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Impact Debris Particles in
Jupiter’s Stratosphere

Robert A. West, Erich Karkoschka, A. James Friedson,
Mark Seymour, Kevin H. Baines, Heidi B. Hammel

The aftermath of the impacts of periodic comet Shoemaker-Levy 9 on Jupiter was studied
with the Wide Field Planetary Camera 2 on the Hubble Space Telescope. The impact
debris particles may owe their dark brown color to organic material rich in sulfur and
nitrogen. The total volume of aerosol 1 day after the last impact is equal to the volume
of a sphere of radius 0.5 kilometer. In the optically thick core regions, the particle mean
radius is between 0.15 and 0.3 micrometer, and the aerosol is spread over many scale
heights, from approximately 1 millibar to 200 millibars of pressure or more. Particle
coagulation can account for the evolution of particle radius and total optical depth during

the month following the impacts.

Aerosol debris from the impacts of frag-
ments. of comet Shoemaker-Levy 9 can
serve as a tracer to study the jovian strato-
spheric circulation, which has been inferred
only indirectly from measurements of ther-
mal contrast and solar radiative heating (1).
Analogous studies of particles injected into
the terrestrial stratosphere by volcanic
eruptions have provided a wealth of data
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about the earth’s atmosphere (2).

Aerosol debris particles are valuable
tracers of the stratospheric wind field be-
cause their global distribution can be de-
termined with high spatial resolution from
a few images. We obtained images taken
with the Wide Field Planetary Camera 2
(WFPC2) on the Hubble Space Telescope
(HST). To learn as much as possible about
the altitudes of the particles and about
particle microphysical processes, especial-
ly the particle size that determines the loss
rate from sedimentation, we imaged Jupi-
ter at a variety of wavelengths (from 230
to 955 nm), and we scheduled exposures
to provide coverage of emission angle as
features rotated across the disk. The opac-
ity provided by molecular scattering at
ultraviolet (UV) wavelengths and by CH,



opacity in the 893-nm CH, filter, as well
as emission angle coverage in these filters,
provided channels for vertical sounding.
The broad wavelength coverage provided
sensitivity to particle size if the particle
radii were less than about 0.5 wm. Our
photometric measurements (3) were also
sensitive to the imaginary part of the par-
ticle refractive index that provided a con-
straint on composition.

Observations and Data Reduction

Our program and that of Hammel et al. (4)
made use of the same WFPC2 images tak-
en between 15 July and 24 August 1994.
Images were obtained before, during, and
after the week of the impacts. The WEF
images have a resolution of 770 km per
line pair, and the PC images have a reso-
lution of 342 km per line pair at the
subspacecraft point. We derived optical
depths of particles for all the F255W and
CH, filter images taken on 23 July, 30
July, and 24 August, and for a small num-
ber of images taken close to the time of
impact. The important parameters for this
study were the effective wavelength (the
wavelength obtained by weighting the
spectral transmission of the instrument
sensitivity with the solar flux) and the
effective depth of penetration of photons
(the pressure level where unit optical
depth is reached for vertical viewing in
the absence of aerosols). These can be
found in Table 1, along with the low-
temperature CH,, absorption coefficients
and effective geometric albedos used to
establish an absolute calibration.

We determined absolute calibration fac-
tors for the images by requiring that the
geometric albedo (here we mean the ratio
of the flux from Jupiter at a phase angle of
10.5° to that from a Lambert-reflecting disk
of equal projected area facing the sun) agree
with published measurements (5, 6). Some
of the images show Galilean satellites. Be-
cause the albedo of the satellites is essen-
tially the same at wavelengths of 893 and
953 nm (6), the relative intensity calibra-
tion between both filters can be checked.
Calibration factors derived from satellite
images implied that Jupiter’s albedo at a
wavelength of 893 nm increased by 10%
from July 1993 to July 1994. We consider
this to be possible because previous tempo-
ral variations in excess of 20% have been
observed at some latitudes, although
Moreno et al. (7) found no change over the
same period.

After processing the images, we began
to construct photometric models to com-
pare with the data. We found an asymme-
try between east and west for the two
longest-wavelength filters. Previous stud-
ies found no such asymmetry, and we sus-
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Table 1. Spectral characteristics of the filters used in this study. Filter passbands and exposure times are
listed in (4). \c is the effective wavelength when convolved with the solar spectrum, A is Jupiter’s
geometric albedo when convolved with the camera sensitivity (5, 6), K is the effective CH, absorption
coefficient [sensitivity convolved with the low-temperature CH,, absorption coefficients (6)], and P, is the
pressure level where unit optical depth is reached for vertical viewing in the absence of aerosols. Blank
spaces indicate wavelengths where the reflected intensity is determined by the optical properties of the
cloud particles in the pressure range 10 mbar to 5 bar.

) \, K P,

Fitter (nr%) A (km-amagat)~? (ba?r)
F218W 230 0.31 0.0 0.18
F255W 275 0.28 0.0 0.35
F336W 335 0.29 0.0 1.2
F410M 410 0.36 0.0 2.7
F547M 550 0.50 0.02
F555W 555 0.49 0.2
FQCH4 893 0.049 25.0 0.38
F953N 955 0.43 0.3

pect that the flat field images contained a
spurious gradient. To remove the gradient,
we applied a linear ramp across the image
such that a net difference (the difference
between the east limb and west limb at the
equator) of 12% for the F953N filter and
24% for the CH, filter nullified the ap-
parent asymmetry. An asymmetry might
also be caused by an error in image cen-
tering, but after checking the navigation
and comparing the location of features in
different filters, we considered this to be
implausible.

Particle Optical Depth, Mean
Radius, Refractive Index,
and Distribution

The impact regions show dark features in
images taken with all the filters except
CH,. At visible wavelengths (Fig. 1), the

Fig. 1. The D and G impact sites imaged with the
WFPC2 almost 2 hours after the G impact on 18
July 1994. The diameter of the main wave (circular
ring) is about 7000 km.
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material appears dark and slightly brown
because of greater absorption of light at
short wavelengths. This idea is borne out
by quantitative analysis. Figure 2 shows
I/F (I is intensity and wF is the incident
solar flux) as a function of longitude for a
cut through the dark core region of impact
sites D and G. The UV contrast features
are broader than those seen at the other
wavelengths both because of rotational
smear during the 300-s exposure and be-
cause of the greater absorption cross-sec-

tion in the UV.
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Fig. 2. //F (/is intensity and =wF is the incident solar
flux) is shown for three wavelengths for a cut
across the D and G impact sites along a latitude
line, close in time to the image shown inFig. 1. The
letter W shows the location of a wave feature, and
PT corresponds to the location of a crescent-
shaped dark (except through the CH, filter) region
that we take to be the plume terminus (where the
outlying ejected plume material came to rest). The
dot-dash lines are projected values for the undis-
turbed atmosphere. They were derived by fitting
I/F to a generalized Minnaert law: In(u//F) = C, +
C,x + C,x2 + C,x3, where p. is the cosine of the
emission angle, X = In(up), p, is the cosine of the
solar incidence angle, and the coefficients are
found by a least-squares fit to intensities in the
undisturbed regions.
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Determination of particle optical and
physical properties requires radiative trans-
fer models of the atmosphere that accurate-
ly account for multiple scattering and ab-
sorption by aerosols and gas. We first exam-
ined the darkest pixel (at continuum wave-
lengths) for the A and E sites on 17 July and
for the A, C, F, and H sites on 21 July. The
darkest pixel for those dates has I/F values
similar to those of the darkest pixels shown
in Fig. 2. At small spatial scales, the con-
trast is diminished relative to what a perfect
imaging system would provide. We have
not corrected for this effect, and we do not
know the magnitude of the error it produces
in our results.

We modeled data for filters F255W,
F336W, CH,, and F953N. For all points, we
used at least two emission angles to deter-
mine the limb darkening. The optical
thickness of the debris haze was great
enough [2 to 5 in the infrared (IR)] that a
crude model (a single semi-infinite layer)
could be used for the underlying atmo-
sphere. The CH,-band limb darkening in
connection with the 953-nm continuum
reflectivity agreed with the data if the de-
bris material was near the 100-mbar pres-
sure level. If the upper boundary was at a
pressure of 1 mbar or less, the lower bound-
ary had to be pushed down to about 200
mbar. Again, the average pressure level is
near 100 mbar. If the average pressure were
much less, the planet would be quite bright
at the limb in the CH, filter, which was not
observed.

Models of reflectivity at 275 nm (with
the F255W filter) require UV-absorbing
material to be at pressures less than a few
millibars in order to account for the dark
limb. Some of the absorption is due to S,,
especially during the first few days follow-
ing the impact, so the total optical depth
we report is the sum of aerosol and gas
components. The S, contribution is prob-
ably small, judging by the figure in (8), but
a more thorough analysis needs to be
done. By combining the UV and CH,
data, we found that the material in the
fresh, dense core regions we examined
must extend over many scale heights, from
a few millibars or higher altitude to the
200-mbar level or deeper. The deep aero-
sol population also accounts for the obser-
vation (4) that the zonal wind shear de-
termined by tracking the particles in the
dense regions is the same as the tropo-
spheric wind shear at the cloud top de-
duced from Voyager images and the
present data set. The aerosols at a few
millibars or higher altitude are consistent
with the visibility of bright debris features
in the strong CH, bands in the 1600- to
3200-nm spectral region (9).

The contrast at continuum wave-
lengths requires that the particles be more
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absorbing than most of the material in the
ambient jovian atmosphere. As part of the
modeling effort, we found that the imagi-
nary part of the refractive index was 0.006
from the near-infrared to blue, then in-
creased to 0.012 in the F336W filter and
further increased to 0.02 in the F255W
filter. We also successfully modeled the
reflectivity with imaginary refractive indi-
ces that are twice as large at long wave-
lengths. Figure 3 summarizes these results
and compares the derived refractive indi-
ces with some candidate materials. The
reflected intensities are insensitive to the
real part of the refractive index, and our
models assumed values of 1.4 and 1.44 for
different cases.

Refractive indices derived above for
the dark core regions are equally valid for
particles in the outer diffuse regions and in
the transient wave features. The fact that
the wave is bright when seen through the
CH, filter means that particles are present
at altitudes higher than those of most of
the particles in Jupiter’s undisturbed atmo-
sphere. In the undisturbed regions, most of
the light reflected in the CH, band comes
from scattering in the ammonia cloud re-
gion between 600 mbar and 250 mbar (the
temperature minimum and tropopause are
at the 100-mbar level).

The fact that both the transient and
more permanent debris particles have the
same optical properties suggests that both
types of particles come from a parent gas
that exists mainly in the high stratosphere
where temperatures are too warm for con-
densation to occur except during the ex-
pansive phase of a passing wave. The more
permanent debris could be material that
came to rest at a lower altitude (where the
temperature is sufficiently low to induce
condensation), either by turbulent mixing
of entrained gas as the fireball rose (the
dark core regions) or as material that pen-
etrated to some threshold depth on final
impact of the rebounding plume (the out-
lying regions). A candidate is CS,, which
was observed spectroscopically (8). It
would condense in the ambient atmo-
sphere at pressures in the range from 8 to
63 mbar if its mixing ratio were in the
range from 1073 to 10~7. However, its
imaginary refractive index is too small to
account for the contrast at most wave-
lengths (10).

Water, ammonia, and carbon dioxide
ice that might be present from an impact-
ing body or be of jovian tropospheric ori-
gin have imaginary refractive indices (11)
that are.far too small to account for the
absorption over the entire spectral range
of our observations. Even S is not suffi-
ciently absorbing over most of the spec-
trum, by orders of magnitude in the red
(12). Candidates that offer more promise
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are graphite, dirty silicate, and some or-
ganics. We show in Fig. 3 the imaginary
refractive indices of “astronomical graph-
ite” and “astronomical silicate,” which
were proposed (13) as candidates for in-
terstellar grains. The astronomical graph-
ite and silicate, which might be expected
to be produced in an expanding fireball
environment, have refractive indices
whose flat shape from the blue to near-IR
agrees with the shape inferred from our
analysis for the debris particles, but these
candidates produce spectra that are too
flat between 275 and 410 nm.

Polymerized hydrogen cyanide [poly-
HCN; see (14)] is an interesting candidate
whose imaginary refractive index has a
spectral dependence similar to the derived
shape for the debris particles. The poly-
HCN material shown in Fig. 3 is very rich
in N. Complex organics rich in S and N
may also qualify as candidates whose vapor
pressure to mixing ratio relation is in the
range needed to have both gas and con-
densed phases present near the 1-mbar
level, to account for the visibility of the
waves. HCN was observed in spectra ob-
tained by the James Clerk Maxwell Tele-
scope (15), and HCN is relatively abun-
dant as an end product in some chemical
models of the evolving fireball (16). Or-
ganic material rich in S and N, even in
trace amounts, is therefore an attractive
candidate for the agent responsible for the
dark brown color.

Most of the UV spectral features (8)
are produced by gases (S,, CS,, NH,, and
H,S), which could have come from either
the impacting bodies or the jovian atmo-
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Fig. 3. The imaginary part of the refractive index (k)
is shown as a function of wavelength for several
candidate aerosol materials as well as the range of
values inferred for the debris. The laboratory mea-
surements are from (70-74). The horizontal loca-
tion and size of the symbols indicate the filter
wavelengths and the size of the passband. The
vertical size indicates the range of values that were
able to fit the observations.



sphere, provided that the impacting body
penetrated into or below the hypothesized
NH,SH cloud whose base is near the 2-bar
pressure level. The gases mentioned above
are abundant products of experimentally
shocked carbonaceous chondrite material
(17). Refractory particles (silicates and
metals) would also be present in abun-
dance if most of the debris material came
from the impacting body (18). Some of
these were observed in atomic form in UV
spectra (8) as ions and neutrals that reside
in the thermosphere and ionosphere of
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Jupiter. But refractory particles cannot ac-
count for much of the observed particulate
opacity if a single material is responsible
for both the transient and more perma-
nent aerosol debris as the color and con-
trast suggest. In that case, a jovian origin
for the bulk of the particulate debris is
indicated.

Any attempt to relate observed color to
composition is complicated by the fact
that only a trace amount of strongly ab-
sorbing material is needed to darken
bright material. Furthermore, reports of
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Fig. 4. Optical depths of debris material are shown for wavelengths of 275 and 893 nm as functions of
latitude (between -36.5° and -54.2°) and longitude for 23 July, 30 July, and 24 August. Each strip has
latitude —36.5° at the top and latitude —54.2° at the bottom. The color steps at the bottom calibrate the
colors in terms of the optical depth. White corresponds to optical depth 12.0 or higher in the UV. Moving
to the left in the color scheme, the values are 4.0, 2.0, 1.0, 0.5, 0.2, and 0.1. Those values should be
divided by 4 to obtain optical depths in the 893-nm images.

Fig. 5. The mean particle radius that would con-
dense out of an exponentially expanding fireball
parcel cooling along an adiabat, plotted as a
function of temperature and vapor concentra-
tion. Concentration C is normalized to C,=
[av(3Q/4m)?/31 ]~ 1, where a is the sticking coef-
ficient, v is the vapor thermal velocity, Q is the
molecular volume in the condensed phase, and
7, is the saturation ratio time scale. Thin solid
lines are contours of grain radius in units of mi-
crometers. Thick dashed lines represent two
possible adiabats that might be characteristic of
the thermal trajectories followed by parcels in a
fireball. Solid circles are marked on the two adia-
bats at the temperature and vapor concentration
at which each substance would condense in a
parcel following the adiabat. The position of the
solid circles indicates the mean grain radius ex-
pected for the vapor indicated and for the corre-
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sponding adiabat. The two adiabats correspond to cases where the vapor concentrationis 1.2 X 104
and 1.5 X 10'® cm~2 when the temperature is 2500 K. (For reference, a concentration of 10'5 cm~3
of water vapor corresponds to a total mass of 1.2 X 10" g spread uniformly through a sphere of radius
100 km. For “‘silicate’” or CS, vapor, the mass would be greater by a factor of 3 to 4.) Where the
adiabats fall on the plot depends on the value of C,, which in turn is most sensitive to the value used
for 7. Here we have used 7, =10 s, corresponding to a thermal cooling time of ~250 s, and we chose

a=1.
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H,O, silicate, and S features in IR (19)
and UV spectra (8) lead to the expecta-
tion that the condensed phases of these
constituents would be abundant in the
atmosphere, and their origins, chemical
evolutions, and final destinations in a fire-
ball plume are probably diverse. It is there-
fore puzzling that the material is homoge-
neous in terms of its color.

The initial modeling effort yielded op-
tical depths in the core regions that were
between 2 and 5 at 893 nm and were
several times larger at 275 nm. The ratio
of optical depth at the two wavelengths is
consistent with the ratio for spherical par-
ticles whose mean radius is in the range
from 0.15 to 0.3 wm. The models are not
sensitive to the variance or form of the size
distribution, provided the variance is not
large. A model in which aerosols with a
radius of 0.25 wm mix uniformly with the
gas between 1 mbar and 200 mbar can
quantitatively account for the reflectivity
in the strong CH; and H, absorption
bands between 1600 and 3200 nm (9), and
this is the type of model we used for the
next phase of the study.

We derived particle optical depth at
275 and 893 nm for all longitudes imaged
on 23 July (1 day after the last impact), 30
July, and 24 August. We had full longitu-
dinal coverage on 23 July, but there was
a gap between longitudes 120 and 140 in
the UV on 30 July, whereas some longi-
tudes on 30 July and 24 August were ob-
served only at a high emission angle. The
goals of these studies were to assess the
global aerosol debris inventory and to
track its evolution during the month fol-
lowing the impacts. An accurate assess-
ment of the inventory requires an accurate
derivation of optical depth even for re-
gions of low optical depth. This effort
made use of more sophisticated aerosol
models to carefully account for the optical
properties of the preimpact stratospheric
haze and the tropospheric particle phase
function and single scattering albedo as
functions of wavelength and latitude.
Once these were modeled properly in the
latitude region —36.5° to —56.2° (all lat-
itudes are planetocentric and all longi-
tudes are System III), which bounds 80%
or more of the debris, we added haze par-
ticles of radius 0.25 wm and solved for the
best-fit optical depth as a function of lat-
itude and longitude.

Three models for the vertical distribu-
tion of the haze were used. They all have
debris particles up to altitudes where the
pressure is 0.3 mbar, and the particles are
mixed with the gas scale height down to
some higher pressure. To determine if the
aerosols extend as deep as 200 mbar in the
diffuse regions as well as in the dark core
regions, we examined the limb darkening
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in models with aerosol layers reaching the
10-, 80-, and 200-mbar pressure levels.
Preliminary results in the near-IR do not
favor one model over another. There is
considerable scatter in the UV results as
well, but the majority of locations at in-
termediate optical depth (1 ~ 1) are best
fit by the model with aerosols between 0.3
and 10 mbar. Our data are insensitive to
the altitude of the top of the aerosol layer,
provided it is at a pressure of less than a
few millibars. Although the mean optical
depth in the UV is several times higher
than the mean optical depth in the near-
IR, there is also considerable scatter in
that ratio. We did not take into account
tropospheric cloud height variations as a
function of longitude, and perhaps most of
the scatter in the 893-nm band is due to
such variations.

The distribution of debris haze between
latitudes —36.5° and —54.2° for the three
dates is shown in Fig. 4 for the model with
the haze between 0.3 and 80 mbar. The
model with particles mixed down to 200
mbar produces a similar pattern, but the
optical depths are higher for that case. The
ratio of optical depth for the model with
aerosols extending to 200 mbar to that for
the model with aerosols extending to 10
mbar is a factor of 2 in the optically thick
regions and is much higher in optically thin
regions.

On 23 July the debris was close to the
impact locations, although zonal wind
shear and eddy motions had redistributed
debris from the early impacts (4). The
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Fig. 6. Time scales relevant for physical pro-
cesses occurring in the jovian troposphere and
stratosphere. Solid curves indicate sedimenta-
tion times for particles of the indicated radius.
Dashed curves indicate coagulation times for an
initial population of 0.1 and 0.5 um particles. The
initial particle number density for the two cases
was taken to be 570 and 23 cm~3, respectively.
The dotted curve indicates the eddy diffusive
time scale for the jovian troposphere-strato-
sphere (24).
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largest optical depths are greater than 15
(the maximum value we tested) in the UV
and greater than 3 in the near-IR. The
greatest optical depths correspond to im-
pact sites L (near longitude 340°) and
K-W (280°) and the D, G, R, and S
regions (longitudes 5° to 50°). The UV
optical depth dropped significantly by 24
August, whereas at 893 nm it increased.
During the same interval, the debris pat-
tern was dispersed in the east-west direc-
tion by zonal wind shear. When integrated
over 360 degrees of longitude and 17.7
degrees of latitude (6.48 X 10° km?) the
optical depths at 275 nm are 7.0, 4.6, and
3.0 (all X 10 km?) for 23 July, 30 July,
and 24 August, respectively, whereas the
numbers (same units) at 893 nm are 1.1,
1.5, and 1.5. We will return to this obser-
vation in the context of aerosol micro-
physical models described in the next sec-
tion. The ratio of optical depths at the two
wavelengths can be understood if the par-
ticle mean radii are 0.21, 0.24, and 0.28
pm on the three dates. The total volume
of debris particles on the three dates would
equal the volume of a sphere with radius
0.51, 0.52, and 0.45 km. If these particles
were part of the impacting bodies and not
jovian atmospheric material, their derived
volume sets a lower limit on the size of the
original body.

Aerosol Microphysical Models

We do not know the composition of the
aerosol nor the thermal histories of parcels
that carried the condensible vapor, which
for a given composition influenced the
eventual size and number of particles. It is
nevertheless useful to discuss one likely sce-
nario for the production of aerosol, because
it will serve to illustrate how observed prop-
erties of the aerosol may eventually be
linked to the microphysical and gas dynam-
ical processes that led to its formation.

Aerosol formation in a plume. Scattered
sunlight seen on the limb of the planet
shows that particles reached very high al-
titudes (>3000 km) (4). The vapor that
eventually condensed into these aerosols
most likely had its origin in the superheat-
ed gas of a rising fireball. This idea is
supported by the shape and growth of the
plumes with time, which suggest that the
particles were on ballistic trajectories with
velocities comparable to that expected for
the vertical rise of a fireball. As each
fireball rose, it cooled by virtue of its
volume expansion and by radiative cool-
ing, and eventually its temperature dipped
below the saturation point for a conden-
sible vapor. Further cooling may have led
to the condensation of a sequence of in-
creasingly more volatile vapors.

The particles would not form at the
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instant the vapor was cooled below its
saturation point. Significant nucleation
(the formation of condensation nuclei
large enough to be thermodynamically sta-
ble) requires supersaturation of the vapor
to a critical value that depends on the type
of nucleation process (that is, homoge-
neous, ion-induced, or heterogeneous nu-
cleation). After the critical supersatura-
tion is achieved, condensational growth
on the stable nuclei may proceed rapidly
until the available vapor is depleted. The
final number density and size of the grains
depend primarily on the cooling rate of
the gas, the temperature-vapor pressure
relation, and the number density of the
vapor at the saturation point.

We developed a simple numerical mod-
el, based on work by Lattimer (20), to
estimate the mean particle radius and
number density given an aerosol composi-
tion and a density-temperature history for
the fireball parcels containing the vapor.
For simplicity, it was assumed that all
fireball parcels followed a moist adiabat
and that the specific volume of each par-
cel increased exponentially with time as
the fireball expanded outward into space.
Only homogeneous nucleation was con-
sidered. Two equations were solved simul-
taneously, the first expressing the fact
that, at high saturation ratios, particles
grow at the collision rate between vapor
molecules and grains, and the second de-
scribing the depletion of vapor by nucle-
ation and condensational growth (21). To
a good approximation, the final mean par-
ticle radius 7 is found to be proportional to
the parameter A = T/1_, where 7, is the
e-folding time (time required to change by
the A factor e) for the increase in the
saturation ratio at the time the vapor first
becomes saturated and is directly propor-
tional to the cooling time scale (22), and
7. is the collision mean free time between
vapor molecules at saturation. A is a mea-
sure of the number of collisions occurring
in a time 7. For A >> 1, 7 = £&(A/3)(3Q)/
47)13 where Q is the effective volume of
a molecule in the condensed phase and &
= 0.05 — 0.3 is a multiplicative factor
found from the numerical solution. Once ¥
has been estimated, the final total particle
number can be determined from conserva-
tion of mass of the condensible species and
the assumption of complete condensation
of the available vapor.

Figure 5 illustrates the final grain radius
expected for three aerosol compositions
and for two adiabats. In a compact, rela-
tively dense fireball, refractory materials
such as silicates would form particles larger
than 10 wm in radius, whereas materials as
volatile as water would form grains smaller
than 0.1 wm. In a less dense fireball, pro-
duction of smaller grains is favored for



each substance. If the thermodynamic his-
tories of fireball parcels, determined either
through analysis of the observations or
through numerical simulations, can be
plotted on Fig. 5, then it should be possi-
ble to estimate the radii of the particles
that would have condensed in the plume
for a given or conjectured aerosol compo-
sition and to compare this estimate with
any grain sizes inferred from observations
of plumes on the limb.

Aerosol evolution in the atmosphere. Aero-
sols injected or condensed in the atmo-
sphere may have evolved further through
coagulation and sedimentation and, if at all
volatile, evaporation. Particles reentering
the stratosphere from the high-altitude
plumes may have ablated and possibly re-
condensed to form a different size distribu-
tion than they had in the plume. Because of
these processes, one must be careful not to
assume that the properties of the aerosols
measured in the dark spots are characteris-
tic also of the population of grains in the
plumes.

Figure 6 shows the time scales for sed-
imentation and coagulation. The sedi-
mentation time is the time required for a
particle of given size and a density of 2 g
cm ™ to fall one scale height, moving at
its terminal velocity (23). Particles with
radii ~0.5 pm and smaller would remain
suspended above the 100-mbar level for
more than 3 months, whereas grains larger
than a few microns in radius would sedi-
ment into the troposphere within a few
days. The coagulation time is the e-folding
time required to reduce the concentration
of particles of a given size by coagulation
with other particles to form larger grains.
As a given mass of aerosol is converted
into larger grains, the particle concentra-
tion is reduced and the coagulation time
increases. In Fig. 6, we show coagulation
times for particle sizes ¥ of 0.1 and 0.5 pm,
using a number density n of grains chosen
to reproduce the observed optical depth in
the core of the dark spots; that is, n =
T/(Qm7?D), where T ~ 5 is the optical
depth and Q ~ 2 is the extinction effi-
ciency of the grains at a wavelength of 275
nm, and D ~ 100 km is the depth of the
dust cloud. At these densities, particles 0.1
pm and less in radius would be expected to
coagulate to form larger particles in a mat-
ter of a few days, but more than a month is
required for coagulation to produce grains
larger than 0.5 wm. Hence, if the aerosol
in the dark spots were initially injected in
the form of a relatively high density
(>500 cm™?3) of grains smaller than 0.1
pm in radius, then coagulation would en-
sure that the dominant grain radius during
the period between a few days and a

month after the impacts was in the range
0.1 to 0.5 wm.

ARTICLES:

Although there is some loss of particle
volume between 30 July and 24 August,
most of the temporal behavior seen cannot
be explained by loss from sedimentation.
Larger particles fall faster than smaller
ones, and sedimentation would cause op-
tical depth to decrease with time at both
wavelengths, but more rapidly in the IR,
which is contrary to what is seen. Tempo-
ral changes in integrated optical depth
during the period from 23 July to 24 Au-
gust can be explained chiefly by coagula-
tional growth of the particles. The UV
optical depth falls because the decrease in
particle column density implied by their
growth outweighs any change in the ex-
tinction cross-section. For the IR optical
depth, the change in extinction cross-sec-
tion is the more important effect because
it increases so rapidly with particle size at
IR wavelengths. The IR optical depth in-
creases with time because of this behavior.
On the basis of our model of the particle
microphysics, we expect debris particles to
be present in the jovian stratosphere for a
substantial portion of a year after the im-
pacts. Future observations of their latitu-
dinal distribution will fulfill our original
goal of learning more about the strato-
spheric meridional circulation.
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