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Ultraviolet spectra of the northern and southern hemispheres of
Jupiter taken with the Hubble Space Telescope Faint Object Spec-
trograph (FOS) in May 1992 and June 1993 have been used to de-
rive the altitude profiles of NH; in the vicinity of the tropopause.
For a given pressure level, it is shown that the vertical profile of
ammonia varies with latitude and the atmospheric feature being
observed. The mixing ratio of ammonia present above the Great
Red Spot (GRS) is 8 x 1078 at 250 mbar, whereas it is four times
greater in the nearby South Equatorial Belt at the same pressure
level. Our findings agree with those of C. A. Griffith, B. Bézard, T.
Owen, and D. Gautier (1992, Icarus 98, 82-93), who find NH3 to
be depleted over the GRS with respect to the South Tropical Zone
at the time of the Voyager encounters. Variations of the ammonia
mixing ratio in the northern and southern hemispheres are found
to be nonmonotonic in latitude, indicating local dynamical effects.
The observed latitudinal variation of the altitude profile of NH3
is likely to be caused by variations in the vertical eddy mixing (K),

1Based on observations with the NASA/ESA Hubble Space Telescope, ob-

which competes with the photolysis and condensation losses of NH3.
We also find this vertical mixing to be nonmonotonic with latitude.
Instead, it shows high variability depending on the region and fea-
ture observed, consistent with the values of eddy mixing derived by
L.-M. Lara, B. Bézard, C. A. Giffith, J. H. Lacy, and T. Owen (1998,
Icarus 131, 317-333). Values at 13°N, 18°N, at the equator, and over
the Great Red Spot region range between 3 and 10 x 10°cm?s~?
at 250 mbar, while weaker mixing occurs at 20°S, 33°S, and 7°N
(<1 x 10° cm? s~1 at 250 mbar). Typically, the eddy mixing profiles
have a ledge-like vertical structure, where a large mixing coefficient
is required below the photolysis region (p > 300 mbar), followed by
a drop to a minimum as we proceed to lower pressures, and finally
an increase again with decreasing pressure. In this paper, we also
update our previous results on NHz and K following the recalibra-
tion of the FOS data using the most recent recommendations of the
Space Telescope Science Institute. @ 1999 Academic Press
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INTRODUCTION

tained at the Space Telescope Science Institute, which is operated by the Asso-

ciation of Universities for Research in Astronomy, Inc., under NASA Contract Observation of various constituents in planetary atmosphere
can provide valuable information about the chemical and dy-

NAS5-26555.

2 Present address: Jet Propulsion Laboratory, M/S 169-237, 4800 Oak Gr

Drive, Pasadena, CA 91109.

NY 14853.
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namical processes occurring in their atmospheres. These pr
3 Present address: Cornell University, 326 Space Sciences Building, Ithae&SS€S Can mal‘n'feSt themsewes dn‘fereptly in the for_m of the
spatial distribution of constituents depending on the region of the
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atmosphere being observed and the sources of energy that dsty@pared with that of ammonia (solaf¥P= 3.33 x 10~3), the
the chemistry and dynamics. To aid in studying these processsissorption optical depth of phosphine at all relevant wavelength
in addition to having a knowledge of the globally averaged veis unity at a deeper level of the atmosphere compared with th
tical distribution of species, itis important to extend this knowlevel at which the ammonia optical depth reaches unity. Thus
edge to their variation in both altitude and latitude. maximum photolysis of phosphine takes place deeper in the &
In Edgingtonet al. (1997), hereafter called Paper |, we premosphere and does not contribute greatly to the opacity betwe:
sented results derived from ultraviolet (180—-230 nm) spectt80 and 230 nm when compared with the opacities of ammoni
of Jupiter's northern hemisphere taken in May 1992 by thend acetylene. A distribution of phosphine was derived by as
Faint Object Spectrograph (FOS) onboard the Hubble Spaggming that PH can provide the opacity longward of 220 nm,
Telescope (HST). These data revealed that the UV albedo (fghere ammonia has weaker absorption and acetylene absol
flectance) varied with latitude, thus indicating local change®n is greatly diminished. This profile has a substantiak PH
in the height distribution of ammonia. The altitude profile odbundance extending to higher altitudes (see Fig. 6 of Paper
ammonia was derived at each observed latitude using a oafd essentially gives an upper limit to the amount of phosphin
dimensional photochemical model combined with a multipleresent in the troposphere. However, it was noted that aerosc
scattering radiative transfer model to self-consistently generat@y provide a strong source of opacity in this region.
synthetic fits to the albedos. These profiles were found to varyFinally, only estimates of the acetylene mixing ratio were ob-
with latitude, where, of the regions observed, the largest Nithined due to large uncertainties in the FOS continuum beloy
mixing ratio was observed afB (2 x 10~° at 100 mbar) and 180 nm caused by stray photons scattered from longer wav
the smallest at 2 (3.5 x 10~'% at 100 mbar}. lengths within the instrument, which are typically referred to
Through the use of the photochemical model (see Paperdy grating scattered light (Cunningham and Caldwell, 1993,
which combines the hydrocarbon, ammonia, and phosphine plis large uncertainty made it impossible to obtain an altitude
tochemical families, the vertical eddy mixing coefficients nectistribution of acetylene, since inadequate subtraction of the e
essary for reproducing the derived ammonia distributions wetess photons from the FOS data can lead to large errors in tl
also inferred. The density distribution of ammonia is highly setetermination of the g€, mixing ratio.
sitive to the eddy mixing coefficient which, along with chemical |n this paper, we present the variation of the ammonia mixin
recycling, is necessary to balance the destruction of gas-phesgo and the eddy mixing coefficieniK( with altitude and lat-
NH3 due to photolysis and condensation in such a manneriagie as derived from the FOS spectra taken the following yez
to reproduce the observed albedos. From this analysis, the egflyhe northern and southern hemispheres of Jupiter along tt
mixing was also found to vary with latitude, with the region otentral meridian longitude (CML). Included in this analysis are
strongest vertical mixing being located aN6(3 x 10°cn? s spectra of the Great Red Spot (GRS) and the nearby South Equ
at 130 mbar) and decreasing slightly toward midlatitude$%1 torial Belt (SEB). Results from these data sets are then compar
103cn?s™* at 130 mbar). Unfortunately, at high latitudes (i.e with those based on data presented in Paper I, which have be
48N and 65N), aerosols to a large extent mask the ammoniaanalyzed based on improved pointing estimates and the late
absorption, thus preventing reliable ammonia and eddy mixieglibrations, to gain an understanding of the variation ofNH
profiles from being derived. and K over much of the planet. To this extent, the values pre
Also presented in Paper | were upper limits on the mixingented in this paper update those presented in Paper I. Given't
ratio of phosphine. The phosphine absorption cross section pagertainties in determining,8, and PH mixing ratios, we
a broad continuum at wavelength$60 nm (Cheret al, 1991), focus only on ammonia which provides the dominant source ¢
making it difficult to distinguish phosphine from the effects obpacity between 200 and 220 nm and whose spectral signatu
aerosols and other continuum absorbers. Hence ca@hhot be in the FOS data is quite unambiguous.
uniquely identified in the FOS reflectance unless it is present
in large abundances and prevents accurate abundances from be-
ing obtained. Phosphine profiles obtained from photochemical

modeling were found to be confined to altitudes below the re-The spectral data presented here were taken of the nort
gion of ammonia photolysis. While the photolysis of phosphingrn and southern hemispheres{M243'N, 7°N, Equator, 6S,

takes place throughout the stratosphere Qnd upper troposphféesy 20'S, 33S, 43S, 67'S) of Jupiter with the FOS during
due to the smaller abundance of phosphine in the troposph&ggcle 2 of the HST (July 5 and 6, 1993). Exceptions to these ar
the spectra of the GRS and the nearby SBB £ 23), which
4 As a result of improving our pointing estimates for the observations, sevelere taken during Cycle 1 (May 19 and 20, 1992, respectively)
latitudes were found to be different from the nominal positions specified for tthe rest of the Cycle 1 data covering°3-43’N have been
observation. The largest discrepancy occurs for the two spectrareferred b as resented in Paper | and are reanalyzed here. The Cycle 2 d

in Edgingtonet al. (1997) as these actually were actually found to correspond . . .
to 13N and 15N. Following the Introduction, we refer to the corrected value¥vere taken using the G190H grating, which covers the wave

for the observations. (See Table | for the exact latitudes and longitudes of {§&1gth range of 160-230 nm, and the Amber detector, whicl
observations.) has relatively high sensitivity. The integration time for data

DATA REDUCTION AND METHOD OF ANALYSIS
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TABLE |
Observation Details

Region of Original Date Time Exposure Latitude/ Sub-Earth Pt. Sub-Solar Pt.

Observation Designation (MM/DD/YY) (um) Time (min)/ A Longitude (Sys IIT) (Sys 1II)

Aperture Size from CML
(arc sec) (Sys 1)
Cycle 1
GRS GRS 05/19/92 07:27:29 24,0.5 18.91S,36.9 -1.30,215.94 -1.72,205.26
SEB SEB 05/20/92 14:00:36 24,0.5 17.03S,-14.4 -1.30,243.96 -1.72,233.25
ISN 6N 05/21/92 22:38:39 15,1.0 15.27N,0.26 -1.30,347.49 -1.73,336.75
13N 6N 05/21/92 23:49:09 15,1.0 13.66N,-0.69 -1.30,30.10 -1.73,19.37
18N ISN 05/25/92 04:59:57 24,1.0 17.98N,-1.79 -1.30,309.13 -1.74,298.36
ISN 20N 05/26/92 06:43:31 24,1.0 15.60N,1.35 -1.29,162.11 -1.74,151.34
22N 25N 05/20/92 04:37:54 24,1.0 22.08N,-1.21 -1.30,263.84 -1.72,253.13
43N 48 N 05/22/92 04:58:50 15,1.0 42.59N,-0.67 -1.30,217.28 -1.73,206.55
45N 48 N 05/22/92 06:15:03 15,1.0 45.40N,-3.71 -1.30,263.35 1.73,252.62
61N 65 N 05/22/92 12:44:35 15,1.0 61.22N,-31.9 -1.30,138.80 -1.73,128.06
66 N 65 N 05/22/92 13:05:32 15,1.0 65.94N,28.0 -1.30,151.47 -1.73,140.72
Cycle 2

72N 65N 06/06/93 06:15:40 15,1.0 72.24 N -2.77,199.08 -3.02,188.96
43N 48 N 06/06/93 07:50:15 15,1.0 4353 N -2.77,256.25 -3.02,246.13
7N 6N 06/05/93 23:48:17 15,1.0 7.59 N, 30 -2.77,324.91 -3.02,314.81
EQ Equator 06/05/93 22:11:52 15,1.0 2668 -2.717,266.63 -3.02,256.53
6S 6S 06/05/93 20:37:43 15,1.0 5.828 -2.77,209.72 -3.02,199.62
108 128 06/06/93 01:24:41 15,1.0 10.53 S -2.77,23.19 -3.02,13.08
20S 258 06/06/93 09:29:34 15,1.0 2043 S, 30 -2.77,316.29 -3.02,306.16

338 338 06/06/93 11:03:02 15,1.0 3348 S -2.77,12.78 -3.02,2.65
43S 48 S 06/06/93 03:01:03 15,1.0 43318 -2.77,81.44 -3.02,71.32
678 658 06/06/93 04:37:27 15,1.0 66.78 S -2.77,139.71 -3.02,129.59

accumulation was 15 min for all spectra except those of the GR&n Hoosieret al. 1988). This was then normalized to a
and SEB, for which it was 24 min due to the use of a smallérnm-resolution UARS/SOLSTICE spectrum (obtained from
aperture. Detailed information about the ephemeris and instthe Distributed Active Archive Center at Goddard Space Flight
ment settings for these observations are given in Table |. Refin@enter) measured on each day corresponding to the observ
pointing information was obtained by mapping the right ascetiens. This allowed for correction of the continuum of the SUSIM
sion/declination of the observations onto an oblate spheroid regpectrum to that at the time of the observations. Since the ak
resenting Jupiter as seen in images taken with the Wide Fislorbers considered here have broad absorption features at the
Planetary Camera during the same observing program. In thiavelengths, this is considered adequate for this analysis. Fc
paper, we use the nomenclature listed in the first column fofrther details about the reduction of these data, the reader |
Table I to refer to the observations of specific regions. referred to Paper I.

The physical quantity measured by the FOS is the flux of The procedure for determining the altitude variation of the
light coming from Jupiter within a particular solid angle as demolecular absorbers that give a good fit of the synthetic spectr
termined by the aperture size chosen for making the observatibmgach of the FOS spectra has also been given in detail in Pap
(see Table I). This flux is then corrected for instrumental effectsBriefly, given the geometrical parameters of the observation:
including grating scattered light and flat fielding (Ford 1985)Table I), a photochemical model, which includes condensatior
We have used the latest calibration files recommended by thss, is used to constrain the chemical and radiative propertie
Space Telescope Science Institute for each of the Cycle 1 aidhe jovian atmosphere, which is assumed to correspond t
2 datasets. This leads t0o~al0% increase in the albedo relathat determined by the Galileo Probe (Seiffal, 1997) at all
tive to those presented in Paper |. Dividing the measured fllatitudes. Through the specification of the vertical eddy mix-
by the solid angle gives an intensity, which is then divided bpng coefficient, an altitude distribution of the mixing ratios of
F to obtain the albedo (reflectance), whete is the solar flux UV-absorbing species is generated by the photochemical mode
at the time of the observations scaled to the distance of Jupitenrom this profile, a synthetic albedo is generated by solving the
This removes trends due to solar features (with the excepti@diative transfer equation for the intensity leaving the jovian
of ghost features arising from Raman scattering), thus leaviainosphere in the direction of the Earth. In contrast to Pape
information only about the absorption and scattering propertied)Raman scattering, which acts as an additional source of bot
of the planet itself. opacity and emission, has been rigorously included in our radia

The solar spectrum used here is the SUSIM solar spectrtirre transfer model to account for the redistribution of photons
measured onboard the Space Shuttle with a resolution of 0.05 tndifferent wavelengths (see Appendix for further details). This
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can act to reduce or increase the number of photons availabledoal ammonia distributions in a systematic fashion and rule ot
scattering out of the atmosphere depending on the wavelengthwanted cases.

The vertical mixing coefficient is determined by adjustkgin- The ammonia profiles are sensitive to two free parameters, tt
til the synthetic albedo matches the observations, giving valuafist of which is the vertical eddy mixing in the atmosphere. Sev-
first-order information about the dynamics of the atmosphereénal families of eddy profiles were used in this analysis. Thes
the vicinity of the tropopause. Further information on the choia®nsisted of profiles in which the mixing coefficients either were

of K is given in the next section. altitude independent, followed power laws, or contained a ledge
like transition from low mixing to high mixing within a relatively
OBSERVATIONS AND RESULTS small altitude region<€1 scale height). Using the photochem-

ical transport model, families of ammonia distributions were

Several of the Cycle 1 and Cycle 2 albedos are shown in Figgenerated resulting from these eddy profiles. These ammon
Note that the Cycle 1 albedos are larger by roughly 10% comprofiles were then used to generate a set of synthetic albedos
pared with those in Paper | due to the newer calibrations. Sinmemparison to the FOS data.
the scattering properties of the atmosphere have not changedy second important parameter in determining the ammoni
this increased albedo has the effect of shifting the ammordastribution is the temperature. This limits the maximum ammo-
distribution downward in the atmosphere compared with thosé abundance to the saturation vapor pressure of ammonia a
presented in Paper I. At 210 nm and for an overhead Sun, fr@vides an additional loss mechanism against which dynan
Rayleigh—Raman scattering optical depths of 1, 2, and 3 occuicl mixing must compete. As will be discussed later, adjust
142, 278, and 419 mbar, respectively, with the addition ofNHNng the temperature relative to the nominal temperature profil
increasing the total optical depth at all levels. Thus we consid@n altitude-independent temperature perturbation is assume
our results to be most valid from 100 to 275 mbar. Variations efong with the eddy mixing, is actually needed to obtain fits tc
the albedo with latitude and over the GRS region can be noteelveral of the FOS spectra.
and most likely result from a combination of latitude variations After using the entire set of eddy mixing profiles and tempera
of the altitude profiles of the absorbing molecules and geomaétre perturbations to produce a family of synthetic spectra, visus
rical viewing effects. Paper | gave a detailed description of thiespection of these spectra allowed us to choose the cases tl
various spectral features in the FOS albedos, so we summabtest matched the appropriate FOS albedo. Several of these f
only the important points here. From these spectra, the absaape shown in Figs. 2 and 3. The corresponding vertical distribu
tion features of acetylene and ammonia can be clearly discertieths of NH; (hereafter also referred to as the nominal profiles)
from their unique spectral signatures in the UV, at wavelengths a function of latitude are presented in Figs. 4 and 5 (see al:
<210 and>200 nm, respectively. However, due to grating scafable 11). Other distributions of ammonia produce poorer fits tc
tered light, the continuum on which the acetylene spectral sidpeir respective albedos. At pressures greater than 300 mbar, t
natures rest<€190 nm) is uncertain and somewhat subjectivemmonia profiles follow the saturated vapor pressure curve fc
making this region unreliable for determining species mixing given temperature profile. In all cases, thesNhixing ratio
ratios. At wavelengths greater than 200 nm, the uncertaintydeparts from the saturated NHrofile in the upper troposphere,
the continuum is much smaller, making this region highly valisince it is being depleted by photolysis. Note that this decreas
able for determining the altitude profile of ammonia. Beyondf the ammonia mixing ratio with increasing altitude combined
220 nm, the exact source of the continuum level is unknowwijth the Rayleigh scattering wavelength dependence is the ma
with the strongest candidate being aerosols, although other edmson for the lack of an Nfsignature at wavelengths less than
sorbers such as RHnay exist (e.g., Dashevsky and Caldwel200 nm even though the NHabsorption cross section happens
1998 and Paper |). Features superimposed on this continuumtarbe strongest (see Paper I). One can also see large latitudi
due to Raman scattering. [Note that the apparent feature locatadations in the ammonia profile amounting to over an order o
near 193.5 nm in the Cycle 2 spectra is thought to be an artifacagnitude in cases.
of the FOS instrument.] To determine the sensitivity of the fits to the ammonia mix-

The UV albedo variation with latitude seen in the atmospheieg ratio, the nominal Nkl profiles obtained in the above in-
of Jupiter is caused by two effects: differences in viewing georapection were scaled by a constant factor and the synthetic r
etry (e.g., solar zenith and Earth zenith angles) and the vertiiattance spectrum corresponding to the scaled profile was ge
distribution of the spectrally absorbing species and aerosols. émted. From this exercise, we find that changes largettRan
shown later, after taking into account the correct geometrica0% in the NH profile produce changes ofl /F > 0.005-001
parameters, fitting of the FOS data reveals that a variationinfthe synthetic albedos and hence depart from the FOS spe
the vertical distribution of the absorbing chemical species, ptia (compare this to the propagated statistical error shown i
marily NHz, with latitude is indeed required to account for thé&ig. 2). Other uncertainties in the NHnixing ratio may also
observed albedo latitude variation. In other words, use of theise due to errors in the measured cross section gf[M10%
same vertical profile of NElat all latitudes fails to reproduce (Chenetal.1999)]. However, since the relative uncertainty of the
all of the observed spectra. Thus, it is necessary to generate sdlvedo from latitude to latitude is determined by the propagate
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FIG. 1. FOS reflectance spectra taken of several latitudes in the northern and southern hemispheres of Jupiter. The top two panels refer to data take
Cycle 2 (June 5-6, 1993); the bottom two panels refer to data taken during Cycle 1 (May 19-26, 1992). See Table | for observation information.
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FIG. 2. Synthetic fits (bold lines) of the Cycle 2 FOS reflectances (solid lines) for (a) the Equator,”@®) &8l (c) 43S. (a) also shows the propagated
statistical error (gray lines) which is negligible for these observations. Larger errbrsl0%) exist in the absolute calibration of the data (see text).

statistical error, which is expected to be small for wavelengtlslarger uncertainty of a factor of 2—3 for the plAbundance,
>190 nm, the relative latitudinal changes in the Nidixing but will not affect the observed trends.
ratio (e.g., at corresponding northern and southern latitudes) arén the calculation of the synthetic albedos and photolysis rate:
expected to have an uncertainty-685%. The uncertainty in the effects of aerosols have been neglected. As illustrated |
the absolute calibration of the FOS spectr®{10%) produces Paper | (see Figs. 4 and 5 of Paper I), a minimum amount c

Albedo

0.20

I
8

Albedo

Albedo

G

(a) 13N

lllllllllllllll AT

o llltllm!lll

200 210 220

IIIIIIIIIHIIII

200 210 220

(c) SEB

= lllllll!l]l[mlll! ]

<3

200 210 220

Wavelength (nm})

FIG. 3. Synthetic fits (bold lines) of the Cycle 1 FOS reflectances (solid lines) for (d),1®) Great Red Spot, and (c) South Equatorial Belt.
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FIG. 4. Variation of the ammonia mixing ratio with altitude for various latitudes on Jupiter as derived from fits of the Cycle 2 FOS spectra. The do
dot—dash, and dot—dot—dash curves denote the saturated ammonia mixing ratios corresponding to temperature perturbations-e7 3, I8, exgpectively,
relative to the nominal temperature profile.
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FIG. 5. Variation of ammonia over the Great Red Spot and the South Equatorial Belt. Updated results derived from the Cycle 1 northern hemisphere d
also presented for comparison. Also shown are results derived from IUE observations of the GRS (dash—dot—dot—dot curve) and STZ (dash—dhicene) cc
by Wageneket al.(1986) and from IRTF observations of Z®(dashed curve) conducted by Latal.(1998). The dotted and dot—dash curves denote the saturate
ammonia mixing ratios for temperature perturbations of 0-abd, respectively.



TABLE 11
Ammonia Mixing Ratio and Eddy Diffusion Coefficient versus Latitude and Altitude

Latitude (*) Altitude (km) Pressure (mbar) Density (cm®) NH; mixing ratio  Eddy mixing (cm’s™)

13.0 20.0 4.19¢+02 2.37e+19 4.89¢-06 1.45¢+04
13.0 25.0 3.25e+02 1.94e+19 1.07¢-06 1.25¢+04
13.0 30.0 2.4%9¢+02 1.55e+19 3.68e-07 8.32e+03
13.0 35.0 1.89¢+02 1.21e+19 1.62e-07 2.53e+03
13.0 40.0 1.43e+02 9.33e+18 3.93e-09 5.30e+02
13.0 45.0 1.07e+02 7.00e+18 1.53¢-11 5.61e+02
18.0 20.0 4.19e+02 2.37e+19 4.89¢-06 1.29¢+04
18.0 25.0 3.25e¢+02 1.94e+19 1.07¢-06 9.22¢+03
18.0 30.0 2.49¢+02 1.55¢+19 3.68e-07 3.87¢+03
18.0 35.0 1.89e+02 1.21e+19 7.50e-08 4.67¢+02
18.0 40.0 1.43e+02 9.33¢+18 2.11e-10 4.59¢+02
18.0 45.0 1.07e+02 7.00e+18 3.93e-12 5.35e+02
15.0 20.0 4.19e+02 2.37e+19 4.89¢-06 1.45¢+04
15.0 25.0 3.25e+02 1.94e+19 1.07¢-06 1.25¢+04
15.0 30.0 2.49e+02 1.55e+19 3.68e-07 8.32e+03
15.0 35.0 1.89¢+02 1.21e+19 1.62e-07 2.53e+03
15.0 40.0 1.43e+02 9.33e+18 4.38e-09 5.30e+02
15.0 45.0 1.07e+02 7.00e+18 1.70e-11 5.61e+02
22.0 20.0 4.19e+02 2.37e+19 4.89¢-06 1.29¢+04
22.0 25.0 3.25e+02 1.94e+19 1.07¢-06 9.22¢+03
22.0 30.0 2.49¢+02 1.55¢+19 3.68e-07 3.87e+03
22.0 35.0 1.89¢+02 1.21e+19 7.41e-08 4.67e+02
22.0 40.0 1.43e+02 9.33¢+18 2.22e-10 4.59%+02
22.0 45.0 1.07e+02 7.00e+18 4.02e-12 5.35e+02
SEB 20.0 4.19¢+02 2.37e+19 4.89¢-06 9.08¢+03
SEB 25.0 3.25¢+02 1.94e+19 1.07e-06 2.51e+03
SEB 30.0 2.49e+02 1.55e+19 3.28e-07 4.78e+02
SEB 35.0 1.89¢+02 1.21e+19 8.18e-09 4.52e+02
SEB 40.0 1.43e+02 9.33e+18 2.13e-11 4.58e+02
SEB 45.0 1.07e+02 7.00e+18 1.42¢-12 5.35e+02
GRS 20.0 4.19¢+02 2.37e+19 1.43e-06 1.29¢+04
GRS 25.0 3.25e+02 1.94e+19 2.68e-07 9.22e+03
GRS 30.0 2.49e+02 1.55¢+19 8.12¢-08 3.87e+03
GRS 35.0 1.89¢+02 1.21e+19 5.31e-09 4.67¢+02
GRS 40.0 1.43e+02 9.33e+18 1.67e-11 4.59¢+02
GRS 45.0 1.07e+02 7.00e+18 1.44e-12 5.35¢+02
7 20.0 4.19e+02 2.37e+19 8.47¢-07 9.08¢+03

7.0 25.0 3.25e+02 1.94e+19 1.49¢-07 2.51e+03

7.0 30.0 2.49¢+02 1.55e+19 9.67¢-09 4.78e+02

7.0 35.0 1.89e+02 1.21e+19 3.09e-11 4.52e+02

7.0 40.0 1.43e+02 9.33e+18 1.95e-12 4.58e+02

7.0 45.0 1.07¢+02 7.00e+18 2.73e-13 5.35e+02

20.0 4.19¢+02 2.37e+19 7.42¢-07 1.41e+04

EQ 25.0 3.25e+02 1.94e+19 1.28e-07 1.19¢+04

EQ 30.0 2.49¢+02 1.55e+19 3.62¢-08 1.01e+04

EQ 35.0 1.89e+02 1.21e+19 1.20e-08 8.68e+03

EQ 40.0 1.43e+02 9.33e+18 2.45¢-09 7.14e+03

EQ 45.0 1.07e+02 7.00e+18 2.34e-10 3.04e+03

-6.0 20.0 4.19¢+02 2.37e+19 7.42¢-07 1.38e+04

-6.0 25.0 3.25e+02 1.94e+19 1.28e-07 1.13e+04

-6.0 30.0 2.49e+02 1.55¢+19 3.62¢-08 9.20e+03

-6.0 35.0 1.89e+02 1.21e+19 1.10e-08 7.24e+03

-6.0 40.0 1.43e+02 9.33e+18 1.44e-09 2.50e+03
-6.0 45.0 1.07e+02 7.00e+18 1.53e-11 5.20e+02

-10.0 20.0 4.19e+02 2.37e+19 7.42¢-07 1.45¢+04
-10.0 25.0 3.25e+02 1.94e+19 1.28e-07 1.25¢+04
-10.0 30.0 2.49e+02 1.55¢+19 3.62¢-08 8.32¢+03
-10.0 35.0 1.89¢+02 1.21e+19 7.56e-09 2.53e+03
-10.0 40.0 1.43e+02 9.33¢+18 5.46e-11 5.30e+02
-10.0 45.0 1.07¢+02 7.00e+18 2.72e-12 5.61e+02
-20.0 20.0 4.19¢+02 2.37e+19 4.89¢-06 7.00e+02
-20.0 25.0 3.25e¢+02 1.94e+19 1.07e-06 2.97e+02
-20.0 30.0 2.49e+02 1.55e+19 1.87e-07 3.40e+02
-20.0 35.0 1.89e+02 1.21e+19 1.12e-09 3.95¢+02
-20.0 40.0 1.43e+02 9.33e+18 6.73e-12 4.64¢+02
-20.0 45.0 1.07e+02 7.00e+18 6.92e-13 5.54e+02
-33.0 20.0 4.19¢+02 2.37e+19 7.42e-07 1.24e+04
-33.0 25.0 3.25e+02 1.94e+19 1.28¢-07 7.50e+03
-33.0 30.0 2.49e+02 1.55e+19 2.91e-08 1.45¢+03
-33.0 35.0 1.89¢+02 1.21e+19 1.88e-10 4.56e+02
-33.0 40.0 1.43e+02 9.33e+18 4.07e-12 4.58¢+02
-33.0 45.0 1.07¢+02 7.00e+18 5.62e-13 5.35¢+02
-43.0 20.0 4.19¢+02 2.37e+19 1.43e-06 2.57e+02
-43.0 25.0 3.25¢+02 1.94e+19 2.68e-07 2.89e+02
-43.0 30.0 2.49¢+02 1.55e+19 1.14e-08 3.31e+02
-43.0 35.0 1.89¢+02 1.21e+19 4.38e-11 3.83e+02
-43.0 40.0 1.43e+02 9.33e+18 2.29¢-12 4.49¢+02
-43.0 45.0 1.07e+02 7.00e+18 3.27e-13 5.33e+02
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aerosol loading is required to model the continuum at waveather than only solar-influenced variations, e.g., photolysis an
lengths longer than 220 nm. Assuming that the refractive indel//visible heating, which would tend to vary monotonically
derived from this portion of the spectrum does not vary withbout the subsolar point.
wavelength, the optical depth of the aerosols at wavelengthsThese eddy profiles exhibit the properties of having a rela-
shorter than 220 nm becomes negligible compared with thaely large value ofK (>1000 cnf s1) below the 500-mbar
of NH3 absorption (with the possible exception of the absorjevel, above which they drop to a minimura§0 cn? s1),
tion cross section minima at210 and~215 nm) and Rayleigh followed by an increase in value at still lower pressures until
scattering. Thus, the NHistribution derived by including this it merges with an eddy profile having a power-law density de-
haze is identical to that derived assuming no aerosols. Althougéndence which is extrapolated from Voyager results (Atreye
the existence of a distribution of aerosols with optical progt al,, 1981). One possible physical interpretation of this ledge-
erties that would have a larger impact on the derived ammlie structure is that it represents a transition from an unstable
nia profiles while also mimicking the observed spectra has negion to a stable region, much like that which occurs near the
been ruled out, we feel that assuming minimal aerosol influenEarth’s tropopause.
to be reasonable given the lack of physical constraints on thdt is interesting to note that for 43, a mixing profile of this
aerosol properties. Work is currently in progress to determitgpe was inadequate in generating an ammonia profile that fi
the range of aerosol properties that can be tolerated by the HB& data. For this region, it was found that a profile that sim-
spectra. ply follows a power law, e.g.n°®, gives a better fit of the
Figures 6 and 7 show the eddy mixing profiles which are neEOS spectrum. With this profile, the mixing drops to low values
essary, within the context of our one-dimensional photochemi¢at100 cnm? s~1). Values such as this may be an indication that
model, to produce the required NHistribution for each region. bulk motions may play a stronger role in determining the verti-
The strongest mixing is observed at the Equator e&t®ldur- cal motions as opposed to turbulent processes anithragy
ing Cycle 2, while the weakest is at4Bduring Cycle 2. Like not be the most appropriate parameter to use in the modeling
NHs, one can see a strong variation of the vertical mixing witAnother possibility is that aerosols may play a stronger role a
latitude, where, for a given altitude, the values can vary by sethis latitude and tend to obscure some of the ammonia actuall
eral orders of magnitude. For both vertical mixing and ammongaesent in this region.
abundance, the variation with latitude is not monotonic, but de-As mentioned above, several observations, e.g., GRS, 7
pends on the latitude and feature observed; e.g., compare Sl 10S, actually require the abundance of Nté be lower
and GRS. This suggests that regional convective activities méwan the nominal saturated profile for pressures greater tha
dominate the structure of the atmosphere near the tropopaR56 mbar. For each region, the synthetic spectra generated
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FIG. 6. \Variation of the eddy mixing profiles with altitude for latitudes in the southern hemisphere of Jupiter.
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FIG. 7. Variation of the eddy mixing over the Great Red Spot and the South Equatorial Belt. Results derived from the Cycle 1 northern hemisphere d
also shown for comparison.

constraining ammonia to the nominal saturated profile all lations (dePater, 1986) indicate that ammonia is depleted near tt
the contrast of the Nglbands seen in the FOS observationgatitude.
However, reducing the NHmixing ratio at pressures greater Spectra of 43\, 61°N, and 66N taken during Cycle 1 were
than 250 mbar will act to raise the continuum of the synthetghown in Paper | to be fairly flat over the entire wavelength
spectra. Adjusting the mixing ratio above this level will give theange with little to no discernible spectral signature of JNH
contrast of the ammonia spectral features. One possible waylteese spectral characteristics were best interpreted to be caus
accomplish this is to lower the temperature of the atmospheby, hazes at altitude levels where they can obscureg thlt is
thus reducing the amount of available ammonia at this levekesent lower inthe atmosphere. Inthe Cycle 2 observations pr
Since the final ammonia profile is a result of a balance betwesented here, we see that theM3Jpectrum has a much higher
mixing, photolysis, and condensation, the eddy mixing can stilbntinuum (in fact larger than that near the equator) and cor
be used to adjust the ammonia profile to give a fit of the FQ8ins much stronger NHabsorption features than its counterpart
data. In this analysis, the reason for the decrease igatdn- taken the previous year (Fig. 1). In fact, when compared wit!
dance has thus been interpreted as a local temperature decralimalos along the central meridian obtained from HST Wide
of roughly 2.5-7.5 K relative to the nominal model atmospherEjeld and Planetary Camera (WF/PC2) images (Fig. 8), the 43
which is feasible based on Voyager observations (Gierasah FOS spectrum is shown to be quite anomalous with an albec
1986). However, this does not rule out the presence of an wi-~0.4 at 230 nm, whereas the WF/PC2 images never excet
known dynamical/chemical process, e.g., heterogeneous che-25 due to hazes (Friedsehal. 1998).
istry, which acts to subsaturate the Ni¢lative to the nominal  Due to the combination of the single scattering albedo of :
profile. Either process could be true of the GRS region, whidkayleigh—Raman scattering.93 at 210 nm (Ford and Browne
has been observed to be more dynamically active region witB73)] atmosphere and the lower zenith angles of the incomin
both colder temperatures and a larger abundance of aerosols tvah outgoing radiation compared with those at lower latitudes
surrounding regions. the continuum level of a pure Rayleigh—Raman scattering atmc
Also one should note thatM is depleted of ammonia. Again, sphere (Fig. 9a) lies just above the observed spectrum, where
this may correspond to the observed region having a colder teran be see that the albedo of the synthetic spectrum is rough
perature. However, since the latitude is the home of several “lb#5. This sets an upper limit for the radiation leaving the atmo
spots,” the observation may actually correspond to one sugpphere. Adding Nklwill lower the albedo even further (Figs. 9b,
region in which the ammonia is depleted by some dynamicat). However, for all NH profiles considered, no satisfactory fits
mechanism not considered here. Furthermore, radio obsenathe data could be obtained as either the synthetic spectra h
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F218W Scans the complex index of refraction) for the aerosols. It should be
' ' ' ' stressed that the inclusion of aerosols introduces many free pi
rameters that are not well constrained by the data. Since th
radiative properties of the aerosol particles affect the overall ra
diative balance of the atmosphere and seem to play a larger ro
at high latitudes, this non-uniqueness may have an impact o
the derived ammonia distribution. Our simulations of theNt3
spectra indicate that small particles@001um ) must have
i very low absorption properties g10~7) in order to yield a sin-
0.00E: . . A . . . .
9 60 30 O 30 60 90 gle scattering albedo to make the synthetic albedo bright enoug!
Planetocentric Latitude Larger particles{0.01m) allow for an imaginary index of re-
fraction which varies linearly with wavelength fromrk10~*
FIG. 8. Albedo along the c_entral meridian atan _eﬁective wavelength oft 550 nm to k~10-5 at 190 nm. Larger particle sizes will
230 nm. These scans were obtained from HST Wide Field and Planetary Camera
2 images in the F218 filter on several dates (Friedsta, 1998). One can see ' _general allow for I_arger_values_ of k. |t_ sh_oul(_J be noted that
that for latitudes larger than 38, the albedo drops from typical midlatitude USINg the mean particle size, altitude distribution of aerosols
values 0f~0.33. and imaginary index of refraction of 0.045 derived by Moreno
and Sedano (1997) for 4R, results in far too much absorp-

only weak NH; signatures or the continuum level was loweliOn @nd consequently a very low albedeQ.05 at 210 nm).
than that of the observations. Thus, to obtain a signature gf NRUCD values with some adjustment may be used in describin
required to match the FOS spectrum ati3our single scatter- e Cycle 1 43N spectra, but not the Cycle 2 48 spectrum.
ing albedo must be larger. One way to accomplish this may betg€ €xact reason for the discrepancies of the\dSpectra is
add aerosol particles that scatter brightly relative to the ambigtknown at this time and is being investigated further.
atmosphere in the ultraviolet.

While our main goal in this paper is not to extract aerosol DISCUSSION
information to determine what kind of aerosol properties are re-
quired for 43N, we have nevertheless attempted to fit th&Nl3 A number of other observational studiesinthe UV and IR exist
albedo with various combinations of the average particle sizgith which our results may be compared. Direct comparison cat
altitude distributions, and refractive indices (1k}-wherek is be made with the results derived from UV spectra taken with the
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FIG. 9. Cycle 2 43N reflectance. These panels illustrate the difficulty in fitting synthetic spectra to thatNf &8 Synthetic spectrum (bold) for a clear
Rayleigh—Raman scattering atmosphere with no absorbers. (b, ¢) Synthetic spectra (bold) resulting from two different profiles of ammoniacititedhe
level can be matched, no runs yielded an ammonia profile that can mimic individual ammonia lines.
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International Ultraviolet Explorer (IUE) satellite (Combetsal. Rayleigh—Raman scattering and the rapidly increasing ammon
1981, Wageneet al. 1985, 1986). These observations compamgacity. However, above 300 mbar, we reach the same concl
the GRS, the South Tropical Zone (STZ), and the center of the gion that the NH mixing ratio over the GRS is depleted relative
vian disk (equator), albeit with poorer spatial (5—6 sec) and sp&o-most other regions including the SEB and 20egions.
tral (~1 nm) resolution. Combest al. (1981) attempted fitting  The IRTF data of Larat al. (1998) for the GRS imply that
several ammonia profiles, but uncertainties in the IUE data #éve NH; distribution at 380 mbar does not vary when comparec
lowed for a large range of uncertainty in their results. Wageneith other longitudes along the GRS latitude21°S), essen-
et al.(1986) found that the Niimixing ratio over the GRS is en- tially in agreement with the findings of the Griffiéit al. IRIS
hanced by a factor of 3—10 in the range 80-125 mbar compasethlysis. Larat al. note that for the GRS, the ammonia mixing
with the STZ and the disk center (see Fig. 5 which reproducestio at 380 mbar is 30% higher (only marginally greater thar
their altitude profiles). In general, we obtain smaller mixing raheir uncertainties) compared with neighboring latitudes alon
tios than those derived from the IUE measurements at a giviile same longitude~27°W, System ll). At this pressure level,
altitude level. These differences can be partially attributed to theeir NH;z mixing ratio peaks again near I8 and 36-39°S
use of different absolute calibration standards for the IUE amdth abundances greater than at the GRS latitude. At longitud
FOS spectra, since the brighter FOS albedos imply the ammohid>, while the NH; abundance is not much more different than
should be confined deeper in the atmosphere. Using IUE-basedthe GRS latitude, the NHabundance peaks betweer? @7
calibrations provided by STScl, as done in Paper |, the FOS spaod 30S with an abundance roughly twice greater than the GR!
tra do indeed give comparable results. However, we find that @bundance. These results indicate that the GRS does not stz
need less Nklin the GRS region than the surrounding regiongut as an exceptional region. Furthermore, comparison with th
as opposedto alarger abundance inferred from the IUE data. TREF SEB results at the same pressure levels indicates that ai
source of the difference may lie in a temporal/spatial variatianonia can exhibitlocal variations illustrating that caution shoulc
between their observations and ours. Furthermore, like Wageherused in making a general statement regarding the behavior
etal.(1985), since the Nki(and PH) opacity decreases rapidlyammonia from our SEB and GRS results. Unfortunately, no IF
with increasing wavelengths, we find that an additional absorbehservations of the 240-mbar pressure level for which a mor
quite possibly an aerosol, is needed to account for the continudirect comparison may be made in the photolysis region wer
at wavelengths longer than 220 nm. taken along the GRS longitude. Observations of such kind woul
Several infrared spectral lines of Nibere observed by Lara be highly desirable for comparison and for drawing a more com
et al.(1998) with the Infrared Telescope Facility (IRTF) in Janplete picture of the behavior of ammonia over the GRS.
uary 1991 for the southern hemisphere of Jupiter frofi5110 Both the Griffithet al.and Laraet al.results indicate that the
36°S at several lines of longitude. Their data suggest that a lonbjiHz profile is subsaturated (15-100% humidity) at 380 mba
tude dependence may exist in the mixing ratio (see their Fig. @yer most of the regions observed. Most of our model runs sho
Since our FOS measurements are along the CML at somewN&t; to be subsaturated just below the tropopause (located ne
random longitudes, it is difficult to totally correlate our result400 mbar), which we attribute to photolysis. We are not able t
with those of Larat al. Nevertheless, several comparisons catlirectly determine whether this is the case at the pressure leve
be made. For the 240-mbar pressure level, at several longjpserved at infrared wavelengths300 mbar) which lie below
tudes Laraet al. determine that the NpHmixing ratio peaks at the levels observed with the FOS, since thesNigacity rises
15-18S and decreases as one proceeds further south towaoidly with increasing pressure. However, the ammonia pro
30-35S latitude where the Npabundance is roughly 40 timesfiles at pressures where the FOS data originate are constrain
lower. This is in agreement with the general trend of decreasi(trough our photochemical model) by the mixing ratio of am-
ammonia as we move from the equator toward the poles derivadnia deeper in the atmosphere, where it is limited by thg NH
from the FOS data (compare EQ to°$3in Fig. 4). The IRTF- saturation vapor pressure. To test the sensitivity of our fits t
derived profiles tend to yield lower NfHabundances than ourthe degree of ammonia saturation, cases for 50%, 100% (d
results at pressure levels of 100-275 mbar where most of fiveed to be the saturation ammonia vapor pressure of the mod
UV photons originate (compare their &) 287W and 20S, atmosphere), and 150% saturation for the case oNA8ere
287W in Fig. 7 of Laraet al. to ours). This discrepancy mayrun. For supersaturation, an unlikely possibility, the model al-
be due to their lower sensitivity to pressure levels less than 26vs too much ammonia to be present in the photolysis regio
mbar (see Fig. 1 of Larat al.) or our absolute calibrations.  since the saturation effect becomes less constraining. This i
Griffith et al. (1992) derived the Ngland PH abundances creased ammonia gives alower continuum albedo over the enti
over the GRS and the surrounding STZ from observations takeavelength range making it impossible to fit the data. On the
with the Voyager Infrared Imaging Spectrometer (IRIS). Abther hand, saturation of 50% leads to a minimal increase in tf
300 mbar, NH was found to be depleted by 75% over the GR8ontinuum beyond 220 nm and leaves wavelengtB20 nm
compared with the STZ, for which they obtained a mixing rationaffected. Thus, the dominant effect of the degree of saturatic
of 1.5 x 10 . Unfortunately, the UV observations do not probén the lower atmosphere is the adjustment of the UV continuun
asdeep asthese IR observations due to the physical limitationkee®l which cannot be uniquely distinguished from the effect of
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absorption by aerosols without further observational constraintibrational energy state without destruction of the photon (e.g.
From these results, we can safely rule out supersaturationGafchran and Trafton 1978). This process either takes energ
ammonia, but the results are relatively insensitive to moderateay from the photon or causes it to gain energy dependin
subsaturation. Exceptions to these cases of moderate subsatiuthe nature of the molecular transition. Thus the photon ef
ration are the instances where a larger depletion (due to loviectively shifts to a longer or shorter wavelength, respectively.
temperatures) of Nkiis required to satisfactorily reproduce theThe number of photons shifted depends on the cross section ft
spectra (Figs. 4, 5). each Raman transition compared with those monochromaticall
(Rayleigh) scattered or absorbed and the population of the initiz
CONCLUSIONS energy states of the molecule. For Jupiter and Saturn, most of tf

molecular hydrogen in the troposphere resides injtad) (or-

The ultraviolet observations presented in this paper have bqgf) and j = 1 (para) rotational states of the lowest vibrational
used to derive the altitude distribution of ammonia and the V&fnergy statey(= 0) due to the low temperatures 200 K) in the
tical mixing coefficient at several latitudes in the northern af\?opospheres of the Giant Planets. Thus, most often hydroge
southern hemispheres of Jupiter. A direct observation of thelecules are excited to higher energy states and the photon
Great Red Spot and the nearby South Equatorial Belt, whighifted to longer wavelengths. Comparatively, and fortunately
forms its northern boundary, were also examined. The albegp quick numerical calculations, very few transitions toward
variations of the FOS are due not only to the geometrical changggrter wavelengths occur.
in the solar and Earth zenith angles, but also to real changes ifg treat Raman scattering, we must add a source term to th
the vertical distribution of NBwith latitude (Figs. 4, 5). radiative transfer equation (RTE) to account for the appearanc

Within the context of a one-dimensional photochemical M@ scattered radiation into the wavelength interval of interest anc
del, the strength of eddy mixing also needs to vary with latitudg|oss term for those photons scattered out of this wavelengt

(Figs. 6, 7) to generate the vertical distributions of NH is  pin. The radiative transfer equation then takes the form
obvious from these observations that the variations with latitude

are not monotonic. Instead, there is a strong variability that is dly(z, Q)
. . . . . . . /‘Lid )\'
indicative of local changes in the strength of convective activity. dz
How this might correlate with the belt-zone structure and local
dynamics observed lower in the atmosphere, i.e., nearthecloud = —» "n, (oiibs+ o+ Y aiffi‘ma’D ,(z, Q) da
tops, requires further observations with finer spatial resolution i K
and latitude sampling, along with more realistic modeling of 1 seat ) ) )
the dynamics and photochemistry of the lower stratosphere and t i Z n; o), ?{ Pi(z @, Q)(z, Q) d2'dr
upper troposphere of Jupiter. ! o4
Comparison with data taken in the infrared indicates several 1 1 1 Av

. . . . . . Rama K
discrepancies which may be due to longitudinal and/or time vari- + ym Z Z Ny (X v T)
ations or modeling of data. The most important difference is in ik
the NH; mixing ratios obtained for the southern hemisphere
which our data suggest are larger between roughly 150 and % R
300 mbar compared with those obtained from the IR measure- o4

ments. Compared with other nearby regions, IR observations ) i
of the GRS tend to indicate either a slightly greater ammon ere the sums are over all gaseous and aerosol spemitie

mixing ratios or even a depletion over the GRS. We are in agrédldparaydrogen are treated as individual species here); th
ment with the latter. This goes against physical intuition bas&fUms are over all Raman transitions of ttie species}, is

on arguments of greater upwelling expected in the GRS regibif Intensityz is the altitudey. is thebangle W'tt‘ respect to the
yielding a larger ammonia abundance. However, more efficief"tical: ni is the number density;3 and 5™ are the Cross
condensation processes in this region may be key to resolviiffions for photoabsorption and scattering, respectivgy> "
this paradox. Combined analysis of simultaneous UV and [RIN€ Raman scattering cross sectiamy is the frequency shift
observations of the same regions (latitude and longitude) m&4he k,th Raman transitions2 is the directional (solid) angle;
suring both ammonia and temperature may aid in resolving thénd*’ are the final and initial wavelengths, respectively; and
differences between the UV and IR results and further explafii€ Pix are phase functions.is the Dirac delta function.

ing the physical phenomena governing this relatively unexploredT0 solve this equation, the lastterm on the right—haqd side mus
region of the jovian atmosphere. be transformed from the wavelength interdal to the interval

dA. (Note that these intervals are infinitesimals. For discrete cal

APPENDIX: RAMAN SCATTERING culations, the intervals must be small enough such that the fol

lowing arguments hold.) These intervals can be easily relatec

Raman scattering occurs when a photon hits a molecule aince barring any broadening mechanism the energy interva
causes the molecule to enter a different rotational and®E, in which the photon resides, is constant during a Ramar

Ramanz Q, )1, (z, Q) dQ/d), (A1)
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shift. Equating the energy intervals around the original and ACKNOWLEDGMENTS
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