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Abstract

Far-infrared Fourier-transform spectrometer measurements of the 1-0 and 3-2 PH3 transi-

tions in Saturn's disk near 267 and 800 GHz (8.9 and 26.7 cm-1), respectively, were analyzed

simultaneously to derive a global mean profile for the PH3 vertical mixing ratio between 100 and

600 mbar total pressure. The far-infrared spectrum is relatively free from spectral interlopers,

suffers minimal absorption or scattering by atmospheric particulates, and contains intrinsically

weak PH3 lines that are sensitive to a range of atmospheric depths. The combined spectra are

inconsistent with a uniform tropospheric mixing ratio, even with a stratospheric cut-off. They

are consistent with a volume mixing ratio of PH3 that drops from 1.2 x 10 -5 at 645 mbar pres-

sure to a value of 4.1 x 10 -7 at 150 mbar pressure, a decrease that is linear is log abundance

vs log pressure. The mixing ratio could drop even more quickly at atmospheric pressures below

150 mbar and still be consistent with the data. The mixing ratio may well remain constant

with depth for pressures above 630 mbar. The maximum PH3 mixing ratio in this model is

consistent with a [P]/[H] ratio in the deep atmosphere that is about a factor of 10 higher than

solar composition. Such a model is consistent with rapid mixing up to the radiative-convective

boundary and transport by, for example, vertical waves just above this boundary. In the best

fitting model, the eddy diffusion coefficient is --.i04 cm 2 near 630 mbar, and it must increase

with altitude. The predominant PH3 loss mechanisms are direct photolysis by UV radiation

and scavenging by H atoms produced by the photolysis.



Introduction

The presence of phosphine in Jupiter and Saturn was not expected in detectable amounts on the

basis of equilibrium thermochemical considerations. PH3 is not chemically stable at temperatures

below _500 K (Prinn and Lewis 1975). At the low (<150 K) temperatures of the sensible atmo-

spheres of these planets, the PH3 abundance is expected to drop as solid phosphorus precipitates

are formed (Fegley and Lodders 1994, Borunov et aI. 1995). The presence of PH3 in detectable

quantities is most readily explained by assuming that it is mixed upward from the deeper, warmer

atmosphere faster than it decomposes chemically. Because of this, PH3 can act as a tracer for

chemical and dynamical properties of the atmosphere.

Phosphine was first suspected as a major influence on Saturn's infrared spectrum by Gillett

and Forrest (1974) and was confirmed by high-resolution spectroscopic detection by Bregman et

al. (1975). Fink and Larson (1977) further confirmed the presence of PH3 in Saturn through its

influence on the 5-/zm spectrum. The first quantitative mixing ratio was derived by Tokunaga et

aI. (1980,1981). They derived a value between 0.8 to 1.6 x 10 -6 and required that the vertical

distribution undergo a sharp cutoff at total pressures below 100 mbar in order to avoid emission

cores in the strongly absorbing centers of lines which otherwise sampled the warm "inverted"

stratosphere. Using Voyager IRIS spectra from the northern hemisphere, Courtin et al. (1984)

derived a constant value of 1.45±0.8 x 10 -6 for the PH3 mixing ratio (assuming a mixing ratio of

96% for H2 after Conrath et al. 1984) with a cutoff at pressures lower than 3 mbar. They also noted

that the analysis of International Ultraviolet Explorer observations conducted by Winkelstein et al.

(1983) required a cutoff of the PH3 mixing ratio at pressures lower than 25 mbar. Many of these

results are summarized in Table IV and Fig. 6 of Prinn et al. (1984).

Since the time of that review, Noll and Larson (1990) observed and analyzed Saturn's 5-#m

spectrum, including a determination of the PH3 mixing ratio. They fixed its value at 1 x 10 -6,

in agreement with previous work, for levels of the atmosphere where the total pressures was less

than 400 mbar. This value was consistent with the portion of the spectrum dominated by reflected

sunlight. They derived a mixing ratio of 7 x 10 -6 for pressures greater than 400 mbar, using a



portion of the spectrumdominatedby thermalemission.

All theseearlyresultsweredueto analysesofvibrational-rotationallines.The "pure" rotational

far-infrared1-0transitionat 266.9GHzwasfirst observedandanalyzedby WeissteinandSerabyn

(1994).Theyfounda constanttroposphericmixingratio of 3±1 x 10 -6 to be consistent with the

depth and shape of the 1-0 line. In order to avoid the appearance of an "emission core" in this

line arising from Saturn's relatively warm stratosphere, they also required a high-altitude cutoff

somewhere between 13 and 140 mbar total pressure, above which no PH3 was present. The utility

of this line is that it is sufficiently weak to be sensitive to regions of the atmosphere significantly

deeper than the levels to which the middle-infrared vibration-rotation lines are sensitive. Weisstein

and Serabyn (1996) also reported the detection of the 3-2 PH3 transition at 800.5 GHz as part of

a line survey, although the anlysis of this line was deferred to a subsequent publication. That is,

of course, the motivation for the current report.

Even more recently, observations of Saturn were obtained by the Infrared Space Observatory

Short Wavelength Spectrometer (SWS) and Long Wavelength Spectrometer (LWS). The most

prominent features in the LWS spectra of Saturn between 43 and 197 #m are pure rotational

lines of PH3, all of which have greater strengths than the two lines reported by Weisstein and Ser-

abyn (1994, 1996). The LWS spectra were fit using a constant tropospheric mixing ratio of 7 x 10-6

for pressures greater than 300 mbar, with negligible amounts at lower presures (Davis et al. 1996).

Unfortunately, the value of the constant mixing ratio that Davis et al. derived is incorrect, as it is

based on spectroscopic line parameters taken from the GEISA data base (Husson et al. 1994) that

has incorrect line intensities for PH3 rotational lines (B_zard, pets. comm.) The re-analysis of the

ISO/LWS data is ongoing. The ISO/SWS data are consistent with a mixing ratio of 2.5 x 10 .6 at

300 mbar, assuming (1) a value of 4.5 x 10 -8 at the 600-mbar level and deeper in the atmosphere,

and (2) a dropoff from the 300-mbar level to a value of 1 x 10 .9 at 150 mbar (de Graauw et al.

1997). The mixing ratios between these levels are linearly interpolated in logarithmic form vs log

of pressure.



Observations

The spectroscopicobservationsof the 1-0andthe 3-2linesreportedby WeissteinandSerabyn

(1994,1996)form the basisof this paper. Both linesare illustrated in Fig. 1. For this analysis,

the spectrawereprocessedfurther. For the 1-0 line, the ripple seenin Fig. 4 of Weissteinand

Serabyn(1994)wasremovedby fitting a single-frequencysinewavecomponentto the spectrum.

This dramaticallycleanedup thespectrumin thevicinity of the1-0line(Fig. 1)but madethemore

distantbaselinenoisierwherethesinewavefit isnolongerapplicable.The3-2line liesneartheedge

of an atmosphericwindowand is very broad. Thus, the high-frequencyline wing extendsacross

mostof thespectralregionobserved,andmostof thedistant low-frequencylinewingiscompletely

obscuredby the terrestrialatmosphere.In addition, the accessiblepart of the low-frequencywing

is likely to besomewhataffectedby rapidlydroppingatmosphericandinstrumentaltransmission.

The baselineis thusdifficult to determine.Finally,slight(0.5-GHz)offsetsin line frequenciesseem

to bepresent.Thesecouldarisefromimperfectsubtractionof the sinewavecomponentin the 1-0

line or anuncorrectedbaselinecurvaturebelow800GHzin the 3-2line, or, lesslikely, a possible

contributionby HCN. However,the absenceof evenstrongerHCN featuresnearthe PH33-2line

rulesout this possibility.

Theradianceof the 1-0dataweredeterminedby cross-calibrationwith Venus(Weissteinet al.

1994), an object that provided a minimal number of discrete spectral lines. The absolute radiance

reported by Weisstein et al. (1994) was based on an interpolation of published absolute radiances

for Venus. The 270-GHz continuum brightness temperature of 144 Kelvins derived by Weisstein and

Serabyn (1984) agrees with earlier broadband measurements (see their Table II) by Courtin et aI.

(1977), Ulich et al. (1984) and Werner et al. (1978) with an rms difference of _6 Kelvins, consistent

with the uncertainties of these measurements. In this spectral region, the very low temperature of

Saturn's rings (cf. Fig. 3 of Roellig et al. 1988), implies that they do not contribute significantly

to the total observed radiance. For the 3-2 data near 800 GHz, on the other hand, determining

the true continuum radiance, for which a calibration body was not available (Weisstein et al 1996),

requires us to fit only the line-to-continuum ratio, scaling the continuum as required by the model.

Fig. 1



Model Basis

A radiativetransfercodewasemployedto derivesyntheticspectrato matchthe observations.

The codeused20verticallayersper decadeof pressure,with a linear-in-Tapproximationfor the

variation of the sourcefunction within eachlayer. A 5-streamGaussianquadraturegrid in the

emissionanglecosinewasusedto integratethe disk-averagedflux. Testsconfirmedthat the cloud

opacitiesderivedfor Saturn,evenfor large(), >1 #m) particles(e.g. Orton 1983)did not exerta

significantinfluenceon the upwellingradiance.Atmosphericopacitiesfor this modelaregivenin

detailbelow.

Part of the continuumopacityof Saturn'sinfraredspectrumarisesfrom the collision-induced

dipole of H2, as influenced by H2 and He collisions. The collision-induced opacity was modeled

following Birnbaum et al. (1996). The mixing ratios of H2 and He were assumed to be 96% and

4%, respectively (Conrath et al. 1984).

A detailed, line-by-line code was used to integrate over discrete molecular transitions. Transition

frequencies, line strengths and ground state energies for these molecules were taken from the spectral

line catalog of Pickett et al. (1992). The line widths for NH3 pressure-broadened by H2 and their

temperature dependences were taken from Brown and Peterson (1994) and reduced by 10% as an

approximation to the influence of He broadening. The shape of NH3 inversion lines broadened by

H2 were modeled using the "modified Ben-Reuven" form derived by Berge and Gulkis (1976), with

the modifications proposed by Joiner and Steffes (1991). The shape of the rotational NH3 lines

broadened by H2 was modeled using the line coupling derived by Birnbaum et al. (1999). The

pressure-broadened line widths for PH3 broadened by H2 and He were taken from a general formula

given by Levy et al. (1993), their temperature dependence was taken from Levy et al. (1994), and

VanVleck-Weiskoff lineshapes were assumed.

The disk-averaged temperature profile was taken from the Infrared Space Observatory Short-

Wavelength Spectrometer investigation of Saturn's disk-averaged structure and composition (e.g.

B_zard et al. 1998), kindly supplied by Bruno B_zard (Fig. 2). This profile was chosen over earlier

ones as it averaged over the entire disk, similar to our observations, rather than being applicable

Fig. 2



to a specificregionor regionsof the planet, such as the Voyager IRIS experiments (e. 9- Conrath

and Pirraglia 1983) or the Voyager radio occultation experiment (Lindal et al. 1987).

The mixing ratio of NH3 below total pressures of about 1 bar (temperatures less than 135 K)

is taken to be the saturated mixing ratio above the ammonia condensation level, consistent with

various studies in the thermal infrared (e.g. Courtin et al. 1984). However at higher pressures

and temperatures, and deeper than the condensation level, the abundance is a significant opacity

source for the _280 GHz spectral region. Because of the difficulty of sounding this region through

cloud cover in the infrared, NH3 abundances have been determined from the submillimeter through

radio spectrum. The NH3 mixing ratio profile has been given by (i) dePater and Massie (1985) as

5 x 10 -4 for p > 3 bar and 3 x 10 -5 for p < 1.25 bar, (ii) Briggs and Sackett (1989) as 4 - 6 x 10 -4

for p_25 bar and decreasing to 0.7 - 1.1 x 10 -4 for p._2 bars, and (iii) Grossman et al. (1989) as

1.2 x 10 -4 just below the condensation level. We therefore selected a nominal mixing ratio of 1 x

10 -4 below the condensation level.

We tested the sensitivity of the spectrum to the uncertainty of the value of the deep NH3

mixing ratio, using a lower value of 3 x 10 -5 and an upper value of 4 x 10 -4. The only effect on the

spectrum was to vary the continuum brightness temperature far from the PH3 1-0 line by less than

+2 K. We note that the continuum far from the PH3 3-2 line is influenced neither by variations of

the PH3 nor of the NH3 mixing ratios in the deep atmosphere. Therefore, the only consequence

of changing the NH3 mixing ratio in the deep atmosphere is to change the continuum level in the

280-GHz region away from its observed levels. We retain the nominal deep NH3 mixing ratio of 1 x

10 -4, understanding that the value is uncertain by factors of ,-_3 - 4, but that the nominal value is

reasonably consistent with the independently measured continuum radiances in the 280-GHz region

discussed earlier.

PH3 Models

Originally the 1-0 PH3 line was fit by a constant tropospheric mixing ratio of 3 x 10 -6 and a

stratospheric cutoff (Weisstein and Serabyn 1994). Figures 1 and 2 illustrate several models with

a constant tropospheric mixing ratio with a stratospheric cutoff. A lower value for this mixing



ratio providesprofilesthat arenarrowerthanboth the observedlines.Highervaluesyield aprofile

that is wider than the 3-2line. However,whilea valueof 3 x 10-6 fits both linesbest, it is both

narroweranddeeperthanthe observedthe 1-0line. In fact, the primaryobservationsindicatevery

differentwidthsfor the two lines: 10GHz at 267GHz vs 25-30 GHz at 805 GHz. Thus, a single

mixing ratio is probably inappropriate to fit both lines simultaneously.

These models cut off the PH3 distribution just above the 100-mbar level, allowing no emission to

arise from the thermally "inverted" hot stratosphere. Figure 1 shows that, as a result, no emission

core appears at the center of the strong 3-2 line. In fact, making this assumption, the brightness

temperature of Saturn at this line center is controlled only by the assumed value of the temperature

minimum. On the other hand, the high-frequency brightness temperatures in the continuum are

dominated by H2 opacity and change little with variations of the PH3 mixing ratio. Thus, they are

also generally fixed by the choice of the temperature profile. Thus, the radiance of the 800-GHz

spectrum is fixed by the choice of the temperature structure in two ways, matching the brightness

temperature of the line center, and of the distant continuum. It turns out that a single scaling of

our spectrum matches both quantities fairly well. The reasonable agreement between the models

and the data both at the center of the line, as well as in the distant line wings, thus attests to

the general appropriateness of the chosen temperature structure, as well as to the accuracy of the

fundamental measured quantity, the line to continuum ratio.

Since the 1-0 line arises from deeper levels than the 3-2 line, a better model would decrease

the PH3 mixing ratio with altitude. In fact, we can adopt a model in which the mixing ratio

varies continuously as a function of pressure throughout the entire vertical range to which our

measurements are sensitive, using a linear relationship between the logarithm of the mixing ratio

and the logarithm of the pressure. This model is shown as the solid line in Fig. 3, and the mixing

ratio in this relationship can be expressed as a power law in pressure: 3.2 x 10 -l° pl.55, for p in

mbar. This model is the result of a least-squares fit to the data that define the lines. The fit of

this model to the data is shown in Fig. 4.

The sensitivity of the model to the level of the upper tropospheric cutoff is also illustrated in

Fig. 3

Fig. 4



Figs. 3 and 4. Clearly the cutoff must be at a pressure lower than 250 mbar (alternating dashed-

dotted line), which produces a spectrum whose 3-2 line is much shallower than observed. A cutoff

at 160 mbar (short dashed line) produces a not unreasonable fit to the 3-2 line. A cutoff at 100

mbar (dotted line) shows no significant differences from the spectrum produced by the continuous

curve (solid line), nor are models with cutoffs applied at even lower pressures. Because of the

assumed rapid vertical falloff, the mixing ratio in the warm stratosphere is insufficient to produce

an "inversion core" at the center of the 3-2 line. We will adopt this continuous model (solid line)

profile as our nominal model, using the relationship given above to define the PH3 mixing ratio for

all pressures down to 10 mbar.

This simple model does not provide perfect fits to both spectral regions simultaneously. In fact,

there is a direct tradeoff between the quality of the fit to the spectrum at the 1-0 line and in the

wings of the 3-2 line. A larger mixing ratio near the 200-mbar level (temperatures near 110 K)

would produce a better fit to the PH3 1-0 line, but it would make the fit to the 3-2 line worse

in the 812 - 828 GHz region. The proximity of the vertical sensitivities of these two regions is

illustrated in Fig. 5 which shows the weighting functions associated with the outgoing radiances in Fig.

the center and mid-wings of the two lines. The radiance at 267 GHz and at 812 and 818 GHz arise

from pressures of 200 to 300 mbar. Nevertheless, limitations in these initial observations, such as

the subtracted sine wave ripple in the 1-0 line and the low transmission below _790 GHz, make

these models acceptable at this point. Our inability to provide a perfect fit to both spectral regions

simultaneously, together with the level of random noise, result in an uncertainty of some 25% in

the value of the mixing ratio. The uncertainty of the molecular spectroscopic data has less than a

2% effect on the derived value for the PH3 mixing ratio.

We note that, as discussed above, the uncertainty of NH3 mixing ratio produces an uncertainty

in the continuum around the 1-0 line. This would require an overall rescaling of the brightness of

the 240 - 300 GHz spectrum. Such a change would require a 20% adjustment in the PH3 mixing

ratio in the 400-700 mbar pressure range, and that must be considered a source of systematic

uncertainty.
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Fig. 5 alsoillustratesthe rangeof depths to which we are sensitive, approximately 100 to 600

mbar. The 1-0 line, in particular, is a very good probe for the PH3 abundance at depth. Note that

even higher J rotational lines of PH3 will arise from higher in the atmosphere than even the 3-2

line and will, therefore, be sensitive to the mixing ratio of PH3 near the 150-mbar level. It is thus

the lowest 1-0 line that provides us with information from deepest in the atmosphere.

Figs. 3 and 4 also illustrate the effect of modifying the simple best fit model distribution

at depth. Adopting a constant mixing ratio for pressures of 1 bar and greater (not shown), as

expected, does not produce any significant change to the model. Adopting a constant mixing ratio

for pressures of 630 mbar or greater (long-dashed line) produces brighter radiances in the wings of

the 1-0 line, and hence a somewhat better overall fit to the data. On the other hand, a model with

a constant mixing ratio for pressures greater than 400 mbar (dashed-triple-dotted line) produces

a PH3 1-0 line that is clearly narrower than observed (Fig. 4). We thus adopt the model with a

linear dropoff of log(PH3) vs log(pressure) and a constant mixing ratio for pressures greater than

630 mbar as our standard model for the remainder of this paper. The value at 630 mbar (1.2

x 10 -5) then serves as a reasonable estimate of the value for the PH3 mixing ratio at depth. If

the mixing ratio increases at pressures greater than 630 mbar, then this number represents a hard

constraint for the minimum value.

We undertook to improve the model by inverting the spectral data and solving for the abundance

of PH3 as a function of depth between 100 and 630 mbar, using the generalized remote sensing

inversion approach of Chahine (1970) and the nominal model as an initial guess. The results, in

fact, were not significantly different from those of the nominal model, and only a 25% improvement

in the residuals to the data was achieved.

We also checked the results after perturbing the temperature structure. If the temperature

profile is lowered uniformly by 2 K, the spectrum can then be fit by lowering the PH3 mixing ratio

by 25% uniformly (Fig. 6). The results are, in fact, slightly better than the standard model at the

center of the 3-2 line, but otherwise not significantly different from it.

Finally, we point out that, while two transitions of HCN are within our spectral range (265.8

Fig. 6
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and 797.4GHz), testsshowthat theywouldbedetectableaboveour noiselevelonly if the upper

troposphericmixingratiosweregreaterthan orequalto 3x 10-9. That issignificantlyhigherthan

the upperlimit of theHCN mixingratio of 4 x 10-1° derivedby WeissteinandSerabyn(1996)on

the basisof othernon-blendedHCNline positions.

Comparison with Other Results

Our standardmodelfor the global averageof the vertical distribution of PH3 in Saturn is

shownin Fig. 7, with the solid line highlightingthe approximatevertical rangeto whichweare Fig.

sensitive. We are insensitiveto the PH3 abundanceat atmosphericpressuresbelow_100 mbar

becauseof the isothermalnature of the temperaturestructure. The steeplinear dropoffof our

modeldoesnot createan emissioncorein the 3-2PH3 line. Furthermore,it is consistentwith

the low PH3abundancerequiredby Winkelsteinet al. (1983) above the 25-mbar level in order

to match Saturn's 180 - 220 nm spectrum. The profile is a bit higher than the PH3 mixing ratio

upper limits derived from Hubble Space Telescope Faint-Object Spectrograph ultraviolet data for

latitudes at and poleward of 36°N (Edgington et al. 1998), and it is possible that our whole-disk

observations are dominated by the signatures of the PH3 vertical profile for low-latitude regions.

We are generally insensitive to the PH3 abundance at pressures much above --_630 mbar, but we

find that a constant mixing ratio with depth is more consistent with the data than an extrapolation

of steep increase that holds at lower pressures.

The PH3 vertical distribution derived by Courtin et al. (1984) (Fig. 7) is not consistent with

our data. Similar to all models with a constant mixing ratio in the troposphere (e.g. Tokunaga

et al. 1980, 1981), it cannot fit both our observed lines simultaneously. Furthermore, its constant

PH3 mixing ratio of 1.45 x 10 -6 up to the 3-mbar level (where the stratospheric temperature is

_130 K in our model) produces an unmistakable emission core that is well above our noise level

(Fig. 8). Fig.

The PH3 distribution used to model the ISO/SWS middle-infrared spectrum of Saturn (de-

Graauw et al. 1997) is also shown in Fig. 7. It is not distributed uniformly in the troposphere, but

the mixing ratio is generally too low to fit either of the 1-0 or 3-2 lines (Fig. 8).
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Noll and Larson's(1990)vertical distribution was the only nonuniformtroposphericvertical

distribution of PHabasedon measurementconstraintsin the literature prior to the ISO mission.

While employinga simplestepfunctionat the 400-mbarlevel, it neverthelessappearscloseto the

valuesin our smootherdistribution (Fig. 9), and its spectrumdoesreasonablywell at matching

our 3-2observations.Furthermore,changingthe locationof the stepto the 500-mbarlevel,and

increasingthe valueof thedeepermixingratio from 7 x 10 -6 to 2.2 x 10 -5, achieves a fit to both

lines that is generally as good as our nominal model (Fig. 10).

One of the main conclusions of our work is that the deep atmospheric mixing ratio of PH3 must

be at least 1 x 10 -5. The value could also be higher. Our data do not constrain well the mixing

ratio deeper than the -._700-mbar level, and a further increase with depth could be consistent with

our data. This deep PH3 mixing ratio implies a [P]/[H] abundance ratio that is at least 10 times

the one expected from the solar ratio, consistent with Noll and Larson's (1990) results.

Chemical and Transport Models

It also appears both from our data and from the 5-#m spectrum of Saturn, that the PH3 vertical

distribution drops sharply with altitude in the upper troposphere of Saturn. The question that then

arises is the origin of this effect: given that Saturn is too warm for PH3 condensation, is the dropoff

the result of increased chemical scavenging with height, disequilibrium tropospheric chemistry, or

photodissociation?

Qualitatively, the dropoff has the morphology of the vertical distribution of NH3 in Jupiter for

pressures less than 8 bars at the Galileo probe entry site as determined by the attenuation of the

probe relay antenna (Folkner et al. 1998). However, unlike PH3, NH3 is a condensate in both

Jupiter and Saturn, and it is also subject to chemical scavenging by H2S. In addition, the Galileo

probe entered the atmosphere in an unusually clear and possibly dry, downwelling region (Orton

et al. 1998) that may not be at all characteristic of the average conditions on the planet. In fact,

in the absence of H20, which is expected to condense at pressures of several bars (e.g. Prinn et al.

1984, there are few established theoretical reasons to support any specific chemical mechanisms for

removing PH3 from Saturn's atmosphere that are effective at the atmospheric levels in question.

Fig. 9

Fig. 10
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The troposphericchemistryof PH3hasbeenmodeledby Prinn et al. (1984),Prinn andFegley

(1985)and Fegleyand Lodders(1994).All of the modelsshowthat PH3 is subjectto a reaction

with H20 to form P406 and molecularhydrogen.For conditionsof thermochemicalequilibrium,

at thetemperaturesto whichourspectraaresensitive,themixing ratioof PH3shouldbeordersof

magnitudelowerthandetected,with thereactionfavoringP406belowtemperaturesof about950K.

Fortemperaturesbelow404K, condensationof CHaH2PO4(s)decreasesthe abundanceof gaseous

PaO6(cf. Fig. 3 of FegleyandPrinn, i985). Thetimescalefor establishingequilibriumchemistry,

therefore,mustbemuchlongerthan thetimescalefor verticalmixing. Thetemperatureat the level

wherechemicalequilibrationtakesplaceat a rateequalto the verticalmixingrate isknownasthe

"quenchtemperature",estimatedby Prinn et al. as close to 1200 K. Above this level in Saturn, the

vertical mixing is sufficiently rapid that the mixing ratio of PH3 remains essentially constant. Fig.

33 of Fegley and Lodders (1994), plots the PH3 mixing ratio expected to be observable in the upper

troposphere vs the vertical eddy diffusion Coefficient. It is possible, of course, to envision that the

time scale for vertical mixing increases dramatically toward the tropopanse, together with the static

stability of the atmosphere against buoyancy. However, even if we required the vertical mixing of

PH3 to slow down in order to accommodate destruction by H20, it would not take place in the

region to which we are sensitive, which is well above the condensation level for H20 (several bars

of pressure). The extremely low observed mixing ratio of H20 (de Graauw et al. 1997) makes the

efficacy of PH3 oxidation reactions in the 100 - 800 mbar range an unlikely cause for its depletion.

The alternative is, of course, photochemical destruction of PH3. To test the photochemical

removal of PH3 in the upper troposphere, and the impact of varying vertical motion in this region,

we used the Caltech/JPL 1-D photochemical model (Allen et al. 1981) to solve photochemical

reactions and dynamical transport of PH3 and other relevant species in each pressure level. This

model incorporated PH3 and NH3 photochemical reactions, molecular and bulk atmospheric vertical

motions, condensation of NH3 below the tropopause, and the attenuation of solar radiation by

absorption and scattering. The reactions used in the model are listed in Table 1.

Several more reactions involving NH3 and related molecules were included originally, but their

13



removalwasfoundto makea negligiblechangein the modelresults.Becausetheregionof interest

is well above the NH3 saturation level, its partial pressure is no greater than the saturation vapor

pressure. As a result, the NH3 mixing ratio (_10 -s at 500 mbars pressure) is too low to affect

the model results. Turning off all nitrogen-related chemistry produces negligible changes in the

abundance or distribution of PH3 in our model. We did retain the direct photolysis of NH3 in the

model, although the small number of H atoms that are produced by direct NH3 photolysis turned

out to be too low to be of any consequence in the results. We retained the reaction involving

scavenging of PH3 by NH2 to illustrate quantitatively its minimal importance in the chemistry. We

also explicitly modeled NH3 absorption in the spectrum, although it turned out that NH3 shielding

of the UV spectrum was negligible.

There are three photochemical reactions that can remove PH3 by decomposition in this model:

PH3 + hu -4 PH2 + H (R1)

PH3 + H -4 PH2 + H2 (R2)

PHa + NH2 -4 PH2 + NH3 (R3)

The loss rate profiles for each of these reactions are compared in Fig. 11. The attack of PH3

by NH2 radicals (reaction R3) is not as important as reactions R1 and R2 because only very small

amounts of NH3 are present in this part of Saturn's atmosphere. PH3 loss from photolysis and from

attack by H atoms are nearly equal everywhere near the tropopause, because the primary source

of the H atoms (reaction R2) is, in fact, PHa photolysis itself (reaction R1).

The primary sources of error in our photochemical model results could thus be attributed to un-

certainties in the R1 reaction from the photolysis cross-section, or in the R2 reaction. Uncertainties

in the R2 reaction, stemming from the _15% uncertainty of the rate constant (Arthur et al. 1997),

propagate into a mere 10% uncertainty of the best-fit eddy diffusion coefficient (see below). On the

other hand, uncertainties in the R1 reaction influence both the direct photolysis of PH3 and the

production of H atoms. Thus, it is the primary source of uncertainty for the R2 reaction because it

Fig. 11
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is theprimarysourceof H atomsin thepart of theatmosphereunderstudy.Our testingshowsthat

perturbationsof the PH3cross-section(Chenet al. 1991) transfer proportionally into the derived

values of the eddy diffusion coefficient. Unfortunately, Chen et al. do not quote an uncertainty

associated with their observations. More realistically, it is likely that the largest contribution to

the uncertainty is derived from the extension of their low-temperature (155 K) measurements to

wavelengths greater than 2100 )t. This extension is important to our work, because there are many

more solar photons available between 2100 )t and the photodissociation limit at 2300 )1 than at

shorter wavelengths, even though the cross-section spectrum itself is much weaker than at shorter

wavelengths. Simulating the worst case, if the cross-section is set to zero for wavelengths longward

of 2100 )l, there is only a 30% drop of the derived value of the eddy diffusion coefficient. This

test includes both the loss of PH3 through a diminished photolysis (R1) and through a diminished

population of scavenging H atoms (R2).

The abundance of PH3 is sensitive to vertical motion in the upper troposphere, as pointed out

by Kaye and Strobel (1984). The characteristic vertical motion is conventionally parameterized by

means of the eddy diffusion coefficient, which corresponds to macroscopic bulk atmospheric vertical

motion. Prinn et al. (1984) note that uniform values for the eddy diffusion coefficient are expected

for the troposphere for either free convection or baroclinic eddies, with values in the range of 107

to 109 cm 2 sec -1. If these large values are applied over the vertical range to which our data are

sensitive, our models predict little deviation from a uniform mixing ratios which is in conflict with

our best fitting model.

In a more realistic modeling approach, we held the mixing ratio constant for pressures greater

than 630 mbar, corresponding to the vigorous mixing associated with the troposphere, and tested

smaller values for pressures less than 630 mbar, similar to the models of Kaye and Strobel (1984).

In fact, the 630-mbar level is close to the radiative-convective boundaries at various latitudes in

the spatially-resolved time-dependent radiative-convective models of B6zard et al. (1984). Vertical

transport above this level is likely to be dominated by upwelling waves, which are stable only in

the radiative part of the atmosphere (e.g. Lindzen 1971, for the earth's atmosphere). Consistent
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with this model,weheldthevalueof the mixingratio constantat 630mbarand assumedvarious

valuesfor the eddydiffusioncoefficientat this level,varyingit abovethis point accordingto the

inverseof the atmosphericdensity.The inverse-densityvariationis appropriatefor transport by

verticallypropagatingnon-dissipativewaves(Strobel1981)andyieldsabetter fit to ourdata than

an inverse-square-rootdependenceon the atmosphericdensity,anotherpopular assumptione.g.

Prinn et al 1984). Both the PH3 mixing ratio and the eddy diffusion coefficient at the 630-mbar

level were varied in order to optimize the fit to the data. These results are shown in Fig. 12 with

the corresponding spectra shown in Fig. 13. While none of the models provides as good a fit as to

the spectrum as our standard model, the best model (dash-dotted curves) does provide reasonable

agreement. This model has an eddy diffusion coefficient at 630 mbar of "_10 4 cm 2 sec -1, with an

conservative estimate of the uncertainty as about a factor of two, and increases by some 50% over

the region to which we are sensitive.

The fact that the best models are consistent with an increase in the eddy diffusion coefficient

taking place immediately above the radiative-convective boundary implies that upward propagating

waves are also present immediately above this boundary. This is consistent with their presence

just above the radiative-convective boundary in Jupiter's atmosphere, as well, as indicated by the

thermal oscillations measured by the Galileo Probe Atmospheric Structure instrument (Seiff et al.

1998).

Our values for the eddy diffusion coefficient near Saturn's tropopause, close to the top of the

region to which we are sensitive, are ostensibly some two orders of magnitude higher than those given

by Moses et al. in their analysis of stratospheric hydrocarbon photochemistry at the same pressure

level. However, their models are not really sensitive to values of the eddy diffusion coefficient for

presures higher than 50 mbar, so long as they drop to values less than 103 cm 2 sec -1 somewhere

in the 10 - 60 mbar region (J. Moses, pers. comm.). Thus, we expect that the profile of the eddy

diffusion coefficient drops from a high value _ 10 7 - 10 s cm 2 sec -1 in the troposphere (Prinn et al.

1984) for pressures greater than ,,_700 mbar, to a value near 104 cm 2 sec -1 that we derive here for

the radiative-convective boundary near 630 mbar, increases again with altitude through pressures

Fig. 12

Fig. 13
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of 150mbaror lower,thendropsfurther abovethe 100-mbarlevelto valuesnear 10 3 cm 2 sec -1 as

required by the hydrocarbon models of Moses et al. (1999).

We expect that continuing work in regions of the infrared that are dominated by strong PH3

absorption would help to confirm and extend upward our determination of the abundance of PH3

closer to the level of the temperature minimum, near 100 mbar pressure. Spatially resolved obser-

vations would also help to determine the dependence of the PH3 mixing ratio on local variations of

the vertical wind regime, particularly if correlations with the abundances of local NH3 condensate

particles could be established. Edgington et al. (1998) noted that there were latitudinal variations

of the maximum PH3 mixing ratio in the lower stratosphere allowed by models of their ultraviolet

spectra, with the trend being that lower latitudes exhibited higher abundance upper limits for PH3.

In theory, extending spatially dependent studies of the PH3 mixing ratio deeper into the atmosphere

could be done at an even drier site using a wide-band, high-resolution spectrometer that covers

the PH3 3-2 and 1-0 submillimeter lines and spatial resolution that resolves major banded features

on Saturn, such as the envisioned Atacama Large Millimeter Array. The spectra from such an

instrument would constrain models for the vertical wind regime of the atmosphere as a function

of latitude. Until such an instrument is deployed, however, we can use techniques that detect

both moderate and weak PH3 lines at shorter wavelengths, even without resolving the individual

line shapes, coupled with appropriate cloud models from accurate continuum measurements. Such

observations are planned by both the Cassini Visible and Infrared Mapping Spectrometer (VIMS)

and the Composite Infrared Spectrometer (CIRS) experiments, although they will not be sensitive

to PH3 distributed as deep as 600 mbar. However, only direct probes of Saturn's atmosphere are

likely to be successful in elucidating the PH3 mixing ratio for pressures much greater than 600

mbar.
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Reaction

Table1: PhotochemicalReactionsusedin the model

RateConstant1 Reference
NH3+ hv -4 NH2 + H
N2H4+ hv -4 N2H3q-H
PH3+ hv --+PH2+ H
P2H2-khv -4 P2+ H2
P2H4+ hv -4 P2H3+ H
2H+ M -4 H2q-M
H+CH3-4 CH4
P+H+M-4PH+M

P+H2+M-4PH+H+M
P+PH-4P2 +H
2P + M -4 P2 + M

PH+H-4P +H2

PH + H2 + M -4 PH3 + M

2PH -4 P2 q- H2

PH2 -b H -4 PH + H2

PH2+H-4PH3

PH2 + CH3 -4 CH3PH2

PH2 + NH2 -4 NH2PH2

2PH2 -4 P2H4

PH3 + H -4 PH2 + H2

PH3 + NH2 -4 PH2 + NH3

P2 q- H --+ PH + P

J1 (80- 2300 A)

J2 (1210 - 2050 A)

J3 (60 - 2100 A) 2

J4

J5

k0 = 2.70 x 10 -31 T -0"6

k = 3.5 x 10 -1°

k0 -- 3.40 x 10 -33 e +173/T

koo ----2.00 x 10 -32

ko -- 5.00e10 -15

k = 5.00 x 10-11 e-4°°/T

ko -- 1.40 x 10-33 e+5°°/T
k = 1.50 x 10-10 e -416/T

ko = 3.00 x 10-36

Ham et al. (1970)

Baulch et al. (1992)
K.S.

Husain and Norris (1982)

K.S.

K.S.

K.S.

K.S.

0

k = 6.20e10-11 e -318/T K.S.

k = 3.70e10-11 e -340/T K.S.

k = 1.20 x 10-1° e -37/T K.S.

k -- 1.00 x 10-1° e -18/T K.S.

k = 2.80 x 10-11 e -30/T K.S.

k = 7.21 x 10-11 e -887/T Arthur et al. (1997)

k = 1.36 x 10-12 e -984/T Bosco et al. (1986)

k = 6.20 x 10-11 e -318/T

1 R0 - R5 are photodissociation rate constants in units of s -1. Two-body rate constants are in

units of cm 3 molecule -1 s-1, and three-body rate constants are in units of cm 6 molecule -2 s -1.

2 The value for R3 is for a diurnally averaged radiation field at 500 mbar, 10° N latitude, and

PH3 cross-sections for A _ 1500 A are taken from Chen et al. (1991), using a re-scaling of room-

temperature results between 2100 and 2300 A.

3 K.S. represents Kaye and Strobel (1984)
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FIGURE CAPTIONS

Figure 1. Brightness temperature spectra of Saturn's disk with normalization of radiances as

described in the text. The sinusoid in the data between 240 and 250 GHz is an artifact of the

data acquisition. Models with H2 collision-induced opacity only are shown for reference with the

alternating dotted-dashed line. Models with constant PH3 mixing ratios in the troposphere below

a rapid falloff near the 100-mbar level (Fig. 2) are shown by the three models indicated in the

legend. The resolution of the spectra is approximately 200 MHz.

Figure 2. Vertical distribution of PH3 for the models shown in Fig. 1, using the same line styles

as the spectra. The temperature structure assumed is shown for reference by the dotted line.

Figure 3. Vertical distribution of PH3 as in Fig. 2, but for a constant log mixing ratio vs log

pressure relationship. Models that include stratospheric PH3 cutoffs starting at 100, 160 and 250

mbars are shown by the dotted, short dashed, and dash-dotted lines, respectively. Models with

deep tropospheric uniform mixing ratios starting at 630 mbar and 1 bar are shown by the triple-

dotted-dashed and long dashed lines, respectively. We adopt the model given by the solid line as

our nominal model. There is a ±25% uncertainty in the mixing ratio that arises from the noise

and the remaining inconsistency between the two data sets.

Figure 4. Spectra of the models shown in Fig. 3, compared with our data, using the same

linestyles as in Fig. 3.

Figure 5. Weighting functions of the outgoing radiance associated with the standard model

shown by the solid line in Fig. 3 with the PH3 cutoff pressure at 10 mbars. PH3 1-0 transition

weighting functions are offset to the right arbitrarily and displayed by thicker lines for clarity.

The secondary peaks are the result of the background continua arising from NH3 line wing or H2

collision-induced opacities.

Figure 6. Spectra of a perturbation of the standard model shown by the solid line in Fig. 3

with a temperature profile 2 Kelvins lower than the standard model and a PH3 mixing ratio lower

by 25% lower than the standard model. The spectrum of the standard model is displayed as the

solid line, and the temperature perturbation is shown as the dashed line.
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Figure 7. Vertical distributions of PH3. The standard model is given by the solid curve with

thicker line indicating the vertical range to which our data are sensitive. The PH3 distribution

derived by Courtin et al. (1984) with a constant mixing ratio up to the 3-mbar level appears as

a uniform mixing ratio in the pressure regime of this graph; it is given by the dashed-dotted line.

The PH3 distribution derived from the ISO SWS spectrum of Saturn (de Graauw et al. 1997) is

shown by the dashed line.

Figure 8. Spectra of the models shown in Fig. 7 with our data. The same linetype for each

model is used as in Fig. 7.

Figure 9. Vertical distributions of PH3. The standard model is displayed as in Fig. 7. The

vertical distribution of PH3 derived by Noll and Larson (1990) is given by the dashed line. A

modification that fits our data better is shown by the dashed-dotted line.

Figure 10. Spectra of the models shown in Fig. 9 with our data. The same linetype for each

model is used as in Fig. 9. Where not apparent, the dashed-dotted line indicating our modification

of the Noll and Larson profile is indistinguishable from our standard model.

Figure 11. Loss profiles corresponding to reactions as shown (reactions R1, R2 and R3 in

the text) that are responsible for removing PH3 from the upper troposphere. The profiles shown

correspond to the steady-state solutions for the K0 = 1 x 105 cm62 sec -1 case in Fig. 12, but they

do not vary significantly among the different cases shown in that figure.

Figure 12. Vertical profile of the PH3 mixing ratio as a function of the eddy diffusion coefficient

in the upper troposphere for the form given in the legend. The symbol p denotes density. Our

standard model is given by the solid, bold line. The models shown represent the best fit to the

spectral data of both the (maximum) mixing ratio at 630 mbar and the eddy diffusion coefficient

for each case. The uncertainty of the eddy diffusion coefficient is estimated as a factor of _5.

Figure 13. Spectra of the models shown in Fig. 12 with our data, using the same linestyle as

each model in that figure.
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