Jupi ter . Pre l iminary calculat ions give the impact site as 
being located on the far side of Jupiter , at 45° southern 
lat i tude. It should be noted tha t the accepted theory of this 
enigmatic object is ques t ionable . One current speculat ion is 
tha t this is not a comet ( that is, an object tha t orbi ts the 
Sun) captured by Jupiter , bu t a ' p ro tube rance ' ejected by 
Jupi ter abou t 22 years ago, which in this per iod of t ime 
performed 10 revolut ions a long an almost po lar orbit , and 
was ' t o rn ' to f ragments by t idal forces in the previous loop 
dur ing a close app roach to Jupiter in 1992. Figs 2 - 4 shows 
a retrospect ive evolut ion of jovicentr ic elements of the 12th 

fragment, nearest to the centre of the b a n d of the fragments 
and thus , p robab ly , moving a long an orbit tha t is closest to 
its p rogen i to r ' s orbit . Evolu t ion of the pericentric distance 
is shown in Fig . 2, in which the pericentr ic distance in uni ts 
of the mean radius of Jupiter (71 400 k m ) is shown over the 
per iod 1 9 7 2 - 1 9 9 4 . Evolu t ion of the eccentricity and the 
orbi ta l inclination to the ecliptic (ecliptic and equa tor 
2000.0) are presented in Figs 3 and 4. The figures show 
tha t the orbit of the comet S h o e m a k e r - L e v y is uns table , 
beginning and ending on Jup i te r ' s surface. If these calcula
t ions remain quali tat ively unchanged after further 
refinement of the f ragments ' orbi ts , they could serve as 

0 l~i i i i i i i 11 i i i i 11 11 i 11 i i i i i 11 i i i i i i 1 1 1 i i 11 11 i i i 1 - " 

1972 1979 1985 1994 

Year 

Figure 3. Evolution of the eccentricity for the 12th fragment of comet 
Shoemaker -Levy 9. 

1972 1979 1985 1994 
Year 

Figure 2. Evolution of the pericentric distance (expressed in units of the 
mean radius of Jupiter) for the 12th fragment of comet Shoemaker -Levy 
9. 

i i i i i i i i 11 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i r 

1972 1979 1985 1994 

Year 

Figure 4. Evolution of the orbital inclination to the ecliptic for the 12th 
fragment of comet Shoemaker-Levy 9 
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a conf i rmat ion of Vsekhsvyatski i ' s hypothes is [19, 20] 
abou t the origin of shor t -per iod comets in the solar 
system. Accord ing to his theory, shor t -per iod comets 
or iginate inside Jupiter or its satellites, and then are ejected 
into the solar system as a result of volcanic or some other 
activity. 

Thus , comet S h o e m a k e r - L e v y 9 has a complex frag
mented s tructure, the uncer ta in ty in b o t h its size and 
density being very high. Below we shall t ry to est imate 
the scale of the impact of one of the largest f ragments as it 
p lunges into the Jovian a tmosphere , by using numer ica l 
model l ing and qual i tat ive considerat ions . W e h o p e tha t 
features of the interact ion of the comet with the Jovian 
a tmosphere will be reflected in sufficient detail. 

4. Explosion of the comet in the Jovian 
atmosphere: qualitative features and results of 
numerical modelling 
The density and the pressure of the Jovian a tmosphe re 
increase exponential ly with depth . The solid fragments of 
the comet enter ing it will be subjected to severe mechanica l 
and thermal- radia t ive loads. In front of a fragment moving 
at a speed two orders of magn i tude greater t han the speed 
of sound in tha t a tmosphere , a j u m p in the density of the 
a tmospher ic gas will occur. A detached shock wave will be 
located a distance of abou t one ten th of the characteris t ic 
dimension of the solid body . The region between the shock 
wave and the frontal surface of the fragment — the so-
called shock-compressed l aye r—wi l l be filled in with the 
a tmospher ic gas con tamina ted by vaporized comet mat te r . 
The gas pressure in this shock compressed layer reach 
several t h o u s a n d a tmospheres and the gas will be heated to 
t empera tu res of the order of 10 000 K. This is due to the 
velocity of the gas flow in the central po r t ion of the frontal 
surface of the come t ' s fragment being reduced almost to 
zero. 

The gas flow relative to the side faces of the solid 
compact fragment is characterized by large velocity gra
dients in the direction n o r m a l to the b o d y surface and, 
consequently, by a significant dissipation of the kinetic 
energy of the viscous gas, leading to a sharp t empera tu re 
rise in the gas layers adjacent to the surface and of the solid 
b o d y itself. The a tmospher ic gas in this b o u n d a r y layer, as 
well as in the shock-compressed layer, will begin to glow, 
rad ia t ing in the opt ical and infrared b a n d s , whereas the 
solid fragment will begin to ablate . The a m o u n t of mass of 
the solid b o d y lost in this way will be relatively small, as the 
p ropaga t i on velocity of the vapor iza t ion front determined 
by the rat io of energy released in the b o u n d a r y layer and in 
the shock-compressed layer to the heat of vapor iza t ion of 
the comet mat te r does no t exceed a fraction of 1 m s _ 1 for 
the case considered here. 

Indeed, an equat ion widely used in meteori t ics tha t 
describes the change of the mass of the fragment as it enters 
the a tmosphere is: 

Qi~fa~ = -\cqPhv{sl, (1) 

where Mh vh St are the mass , velocity, and max ima l cross-
section area of the comet ' s fragment, ph is the density of 
the su r round ing Jovian a tmosphere , Qt is the specific heat 
of vapor iza t ion of the f ragment ' s mater ia l , and Cq is a 

dimensionless coefficient describing the heat flux received 
by the fragment. 

If the value of the coefficient Cq is t aken as being of the 
order of 1 0 — 2 —10 — 4 [22] because of the low t ransparency of 
the mixture of the a tmospher ic gas with vaporized solid 
mat te r , then ice fragments (pt ~ 1 g e m - , 
Qi ~ 10 6 erg g - 1 ) of abou t 1 k m in diameter moving 
with velocities vt w 60 k m s - 1 would conform to the above 
est imate. 

E q n (1) also shows tha t a not iceable abla t ion- induced 
decrease in the mass of the fragment will start at heights 
where the density of the adjacent Jovian a tmosphere is 
p a ~ 1 0 - 5 g c m - 3 , near ly 60 k m above the cloud layer. This 
is impor t an t because it would allow us to obta in some 
informat ion by observing the comet ' s t race should the 
p roduc t s of the comet ' s explosion be screened by clouds. 
In par t icular , a characteris t ic glow of the comet mater ia l 
m a y occur in the outer layers of the Jovian a tmosphere . 

Mechan ica l loads caused by the shock-compressed layer 
will be the main factor influencing the f ragment ' s mot ion . 
Their act ion will manifest itself in the form of d rag 
p h e n o m e n a , b r eakup , and inelastic (plastic) deformat ion 
of the fragment. 

Slowing down of the comet fragment in the a tmosphere 
of Jupi ter caused by ae rodynamic d rag can be analyzed by 
using the simplest equa t ion of mo t ion 

M'JF = -\C"P^iS , (2) 

where Cx is a dimensionless d rag coefficient [the remain ing 
no ta t ion is the same as in E q n (1)]. A not iceable 
decelerat ion begins in the dense a tmospher ic layers of 
Jupiter , where the density ph is equal to 

Here pt is the density of the comet mater ia l , 9 is the angle 
of the comet ' s entry into the a tmosphere (relative to the 
local vertical), H is the scale height of the Jovian 
a tmosphere at the poin t of b rak ing . By pu t t ing 
P i « l g c m " 3 , D = 1 k m , 0 = 45°, H ~ 75 km, one finds 
tha t the main b rak ing will occur at a density of the 
su r round ing gas of p s x 2 x 10~ 3 g c m - 3 and a pressure of 
ps ~ 90 bar . N o t e tha t these pa rame te r s cor respond to a 
height of hs « —235 k m in the Jovian a tmosphere . There 
fore, the comet fragment will pene t ra te significantly be low 
the layer of clouds which is located at a level with p ~ 0.3 -
1 bar . 

The processes of destruct ion will significantly affect the 
mo t ion and the the rmal state of the comet fragment. These 
processes will manifest themselves mainly as splitting of the 
comet mater ia l , phase t rans i t ions ( f ragmentat ion, melting, 
and vapor iza t ion of the comet mater ia l ) , as well as relative 
displacements of pa r t s of the fragments. U n d e r the act ion of 
n o r m a l stretching stresses, large pieces of the fragment will 
split off from its rear and side surfaces. 

However , owing to the relatively g radua l increase of the 
gasdynamic loads and their long dura t ion , a reflection of 
compress ion waves from the free surfaces is likely to lead to 
not iceable stretching stresses only in the regions of collapse 
(i.e. geometr ical convergence of load-relieving waves). 
Es t imates show tha t the compress ion waves themselves 
will exert a much m o r e destructive act ion on the comet 
fragments. A rapid, vir tually adiabat ic deformat ion of the 
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leading front of the fragment will p roduce a wave of phase 
(s tructural) t rans i t ions following an elastic forerunner in the 
solid body . U n d e r relatively low gasdynamic loads, cor re 
sponding to the initial stage of the f ragment ' s pene t ra t ion 
into the a tmosphere of Jupiter , this wave of s t ructura l 
t rans i t ions will be a f ragmenta t ion wave. Mode l s of this 
k ind were considered in Ref. [23]. As the fragment pene 
t ra tes deeper inside the a tmosphere , gasdynamic loads 
increase, and melt ing and vapor iza t ion of the comet 
mater ia l will occur in addi t ion to the splintering. The 
na tu re of flow past a rubble pile differs only slightly 
from tha t pas t a compact fragment at this stage. If we 
assume tha t the destruct ion of the fragment will begin 
where the density of the su r round ing med ium p* is of the 
order of c r ^ / v 2 — w h e r e cr* is the compressive s trength of the 
fragment m a t e r i a l — w e obta in p^ = 2 x I O - 6 g c m - 3 , 
which cor responds to an al t i tude of ~ 1 0 0 k m in the Jovian 
a tmosphere . 

In addi t ion to direct destruct ion (melting, vapor iza t ion) 
of the frontal pa r t of the fragment, the fragment undergoes 
deformat ion as a whole . This deformat ion is caused by 
inhomogenei t ies of pressure in the shock-compressed layer. 
Since the pressure is m a x i m u m at the centre of the frontal 
surface of the fragment and d rops rapidly t oward its edges, 
such dis t r ibut ion of the load leads to the removal of the 
fragmented mater ia l and to squeezing out of the liquid (or 
gas-like) phase to the per iphery of the frontal pa r t and to its 
subsequent carrying away by the s t ream flowing past the 
body , as well as to plastic spreading of the fragment 
perpendicular to the direction of its mot ion , and finally 
to the b reakup of the fragment into separate splinters. It 
should be noted tha t the f ragmentat ion process is repeated 
for each sufficiently large fragment unt i l the ae rodynamic 
loads give rise to stresses exceeding the s trength of the 
comet mater ia l . At this stage the flow past the b roken -up 
fragment of the comet can no longer be t reated as flow pas t 
a single body ; the flow past each sufficiently large 
componen t of the initial fragment has to be considered 
separately. In this case the na tu re of mo t ion of a rubble pile 
differs from tha t of a compact object, because a fragmented 
b o d y undergoes stronger b rak ing . The m o r e effective 
b rak ing of fine shot in compar i son with a bullet under 
otherwise equal condi t ions can serve here as an example. 
Scat ter ing of the fragment causes in tu rn a sharp increase in 
the heat flux generated (which is inversely p ropo r t i ona l to 
the rad ius of curva ture of the object) because of the sharp 
increase of the effective surface of the fragment and the 
conversion of mat te r from the condensed to the gaseous 
state. As a result, a gaseous cloud forms, the t empera tu re , 
pressure and density of which significantly exceed those of 
the adjacent unpe r tu rbed a tmosphere . The cloud begins to 
expand intensively and cont inues to descend at an extremely 
high velocity. Such a rapid process of gasdynamic cloud 
format ion in this initial stage and its subsequent expansion 
can be regarded as an explosion. 

N o t e , tha t the mechanism described above quali tat ively 
explains why small meteor i tes b u r n out , whereas large ones 
explode. 

As in the earlier stage (before the explosion), a s t rong 
shock wave p ropaga t e s in front of the cloud, approximate ly 
one- tenth of its rad ius ahead of it. 

Explosion of the comet will be accompanied by an 
optical flash generated bo th by the shock wave and by ho t 
p roduc t s of the explosion. The t empera tu re of the shock-

compressed layer can reach 2 - 3 eV at the entry velocity of 
abou t 60 k m s " 1 [24]. 

The energy of the optical rad ia t ion can be est imated to 
be of the order of magn i tude of 0 . 1 % of the explosion 
energy [21]. F o r a fragment 1 k m in diameter we can 
est imate the power of the flash to be ~ 1 0 2 6 erg s _ 1 

a ssuming a b r ak ing t ime s. N o t e tha t the flux of 
solar rad ia t ion received by Jupi ter is / ~ 8 x 1 0 2 4 erg s - 1 , 
ha l f of it being reflected (the albedo of Jupiter in the opt ical 
b a n d is ~ 0 . 5 ) . Therefore, the b rak ing of the comet by 
Jupi te r ' s a tmosphere would be seen as a br ight flash even if 
it occurs on the light side of Jupi ter . Since the fragments of 
comet S h o e m a k e r - L e v y will fall on to the da rk side of 
Jupiter , this flash can be seen only when the explosion takes 
place close to the t e rmina tor . In this case we shall see the 
burs t of rad ia t ion scattered by the Jovian a tmosphere as an 
au ro ra l light. It mus t be remembered tha t the cloud cover of 
Jupi ter will par t ia l ly screen this rad ia t ion . 

Ano the r way to see the burs t of rad ia t ion is to t ry to 
observe the reflected flash on one of the appropr ia te ly 
si tuated Jovian satellites. The satellite will then act as a 
mir ror reflecting informat ion on the comet ' s explosion to 
the Ear th . 

In this case the flux of solar rad ia t ion reflected from the 
satellite should be compared with the reflected rad ia t ion of 
the flash p roduced by the explosion of the comet. F o r the 
best k n o w n Jovian satellite, Io , the flux of the reflected solar 
rad ia t ion is / s ~ 2.5 x 1 0 2 1 erg s _ 1 ( Io 's a lbedo was t aken 
as 0.5), whereas the reflected flux of the burs t of rad ia t ion is 
i e - 2 x 1 0 1 9 erg s " 1 , i.e. J e / J s « 8 x 1 0 " 3 ; therefore, the 
burs t s of rad ia t ion accompany ing the demise of large 
fragments of comet S h o e m a k e r - L e v y are qui te observable 
as long as they are no t screened by cloud cover. N o t e tha t 
the rat io J Q / J S will be one order of magn i tude higher for the 
satellite nearest to Jupiter , Me thys (a l though the absolute 
values of the fluxes will be significantly lower because this 
satellite is only 10 k m in radius) . 

Below we give some results of numer ica l s imulat ion of 
gasdynamic processes arising after the explosion of one of 
the comet ' s f ragments enter ing the Jovian a tmosphere with 
an initial velocity of 60 k m s _ 1 n o r m a l to the p l ane t ' s 
surface. It was assumed tha t a spherical fragment 1 k m 
in rad ius with an initial density p i ; = 1 g c m - 3 explodes at a 
height hs = - 1 5 0 k m (ps w 30 bar , p s w 1.8 x 1 0 " 3 g c m - 3 ) . 

Numer i ca l calculat ions show tha t this assumpt ion is no t 
crucial for es t imat ing long-term a tmospher ic consequences 
because of small var ia t ions of the kinetic energy of the 
fragment in the upper a tmosphere . 

The velocity of the fragment just before the explosion 
was assumed to be 50 k m s - 1 ; the gas pressure in the cloud 
just after the explosion, p0, was assumed to be equal to the 
s tagnat ion pressure in the direction of the d rag (p0 w p s v 2 ) . 

Cylindrical coordina tes (r, z ) , with the z axis po in t ing in 
the direction opposi te to the gravity force vector, were used 
in the calculat ions. 

The pa t t e rn of gasdynamic flows tak ing place after the 
comet ' s explosion is characterized by the following main 
features. 

Soon ( tenths of a second) after the explosion the bulk of 
the fragment mater ia l is concent ra ted in a cup-shaped layer 
~ 3 k m in radius , abou t 1 k m thick, with the r im of the cup 
directed upward . This shape m a y be explained by the s t rong 
d rag tha t the front of the cloud experiences on entry into 
the dense layers of the a tmosphere , while the main pa r t of 
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Figure 5 Isotherms (a) and the velocity field (b) 0.6 s after the explosion 
of the comet at a height h — —150 km (atmospheric pressure p « 31 bar). 
Particles of the comet's fragment are marked with dots. Maximum flow 
velocity is v m a x = 42 km s _ 1 . 

the comet cont inues its inertial mo t ion with a velocity 
exceeding tha t of the front of the cloud. I so the rms 0.6 s 
after the explosion are presented in Fig . 5a and the 
cor responding velocity field is shown in Fig. 5b. A t em-

0 5 10 
r /km 

Figure 6. Lines of constant radial velocity component of the flow 1 s 
after the explosion 

pe ra tu re m a x i m u m cor responding to near ly 22 000 K is 
located in the shock layer between the forward shock wave 
and the moving cloud. The max imal velocity in the 
gasdynamic flow is v m a x = 42 k m s - 1 . At this m o m e n t a 
por t ion of the gas at the cloud per iphery has a l ready started 
to move upward , while the main par t of the cloud cont inues 
its d o w n w a r d mot ion . I so therms reveal a local m a x i m u m , 
increasing with t ime, in the tail of the cloud. Immedia te ly 
behind the cloud a region of rarefied gas is formed, into 
which s t reams the Jovian a tmosphere . G a s s t reaming into 
the rarefied region decelerates in the vicinity of the axis in 
the tail pa r t of the cloud, result ing subsequent ly in the 
generat ion of a local density j u m p . 

At t ime t & 1 s the gaseous cloud formed from the 
comet mater ia l increases significantly in size (to R w 7 km) , 
actively interact ing with the Jovian a tmosphere t h rough 
which it moves (Fig. 6). This m o m e n t is characterized by 
the format ion of a floating density j u m p in the tail of the 
cloud, as well as by increased drag experienced by the 
frontal pa r t of the cloud due to the increase of its effective 
cross section. The velocity m a x i m u m becomes displaced to 
the tail of the meteor i te cloud. The max ima l velocity in the 
s t ream is n o w v m a x = 38 k m s - 1 . A s t rong vor tex with a 
centre 5 k m away from the axis of symmetry is formed at 
this t ime. F r o m then onwards a significant pa r t of the 
fragment mater ia l and of the adjacent a tmosphere is 
captured by the region of the vor tex flow. Cons t an t radia l 
velocity lines cor responding to the instant f « 1 s are 
presented in Fig. 6. The depar tu re of the shock wave 
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Figure 7. Isotherms (a) and the velocity field (b) 4 s after the explosion of 
the comet. Particles of the comet's fragment are marked with dots. 
Maximum flow velocity is v m a x = 19 km s _ 1 . 
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away from the axis of symmetry is clearly seen in the tail of 
the cloud. 

I so therms and the velocity field at t ime t = 4 s are 
shown in Figs 7a and 7b, respectively. The cloud n o w 
undergoes significant deceleration, so tha t the m a x i m u m 
velocity of the flow is reduced to 19 k m s - 1 . The mos t 
intensive gas mo t ion occurs in the tail of the cloud, with 
part icles of cometary mater ia l at the perimeter of this cloud 
forming a characterist ic pear- l ike shape. The rad ius of the 
cloud is 7 - 8 km. Some comet mater ia l remains in the 
s tagnat ion zone at the front of the cloud, while the main 
pa r t is captured by the vortex. A p lume of cometary 
mater ia l follows the cloud at a distance of 4 - 6 k m from 
the axis. 

At t ime t & 6 s after the explosion (Fig. 8) the front side 
of the cloud comes almost to a standstil l , moving with a 
velocity abou t 1 k m s - 1 , while the gas in the tail cont inues 
to move intensively downward with a max imal flow velocity 
up to 8 k m s - 1 . The cloud rad ius is n o w equal to 10 km. 
The format ion of a vor tex r ing is clearly seen in Fig . 8. The 
bulk of the cloud mater ia l is d rawn into the to ro ida l core of 
the vortex. The core moves down with a velocity of 
4 k m s - 1 . At the same t ime, gas at the per iphery of the 
cloud moves u p w a r d with a velocity of 1 k m s - 1 . The comet 
cloud reaches its m a x i m u m height hmin w —240 k m which 
cor responds to a pressure of pmax w 100 bar . By then, the 
frontal shock wave has become much weaker , has spread, 
and moved away from the cloud some 3 - 4 km. The shock 

h/km 

Figure 8. Isotherms (a) and the velocity field (b) 6 s after the explosion of 
the comet (the moment at which the cloud has stopped moving downward 
and has penetrated to the lowest altitude in the Jovian atmosphere). 
Position of the front of the cloud corresponds to a height h — —240 km 
and to a pressurep — 100 bar. 

wave then cont inues to move downward and rapidly decays. 
The global m a x i m u m of t empera tu re moves from the shock 
wave to the cloud centre. The cloud t empera tu re reaches 
4000 K (by n o w the cloud consists pr imar i ly of a t m o s 
pher ic gas). This m o m e n t is characterized by the format ion 
of a the rmal (a cloud of heated gas in a convective weakly 
per tu rbed a tmosphere) . 

At the next stage the comet cloud floats u p w a r d under 
the act ion of the Arch imedean buoyancy force. The pa t t e rn 
of the gasdynamic flow becomes complex with a clearly 
defined s t ream flow. In the late stage of the floating of the 
gaseous cloud upward , tu rbulen t mixing becomes signifi
cant . 

In calculat ions of the u p w a r d mot ion of the thermal , the 
a tmosphere above the height of the explosion hs was 
assumed to be unper tu rbed , and the influence of the trail 
of the fragment was no t accounted for. In this way the long-
term consequences of the inclined entry of the fragment into 
the Jovian a tmosphere are s imulated; the cloud will then 
float u p w a r d s under the action of the buoyancy force in an 
unpe r tu rbed gas. 

As the thermals float upward , two quali tat ively different 
pa t t e rns of flow are usually observed. In one case the gas 
swirls, forming a large, rising eddy ring, and in ano ther case 
a s t ream directed u p w a r d is formed. Which scenario 
prevails depends on different factors, bu t pr imari ly on 
the al t i tude at which the the rmal is formed. N o t e , tha t 
in E a r t h ' s a tmosphere the b o u n d a r y separat ing these two 
possible flow pa t t e rns cor responds approximate ly to a 
height of 40 km. Fig. 9 shows the velocity fields, iso
therms, and comet part icle dis t r ibut ion at t ime t = 40 s. 
At this stage one can observe a clearly defined u p w a r d flow 
entra ining further a tmospher ic masses. The m a x i m u m 
velocity of the gas rising is 3.5 k m s - 1 . N o t e tha t the 
bulk of the comet mater ia l is concent ra ted not at the axis, 
bu t in the vor tex 5 - 1 5 k m away from the axis. The height 
at which the comet mater ia l with its p lume is dis tr ibuted 
ranges from —180 k m to —130 km. The column of rising 
gas is abou t 40 k m in diameter and conta ins of only 10% -
15% of the comet mater ia l . As the the rma l rises the comet 
mater ia l becomes compressed, because the b o t t o m layers 
rise at a greater velocity t han the top ones. 
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Figure 9. The velocity field (a) and isotherms (b) (the isotherms are 
spaced 150 K apart); (c) markers corresponding to the location of the 
comet material 40 s after the explosion. 
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After 1.5 min, the gas s t ream still cont inues to be rise. 
The shape of the comet cloud gradual ly changes its 
topo logy to a 'disc ' 30 k m in radius . The m a x i m u m gas 
velocity reaches 4 k m s - 1 . 

The u p w a r d mot ion of the gas slows down with t ime, 
and at a later stage (close to the m o m e n t when the cloud 
becomes suspended) turbulent mixing begins to influence 
m o r e and m o r e the process of cloud format ion; this has 
been taken into account in our calculat ions with the use of 
the k-e mode l [25]. 

Some 6 min after the explosion, a cloud conta in ing the 
explosion p roduc t s forms, which occupies a region up to 
100 k m in hor izonta l rad ius and 50 k m in height. This cloud 
rises to a height of 250 km, which is significantly higher 
t han the format ion level of na tu ra l Jovian clouds. The 
m a x i m u m tempera tu re in the rising gas s tream is abou t 
700 K. Al though its m a x i m u m u p w a r d velocity is 
500 m s - 1 , the cloud almost stops rising, and appears 
suspended. 

Fig. 10 shows the si tuat ion 10 min after the explosion. 
The gaseous cloud has a lmost s topped rising. Tempera tu re 
of the gas does not exceed 500 K. At this stage the cloud 
conta in ing the comet p roduc t s is spreading slowly hor i zon
tally. The rad ius of the cloud is 150 k m and the average 
height at which the cloud hangs is 250 km. 
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Figure 11. Isotherms (a), and markers corresponding to the location of 
the comet material (b). 
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Figure 10. Isotherms (a) spaced 65 K apart; (b) markers, corresponding 
to the location of the comet material 10 min after the explosion. 

Calcula t ions shows tha t 1 h after the explosion (Fig. 11) 
the pa rame te r s of the gaseous cloud app roach those of the 
su r round ing med ium (for example, to within a few tens of 
degrees in tempera ture) . These changes are caused by the 
cont inued slow spreading of the cloud compris ing the comet 
mater ia l . The cloud rad ius has n o w reached 200 km. Its 

thickness practical ly does no t increase, because the t u r b u 
lent mixing energy in the vertical direction is expended 
most ly on action against the gravity force. Later on, the 
cloud m a y spread over several t housand ki lometres . N o t e 
tha t the calculat ions were performed for an unpe r tu rbed 
a tmosphere (i.e. wi thout wind) . Intensive convective cur
rents in the Jovian a tmosphere can significantly alter the 
pic ture described above. 

Thus , b rak ing and explosion of the comet fragment in 
the Jovian a tmosphere lead to the format ion of a cloud and 
to its p ropuls ion by the Arch imedean force to a meso -
spheric height of h w 250 k m (ph& \.6 x 10~ 5 ba r ) at 
which it comes to rest. A few h o u r s after the explosion, 
when Jup i te r ' s ro ta t ion will m a k e the site of interact ion of 
the fragment with the a tmosphere observable from Ear th , 
the cloud of explosion will have the form of a disc with a 
diameter Df of the order of one t housand ki lometres and a 
thickness hf of the order of one hundred ki lometres . 

The density of the comet mater ia l in the cloud p c can be 
easily est imated: p c ~ ptD3 /DJhf ~ I O - 9 g c m - 3 . N o t e tha t 
when the cloud is no longer moving, it is composed of nine 
pa r t s Jovian air and one par t comet mat te r , tha t is the cloud 
retains informat ion abou t the explosion. This is a specific 
' m e m o r y ' of the preceding collision, and our calculat ion 
shows tha t the Jovian a tmosphere will ' r emember ' comet 
S h o e m a k e r - L e v y , or, m o r e precisely, each of its ra ther 
large fragments, for a m i n i m u m of several h o u r s after the 
explosion. W e can 'see' this cloud because of the charac ter 
istic fluorescence of the comet mater ia l . This quest ion will 
be discussed in the next section. 

The fate of the cloud formed by the explosion of a ra ther 
large comet fragment with a size of Dt w 1 k m was outl ined 
above with the use of numer ica l modell ing. N o w we tu rn to 
the quest ion, to wha t extent these results are applicable to 
the descript ion of the behaviour of the clouds formed by the 
explosion of the smaller comet fragments (with typical sizes 
of Dt ~ 100 m). 



586 B A Klumov, et al. 

The velocity v c l at which the heated cloud rises can be 
determined from: 

Vol « (gDcl)l/2 , (5) 

where Z) c l is the cloud size, and g is the gravi ta t ional 
acceleration (g w 25 m s - 2 for Jupi ter) . F o r the initial size 
of the cloud one easily obta ins : 

D*~ ( - ) (6) 
where £ is the energy of the explosion. 

Tak ing into account tha t the pressure of the su r round
ing a tmosphere at the level of explosion ps oc Dh we find 
tha t the u p w a r d velocity of the cloud v d ocD1/3, tha t is it 
depends weakly on the initial size of the fragment. 

The height difference the cloud formed by the explo
sion overcomes is A/zc l w v2

c\/2g ~ D2J3. N o t e tha t the large 
comet fragments pene t ra te deeper into the Jovian a t m o s 
phere t han the smaller ones, so tha t the heights at which the 
b rak ing of the fragments of b o t h sizes takes place will no t 
differ too much for the fragment sizes Dl; ~ 0 . 1 - 1 km. 

Therefore all twenty fragments of comet S h o e m a k e r -
Levy will eventually be observed in the Jovian a tmosphere 
at heights of ~ 200 km. The heights of suspension of the 
clouds derived from different fragments of the comet will 
no t differ much from each other , a l though some differ
ent iat ion of the fragments by height will t ake place. M o s t 
impor t an t for us is the fact tha t these clouds will be well 
above the cloud cover and will be observable . 

The quest ion arises whether the weak glow of the comet 
mater ia l in the upper Jovian a tmosphere under the effect of 
solar rad ia t ion is all tha t will be observed from such a 
powerful explosion. If zonal a tmospher ic currents tear apar t 
the cloud of explosion, it will be difficult to record even this 
rad ia t ion . 

A mechanism exists — described quali tat ively be low — 
which in our opinion is able to ' reveal ' some special features 
of large fragments the comet S h o e m a k e r - L e v y p lunging 
into the Jovian a tmosphere . Specifically, we refer here to 
in ternal gravity waves. These waves can be represented as 
vertical displacements of a tmospher ic layers by the act ion 
of gravity. On Ear th , in ternal gravity waves are effectively 
excited by, for example, forest fires. N o t e tha t in h y d r o 
dynamics such waves are called buoyancy waves. In other 
words , the a tmosphere ' b rea thes ' when an internal gravity 
wave is excited. 

In te rna l gravity waves with a wavelength equal or 
greater t han the cloud size, X ^ Dch are effectively gener
ated when a fragment of the comet explodes in the Jovian 
a tmosphere and the cloud of explosion floats upward . N o w , 
imagine tha t dur ing the process of the vertical t r anspor t 
induced by the wave, a layer of a tmosphere penet ra tes into 
a region with a substant ial ly lower t empera tu re . If con
densat ion is possible, then a characterist ic cloud cover will 
be formed. W e believe its format ion is s t imulated by the 
t ransi t of the internal gravity wave generated by the cloud 
of explosion. In the Jovian t roposphere (p ~ 1 -0 .1 ba r ) , 
the t empera tu re decreases with increasing height. A t m o s 
pher ic scale (height scale) is H ~ 25 k m at the t ropospher ic 
level. The velocity of p ropaga t i on of an internal gravity 
wave v w can be est imated from the relat ion v w w AN/2k, 
where N is the B r u n t - Vaisala frequency, 

J v 2 « ( r - i ) 4 > (7) 
c 

where y is the adiabat ic exponent and ca is the speed of 
sound. In the Jovian t roposphere v w ~ 200 m s _ 1 . 

Large fragments of comet S h o e m a k e r - L e v y will 
explode significantly be low the t ropospher ic heights . H o w 
ever, when a fragment passes the t roposphe re before the 
explosion, the wavelength of the excited wave (as well as its 
ampl i tude) is of the order of the size of the fragment, 
~ 1 km. Since the decay y of these waves is inversely 
p r o p o r t i o n a l to the square of the exited wavelengths 
(y oc A - 2 ) , such shor twave per tu rbances can safely be 
neglected. 

It is na tu ra l to assume tha t gravity waves are excited 
m o r e effectively when the cloud of explosion (at these 
heights its size is abou t 70 k m ) rises t h rough the t r o p o 
sphere, t han when the the comet fragment passes d o w n w a r d 
th rough the same heights before the explosion. 

The results of numer ica l model l ing reveal a significant 
enlargement of the cloud of explosion as it crosses the 
t roposphere , Dd ~ 70 km, with the gas inside the cloud 
being heated to t empera tu res ~ 1000 K. At these heights the 
ampl i tude of the wave ~ Z) c l ^ H w 25 km, so there is a 
high probabi l i ty tha t condensa t ion and st imulated forma
t ion of clouds in the Jovian t roposphere will occur. 

Therefore, a 'wave of a b n o r m a l c loudiness ' will be 
excited in the t roposphere . In % ~ 5 h (the t ime when 
this will be observable) this wave, p ropaga t i ng from the 
epicentre with a velocity v w ~ 200 m s _ 1 , will expand to a 
size ~ V W T ~ 5 0 0 0 k m (i.e. as large as the Grea t R e d Spot) . 
N o t e tha t decay of the internal gravity wave can be 
neglected on such t ime scales. 

In reality this p ic ture will be much m o r e complicated, 
especially if one takes into account tha t a siginificant 
na tu r a l cloud cover reducing this effect is present in the 
t roposphere . 

On the other hand , the ho t cloud of explosion pass ing 
th rough the layer of na tu r a l c louds (located at heights 
h ~ 0 - 4 0 k m ) as it crosses the t roposphere will 'burn o u t ' a 
hole with a diameter ~ Z) c l w 70 k m in the cloud cover, so 
tha t five h o u r s later the site of the entry of the fragment into 
the a tmosphere m a y be discovered (providing, of course, the 
site is no t screened by clouds). Such an effect will be absent 
if the comet explodes above the t roposphere . 

Therefore, by observing var ia t ions in the cloud cover in 
the t roposphere , we can get informat ion b o t h abou t the 
proper t ies of the Jovian t roposphere and abou t the d rag to 
which large fragments of comet S h o e m a k e r - L e v y are 
exposed, and obta in m o r e precise coordina tes of the sites 
where the fragments enter the Jovian a tmosphere . 

5. Perturbations in the upper atmosphere and 
the magnetosphere of Jupiter 
The a tmosphere of Jupi ter at the heights where the cloud 
of explosion decelerates consists pr imari ly of molecular 
hydrogen (the a m o u n t of hel ium is abou t 10%). W e can 
'see' the cloud of explosion by the specific glow of the 
comet mater ia l , excited by solar rad ia t ion . Two processes 
m a k e the cloud observable: resonance scattering, when a 
p h o t o n is absorbed by a toms and molecules and is 
reradia ted with the same energy, and fluorescence, when 
the energy of the emitted p h o t o n is less t han tha t of the 
absorbed p h o t o n . 

A n hour after the explosion, the cloud consists of 
~ 9 0 % of Jovian a tmosphe re and ~ 1 0 % of the comet 
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mater ia l . Pa rame te r s of the su r round ing a tmosphe re are: 
p ~ I O - 8 g c m - 3 , p ~ 6 x I O - 5 ba r ; density of the comet 
mater ia l in the cloud is ~ 1 0 - 9 g c m - 3 . 

W e shall assume the comet to consist of ice, so tha t the 
main rad ia t ion of the cloud stems from molecules of water 
and oxygen, and also possibly from p roduc t s of their 
react ions . Consider the cont r ibu t ion of molecules of 
water , oxygen, and hydroxyl to the rad ia t ion . Rad ia t i on 
of metals , which m a y const i tute a certain pa r t of the comet 
mater ia l , will be considered separately. 

As the side of Jupi ter where the collision took place 
tu rns t owards to the Sun, regions of the a tmosphe re 
conta in ing the comet mater ia l will begin to fluoresce under 
the act ion of the solar rad ia t ion and thus will differ in their 
spectral characterist ics from the su r round ing na tu ra l 
a tmosphere of Jupiter , which at these heights is practically 
deprived of molecules of water and oxygen. 

It is impor t an t to no te tha t we do not a t t empt to 
describe in detail the radiat ive spectrum of the cloud, bu t 
simply stress the fact tha t the cloud will fluoresce under the 
action of incoming solar rad ia t ion , and tha t it should be 
possible to detect this fluorescence (and resonance scat ter
ing). 

In the dense a tmospher ic layers of Jupiter (in the 
t roposphere ) molecules of water and oxygen are surely 
present , bu t in these layers they are under a pressure of 
abou t 1 bar , and an effective collisional quenching of the 
excited molecules prevents rad ia t ion . Rayleigh scattering of 
the incoming solar rad ia t ion wi thout p h o t o n absorp t ion is 
much m o r e effective at these al t i tudes. 

F o r the rad ia t ion on t ransi t ion from the y'th excited 
state to be seen, it is necessary tha t the inequali ty 
Aj ^ v oc p be fulfilled, where AJl is the lifetime of the 
y'th excited state, and v is the collisional frequency of the 
excited a t o m s and molecules leading to the quenching of the 
excitation. 

Accord ing to numer ica l calculat ions, the cloud of 
explosion conta in ing molecules of water and oxygen is 
decelerated at al t i tudes where quenching of the aforemen
t ioned rad ia t ions is ineffective. To begin with, consider 
rad ia t ion of metas tab le componen t s of the comet cloud. 
Visible rad ia t ion of the cloud of explosion is determined 
pr imar i ly by the oxygen a tom: the emission 0 ( ! S ) at a 
wavelength 5 5 7 7 A is generated by the 0 ( ! D — ! S ) t rans i 
t ion. This emission cor responds to the so-called 'green line', 
which can be visually observed in the polar glow on Ear th . 
The lifetime of the 0 ( ! S ) state with respect to radia t ive 
decay is abou t 1 s. 

Let us est imate the radiat ive flux Ij generated by the 
cloud of explosion of one of the fragments, which one can 
t ry to detect on Ea r th : 

/ ; = - ^ T A ; V • ( 8 ) 

H e r e V is the vo lume of the emitter (the emitter is a cloud 
of p lasma assumed to be optically thin); rij, AJ1 are the 
concent ra t ion of the a tom or the molecule in the y'th state 
and its lifetime, respectively; R]Q is the distance from Jupiter 
to Ea r th ( ~ 6 x 1 0 8 km) . To est imate the flux 75577 at the 
wavelength 5 5 7 7 A, one needs to k n o w ^5577; its order of 
magn i tude can be determined by means of the values of 
n5511 observed in the terrestr ial a tmosphere at al t i tudes of 
h ~ 8 5 - 1 0 0 km. Such an analogy seems to be acceptable 
for a rough numer ica l est imation of the 75577 A u x > a s 

concent ra t ions of the a tomic oxygen in the cloud of 
explosion in Jupiter and in the terrestr ial a tmosphere at 
these heights are of the same order . One should also take 
into account the a t t enua t ion of the solar rad ia t ion reaching 
Jupi ter by a factor of 2 5 relative to Ear th . This yields for 
the 75577 radiat ive flux the value of ~ 1 0 - 3 c m - 2 s - 1 . 

This means tha t abou t three 'green ' p h o t o n s fall every 
hour on to a uni t area of the E a r t h ' s surface ( 1 c m 2 ) . W e 
no te tha t by dayt ime the radiat ive flux at the wavelength 
5 5 7 7 A 75577 ~ IO 9 c m - 2 s - 1 , tha t is twelve orders of 
magn i tude m o r e intense. This rad ia t ion is generated in 
E a r t h ' s a tmosphere at heights of abou t 9 0 - 1 0 0 k m , 
th rough the photodissoc ia t ion of molecular oxygen by 
solar radia- t ion . At night t ime the intensity of 75577 is a n 

o rder of magn i tude lower, and the format ion of 0 ( ! S ) 
occurs at heights as low as ~ 2 5 0 k m as a result of 
dissociative recombina- t ion of the O j ion. It is extremely 
difficult to detect three p h o t o n s from Jupiter (and this is, 
moreover , the upper limit) against such a b a c k g r o u n d ! . 

Thus , to observe the cloud of explosion one needs either 
to look for emission lines and b a n d s tha t are no t present in 
the a tmosphere of E a r t h bu t are present in the cloud of 
explosion (such lines are most p robab ly absent for a comet 
composed pr imari ly of ice), or to t ry to record the emission 
of the cloud of explosion by using space a p p a r a t u s orbi t ing 
at heights where the b a c k g r o u n d emission of the terrestr ial 
ionospheres in the observed lines and b a n d s is strongly 
weakened. 

Such rad ia t ion , in our opinion, can be generated by 
hydroxyl , because its concent ra t ion is insignificant at great 
al t i tudes in the a tmosphere of the Ear th . Specifically, we 
ment ion the 3 0 9 0 A b a n d of the system O H ( A 2 E + - X 2 ) . 
The concent ra t ion of hydroxyl in the cloud of explosion can 
be quite high and reach ~ 1 0 1 2 c m - 3 . The bulk emissivity is 
ij = AjUj = ngj, where rij is the hydroxyl concent ra t ion , gj is 
the so-called emissivity factor, which accounts for excitation 
of the 3 0 9 0 A b a n d by the solar rad ia t ion . F o r the Jovian 
hydroxyl the emissivity factor gj of the 3 0 9 0 A b a n d is 
a r o u n d 5 x 1 0 ~ 5 s _ 1 [ 2 7 ] . This yields a value for the 
rad ia t ion flux 7 3 0 9 0 at the wavelength 3 0 9 0 A reaching 
the Ea r th of ~ 1 0 2 c m - 2 s _ 1 , tha t is five orders of 
magn i tude greater than at the wavelength 5 5 7 7 A. 

These figures give reason for caut ious opt imism, 
especially if there will be an oppor tun i ty to carry out 
measurements at heights where the hydroxyl b a c k g r o u n d 
rad ia t ion is practical ly absent (for the ionosphere of E a r t h 
this cor responds to heights h ^ 1 5 0 km) . 

Observa t ions of resonance scattering and fluorescence 
are mos t effective for permi t ted t ransi t ions , since the 
lifetime of the excited state for such t rans i t ions is extremely 
short . F o r the majori ty of chemical elements, the p h o t o n 
energy required for excitation of these t rans i t ions falls into 
the vacuum ultraviolet b a n d where the solar rad ia t ion 
intensity rapidly decreases, so tha t the emissivity factors 
for such t rans i t ions are small. The si tuat ion is radically 
different for excitat ions of lines of metals having low-energy 
resonant t ransi t ions . This is applies pr imar i ly to metals with 
lines excited by optical rad ia t ion , such as sodium ( 5 8 9 0 A 
line), l i thium ( 6 7 0 8 A line), and po tass ium ( 7 6 9 9 A line). 
The emissivity factors of these t rans i t ions can be very high, 
so tha t even if the concent ra t ions of these a t o m s in the 

f Some investigators have studied even finer effects that could accompany 
the demise of comet Shoemaker -Levy [27]. 
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comet mater ia l are low, the lines in quest ion can have large 
intensities. F o r example, if the sodium content in comet 
S h o e m a k e r - L e v y is abou t 0 . 1 % , the intensity of the 5890 A 
line on Ea r th is ~ 10 4 c m - 2 s _ 1 and can be readily detected 
by g round-based optical facilities. The probabi l i ty tha t 
there are metals in the comet mater ia l is qui te high, so 
tha t cor responding lines m a y be present in the spectrum of 
the cloud created by the explosion. 

Should the explosion give rise to ejection of mater ia l 
(both cometary and entra ined a tmospher ic gas) into the 
mesosphere and the rmosphere of Jupiter (when the frag
ment is m o r e t han abou t 1 k m across), then when the 
result ing jet is ionized even to a small extent, its mo t ion 
inside the magnet ic field of Jupiter will generate low-
frequency rad ia t ion which could lead to observable pe r 
tu rba t ions of the magne tosphere , in par t icular to var ia t ions 
in radioemission from the inner rad ia t ion belts . 

The magnet ic field of Jupi ter can be described to our 
required accuracy in the dipole approx imat ion , with the 
dipole axis being coincident with the ro ta t iona l axis. Then it 
is readily found tha t the equator ia l poin t of the magnet ic 
field force line crossing the surface of Jupiter at a la t i tude X 
is located at a dis tance r 0 from the centre of Jupiter , 

where the rad ius of Jupiter Rj w 70 000 km. 
F o r the force line at the la t i tude of the explosion 

(A w 45° S), r 0 w 2Rj. The magne tosphere region 
\3Rj ^ r 0 ^ 3Rj is the source of n o n t h e r m a l decimetre 
electromagnet ic rad ia t ion (/"^ 300 M H z ) [16]. This h igh-
frequency rad ia t ion is due to synchro t ron emission of 
relativistic electrons captured by the p l ane t ' s magnet ic 
field. Typical energies of the relativistic electrons genera t 
ing this radioemission are of the order 1 0 - 2 0 M e V . 
Elect rons with such energies move a long the force lines 
of the magnet ic field of Jupi ter by oscillating between 
mir ror po in t s with a bounce per iod T B of the order of one 
second. Since the mir ror rat io for the force tube passing 
th rough the poin t of explosion is ~ 16, a por t ion of the fast 
electrons from the loss-cone will spill out from the magnet ic 
t rap and be lost in the upper a tmosphere of Jupiter . 

Sporadic burs t s of intensity of the decimetre r ad io -
emission from the inner rad ia t ion belts of Jupi ter are hard ly 
ever observed. Hence , one usual ly assumes the inner 
rad ia t ion belts to be stable: the outf low of fast part icles 
t h rough the sides of the magnet ic t rap is compensa ted by 
relativistic electrons captured by the t rap as a result of 
radia l diffusion from regions with lower magnet ic field. 

Low-frequency m a g n e t o h y d r o d y n a m i c waves (for 
example, Alfven waves), which we believe will be generated 
inside the force tube passing th rough the poin t of explosion, 
have characterist ic frequencies commensura t e with T ^ 1 , SO 
one would expect the spilling out of the relativistic electrons 
to be modu la t ed with the frequency of the Alfven waves. 
The intensity of emission of relativistic electrons in this 
magnet ic force tube will therefore be modu la t ed with the 
same frequency. This is a ra ther fine effect, bu t we do h o p e 
tha t it can be detected by ground-based radiophysical 
facilities. 

6. Conclusions 
W e considered here, largely at the quant i ta t ive level, the 
explosion of comet S h o e m a k e r - L e v y 9 in the a tmosphere 
of Jupiter . The high al t i tudes at which the clouds of 
explosion will end up suspended in the a tmosphere of 
Jupi ter should provide oppor tuni t ies for them to be 
observed. One can expect significant changes in the 
s t ructure of the cloud layer of Jupi ter at t ropospher ic 
heights; in par t icular , we believe it will be possible to 
observe a s t imulated 'wave ' of a n o m a l o u s cloudiness in the 
t roposphere . It should be possible to observe the 
fluorescence of the cloud of explosion from space-based 
observator ies . Var ia t ions of the decimetre rad ia t ion flux in 
the force tube of magnet ic field passing th rough the poin t 
of explosion of the comet are possible. However , it is clear 
tha t the real p ic ture of the collision of comet S h o e m a k e r -
Levy with Jupiter will p rove to be much m o r e prolific t han 
tha t provided by current theoret ical predict ions, and 
observa t ional da ta tha t will short ly be acquired will 
t ransform our unde r s t and ing of the na tu re of the inter
action of large comets with the a tmospheres of p lanets . 
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