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stratospheric haze and determination of its physical 
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Abstract. We present preliminary results derived from 
low spectral resolution infrared spectra of the comet im- 
pact sites onto Jupiter. Fragments W/K were tracked 
several days after the collision at the SAO 6m-telescope 
on July 22 and 27. A systematic increase of the spec- 
tral radiance is observed for fragment W/K spectra as 
compared to undisturbed region spectra. This change 
is interpreted as the evidence for a stratospheric ha•.e 
produced by the collision. From the spectral shape of 
this relative increase, the albedo of the ha•.e can reach 
values as low as 0.06 but is constrained between 0.13 

and 0.15 if the spot si•.e is 3". No stringent constraint 
is obtained for the altitude of this ha•.e even if a 5-50 

mbar level seems to be possibly the best estimate. The 
particles in the ha•.e should play a significant role in 
the thermal balance over impact sites. The fragments 
W/K spectra between July 22 and July 27 show a high 
stability of the haze between both dates. 

Observations 

The recent dramatic collision of comet Shoemaker- 

Levy 9 into the Jovian atmosphere in July 1994 pro- 
vided an exceptionally huge amount of data of all kinds. 
Several months after the impacts of SL-9 fragments, it 
is useful to present some preliminary results so that an 
understanding of the physical processes which govern 
such an event can emerge. In this spirit, we present a 
progress report inferred from observations performed at 
low spectral resolution (7-15 cm -1) in the 4/•m spec- 
tral range. The spectrometer we used is a classical rapid 
scanning Michelson interferometer installed at the Nas- 
myth cabin of the alt-azimuthal 6m-telescope of the 
Special Astronomical Observatory of Zelenchuk (Cau- 

DESPA, Observatoire de Paris-Meudon 
Special Astrophysical Observatory, Zelenchuk 

a Institut d'A6ronomie Spatiale, Brussels 
IKI, Moscow 

casus/Russia). The detector is an InSb 2 x 2 mm square 
detector operating at 77K. Our July program is part of 
a long-term cooperation concerning planet and aeron- 
omy observations using a Fourier spectrometer able to 
work between 3 and 12 pm at a maximum resolutim. of 
0.1 cm -•. An unpredictable technical problem forced 
us to work only at low spectral resolution between 7 
and 15 cm -1 depending on the spectrum. In order to 
get a somewhat homogeneous set of spectra, we have 
decided to degrade the spectral resolution down to the 
lowest resolution of 15 cm- 1. 

The SL-9 impact sites onto Jupiter were observed on 
July 16, 17, 22, and 27 only. Spectra of impacts K and 
W were recorded in the 2450-2750 cm -1 range. The 
circular aperture was 5" in diameter. Because of very 
poor weather conditions and lack of time, the obser- 
vation of a star at the same elevation as Jupiter was 
not performed during the same days. In our spectral 
range, essentially two N20 bands are responsible for 
the terrestrial absorption. Because the lack of accurate 
absolute calibration, we were obliged to work on the 
relative variation of a spectrum without spot compared 
to a spectrum containing the fragments W/K couple. 
This variation can be interpreted as the relative dif- 
ference spectrum due to the presence of the fragments 
W/K in the field of view of the instrument. It is defined 

Spe½•vithspot{v)-Spe½•vithoutspot(v) X 100 % (1) Spec •vithout spot 

The spectral influence of the N20 telluric features 
on our Jovian spectra is minor because of the effective 
low spectral resolution. Figure 1 shows an observed 
original spectrum which has been arbitrarily rescaled 
at 2580 cm-1 with a synthetic spectrum convolved at 
7cm -1. The presence of the expected methane bands 
is almost certain though some patterns remain unex- 
plained. This observed spectrum has been obtained 
with the highest spectral resolution of 7 cm -1. 

Results 
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Typical relative variations of spectra are presented in 
Fig. 2. Two classes of relative spectra are clearly shown 
depending on the presence or absence of impact site in 
the field of view of the instrument. Moreover, the sta- 
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Figure 1. Comparison between a spectrum measured 
at the impact location W+K and a cMculated undis- 
turbed spectrum of Jupiter (without influence of SL9 
impacts). 

bility of the spectrum corresponding to the W/K site 
between July 22 and 27 is remarkable. The fact that 
the two existing classes are easily differentiated led us 
to be confident with the relative scale of the variation. 

In order to explain the relative variation of the spectra, 
we have used a complete line-by-line radiative trans- 
fer model derived from Marten et al. (1994a) in the 
2450-2600 cm -i spectral range. We will extend the 
model to 2750 cm -1 in the future. The H2-H2, H2- 
He pressure-induced absorption, NH3, PH3, H•O and 
CH4 opacities were accounted for. The thermal profile 
was taken from Orton et aL (1992). The frequency 
step of the synthetic calculation is 0.01 cm -1. The fi- 
nal spectra were convolved to a resolution of 15 cm-1 
assuming a sinc apparatus function. In our spectral 
range, the Jovian spectrum is a combination of ther- 
mal and reflected sunlight components. At 2450 cm -1, 
the Jupiter's spectrum is composed of one third 6f ther- 
mal radiation, whereas at 2530 cm-1 the reflected corn- 

200 

150 

o • 100 
._ 

-• 50 

- Spots w & K (27 iul [b]) 

Spots W & K (22 lul) 
Spots W & K (27 jul [b]) 

2460 2480 2500 2520 2540 2560 2580 2600 
wavenumber (era- l) 

Figure 2. Ratio of a spectrum without spot divided 
by a spectrum corresponding to the W/K impact site. 
The increase from 2450 to 2600 cm-1 is estimated to be 
due to the presence of a stratospheric haze formed by 
the comet collision. In addition, the ratio of two W+K 
spectra obtained on July 22 and July 27 is plotted. The 
haze appears very stable between the two dates. 

ponent entirely dominates the spectrum. The thermal 
radiance originates from the troposphere of the planet 
while, in the absence of the comet impacts, the sunlight 
is reflected on the tropospheric NHa cloud at • 0.5 bar. 
The NHa cloud single-scattering albedo was set to 0.12 
in the study of the NEB. No albedo change was assumed 
between the northern and the southern hemisphere at 
the same absolute latitude of 44 ø. A transmission of 0.8 

completes the description of the deep NHa cloud. The 
presence of impacts has induced a stratospheric haze 
which has modified both the global shape and the spec- 
tral radiance of the spectrum. Hence, we have included 
such a haze in our model. Three parameters were ac- 
counted for in this modeling to obtain the best agree- 
ment between the computed and observed variation of 
the relative spectra: the haze albedo (a), the transmis- 
sion (t) considered as a function of both the true trans- 
mission and the pure absorption by the particles, and 
the altitude of the corresponding reflecting layer (P). In 
our study, several a priori assumptions have been made. 
The haze is assumed to be a thin cloud layer. The al- 
titude of this haze is supposed to be between the 0.05 
and 50 mbar pressure levels. Both W and K sites are 
assumed to be 1.5 x 1.5" circular spots at the central 
meridian. 

The reason why the continuum of the spectra of im- 
pacts W/K is brighter than that of the undisturbed 
spectra is due to the simultaneous presence of strong 
intense CH4 absorption bands in our spectral range and 
of the stratospheric haze. The effect of a high strato- 
spheric ha•.e is to reflect and absorb photons in such 
a way that less photons are absorbed by methane at 
deeper pressure levels. Moreover, the increase of the 
variation of the relative spectra by a factor of 3 through- 
out our spectral range is directly due to the occurence 
of more intense CH4 absorption bands at 2600 than at 
2450 cm-1. As shown in Fig. 3, the albedo of the base 
is strongly constrained by the data. The modeled spec- 
tra are compared with the observed spectra using the 
X2(S) test. The reduced S is determined as the averaged 
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Figure 3. Model versus observations. The albedo of 
the haze is varied from 0.05 to 0.25. The sensitivity of 
the synthetic spectrum to the haze albedo is significant. 
The albedo is shown to be very close to 0.15 if the spot 
size is assumed to be 3". 



ROSENQVIST ET AL.' INFRARED OBSERVATIONS OF COMENT SL-9 COLLISION 1587 

Table 1. Stratospheric haze physical properties 

Spectrtun Smi,• Albedo Pressure Best fit 
at 3• at • (rob) rn•b 

22.07 1.5 0.13-0.17 0.05-5 P=5/a=0.15 
27.07 [a] 2.? 0.1:•-0.•0 - P=5/a=0.15 
27.07 [b] 1.9 0.08-0.15 0.5-50 P-50/a-0.10 
27.07 [c] 3.s 0.•3-0.•8 - P=50/a=0.• 

dispersion between the observed and calculated relative 
variations of the spectra weighted by an error bar of 
7%. This error bar was measured using two methods. 
The noise on each original spectrum was first measured 
outside of the band filter (•/ > 2750cm-•). It results 
in a 2-4% uncertainty on the spectrum depending on 
the spectral range. Equation (1) implies that the true 
uncertainty is twice that in each individual spectrum, 
i.e 4-8%. The second method is obtained by measuring 
the dispersion between each relative spectra combina- 
tion (each observed spectrum without spot is compared 
with each observed spectrum with the W/K spot). The 
resulting dispersion is again around 7%. 

In the following, the results on the albedo are given at 
the 3• confidence level while those on the pressure level 
of the ha•.e are at the 2•r confidence level. The error bars 

are defined by the requirement that S be smaller than 
S,,,• x v/1 + X 2/N where X is the confidence level and 
the N number of points. The effective number of spec- 
tral points between 2450 and 2600 cm -• at a 15 cm- • 
resolution is 10. The limiting S is thus 1.38 and 1.18 x 
Smi,• at the 3 •r and 2 •r respectively. Table 1 summa- 
riges the results concerning the physical characteristics 
of the haze and gives the best fit models for each ob- 
served spectrum. The most important parameter of the 
model is the albedo because the spectrum is dominated 
by the reflected sunlight component. The albedo of the 
ha•.e is therefore 0.14 + 0.01. The best fit model re- 
suits in an altitude of the haze between 5 and 50 mb. 
Finally, the total transmission of the stratospheric haze 
is lower than 0.85. The extinction coefficient is there- 
fore inferred to be lower than 0.15. Consequently, the 
assumption of a thin stratospheric haze in our calcula- 
tions seems to be a posteriori validated. The possible 
sources of errors which can a priori strongly influence 
our results are: 

- the thermal profOe and its possible change, 
- the albedo and transmission of the NH3 cloud, 
- the size of the W/K sites. 
Because we are forced to compare a spectrum obtained 
at a latitude of 44N to a spectrum located at 44S which 
could be modified by the impacts, we have to estimate 
what are the main differences between both latitudes 
in terms of thermal profile and NH3 cloud. Orton et 
al. (1991, 1994a) have intensively observed the strato- 
spheric and tropospheric temperatures as a function of 
time and latitude. They have shown that a small dif- 
ference of a few degrees was suggested between 44S and 
44N depending on the altitude level. This hemispheric 
asymmetry has been taken into account in our calcula- 
tions by changing the standard thermal profile by the 

corresponding temperature shift. It results only in a 
one percent level variation in the spectral radiance of 
the without spot spectrum. The temperature asymme- 
try can thus be neglected for our purpose. In addition 
to this hemispheric "standard" variation, another un- 
certainty related to the impacts themselves should be 
analyzed. From broadband millimeter wavelength ob- 
servations, Gutwell et al. (1994) have seen no obvious 
impact effect on the temperature brightness at a pres- 
sure level of 0.8 bar. At higher pressure level, from 
infrared observations, Orton et al. (1994b) have de- 
tected some temperature changes in the troposphere of 
a few degrees at a level of 400 mb at the impact sites 
for several days. Moreover, Billebaud et al. (1994) de- 
rived a variation of 2.5-4.5 K at a level of at least 30 mb 

from 8 pm observations of W and K impacts. Finally, 
Lellouch et al. (1994), Marten et al. (1994b) derived in- 
directly from millimeter and submillimeter heterodyne 
spectroscopy a strong increase of the temperature (sev- 
eral tens of K) in the stratosphere above at least a few 
mb for several days. This "abnormal"thermal profile 
was observed to vary from day to day, providing emis- 
sion lines of CO, CS and HCN during the impacts and 
absorption lines after a few weeks. Both tropospheric 
and stratospheric changes were tested in our calcula- 
tions by including the new thermal profile of the im- 
pact sites. Again such a modification is not important 
in our study because most of the thermal component 
(•, <2530 cm-•) is coming from the deeper pressure lev- 
els of the planet where the temperature profile is very 
little modified. 

Conversely, a strong hemispheric asymmetry of the 
NHa cloud albedo and transmission directly results in a 
significant difference of the spectral radiance of the •Io- 
vian spectrum. Many calculations were thus performed 
to estimate this uncertainty. The reflected layer of the 
ammonia cloud was fixed at • 0.5 bar. The first step 
of these calculations was to try to fit the relative varia- 
tion (Fig. 2) by changing only the characteristics of the 
NHa cloud in the Southern hemisphere not taking into 
account the stratospheric haze. The best fit is obtained 
by increasing the albedo of the NHa cloud by a factor 
of • 2. In this case, the fit between the observed and 
calculated relative variation of the •Iovian spectrum is 
however very bad. A X 2 test will give a S of • 7, as 
compared to a typical S of 2 if the stratospheric haze 
was only taken into account. Nevertheless, the uncer- 
tainty due to this NHa cloud produces an uncertainty 
in the estimate of the albedo of the stratospheric haze 
within a factor of 2. 

Griffith et al. (1994) estimated the size of the frag- 
ments W and K site as a unique spot between 2-4" in 
diameter. This size has not strongly evolved 10 days 
after the last impact. If the W/K site is assumed to 
be a 4"circular spot rather than twice 1.5"spots, the 
albedo of the haze will change by 10 %. 

Discussion 

The altitude and thickness of the ha•.e are a key 
problem for the understanding of the collision pro- 
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Table 2. Spectral properties of the haze particles 

WavelengtlOptical depth Reference ni •v0 

0.27/•m 
0.89/•m 
2.14/•m 
3.9/•m 

8-12 /•m 

12 Noll et al (1994) 0.02 0.76 
2.4 West et al (1994) 0.006 0.97 
0.1 Baines et al (1994) 0.05 0.53 

0.07-0.15 This paper 0.01 0.4 
0.01 Gierasch et al (1994) 0.01 0.01 

is • 4 109 cm -2. They should play an important role 
in the thermal balance over the impact sites. 
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