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Abstract

The in situ measurements of the Galileo Probe Mass Spectroif@&®MS) were expected to coraim the abundances of the cloud-
forming condensible volatile gases»®, H,S, and NH. However, since the probe entry site (PES) was an unusually dry meteorological
system—a 5-um hotspetthe measured condensible volatile abundances did owfthe canonical condensati-limited vertical profiles
of equilibrium cloud condensation modelsGEMs) such as Weidenisitling and Lewis (973, Icarus 20, 465-476). lestd, the mixing ratios
of H>S and NH increased with depth, finally reaching lvmixed equilibration leved at pressures far greateaththe lifting condensation
levels, whereas the mixing ratio ol in the deep well-mixed atmosphere could not be measured. The degmiXidg ratio (with respect
to Hy) of (6.64+ 2.54) x 10~4 from 8.9-11.7 bar GPMS data is consistent with thegNtrbfile from probe-to-orbiter signal attenuation
(Folkner et al., 1998, J. Geophys. Res. 1P3347-22856), which had an efifration level of about 8 barThe GPMS deep atmosphere
H,S mixing ratio of(8.9  2.1) x 10> is the only measurement of Jupiter’s sulfur aburmg with a PES equilibtin level somewhere
between 12 and 15.5 bar. The deepest water mixing ratio measureniStds1.6) x 10~ (corresponding to only about 30% of the solar
abundance) at 17.6—20.9 bar, a value that is probably much smaller than Jupiter’s bulk water abundaré/lfeatio in jovian NH
was measured @2.3+ 0.3) x 10~3 and may provide the best estimate of the protosolar nitrogen isotopic ratio. The GPMS methane mixing
ratio is (2.37 £ 0.57) x 10~3; although methane does not condense on Jupiter, we include its updated analysis in this report because like
the condensible volatiles, it was presumably broughitupiter in icy planetesimsl Our detailed discussion ofld@ation and error analysis
supplements previously reported GPMS meaments of condensible volatile mixing ratios (Niemann et al., 1998, J. Geophys. Res. 103,
22831-22846; Atreya et al., 1999, Planet. Space Sci. 47, 1243-1262; Atreya et al., 2003, Planet. Space Sci. 51, 105-112) and the nitrogel
isotopic ratio (Owen et al., 2001b, Astrophys. J. Lett. 553, L77-L79). The approximately three times solar abundangéatdidHvith
CH4 and HS) is consistent with enrichment of Jupiter's atmosphere by icy planetesimals formed at temperdfile$Owen et al., 1999,
Nature 402 (6759), 269-270), but would imply thagt®ishould be at least 3 solar as well. An alternate model, using clathrate hydrates to
deliver the nitrogen component to Jupiter, predict$iC: 9 x solar (Gautier et al., 2001, Astrophys. J. 550 (2), L227-L230). Finally we show
that the measured condensible volatile vertical profiles in the PESoaséstent with columnigetching or entrainig downdraft scenarios
only if the basic state (the pre-streethcolumn or the entrainment source region) is dbed by condensible volatile vertical profiles that
are drier than those in the equilibm cloud condensation models. Bhdryness is supported by numerous remote sensing results but seems
to disagree with observations of adg@spread clouds on Jupiter at pressure levelsigestiby equilibrium cloud condensation models for
ammonia and HiS.
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the cloud tops. In this paper we focus on the contribution of to be presentin the planetesimals that formed Jupiter in solar
Galileo Probe Mass Spectrometer (GPMS) data to our under-abundance, but neither nitrogen as (drobably the domi-
standing of the distribution of several of Jupiter’s principal nant carrier) nor argon are efficiently trapped in ice at the
minor species: methane and the condensible volatiles am-relatively warm (140 K) temperature at 5 AU in the protoso-
monia, water, and hydrogen sulfide. The bulk abundanceslar nebula. Finally, we compare measured PES condensible
of these gases are crucial constraints on the formation ofvolatile vertical profiles with column-stretching or entrain-
Jupiter. Our methane mixing ratio agrees with previous spec-ing downdraft model results, and based on this compari-
troscopic measurements, and our 9—12 bag Ntiking ra- son we conclude that condensible volatile profiles cannot be
tio confirms the approximately three times solar ammonia solely controlled by condensation as in Meidenschilling
retrieved at that level from studies of the probe radio sig- and Lewis (1973gquilibrium cloud model, a conclusion that
nal attenuation. No bulk abundance of$1has ever been applies to the surroundings of the PES as well as to the
obtained from remote sensing, so the GPMS measuremenPES itself. Additional mechanisms for modifying conden-
provides the only determination of Jupiter's sulfur abun- sible volatile mixing ratios must be invoked, perhaps includ-
dance to date. The probe entry site (PES) was within a 5-uming molecular weight stratification as suggestedGayillot
hotspot, an atypical region of Jupiter's atmosphere whose (1995)

characteristics include reduced cloud opacity and condensi-
ble volatile mixing ratios. The variation in GPMS-derived
H>S and BHO mixing ratios at depths far below the ex-
pected cloud levels for these gases yields one of the pri-
mary clues in the mystery of 5-um hotspot dynamics. Fi-
nally, we describe the analysis of GPMS data that provided
the jovian N'¥/N'# isotopic ratio presented iBwen et al.
(2001b) a value that is consistent with measurements by ISO
(Fouchet et al., 200@nd Cassini CIR®Abbas et al., 2004;
Fouchet et al., 2004)

In Section 2we present our method of analysis of GPMS
mixing ratios, with a full discussion of the sources of un-
certainty in the data. The presentation of gas mixing ratios
in Section 2represents an incremental improvement over
previously-reported GPMS results, with the primary contri-
butions coming from the more thorough error analysis de-

scribed inSections 2.1-2,2and a comprehensive correction and direct leak 2 (DL2a and DL2b) sequencBigure 1

for gas background contributions for water and ammonia. shows the timing of mass spectrometer experiments during

Niemann et al. (1998hereafter N98) gave the initial analy- . . i
sis of the GPMS data, and a detailed comparison betweenthe probe descent, along with ambient temperature and pres

the present results and the N98 mixing ratios is givedan- sure measurements frogeiff et al. (1998)
tion 2.3

Section 2.4describes our determination of theN/4N
isotopic ratio. We use GPMS measurementsdiH; * and

2. Analysis

Previous GPMS publications have described the instru-
mentation(Niemann et al., 1992, 199&arlier data analysis
(Niemann et al., 1996, 1998; Mahaffy et al., 199IN/1*N
isotopic ratio(Owen et al., 2001b)and uncertainty esti-
mates(Wong, 2001) We present an overview of GPMS
data analysis considerations3®ctions 2.1 and 2at are
relevant to the results presentedSection 2.3 noting ad-
vances provided in this paper. Although GPMS data analysis
is not computationally or mathematically complex, metic-
ulous care must be taken to properly account for distinct
instrumental and physical effects. Most of the discussion
here centers on the portions of the GPMS experiment that di-
rectly sampled Jupiter’s atmosphere: the direct leak 1 (DL1)

2.1. GPMSerror analysis

Py The GPMS measured counts per integration period
NH;™ at mass/charge values of 8.5 and 9zmrespec-  cquntsiPl) of all molecules, molecular fragments, and

tively (where mis in units of Dalton and=z 1 forasingly  5toms at atomic mass-to-charge ratios from 2 to 15@.m
charged ion), since the primary peak'8NHs at mass 181S  For g mass-to-charge ratio ofm/z, we denote the mea-
mals5kec114by.th'e signal from2®. The GPMS determination  greq counts per integration period[ag. In order to dis-

of N/*N is in excellent agreement with the most recent (4 ish between the effect of changes in abundance and
remote sensing results from the Cassini Composite Infraredinq effect of changes in pressure on a particular count rate,
Spectromete(Fouchet et al., 2004; Abbas et al., 2004t we also require the counts per integration period, [ref], of
samples deeper in the atmosphere. Our concluding remarks,, atmospheric reference gas (N98). Then the number mix-

in Section 3support the conclusion @wen et al. (2001b)  jng ratio with respect to hydrogemsp, of the atmospheric
that the jovian atmosphere has preserved the protosolar Ni-species can be derived using the relation

trogen isotopic ratio, a somewhat lower value than the ratios

on terrestrial planets. The GPMS confirmed and/or discov- wep= Tsp _ i?refﬁ = Ccir/’ref[x Jrefl, (1)

ered an approximately 3 times solar enrichment of nitrogen, nH, [ref]

sulfur, carbon, xenon, krypton, and argon, providing a key where cc is called the calibration constant for historical rea-
constraint on theories of the formation of Jupiter and the gi- sons (even though it actually varies with pressure for some
ant planets. In particular, the nitrogen and argon enrichmentsgases), andx{/ref] denotes the count ratipc]/[ref]. Cali-
present a puzzle, because the enrichment requires the gasdwation constants are obtained from experiments performed
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Fig. 1. GPMS experimental sequence. The source sampled by the massmspesatie shown in (A), as a function of sequence step number (G; each step is
0.5 sec). Enrichment experiment events are shown in (D), (E), and (F), wéreoval of much of the hydrogen from tsampled gas allowed the detection

limit for various heavier gases to be substantially decreased\{segann et al.,
profiles are taken frorgeiff et al. (1998)

using either the GPMS flight unit (FU) in 1985 before the
launch of Galileo, or the experimental unit (EU), an identical
spare instrument that is currently still functioning at NASA
GSFC. Calibration constants for methane, ammonigs,H
and water are discussed beldvits to the calibration data

1992, 1998&r more information). Descent pressure (B) and temperature (C)

iment count ratios, but is significant mainly for gases with
large exponentially decaying background contributions such
as ammonia and water, and gases with very low count rates
of on the order of 100 countsT® or less.

Poisson-distributed statistical noise, with a theoretical

showed a dependence on pressure f@fﬁ.‘& and cﬂi"g/cr)ef. measurement uncertainty equal to the square root of the
For ammonia, F/"ﬁef was found to be constant with pres- counting rate, is significant mainly for data in the range of
sure, although some variation was seen as a function of the100 countsIP? or less. In the GPMS, the statistical un-
ammonia mole fraction in the calibration gas mixture. Cal- certainty departs from the Fssion distribution and reaches
ibration constants are derived from calibration experiment an approximately constant value of 0.49% at high counting
count ratios and mixing ratios via the formula: rates, but at these high count rates, statistical noise is by far
o [ref] Href the smgllest source of uncertainty. o
Coref= 11 — At high count rates (see below), the uncertainty in the
[x] labtH2 deadtime correction constant, becomes an important
Estimation of GPMS mixing ratio uncertainties involves source of error. An equation commonly used to provide a
combining several distinct error contributions from every deadtime correction for pulse counting systems,
factor in Egs. (1) and (2)We discuss each source of un-
certainty individually below. [¥lobs= [xJine )

A separate background count rate was subtracted for eactwas found to well represent the behavior of the GPMS ion
value of the mass to charge ratio in the GPMS data. In or- counting detector system, wheleli, are ions incident on
der to measure this background contribution, measurementghe detector angix]ops are the observed counts. This dead-
were taken at specific intervals during the probe descent,time effect is a result of the finite recovery time of the pulse
with the mass spectrometer isolated from all gas sourcescounting system; during the recovery “deadtime” any in-

ftsp

(2)

lab’ref Jup

—7[x]in ,

(denoted as “bkgnd” irFig. 1; see alsoNong, 200). For
[34], the main peak of biS, a constant background level

coming ions are not counted (sE&. 2). At high detector
ion currents, an appreciable fraction of the counts will be lost

was subtracted, but for water, ammonia, and methane, expo-during the detector deadtime. As the incident ions continu-

nentially decaying contributiongere subtracted. The uncer-
tainty in this background level contributes to the error both in

GPMS descent count ratios as well as in calibration exper-

ally increase, observed counts will reach a maximum (at the
detector saturation point) and then begin to decrdagea-
tion (3) can be differentiated and solved foin terms of the
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Fig. 3. Contours show the uncertainty in GPMS count ratigref] as a

deadtime-saturated case bivariate function offx] and [ref], due to the uncertainty in the deadtime
coefficient, assuming a deadtime coefficient@f= (3.86+ 0.46) x 1078.

Fig. 2. lllustration of pulse pile-uphtt contributes to the loss of detec-

tor efficiency at high count rates. The current pulse produced for each ion where the deadtime coefficient used to correct each count ra-

reaching the detector is converted to a voltage pulse by the pulse amplifier . . . . . .
circuit and measured by a threshold detector. For those cases where the sigJEIO is indicated as either or  + Az. Figure 3shows a plot

nal does not drop below this threshold (horizontal dashed line) at high ion Of the quantityocr as a bivariate function of uncorrected

currents, the ion pulse is not countd&huation (3)corrects for this effect. count rategx] and [ref], for an uncertainty o, = 12%
andz = 3.86 x 108, Note that as [ref] increases towards
observed counts at detector saturation (fielps): the asymptote located atBx 10°, the uncertainty increases
rapidly. This asymptote is the maximum in observed counts
= 1 ) () corresponding to the deadtime constant chosen; using dif-
e - max([x]obs) ferent values ot will move the location of the asymptote.

Thus any mass spectrometer dataset that exhibits detectoksing differentvalues of; will change the scale on the con-
saturation can yield an estimate of the deadtime constant,tours. Regardless of the valuesmo&ndo-, the lowest errors
which has units of IP counté. The GPMS had a 0.5-sec  caused by deadtime uncertainty occur either when the count
integration period. ratio is close to unity (the diagonal white stripekig. 3),
The detector deadtime charadstics are different for ~ OF when uncorrected count rates are low (j.e],< 5 x 10°
every detector, so it is essential to determine the appro-countsiP?).
priate deadtime correction for a given detector using data  Neutral molecules entering the mass spectrometer are
taken from that same detector. In addition, some laboratory iohized by an electron beam, with most molecules splitting
experiments demonstrated a change in the deadtime correcinto fragments and producing peaks at several different mass
tion over time. For the flight unit, two datasets are used to t0 charge ratios. Mass interference can be a problem when
determine the appropriate correction. In the proto-flight ex- Multiple gases have peaks at the same nfégsire 4shows
periment (PFU) conducted in the laboratory before launch, the overlapping mass specsdammonia, water, methane,
[2] approached a maximum of 10,788,864 countsifear ~ and argon, with the primary peak of each gas normalized
11 bar in the probe descent, interpolation of [2] data indi- to unity. Data for these spectra were obtained in EU experi-
cate a maximum of 8,520,851 counts P For correcting ments, and both the experiments and the GPMS Jupiter data
flight-unit data, we use the mean of the deadtime constantsPresented here used an ionization energy of 75 eV. The frag-
calculated from these count maxima and use the differencemMentation patterns ifrig. 4 are molecular properties that
as an estimate of the @-uncertainty in the result, i.e., theoretically should be a function only of the energy of the
T = 3.86 x 108 with a 1o uncertainty of 12%. ionizing electron beam. A nsa spectrum of a gas sample
Since implementing the deadtime correction involves nu- containing water, ammonia, methane, and argon will be a
merically solvingEq. (3) we have no analytical expression linear combination of the fragmentation patternd-ig. 4,
for the uncertainty in a counatio resulting from uncer- ~ and can be represented algebraically as:
tainty in the deadtime coefficient. Rather, in order to estimate _
the relative erropcr in the deadtime-corrected count ratio [16len, + ¥ [1 71Nk, + 8[1814,0 = [16],
[x/refl’ due to a changér in the deadtime coefficient, BI16lcH, + [17INH; + a[18]H,0 = [17],
we take the following approach: n[36] + [18]H,0 = [18], (6)

Lx/refl, — [x/refl, .. where for example [17] represents observed countyatm
OCR= [x/ref]’ ' ®) 17, and[17]nw, are the corrected counts due only to ammo-
T
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Fig. 4. Normalized mass spectrum of water, ammonia, methane, and argofyration of mass-to-charge ratio. Data sources are EU experiments,(argon
water, ammonia) and the NIST MSDB v4.5 (methane). Foastiabeled by Greek letters correspond to constants udegsin(6) and (7)

nia. Then solving for the corrected coufls]yn, in terms and thex-axis is pressure in the laboratory gas circulation

of the splittingfractions and the observed counts yields: system. Lines connect calibration constant values that were
taken in a single calibration experimental run. The fitted cal-
17] — B[16] — (@ — BS)([18] — n[36
[17INHg = (7 - pU16) (1_13'5;/ A ]). (7) ibration constants, which we use in the final GPMS mixing

. ] ) ratio analyses, are depicted as thick black lines, with light
In the EU experiment which was used to determine the spading indicating the &-uncertainty envelope in the fitted

methane fragmentation pattern, splitting fraction measure- cgjipration constants. Vertical shaded stripes labeled “DL1,”
ments had standard deviations ranging from 0.6 to 2.9%.«p| 25" and “DL2b" represent the pressure ranges in the

Comparing fragmentation patterns obtained from both the cajipration runs corresponding to the intervals of probe data
GPMS EU and the MSDB v4.5 (NIST/EPA/NIH Mass Spec- that directly sampled the jovian atmosphere (i 1). In

tral Database, version 4.5, 1994, Gaithersburg MD: U.S. De- tapje 1 details of the individual calibration runs are pre-
partment of Commerce) reveals differences for many gasesggnted. In experiments listed Fable 1as following a de-

on the order of 10%. In fact, for many molecules the MSDB  gcent simulation, pressure was increased over time. In earlier
contains fragmentation pattern records obtained by differ- experiments (no descent simulation), laboratory gas pres-
ent laboratories, and 0-10% discrepancies in fragmentationg,.es decreased with time.

pattern values are typical. However, since the GPMS ex-  £igyre 5shows calibration data for methane, which we
perimental unit and flight units were very similar, we do 1 aaqre using both thil6/4] (panels (A) and (B)) and
r}ot expect such a large difference between thg fragmenta-[13/4] (panels (C) and (D)) count ratios. For direct leak 1
tion pgttems they produce. Thus for fragmentatlon'patterns(panelS (A) and (C)), metharelibration constants exhibit
used in this analysis, we assume an average relative UNCery jnitia| decrease with pressure/time, followed by a more

tainty for all splitting fractions of 5% (e.gap = 0.058). constant phase. To obtain the final DL1 calibration constants,

This assumed uncertainty is an intermediate case between) o o eraged only the last several points of each calibration
the 0.6—-2.9% standard detian of methane splitting frac-

. . . run, to reduce the influence of the low-pressure transient
tlons_ln the EU, and the differences o_n the order of 10% effect. For the DL2 data however (panels (B) and (D)), ob-
from instrument to instrument as seen in the MSDB.

served calibration constants were largely constant, so all da-
tapoints were included in the final average. We first obtained
an average calibration constant for each individual calibra-
tion run, and then took the mean of these averages to get
the final value. Then the standard deviations in the final av-
erages reflect the variation in the calibration constants from

were done between 1996 and 2000, using the flight Spareexperiment to experiment, providing the best estimate of the
experimental unit. Calibration constant data are shown in uncertainty in the callbratlon constants. We f'n(&%.:
Figs. 5 through 8Calibration constants for each gas un- (1.38=+0.21) x 1072 in DL1 and (1.20+0.22) x 1072 in

der consideration will be discussed separately below. In eachDL2, and crfs'f/"i1 =0.428+0.084 in DL1 and 0469+ 0.099
plot in Figs. 5 through 8the y-axis is calibration constant, in DL2.

2.2. GPMScalibration constants

One of the primary sources of uncertainty in every GPMS
mixing ratio is the calibration constant, definedBns. (1)
and (2) Laboratory calibration experiments discussed here
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Table 1
Calibration experiments
Experiment Gas mole fraction Calibration Leaks Descent
Hy He CHy NH3 H,0 HoS constants simulation
EU-001006 &3x101 131x101 216x 1073  481x 1074 0 CHs,NHy 2 yes
EU-000808 ®&8x 101  143x101  177x103 426x 1074 0 CHs,NHz 1,2 yes
EU-000630 ®3x 1071  1305x10°1 206x103 242x 1074 0 CHs,NHy 1,2 yes
EU-990513 &2x101  135x101 183x 1073 210x10% 208x10°° 0 CHs,NHy 1,2 yes
EU-990428 &0x 101 136x101  180x103 230x10% 207x10° 0 CHa 1,2 yes
EU-970630L1 &1x101 127x101  196x103 0 0 0 CHy 1 no
EU-970630L2 &7x101 131x101 207x10% 0 0 0 CHy 2 no
MIX97_D 888x10°1 110x10°1 1.90x 103 9.00x 104 695x10° 0 H,0 2 no
MIX97_G 888x 1071 110x101 1.87x103 879x10% 686x10° 0 HoO 2 no
MIX97_H 887x101 110x101  192x103 957x10% 133x10% 0 H,0 2 no
MIX97_K 8.64x 101 134x101 191x 103 229x104 6.82x10° 0 H,0 2 no
MIX97_L 8.64x 101 134x101 191x103% 0 6.93x 107> 0 HoO 2 no
MIX97_N 865x 101 132x10°1 1.89x 103 238x103 6.85x10° 0 H,0 2 no
MIX97_S 864x 101 134x10°1 1.89x103 0 133x10% 0 H,0 2 no
MIX97_U 864x10°1 134x1071 1.90x 1073 232x10% 132x10% 0 HoO 2 no
MIX97_Y 8.66x 1071 130x 101 1.89x 103 222x103 132x10% 0 H,0 2 no
EU-961129 ®1x101 137x101  159x103 0 0 215x 105 H,S 2 no
EU-961123 &2x101 139x101 o 0 0 217x107°  H,S 1,2 no
. . S S T T T T

The H:S calibration constants ?j“ﬂ and cgj;,,5 are 0.0006 - 1
shown inFig. 6. For experiment EU-961129 (triangles in  _, I
Fig. 6, see alsoTable 1), both methane and helium were g
included in the calibration gas mixture, so calibration con- =
stants were derived for both reference gases. Helium was £ R i
the only reference gas present in the EU-961123 calibra- § ]
tion mixture, so calibration constants were derived only for § '
the count ratio[34/4]. The two runs are in good agree- 2 4002} i
ment for ¢ 534. We tested the linear correlation coefficients £
(Bevingtgn and Robinson, 1992, p. 198} both the 055/54 % !Hﬁ
and cé‘j 13 datasets, finding in both cases an approximate © 11
98% probability that the calibration constants are linearly % 0.0000 i
correlated with pressure. For the?ﬁ 5 data shown in | DL2: DL2b |
Fig. 6B, the largest contribution to the plotted uncertainties S ERRREE ) B

comes from the uncertainty in the jovian methane mixing ra- 5 Pre;é)ure (bar)15 20

tio. Since this uncertainty has a coherent systematic effect on

all the datapoints, it is an indication of the uncertainty in the Fig. 7. Pressure-varying GPMS catiion constants for water. Nine cal-
value of the final calibration constant rather than an indica- ibration runs were combined to obtain the fits, with calibration mixtures
tion of an uncertainty in the functional form of the fit. The ~containing water mal fractions of about % 10~° and 13 x 10~%, as well

. as varying abundances of ammonia and near-jovian abundances of hydro-
observed contrast in slope between thgjﬁcand c 2/5’13 gen r:i"fm and methane (sEable 1 ) Y

calibration constants is due to the pressure dependence of the

counts from the reference gases helium and methane. From
Eq. (2) it follows that 6.8 x 107°to 1.3 x 10~* (seeTable 1. We noticed a varia-
HaS tion in the water calibration constant as a function of the wa-
CC34/4 N [;4] . CHy (®) ter mole fraction in the experimental gas mixture, so the cali-
C%Hﬁ/s13 [13] 34 bration runs shown here were chosen because they provide a
closer match to the retrieved PES water mole fractions than
so the difference in the sign of the slopes 0?1/52 and the calibration runs with water mole fractions of410~>
c%'jfls is consistent with our finding that %’}‘}1 is constant  and 102 (described inWong, 2001 but not shown here).
with pressure. Measuring ammonia mixing ratios with the mass spec-
Figure 7shows data from nine calibration experimentsfor trometer is very challenging due to the strong wall interac-
water, for the[18/13] count ratio. As with the calibration  tions between polar N¥imolecules and the vacuum pump-
constants for HS, we find that czlg/olg depends on pres- ing system; ammonia essentially “sticks” to the walls. For
sure. Water mole fractions in these experiments ranged fromthis reason, only one of the three GPMS direct atmospheric
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of cc in Eqg. (2). Given the magnitude of the background
correction and the scatter from calibration run to calibra-
tion run, we chose to fit the ammonia calibration constant
as an average value. Calibration constants for experiment
EU-000630 (squares irig. 8) were considerably larger than
for other experiments, so the data are shown but not in-
cluded in our preferred average calibration constant value
of cc735= (1.23 0.46) x 10~%. Inclusion of EU-000630
data would increase both the calibration constant value and
uncertainty to cwig = (1.58+ 0.92) x 10~4, but the dou-
bling of the uncertainty provides justification for dropping
the EU-000630 data as an outlier.

2.3. GPMSmixing ratios

2.3.1. Methane mixing ratio
The methane mixing ratio at Jupiter is displayeéig. 9.

background corrections have already been subtracted from the data. Ex-Triangles show mixing ratios derived froft6/4], and cir-

periment EU-000630 (squares) was lexied from the final average but is
shown here for completeness (&ection 2.2

measurements yields a useful result. For the DL1 experi-

ment, the indirect beaming ofg into the mass spectrometer
prevented ammonia measuremefigemann et al., 1996)

cles show mixing ratios derived frorf13/4]. Squares in
Fig. 9 show the methane mixing ratio derived frdih6/4]
without performing the correction for mass interference
from other gases. Since there was no ammonia or water sig-
nal in DL1 (0.5 to 3.8 bar), the mass interference correction
is significant only in DL2a. The methane mixing ratio de-

Shortly before the DL2a and DL2b experiments, enrichment rived from[16/4] is the same in DL1 and DL2a, while the
cell experiments saturated the system with large amounts ofmixing ratio derived froni13/4] is 10% higher in DL1 and

ammoniaFig. 1). Then at the beginning of DL2a and DL2b,

20% higher in DL2a. Because higher [4] in DL2a leads to

the influx of hydrogen from Jupiter's atmosphere acted to larger deadtime correction ersy and the disagreement be-
desorb the ammonia remaining in the GPMS and producedtween[13/4] and[16/4] is greater in DL2a, we obtain our
large ammonia background residuals that contaminated thepreferred methane mixing ratio using the DL1 data. The
direct atmospheric signal. These residuals decay with time, lower mixing ratios at pressures less than about 1.25 bar
and for DL2a we are able to model the direct atmospheric are due to the same transient effect that in the laboratory

and time-dependent background components, such that

[17)=[17]" + a exp(B1), 9)

leads to the larger calibration constant values seen at simi-
lar pressures ifrig. 5, so our mixing ratio averages exclude
points at pressures less than 1.25 bar in DL1. The average

where the constant [17] is our estimate of the direct at- methane mixing ratio i§2.55+ 0.62) x 10~3 obtained from
mospheric component. Several other functional forms were [13/4] alone and2.33+ 0.55) x 10~2 obtained fron{16/4]

tried, including terms in [17] that were proportional to time

or to reference gas counts such as [13]. From all the func-

tional forms tested, we select&d,. (9)because it is simplest
and because it gives the best fit (i.e., lowest valug 9fto

alone. Our preferred value, listed ifable 2 is (2.37 +
0.57) x 10~ obtained from botli16/4] and[13/4] in DL1.
This methane mixing ratio is comparable to mixing ratios
from independent analyses, such(@95+ 0.22) x 103

the GPMS DL2a data. The descent simulation used in thefrom the Voyager IRIS analysis @autier et al. (1982and

ammonia calibration rung={g. 8) included an enrichment
cell 1 and noble gas cell simulation, which flooded the EU

(2.54 0.4) x 102 from ground-based spectra in the 1100—
1200 cnt! range byKnacke et al. (1982)Previous analy-

mass spectrometer with ammonia, so that the backgroundses of GPMS data yielde@.1 + 0.4) x 10~3 in N98 and
residuals for the DL2a calibration would be analogous to the (1.9824 0.048) x 102 in Wong et al. (1999)The current

DL2a flight data. Calibration data displayedHigy. 8have al-

result benefits from both improved calibration experiments

ready been corrected for this background contribution. The (including the simulation of the pressure increase over time)

parameters andg in Eq. (9)varied from run to run, but in
each case the background residual was larger tha@h for

the first two to six minutes. Note that calibration constant
values seem to increase with pressurEig 8 The increase

as well as a more comprehensive error analysis, so although
it is not normally considered progress to enlarge uncertain-
ties in a result, we consider the current result a more fair
estimation of the possible error than the previously published

can be understood as an artifact of the functional form of our estimates. Using\nders and Grevesse (1989 a reference

background residual; since we assume a con$iafit and

for this and all other solar composition comparisons in this

reference gas counts [13] increase with pressure, the calibrapaper, our analysis yields a supersolar jovian methane en-
tion constant must increase with pressure (by the definition richment of 327+ 0.78.
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Fig. 9. GPMS CH mixing ratio measurements. The mixing ratio statedaile 2is an average of mixing ratios derived frdrh6/4] (triangles) and13/4]

(circles) in DL1.

Table 2
Deep jovian mixing ratios from GPMS data
Gas Mixing ratié* Ratio to sola? Comparison tdNiemann et al. (1998)
CHgy (2.37+£057) x 1073 3.27+0.78 Value increased by 12%.
Uncertainty increased by 42%.
NH3 (6.64+2.54) x 1074 2.96+1.13 Value decreased by 71%.
Measurement is no longer an upper limit due to improved background correction.
H»S (89+21) x10°° 2.75+0.66 Value increased by 15%.
Uncertainty increased by factor of 4.
H>O (49+16) x 1074 0.2894 0.096 Value decreased by 18%.

Measurement is no longer an upper limit due to improved background correction.

& With respect to hydrogereg. (1).
b Using the solar composition given Anders and Grevesse (1989)
¢ See text for more details.

2.3.2. HaSmixing ratio
The HS mixing ratio was observed to increase with pres-

sistent with previously stated GPMS deeg3-mixing ratios
(Atreyaetal., 2003, 1999; Wong et al., 1999; Niemann et al.,

sure throughout DL2a (9-12 bar), reaching a higher value in 1998) but has a larger uncertainty to reflect the more thor-

DL2b (p > 16 bar; sed-ig. 10. Mixing ratios based on both
[34/13] (squares) anfB34/4] (triangles) are plotted. The net
uncertainties in the DL2a #5 mixing ratios are compara-
ble for both series. Thg34/13] data suffer from a greater
uncertainty in the reference gé@methane) mixing ratio. The
[34/4] data have a larger uncertainty due to uncertainty in
the deadtime coefficient, sindeet uncorrected helium refer-
ence gas count rate ofs610°, compared to the [13] count
rate of about 4x 1C°, puts the count ratio in a region of
greater uncertainty (sefeig. 3). Using the average of 45
mixing ratios derived froni34/4] and[34/13], we find that
H,S in DL2a increases fror9.4 + 2.2) x 10-° at 8.68 bar
to (4.8+ 1.1) x 10°° at 11.50 bar. In DL2b, deadtime sat-
uration of the helium count rate makg®4/4] very uncer-
tain, so we estimate theJ)3 mixing ratio from the first four
[34/13] points and obtain a deep mixing ratio valug®0+
2.1) x 1072, or (2.75+ 0.66) x solar. This estimate is con-

ough error analysis in this work. Although phosphine makes
a contribution to mass 34, the contribution is estimated to be
around the 1% levgWong, 2001)and thus is negligible in
view of the stated uncertainties. Since we use methane as a
reference gas and derive our deepSHmixing ratio from
[34/13], we must assume a value for the jovian methane
mixing ratio (seeegs. (1) and (9) We useduvcH, = (2.37+
0.57) x 1023 as described above, but readers preferring a dif-
ferent jovian methane mixratio should multiply our HS
mixing ratio (or the water or ammonia mixing ratios below)
by their preferred jovian methane mixing ratio and divide by
2.37 x 1073 in order to make the correction.

2.3.3. Water mixing ratio

GPMS water mixing ratio is plotted iRig. 11 Given the
magnitude of the mixing ratio uncertainties, we cannot re-
liably determine a change in mixing ratio as a function of
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Fig. 10. GPMS HS mixing ratio measurements. Mixing ratios derived frg84/4] (not shown) are unreliable in DL2b, due to saturation of [4] from helium.
The last DL2b mixing ratio measurement may suffer from the unanticipaggdtemperatures encountered by theher at the end of its descent. The GPMS
did not detect HS in DL1.

pressurevithin either the DL2a or DL2b intervals, although 10'2§ | ' ' '
we easily conclude that the DL2b mixing ratio is about an C
order of magnitude greatehan the DL2a measurement. [ Solar H,0
Shaded regions ifig. 11lindicate our water mixing ratios @ _

—5 —4 T 4 3L GPMSDL2b
of (4.7+1.5) x 10 at 11-11.7 bar an#.9+ 1.6) x 10 = : Bilepeetndts O
at 17.6—20.9 bar. Our deep measurement corresponds to ag C } } f ]
abundance of @9+ 0.10 solar. The current value is about o i ]
45% lower than stated iWong (2001) and Wong and Ma- £ gk

GPMS DL2a
measurement

it

haffy (2001) although still within the stated uncertainty. The W

pressure dependence of the water calibration constant was
the major uncertainty in these previous works, and the cur-

Solar H,O
condensation level
]

rent value represents the best determination that can be mad 5
with the existing water calibration data. Our current result is 0 5 10 15 20
also slightly lower than the N98 value (8.6 +2.5) x 104, Atmospheric Pressure (bar)

altho|u9h still CO;SIStent with Ilt' S.Ir:jce thehprelzllmlnary ﬁ98k Fig. 11. GPMS HO mixing ratio measurements. Due to the large uncer-
result was stated as an upper limit due to the large [18] bac “tainty in the water calibration constant, our best recommendation is an

ground residual, which has now been modeled and removedaverage mixing ratio for DL2a, and a second value for DL2b (shaded rec-
tangles). The GPMS did not detect water in DL1.

2.3.4. Ammonia mixing ratio

The GPMS measurement of [17] is showrFiig. 12and mixing ratio must decrease with pressure. Thus, we must
is used to derive the ammonia mixing ratio. Mass interfer- emphasize that the decrease in the GPMS-derivegliNix-
ence effects from methane, water, and argon (ff6Art+ ing ratio with pressure ifig. 13is an artifact of the analysis,
at [18]) must be taken into account, as well as the time- and not an actual determinatiohapressure variation. Our
varying contribution from ammonia molecules desorbing off GPMS analysis provides only an average NHixing ra-
the walls of the mass spectrometer. The mass interferencdio of (6.64+ 2.54) x 10~* over the 8.9-11.7 bar pressure
correction (the difference beegn the triangles and circlesin  range of the DL2a ammonia measurements, represented by
Fig. 12 increased with pressure because [18] from water in- the shaded rectangle iig. 13 This mixing ratio corre-
creased over the DL2a pressure range. The decaying residuadponds to a solar enrichment abB+ 1.13.
component (the difference between the triangles and squares Our NH; mixing ratio is consistent with the analysis
in Fig. 12 was described irBection 2.2and is modeled  of the probe-to-orbiter signal attenuation Bglkner et al.
according toEqg. (9) Then, using the calibration constant (1998)(shown as dataset 3 Ifig. 13, which found a deep
shown inFig. 8 we obtain the ammonia mixing ratio us- ammonia mole fraction of 708 100 ppm, corresponding to
ing the [17/13] count ratio. Since the calibration constant a supersolar enrichment of&at 0.5 (using theAnders and
and corrected [17] do not vary with pressure, while [13] Grevesse, 198ditrogen abundance). The complementary
increases with pressur&g. (1) dictates that the resulting ammonia retrieval from Galileo Probe Net Flux Radiometer
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Fig. 12. Counts at iz = 17 in the DL2a region. Comparison of the triangles and circles shberrelative magnitude of therzections for mass interference
and desorption of Nkifrom the mass spectrometer interior wall surfaces.

(NFR) data is shown as dataset 2Fig. 13 (Sromovsky et 108L ' ' ' i
al., 1998) Our deep ammonia mixing ratio measurement is 2 ]
not consistent with a solar or subsolar nitrogen abundance in o 1 K 3 !
Jupiter's atmosphere. The current analysis supersedes analyg = Solar NH,
ses of GPMS [17] presented in previous wofWéng, 2001; @ 104} 2 -
Mabhaffy et al., 1999; Niemann et al., 1998)hich did not .’2_3 Solar NH,
utilize the latest calibration and background contribution » Gondensemon evel
data presented here. UZJ 5

w 107 1.GPMS E
2.4. Determining the 15N/4N isotope ratio in NH3 g L e P T

The15N/1N isotopic ratio in jovian NH was previously 106 i . .

stated inOwen et al. (2001h)and has not been changed 0 5 10 15

for this publication. HoweveiQwen et al. (2001bjlid not AinisegmncPiessrs (bar)

provide a detailed description of the technique used to deter-rig. 13. GPMS NH mixing ratio (seSection 2.3.%is compared with NFR
mine the isotopic ratio, so we present a full discussion of the (Sromovsky et al., 1998nd probe radio signgFolkner et al., 1998je-
analysis here. trievals. The decrease in individual GPMS Blkhixing ratio datapoints

15n1/14 . P with increasing pressure is an artifact of the functional form of the back-
The d_5N/ _,_N,_ {?tlo _,_V_Y_as. eStab“.Shed from the dOUny ground correctionEq. (9), so the best GPMS result is an average value for
charged”NH;™/**NH3™ signals. Since the quadrupole an- b, 5 (shaded rectangle).

alyzer separates ions by their mass to charge ratio, these

peaks appear in the massesfrum at nominal values of ety of the ammonia molecule when bombarded by 75 eV
9 and 8.5 nfz, respectively. It was not possible to obtain glectrons, but it also is affected by individual instrument
the *°N/*N ratio in NHs using the signal from the singly  transmission and detection efincies. Generally only the
charged specieSNHJ andNH at their respective yfz nominal unit mass values for peaks in the 1-15@mange
values of 18 and 17, since the,¥O contribution to [18]  were sampled in order to obtain descent profiles for as many
could not be independently constrained. However, during the species as possible subject to the constraint of the 0.5-sec de-
first enrichment cell experiment (EC1), the ammonia density tector integration period. Heever, when the probe reached
in the ion source of the mass spectrometer was high enought7.1 bar a high-resolution mass scan sequence was initiated
that the'>NH{™ signal at njz = 9 rose to 30 counts P, that sampled at /B m/z intervals Fig. 14). The spectrum
The nyz = 8.5 signal, although not measured directly in  was obtained during the Galileo probe descent between pres-
this enrichment cell experimé, could be calculated from  sures of 17.1 and 17.6 bar and shows several doubly charged
the knowledge of the NEI"/NHJ ratio produced by theion  species in the 610 s range in addition to numerous singly
source, to yield th&>NH; */24NH}* and theN/1*N ratios charged atoms and molecul@is high-resolution scan al-
as described below. lowed the NH"/NHJ ratio to be derived from the portion
The NH{"/NH] fragmentation ratio was measured dur- of [17] due to ammonia and the measurement of [8.5]. The
ing the Galileo probe descent. This ratio is a general prop- NH%FJF/NHér ratio obtained from the descent data is in agree-
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Fig. 14. A 1/8 m/z resolution mass scan obtained near 17 bar in Jupiter's atmosplatuests doubly charged species produced by electron impact ionization
in the mass spectrometer. This scan gives a valud %/8.5] due to NH; /NH$ ™ of about 1000, which is used to determine #%//14N isotopic ratio as
described irSection 2.4

ment with the ratio obtained in subsequent studies using the le=B Dead time corrected [17] —
EU. Calibration data from both pre-launch FU studies and
post encounter EU calibration studies also allowed the frag-
mentation patterns of wateammonia, argon and methane 1e+6 v —— [17] - methane - water
to be obtained so that the methane and water contributions

le+7 @

could be removed from [17] (sedg. 4). The Art+/ArT ra- 2 Te+s lat

tio is needed to remove th€Ar" contribution from the g /Cdcu a2 id [8.5] == —
observed [18], based on the [36] signal dominatedfgy *. = Tetd == -
Calibration runs on the EU furthermore allowed us to estab- = - =

lish that the relative contributions of water or methane to < '€*

both [8.5] and [9.0] are totally negligible, and tHaNH; * — (9]

and 1*NHZ ™" indeed dominate the contribution to the sig- — =
nal at these mass values. EU studies also confirm that the 1e+1

[9]1/[8.5] ratio from NI—QJr gives an accurate measurement =
of (terrestrial)'>N/1N. Te+0
Despite its usefulness in determining the NHNH
ratio, the single [8.5] data point, together with the [9.0] = 0004
data point taken several integration periods later during gl
ot . : oo 0,003
this high resolution scan, naot accurately establish the =— e
15NH3/*4NHj3 ratio, due to the very large statistical count &~ 0.002 8 ®
rate uncertainty associatedith the measured value of
[9.0] = 5 counts IP1. However, the three measurements of 0wt
[9.0] in EC1 are sufficiently high to reduce statistical count- 0.000
ing errors and allow us to calculate th/1*N ratio in NHs. 2400 2500 2600 2700 2800 2900 300
Measured or calculated count values in the enrichment cell data step number

egperlment and the rgsultlr{@]/[S.S] ratio are shown in Fig. 15. Enrichment Cell 1 (sefeig. 1) measurements of [17] and [9] are
F'g' 15 Since [9] is still |OW and there are 9”')/ three data shown as a function of sequence step number (top panel). The measurement
points, the errors are dominated by the statistical count un-of [17/8.5 from Fig. 14is used to estimate [8.5] based on measured [17]
certainty. The data shown iRig. 15lead to our result of  in EC1, and the resultingd/8.5] (bottom panel) yields th&°N/1*N result
I5N/14N = 2.3+ 0.3) x 1073, of 23+03) x 1073,

3. Discussion teorology of its troposphere. The jovian nitrogen isotope
ratio may provide the best current estimate of the protoso-

Knowledge of Jupiter's condensible volatiles addresses lar 1°N/**N ratio, although a more precise direct measure-
two key problems—the formation of Jupiter, and the me- ment from the solar wind may be realized with the return
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of the Genesis samplé€Burnett et al., 2003)This ratio is to capture gas directly from the protosolar nebula, is sup-
important for studies of loss mechanisms of planetary at- ported by the supersolar enrichments of volatile elements
mospheres. Deep, well-mixed condensible volatile mixing indicated byTable 2 since both outgassing from the core and
ratios are also used to constrain models of planetary for- accretion of additional planetesimals into the gaseous enve-
mation, and the GPMS data provides the only measurementope would act to enrich the planet in condensed volatiles. In
of the deep HS mixing ratio. Our methane and ammonia particular, the nearly solar C/S ratio on Jupiter has led to the
mixing ratios confirm the supersolar values obtained from suggestior{Owen et al., 1997; Anders and Grevesse, 1989)
remote sensing studies, but the water measurement does ndhat the accreted planetesirmalere icy rather than rocky.
establish the deep water mixing ratio due to local meteorol- However, the nearly solar C/N ratio is more difficult to jus-
ogy. The observed variation of condensible volatile mixing tify, because we know of no soljglanetesimals with this ra-
ratios with depth was largely unexpected, and explaining the tio. The GPMS NH mixing ratio measurement provides an
staggered recovery levels—the depths at which the condenimportant independent confirmation of the nearly solar C/N
sible volatiles reach their well-mixed abundances and sub-ratio in Jupiter derived from analysis of radio data, helping
sequently maintain constant mixing ratios with increasing to allay concern¢de Pater et al., 2001; Folkner et al., 1998;
pressure—is an important criterion for models ranging in Atreya et al., 1999)hat other gaseous microwave absorbers
scope from 5-um hotspots to the north equatorial belt, and in Jupiter's atmosphere could lead to overestimation of the

possibly to the entire jovian troposphere. ammonia fraction as derived from attenuation of the probe’s
radio signal.

3.1. Composition At Jupiter’s distance from the Sun in the protosolar neb-

ula, the primary reservoir of nitrogen should have been

The 1N/1*N ratio in jovian NH; of (2.3+0.3) x 1073 gaseous Bl Then according to the core accretion model,

given by the analysis oSection 2.4has been discussed Jupiter’s nitrogen should have been largely obtained through
(Owen et al., 2001a, 2001b%ince this result is consistent direct gas accretion, resulting in a more nearly solar N/H ra-
with the recent ISO Jufer measurement of.&f(l’ﬁ x 1073 tio and a supersolar C/N ratio, if the accreted planetesimals
(Fouchet et al., 200Qhere is no longer reason to believe were depleted in nitrogen as is apparently the case for some
that the terrestrial value of86 x 10~3 should be accepted comets(Cochran et al., 2000Yupiter’s high nitrogen abun-
as the protosolar value. This determination has received fur-dance in the framework of this model implies that significant
ther confirmation from analyses of infrared spectra of Jupiter nitrogen was present in the solid phase, i.e., trapped in wa-
obtained by the CIRS instrument during the Cassini flyby ter ice. It has been suggested that one way to realize this
of Jupiter in December 200Rbbas et al. (2004jound is by formation of the icy planetesimals accreted by proto-
15N /14N = (2.23+0.31) x 103 while Fouchet et al. (2004)  Jupiter at very low temperature (< 40 K), since only at
derived a value 0f2.2 + 0.5) x 102 for this ratio. The these temperatures can Ne trapped in water ic@ar-Nun
GPMS measurement, based on gas sampled near 2 bar, ist al., 1988; Gautier et al., 200I)he scenario oOwen et
a deeper result than remotenseng measurements, and is al. (1999)maintains consistency with the observed solar C/N
therefore unaffected by the possibility that nitrogen might ratio by suggesting that Jupiter could have been enriched
be fractionated during cloud condensatigouchet et al., by cold icy planetesimals brought in from the Kuiper belt,
2000) Although it is difficult to measure this ratio precisely or even from the collapsing interstellar cloud that formed
in the solar wind itselfKallenbach et al., 1998)r to isolate the solar nebula. Another suggestion is that Jupiter began
the solar wind component of nitrogen from measurementsits formation after the solar nebula had cooled down be-
on returned lunar grain&erridge and Marti, 2001 yecent low 40 K at 5 AU (Gautier et al., 2001)0n the other hand,
detailed studies of near surface regions of individual lunar the recent discovergSigurdsson et al., 2003f an ancient
grains(Hashizume et al., 200@ye consistent with the jov-  Jupiter-sized planetary companion to the pulsar B1620-26
ian results. Although further direct solar wind measurements in its low metallicity globular cluster may provide an ex-
and the Genesis samples will be of value to resolve the dis-ample of planetary formation by mechanisms other than the
crepancy between the difficult lunar grain experiments, we core instability model, since systems formed in low metal-
suggest that it is likely that the protosof&N/4N ratio is licity environments are not expected to have had sufficient
considerably lower than that of any of the terrestrial planets, condensed material to form a large enough core and trigger
and that the jovian atmosphere retains an accurate signatureunaway gas accretion.
of the protosolar value.

The abundances of the volatile elements carbon, oxygen,3.2. Meteorology
nitrogen, and sulfur provide valuable insight into both the
formation of the planet as well as into conditions of the early = The PES was the one location on Jupiter where mixing
solar nebula. The core accretion model of gas giant forma- ratio profiles of all three condensible volatiles were con-
tion (e.g.,Perri and Cameron, 1974; Mizuno et al., 1978; strained (down to pressures of about 20 bar). Although it
Podolak et al., 1993in which planetesimals accrete onto a is disappointing that the deep, well-mixed water mixing ra-
dense protoplanetary core until the core gains enough masgio was not observed, the pressure-variation of the conden-
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sible volatiles (as tracers of atmospheric motion) provides from radio observations is within the limits stated8anfield
valuable insights into the weather in Jupiter’s troposphere. et al. (1998)
Our findings are consistent with the idea that processes The elusive sulfur-containing cloud layer has not been
other than condensation act in Jupiter’s atmosphere to re-directly observed, but indirect evidence for its existence
duce concentrations of the condensible volatiles, an ideaabounds. Perhaps the strongest indication of they$HH
that has been suggested to explain dryness in the probecloud is the lack of signatures of,8 in disk-averaged spec-
entry site Atreya et al., 1996, 19970wen et al., 1997; tra of Jupiter in the near-IR arson et al., 1984)Presum-
Showman and Ingersoll, 1998; Baker and Schubert, 1998;ing that the GPMS measurement of around three times so-
Friedson and Orton, 1999; Showman and Dowling, 2000 lar HyS at pressures greater than 16 bar in the PES gives
Even outside the PES, remote sensing has revealed substarthe deep abundance of;H, the lack of HS seen planet-
tially subsaturated mixing ratios of ammonia from spectra at wide at higher altitudes indicates a loss process fg8 H
centimeter wavelengths, in both global and zonally averagedon a global scale, and condensation of a nitrogen-sulfur
(e.g.,de Pater and Dickel, 198@&nd latitudinally resolved = compound such as N{$H is the most obvious mechanism
(Sault et al., 2004ineasurements. Low water mixing ratios (Lewis, 1969; Weidenschilligand Lewis, 1973; Atreya and
have also been derived from infrared data (eBjpraker et Romani, 1985)The direct condensation of23 is ruled out
al., 198§. Depletion of water is supported by the failure to because temperatures are only low enough fe® tdon-
detect the water cloud base in NIMS observatiRsos- densation near the tropopause, andbHlouds at that level
Serote et al., 2004)put other cloud studies contradict the would be clearly visible. Radiative models used to calcu-
picture of Jupiter as a dry planet: there is fairly even cloud late 5-um emission from Jupiter also rely on the presence
coverage near 750 mbar (presumably from ammonia ice;of a cloud at about 2 bar (e.gRoos-Serote et al., 1999;
Banfield et al., 1998and near 2 bar (presumably N&H; Nixon et al., 2001 Although most of the 5-um emission
e.g.,Roos-Serote et al., 1999; Nixon et al., 2001 originates at pressures of 1 to 5 bar (depending on wave-
Ammonia is the best-studied of Jupiter's condensible length; see, e.gNixon et al., 200}, the major source of
volatiles, because of its wealth of spectral features in most opacity at this wavelength is the 2-bar cloud. Reduced cloud
wavelength regions as well as its low condensation temper-opacity results in 5-um brightening, as is seen in hot spots
ature. Analysis of Jupiter's microwave emissifie Pater such as the one that encompassed the PES. Since the GPMS
et al., 2001)ndicates widespreadhamonia depletion, with  measurement of the4$ mixing ratio profile in the peculiar
ammonia mixing ratios decreasing with altitudepat 4 bar, PES is the only measurement of$lin Jupiter, it is unknown
and with about ® x solar ammonia ap < 2 bar. Since whether there is a problematic discrepancy betwee8 H
the lifting condensation level for 8 solar ammoniais near  mixing ratio and the 2-bar cloud level, as there seems to be
1 bar, these ammonia results imply depletion of ammonia with the NHz mixing ratio and the ammonia cloud. In fact,
through a process other than (or in addition to) the con- Romani et al. (2000) and de Pater et al. (20€ggested that
densation of ammonia ice. The microwave data were lon- the sulfur-containing 2-bar cloud layer might have a greater
gitudinally averaged, buBault et al. (2004were able to efficiency at removing gaseous ammonia from Jupiter’s at-
remove the rotational smearing and retrieve longitudinally mosphere than previously thought, thereby explaining the
resolved maps of Jupiter’s thermal microwave emission at widespread depletion of NdHgas deeper than its conden-
2 cm. Although they found vaation in both latitude and  sation level.
longitude, both warm and cold areas showed the deep deple- Retrievals of water mixing ratio from 5-um Voyager IRIS
tion of ammonia gas. But in Galileo SSI near-infrared data, and Kuiper Airborne Observatory observatiofjoraker
the uppermost cloud layer is observed to have a largely con-et al., 1986; Drossart and Encrenaz, 1982; Lellouch et al.,
stant cloud base on a planet-wide scale, at 2550 mbar 1989)are consistent with subsaturated water at the pressure
(Banfield et al., 1998)Since the retrieved pressures indeed levels predicted to hold the water cloud. However, these ob-
correspond to cloud bases instead of cloud tops, they can beservations suffer from low spatial resolution and are strongly
compared to cloud base pressures calculated by the equilibweighted towards regions that are bright at 5 um. This bias
rium cloud condensation model: 750 mbar for & Zolar makes it difficult to make inferences about Jupiter’s overall
enrichment and 1 bar for 8 solar enrichment of ammonia.  water vapor distribution, but at the very least the observa-
Thus, cloud base retrievals are consistent with the deep am-+ions suggest that the depletion of water seen in the probe
monia enrichments of.26+ 1.13 x solar from GPMS data  entry site is not unique. However, there is a crucial dis-
(Section 2.3.% and nearly consistent with the63x solar tinction between the pressure levels of remote-sensing and
based on attenuation of the probe-to-orbiter sigRalkner GPMS water mixing ratio determinations: 5-um observa-
etal., 1998)This finding is puzzling because the lifting con- tions are sensitive to pressures of about 5 bar or less (but
densation level for ® x solar ammonia is around 600 mbar, still within the expected presgeilevels of the water cloud),
a somewhat lower pressure than derivedBanfield et al. whereas the GPMS returned water mixing ratios between
(1998)for the average cloud base. Even so, the lifting con- 11 and 21 bar (much deeper than the expected cloud base).
densation level for the depleted ammonia gas profile derived Thus, the GPMS measurement indicates a severe depletion
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of water to much greater depths than the depletion previ- diagram also reproduceBaines et al., 2002 In this sce-
ously noted in 5-um data. nario the atmospheric column is stretched vertically, so that
For an adiabatically uplifted parcel of air containing levels with low condensible volatile mixing ratios are shifted
H>0 in solar abundance, a cloud would form at approxi- down to higher pressures. In the entraining downdraft model,
mately the 5-bar leve{Weidenschilling ad Lewis, 1973; a parcel at the top of the atmosphere, dried of its condensi-
Atreya et al., 1999)Roos-Serote et al. (2004)odeled 5- ble volatiles, moves downwards and entrains (laterally mixes
pm NIMS spectra of Jupiter, finding (1) subsaturated water with) surrounding air during its descent. The entrainment
in all spectra analyzed, and)(Bo significant cloud opacity  of surrounding air is responsible for the gradual increase in
at pressures between 2.5 bar and 5 bar. Although they couldcondensible volatile mixing ratios with pressure. The down-
satisfactorily match the NIMS spectra with models having draft model ofHueso et al. (1999)vas unable to match
no water cloud opacity at all, their favored spectral mod- the PES condensible volatile profiles because they used en-
els had cloud tops deeper than 5 bar, and therefore cloudvironmental mixing ratio profiles based on the equilibrium
bases even deeper than this. A water condensation level atloud condensation modalMong (2001)found that no en-
p > 5 bar requires supersolar watkrgersoll and Kanamori  training downdraft model could duplicate PES condensible
(1995) modeled atmospheric waves from SL9 impacts as volatile profiles if the suwunding atmosphere from which
gravity waves trapped between the tropopause and a deepeair is entrained is as described by the equilibrium cloud con-
stable layer. This stable layer was assumed to be the baseensation model. Entraining downdraft model runs that were
of the water cloud, and the calculated depth of 12 bar corre-able to match the mixing ratio profile of a single condensi-
sponds to an approximate supersolar enrichment of water byble volatile (e.g., NH) were unable to simultaneously match
a factor of 10, although no other observation has been ablethe profiles of the other two condensible volatiles (e.gSH
to support such an extreme enrichment. and HO). This finding is independent of the vertical coor-
Water clouds have been observed at isolated sites ondinate used (altitude, pressure, or potential temperature) and
Jupiter by Galileo SSI measureme(®&erasch et al., 2000;  depends only on the ratios of condensible volatiles to each
Simon-Miller et al., 200Q) but these features have been other at a given altitude. Qualitatively, it was found that if
recognized as convective thunderstorm cloud tops. Withouta deep depletion down to a well-mixed equilibration level
identifying the cloud base, water cloud observations cannotwas produced in one condensible volatile profile, then all
constrain the deep water abundand®gudina et al. (2002)  three condensible volatiles would have approximately the
analyzed the optical poweff tightning detected in the H same equilibration level, since the entrainment rate was the
line in Galileo SSI images finding that the lower power ob- dominant factor in shaping the mixing ratio profiles in the
served is consistent with lightning generatedgpat 5 bar. downdraft.
Lightning production at such great depths implies a super-  If column stretching is used to explain the PES conden-
solar water abundance. Although observations of water ice sible volatile profiles, then a quantitative look at the mix-
at the visible cloud top$Gierasch et al., 200(nd light- ing ratios of the three condebte volatiles shows that the
ning on Jupiter(Smith et al., 1979; Borucki et al., 1982; original pre-stretched column did not feature condensation-
Little etal., 1999; Dyudina et al., 200R)dicate the presence limited (ECCM-type) condensible volatile profiles. The rela-
of convective water clouds, the observations are consistenttive concentrations of the three condensible volatiles at each
with relatively rare, localized convective events. Observed level in the pre-stretched column would be preserved via
lightning events are limited to regions of the planet with cy- stretching, and the PES condensible volatile profiles feature
clonic shear, and near the centers of westward(Jétde et relative mixing ratios that never occur in an ECCM column.
al., 1999) For instance, the condensation-limited 3 mole fraction
Two mechanisms have been suggested to explain theat the ammonia cloud base should h& & 10-12. After
deep depletion of condensible volatiles in the probe en- stretching the ammonia cloud base level down to the am-
try site: the entraining downdraft hypotheéistreya et al., monia equilibration level of 8 bar in the PES$l should
1996; Showman and Ingersoll, 1998; Wong et al., 1998; remain on the order of 132. However, extrapolation of the
Hueso et al., 1999and the column stretching hypothesis H»S mixing ratio in that pressure region in the PES leads
(Showman and Ingersoll, 1998; Friedson and Orton, 1999; to values between 16 and 10°°, with the closest GPMS
Showman and Dowling, 2000[For both scenarios, the ini- measurement bein(B.4 + 3.6) x 10°° at 8.68 bar, about
tial state of the atmosphere must have condensible volatilea million times greater than mole fractions that would be
mixing ratios that increase with depth, although there is expected for stretching of an ECCM column. Although the
no requirement that the condensible volatile profiles match ECCM is a simple one-dimensional model, its basic thermo-
those in the equilibrium cloucbndensation model (ECCM),  dynamic conclusion is compelling: at the temperature where
in which condensible volatiles are well mixed at depth, with  NH3 ice condenses, theJS mole fraction is condensation-
condensation-limited mixing ratios above the cloud bases. limited (by equilibrium with condensed N{$H) such that
Column stretching explains condensible volatile depletion in nh,s/nNH; &~ 2 X 10°°. The PES value OftH,s/NNH; ~
terms of Rossby wave models such as thosstmivmanand 2 x 10-3 therefore implies that the ammonia equilibration
Dowling (2000) and Friedson and Orton (1999¢hematic level sensed by the Galileo probe is not a column-stretched
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relic of the ammonia cloud base, since such high abundancedrared and radio remote sensing studies are also consistent
of HzS could not exist at the ammonia cloud base. Likewise, with ammonia and water vertical profiles being depleted,
the water mixing ratio is one to two orders of magnitude too over a substantial portion of the planet, with respect to the
large at the HS equilibration level. Thus, if column stretch-  simple equilibrium cloud condensation model. Our under-
ing has occurred in the PES, then the original column must standing of the nature of convection on Jupiter could best
have had reduced ammonia and reduce8 Ht the respec-  be enhanced by increasing the data available on the vertical
tive equilibrium condensation levels predicted by the deep gradients of temperature drcondensible volatiles at multi-
mixing ratios of these gases. ple positions on the planet.
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