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The Hubble Space Telescope Wide Field Planetary Camera 2 imaging data provide the highest 
spatial resolution of individual Shoemaker-Levy 9 impact sites. Analysis of images obtained 
with the F410M filter yielded horizontal translation rates of tropospheric cloud structures and 
the east-west components have been interpreted as zonal winds which vary with latitude. When 
the tropospheric zonal winds between —60° and —30°, which were derived from the SL9 images, 
are compared with Voyager data there are no discernible changes in the magnitude or latitudinal 
positions of wind minima and maxima. This result provides additional evidence of the long-term 
stability of the zonal winds. Changes in individual sites during a two week period in July 1994 
have been mapped. Their evolution is consistent with zonal winds decreasing with height and it 
provides evidence that local circulation associated with isolated weather systems perturbs the 
lower stratosphere. 

1. In troduc t ion 

On July 16, 1994 a t 2 l ' l 3 0 - 5 1 m the first multicolor images revealed the site of the 
A fragment impact of Comet P/Shoemaker-Levy 9 (SL9) as it rotated into view about 
1.5 hours after it formed. The lack of color dependence and the resulting orientation 
and morphology of the ejecta blanket had not been anticipated. The blowout region was 
located more to the east than expected and dark rings and crescent-shaped structures 
centered on the impact site were observed, but the most obvious aspect of site A was 
the dark core (see the chapter by Hammel). Due to the fact tha t the dark debris were in 
the stratosphere, the extent and contrast of the extended ejecta were strongly enhanced 
near the limb and terminator. This aspect of the SL9 sites is unique in the history of 
visual observations of Jupi ter (Reese, 1994). 

This s tudy utilizes H S T / W F P C 2 SL9 Campaign imaging da ta to derive tropospheric 
winds from —60° to —30° lati tude and compares them to Voyager results obtained from 
da t a with the same spatial resolution (unless otherwise specified all lati tudes are planeto-
graphic and all longitudes are in System III—see section 2 for definitions). The temporal 
changes of the impact sites are interpreted relative to this underlying tropospheric wind 
field. The effects of local cyclonic and anticyclonic storm systems are considered in 
an effort to determine the extent to which the tropospheric wind field and the vertical 
propagation of organized storm systems influence stratospheric circulation. 

Temporal variability of the reflectivity and longitudinal drift rates of large, long-lived 
cloud systems had been well documented long before the SL9 fragments impacted Jupi ter 
(Peek, 1958; Smith k Hunt, 1976; Beebe & Youngblood, 1979; Smith, et al. 1979a & 
1979b; Beebe, Orton & West, 1989). Quantification of variations of the magnitude of the 
zonal winds and latitudinal positions of the jets (maxima and minima of the east-west 
component of the tropospheric winds) was hampered by the fact tha t coherent cloud 
systems, which can be resolved in groundbased observations, tend to interact with the 
local wind field, rota te about their centers and translate eastward or westward a t a rate 
equivalent to the zonal wind at the central latitude. Consequently, historical zonal wind 

307 

https://doi.org/10.1017/S0252921100115568 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100115568


308 Reta F. Beebe: Growth and dispersion of SL9 features 

profiles (east-west wind component versus latitude) (Peek, 1958; Chapman, 1969; Smith 
& Hunt, 1976; Beebe & Youngblood, 1979) had lower wind speeds associated with the 
zonal wind maxima and minima than those obtained from analysis of the more highly 
resolved Voyager imaging data where cloud markers that drifted with the winds could be 
resolved (Ingersoll, et al. 1981; Limaye, et al. 1982; Limaye, 1986; Beebe, Orton & West, 
1989). 

Because there is no terrestrial equivalent to the strong westerly (west-to-east) winds 
that dominate cloud structure at low Jovian latitudes, considerable effort has been ex
pended to understand global circulation (Ingersoll & Cuzzi, 1969; Williams & Wilson, 
1988; Dowling & Ingersoll, 1989; Stone, 1976; Dowling, 1993; Marcus, 1993). Much 
of the temporal information concerning long term stability of winds has been derived 
from images spanning the visible range (0.4 to 0.7 micron) of the spectrum. Broadband 
transmission filters, which sound down to the ammonia cloud deck (0.5 to 0.7 bars) have 
generally been used to record temporal changes in the cloud deck. Because these filters 
do not vertically sample the atmosphere, our knowledge of variation of winds with al
titude within Jupiter's atmosphere is limited. The rate of decrease of zonal winds with 
altitude above the visible cloud deck has been derived from interpretation of the Voy
ager infrared spectroscopic data (Gierasch, Conrath & Magalhaes, 1986). In addition, 
stratospheric and upper tropospheric circulation has been modeled by West, Friedson & 
Appleby (1992). Although it is understood that the magnitude of zonal winds must go to 
zero relative to the rate of rotation of the bulk of the planet, there are few observational 
constraints which define the depth to which zonal winds penetrate. Ingersoll, Beebe, 
Conrath & Hunt (1984) have argued in favor of deep penetration of the winds in order 
to explain Saturnian winds, which, at the level of the visible cloud deck, blow from west 
to east over most of the planet. 

Throughout the Voyager era, detectors capable of high spatial resolution were limited 
to visible wavelengths. A review by West, Strobel & Tomasko (1986) summarizes the 
extent to which these data constrained models of the upper atmosphere. Development 
of infrared sensitive detectors and narrow-band interference filters has allowed the strong 
frequency dependence of the methane gas to be utilized to selectively sound the atmo
sphere above the ammonia cloud deck (Orton, et al. 1994). Low IR emissivity tends to 
correlate with low reflectivity of clouds at visible wavelengths; however, infrared monitor
ing reveals nonseasonal variability and a lack of correlation between IR emission and low 
cloud reflectivity within cyclonic regions, such as the South Equatorial Belt and North 
Temperate Belt, which display aperiodic convective disturbances. 

Gierasch & Conrath (1993) point out that, until probes have measured conditions 
below the ammonia cloud deck at a sufficient number of latitudes, the atmospheric energy 
balance will not be well understood. Although Mac Low and Zahnle (see their chapters) 
claim that comet fragments may have penetrated no further than 200 millibars, hopefully 
the December 7, 1995 entry of the Galileo probe is the first of a series of future probes 
to sound down through the water cloud at various latitudes. In the meantime, the 
Hubble Space Telescope (HST) Wide Field Planetary Camera 2 (WFPC2), Faint Object 
Camera, Faint Object Spectrograph and Goddard High Resolution Spectrograph provide 
ultraviolet capabilities and spatial resolution more than ten times better than can be 
obtained from Earth. These instruments allow sensing of the upper atmosphere over a 
wavelength range from 0.12 to 1.0 microns. Unlike the Voyager high resolution data, 
which spanned a few months, HST (with high resolution cameras and spectroscopic 
instruments) has a nominal expectancy of about 15 years, more than a Jovian year. 

The WFPC2 allows two modes of operation; planetary camera mode (PC) samples 
at 0.0455 arcsec/pixel and wide field mode (WF), using detector 3, samples at 0.0995 
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FIGURE 1. Latitude-Longitude map of impact sites. This map extends from —65° to 5° in 
latitude and (left to right) from 205° through 0° to -35°(325°) W longitude. These data were 
obtained on July 23, 1994. The A, E, H, Ql, R, G-S and L sites are visible from left to right in 
the projection. 

arcsec/pixel (Burrows, et al. 1994; Holtzman, et al. 1995). For the SL9 data, this leads 
to a pixelation scale at the sub-spacecraft point on Jupiter of 170 and 375 km, respec
tively (although the resolution of the PC mode of WFPC2 is somewhat poorer than the 
pixelation scale, Wiener deconvolution of F410M images with a theoretical point-spread 
function increased the contrast but neither positively enhanced the resolution nor neg
atively introduced systematic structure in the data). Figure 1 illustrates the effective 
resolution of these two modes of operation. This latitude-longitude map is composed 
of WF images (left) and PC (right) images projected to optimize the PC resolution. 
The images were enhanced by removing large scale limb-darkening with a Minnaert filter 
(Minnaert, 1941) where 

B{fj.,no) = B0(n,no)k/fJ., 0.0 < k < 1.0 (1.1) 

is the estimated surface brightness expressed as a function of the cosine of the local 
emergent, /z, and incident, /xo, angles and Bo is the value when \i and /io equal 0. 
The value of k can be determined by a least squares fit of the log of equation 1.1 and 
although this function has no physical significance, it is an effective scene flattener. The 
brighter the limb of the planet, the smaller the k value will be; for example, k = 0.5, 0.6 
and 1.0 are effective for the F336W, F410M and 890-nm methane filters, respectively. 
After the large scale limb darkening was removed, the contrast of the remaining high 
frequency component of the images was enhanced and maps like the one shown in Figure 1 
were constructed. In regions where images obtained in consecutive HST orbits overlap, 
selection of the brightness value from the image with maximum value of (/x x /io) yields 
the most consistent longitudinal contrast. In the case of a remote planet like Jupiter, 
the incident sunlight and emergent viewing angle are similar, therefore this criterion 
selects regions closest to the central meridian or samples the underlying clouds through 
minimum path lengths of the overlying hazes and Rayleigh scatterers. 

The following analysis and discussion is based on imaging data, obtained by the 
HST/SL9 Campaign. Two major constraints limit interpretation of the evolution of 
individual impact sites. Because there is considerable vignetting in the methane filter, 
the WF mode was frequently used to obtain photometrically calibrated global coverage. 
In addition, the telescope was shared with other non-SL9 programs during the week of im
pacts, resulting in less than optimal (10-hr. intervals) sampling. Observing constraints 
were such that there was 38 to 42 min. of observing time during each 96 min. orbit. 
WFPC2 is an all purpose camera, optimized for imaging faint objects, therefore it does 
not have a fast readout option. Nominal setup and readout time is about 3 minutes per 
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Image ID 

u2fi0h05 
u2fi0w05 
u2filc05 
u2film05 

T System 

Time Mode 
d/hr/min 
17/17/09 WF 
19/09/20 PC 
21/09/35 PC 
22/06/34 WF 

CM(sys III)'1' 

120.33 
137.67 
87.54 

128.54 

III latitude is defined as L(t) = 

Elapsed 
Time (hr) 

0.00 
40.18 
88.43 

109.41 

217.956 + 

Elapsed 
Rotations 

0.00 
4.05 
8.91 

11.02 

870.536 
deg/day(t-t0), where t0 = 0 hr UT Jan 1, 1965 in Riddle, A. C. & 
Warwick, J. W. 1976 Redefinition of System III Longitude, Icarus 27, 
457-459. 

TABLE 1. July 1994 images used to measure the zonal winds 

exposure; and, depending on the filters and whether new guide stars had to be acquired, 
9-13 images were obtained within a given orbit. Although images with filters F953N, 
FQCH4N15 (889 nm), F673N, F555W (PC), F547M (WF), F410M, F336W, F255W, 
F218W are available (where W, M and N indicate wide, medium and narrow bandpasses 
and the three digits the effective wavelength of the filter in nm), in this analysis the 410, 
889, 336, and 255-nm images have been utilized to define the extent of the impact sites 
and the 410-nm images to measure horizontal wind fields. 

2. Zonal winds 
A set of images obtained with the F410M filter was selected to measure the zonal 

(east-west) tropospheric winds. This filter is similar to the Voyager 2 violet filter, used 
by Ingersoll, et al. (1981) to establish the average zonal wind as a function of latitude. 
Table 1 lists the characteristics of the images. Although a sequence of 4 images separated 
in time by equal increments of 9.925 his. (the rotation period of Jupiter) would be ideal, 
the following table, containing frames selected to span a selected range of longitudes, 
illustrates the degree of compromise that was required to utilize allocated observing time 
to attain the goals of all campaign participants while providing continuing observing time 
for the rest of the astronomical community. 

Images in Table 1 were cleaned to remove cosmic ray impacts and a least squares fit of 
the limb was used to determine the center of the planet. At the time of observations, the 
range to the planet was 764,450,000 km, subspacecraft latitude was —3.00°, subspacecraft 
longitude is tabulated as the CM (central meridian) in Table 1, subsolar latitude is 
—3.12° and subsolar longitude is 10-11 degrees less than the CM (east). Polar (Rp) and 
equatorial radii (Re) were assumed to be 66,854 and 71,492 km, respectively. Large scale 
limb darkening was removed, using the Minnaert function with k = 0.6. Maps centered 
on the same central latitude and longitude were constructed from all four images. In an 
effort to select cloud features that are true markers of the local winds, software which 
allowed sequential display of the mapped time sequence was utilized and cloud features 
were selected based on their evolution in the time sequence. Because desirable wind 
tracers in rapidly moving cloud systems evolved rapidly, their horizontal displacement was 
determined in the last two frames (separated by 21 hours) and the resulting displacement 
vector reduced to zonal and meridional components. 

Measured east-west rates of translation of selected clouds are plotted in Figure 2 as 
a function of planetographic latitude. Planetographic latitude is defined as the angle of 
intersection of a local normal with the equatorial plane of the planet. On an elliptical 
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FIGURE 2. Zonal wind as a function of planetographic latitude. 

planet such as Jupiter, the normal to a local equipressure surface (corresponding roughly 
to the cloud deck) passes through the center of the planet only at 0° and 90°. Plane-
tocentric latitude is defined as the angle subtended between the equatorial plane and a 
vector passing through the planet center and a local point on the planet. Although the 
magnitudes of planetographic (9g) and planetocentric (8C) latitude converge at 0° and 
90°, planetographic latitude is larger at all other latitudes and the relation between the 
two is: 

tan(6g) = (Re/Rp)2tan(6c) (2.2) 

and (Re/Rp)2 = 1.14356 for Jupiter. 
Using a least squares fitting routine, the planet center can be located to within 0.02 de

grees in longitude and latitude if sufficient limb is present in the images. Pixelation of 
images in PC mode is such that a displacement of 1 pixel/20 hrs corresponds to 3 -
4 m s _ 1 , thus the measuring error associated with individual points in Figure 2 is on the 
order of 8 m s - 1 . Dispersions greater than this at a given latitude are due to the local 
turbulent flow. 

When the resulting wind profile is compared to Voyager results (Ingersoll, et al. 1981), 
the magnitude of the winds and latitudes of minima and maxima are the same to within 
the measuring error for latitudes ranging from —60° to —30°. Although the White Ovals 
(FA, DE and BC—left to right in Figure 1) have drifted closer together than they have 
ever been since their formation in 1938 and the number of small anticyclonic systems at 
—40° (north of the impact sites in Fig. 1) is now 6 compared to 12 during the Voyager era, 
the zonal wind component as a function of latitude is unaltered. This implies that the 
zonal wind profile is not readily altered by typical tropospheric changes and that Jovian 
meteorology differs greatly from that on Earth. Unlike terrestrial storm systems, Jovian 
meteorology is dominated by the strong east-west flow. Tropospheric cloud systems which 
are generated in response to convective disturbances cannot migrate north or south but 
are trapped and driven by the strong, nearly constant, east-west wind field. 
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Site 

B 

D 

N 

0 2 

Latitude 

centric 

-42.8 

-43.3 

-43.4 

-44.7 

Latitude 

graphic 

-46.6 

-47.1 

-47.3 

-48.5 

Longitude' 

Sys. Ill 
O 

71.1 

33.5 

73.1 

47.5 

Qi 
N 

G 
S 

B 

R 

Other Nearby Sites 

A long* 
o 

-4.8 
2.0 

-6.1 
0.5 

-2.0 

-3.9 

A t 
hrs. 

89.37 
79.57 

19.71 
99.45 

-79.57 

9.80 

' Hammel, et al. (1995). Longitudes are determined to ±2° 
J A longitude is the estimated difference in longitude from impact center to impact 

center and A t is the time elapsed between impacts of sites within 10 degrees of 
specified site. 

TABLE 2. Impact locations and competing impact sites 

3. Temporal behavior of SL9 impact sites 
SL9 impact sites can be divided into classes based on the size of the site. The sizes 

vary from sites that are barely detectable in the PC frames (subtending 170 km/pixel 
at the subspacecraft point) to site L, with visible ejecta extending from —65° to —30° 
latitude when the site is viewed near the terminator (sunset line) 4 days after impact 
(see 3.3.2). Because evolution of a site will depend on conditions of the initial impact as 
well as interaction with the local wind field after the ejecta enter the lower stratosphere 
and troposphere, several examples from the small, intermediate and large sites (Hammel, 
et al. 1995) are presented to illustrate the degree of variability in the evolution of impact 
sites. 

3.1. Small sites 

Impact sites associated with faint fragments (Weaver, et al. 1995) that can be charac
terized with the WFPC2 data are B, D, Q2 and N. Although these features are difficult 
to resolve in the WF mode, their color dependence in images obtained with filters that 
sound down to the ammonia cloud deck is similar to that of larger sites, and, like larger 
sites, they tend to be bright in the 889-nm images. Whether the observed structures 
of these small sites have formed from ejected material or residue from the bolide that 
was generated when the fragment entered the atmosphere is not clear (see chapter by 
Hammel). The morphology and time dependence of these features are reviewed in this 
section. 

3.1.1. Position of impacts relative to the wind field 

All four fragments entered the atmosphere in a region of cyclonic wind shear. Table 2 
summarizes the impact locations. Relative to the System III rotation rate (870.536° 
day - 1 ) , the zonal winds (see Fig. 2) have latitudinal shears of 6.67 m s _ 1 deg - 1 from 
-49.0° to -47.5°, 3.2 m s _ 1 deg - 1 from -47.5° to -45.5°, and more than 10 m s _ 1 deg - 1 

from —45.5° to —43.0° latitude. Thus B, D and N entered the atmosphere in a region 
with little latitudinal shear in the zonal winds, while Q2 impacted in a region where the 
shear is a factor of 2 larger. 
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Ae// 
nm 

225 
336 
410 
889 
410 

410 
889 

Frame ID 

u2fi0g07 
u2fi0g06 
u2fi0g05 
u2fi0g01 
u2fi0v01 

u2fi0c05 
u2fi0c01 

TABLE 3. 

Time 
dd hh mm 

17 15 39 
17 15 33 
17 15 30 
17 15 19 
19 07 46 

21 09 35 
2109 24 

Lat 

-46.8 
-46.8 
-47.0 

-48.1 
-47.9 

Long no 

B Site 
72.5 0.72 
72.5 0.71 
72.5 0.70 

N Site 
71.5 0.68 
71.6 0.70 

July 1994 Observational parameters 

M 

0.70 
0.68 
0.67 

0.70 
0.71 

Lat 

-47.6 
-47.5 
-47.4 
-47.3 
-47.5 

-48.1 
-48.3 

Long Mo 

D Site 
33.5 
34.3 
34.1 
33.9 
34.4 

0.61 
0.63 
0.64 
0.68 
0.50 

Q Site 
46.8 
47.0 

0.54 
0.59 

i of visible centers small sites 

M 

0.67 
0.68 
0.69 
0.71 
0.59 

0.62 
0.65 

3.1.2. The reflectivity and dispersal of small sites 

From Table 2 it is apparent that site B is the only small site that is located in an 
undisturbed region for more than 20 hours. However, the B fragment generated the 
smallest impact site, which is not bright in the 889-nm filter. Figure 3 is a map of the 
B and D sites constructed from (top to bottom) F255W, F336W, F410M and 889-nm 
methane images. Although site B shows no brightening at 889 nm, a comparison of site B 
with surrounding dark tropospheric features in 255, 336 and 410-nm images is consistent 
with dark material located higher in the atmosphere than the other dark features, where it 
is not as affected by overlying aerosol and Rayleigh scattering. Figure 4 contains 410-nm 
images where the top image is the third image in Figure 3. The second image is a 410-nm 
image 42.3 hours later and the bottom two are 410 and 889-nm images obtained about 
90 hours after those in Figure 3, when the N and Q2 fragments are present. Here both 
sites are visible as faint bright spots in the 889-nm image and comparison of the B and 
N sites indicates that B was no longer visible when N entered. (Note: color dependence 
implies the dark particles were at high altitudes where zonal wind velocities should be 
small. Evaporation or growth of particles may affect the optical depth of the debris.) 
Table 3 lists image ID, time of observation, latitude and longitude of the center of the 
observed sites, and cosine of incident and emergent angles of site centers (the optical 
path is inversely proportional to the cosine of the angles for the optically thin case). 

The G impact occurred on July 18 at 7:35 UT, contaminating the small D site in 
the 2 lower frames in Figure 4. Comparison of the top 3 frames in Figure 4 indicates 
that site D dispersed westward, which is consistent with the sense of the underlying 
tropospheric winds (see Fig. 2) and indicates that some of the dark material was deposited 
or had migrated down to the lower stratosphere. In the two bottom frames in Figure 4 
site Q2 is east and site N is west of the intermediate Ql site. Site R is east of Q2. The 
N and Q2 fragments impacted on July 20 and during the following three day period of 
the HST/SL9 intensive observing program they changed very little. Thus, these limited 
observations indicate that only D, the largest of the four sites, perturbed by the nearby 
impact of G, has dark material extending low enough into the stratosphere to interact 
with the tropospheric winds during this period. 

3.2. Intermediate Sites 

Table 4 contains impact parameters for the individual intermediate sites. The fact that 
R and S arrived later than G and impacted less than 17 degrees west of this large site 
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FIGURE 3. Comparison of the B site in filters with effective wavelengths of (top to bottom) 
255, 336, 410, and 889 nm. 
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FIGURE 4. Comparison of sites B, D, N, and Q2 in filters with effective wavelengths of 410 
(top three) and 889 nm (bottom). 
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Site Latitude Latitude Longitude 
Planetocentric Planetographic System III 

s 
R 

Q i 
H 
E 
A 
C 

TABLE 4. In 

-43.91 
-44.17 
-43.41 
-43.66 
-44.54 
-43.54 
-43.41 

-47.75 
-48.00 
-47.02 
-47.27 
-48.14 
-47.15 
-47.02 

tipact location of uncontaminated ir 

34.0 
46.8 
66.3 

101.4 
152.5 
186.3 
225.0 

ltermedi 

confuses the structures associated with these fragments to the point that little insight 
can be gained concerning the interaction of these sites with the undisturbed environment. 
Sites A, C, E, H, and Ql were relatively well observed during the SL9 campaign and are 
reviewed below. 

3.2.1. Position in the zonal winds 

Hammel, et al. (1995) describe sites A, C, E, H, Ql, R, and S as intermediate in size. 
These fragments impacted at latitudes where zonal winds ranged from -5 to 5 m s_ 1 , 
however, if the ejecta from the sites were at a level where it was sensitive to the zonal 
wind field, an expansion greater than 2° (1750 km) to the north or south of the impact 
latitude would carry the debris into eastward (to the north) or westward (to the south) 
shear zones. 

3.2.2. Sites C, A and E 

Because some HST orbits were dedicated to UV imaging, in order to obtain the earliest 
combined view of sites C, A, and E (left to right), latitude-longitude maps from images 
obtained with the F336W filter instead of the F410M filter are presented in Figure 5. 
The data used to construct the upper map were obtained on July 17 at 18h 42m, 11.47, 
22.48, and 3.50 hrs. after impacts A, C, and E, respectively. The lower map, from data 
obtained on July 23 at 14h 42m UT, illustrates the evolution of the features over a five 
day period. Note that site A has become entrained around the perimeter of a white 
cloud at —51° latitude that has the morphology of an anticyclonic system. This system 
is moving eastward at a rate of about 1.6° day - 1 (16 m s - 1 ) . Figure 5 illustrates the 
sensitivity of evolution of impact sites to local tropospheric cloud systems. Here C and 
E dispersed in a manner that is consistent with the mean tropospheric zonal winds, 
but site A is drastically modified by the presence of a well-developed anticyclonic storm 
system. 

3.2.3. Site H 

Evolution of the H site has been modified by the presence of an anticyclonic system 
to the north of the feature at -40° latitude, drifting eastward at a rate of 0.4° day - 1 

(4 m s - 1 ) relative to System III. Figure 6 contains a sequence of map projections that 
reveals the development of the site during its first 5 days. Corresponding information on 
times of observation is tabulated in Table 5. 

Maps in Figure 6 are centered on -48° latitude and 99.5° longitude and extend ±15° 
in both latitude and longitude. The average zonal wind field has been utilized to compute 
the actual longitudinal translation of the cloud deck that would occur between the times 
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FIGURE 5. Evolution of intermediate sites C, A, and E. The two maps were generated from images obtained on July 17, when all sites were less 
than 24 hrs. old, and from a second image 5 days later. 
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FIGURE 6. Evolution of site H. The maps at upper left, upper right, lower left and lower right 
are 12.2, 62.0, 81.5, and 111.9 hours after impact of the fragment, respectively. The dotted line 
superimposed on the lower right map represents tropospheric cloud displacement over 52 hrs., 
the difference in time between the upper right and lower right figures. 

ID Time A t since impact 
dd hh mm hrs 

u2fi0v05 19 07 46 12.2 
u2filc05 21 09 35 62.0 
u2fill05 22 04 53 81.5 
u2filu05 23 II 26 111.9 

TABLE 5. Observational parameters of Site H images 

of acquisition of u2filc05 (upper right) and u2filu05 (lower right). The winds range from 
-10 to 15 m s _ 1 in this region and during the intervening 50 hours the underlying clouds 
translated as much as 10° in longitude. In general, average meridional motion of Jovian 
clouds is not detectable at this spatial resolution unless a closed turbulent cyclonic system 
is present. In this case, though, a northward velocity of 25 m s _ 1 is required to attain 
the observed expansion. This figure illustrates that the dark ejecta become entrained in 
lower stratospheric winds and, although some entrainment occurred around the bright 
anticyclonic feature, some of the dark material continued northward where it was swept 
into the westward flow around the northward edge of the storm center. 
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FIGURE 7. Development of the Ql site over more than a month. 

3.2.4. Site Ql 

Figure 7 shows the longterm development of site Ql, an intermediate with no nearby 
anticyclonic systems at the time of impact. These maps are centered on —47.5° latitude 
and 64° longitude. They extend ±15° in both latitude and longitude. During the pre-
impact phase two dark spots at the latitude of the impact extended from 57.1° to 51.4° 
(eastern spot) and 67.3° to 63.25° (western spot). During the week that the SL9 impacts 
occurred, these features changed very little, indicating minimum turbulence associated 
with typical tropospheric low albedo regions at this latitude. The time sequence (upper 
left, upper right, and lower left) reveals a small white oval surrounded by a dark collar 
which was translating eastward at a rate of 3.5° day - 1 (34 m s_ 1) . Passage of this feature 
perturbed the structure of the Ql ejecta. On August 23 a white oval was located north
west of site Ql (lower right). This anticyclonic structure was centered at —40.5° latitude 
and 72.3° longitude. It was translating eastward at a rate of 0.61° day - 1 (6.8 m s_ 1 ) . 
This was the same white oval that was interacting with site H on July 23. During the 
first week site Ql was not greatly perturbed by local storm systems. By August 23, it 
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ID Time A t since impact 
m dd hh mm his 

u2fi0v05 07 19 07 46 -60.6 
u2filc05 07 21 09 35 13.4 
u2filt05 02 23 09 49 61.5 
u2fi2n05 08 23 02 54 798.8 (33.3 days) 

TABLE 6. Observational parameters of Site Ql images 

Site Latitude Latitude Longitude Time of Impact 
Planetocentric Planetographic System III dd hh mm 

G -43.66 -47.27 26.8 18 07 35 
K -43.29 -46.90 282.6 19 10 31 
L -42.79 -46.40 351.6 19 22 21 

TABLE 7. Impact location of large sites 

was extending to the west of the impact sight in agreement with reduced stratospheric 
winds that reflect the mean zonal flow of the troposphere. 

3.3. Large sites 

3.3.1. Position in the zonal winds 

Based on the brightness of pre-impact fragments, Weaver, et al. (1995) rated sites G, 
K, and L as class 1 or large sites. Unfortunately, sites K and G were not temporally well 
sampled; however, comparisons can be made among the three. Table 7 contains param
eters related to the large impacts. Although these fragments entered the atmosphere at 
a latitude where the mean zonal winds are small, they were bounded on the south by 
a tropospheric jet with maximum westward winds of 10-15 m s - 1 centered near 48.5° 
latitude. Because the ejecta have been thrown high into the atmosphere above aerosol 
and Rayleigh scatterers (Munoz, et al. 1996), obscuration due to comet ejecta will be 
particularly sensitive to effective path length through the absorbers and most visible 
near the planet limb (note: this is markedly different from Jovian tropospheric features, 
which are dark at wavelengths between 0.5 and 1 micron. They brighten near the limb 
or terminator where high altitude scattering greatly reduces contrast with surrounding 
clouds). The top right and left images in Figure 8 show site L rotating onto the western 
limb of the planet and approaching the eastern terminator, respectively. The lower im
ages are of site K (left) crossing the limb and site G (right) approaching the limb. It is 
apparent that material ejected from site L spans latitudes from —65° to —30°. Material 
that is ejected further south than —50° or that extending northward would be entrained 
in an eastward flow on return to the lower stratosphere or troposphere. Comparison of 
sites K and L indicates that K ejecta were not as wide spread as those from the site L and, 
although the R and S impacts have entered near site G, the total latitudinal dispersion 
is not greater than that from site L. 

3.3.2. Site L 

Figure 9 shows three stages of development of site L. The site was observed 22.6 
(left), 32.1 (center), and 81.9 (right) hours after impact. The dotted profile on the right 
map shows translational motion of tropospheric features drifting with the mean zonal 
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FIGURE 8. Terminator and limb views of sites G, L and K. 

winds that would occur during 49.8 hours that have elapsed between the center and right 
images. Comparison of the three images suggests rotation about the impact center. The 
measured translation of dark structures around the westernmost perimeter of the darkest 
region implies an anticyclonic rotation with perimeter velocities on the order of 45 m s_ 1 . 
At the same time, a dark region to the southeast of the impact center expands eastward 
1.2° of longitude over this 82-hour interval. 

Table 8 contains the observational parameters for site L. Comparison of these param
eters with those in Table 5 reveals that both sites H and L were observed about 81 hours 
after impact. Figure 10 is a comparison of site L (upper) and site H (lower). The left im
ages show the impact sites before arrival of the L and H fragments, the central (410-nm) 
and right (889-nm) images compare the sites 81.5 hours after impact. Note that in the 
case of site L, the dark streak was not disturbed by impact L. There is a well-formed 
cyclonic storm center to the north of the site and the dark material does not encroach 
into it. Simon & Beebe (1996) measured winds of about 45 in s _ 1 around the northern 
perimeter of this system. The return westward flow along its southern edge was less 
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FIGURE 9. Evolution of site L. These 3 images, obtained with the 410-nm filter show the evolution of the site during its first 82 hours. 
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ID Time A t since impact 
dd hh mm his 

u2fi6803 20 20 56 22.6 
u2fil905 21 06 28 32.1 
u2fils05 23 08 12 81.9 

TABLE 8. Observational parameters of Site L images 

organized but of similar magnitude. Such a system should have a central subsidence, 
and conservation of mass flow would require upwelling around the perimeter. Observed 
morphology of site L suggests that this local upwelling constrains northward expansion 
of the ejecta. Because the local flow is westward, this local storm cell could contribute 
to the counterclockwise rotation of more southerly dark material. 

A bright oval centered at —51° latitude drifts eastward at a rate of about 1.6° day - 1 

(16 m s_ 1 ) . During the time since impact it has shifted eastward 5.5° relative to the 
impact site. The central upwelling associated with this anticyclonic system would be 
associated with subsidence around the perimeter of the cloud system. This would en
courage concentration of dark particles along the southern perimeter of the impact site 
near —49° latitude. 

The fact that the underlying dark tropospheric streak (Figure 10—upper left) appears 
undisturbed limits the extent to which the L impact has disturbed the local troposphere 
and is consistent with either shallow penetration of the impactor or a clean entry and exit 
of a more deeply penetrating fragment. Failure of the dark material to disperse according 
to the predicted pattern inferred by the mean tropospheric zonal flow, along with the 
constrained nature of the core of the impact site and apparent rotational speed, are 
consistent with a rising central region. However, the fact that the expanding stratospheric 
material encounters a westward flow to the north and a well-formed anticyclonic system 
is passing to the south can impose the observed structure on the expanding ejecta. 
Comparison of the 410 and 889-nm images of site H in Figure 10 (lower central and right 
images, respectively) with those of site L (upper center and right images) when both 
sites were about 82 hours old does not infer stronger upwelling at site L. In addition, 
visibility of anticyclonic storm centers in the 889-nm images (upper and lower right) in 
Figure 10 demonstrates that these systems are elevated and their associated circulation 
could influence dispersion of the dark ejecta. 

The manner in which intermediate sites A and H responded to nearby anticyclonic 
systems is consistent with this interpretation of the evolution of site L. Inspection of the 
H impact site in Figure 10 (lower left) reveals that the fragment entered a local turbulent 
cyclonic system. The flocculent structure of site H in Figure 6 is consistent with local 
entrainment into the vertical motions within the system. 

3.3.3. Sites G and K 

The well-known "Bull's eye" was imaged on July 18, 1.5 hr. after impact (Ingersoll 
& Kanamori, 1996). Due to the fact that fragments R and S entered the atmosphere 
near site G, evolution of the original site is confusing but comparison with the ejecta 
blanket from sites L and K in Figure 8 indicates that ejecta from the G complex were 
more extensive than that from K. 

From the time of impact of the K fragment until July 23, when a set of images contain
ing sites L, K and G was obtained, no clear view of site K was acquired with the WFPC2. 
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FIGURE 10. Comparison of local cloud structure and vertical development of sites L and H. The left maps show the sites before impact and the 
center and right maps are from 410-nm and 889-nm images about 82 hours after impact. 
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FIGURE 11. Dispersion of sites K, L and G. K is on the left, L is at center and G is on the right. 
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By the time of acquisition of the July 23 image more than 92 hours had elapsed since 
the K impact occurred. A comparison of a limb view of K with that of L (See Figure 8) 
indicates that K had a less extended ejecta blanket. Simon & Beebe (1996) have shown 
that, during the first 92 hours, site K evolved in a manner that indicated that it was not 
strongly influenced by local weather systems. It was dispersing as predicted by the mean 
zonal flow. 

Figure 11 compares the evolution of sites K (left) and G (right) sites with site L (center) 
during the week following the final impacts. The top maps were obtained on July 23 
and the lower on July 30. These maps are centered at —47.5° latitude and at the impact 
longitudes, 283° (left—site K) 352° (center—site L) and 27° (right—site G). The maps 
extend ±15° in latitude and ±20° in longitude. 

During this period the dispersal of the dark material is consistent with subsidence 
into the region where the mean zonal winds dominate the circulation. Similarity of the 
dispersal of passive site K and site L is further evidence that the anticyclonic morphology 
of site L was not internally driven. 

4. Conclusions 
SL9 WFPC2 data provide a high resolution wind profile, which can be compared with 

that derived from the Voyager imaging data. Although the wind profile indicates no 
significant differences in magnitude or location of the wind maxima and wind minima, 
the longitudinal spacing associated with cyclonic-anticyclonic weather systems at —41° 
latitude is a factor of 2 larger for the SL9 era. This result has significant implications. It 
supports the argument that the winds are deep-seated, driven by an internal heat source 
and that the meteorology is constrained by the prevailing winds. Morphology differences 
may be generated by variations in vertical transport rates within this stable zonal flow. 

Morphology of small sites indicates that dark material is present even for site B, which 
is not detectable as a bright patch in the 889-nm image. This can imply that the dark 
material formed during the bolide stage as well as later. 

Evolution of individual impact sites is complex and varies from site to site. Initial ejecta 
blankets extend from —65° to —30° latitude and contain considerable radial structure 
relative to the impact site. Although the sites are modified by nearby impacts, they 
are much more influenced by local cyclonic and anticyclonic storm systems. Gierasch, 
Conrath & Magalhaes (1986) have shown that the zonal winds decrease with altitude 
within 2 to 3 scale heights (50-75 km). Although this decrease in the zonal winds is 
expected due to frictional drag in the atmosphere, evolution of SL9 impact sites infers that 
circulation associated with well-formed cyclonic and anticyclonic storm centers does not 
decrease as rapidly with height and has considerable influence on developing morphology 
of the impact site. This indicates that circulation within the lower stratosphere would 
deviate from the mean flow above both well-formed cyclonic and anticyclonic storms. 

The complexity and latitudinal extent of the initial ejecta blanket and the extent of 
dispersal of the impact sites depend on the local tropospheric weather systems. Cyclonic 
systems, with upwelling around the perimeter, tend to constrain and inhibit northward 
expansion. In comparison, downwelling around the perimeter of anticyclonic systems to 
the north and south of the sites entrains the dark ejecta. 
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