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Palomar observations of the R impact of comet Shoemaker-Levy 9:
I. Light curves

P. D. Nicholson,1 P. J. Gierasch,1 T. L. Hayward,1 C. A. McGhee,1 J. E. Moersch,1 S. W.
Squyres,1 J. Van Cleve,1 K. Matthews,2 G. Neugebauer,2 D. Shupe,2 A. Weinberger,2 J. W.
Miles3 and B. J. Conrath4

Abstract

We present near-infrared observations from Palomar observatory of the impact of fragment R of
comet Shoemaker-Levy 9 with Jupiter on 21 July 1994. Two instruments were used to image the
event at 3.2 and 4.5 microns simultaneously. The lightcurves from these image sequences both
show two faint precursor flashes, a bright main peak, and several oscillations over the following
hour. We identify the precursor flashes with the entry of the bolide into Jupiter's upper
atmosphere, and with the post-impact ejecta plume rising above the planet's limb. The main
peak is due to the re-entry of the collapsing plume into Jupiter's atmosphere and the resultant
shock heating.
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Introduction

The collisions of the fragments of comet Shoemaker-
Levy 9 with Jupiter in July 1994 were observed with
the 5-m Hale telescope at Palomar Observatory by a
joint team of astronomers from Cornell and Caltech.1

We present here near-infrared photometric observa-
tions of the impact of fragment R. In a companion
paper (Paper II) we present related mid-IR spectro-
scopic observations.

Observations

Palomar was well located to observe the R impact,
predicted to occur at 5:26 UT on 21 July [Chodas and
Yeomans, publicly-posted predictions, 16 July 1994].
Jupiter was at 2.34 airmasses when observations com-
menced at 5:19 UT, 2.5 hr after sunset. Although
the sky was hazy, and conditions non-photometric
by normal standards, there was no sign of cirrus or
other patchy clouds. Observations ceased at 6:50 UT
when the telescope reached its horizon limit, at 6.4
airmasses. The seeing at the time of the R event (at
an airmass of 2.6) was estimated at 0.9" from the size
of the first flash images at 3.2 pm. Near the end of
observations (at airmass 4.3), the seeing at 2.3 ^m
was estimated at 1.1" from the unresolved core of the
old L impact site.

Two instruments were mounted simultaneously at
the Hale telescope's f/70 Cassegrain focus: the near-
infrared Cassegrain camera equipped with an SBRC
256 x 256-pixel InSb array detector and a suite of
broadband and circular variable filters, and Spectro-
Cam 10, a mid-infrared imaging spectrometer with a
Rockwell 128 x 128-pixel Si:As detector [Hayward et
at, 1993]. The latter instrument permitted both mid-
IR imaging through seven broad-band filters between
4.5 and 12.5 /im, as well as long-slit spectroscopy in
the 8-13 /im atmospheric window. The telescope's
chopping secondary mirror was used to place the tar-
get area on Jupiter alternately in the field of view of
each instrument, while simultaneously permitting sky
background measurements in the mid-IR.

We used the near-IR camera to obtain a series of
108 individual 8 sec exposures at 3.21 /jm, at inter-
vals of ~ 30 sec, using a circular variable filter (CVF)
with a bandwidth AA/A = 0.015. (To avoid satura-
tion, 20 individual 0.4 sec frames were co-added to

'Observations at the Palomar Observatory were made as
part of a continuing collaborative agreement between the Cal-
ifornia Institute of Technology and Cornell University.

produce each stored image.) The wavelength chosen
corresponds to a region of very strong methane ab-
sorption in Jupiter's spectrum. Each image was dis-
played in real time, permitting the insertion of either
of two neutral density filters in series with the CVF
when the rapidly-brightening impact flash threatened
to saturate the detector.

Simultaneously, Spectro-Cam 10 obtained a se-
quence of 216 nearly-continuous 10 sec images with
a broadband A3-5 /im filter, interrupted at intervals
of 7-10 min to obtain low-resolution 8-13 fim spectra
of the impact area.

Absolute timing was synchronized with a WWVB
receiver to within ~ 0.1 sec.

Data analysis

3.2 /jm images

In preliminary processing, each near-IR image was
linearized, sky subtracted, flat-fielded and corrected
for bad pixels. Since sky frames were taken only spo-
radically, the closest available sky frame was used in
the reduction. A measure of the local observing con-
ditions can be obtained from measuring the sky back-
ground signal at 3.2 /un. The background in a fixed
aperture (7" radius) for all the frames used for pho-
tometry was found to vary linearly with airmass, and
the residuals from a least squares fit were less than
0.1%. If we assume that the sky background and
extinction scale similarly with airmass, this linearity
means that the extinction per airmass was constant
over the course of the observations presented here.
From this fit we derived an extinction correction of
0.10 mag/airmass for the 3.2 /zm data.

The flux density from the R impact site was mea-
sured in each frame or, towards the end of observa-
tions, in the average of frame pairs. Since the shape
and dimensions of the impact site changed with time,
the aperture was located on the centroid of the bright
spot and its size was periodically adjusted in an at-
tempt to include all of the flux. The typical aperture
radius was 2.2". Repeating the photometry with a
larger, fixed-size aperture resulted in differences of
less than 1% in the measured fluxes. There was no
detectable flux from the planet itself in these short
exposures.

Observations of the standard star HR 8143 ob-
tained immediately after the impact were used for
absolute photometric calibration; its magnitude at
3.2 /*m was taken to be 3.73 [Neugebauer, private



communication, 1994]. The attenuations due to the
neutral density filters were found by measuring the
difference in background between integrations made
with and without the filters, and the correction was
applied to the appropriate frames. The overall sys-
tematic uncertainty in the 3.2 /mi fluxes is estimated
to be ~6%, due mostly to calibration uncertainties.

4.5 /zm images

The Spectro-Cam 10 images were reduced by first
subtracting the off-Jupiter chop position frames from
the on-Jupiter frames. Test images on blank sky
showed that after such a subtraction there remained
only a small offset that was nearly constant over the
field. This offset was measured and subtracted from
each Jupiter image. We registered the frames to an
accuracy of about ±1 pixel using a ~ 90° arc of
Jupiter's limb, and then derived an extinction of 0.24
mag/airmass from photometry of the polar cap region
over the full airmass range of the data (2.37 - 5.14).
We measured the total flux in a 3 x 3" synthetic aper-
ture centered on the slowly moving impact site, and
calibrated the data using images of the standard star
7 Aql, for which a magnitude of —0.58 at 4.8 pm was
adopted [Gezari el al., 1993]. The background flux
from the limb of Jupiter included in the aperture,
about 3 Jy, was fitted by a straight line through sev-
eral of the points before the impact flashes appeared
and after the site disappeared from view, and then
subtracted from each data point.

The width of the 3-5 /jm filter and the likelihood
that the energy distribution of the impact flash is
time-variable and different from that of the standard
star introduce considerable uncertainty in the pho-
tometric calibration. To evaluate this problem, we
calculated the responsivity of the instrument in the
3-5 fan range by dividing a low-resolution spectrum
of the star n UMa taken through this filter by a
3600 K blackbody. We then multiplied this responsiv-
ity by blackbodies of temperature 200-3000 K in or-
der to determine the sensitivity of the effective wave-
length and reddening correction to source tempera-
ture. Over the range 500-1000K, the variation in the
flux calibration was found to be 10%, but lower tem-
peratures would require a much larger correction. We
have chosen a provisional correction which assumes a
500 K blackbody spectrum for the impact site, rep-
resenting the middle of the range of reasonable pos-
sibilities (see Paper II). The effective wavelength is
then 4.53 /mi, for which the zero magnitude flux is
174 Jy. We estimate that the uncertainty in the flux

calibration at this point could be as high as 20-30%.
Another source of uncertainty is the subtraction of

the background flux from Jupiter in the 3 x 3" syn-
thetic aperture. This background will vary because
of imperfect registration of the images and the ap-
pearance of different 5 pm features on the limb as
the planet rotates. We estimate these variations to
be about ±0.5 Jy, or ~ 15% of the total background,
so that only the fainter parts of the light curve are
significantly affected.

Lightcurves

The 3.2 and 4.5 fan lightcurves for the R impact
are shown in the upper panel in Fig. 1, while the
lower panel shows the initial or precursor flashes on
an expanded scale. The first flash, which is tempo-
rally unresolved in our data and apparently lasted no
longer than 10 sec, was observed by both instruments
in frames centered at 5:34:50 (3.2 /mi) and 5:34:52 UT
(4.5 /mi), 9 min after the predicted impact time. This
first flash was followed 60 sec later by a second, much
brighter flash which peaked at 5:35:48 UT, again seen
simultaneously at both 3.2 and 4.5 /Jin. At 4.5 fan,
this second flash extended over 2-3 integrations, or
20-30 sec, but the rise time may well be unresolved
as the peak signal is reached in only two frames. The
decay time of the second flash is quite different in the
two lightcurves: ~ 60 sec at 3.2 fan but < 10 sec at
4.5 /mi.

Over the following 2.5 min the impact site faded
steadily at 3.2 /mi but did not disappear completely.
At ~5:39 UT a third, much more spectacular bright-
ening commenced, first at 3.2 /mi and slightly later
at 4.5 /mi. Within 6 minutes, the flux at both wave-
lengths had increased by a factor of ~ 600 (7 mag),
culminating in a broad peak at ~5:44:55 UT, 10 min
after the initial flash. The peak flux occurred within
20 sec of the same time in both channels.

A slow decay in the flux at both wavelengths en-
sued until 5:51 or 5:52 UT, when the signal bright-
ened again, peaking at ~5:54. This fourth peak is
more pronounced at 3.2 /mi where it amounts to a
45% increase in flux, than it is at 4.5 /mi. (A corre-
sponding, but weaker subsidiary peak may be visible
in the IRTF lightcurves for the R impact at 7.85 /mi
[Orion et al. 1995, Fig. 7].) A fifth, rather subdued
peak was observed in the 3.2 /mi data at ~6:03 UT,
during the acquisition of one of several low-resolution
spectra by Spectro-Cam 10. There is even a hint of
a sixth maximum, or more correctly a shoulder in



the declining 3.2 /mi lightcurve, at ~6:14 UT. These
weaker maxima occurred 9, 18 and 29 min after the
main peak, suggesting a damped post-impact oscilla-
tion or 'bounce' with a period of ~ 10 min. We found
no evidence for any fluctuations in sky brightness dur-
ing this period which might be responsible for these
signal variations, and conclude that they are real. Af-
ter 6:20 UT, the signal from the R impact site became
essentially undetectable at 3.2 fun, but continued to
decay steadily at 4.5 pm.

Although the impact site appeared as an unre-
solved point source during the initial flashes, after
~6:00 UT it was clearly extended along Jupiter's limb
at both 3.2 and 4.5 ̂ m. The maximum dimension was
measured at 2.1", or ~ 8000 km at Jupiter, in agree-
ment with the 2" measured by Graham et al. [1995]
at 2.3 /im. This is also comparable with the diam-
eter of the R impact site measured on the following
night at 2.3 /im, and with the diameters of medium-
size impact sites seen in HST images [Hammel et al.
1995].

Interpretation

Our observations of the R impact are consistent
with the following conceptual model, based on calcu-
lations by Crawford et al. [1994], Takata et al. [1994]
and Zahnle and MacLow [1994] and developed in more
detail by Zahnle and MacLow [1995]. Our interpreta-
tion is also consistent with that proposed by Graham
et al. [1995].

We tentatively attribute the first precursor flash to
thermal radiation from the bolide entering Jupiter's
atmosphere, visible above the planet's limb. In the
strong methane band at 3.2 /mi, a vertical optical
depth of unity is reached at a pressure level of pa.2 ^.
1 mbar [Baines, private communication, 1994]. The
atmosphere becomes transparent to tangential rays
at this wavelength above pi;mb = [H/2irR]lf2p3,2 c±
8 /ibar, where H ~ 26 km is the atmospheric scale
height in the stratosphere and R ~ 69000 km is
Jupiter's radius at latitude 44°. This is at an alti-
tude of 265 km above the 1 bar pressure level. The
R impact occurred at 0 = 4.9° behind the planet's
limb [Chodas and Yeomans, publicly-posted predic-
tions, 16 July 1994]. In order to be directly visible,
therefore, the bolide must have been at an altitude of
at least z ~ R(\ — cos 9) = 255 km above the limb,
or 520 km above the 1 bar level. A rough estimate of
frictional heating at this altitude (p ~ 1 nbar) yields
a surface temperature of ~ 2400 K, consistent with

detectable emission in the near-IR.
We identify the second precursor flash with the

emergence of the rising fireball, or plume, above
Jupiter's limb. Using the maximum height of h ~
3200 km measured for the A, E, G and W plumes
from HST images [Hammel et al., 1995], we estimate
a plume ejecta velocity of vp = [2gti\1/2 = 12.5 km/s,
where g = 2500 cm/s2 is Jupiter's surface gravity.
For the shallowest likely penetration depth of 1 bar,
and accepting the first flash as the bolide entry, the
bolide's time of flight is 12 sec. Allowing for rotation
of the impact site towards the limb, the plume's rise
time to a height of 480 km is 38 sec. This simple pic-
ture is thus fairly consistent with the 56 sec interval
between the first and second precursor flashes.

What then of the third and brightest peak? The
ballistic flight time of the plume itself is 2vp/g ~
17 min, with the last stages of re-entry correspond-
ing roughly to the end of the main peak in near-IR
emission at 5:51 UT. Although the plume material
remained above the limb for many minutes after it
first emerged into view, the decay of the second flash
within < 60 sec suggests either rapid expansion and
adiabatic cooling of the plume, or possibly chemical
changes within the plume. The plume itself there-
fore probably made a negligible contribution to the
near-IR flux thoughout the period of the main peak
[Graham et al., 1995]. About 11 min after the impact,
however, the center of the R impact site was carried
by Jupiter's rotation onto the limb, and thus became
directly visible (in thermal emission) to Earth-based
observers. Moreover, at this time the bulk of plume
ejecta was re-entering the jovian atmosphere, the re-
gion of fallout having reached its maximum radius of
~ 6400 km 12 min after the explosion. We therefore
interpret the dramatic brightening of the impact site
which began 4 min after the initial flash and peaked
6 min later to be thermal radiation from shock heat-
ing upon ejecta re-entry. In addition to fitting the
observed delay of peak emission by 10 min from the
impact, this scenario is consistent with the observed
8000 km extent of the impact site along the limb.
Predicting the exact time evolution of the observed
flux is complicated by the simultaneously varying fall-
out zone and viewing geometries [Zahnle and MacLow
1995].

Finally, we recall the oscillation with a period of 9-
10 minutes which is superposed on the slow decay fol-
lowing the peak flux. The acoustic propagation time
through Jupiter's stratosphere from the tropopause
to the 0.1 mbar level is about 4 minutes. The oscil-



lation might thus be due to an acoustic or shock dis-
turbance that moves up and down through the strato-
sphere prior to hydrostatic equilibration, triggered by
the plume ejecta re-entry.
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Figure 1. (Top) R impact lightcurves from Palomar observations at 3.2 and 4.5 /an. Gaps in the 4.5 pm data
indicated by the dotted curve correspond to times at which low-resolution 8-13 fan spectra were obtained. (Bottom)
A detailed view of the R impact lightcurves during the first and second precursor flashes. Plotted times correspond
to the mid-times of the exposures. The rms noise levels are indicated by the signal levels prior to the first flash at
5:34:50 UT. The first low-resolution spectrum was made at ~5:37 UT.
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Palomar observations of the R impact of comet Shoemaker-Levy 9:
II. Spectra
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Abstract

We present mid-infrared spectroscopic observations from Palomar observatory of the impact of
fragment R of comet P/Shoemaker-Levy 9 with Jupiter on 21 July 1994. Low-resolution
8-13 //m spectra taken near the peak of the lightcurve show a broad emission feature that
resembles the silicate feature commonly seen in comets and the interstellar medium. We use this
feature to estimate the dust content of the impact plume. The overall infrared spectral energy
distribution at the time of peak brightness is consistent with emission from an optically-thin
layer of small particles at ~ 600 K. Integrating over the spectrum and the lightcurve, we obtain
a total radiated energy from the R impact of > 2 x 1025 ergs and a plume mass of > 3 x 1013 g.

'Astronomy Department, Cornell University, Ithaca, New York.
2 California Institute of Technology, Pasadena, California.
3National Air and Space Museum, Washington DC.
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Introduction

In Paper I we described the lightcurves obtained for
the R impact at Palomar at 3.2 and 4.5 /im. Here we
present 8-13 /*m spectra of the evolving impact site,
as well as a composite spectral energy distribution at
the time of peak flux.1 The near-infrared lightcurves
are also used to estimate color temperatures of the R
impact precursor flashes and of the fresh impact site.

Spectroscopic observations

At intervals of 7-10 min during the course of the
Palomar R impact observations, low-resolution spec-
tra were taken in three overlapping wavelength in-
tervals to provide complete 8-13 /*m coverage with
a resolution, A/AA « 100. All spectra were obtained
with a l"-wide slit oriented parallel to Jupiter's equa-
tor and centered on the location of peak brightness
measured at 4.5 /mi. A total of eight complete 8-
13 /«n spectra were obtained, beginning at 5:37 UT
and ending at 6:45 UT. The first spectrum was taken
immediately following the second precursor flash, the
second just prior to the peak flux at 5:45 UT, and the
remainder at intervals during the decay phase. Sep-
arate spectra taken of Callisto at 1:09 UT were used
for absolute flux calibration.

Data Analysis

Each 10-second exposure spectral image was re-
duced by subtracting the off-Jupiter chopped image
and removing bad pixels by interpolation; a slight tilt
was removed by 'twisting' the images so that the spec-
tral lines were vertical in each spectral image. The
wavelength scales were determined from telluric emis-
sion lines at known wavelengths in the sky frames for
each wavelength segment. Because the airmass of the
observations ranged from 2.65 to 5.92, extinction ef-
fects are substantial. From measurements of a region
of Jupiter well away from the R impact site, we deter-
mined a wavelength-dependent extinction coefficient
of 0.25-0.9 mag/airmass which was used to correct
both the Jupiter and Callisto spectra for extinction
effects. Except in the strong telluric ozone band be-
tween 9.3 and 9.9 fan, this procedure yielded accept-
ably consistent spectra.

The fluxes from both the impact site and Callisto

'Observations at the Palomar Observatory were made as
part of a continuing collaborative agreement between the Cal-
ifornia Institute of Technology and Cornell University.

were summed over 11 pixels (2.75") along the slit,
resulting in an effective aperture size of 2.75 x 1.0".
Although the slit did not include all the flux from Cal-
listo, we applied no slit throughput corrections since
the projected impact spot size perpendicular to the
slit of ~ 1.5" was comparable to Callisto's diame-
ter of 1.2". The Jupiter to Callisto flux ratios were
converted to absolute fluxes using the aperture pho-
tometry of Hansen [1976], interpolated via a black-
body model. Hansen's Callisto data were adjusted
to the circumstances of July 1994 by assuming that
brightness temperature scales as r~ ? and flux as A~2,
where r is the Sun-Jupiter distance and A is the
Earth-Jupiter distance. Three of the resulting spectra
are shown in Figure 1.

Results

The initial spectrum at 5:37 UT and those obtained
after 6:00 UT are essentially identical, and show
brightness temperatures consistent with the undis-
turbed jovian limb. To avoid cluttering the diagram,
we have omitted spectra taken after 6:00 UT. We also
plot in Fig. 1 blackbody curves for temperatures of
140, 150 and 160 K, spanning the range of undis-
turbed brightness temperatures expected for Jupiter
in this spectral region. The absence of prominent
molecular absorption or emission lines in the spec-
tra, especially the usually strong NHs lines at 10.3
and 10.7 pm, may be attributable to the very high
emission angle (> 75°). The broad bump at 12 fan
is due to stratospheric emission by C2Hs, while the
increase in brightness temperature towards 8 fan is
due to stratospheric CE^ emission.

Near the time of peak brightness at 3.2 and 4.5 pm,
a very different 8-13 pm spectrum was observed. The
three individual spectral segments, measured in suc-
cession, have been scaled in Fig. 1 to their predicted
flux levels at 5:45:00 UT, the time of maximum sig-
nal at 4.5/rni. This allows us to correct for the rapid
changes in the absolute flux levels at this time. The
scaling factors were derived from a spline fit to the
4.5 pm lightcurve, and range from 1.96 at 8-10 pm to
1.38 at 11-13 pm. Slight mismatches in the spectra
in the overlap regions indicate that the uncertainties
in this procedure are —15%. No distinct molecular
emission features are seen in the peak spectrum, the
smaller ripples being probably due to imperfections in
the extinction corrections. Mid-IR spectra taken from
the KAO during the R impact [Sprague ei al, 1994]
also fail to show strong NHa emission lines, although



those of several other species are prominent.
The spectra taken at 5:49 UT have not been

rescaled to a common time, and show small disconti-
nuities due to the fading of the impact site.

Interpretation

Silicate dust emission

The 8 to 13 ̂ m spectral slope at peak brightness
is roughly matched by a Rayleigh-Jeans spectrum,
suggesting a source temperature of > 2000 K (see
Fig. 1). Relative to a blackbody, however, the spec-
trum shows a broad emission feature between 9 and
12 /un. In spectra of T Tauri stars and star-forming
regions, a 10 ^m bump such as this is usually inter-
preted as emission from an optically-thin region of
small, warm silicate grains. However, the spectrum
between 8 and 9 fan. is flat or slowly decreasing with
wavelength, while the dust emissivity function for as-
tronomical silicates [Draine and Lee, 1984] predicts
that FA should increase with A, even at a dust tem-
perature, Td, above the vaporization temperature of
silicates. KAO spectra show that methane emission
at 7.7 /*m is prominent in the first hour after large
impacts [Sprague et al, 1994; Bjoraker et al., 1994],
and this may account for the upturn below 9 faa in
our spectrum.

In the absence of detailed modelling of both at-
mospheric and dust components, we simply describe
the non-dust component of the spectrum (presumably
due to CIU) with a power law and fit the observed
FA to the following model:

FA = Ad[\ - exp (-T9.7g(A)/Q(9.7))]BA(Td) + |£

(1)
where Q(A) is the absorption efficiency, assumed to
be that of interstellar silicate grains, T9.7 is the dust
optical depth at 9.7 /jm, and Ad is the solid angle of
dust emission. In the optically-thin limit, Ad T9.7 is
the total dust cross-section (in steradians) and is well-
determined, although Ad and T9.7 are not. The best fit
to the observed spectrum is obtained for Tj = 370 K,
n = 7.5, and r9.7 ss 0.05, and is shown as the dotted
curve in Fig. 1. The model reproduces the form of
the 8-13 /jm peak spectrum quite well.

Given Td and the product Ad 79.7, we may obtain
the total mass of silicate dust:

(2)
C*9.7

where A = 8 x 1013cm, C9.7 = f Q(9.7)/a = 104 cm"1

is the absolute volume absorption coefficient at 9.7
for "astronomical silicate" grains of radius a <

[Draine and Lee 1984], and pd = 3.3 g/cm3

is the assumed density of the grains. Our best fit
yields a dust mass of 6 x 1012g. This mass of dust
is 20% of the total plume mass estimated below, and
about 8% of the mass of a 0.5 km diameter impactor
with mean density of 1.0 g/cm3. (Note that higher
dust temperatures would imply correspondingly lower
values of T9.7 and total dust mass; a fit with T<j =
700 K yields Md = 9 x 10U g. Larger dust particles
(a > 1 /mi), on the other hand, could result in a larger
total dust mass being 'hidden'.)

If we multiply AdTg.r by 17, the ratio of visible
to 9.7 ^m interstellar extinction in the solar neigh-
borhood [Roche and Aitken, 1984], we get 1.9 square
arcsec, equivalent to an optical depth of order unity
for the dark impact scars seen in visible images. A
silicate composition for these spots might therefore
account for both their visible and mid-infrared opac-
ities.

Color temperatures

Ideally, we might hope to determine the evolving
temperature of the impact site from the ratio of 3.2 to
4.5 pm fluxes shown in Fig. 1 of Paper I. However, the
emission may well be optically thin, and dominated
in the near-IR by molecular emission bands. This is
especially likely to be the case at 3.2 /mi, which is a
region of strong methane absorption. Subject to this
caveat, we have attempted to calculate color temper-
atures for the precursor flashes, using the measured
peak fluxes at 3.2 and 4.5 /mi from Fig. 1 as well as
the corresponding fluxes at 2.3 (*m measured by Gra-
ham et al., [1995]. For the first (bolide entry?) flash,
we find a consistent color temperature of 1000±120 K.

The peak of the second flash (the rising plume)
gives an unexpectedly low 630d£50 K, perhaps because
the plume is seen at this time through a significant
line-of-sight optical depth of methane. However at
5:36:30 UT, with the plume 20 scale heights higher
and thus above sensible atmospheric absorption, we
find a color temperature of 950 ± 150 K. This may
represent the true plume temperature ~ 90 sec after
the impact. Two minutes later we find TCO] = 820 ±
100 K.

During the growth and decay of the main peak,
we find that the color temperature of the R impact
site remains relatively constant, varying from a min-
imum of 600 K at 5:41 UT to a maximum of 1150 K



at 5:48 UT. The average color temperature between
5:44 and 6:10 UT is ~1000 K. Although the actual
temperatures may differ, the 3.2/4.5 fan flux ratio is
strikingly constant over a period in which the absolute
fluxes vary by a factor of a hundred. This uniformity
of temperature is a strong argument in favor of our
interpretation in Paper I that the main flux peak is
due to emission from shock-heated re-entering ejecta,
rather than from the plume itself, which is predicted
to cool rapidly to space [Zahnle and MacLow, 1995].

Figure 2 shows a composite spectrum of the R im-
pact at the time of peak flux (5:45 UT), including
the 8-13 fan spectrum from Fig. 1, the peak fluxes
at 3.2 and 4.5 /tm from Fig. 1 of Paper I, and the
corresponding peak flux at 2.3 /im measured by Gra-
ham et al., [1995]. (Also shown for comparison is
the low-resolution spectrum acquired immediately af-
ter the precursor flashes at 5:37 UT, scaled to a 1"
square solid angle.) It is impossible to fit all three
near-IR points with a single blackbody; the range of
plausible temperatures is indicated by the 550 K and
1000 K blackbody spectra fitted to the 2.3/3.2 and
3.2/4.5 pm flux ratios, respectively.

A simple model which at least approximately fits
all of the measurements — and is also more physically
plausible than pure blackbody emission — consists of
a dusty, optically-thin emitting region with a temper-
ature of ~ 600 K and an emissivity which scales as
A"1. The latter is consistent with emission by small
solid grains with radii r <C A and constant refractive
index [van de Hulst, 1957], and is suggested by the sil-
icate dust fit to the 8-13 jun spectrum in Fig. 1. Such
a model is shown as the dot-dashed curve in Fig. 2,
fitted approximately to the near-IR points. The devi-
ations of the observed fluxes from the model may be
due to CH4 and silicate emission. The model implies
an emissivity-optical depth product of er ~ 0.022 at
4.5 /im and 0.010 at 10 /im, for an assumed source
solid angle of 1 square arcsec. A similar optical depth
in stratospheric haze particles at 10 /«n is implied
by our preliminary analyses of high-resolution spec-
tra of the cooling impact sites in the 8-10 /*m region
[Gierasch et ai, 1994].

Energetics and plume mass

Given a model of the spectrum of the peak emission
from the R impact site, and the observed constancy of
color temperature during the main peak, we may use
the measured 3.2 /*m lightcurve in Fig. 1 of Paper I to
estimate the total energy radiated by the impact site
in the near- to mid-IR region. We adopt the 600 K

dust emission model, for which the ratio 77 of the bolo-
metric flux to F\ at 3.2 /jm is 6.03 /mi.2 Making the
further assumption of an isotropic radiator, the total
radiated energy is then given by

E = Fvdt. (3)

We find a total radiated energy of > 2.2 x 1025

ergs, or 2% of the total kinetic energy of a 0.5-km di-
ameter icy comet impacting Jupiter at 60 km/s. This
estimate is probably a lower limit because of (i) the
emission which occurs during the first ~ 40 sec when
the fireball is behind the limb, and (ii) possible pref-
erential emission in a direction away from the Earth.
Probably the biggest unknown in this calculation is
the uncertain geometry of the impact site. Zahnle
and MacLow [1995] have taken the first steps towards
a more realistic model of the observed lightcurve.

Note that essentially all of this energy is received
from the shock-heated re-entry phase; the flashes due
to the bolide and plume, as interpreted in Paper I,
contribute a negligible fraction of the total radiated
energy. Equating the radiated energy to the kinetic
energy of the descending plume, for an assumed ver-
tical re-entry velocity of 12.5 km/s, we obtain a lower
limit to the total plume mass of 3 x 1013 g.
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Figure 1. Low-resolution (A/AA = 100) spectra ob-
tained immediately after the second flash (5:37 UT)
and before any significant brightening of the R impact
site at 10 /jm; just prior to the peak brightness of the
third flash (5:43 UT); and during the decay phase (5:49
UT). The region of telluric ozone absorption is blanked
out by the vertical grey bar. The three segments of
the peak spectrum have been separately scaled to the
predicted peak fluxes at 5:45 UT, as described in the
text. The dotted curve shows the model of silicate dust
emission fitted to the peak spectrum (see text), while
the dashed curve represents a 2000 K blackbody. Dot-
dashed curves show blackbody spectra at characteristic
undisturbed jovian temperatures of 140, 150 and 160 K.

Figure 2. Composite spectrum of the R impact at
the time of maximum flux (5:45 UT). Near-IR data are
from Fig. 1 of Paper I and from Graham et al [1995]
(at 2.3 fjaa), and the mid-IR spectrum is from Fig. 1.
The dot-dashed curve is the 600 K A-1 small-particle
haze model fitted to the 2.3, 3.2 and 4.5 pm fluxes,
while the dashed curves show blackbody spectra which
bracket the near-IR points. The pre-impact 8-13 /zm
spectrum is included for comparison, along with 140
and 160 K blackbodies. All model spectra assume a 1
square arcsec solid angle.
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