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Abstract

We have studied the vertical structure of hazes at six different latitudé&°( —50°, —30°, —10°, +30°, and+50°) on Saturn’s at-
mosphere. For that purpose we have compared the results of our forward radiative transfer model to limb-to-limb reflectivity scans at four
different wavelengths (230, 275, 673.2, and 893 nm). The images were obtained with the Hubble Space Telescope Wide Field Planetary Cam:
era 2 in September 1997, during fall on Saturn’s northern hemisphere. The spatial distribution of particles appears to be very variable with
latitude both in the stratospherecamoposphere. For the latitude rang80° to —50°, an atmospheric structure consisting of a stratospheric
haze and a tropospheric haze interspersed &égraas regions has been found adequatepéaim the center to limb reflectivities at the
different wavelengths. This atmospheric structure has been previously used by Ortiz et al. (1996, Icarus 119, 53—-66) and Stam et al. (2001,
Icarus 152, 407-422). In thiwork the top of the tropospheric hazdasind to be higher at the southeritades than at northern latitudes.

This hemispherical asymmetry seems to be related to seasonal effects. Different latitudes experience different amount of solar insolation that
can affect the atmospheric structure as the season varies withTiradnaze optical thickness is largest (about 30 at 673.2 nm) at latitudes

+50 and—10 degrees, and smallest (about 1880 degrees. The stratospheric haze is founbet@ptically thin at all studied latitudes

from —50 to+50 degrees being maximum-ail0® (r = 0.033). At—60° latitude, where the UV images show a strong darkening compared

to other regions on the planet, the cloud structure is remarkably different when compared to the other latitudes. Here, aerosol and gas are
found to be uniformly mixed down to the 400 mbar level.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction aerosols after the long winter season. Approximately at the
same Saturn’s year, West et al. (1982) found cloudy material
Previous studies of the cloud structure in Saturn at- located at higher altitudes in the northern hemisphere. West
mosphere have revealed significant north/south asymmetrieset al. (1982) suggested sublimation of high altitude ammonia
(see, e.g., West et al., 1982, 1983b; Wagener and Cald-crystals in the summer (southern) hemisphere. The observed
well, 1988; Barnet et al., 1992a; Ortiz et al., 1995; Stam brightness variations seem to be due to differences in the
et al.,, 2001). Barnet et al. (1992a) studied the effects of physical properties of the cloud structure, such as their loca-
seasonal insolation variations on the thermal response oftjon in the atmosphere and their optical depths. These differ-
the atmosphere of Saturn at the time of the Voyager space-ences are related to seasonal changes. Dynamical differences
craft encounters. These authors found an enhancement ofyre another possible source of the north/south asymmetry be-
hydrocarbons in the upper southern stratosphere probablycause the dynamics is also influenced by different amounts
produced by photolysis during Saturn’s summer season. Ingf solar insolation as the season varies with time.
contrast, the northern hemisphere appeared as depleted in Knowledge of the physical properties of the cloud par-
ticles and their location in the atmosphere is of main im-
~* Corresponding author. portance for our understanding of the dynamics of the at-
E-mail address: olga@iaa.es (O. Mufioz). mosphere and the influence of seasonal changes on these
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clouds. Since Saturn has an orbital period of 29.48 years, Reflectivity data were extracted and averaged over one de-
we need to study its atmosphere covering a broad temporalgree in latitude for all images. In order to look for possi-
range to shed some light on the relation between seasonable seasonal effects we have compared our results for the
changes and the physical properties of the atmospheric parsouthern (spring) hemisphere (-a60°, —50°, —30°, —10°
ticles. Even though in this work we study images of only planetocentric latitudes) with those for the northern (fall)
two consecutive nights we can search for seasonal effects byhemisphere{£30°, +50° planetocentric latitudes). The re-
comparing the cloud structure of the two hemispheres. sults of this work are also compared with the results ob-
We have studied images taken with the Wide Field Plan- tained by other authors at different dates: West et al. (1983a);
etary Camera (WFPC2) on board the Hubble Space Tele-Karkoschka and Tomasko (1993); Ortiz et al. (1996); and
scope (HST). The images were taken on September 10thStam et al. (2001).
and 11th 1997, during fall on the northern hemisphere. To  The description of the observations together with a de-
constrain as much as possible the vertical distribution and scription of the reduction technique is presented in Section 2.
physical properties of the particles in the atmosphere, we In Section 3, we describe the radiative transfer model and the
have used images covering a wide wavelength range fromfitting procedure. Results are presented in Section 4. Discus-
the UV to the near infrared including a strong methane ab- sion and summary are given in Section 5.
sorption band. Specifically, we used filters F218W, F255W,
F673N, and FQCH4P15 with effective wavelengthgg:
230, 275, 673.2, and 893 nm, respectively. In this way, we 2. Observationsand datareduction
cover a large spectral range with the most appropriate wave-
lengths to sound atmospheric levels from the stratosphere The observational data used in this work consist of 4 im-
to the troposphere. Our observations extend well into the ages of Saturn taken from the observing program GO-6648
near UV, where just a few photometric analyses in terms (P.I. J.C. Gérard) with the Planetary Camera (PC) mode of
of atmospheric models have been performed so far (seethe Wide Field Planetary @nera 2 (WFPC2) on board the
e.g., West et al., 1983a; Karkoschka and Tomasko, 1993).Hubble Space Telescope (HST). The images were taken with
The observations in the ultraviolet are generally limited to different filters on September 10 and 11, 1997. The phase
stratospheric levels by Rayleigh scattering. Taking into ac- angle at the time of the observations was 3.3 degrees. In
count the Rayleigh scattering at the two UV wavelengths, Table 1, we present the main characteristics of the observa-
the pressure at which the optical depth is equal to one attions.
230 nm is 88 mbar whereas at 275 nmis 193.4 mbar. There- The standard Space Telescope Science Institute (STScl)
fore, the 230 nm filter is much more sensitive to upper levels data reduction pipeline procedure has been applied to the
in the atmosphere than the 275 nm filter. The observationsimages. In addition, we have applied geometric distortion
in the methane band at 893 nm are also limited to high at- corrections, using the formulae and parameters by Holtzman
mospheric levels by methanesaisption, reaching an optical et al. (1995). Cosmic ray traces are readily identified by the
depth of one at about 250 mbar. We have included also adeviation from the median of neighboring pixel values. They
continuum wavelength (673.2 nm) to sound deeper levels were rejected from the imagesd replaced by the median
into the atmosphere. In absence of aerosols the absorption of/alue.
radiation at the continuum wavelength (673.2 nm) is prac-  The reflectivity, I/ F, where[ is the intensity andr F
tically negligible. The Rayleigh scattering optical depth at is the incident solar flux, has been calculated using flux
that wavelength is very small and there is no gas absorption.calibrations for each filter (Karkoschka, 1998a). The con-
Thus, in principle we could sound the deepest layers in the version factors from counts to reflectivity were corrected for
atmosphere. heliocentric distance and adjusted to a PC gain of 7. They
To retrieve the vertical profile of clouds we have used also account for the exposure time and the contamination
an adapted version of the forward radiative transfer model level of the PC camera. Photometric errors come from es-
that previously has been used successfully to study the ver-sentially three sources, namely error in the solar flux, the
tical cloud structure of Jupiter's atmosphere (Moreno et al., filter plus system response function, and the error associ-
1995; Molina et al., 1997; Mufioz et al., 1999). We have con- ated with the derivation of the count rates for different geo-
sidered limb-to-limb reflectivity scans in both hemispheres. metrical observing conditions. The error in the solar flux is

Table 1
Main characteristics of the observations: date of the observations, timlesefvations (UTC), filters, effective wavelength when convolved whighsolar
spectrum Xeff) in nm, exposure time (Exp.), and Sub-Earth (SE) and Sub-s®manetocentric latitudes and longitudes (system lll) in degrees

Image Date (d/mly) UTC Filter Aeff (NM) Exp. (s) SE lat. Ss lat. SE lon. Sslon.
U3JJ5A05R 10/9/97 17:41:13 FQCH4P15 893 80 —10.95 —9.84 26474 26775
U3JJ5A0AR 10/9/97 20:56:13 F673N 623 10 —10.94 —9.84 1454 1755
U3JJ5201R 11/9/97 02:40:13 F218W 230 800 —10.94 —9.85 20825 21126

U3JJ5203R 11/9/97 03:13:13 F255W 275 300 —1094 —9.85 22684 22985
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(d)

Fig. 1. Images of Saturn (a) at 230 nm, (b) 275 nm, (c) 673.2 nm, &893 nm. The images are presented with an overplotted gfigfiaced parallels and
20° spaced meridians.

accurate to 1% (Karkoschka, 1998a). The error in the fil- of view, since only the regions poleward 670 degrees of

ter plus system response function is estimated to be aboutatitude are at or beyond the limit of the unvignetted zone.
3% (Karkoschka, 1998a). The differences in the geometri- Therefore, the effects of vignetting in the 893 methane filter
cal conditions are due to differences in the phase angle andcan be considered negligiblln summary, all inaccuracies
ring parametersB and B’ (the saturnicentric latitudes of in the photometric calibration lead to an upper limit of the
the Earth and the Sun with respect to the ring plane). The error on the absolutgé/ F values of 10%.

count rates obtained by Karkoschka (1998a), were obtained In Fig. 1, we present the four reduced images that have
from spectra by Karkoschka (1998b) longward of 300 nm been considered in this study. For each geometrically cor-
and geometrical albedo spectra by Wallace et al. (1972), atrected image, the points ofifiection along radial scans
shorter wavelengths. These spectra were taken at phase araround the limb were adjusted to the edge of a model disk
gles of 5.7 and 6.3 degrees, respectively. In order to get theaccounting for the sub-Earth latitude and the north pole po-
count rates at zero phase, Karkoschka (1998a), multipliedsition angle. For each filter, the model disk was convolved
the albedos by an estimated factor of 1.05. Since our obser-by a model Point Spread Function (PSF) generated by the
vations were made at a phase angle of 3.3 degrees, and ifTiny Tim software package available from the STScl. With
addition, the ring parametefs and B’ varied among these  this method, the accuracy of the centering of the Saturn
observations, we estimate a 6% error associated to the differ-disk is £1 pixel. After the disk center is found, the loca-
ent geometrical conditions. Moreover, with the FQCH4P15 tion of the sub-Earth and sub-solar points are entered in a
filter a substantial portion of the aperture is affected by vi- FORTRAN code (developed at the Laboratory for Plane-
gnetting. In order to minimize the effects of vignetting in tary and Atmospheric Physics, Université de Lieége) using
the FQCH4P15 aperture, the center of Saturn was requestedhe SPICE-NAIF navigation library (provided by the Jet
to be placed at the optimum center of the aperture (PC Propulsion Laboratory), to calculate the longitude and lat-
camerat+ FQCHA4P15 filter). In this configuration, most of itude coordinates of each pixdl 8aturn. Sub-solar and sub-
the Saturn disk appears in the unvignetted portion of the field Earth planetocentric latitudes and longitudes are also given
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Fig. 2. Geometrically normalized reflectivities at the central meridian.

in Table 1. The image scale was 0.04554 arcsec pixelr of the latitudinal reflectivity behavior, we have assunted
281.7 knt1 pixel, at the sub-Earth point at the time of the to be constant with latitude. We have obtained the value of
observations. Saturn’s equatorial and polar apparent diame+ at —10 degrees latitude, at each studied wavelength, giv-
ters were 19.38 and 17.37 arcsec, respectively. Overplottedng k = 0.65 at 230 nmk = 0.56 at 275 nmk = 0.9 at
in Fig. 1 we also present a grid of planetocentric latitudes 673.2 nm, and = 1.3 at 893 nm. This value has been as-
and system lll longitudes. The plot shows°1&paced par-  sumed constant at all latitudes. In Fig. 2 we also indicate
allels and 20 spaced meridians. The Central Meridian is the six regions under study in this work. We have obtained
also overlaid as a vertical line. Saturn displays its structure limb-to-limb reflectivity scans along the parallels at six dif-
of belts and zones with absorbing UV aerosols in the south ferent planetocentric latitudes;60°, —50°, —30°, —10°,
polar cap and the equatorial region. In contrast, the equa-+30°, and +50°. We have chosen these latitudes so that
tor appears as a brighter region in the continuum and thethe reflectivity scans were nebntaminated by the bright-
methane absorption band. ness/absorption of the rings or ring shadows. In addition, by
After calculating the oriemition and center of each im-  comparing the results at both hemispheres we can search for
age, the coordinates were then converted with the aboveseasonal effects in Saturn’s atmosphere. Near the equator,
FORTRAN code, to the corresponding cosines of the solar the shadow of the rings is observed at the UV and 673.2 nm.
incidence and emission anglgg(andu), and the azimuthal  In the methane absorption band the rings region emerges as
angle of the ray reflected to the Earth¢). the brightest region on the planet. To see in more detail the
In Fig. 2 we present the latitudinal behavior of the re- features at the other regions on the disk, we have changed
flectivity at the four different wavelengths considered in this the scale of the plot so that we are not showing the max-
work (230, 275, 673.2, and 893 nm). In order to correct imum reflectivity value at the rings region. From a mere
for geometrical effects we have assumed a Minnaert law visual inspection of these plots we can conclude that the
(I/F = (I/ F)op&u*=1). The Central Meridian Scans have equatorial region stands out in the images in the 673.2 and
been divided by a factom’éu"—l, wherek is the Minnaert 893 nm bands. This appearance of the atmosphere of Saturn
limb-darkening coefficient. T limb darkening coefficient ~ seems to be long lived, being also detected by other authors
varies with latitude. However, as mentioned by Tomasko et at different dates (see, e.g., Owen, 1969, and West et al.,
al. (1984), the latitudinal variations @&fon Saturn are sig-  1982). In addition, the southemid-latitudes are brighter
nificantly smaller than its changes with wavelength. For the than northern mid-latitudes in the continuum and methane
purpose of Fig. 2, which is to give a qualitative description images.
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3. Retrieval method &
stratospheric haze
clear gas

The interpretation of obseational data seem to indicate T Mg Na T
that a simple atmospheric model consisting of a reflecting
cloud layer beneath an absorbing gas layer or a vertically = .
homogeneous distribution of scatterers, cannot describe sat: clear gas e
isfactorily the observations (see, e.g., West et al., 1983a;, i Pc
Tomasko et al., 1984, Acarreta and Sanchez-Lavega, 1999) tropospheric haze T _—
Acarreta and Sanchez-Lavega (1999) adopted a three-laye ~ me=mmmmmmmoooo- Ph
model with a gas layer, haze layer and gas and a semi- Bpith, Na: g ra, Ma, Na, Te
infinite cloud deck to study the vertical structure of the gi- 2
ant storm erupted in the atmosphere of Saturn in Septembel clear gas

1990. Karkoschka and Tomasko (1992, 1993) and West et al.p_
(1983a), assumed a cloud structure with a continuous dis-
tribution of hazes with aerosols and gas uniformly mixed.
However, one of the two structure of clouds proposed by
West et al. (1983a), and the structure proposed by Tomaska
et al. (1984), include an aerosol free layer between the
stratospheric and the uppeopospheric haze. The motiva- Fig. 3. Schematic diagrams of the propdgype | and type Il vertical struc-
tion for this new structure was the impossibility of modeling ture of Saturn’s atmosphere.

the polarization measurements of Pioneer 11 by assuming

a single layer of scatterers (Danielsop and Tomasko, 1969)'Wherek is the wavelength expressed in um, a@his the total
Stam et al. (2001), have recently retrieved a cloud structurepressure expressed in bar.

ir)CIuding aerospl free layers between haze layers. By inver- We adopted theP(T) profile for pressures lower than
sion of spectra in théf (1.45-1.80 um) and’—banq (1.95- 1 bar from Lindal et al. (1985), which was derived from ra-
2.50 um) obtained on August 10, 1995, they obtained a cloud i, occyltation measurementemiperatures at atmospheric
structure with two atmospheric regions (stratospheric haze yresgyres greater than 1 bar were taken from Stam et al.
and tropospheric haze) with relatively high scattering densi- (5001), based on an extrapolation of the radio occultation
ties separated from each other by regions relatively free of temperature profile according & dry adiabatic. The grav-
scatterers. This atmospheric structure was also successfullyty was varied from 8.8 m# at the equator to 12.8 &
used in forward radiative calculations by Ortiz et al. (1996). 4; the poles, according to values provided by Hubbard and
Taking into account the results obtained by all these authorsMa”ey (1989). Volume mixing ratios of # He and CH
we have assumed as starting point in our fitting algorithm \ere fixed to 0.94, 0.058 (Conrath and Gautier, 2000), and
an atmospheric distribution consisting of three atmospheric g g2 (Prinn et al., 1984), respectively. The methane absorp-
layers: an optically thick cloud of ammonia crystals, a tro- tjon coefficients have been calculated by convolution of the
pospheric haze, and a stratospheric haze lech aerosol-freg gefficients given by Karkoschka (1994), with the appropri-
layers between clouds and haze layers. In Fig. 3 we showate filter transmission curves. Recent measurements of the
a schematic picture of our initial cloud structure (structure apsorption coefficients of rieane has been performed by
cloud structure the pressure levels defining each layer cangood agreement with Karkoschka’s coefficients.
be changed within the limits of sensitivity of our model so 1o describe the radiative transfer in the atmosphere we
that as a final point of our fitting procedure an atmospheric have assumed a plane-parallel atmosphere. Since the plane-
structure without clear gas layers between haze layers is alsqyarallel approximation produces erroneous results for small
allowed (structure type Il in Fig. 3). values of the cosines of the solar incidence and emission an-
The radiative transfer disete-ordinates code DISORT  gles, ;. and ug (See, e.g., Van de Hulst, 1980), only pixels

(Stamnes et al., 1988), has been used in combination with awith both . > 0.15 andug > 0.15 are considered for the
Mie scattering code, which produces a set of optical depths, calculations reported in this paper.
single scattering albedos and phase functions for multilayer  For a given set of initial model parameters we have cal-
models having a mixture of spherical aerosol particles and culated the reflectivity data for a specific geometry and com-
gas. Scattering by He and molecules of id important at  pared the results with our observations at the same geometry.
short wavelengths. Assuming that the atmosphere is in hy-Subsequently, the values of our free parameters have been
drostatic equilibrium, the Rayleigh optical depth due to these changed in order to get the best fit to the limb-to-limb scans
two gases can be expressed as (Tomasko et al., 1984). at the six latitudes under study. The fitting procedure was
carried out in two steps as follows: First we varied all free
TR = 0.0244(1 + 0.01&‘2) P74, (1) parameters within certain values discussed below by running

ERBL L N BT O W G
sémi-infinfte dmmonia-gloud;: 3

S

Type Il
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the model in a nested loop sequence in which the parametersvith
were varied from their minimum to their maximum allowed 1 g2
values. In this way we found the parameter range in which Pyg(g, ®) = 1127 ZIEEA 4)

the agreement with the observational reflectivity data was (1+g 8 C0SO)

better than 20%. Second, only those parameter combina-Where 6 is the scattering angle-1 < ¢ < 1 is called
tions leading to reflectivity errors smaller than 20% were the asymmetry parameterahis positive when the scat-
investigated separately by finer parameter grids. From thosetering predominates in the forward direction, negative if
values we obtained the combition of parameters having it predominates in the backward direction, and zero for
an agreement within 10% of the observational data at eachsymmetric phase functions, and<0f1 < 1 is a weight-
wavelength. This second step restricted the parameter soluing factor that gives the fraction of radiation scattered
tion space to an optied combination atach investigated into the forward hemisphere. The values for the two-term
latitude. We consider a fit a good fit when relative errors Henyey-Greenstein pararees and the single scattering
between calculated and observed absolute reflectivities are2lbedo, o), for the different wavelengths, have been
smaller than 10 percent for the points defining a limb-to-limb taken from Tomasko and Doose (1984), being= 0.633,
scan according to the photomettincertainties as described 82 = —0.286, f = 0.776, andwe, = 0.986. These values
in Section 2. Due to the large amount of free parameters of Weré based on polarimetry and photometry data from Pio-

our model we cannot consider our results as a unique solu-N€er 11. . _
tion. However, we have constrained the values of the input  FOr the other atmospheric layers we have considered as

parameters of our model so that they would have physical free parameters in the model the size of the particles, the
meaning. pressure levels in which they are distributed, their column

As mentioned the pressure levels defining each layer abundances, and their complex refractive indices<(n +

could be changed within the limits of sensitivity of our ik)A initial value for th dal radius f heri
model so that as a final point of our fitting procedure an at- S |In|t|a va ui or t ﬁ mo aléa Ius lgr EOpohslf erlcd
mospheric structure without clear gas layers between haze?€'0S0'S,r2, We have chosen 1.5 m (Kar oschka an
layers is also allowed. In each layer we have taken into ac- Tomasko, 1993). This initial value has been varied between

count absorption and scattering by aerosols and gas. Thel'0 and 2.0 pm in steps of 0.2 um. In addition, Polariza-

column density of aerosols in each layer is giverbyand tion observations at 0.44 and 0.64 |v.lm.from Plonger 11
. . ; (Tomasko and Doose, 1984) seem to indicate the existence
the aerosols are distributed$ize according to a log-normal

size-distribution: of rather small aerosols (radii between 0.1 and 0.2 um) at
' stratospheric levels. Therefore, we have varied the modal ra-
dius, r3, of the aerosols in the stratospheric haze between
_ &xA=0.5(n() — ln(r’"))z/(ln(d))z], 2) those values in steps of 0.02 pm. The valuespef p3,
V2rrin(o) pa, and ps were varied along the most extreme values ob-
tained by Ortiz et al. (1996), and Stam et al. (2001), i.e.,
100 mbar< p2 < 1600 mbar; 60 mbag p3 < 170 mbar;
20 mbar< p4 < 60 mbar; 10 mbag ps < 30 mbar. In or-
der to minimize the number of free parameters in the model,

n(r)

wherer,, is the modal radiusg is the width of the dis-
tribution. To limit the number of free parameters, we have
seto to 1.2. This value makes the size distribution broad

enough to avoid resonance effects without making the dis- the real part of the refractive indexwvas fixed to 1.43, which

tribution extremely wide. We have checked the influence of .
. . . corresponds to the value for the expected condensates in Sat-
this parameter on our final results. We have changed sigma

: . urn’s stratosphere: £, CoHg, PoHa, NH3 (Karkoschka
f“’”? 1ltol4 n steps of 0.1. The use of a different value and Tomasko, 1993). Nevertheless, we also checked the sen-
of sigma has a slight '”f'“e’.‘ce onthe fmgl results but do npt sitivity of the model to this fixed parameter, not finding any
cthange Lhe genergl beh avior repcl)rtted1|2 Fhet pacpi)erf. lFozr t'r?'significant differences in the results after varymbetween
S anc?', 31 asslumlnlg S|.gmr? equatto 1.4 Ins eaﬂo < M€ 4 and 1.55. As a starting point for the imaginary part of
m-ode Is slightly darkerin the UV and continuum filters apd the refractive indices we have taken the results obtained by
slightly br|'ghter for the methane absorption band. We find Karkoschka and Tomasko (1993). From these initial values
the opposite effect by decreasing the value of sigma. we let k£ vary until a good fit with the observed reflectiv-

The top bourldary of the a.mmonia cloud was located ity data was obtained. In Table 2 we summarize the initial
at 1800 mbar in all the studied cases (Karkoschka and assumptions for the free parameters of our model.

Tomasko, 1992). Since our observations at 673.2 nm only  \yee note that in our model, as a first approximation, we
§0upq| the upper region of the ammonia cloud (the sepsitiv- are considering spherical particles although, as pointed out
ity limits of the model at the other filters are located at higher by (Tomasko et al., 1984), particles in Saturn atmosphere
levels), we have approximated this cloud by a semi-infinite 516 expected to be irregular. However, there is not a numer-
two-term Henyey—Greenstein function given by: ical code that can reproduce the single scattering properties
for the broad range of particle shapes and sizes expected to
P(g1, 82, /1,0) = f1Puc(g1,0) + (1 — f1) PHc(g2,0) (3) find in the atmosphere of Saturn. Therefore, it is difficult to
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Table 2 Table 3
Initial assumptions for the free parameters of the modeandr3 are the Calculated pressure levels and modal radius at the six studied latifugles,
modal radius for tropospheric and strspheric aerosols respectivelys and p3 are the pressures at the bottom and the top of the tropospheric haze

and p3 are the pressures at, respectively the bottom and top of the tro- respectively; andg4 and ps are the pressure at the bottom and top of the
pospheric haze, wherepg and ps are the pressure at the bottom and top of ~ stratospheric haze, respectively

the stratospheric haze respectivélyandks are the values of the imaginary
part of the refractive index for the tropaiseric and stratospheric aerosols at

Latitude pp (mbar) ro (um) p3 (mbar) pg (mbar) r3 (um) ps (mbar)

the different wavelengths studied in this work 50 400 15 87 12 a 1

- —-30° 400 1.2 60 10 a 1
Parameter Studied range Reference _10° 180 1.2 60 20 a2 2
ro (Um) 10<r<20 Karkoschka and Tomasko (1993) +30° 600 1.2 90 10 az 1
r3 (um) 01<r<02 Tomasko and Doose (1984) +50° 350 1.2 140 30 az 6
p2 (mbar) 100< p <1600  Ortiz et al. (1996); Stam et al. (2001)
p3 (mbar) 60< p < 170 Ortiz et al. (1996); Stam et al. (2001)
p4 (mbar) 20< p <60 Ortiz et al. (1996); Stam et al. (2001)  Table 4
ps (mbar) 10<p < 3;)0 Ortiz et al. (1996); Stam et al. (2001)  Retrieved refractive indicesn = n + ik) at different wavelengths
ko (UV) 6.5x 10~ Karkoschka and Tomasko (1993) -
ko (673.2 nm) 0x1074 Karkoschka and Tomasko (1993) Latitude 230 nm 275 nm 673.2nm 893 nm
k2 (893 nm) 20 x 104 Karkoschka and Tomasko (1993) kp k3 kg k3 k2 ks ka ks
k3 (UV) 0.14 Karkoschka and Tomasko (1993) —50°  0.0045 Q001 Q0045 0001 Q0002 Q0001 Q0001 Q0001
k3 (673.2 nm) 10 x 104 Karkoschka and Tomasko (1993) —-30° 0.0015 Q001 Q0025 0001 Q0002 Q0001 Q0001 00001
k3 (893 nm) 10 x 1074 Karkoschka and Tomasko (1993) —10° 0.001 Q001 Q0025 Q001 Q0001 Q0001 Q0001 Q0001

We also show the initial values in the fitting procedure taken from +30° 00025 Q001 0002 Q001 Q0002 Q001 00001 Q0001

Karkoschka and Tomasko (1993). From these initial values we letry 150¢° 0.006 Q009 Q0035 0003 Q0002 Q0001 Q0001 Q0001
to smaller and larger values than the initial one until a good fit with the The real part: was fixed to 1.43 in all casesp corresponds to the tro-
observational values was obtained. pospheric haze, arigy corresponds to the stratospheric haze.

directly relate aerosol optical properties derived from mod- tapie 5

eling to constraints on physical properties such as size andCalculated optical depths at the sixfeient latitudes and filters studied in
refractive indices. Thus, we do not consider the retrieved val- this work

ues for the physical properties of the aerosols as the actual atitude 230 nm 275 nm 673.2nm 893 nm
values of particles in the atmosphere, but as a combination of » @ B D - » 13
parameters that can reproduce our observational data. Theseg 271 029 255 0.8 259 @3 280 009
results are of main importance to study the relative differ- _ae 19.1 027 171 017 172 .@m3 17.8 0.08
ences in the vertical structure of clouds at different latitudes, —10° 330 051 324 034 353 .@B3 329 017
providing information on the possible relation with seasonal 1382 210 041 180 029 172 .@ 160 005

changes, which is the main purpose of this paper. 340 058 329 037 3%5 @ 332 015
7p corresponds to the tropospheric haze and corresponds to the
stratospheric haze (see Fig. 3).

4. Results
fit. Thus, in Fig. 4 we illustrate the sensitivity of our model to
In this section we present first the results at the equatorthe value ofps (the upper tropospheric haze boundary). The
and mid-latitudes. The results at the south polar region aresensitivity of the model to the value of the lower boundary of

given next. the tropospheric hazgy, is presented in Fig. 5. As shown
in Figs. 4 and 5, the pressure levels of the tropospheric haze
4.1. Equator and mid-latitudes are best constrained by the observations at 893 nm. A similar

test is presented in Fig. 6, in this case we present the sensi-

Figures 4-8, show the best fits for the different latitudes tivity of the model to the value of the lower boundary of
at the equator and mid-latitudes studied in this work. The the stratospheric hazg4. We have also found the strongest
best fits are presented along with the observational data. Thelifferences for the methane absorption band. As shown in
values of the free parameters which best fit the observationalthis figure, the calculated reflectivities as function of the lon-
data at all latitudes are presented in Tables 3-5. From thegitude at 893 nm are very low when comparing with the
results of the model we have found an atmospheric struc- observational data if we considgs equal to 2 mbar. The
ture consisting of two hazes (stratospheric and tropospheric)values of the calculated ocug increase by increasing the
separated by clear gas layers. value of p4 until 10 mbar. At this point, the calculated re-

Once the best fit at a certain latitude was found we flectivities match the observational data. In contrast, if we
checked the sensitivity of the best model solution to a single continue increasing the value pf; until 40 mbar, the cal-
free parameter of the model. As examples, in Figs. 4-8, we culated curve is again lower than the observational data. In
also present the calculated reflectivity data by varying differ- Fig. 7 we have studied the sensitivity of the model to the
ent free parameters around the values obtained for the besmodal radiusrz, of the aerosol particles in the tropospheric
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haze. Again, the wavelength at which the modeled reflec- data by varyingp,> (the upper boundary of the cloud struc-
tivities show the largest sensitivity appears to be that of the ture) around the values obtained for the best fit.

methane absorption band (893 nm), although all the other fil-  In order to show the need of a different cloud structure
ters show marked deviations from the best fitted curve when at —60 degrees, in Fig. 10 we present the calculated reflec-
altering the best-fitteeb. We have also studied the sensitiv- tivity data for the multilayer structure described in Table 6
ity of the model to the values of. The results are presented  together with the best fit obtained for a cloud structure type |.
in Flg 8 together with the best fitted values. As can be seen, |n this case, the tropospheric cloud had to be located from
changes in3 affect all wavelengths, with the most dramatic 130 to 600 mbar with particles of 1.5 um in modal radius.
effects at the far UV and 893 nm wavelengths. The stratospheric haze was situated between 10 and 30 mbar
with particles of 0.15 pm in modal radius. The imaginary
part of the refractive index for particles at the stratospheric
and tropospheric cloud was fixed to 0.07 at 230 nm and 0.05
at 275 nm, being 0.0001 for both clouds at 673 and 893 nm.
As shown in that figure we could obtain a reasonable good

physical parameters of the clouds (pressure levels, column];_'lt for the cqtr;]tlnuurr? ?nd d”&?t?ini. absorptlonl dbanttj filters.
density, size, and refractive indices of the aerosols) have owever, with such cloud distribution we could not prop-
been iteratively changed until a good match between ob- erly fit the observational data for the UV filters, specially the
servational data and calculdtealues is obtained. Such at- data at230 nm.

mospheric structure has produced satisfactory results at all _After obtaining the cloud structure at the south polar re-
latitudes studied in this work except a60°. In this case  9ion we checked whether a vertical structure such as the one

we needed a multilayered structure with particles located Obtained at—60 degrees would fit the observational data
between 400 mbar and 0.4 mbar without clear gas layersat other latitudes on the planet. Thus, in our fitting proce-
between different haze layers (see Fig. 13). Even so, theredure we assumed as a starting point the cloud structure ob-
is still some discrepancy with the observational data points tained at-60 degrees letting all parameters to change within
near the limb at 673 nm. At present, we cannot explain the the ranges discussed in Section 3. In Fig. 11 we present
origin of this discrepancy. In Table 6, we present the calcu- the results for the best fit obtained a0 degrees con-
lated atmospheric model at60°. In Fig. 9 the best fitted  sidering a multilayered structure with particles located be-
values are presented togethéth the calculated reflectivity  tween 1 and 400 mbar. Thg of the particles varies among

4.2. Latitude —60°

As mentioned in Section 3, as a starting point in the
fitting procedure, we have assumed an atmospheric distri-
bution consisting of three atmospheric layers in which the
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Table 6

Calculated physical parameterstbé cloud structure at latitude60°

Layer Play1 (mbar) Play2 (mbar) Tlay M 230 nm 275 nm 673.2 nm 893 nm

klay Tlay klay Tlay klay Tlay klay Tlay

g 17 Q04 007 009 031 007 001 00001 Q009 Q0001 016
f 28 17 Qo8 009 032 007 020 00001 0019 Q0001 Q06
e 48 28 008 002 043 002 025 00001 0026 Q0001 01
d 82 48 010 002 174 002 12 0.001 Q21 0001 Q23
c 141 82 010 0009 312 0009 218 0001 Q31 0001 Q39
b 243 141 @0 0009 80 0.009 82 0.001 495 0001 337
a 400 243 10 0.009 1476 0.009 1486 0.001 1678 0.001 1559

Play1 @nd Pay2 correspond to the calculated maximum and minimum pressure lewtlddtermine a layer according to Fig. 13, where the suffix “lay” may
run from “a” to “ g” according to the layer nomenclaturgsy, kiay, andriay correspond to the modal radius, imaginaaytpf the refractive index, and optical
depths of each layer (see Fig. 13). The real part of the refractive indeas fixed to 1.4 at 230 nm and 275 nm, and to 1.6 at 673.2 nm and 893 nm in all
layers.
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Fig. 9. Same as Fig. 4 but at60 degrees. We also show the results of the model by varying the valueg, dround the best fit values (dotted and
dotted—dashed lines). The calculated reflectivity at 673 nm is not sensitive t@ried parameter. The results for the three different valugg oére on top
of each other.

0.07 and 0.2 um for pressure levels from 1 to 300 mbar good. However, we could not fit the observational data at

with particles of 1 um in modal radius between 300 and 893 nm with the type Il structure models.

400 mbar. As shown in Fig. 11, the fit to the observational

data points near the limb at 673 nm is slightly better than

that obtained with the model having the type | structure (at- 5. Discussion and summary

mospheric structure consisting of a stratospheric haze and a

tropospheric haze interspersed by clear gas regions). How- Figure 13 shows schematically the retrieved vertical

ever, we could not find simultaneously a reasonable good fit structure of particles at all latitudes studied in this work.

at 893 nm. According to the retrieved results we can distinguish two
Similar results were obtained at30 degrees (Fig. 12).  different cloud structures on the planet. While at the equa-

Again, the fit at 673 nm could be improved with respect to tor and mid-latitudes the atmospheric structure consists of

the cloud structure type I. At the same time the fits for the two hazes (stratospheric andpospheric) separated by clear

UV filters assuming the same cloud distribution are quite gas, the south polar region-60°) appears as a multilayered
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Fig. 13. Retrieved vertical structure of clouds $diturn’s atmosphere at six different latitudes60°, —50°, —30°, —10°, +30°, and+50°. On the left
column we show the pressure in a logarithmic scale expressed in mbapwitle pressure at the top of the semi-infinite ammonia clgidand p3 define
the location of the tropospheric haze, gngland ps are the pressure at the bottom and top of the stratospheric haze respective§0°Ave have used a
different nomenclature, the different layers of the multilayer struciveecalled as a, b, c, d, e, f, and g. The pressure levels that define eactedbifers are
named agjay1 and pay2 for the upper and bottom limit of the layer, respectively.

structure with aerosols and gas uniformly mixed with a clear cles (between 140 and 400 mbar) with a transition region
gas layer from the top of the atmosphere to the 10 mbar located between 80 and 240 mbar. The value of the imag-
level (see Fig. 13). The calculated results at this latitude inary part of the refractive index of the upper stratospheric
seem to indicate that stratospheric particles (from 0.4 mbar particles at UV wavelengths is much larger (0.09-0.02) than
to ~ 80 mbar) are quite different from tropospheric parti- the values at the deeper tropospheric regions (0.009) (see
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Table 6). The real part of the refractive index had also to be date, it was late summer in the northern hemisphere, the
changed at different atmospheric levels in order to get a goodnorthern fall would start 3 months later, on November 19,
match with the observational data. This seems to support1995. These authors also obtained the upper tropospheric
the idea that tropospheric particles at the polar regions arehaze located at higher levels at the southern hemisphere,
produced by a different mechanism than stratospheric parti-finding the same values ¢f at —30° and+30° as derived
cles as suggested by Karkoschka and Tomasko (1993). Thén this work. Stam et al. (2001) also found the tropospheric
haze optical depth at stratospheric levels is larger at the po-haze higher in the equatorial regions than at mid-latitudes.
lar region than at other latitudes on the planet (see Tables 5The upper limit of the tropospheric hazgs, was located

and 6). West et al. (1983a, 1983b), also found by analysis at slightly higher levels in this work than in Stam et al.
of the Voyager photopolarimeter measurements a signifi- (2001) (80 mbar at southern ealatitudes and 100 mbar at
cant optical depth of UV absorbers at the north polar region. northern mid-latitudes). However, they also found the same
Aerosol particles in the polar regions are probably created by |atitudinal variation, withps approximately constant in the
different mechanisms that in other regions. Besides photo-soythern hemisphere, increasing with latitude in the north-
chemical processes, the origin of these aerosol are probablyarn hemisphere. Interestingly, other authors (see, e.g., West
related to energetic particle bombardment at high latitudes. gt g1, 1982) found a reversed asymmetry, i.e., the north-
Pryor and Hord (1991) suggested several sources of produCern hemisphere was brighter in the methane band when the
tion of aerosols, the most likely being hydrocarbon aerosol pjanet was close to southern fall equinox (more than half
formation initiated fron aurorally produced Biionization. gty year earlier). Barnet et al. (1992b), also found sum-
Moreover, Gérard et al. (1995), proved that auroral produc- e rtime enhancement in the blue reflectivity in the northern
tion of hydrocarbon aerosols is a possible source for the h'ghhemisphere. West et al. (1982), suggested cloudy mater-
latitude haze. In addition, as pointed out by these authors,thela| located at higher altitudes in the bright hemisphere to
latitudinal and vertical tempature gradient associated with explain the observed asymmetry in the methane band ob-

the augqraldhef?tlntg ]Eate ?vt‘?e sglﬁr heat'tn? tcan Iea? _to servations. The fact that in our observations and the Stam
a cc_)lm ine tetﬁc. ot vertica anTh_orlzorllda r?n.sptcr)]r :jr!fa et al. (2001) observations the brightest hemisphere is the
Z?qelnacrev;a}z tﬁe ee]r(t)'\éflns?rurcct)r?é oflzlgogs eﬁgnalcnomearl'r-l southern hemisphere supports the theory of a possible re-
. ! vertical structu uas w ParNg |5tion between the north—south asymmetries and seasonal

with the equator and mid-latitudes. . :
changes. This relation between the north/south asymmetry

As far as the other studied latitudes is concerned, our im-
) ) . and seasonal effects was also suggested by other authors
ages clearly show the southern (spring) hemisphere brighter

in the methane image than the northern (fall) hemisphere (see, e.g., West etal., 1982, .Sta.”.‘ etal., 2001). Be;ard etal.
(see Fig. 2). According to the results of our model, the (1994) modeled the seasonaliednility of temperature in the

north/south asymmetries in the reflectivity data are due to tropospherg of Sa_turn. These authors conclude that Fhe ob-
tropospheric particles located at higher levels in the south- sgryed hermsphencal asymmepf thg tempgrature profiles
ern hemisphere. The upper tropospheric limi, is located originates in the seasonally variable msplanon. As suggestgd
at 87 mbar at-50° while at +50° it is found at 140 mbar. by Trafton (1985), cooler temperatures in the northern hemi-
In the same wayps is located at 60 mbar at 3@outh being ~ SPhere would saturate NHjas, forming haze particles in
located and 90 mbar at 3Morth. The upper tropospheric  addition to the haze formed from upward eddy diffusion
haze boundary, presents strontjtiadinal variations too. In  ©f NHa. Indeed, we have also derived larger tropospheric op-
order to reproduce the low observational reflectivity values fic@l depths in the northern hemisphere when comparing the
at 893 nm together with the relatively high ultraviolet re- 'esults at-50" with those at+50°, and the results at 30°
flectivity values at+50° (see Fig. 2), the upper limit of the ~ With those at-30° (see Table 5). The largest optical depth
tropospheric haze, as well as the stratospheric haze, has to b@t this atmospheric level has been found-dt0° (see Ta-
located at deeper atmospherwéls than at the other stud-  ble 5). Strong latitudinal variations of tropospheric optical
ied latitudes. At+50° latitude, p3 has a value of 140 mbar ~ depths, increasing from mid-latitudes toward equatorial re-
whereas it varies between 60 and 90 mbar at other latitudesgions, were also found by Karkoschka and Tomasko (1993)
(see Fig. 13 and Table 3). and Ortiz et al. (1996).

The lower boundary of the tropospheric clougy, The stratospheric haze extends to high atmospheric lev-
presents the same value at the two studied mid-latitudes at€ls as suggested by Karkoschka and Tomasko (1993) (see
the southern hemisphere. It extends down to 400 mbar atFig. 13). As mentioned before, by inspection of Fig. 2, re-
—50° and—30°, with particles located at higher altitudes at flectivity data at+50° seem to indicate the existence of
—10° (180 mbar). In contrasp, varies at the two latitudes @ relatively high amount of UV absorbers but located at
studied at the northern hemisphere from 600 mbarad°, deeper layers than at other latitudes, as the very low reflec-
to 350 mbar at+50°. tivity values at the methane absorption band show. In this

The calculated pressure, at the bottom of the troposphericcase, stratospheric particles are located between 30 mbar and
haze,p», agrees well with the results found by Stam et al. 6 mbar whereas at the other studied latitudes are located at
(2001), based on spectra obtained in August 1995. At that higher atmospheric levels (between 1 mbar and 10 mbar at
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—30°, and+30°; between 1 mbar and 12 mbar-a50°, and Bézard, B., Gautier, D., Conrath, B., 1994. A seasonal model of the sat-

between 20 and 2 mbar atl0° (see Fig. 13). urnian upper troposphere: compariswith Voyager infrared measure-
; ; ments. Icarus 60, 274—-288.
Th(ejrl.a aLe Somi fdlscrer)%ncrl]es betg/vegn C}hbe vglu_es preConrath, B.J., Gautier, D., 2000. Saturn helium abundance: a reanalysis of
sented In this work folp4 and those obtaine y riz et \oyager measurements. Icarus 144, 124-134.
al. (1996) and Stam et al. (2001). We could not find a good panielson, R.E., Tomasko, M.G., 1969. A two-layer model of the jovian
fit by using values ofps and ps within the range men- clouds. J. Atmos. Sci. 26, 889-897.

tioned in Section 3. Ortiz et al. (1996) reported values for Gérard, J.C., Dols, V., Grodent, D., Waite, J.H., Gladstone, G.R., Prange,
R., 1995. Simultaneous observations of the saturnian aurora and polar

pa between 40 and 60 mbar, independent of the latitude, | "\l the HST/FOC. Geophys. Res. Lett, 22, 26852689,
Whereas Stam et al. (2001), presented values increasing W'th-loltzman, J., Burrows, J.C., CasertaBo, Hester, J., Trauger, J.T., Watson,
latitude from 20 mbar near the equator to 40 mbar at mid-  A.M., Worthey, G., 1995. The photometric performance and calibration
latitudes. We have also found lower valuesmafthan those of WFPC2. Publ. Astron. Soc. Pacific 107, 1065-1093.

obtained by Ortiz et al. (1996). In our case, the stratospheric HubPard, W.B., Marley, M.S., 1989. Optined Jupiter, Satum, and Uranus
interior models. Icarus 78, 102-118.

haze_ was placed betwegn 1_ andl0 mbar at the southern Karkoschka, E., 1994. Speaphotometry of the jovian planets and Titan at
hemisphere and-30°, being situated much deeper (between  300- to 1000-nm wavelength: the methane spectrum. Icarus 111, 174—
6 and 30 mbar) a#-50°. Stratospheric optical depths are 192.

relatively small at all wavelengths (see Table 5), increas- Karkoschka, E., 1998a. APC2 Photometry for the Solar System. Space
Telescope Science Institute, Baltimore.

Ing toward equatonal l',atItUdeS' This atmospherlc haze also Karkoschka, E., 1998b. Methane, ammonia, and temperature measure-
presents north/south differees when comparing calculated ments of the jovian planets and Titan from CCD spectrophotometry.
values at both hemispheres, with the largest optical depths at  Icarus 133, 134-146.

the northern (fall) hemisphere. This tendency was also found Karkoschka, E., Tomasko, M.G1992. Saturn’s upper troposphere 1986

by Stam et al. (2001_)' . Kartgggr.llglréi E';I'Z)’rr%zg)slkol,8!\1/I..G., 1993. Saturn’s upper atmospheric hazes

The results of this work seem to support the idea of a observed by the Hubble Space Telescope. Icarus 106, 428—-441.
relation between the north/south asymmetry and seasonal eftindal, G.F., Sweetnam, D.N., Eshleman, V.R., 1985. The atmosphere of
fects. Our results are in agreent with the results obtained Saturn—an analysis of the Voyager radio occultation measurements.
by other authors. This agreement is remarkable considering _Astron. J. 90, 1136-1146.

the verv different techniques used in the different works. As Molina, A., Moreno, F., Mufioz, O., 1997. Aerosol debris in the core and
y q ’ crescent-shaped regions of Comet P/Shoemaker-Levy 9 H and G frag-

future work, we plan to study the Saturn’s vertical structure  mentimpact sites on Jupiter. Icarus 127, 213-220.
of hazes at different time periods in the same wavelengthsMoreno, F., Mufioz, O., Molina, A., Lépez-Moreno, J.J., Ortiz, J.L., Ro-
described here in order to compare the results of the same  dri guez, J,, Lopez-Jimenez, A, Girela, F., Larson, S.M., Campins, H.,

; ; ; 1995. Physical properties of the aesbdebris generated by the impact
method when applled to different saturnian seasons. of fragment H of Comet P/Shoemaker—Levy 9 on Jupiter. Geophys. Res.

Lett. 22, 1609-1612.
Mufoz, O., Moreno, F., Molina, A., Ortiz, J.L., 1999. A comparison of the
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