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Raman scattered features by molecular hydrogen have been de-
tected in Hubble Space Telescope (HST) Faint Object Spectrograph
(FOS) observations of Jupiter. The measurements were obtained
with the G190H grating and red detector combination spanning
158.0–232.0 nm at about 0.3 nm resolution. The data were corrected
for scattered light, and careful modeling of the line spread func-
tion (LSF) of the instrument was performed to accurately degrade
the solar spectrum obtained by SOLSTICE (solar-stellar irradiance
comparison experiment) to the spectral resolution of the FOS. A
cross-correlation method was used to align features in the planetary
spectra to those in the SOLSTICE solar spectrum. At all latitudes
longward of 210.0 nm, the resulting I/F displayed discrete features
up to 20% of the continuum level that anticorrelate with the solar
spectrum. A radiative transfer code was developed to include the
effect of rotational and vibrational multiple Raman scattering for
the first few lowest energy rotational states of molecular hydrogen
under the approximation that the Raman component of the scat-
tering phase function is isotropic. Simulations show not only that
the detected features are indeed due to Raman scattering by H2,
but are sensitive to its ortho–para ratio as well. An analysis of the
equatorial spectrum reveals that the features are consistent with an
equilibrium or normal population of H2 at 130 K. c© 1999 Academic Press

Key Words: Jupiter, atmosphere; data reduction techniques; spec-
troscopy; radiative transfer; ultraviolet observations.

1. INTRODUCTION
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atmosphere the contribution to the geometric albedo at 200.0
and 400.0 nm from different multiple scattering paths. He found
that, for both wavelengths, the first rotational Raman transition
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Brinkmann (1968) first hypothesized that rotational Ram
scattering was responsible for the filling-in, by a few percent
Fraunhofer lines observed in scattered sunlight on Earth. Be
et al. (1971) first included Raman scattering in their compu
tion of the geometric albedo of Uranus, but only as a sourc
opacity. Wallace (1972) gave an excellent formulation of Ram
scattering for the radiative transfer equation. Taking into acco
rotational and vibrational Raman scattering for the ground s
of H2 (v= 0, J= 0), he computed for a semi-infinite pure H2

1 Based on observations made with the NASA/ESA Hubble Space Telesc

obtained from the data archive at the Space Telescope Science Institute. S
is operated by the Association of Universities for Research in Astronomy,
under NASA Contract NAS 5-26555. nly
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contributed 11% of the geometric albedo. Beltonet al. (1973)
used this theoretical work to model the I/F of Uranus from 388.0
to 414.0 nm considering the rotational S(0) and S(1) transiti
and the vibrational Q(0) transition assuming a pure H2 layer on
top of a dense NH3 cloud. Using Wallace’s (1972) formulation
Price (1977) computed the contribution to the geometric alb
from 150.0 to 550.0 nm considering singly Raman-scatte
rotational S(0) and S(1) transitions for different quantum dis
bution of H2 between the J= 0 and J= 1 state. He showed tha
the ratio of the S(0) to the S(1) contribution to the geome
albedo was very sensitive to the quantum state distributio
H2 and insensitive to aerosols. He also demonstrated tha
aerosol content of an atmosphere could be deduced by loo
at the absolute contribution of these two transitions to the g
metric albedo. A more sophisticated multiple Raman scatte
model developed by Cochran and Trafton (1978) for an in
mogeneous anisotropically scattering atmosphere has been
on several occasions to model the geometric albedo or I/F of
Uranus and Neptune in the mid- and near-ultraviolet region
the spectrum (Savageet al.1980, Caldwellet al.1981, Wagener
et al.1986, Cochranet al.1990). However, the relative propo
tion of H2 in the J= 0 state and the J= 1 state is not mentioned
Furthermore, all vibrational transitions are assumed to prod
the same wavelength shift. This is a good approximation
the vibrational Q(0) and Q(1) transitions but not for the S
and S(1) vibrational transitions. Looking for CO on Neptu
using FOS data from 157.5 to 233.2 nm, Courtinet al. (1996)
used a formulation for the single-scattering albedo from Poll
et al.(1986) that incorporates Raman scattering. Although s
ple, this method can only be used for single Raman scatte
computations.

For all that work, no feature in a planetary spectrum or I/F had
been associated with Raman scattering. The first identificatio
a Raman feature was done by Yelleet al.(1987). They discovered
a feature at 128.0 nm in Uranus’s atmosphere that was asc
to Q-vibrational Raman scattered Lyman-α. A later paper (Yelle
et al.1989) modeled the I/F of Uranus from 125.0 to 170.0 nm
taken by the Voyager Ultraviolet Spectrometer (UVS), but o
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did a multiple Raman scattering calculation for strong solar li
and considered Raman scattering at other wavelengths as
absorption. Because Uranus and Neptune have Rayleigh
Raman scattering atmospheres that are much deeper tha
urn or Jupiter, very little work in this field has been done for
two largest jovian planets. Trafton (1983) used a single Ra
scattering model to probe the depth of the saturnian haze lay
observing the filling-in of two solar absorption lines at 393.4 a
396.9 nm. Correlation techniques were developed and ap
to Jupiter’s atmosphere to detect the different Raman transi
(Fastet al. 1974, Cochranet al. 1981). These usually involv
using a sky or Lunar spectrum as a proxy to a solar spect
and then shifting and comparing them to a jovian spectrum.
though these techniques enable detection of the strongest R
transitions, inferring the quantum distribution of H2 among the
different rotational states is practically impossible.

The rotational distribution of H2 can strongly affect the dy
namics of the jovian atmospheres. Because of the symm
of the H2 molecule, the nuclear spin state I of the molecule
strongly connected to its rotational quantum number J. The
glet state (Nuclear spin state I= 0), or para state, will always b
in an even J state while the triplet state (I= 1), or ortho state
will always be in an odd J state. Unless collisionally induc
transitions where1J= ±1 are highly forbidden. A good sum
mary of all the selection rules of H2 transitions can be foun
in Field et al. (1966). Deep in the jovian planets, where t
temperature is high, the para fraction of H2, driven by the statis-
tical weight of the nuclear spin states, is 0.25. As H2 convects
to higher altitudes and hence lower temperature regions
para hydrogen fraction should remain the same since the o
and para states are radiatively uncoupled. This is referred
normal H2. However, nonradiative processes can induce tra
tions between ortho and para states and lead to equilibrium2,
that is where the rotational distribution of H2 is governed by
Boltzmann distribution at the local temperature. Because o
difference in internal energy of the ortho and para states, con
sion from one to the other results in heat release which loc
modifies the lapse rate. Massie and Hunten (1982) revie
these nonradiative processes and concluded that reaction2
with aerosols is the dominant mechanism responsible for the
served equilibrium of H2 from infrared quadrupole lines (Smit
1978, Smithet al. 1989). From Voyager IRIS measuremen
Conrath and Gierasch (1984) determined that H2 was not in
thermodynamic equilibrium. The para hydrogen fraction w
approximately 0.29 near the equator and gradually incre
toward an equilibrium value of 0.33 toward the poles. They
tributed this to large convection cells that cause upwelling n
the equator and down-welling near the poles. The lack of co
lation between the para hydrogen fraction and some NH3 cloud
indicators also caused them to reject aerosols as the equil
ing agent. H2–H2 paramagnetic interactions were instead p
posed as the dominant process for equilibration. Carlsonet al.
(1992) reanalyzed IRIS measurements taking into considera

the effect of NH3 opacity and postulating the existence of a ver
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cal gradient in the para hydrogen fraction. They concluded
H2 equilibration occured in the NH3 cloud, hence confirming
Massie and Hunten’s conclusions. Carlsonet al. (1992) argued
that the apparent latitudinal variation of the para hydrogen f
tion found by Conrath and Gierasch (1984) was in fact due
sampling of different altitudes with latitudes. Infrared measu
ments are usually this difficult to interpret because not o
do sources of opacities and the para hydrogen fraction v
cal profile affect the spectrum but the temperature profile d
so as well. Ultraviolet observations of planetary atmosphe
are somewhat more straightforward because they do not req
prior knowledge or simultaneous determination of the tempe
ture profile as the thermal contribution is negligible.

Whether one is interested in determining the rotational d
tribution of H2 or not, Raman scattering must be accounted
because it modifies the I/F of planetary atmospheres. It can fi
in or distort absorption features from gaseous absorbers po
tially resulting in erroneous determination of their abundanc
Karkoschka (1994) characterized the amount of Raman sca
ing in all the jovian planets and Titan from 300.0 to 1000.0 nm
finding the best fit to the data with a five-parameter formulat
of the problem: the percentage of Raman scattered photon d
rotational S(0), rotational S(1), and vibrational Q(1) transitio
and the total percentage of photons having Raman scatter
400.0 nm, as well as a power index for the wavelength dep
dence. This empirical approach gives a simple method to co
to some degree planetary I/F for the effects of Raman scatterin
and enables the determination of the abundance of other
stituents without having to determine the rotational distribut
of H2.

One spectral region of particular interest in the jovian atm
sphere ranges from 150 to 220 nm where both acetylene (C2H2)
and ammonia (NH3) are important absorbers. The high spect
resolution of the FOS combined with its small field of view
ideal for the determination of the abundances of gaseous
stituents. In this paper, FOS archived data are examined fo
presence of obvious Raman scattering features by molec
hydrogen in jovian spectra from 157.2 to 231.2 nm. The refl
tivity (I /F) in Fig. 1 derived from an equatorial regions spectr
showed clear C2H2 and NH3 absorption features. All spectra als
displayed intricate structures longward of 210 nm that canno
ascribed to any of the more prevalent jovian gaseous absor
Dust or aerosols have been ruled out because their cross se
do not vary strongly with wavelength, and hence the produ
I/F should be featureless. Since the features longward of 21
are an order of magnitude greater than the noise level, they
not be easily dismissed.

These features are not artifacts created during data reduc
Great care was taken to superpose solar features and plan
features, for any misalignment would produce high freque
variation of the I/F. For the same reasons, the line spread fu
tion of the FOS was also modeled as accurately as possibl
spite of all these efforts, which are fully described in Section
ti-the features remained. Moreover, they seemed to anti-correlate
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FIG. 1. I/F of the jovian equatorial and polar regions, scaled by the factor shown in parenthesis. Longward of 210.0 nm many features (shown with the dashed
line), which are neither ammonia nor acetylene features, are present at all latitudes.
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with the solar spectrum. Filling in of the solar absorption featu
was an obvious explanation, which could mean that the feat
are the result of Raman scattering by molecular hydrogen.

Section 3 describes a multiple Raman scattering code
an inhomogeneous anisotropically scattering atmosphere
is used in the interpretation of the planetary data. This c
computes the I/F of a planetary atmosphere, taking into a
count any Raman transition for H2 rotational state going from
J= 0 to J= 3, except for rotational O-branch transitions whi
are treated as pure absorption. These calculations are bas
a physical approach rather than some of the empirical o
that were previously used for Jupiter. The intensity at differ
pressure levels in the atmosphere is computed. Combined
known Raman cross sections for H2, the rate of photon loss b
Raman scattering is evaluated at different atmospheric de
These photons are then shifted by the appropriate wavele
corresponding to the different Raman transitions accordin
the rotational quantum state population of H2. At the shifted
wavelengths, once their contribution to the source functio
determined, the I/F is calculated.

Section 4 investigates the impact of H2 Raman scattering o
the I/F of a pure jovian atmosphere. It is shown that the
known features observed in the data are actually Raman sc
ing features and that their shape contains information abou
rotational distribution of H. Finally, Section 5 summarizes th
2

findings.
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2. OBSERVATIONS AND DATA REDUCTION

The observations were conducted June 5 and 6 1993 a
Jupiter’s central meridian at different planetographic latitud
The observations occurred before the December 1993 refurb
ment of the HST with the Corrective Optics Space Telesco
Axial Replacement (COSTAR). Table I displays the time a
date at the mid-point of each 780-s exposure. The planetogra
latitudes and longitudes of the observed regions are also sh
Two spectra of the polar regions were obtained for comp
son with an equatorial spectrum. All spectra were obtained w
the FOS G190H grating and red detector combination thro
the 1′′ circular aperture on board the HST. The spectra s
157.2–231.2 nm with a resolution of about 0.33 nm for an
tended source (Keyeset al.1995). The 1′′ circular aperture covers
∼ 3◦ in latitude and longitude at the sub-Earth point. The d

TABLE I
Observations

Observation Latitude Longitude Time
filename (syst.III) (syst.III) Date (UT)

Y15S0101T 65.00 200.00 06/06/93 6:22:20.5
Y15S0401T 0.00 270.07 06/05/93 22:18:32.5

Y15S0A01T −65.00 143.15 06/06/93 4:44:7.5
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HST DETECTION OF H2 RAMA

were recalibrated using the average inverse sensitivity cor
tion (AIS CORR) method outlined in the second edition of t
HST data handbook (Bohlinet al.1995). This method correct
for the time dependence of the sensitivity of the FOS and
change in focus of the telescope. Since it affects pre-COST
small aperture observations in the ultraviolet the most, fail
to apply this method causes a serious underestimation o
derived fluxes.

Above 165.0 nm, the planetary spectrum of the jovian
mosphere is a reflected solar spectrum. The observed plan
spectrum can be compared to a simulated planetary spec
P, derived by

P = (I /F)pC¯ (1)

and

C¯ =
(
ÄFOS

π

)(
F¯(1AU)

d2

)
S1t, (2)

whereC¯ is a theoretical FOS spectrum for a perfectly refle
ing ((I /F)p= 1) Lambertian planetary atmosphere. The mo
reflectivity of the planetary atmosphere, (I /F)p, is determined
every 0.1 nm from a model atmosphere with the radiative tran
code described in Section 3. The solid angle of the FOS,ÄFOS,
is 1.8509× 10−11 sr for all observations, based on a 1.0013′′

field of view (Evans 1993). Jupiter’s heliocentric distance,d,
was 5.4543 AU for all observations. The solar flux at the top
the Earth’s atmosphere,F¯ (1AU) in Eq. 2, was measured by th
solar–stellar irradiance comparison experiment (SOLSTICE
board the Upper Atmosphere Research Satellite (UARS), w
is fully described by Rottmanet al. (1993) and Woodset al.
(1993). The solar flux used (SOLSTICE data version 7) ha
spectral resolution of 0.25 nm and is sampled every 0.035
below 180.0 nm and every 0.07 nm above. It was measure
March 29, 1992 (UARS day 200) during the early decline of
maximum of solar cycle 22. Finally, the FOS sensitivity for
extended source,S, is given by

S= RFOS/FFOS

A(ap)T4.3
, (3)

where A(ap) andT4.3 are aperture dilution correction factor
These relate the FOS sensitivity of a point source to that
an extended source and are respectively 0.6 and 0.73 (Bo
et al.1995, see page 286). The FOS sensitivity for a point sou
was computed by dividing the planetary flat-fielded count r
spectrum,RFOS, by the planetary flux spectrum,FFOS, both of
which are calculated by the AISCORR recalibration process.

Comparing spectra is inconvenient. Absorption features
to gaseous constituents are difficult to detect because the
overlaid on top of reflected solar absorption features. Com
ing reflectivities, or I/F’s, removes the solar spectrum structu

and the resulting planetary features can be compared to kn
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photo-absorption cross sections of different molecular or ato
species. However, computing I/F’s requires more care. For on
thing, uncertainties in the wavelength calibration of spectra co
ing from two different instruments will cause a slight shift b
tween the spectra. The planetary and solar spectra must be
fully aligned otherwise spurious high-frequency features w
appear in the I/F. Similarly, differences in the spectral resolu
tion of the two instruments will cause differences in the spec
width of the observed features and, if not corrected for, w
again create high-frequency features in the I/F’s.

FOS G190H/Red detector spectra are plagued by scatt
light coming from the long wavelength end of the spectru
to which the detector is still sensitive. This causes an artific
increase in the I/F in the low wavelength end of the spectra a
has been reported in previous analyses of FOS data (Courtinet al.
1996, Yelle and McGrath 1996). The planetary count spectr
corrected for scattered light,CFOS, is determined by

CFOS= (RFOS− B)1t, (4)

where1t is the exposure time andB is the background coun
rate attributed to scattered light. The background scattered
is estimated by the average count rate of the exposure per
wavelength below 173.0 nm and is assumed to be constant
wavelength.

The shift between two spectra of comparable resolution
expected to be a small fraction of the smallest resolution. A
result both FOS data and SOLSTICE data must be discret
to smaller wavelength intervals. The FOS data is collected o
516 detector diodes but the “quarter-stepping” observation s
egy of the FOS allows each diode to be subdivided into 4 b
for a total of 2064 bins. The grating dispersion is 0.1434 nm
diode or 0.0358 nm per bin. For the purpose of detecting sm
shifts between the FOS spectrum and the SOLSTICE spect
both spectra,CFOS andF¯(1AU) were discretized to one twen
tieth of a diode by linear interpolation. To computeC¯ and P,
the FOS extended source sensitivity,S, and the model planetary
reflectivity, (I /F)p, are all similarly discretized. The planetar
count spectrum,CFOS, is then shifted in one twentieth of a diod
increments with respect to the perfectly reflected solar spect
(C¯) over a±3 diode range. The cross-correlation of the sp
tra is computed as a function of the shift. Since the spectra h
high signal-to-noise and many solar absorption features ab
210.0 nm, the cross-correlation was determined for that wa
length region only. The planetary spectrum is then shifted w
respect to the solar spectrum by an amount that maximizes
cross-correlation. On average, the planetary spectra had t
shifted to longer wavelength by 1/10th of a diode or 0.0143 nm
an order of magnitude smaller than the resolution of either F
or SOLSTICE. This shift is less than an FOS bin and well with
the 2− σ wavelength uncertainty of SOLSTICE of 0.04 n
(Woodset al.1996).

To degrade the spectral resolution of SOLSTICE-deriv

ownspectra to that of the FOS, the former are convolved with a



d

g

c

e-
is
of
f a
ting

ed
ere

ay-

he

Al-
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correcting line spread function,Lcor:

C∗¯(λ) =
∫

dλ′Lcor(λ− λ′)C¯(λ′) (5)

P∗(λ) =
∫

dλ′Lcor(λ− λ′)P(λ′), (6)

whereC∗¯ andP∗ are the theoretical planetary spectra degra
to the FOS resolution for the perfectly reflecting atmosphere
the model-derived atmospheric I/F, respectively. The correctin
line spread function must be such that

LFOS(λ) =
∫

dλ′Lcor(λ− λ′)LSOLSTICE(λ
′). (7)

The LSOLSTICEhas a FWHM of 0.25 nm and is assumed to
Gaussian. TheLFOS is the convolution of the point spread fun
tion of the FOS with the aperture function. The point spre
function of the FOS is a Gaussian with a FWHM of 1.023 diod
and the aperture function is a semicircle with a 1.0013′′ diam-
eter (Evans 1993). Using a diode size of 0.357′′ in the cross-
dispersion direction (Koratkar 1996) and the known grating d
persion, the aperture function and the point spread function
be converted to a wavelength scale. The solid line in Fig
nm
shows the resulting line spread function (LSF) of the FOS and

FIG. 2. Theoretical line spread functions used in the analysis. The dotted line is the line spread function of the SOLSTICE instrument (FWHM= 0.25 nm),
′′

though the FOS spectra extend to 157.2 nm, below 170.0
the solid line is the theoretical line spread function of the FOS G190H 1apertur
the FOS line spread function (FWHM= 0.3048 nm).
AND YELLE
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the dotted line displays the SOLSTICE LSF. To solve this d
convolution problem for the correcting LSF, the FOS LSF
approximated by a least-square fit Gaussian with a FWHM
0.3048 nm shown by the dashed line. Since the convolution o
Gaussian by a Gaussian is yet another Gaussian, the correc
LSF must be a Gaussian with a FWHM determined by

(FWHM)2
cor = (FWHM)2

FOS− (FWHM)2
SOLSTICE (8)

The resultingLcor has a FWHM of 0.1743 nm.
The experimental reflectivities, (I /F)exp, and theoretical re-

flectivities, (I /F)theory, can now be derived by

(I /F)exp= CFOS/C
∗
¯ (9)

(I /F)theory= P∗/C∗¯. (10)

The model-derived reflectivities can then be directly compar
to those of the data to determine whether the model atmosph
describes the jovian atmosphere well enough. To avoid displ
ing extremely oversampled I/F’s,CFOS, P, andC¯ are rebinned
to one FOS diode or 0.143 nm prior to the determination of t
I/F’s.

Figure 1 shows the I/F of the equatorial region along with
scaled north and south polar spectra shown for comparison.
e with the red detector, and the dashed line is the best Gaussian approximation to
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used to analyze June 1993 data. However, Londonet al. (1993)
HST DETECTION OF H2 RAMA

the data become noisy and are not shown. Acetylene abs
tion features are identified shortward of 190.0 nm in all spec
and ammonia features are prominent in the 195.0–215.0 nm
gion in all but the polar spectra. Many features appear a
latitudes longward of 215.0 nm, a spectral region that sho
be dominated by the effects of aerosols. But aerosols do
produce narrow absorption features as they have smoothly v
ing cross sections with wavelength. In analyzing FOS data o
Shoemaker–Levy 9 impact on Jupiter, Yelle and McGrath (19
see their Fig. 3) displayed calculations of aerosols single sca
ing albedo and extinction coefficient that show this. They a
displayed the cross sections of many molecular species,
of which can be readily associated with these long wavelen
features. Although these features are highly unlikely to be
strumental noise, since they are located at the same wavele
in all the jovian spectra, an analysis of instrumental uncertain
is accomplished to dispel all doubts.

Figure 3 displays the effects of the scattered light correc
on the equatorial I/F. The upper curve results when no scatte
light correction is applied and the lower one when it is. U
certainty due to scattered light is the dominant source of e
but since this is systematic error, rather than random, absorp
features are not modified. Only the overall level and slope w
wavelength of the I/F is. The absolute uncertainty in the I/F
due to scattered light can be estimated by its depreciation f
the correction. This is more than 15% below 180.0 nm, drop
e
∼ 5% at 190.0 nm and becomes very small, less than 1%, abovereported from SOLSTICE data that the 27-day variability of th
FIG. 3. I/F of the jovian equatorial region before and after scattered lig
Below 170.0 nm, the spectrum is completely unreliable.
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210.0 nm. The I/F’s random errors can be computed by(
1(I /F)exp

(I /F)exp

)2

=
(

RFOS1t

CFOS

)2(
1FFOS

FFOS

)2

+
(
1F¯(1AU)

F¯(1AU)

)2

+ 4

(
1d

d

)2

, (11)

where, since the relative uncertainty for the Jupiter–Sun dista
is of the order of 10−6, the last term in Eq. 11 is neglected. Re
ative uncertainties from the SOLSTICE spectrum are betwe
0.1 and 0.2% above 190.0 nm and increase to∼ 1% at 150.0 nm.
The FOS spectra typically have random errors which are 1 t
orders of magnitude greater than this at the low wavelength
of the spectrum, and still a factor of 5 greater above 210.0 nm
they are the dominant source of random errors. Figure 4 sh
the absolute random errors for the I/F of the equatorial region.
Below 175.0 nm the uncertainty in the I/F is of the order of
10%, which combined with the scattered light errors make th
part of the spectrum unusable. The uncertainty is about 1%
190.0 nm, and above 210.0 nm the uncertainty drops to less t
0.2%, which makes the long wavelength end of the spectr
very reliable. The variations observed longward of 210.0 nm
5 to 10% of the I/F, and therefore are real. Solar variability cou
also be of some concern since a March 1992 solar spectru
ht has been removed. The short wavelength end of the spectrum is the most affected.
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FIG. 4. Random errors in the equatorial region I/F as a function of wavelength. The uncertainties longward of 210.0 nm drop to less than 0.2% which is much
smaller than the features observed in Fig. 1.
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solar flux during times of high solar activity was less than 2
above 160.0 nm and less than 1% above 210.0 nm. This w
represent variations in the equatorial I/F of less than 0.8% and
0.4%, respectively, which is much smaller than the size of
unknown features. Variability during the 11-year solar cycle
not as well constrained due to lack of long-term well-calibra
measurements of the solar flux. Using Solar Mesosphere
plorer (SME) observations, Rottman (1988) found a 5–10% v
ability of the solar flux in the 160.0–200.0 nm region, betwe
solar minimum and maximum conditions. He placed an up
limit of ∼ 5% above 200.0 nm. Since this variation is spre
over at least 5 years, this translates to 1 to 2% variation of
solar flux per year. This is the same order of uncertainty
the 27-day variability. Because both long-term and short-te
variability change slowly with wavelength, this source of er
tends to change the overall level of the I/F, but not the struc-
ture. Noise-like features introduced by solar variability sho
be even smaller than the aforementioned uncertainties.

Figure 5 shows how the I/F of the equatorial region, long
ward of 200.0 nm, changes with shifts of the planetary F
spectrum with respect to the solar SOLSTICE spectrum.
cross-correlation method determined that best alignment o
two spectra occurred if the FOS spectrum was shifted
0.0287± 0.0036 nm to longer wavelength. As the misalignme
of the two spectra increases, features in the I/F become sharpe
and more pronounced. The fact that the cross-correlation me

produces the smallest-sized features validates the method.
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features exist even for optimal alignment. Figure 6 shows
changes in the I/F of the equatorial region when Gaussians
different FWHM are used to define the correcting LSF to d
grade the resolution of the solar spectrum. As expected,
features become less prominent the wider the Gaussian is
sults from modeling of the FOS LSF require a FWHM for th
correcting LSF of 0.1743 nm. The resulting I/F is shown as
the middle curve. Surprisingly, even a FWHM of 0.2532 n
is not enough to remove the features above 210.0 nm. A
from some absorber with unknown absorption cross section
might be present in Jupiter’s atmosphere, only Raman scatte
could be the cause of those features. Raman scattering cau
shift of solar emission lines and a filling-in of solar absorpti
lines. Because of this, there should be a local increase in the/F
where solar absorption lines exist. The lower curve in Fig. 7
an arbitrarily scaled solar SOLSTICE spectrum which has b
degraded to the same spectral resolution as the FOS, incl
for comparison with the equatorial I/F. There seems to be a
anticorrelation between the features in the I/F and the features
seen in the solar spectrum longward of 210.0 nm. This con
tutes a strong evidence that these features are Raman scat
features.

3. RAMAN SCATTERING

Raman scattering, first discovered by Raman and Krish

The(1928) in liquids and vapours, results when a photon interacts
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FIG. 5. Variation of the I/F longward of 200.0 nm with different shifts of the planetary spectrum with respect to the solar spectrum. For ease of disp
I/F’s are displaced by 0.3, 0.15, 0,−0.15, and−0.3. A shift of 0.0215 nm produces the highest correlation between the planetary and solar spectra and corre
to the I/F with the smallest features.

FIG. 6. Variation of the I/F longward of 200.0 nm with different FWHM of the LSF that degrades the solar spectrum’s spectral resolution to that

planetary spectrum. For ease of display, the I/F’s are displaced by 0.3, 0.15, 0,−0.15, and−0.3. The appropriate FWHM of the degrading LSF is 0.1743 nm.
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FIG. 7. I/F of the jovian equatorial region as a function of wavelength. A scaled solar spectrum is shown below. Most features in the I/F longward of 215.0 nm
anticorrelate with features in the solar spectrum. These are all Raman scattering features by molecular hydrogen.
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with a molecule and leaves it in a different rotational and
vibrational quantum state. As a consequence, the photon e
imparts to or gains energy from the molecule, and its wa
length changes. The change in energy of the photon is g
by the energy difference between the initial and final quant
state of the molecule, which is the energy associated with
tational and/or vibrational transition. Since Raman scatterin
an electric quadrupole transition and1J=±1 transitions are
forbidden, the resulting allowed changes in the rotational qu
tum number are1J= −2, 0,+2 which are called, respectively
O(J), Q(J) and S(J) transitions, where J is the rotational quan
number of the initial state of the molecule. The wavelength t
a photon shifts to is given by

λ =
(

1

λ∗
− ks

)−1

, (12)

whereλ∗ andλ are, respectively, the wavelengths of the ph
ton before and after Raman scattering occurred, andks is the
wavenumber shift associated with a particular Raman tra
tion. A compilation ofks as well as the wavelength dependen
of cross sections for Rayleigh and different Raman transiti
as a function of the rotational quantum states (J= 0 to J= 3) of
H2 can be found in Ford and Browne (1973). Their calculatio
were done for the ground electronic and vibrational state of2

and are used for the Raman scattering calculations of this

per. The cross sections are displayed in Fig. 8 for the J= 0 and
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J= 1 states since these are the most populated states of2 at
the low temperatures of Jupiter’s upper atmosphere. Cross
tions for S-branch transitions decrease with increasing J. O
Raman transitions as well as Rayleigh scattering display the
posite behavior. Of the different Raman transitions, the rotatio
S-branch transitions have the highest cross sections.

Table II shows the wavelength shift (1λ= λ− λ∗) that a pho-
ton undergoes in order to reach the specified wavelength fo
different transitions of the J= 0 and J= 1 states. The two wave
lengths chosen are at opposite ends of the bandpass of the
As can be seen, the wavelength shift induced by a vibratio
transition is about an order of magnitude greater than tha
a rotational transition. The wavelength shifts for the J= 0 and
J= 1 states are all positive, that is photons are shifted to lon
wavelength. This is the case for most Raman transitions. O

TABLE II
Wavelength Shift (nm)

λ (nm) Rot. S(0) Vib. Q(0) Vib. S(0)

160.0 0.902 9.990 10.743
230.0 1.860 20.094 21.567

λ (nm) Rot. S(1) Vib. Q(1) Vib. S(1)

160.0 1.489 9.976 11.221

230.0 3.064 20.068 22.497
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FIG. 8. Rayleigh and Raman scattering cross sections of H2. Only those for the J= 0 and J= 1 states are shown for clarity. Note that although not label
the highest cross section for a given Raman transition is always that of the J= 0 state. The Rayleigh cross sections are actually different, but the difference i

small and cannot be resolved here.
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rotational O-branch transitions shift photons to shorter wa
length, because two rotational quanta of energy are imparte
the photon. Obviously, these transitions can only occur for2

in a state J≥ 2. As shown in Tables III and IV, the population o
H2 molecules in the J= 2 or J= 3 state is small in the relevan
temperature range. As mentioned in Section 1, some prev
work simplified the Raman scattering problem by assuming
all vibrational transitions shifted photons by about the sa
amount. But from Table I, the difference in shift between a
brational Q(0) and S(0) transition is roughly that of a rotatio
S(0) transition which is several resolution elements of the F
spectra and this is not negligible. It can also be seen that lo
wavelengths suffer bigger wavelength shifts than shorter wa
lengths. The photon flux in a given wavelength interval will a

TABLE III
Equilibrium H2 Population

Temp. (K) J= 0 J= 1 J= 2 J= 3

100 0.3744 0.6140 0.0113 0.0003
125 0.2945 0.6789 0.0247 0.0018
150 0.2449 0.7089 0.0407 0.0059
175 0.2112 0.7184 0.0570 0.0133

200 0.1865 0.7163 0.0725 0.0243
e-
d to
H
f
t
ous
hat

e
i-
al

OS
ger
ve-
o

be spread over a slightly bigger interval after Raman scatte
has occurred. Hence the flux will be slightly diluted. This is on
true if the wavelength shift is positive. For rotational O-bran
transitions, the flux will be slightly enhanced.

The effects of Raman scattering on a planetary I/F have been
described by Cochran and Trafton (1978) and Cochran (1981
wavelength regions where the solar flux rises steeply with wa
length, like the ultraviolet, more photons will be shifted out o
spectral interval than into it. That is because the rate at which
man scattering occurs is proportional to the photon flux pres
in a spectral interval. Since photons are coming from lower so
flux regions, this results in a general decrease of the I/F. Again,
exactly the opposite occurs for rotational O-branch transitio
In solar absorption lines, more photons will be scattered into t

TABLE IV
Normal H2 Population

Temp. (K) J= 0 J= 1 J= 2 J= 3

100 0.2427 0.7497 0.0073 0.0003
125 0.2306 0.7483 0.0194 0.0017
150 0.2144 0.7447 0.0356 0.0053
175 0.1968 0.7383 0.0531 0.0117

200 0.1797 0.7288 0.0699 0.0212
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out of the line, and a local enhancement of the I/F will occur.
The photons that were scattered out of that region will prod
a shallow displaced ghost of the line. The presence of differ
Raman transitions and the importance of multiple scattering
deep scattering atmosphere contributes to the smearing of e
sion lines. This makes it difficult to identify a Raman featu
with a specific Raman transition. On the other hand, the fillin
in of solar absorption lines can be noticed more readily as th
always occur at the same wavelengths. All these effects can
tort absorption features due to other species. Failure to acc
properly for Raman scattering can result in an erroneous de
mination of the abundance of those atmospheric constituen

Calculations of the I/F involves solving the radiative transfe
equation

µ
d I (λ, k̂)

dτ
= I (λ, k̂)− SR(λ)− ω

4π

∮
dÄ′P(k̂, k̂

′
)I (λ, k̂

′
),

(13)

whereI is the specific intensity at wavelengthλ,µ is the direc-
tion cosine of the emission angle,τ is the optical depth,ω is the
single scattering albedo,P is the scattering phase function,k̂ is
the outgoing wavevector, and̂k

′
is the incident wavevector o

the radiation.SR is the Raman source function, and is given b

SR(λ) =
∑

j

1

4π

(
σRj(λ∗ j )

α(λ)+ σ (λ)+∑i σRi(λ)

)

×
∮

dÄ′PR(k̂, k̂
′
)I (λ∗ j , k̂

′
), (14)

where the subscriptsi and j refer to different Raman transitions
λ is the wavelength at which the source function is comput
andλ∗ j , is the wavelength from which a photon undergoing t
j th Raman transition originated. The quantitiesα, σ , andσRi

are, respectively, the pure absorption, scattering, andi th Raman
scattering coefficients andPR is the Raman scattering phas
function.

To correctly compute the effect of Raman scattering, inclu
ing the multiply scattered contribution, the calculations are do
from smallest to longest wavelength in 0.1 nm increments.
a given wavelength element, several things are done. The
lar spectrum is introduced as beam radiation at the top of
atmosphere. Because Raman scattering conserves photon
energy, the solar spectrum is given in units of photon flux. Fr
this, the I/F for the proper observing geometry is computed
well as the angular average of the specific intensity at differ
atmospheric depths. The angular averaged specific intensitie
then used to determine the number of photons being scatt
by each Raman transition. The photons are then shifted to
appropriate spectral interval, and the contribution to the sou
function at the shifted wavelengths is computed. This proced
is repeated for the next longer wavelength element and so

The source function in a spectral interval will then be the su
AND YELLE
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of the contributions from all the wavelength elements that co
Raman shift photons to this spectral interval, as expressed
Eq. (14).

A fraction of the specific intensities computed for this spect
interval will come from Raman-scattered photons. Because
former are used to compute the amount of Raman scatterin
other wavelengths, some of those Raman-scattered photons
again be Raman-scattered. In turn, those might yet be Ram
scattered again and again. Hence, multiple Raman scatterin
implicitly taken into account by the order in which the calc
lations are done. Since it is impossible to compute the Ram
contribution for the few lowest wavelength elements, the fi
wavelength element must be smaller than the smallest wa
length of interest. The Raman transition that causes the lar
wavelength shift is determined, and the calculations starts
a wavelength where photons that undergoes 3 of those tra
tions shifts to the smallest wavelength for which the I/F is de-
sired. This guarantees the inclusion of a substantial fraction
the multiple Raman scattering component even in that sma
wavelength of interest and allows for comparison with data.

The multiple Raman scattering code developed for this
search uses a discrete ordinates radiative transfer fortran77
gram for a multilayered plane-parallel medium called DISOR
A complete description of this versatile program can be fou
in Stamneset al. (1988). Both external and internal source
radiations to the atmosphere can be used which makes DISO
applicable from the ultraviolet to the radio part of the spectru
However, thermal radiation is the only internal source of ra
ation allowed. Therefore DISORT was modified to accept a
arbitrary internal source function as a function of optical dep
The fact that thermal sources radiate isotropically was also
herent in the way the computations were done. This, howe
could not be as easily modified and so the quadrupole phase f
tion of Raman scattering will here be simplified to an isotrop
function. Previous papers about Raman scattering have alw
made this approximation. The Raman source function, given
Eq. (14), simplifies to

SR(λ) =
∑

j

ωRju(λ∗ j ), (15)

where

ωRj =
(

σRj(λ∗ j )

α(λ)+ σ (λ)+∑i σRi(λ)

)
(16)

is the single Raman scattering albedo andu is the average spe-
cific intensity. The atmosphere is discretized in a series of pl
parallel layers. The specific intensity is computed at the int
face between the layers. These interfaces are called levels.
source function is specified at the levels.

However, since the single Raman scattering albedos are c
puted for layers, they are discontinuous at the levels. This
taken care of by prescribing that the single Raman scatte
albedo at a level is the average of the single Raman scatte

malbedos of the adjacent layers weighted by these layers’ total
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optical depth as so,

ωRj(n
thlvl ) = 1τ (n− 1)ωRj(n− 1)+1τ (n)ωRj(n)

1τ (n− 1)+1τ (n)
, (17)

wheren on the right-hand side refers to thenth layer and1τ
is the total optical depth within a given layer. At the upper a
lower boundaries of the atmosphere, the single Raman scatte
albedo is simply considered to be that of the adjacent layer.
single Raman scattering albedos are computed for all rotati
and vibrational Raman transitions for the ground electronic
vibrational state of H2 in the J= 0, 1, 2, and 3 rotational stat
except for the rotational O(2) and O(3) transitions which a
treated as pure absorption processes. The distribution o2

among the first four rotational states, which affects the sin
Raman scattering albedos, is assumed to be uniform throug
the atmosphere.

4. DISCUSSION

To illustrate some characteristics of Raman scattering in
jovian atmosphere, some simple situations are examin
Figure 9 displays the effect of multiple Raman scattering
a 10-bar thick atmosphere composed of 11% helium and 8

H2, the abundance of these two species on Jupiter as use

sphere is
e to

ere
ce
Gladstone and Yung (1983). Although more recent measure-

FIG. 9. Sum of escaping fluxes from the upper and lower boundary as a function of wavelength relative to the solar flux at 140.05 nm. The atmo
composed of 10 bar of 11% helium and 89% molecular hydrogen in the J= 0 state, with a completely absorbing bottom boundary. The flux at 140.05 nm is du

is only one line that is multiply Raman scattered, the sour
Rayleigh scattering, everything else to Raman scattering.
N SCATTERING ON JUPITER 335
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ments by the Galileo mission determined the helium abunda
to be around 13.5% (Niemannet al.1996), the impact on these
simulations should be negligible. For this simulation, H2 was
entirely in its J= 0 state. An artificial solar spectrum which onl
has one line at 140.05 nm with a flux of 1 photon cm−2 s−1 was
used, and the lower boundary of the atmosphere was set t
completely absorbing. The figure shows the flux relative to
incident solar flux escaping the atmosphere from the upper
lower boundary as a function of wavelength at 0.1-nm reso
tion. The peak at 140.05 nm is the Rayleigh-scattered com
nent of the radiation. The next peak at 140.85 nm is the rotatio
S(0) component of the solar line. All the subsequent peaks u
148.4 nm are consecutive rotational S(0) scattering of that fi
Raman scattered line. The next strongest line, at 148.8 nm is
single vibrational Q(0) component of the solar line. The origin
the line at 149.65 nm is slightly more complex. It results from t
vibrational S(0) scattering of the solar line at 140.05 nm, fro
the vibrational Q(0) scattering of the singly rotational S(0) sc
tered line at 140.85 nm, and from the rotational S(0) scatter
of the singly vibrational Q(0) scattered solar line at 148.8 n
The structures at longer wavelength is the result of the interp
of these three different Raman transitions. The presence of m
rotational states complicates things further.

Figure 10 shows how the vertical profile of the source fun
tion for this test changes as a function of wavelength. Since th



m curve is
g fl
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FIG. 10. Source function as a function of pressure for the same model atmosphere as in Fig. 9 for a couple of different wavelengths. The 140.85 n
due to the rotational S(0) scattering of the solar line at 140.05 nm. The other wavelengths were chosen at local maxima of the intensity of the escapinux. The

peak of the source function goes deeper in the atmosphere (higher pressure) with increasing wavelength.
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the quantum state of the H2 molecule because different states
function at longer wavelengths is expected to be much sma
What is important is that there is a slow diffusion of the photo
to deeper levels in the atmosphere because the total Rayl
Raman optical depth of the atmosphere decreases with inc
ing wavelength. The few photons that have been multiply Ra
scattered to about 225.0 nm have diffused from a few millibar
about 600 mbar, which, at this wavelength, is more than two
tical depths of molecular hydrogen. In nearly conservative at
spheres, photons can penetrate to levels of a few optical de
To correctly compute the I/F of a clear jovian atmosphere, th
is where only Rayleigh and Raman scattering operate, a th
ness of 10 bar must be used. If not, more and more pho
escape the atmosphere from the lower boundary at the lo
wavelength and the I/F is underestimated there. When gase
absorbers are introduced this condition is relaxed. The pho
escaping the atmosphere in the 140.0–280.0 nm range repre
100.56% of the content of the solar line. Since Raman scatte
conserves the number of photons and the flux is added o
finite wavelength range, the escaping photons should repre
less than 100% of the solar line. However, it seems that the a
age photon flux above 220.0 nm does not diminish appreci
with increasing wavelength. This slight overestimate is not
prising. When computing the outgoing flux, it is assumed t
the source function has a linear dependence with optical de
Clearly, from Fig. 10 this assumption breaks down around

pressure level where the source function peaks. Furtherm
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a small error at one wavelength will be propagated by Ram
transitions to other wavelengths, so after many such transit
the errors might become nonnegligible. An accuracy of 0.5
is more than sufficient for interpretation of currently availab
data.

To identify convincingly as Raman scattering features the lo
wavelength structure in the observed I/F, more realistic inputs
are required. Figure 11 displays the expected I/F in 0.1 nm
bin for the same clear H2 and helium jovian atmosphere use
previously but using a SOLSTICE solar spectrum as input (
Section 2). The four solid lines represent the I/F for different
rotational quantum populations of H2. It is set to be entirely in
the J= 0, 1, 2, 3 state and the I/F are offset by 0.3, 0,−0.25,
and−0.5 respectively. The dashed line shows the computed/F
for H2 in the J= 1 state when Raman scattering is treated a
pure absorption process. It is to be expected that the solid J= 1
line lies above the dashed line because all photons that had
viously been considered lost are reintroduced into the sys
at a different wavelength. The overall increase in the I/F from
inclusion of Raman scattering ranges from∼ 0.1 for the J= 3
and 4 states to∼ 0.25 for J= 0 in the 160.0–230.0 nm wave
length region, which is far from being negligible. Moreover,
incredibly complex structure is created because the solar s
trum has itself a complex structure. That structure depend
ore,will shift photons to different wavelengths.
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FIG. 11. Model I/F for a 10-bar atmosphere composed of 11% helium and 89% molecular hydrogen with a completely absorbing bottom boundary/F

have an offset from top to bottom of 0.3, 0,−0.25, and−0.5 respectively and correspond to molecular hydrogen being entirely in the J= 0, 1, 2, and 3 rotational

re absorption for the J= 1 case.
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state. The dashed line is the I/F obtained if Raman scattering is treated as pu

Where are changes in I/F structure with rotational state mo
noticeable in the data? From 170.0 to 210.0 nm, I/F structural
changes are not only very small but are distorted by acety
and ammonia absorption features and would be difficult to
serve. The ratio of several lines in the 166.0–169.0 nm reg
show more pronounced differences but unfortunately, not o
is acetylene a strong absorber in this wavelength region bu
FOS data are noisy. Above 210.0 nm, unlike other spectra
gions, the I/F is not plagued by complicated gaseous absorp
features. Only aerosols influence the I/F there and this will not
distort the features. Although the presence of ammonia doe
duce the amount of multiply Raman scattered photons tha
shifted to wavelengths greater than 215.0 nm, the numbe
photons involved are much smaller than those that will sin
scatter to that region. Also, since this region of the spectrum
where the FOS data has the highest signal-to-noise ratio,
the best region for identification of Raman features. Moreo
the I/F is very sensitive to changes in the rotational quant
state of H2. For example, the relative strengths of lines loca
in the 221.0–222.5 and 228.0–230.0 nm regions provide a g
discrimination between the J= 0 and J= 1 state. The ratio of
the lines in each doublet change drastically depending upon
H2 rotational state. Other structures, like the 210.0–220.0
multiple-band system or the broad structure at∼ 226.5 nm
also look very different with different rotational states of H2.

Tables III and IV show the expected rotational quantum st
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distribution for the equilibrium and normal population of H2 for
a range of temperature typical of different regions in Jupite
atmosphere. As temperature increases, the differences in th2

rotational distribution between normal and equilibrium popul
tions diminish. H2 is dominantly in the J= 1 state in both cases.

Since the Raman source function peaks from about 450
600 mbar between 210.0 to 225.0 nm for a clear jovian atm
sphere, the observed Raman features should be representat
the temperature prevailing in that region, which is about 130
Figure 12 illustrates this nicely. The jovian equatorial I/F is com-
pared with the results of three simulations for a realistic jovian
mosphere. All cases are for a 700-mbar atmosphere with 86.
H2 and 13.5% helium, as determined from the Galileo prob
with a bottom boundary that is treated as a perfectly reflecti
Lambertian surface. Table V characterizes the vertical distrib
tion of ammonia (NH3) and acetylene (C2H2) of all three models.
The haze, located from 20 to 60 mbar, has a column abunda
of 2× 108 cm−2. The size distribution of the aerosol particle
composing the haze is defined by a log-normal distribution w
a mean of 0.3µm and a variance of 0.05. Their real index of re
fraction is 1.4 and their imaginary index is given as a function
wavelength in Table VI. Only the rotational population of molec
ular hydrogen differs between the models. These distributio
provide the best fit to the equatorial spectrum, and are discus
thoroughly by Bétremieux and Yelle (2000). The features i
atethe data above 210.0 nm look remarkably like the theoretical
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FIG. 12. Comparison of the I/F of the jovian equatorial region with synthetic I/F’s discussed in the text and described by Tables V and VI. The top cu
represents the case when all of the H2 is in the J= 0 state and is offset upward by 0.3. The two intermediate curves are the I/F, offset upward by 0.15, for an
equilibrium population of H at 130 K, where the thick line takes into account the effect of Raman scattering, and the thin line only treats it as pure abs
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The Raman features detected in the data and models are indicated by the

predictions obtained for an equilibrium population of H2 at
130 K, shown by the thick line, and not as much with the p
J= 0 case. When Raman scattering is treated as a purely ab
ing process, as shown by the thin line for the 130 K equilibri
H2 case, all of these features disappear. Hence, the features
FOS data above 210.0 nm are in fact due to Raman scatte
Below 210.0 nm, only one feature at about 193.5 nm can be id
tified from the differences of the two H2 equilibrium models as a
Raman feature, but unfortunately this happens to coincide
a well known FOS artifact and cannot be seen in the data.

TABLE V
Model Atmosphere

Mole fraction

Pressure (mbar) C2H2 NH3

0–20 4× 10−8 —
20–60 1.5× 10−8 haze
60–80 4× 10−8 —
80–120 8× 10−8 1× 10−9

120–150 1.5× 10−7 2× 10−9

150–200 1.5× 10−7 3× 10−9

200–300 1.5× 10−7 4× 10−9

−7 −9
300–700 1.5× 10 5× 10
dashed vertical lines.
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increase in the I/F continuum due to Raman scattering is ab
2–3% below 210.0 nm where molecular absorption is impo
and about 3–6% above.

Figures 13a and 13b show to what degree a discrim
between normal and equilibrium population can be achi
with the FOS data for temperatures of 130 and 100 K, res
tively. For each temperature, two simulations were done wit
same thickness, gaseous composition, haze content, and b
boundary albedo as that used in Fig. 12, for an equilibrium
a normal H2 population. The absolute value of the differe

TABLE VI
Haze Imaginary Index of Refraction

Wavelength (nm) Imaginary index

120.0 0.0001
200.0 0.0001
203.0 0.0025
204.0 0.0030
215.0 0.0120
222.0 0.0180
224.0 0.0200
228.0 0.0280

235.0 0.0280
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el
FIG. 13. Absolute value of the difference in I/F between an equilibrium and a normal population H2 atmosphere for a given temperature. The mod
atmospheres have the same thickness, gaseous composition, haze content, and bottom boundary albedo as that used in Fig. 12. A scaled I/F (factor in parenthesis)
of the equilibrium population model and the uncertainties associated with the equatorial spectrum are also shown. (a) Result for a temperature of 130K. (b) Result

for 100 K. At low temperatures, the differences between the two populations may be detectable.
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between the two model results is compared to the uncertain
associated with the equatorial spectrum. A scaled model re
for the equilibrium case is also displayed to identify the featu
that change significantly between the two simulations. The
ference in I/F between normal and equilibrium populations
130 K is almost never above the noise except in very few pla
above 210.0 nm. At 100 K, a temperature more representativ
Saturn’s atmosphere, the variation of the I/F is more than twice
the noise level in most of that wavelength range. For lower te
peratures, it becomes easier to discriminate between the
populations.

Hence, although discrimination between equilibrium and n
mal population H2 cannot be done with FOS data for Jupiter
atmosphere, it should be achievable for similar signal-to-no
data for Saturn and even more so for Uranus and Neptune w
temperatures drop as low as 60 K. This discrimination could
achieved for Jupiter by improving the precision above 210.0
to 0.05%. In all cases, the Raman features are sufficiently w
modeled that the abundance of gaseous constituents can b
termined as accurately as the data allows.

5. CONCLUSIONS

It is clear from the present analysis that Raman scattering
tures have unmistakably been detected in the jovian atmosp
in the ultraviolet. These features are on the order of 1–10%
a background I/F of 40% and as such affect the inferred abu
dance of gaseous constituents from absorption features. A
Raman features contain information about the ortho–para r
of molecular hydrogen. Only through the use of both a mu
ple Raman scattering code and careful reduction of the spe
data, namely the alignment of the solar and planetary spe
and the matching of their spectral resolution, can this inform
tion be accurately extracted. Raman scattering is an impor
physical process that needs to be taken into account not on
the analysis of jovian ultraviolet spectra but also for all the ou
planets whose atmospheres are mostly H2. Obviously, the high
quality of the FOS data shows great promise for the applica
of this work to all the giant gaseous planets of our Solar Syst
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