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Overview

The evolution of our solar system remains one of the most fascinating questions since
ancient astronomers first realized that the “stars” which do not twinkle are planets.
In the modern era, the future evolution of the Earth has become a topic that may
arise even in lay conversations. For example, the effects of changes in the earth’s
climate and the ozone layer are debated in policy and economic discussions as well
as in scientific forums. One method for assessing our understanding of the Earth’s
atmosphere is to examine the atmospheres of the other terrestrial planets. The atmo-
spheres of Venus and Mars share some common features with that of the Earth, but
there are important differences. These differences are important because they force us
to examine the often implicit assumptions that lie within the tunable parameters that
exist in all models. Consequently, studies of the atmospheric chemistry on Venus and
Mars can provide a test of the degree to which our understanding of the fundamental
physical and chemical principles that govern the Earth’s atmosphere is correct.

The chemistry of the Martian atmosphere has been “solved” to the extent that
modern photochemical models [e.g., Nair et al. 1994] can reproduce the primary ob-
servable characteristics to within a factor of 2 — 3 using the results from laboratory
studies of photochemical reaction rates. The chemistry of the Venus atmosphere, how-
ever, remains an “unsolved” problem in that the differences between the most recent
generation of models [ Yung and DeMore 1982] and some of the existing observations
are greater than a factor of 10. The first part of this dissertation (Chapters 1, 2, and
3) combines several lines of research that focused on how the discrepancy between
models and observations of the Venus atmosphere can be reduced. (The appendices
for Chapter 2 are in Chapter 5.) The results provide a better understanding of the
current photochemical processes in the Venus atmosphere and can serve as a baseline
for future studies of its evolution.

The intervening chapter reports observations of Europa and Callisto in the 8 —
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13pum wavelength region. Those observations provide constraints on the composition

and/or physical state of the surficial material on the two satellites.

Part I (Observations and Photochemical Modeling of the Venus Middle
Atmosphere)

The primary photochemical cycle of the Venus middle atmosphere (within and
above the upper cloud layer) is the photolysis of CO, to form CO and oxygen atoms
on the dayside followed by the reformation of CO5 from CO and oxygen, primarily via
catalytic reactions. Previous photochemical models-using ClO,, SO,, NO,, and HO,
radicals to catalyze the reformation of CO,—could qualitatively explain the stability
of Venus’ CO, atmosphere. Despite the powerful catalytic reactions introduced, how-
ever, none of the previous models could quantitatively explain either the low column
abundance of molecular oxygen or the intense nightside airglow in the Oy(a'A) band.
The most comprehensive of the previous models, that by Yung and DeMore [1982],
predicted a column abundance of molecular oxygen that was a factor of ~ 30 larger
than the upper limit obtained the following year [Trauger and Lunine 1983], and it
predicted a nightside airglow that was about three-quarters of the observed intensity.
These discrepancies suggested that significant gaps remained in our understanding of
the dominant chemical processes in the Venus middle atmosphere.

In the fifteen years since these studies, new observations have provided further
insight into the current state of the Venus atmosphere, and our understanding of
chlorine and sulfur chemistry has improved as a result of laboratory and field studies
related to the terrestrial stratosphere. One idea that had been proposed is that the
abundance of O in the Venus atmosphere might vary by as much as a factor of 10
over time scales of years. This proposal was based on observations of SO, and SO at
the top of the Venus clouds which showed a monotonic decrease in the abundances
of both species from 1980 to 1995 with SO, declining by a factor of 10 and SO by a
factor of 5. An alternate proposal was that rapid reactions on aerosol particles, such

as

HOCI + HCl + aerosol — H,O + Cl, + aerosol (G10)
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which converts Cl from a relatively nonreactive form, HCI, to a potentially highly
reactive form, Cls, could greatly enhance the effectiveness of the chlorine catalytic
reactions that oxidize CO to CO,.

This project has attempted to reconcile the differences between observations and
photochemical models with regard to the oxygen budget of the Venus middle at-
mosphere. To examine the potential temporal variability of the O, abundance, we
attempted to detect molecular oxygen on the dayside of Venus using the Ultra-High
Resolution Facility at the Anglo-Australian Telescope on 23 January 1995. We ob-
served the 763.6325 and 763.2165 nm O, lines at a spectral resolving power, \/AA,
of 600000 with a square, 1.5 arc-second field of view. These observations reveal no
evidence for O, above the Venus cloud tops within our detection limit which is equiv-
alent to a uniform vertical mixing ratio of 3 ppm. Our upper limit on the abundance
of Oy in the Venus middle atmosphere is comparable to that obtained by Traub and
Carlton [1974] and is a factor of ten larger (less stringent) than that obtained by
Trauger and Lunine [1983] (20 = 0.3 ppm). Within the obvious limitations imposed
by the relative sensitivities of the non-detections, we find no evidence for an increase
in the abundance of O, in association with the observed decreases in SO, and SO
abundances.

The parallel branch to new observations was development of a new photochemical
model for the Venus middle atmosphere that incorporates the most recent chemical
kinetic rates and photoabsorption cross sections. Our one-dimensional, steady-state
photochemical model can reproduce (within measurement uncertainty and tempo-
ral/spatial variability) the retrieved SO profile [Na et al. 1994], the retrieved SO,
abundance and scale height at the cloud top [Na et al. 1994], the retrieved CO pro-
file [Clancy and Muhleman 1991], and the observed “global average” Os(a'A) airglow
[Crisp et al. 1996] using only gas-phase chemistry if we adjust key reaction rates
within their assessed one standard deviation uncertainties. Our predicted column
abundance for O, is a factor of 10 smaller than than from previous models. Our
results suggest SCI, and CISO, compounds may be important in the chemistry of the

upper cloud layer, and we find that Reaction G10 is not an important source of Cl,
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above the cloud top.

The current observational upper limit can be reconciled with the predictions from
our photochemical model if one examines the absorption produced by our predicted
O, distribution instead of the column abundance. Our model predicts that most of
the O5 in the Venus atmosphere will be located between 85 and 95 km altitude, several
scale heights above the cloud top (~ 70—75 km altitude) and, thus, above the region in
which multiple scattering is important. Radiative transfer model calculations indicate
that the absorption due to our predicted O, distribution is equivalent to that produced
for a uniform vertical distribution of O, with mixing ratio of 0.3 ppm, the two standard
deviation upper limit from the observations. If the equilibrium constant for CICO
is adjusted by two standard deviations and the temperatures at 85 — 95 km altitude
are decreased by ~ 15— 20 K (two standard deviations), the predicted O5 absorption

will lie below the observed one standard deviation upper limit.
Part II (Thermal Infrared Spectroscopy of Europa and Callisto)

The trailing hemispheres of Europa and Callisto were observed and a 9 — 13 um
spectrum of Europa with better spectral resolution and better signal-to-noise than
was previously possible has been derived. The ratio spectrum of the two satellites has
a signal-to-noise ratio of approximately 30 and spectral resolving power of approxi-
mately 50. The ratio spectrum was combined with the average Voyager 1 spectrum of
Callisto from Spencer [1987a] to obtain a 9 — 13 pum spectrum of Europa with signal-
to-noise that is a factor of 10 better than that in the average Voyager spectrum of
Europa in Spencer [1987a]. No emissivity features due to water ice are apparent at
the 3% level in our Europa spectrum. The disk-integrated, effective color tempera-
ture ratio for the two satellites is consistent with previous ground-based, broadband,
thermal infrared photometry. One possible explanation for the absence of features
in the thermal infrared spectra of Europa (at the 3% level) and Callisto (at the 1%
level) is if the surfaces of both satellites have significant abundances of small particles
(< 50 micrometer in size). This explanation is consistent with most of the published

observations by Galileo.
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1.1 Introduction

This chapter presents the results of new observations that attempted to determine the
column abundance of molecular oxygen above the Venus clouds. The column abun-
dance of molecular oxygen in the middle atmosphere has been below the detection
limit of both previous earth-based spectroscopic observations [Traub and Carleton
1974; Trauger and Lunine 1983], but theoretical speculation has suggested that the
column abundance of O, might have increased significantly in response to the ob-
served decline in the abundances of SO, and SO at the cloud tops since 1982 [Na et
al. 1994; Na and Esposito 1995].

A primary source of O, in the Venus atmosphere is believed to be the recombina-

tion of atomic oxygen (Chapter 1),
20+ M — Oy + M, (G3)

where the atomic oxygen is produced by photolysis of CO,. (M is a third molecule
which collides with the intermediate complex formed by the two reacting species.
The third molecule removes sufficient energy from the intermediate complex that
the intermediate complex can form the stable product molecule.) CO,, the primary
constituent of the atmosphere of Venus (and Mars), is photolyzed by ultraviolet ra-
diation (primarily at wavelengths < 200 nm) to form CO and atomic oxygen. The

direct three-body reaction to reform COs,,
CO+0+M — COy+ M, (G2)

is spin-forbidden so it is five orders of magnitude slower than the competing reaction,
Reaction G3, at the temperatures typical of planetary atmospheres. Consequently,
atomic oxygen has a strong tendency to recombine as O,. Both CO and O, are
sufficiently stable that, in the absence of other species, mixing ratios of ~ 7% for CO
and ~ 3.5% for O, would exist in steady-state in an atmosphere that was initially
pure CO; [Nair et al. 1994].

The observed abundances (or upper limits) for CO and O, in the atmospheres of

both Venus and Mars are significantly smaller than predicted by this simple model
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due to the catalytic effect of trace constituents on the recombination rate for forming
CO, from CO and oxygen. The observed column mixing ratios of CO and O in the
Martian atmosphere (~ 7x107* and ~ 1x1073, respectively) have been quantitatively
explained by photochemical models that invoke gas-phase catalytic reactions involving
hydrogen compounds (H, OH, and HO,—collectively known as HO,) and nitrogen
compounds (N, NO, NO,, NO;, and N,Os—collectively known as NO,) [Nair et al.
1994).

Photochemical models of the Venus middle atmosphere (~ 65 — 100 km altitude),
however, have not achieved comparable success. The most complete previous models
[Yung and DeMore 1982] predicted a molecular oxygen abundance that is a factor of >
10 larger than the current upper limit [ Trauger and Lunine 1983]. This disagreement
is the most egregious failing of current models of the Venus atmosphere. In addition,
the lack of a definitive observation of the abundance of O in the Venus atmosphere
is the primary uncertainty in photochemical models.

The present attempt to detect molecular oxygen above the Venus clouds was
prompted by the observed decrease in the abundances of SO, and SO at the cloud
tops and speculation, based on predictions from the Yung and DeMore [1982] models,
that a decrease in the abundance of SO, and SO could lead to a comparable increase
in the O, abundance. The basis for this speculation is found in the primary reactions
by which CO is oxidized to CO, while O, is simultaneously destroyed. In Yung and
DeMore’s [1982] model C, the primary means by which these two processes occur is

by the following series of sequential reactions.
Cl+CO+ M — CICO+ M
CICO+ 0y + M — CICOs + M
CICO; + Cl — Cl + CO, + CIO
net : Cl4+ CO + O, — CIO + CO,

If the ClO reacts with SO



Section 1.1 1-4

ClO 4+ SO — Cl1 + SOq,

then there is a net destruction of O, accompanying the oxidation of CO to CO,. If
ClO combines with O

ClO 4+ O — Cl 4 Oq,

then there is no net destruction of Oz in the process. In Yung and DeMore’s [1982]
model C, the rates for these two losses of ClO are comparable (to within a factor of
two) at 70 - 80 km altitude. Thus, if the abundance of SO decreases while the atomic
oxygen abundance remains constant, then the abundance of O, will increase.

The cloud top abundances of SO, and SO in model C by Yung and DeMore [1982]
were 30 ppb and 1 ppb respectively. These values are comparable to the most recent
observed values [Na and Esposito 1995]. At the time of Trauger and Lunine’s [1983]
attempt to detect O,, however, the SO, abundance was a factor of ~ 3 larger and
the SO abundance was a factor of ~ 10 larger [Esposito et al. 1988; Na et al. 1990;
Na et al. 1994] than in Yung and DeMore’s [1982] model C. Scaling the Yung and
DeMore [1982] results, the observed factor of ~ 3 decrease in the SO, abundance and
the observed factor of ~ 10 decrease in the SO abundance since 1982 could produce
a factor of ~ 3 — 10 increase in the O, abundance. The amount of change in the O,
abundance would depend on what secondary reaction(s) become the limiting factors
in the destruction of oxygen. These model predictions, however, suggest that if the
O, abundance in 1982 was just below the upper limit set by Trauger and Lunine

[1983], then a new attempt to detect O, might now succeed.

1.1.1 Previous Observations

The presence of molecular oxygen in the Venus atmosphere has been established
by observations of airglow emission in the 1.27 ym band [e.g., Connes et al. 1979;
Crisp et al. 1996]. This airglow is produced when O, in its lowest excited electronic
state decays via a magnetic dipole transition to the ground electronic state, emitting a

photon near 1.27 um. The airglow observations cannot, however, be used to determine
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the column abundance of molecular oxygen. First, the airglow observations give only
a lower limit on the production rate of O,. The actual production rate for O, could
be inferred from laboratory and modeling studies, but none of the published modeling
studies [e.g., Yung and DeMore 1982; Bougher and Borucki 1994] has been able to
quantitatively reproduce the observed intensity of the airglow, ~ 1.1 x 10'2 cm=2 57!,
when temporally and spatially averaged over the nightside [Crisp et al. 1996]. Hence,
the mechanism by which O, in the excited 'A state is produced is uncertain. The
second reason the airglow cannot be used to infer the column abundance of O, is that
the loss mechanisms for O, in the Venus middle atmosphere are highly uncertain.
The loss rate for O is linearly proportional to the O, abundance and in steady-state
equals the Oy production rate. However, the dominant reaction(s) that control loss of
O, are not known so the rate constant for loss of O, is uncertain. A third reason the
airglow cannot be used to estimate the column abundance of O, is that the altitude
at which the airglow is produced has not been determined. The proposed mechanisms
for production and loss of O, have rates that vary significantly with altitude so the
O, abundance required for loss to balance production is highly dependent on altitude.

In-situ measurements of the O, abundance, reviewed in von Zahn et al. [1983],
have yielded only two marginal detections: equivalent to volume mixing ratios of
(4.4+£2.5)x107° at 52 km altitude and (1.6+0.7)x107° at 42 km altitude [Oyama et al.
1980]. If accepted, these O, abundances would seem to require thermal disequilibrium
below the Venus clouds since the reported O, abundances are not compatible with
simultaneous measurements of CO, SO,, and HyO [von Zahn et al. 1983]. von Zahn
et al. [1983], consequently, recommended discounting the validity of the marginal
detections by Oyama et al. [1980]. Even if the detections by Oyama et al. [1980]
were accepted, the uncertainties introduced by their extrapolation through the cloud
layers to the middle atmosphere preclude their use for photochemical modeling of the
middle atmosphere.

Spectroscopic searches for O, above the Venus clouds using the oxygen A band
lines at 763.5 and 763.6 nm (b'E +>X*Y)were made by Traub and Carleton [1974]
and Trauger and Lunine [1983]. Traub and Carleton [1974] reported an upper limit
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equivalent to a column mixing ratio of ~ 1 x 107% based on finding no evidence for
absorption by Venusian molecular oxygen. Trauger and Lunine [1983] reinterpreted
the Traub and Carleton [1974] result to be the equivalent of a column mixing ratio of
~ 2x107% based on evidence from Pioneer Venus that the cloud top was at ~ 50 mbar
instead of the ~ 300 mbar level used in Traub and Carleton’s [1974] initial analysis.
Trauger and Lunine [1983] also reported a 20 upper limit based on their own non-
detection of Venus O, that is equivalent to a column mixing ratio of ~ 3 x 1077.
Figures 1.1 and 1.2 present the spectra obtained by Trauger and Lunine [1983] for

Venus and Mars, respectively.

1.1.2 Approach

Our observations are conceptually similar to those by Traub and Carleton [1974] and
Trauger and Lunine [1983], although there are important differences in instrumenta-
tion. The source of the observed radiation is sunlight that has been reflected toward
the Earth by the Venus clouds (cloud top ~ 70 km altitude). As a result, the observed
radiation has passed through the Venus middle atmosphere twice and may have been
multiply scattered by aerosols within the upper cloud or the overlying haze. The O,
lines selected for study were the P7P7, P9Q8, and P9P9 transitions of the Fraunhofer
A band with rest line centers at 763.2165, 763.5191, and 763.6325 nm. All three
lines have similar strengths (8.5, 7.3, and 8.4 x107%* ¢cm™/(molecule cm™2) in the
1996 edition of the HITRAN database [Rothman et al. 1992]) and all three lines were
simultaneously within our free spectral range (0.66 nm). In addition, the number of
molecules in the ground-states corresponding to these transition lines should differ
by less than 15% at temperatures representative of the Venus middle atmosphere. A
positive detection, therefore, should be seen at all three wavelengths and this would
provide further confidence in the results. The 763.6325 nm line was used by Trauger
and Lunine [1983] for their Venus observations, facilitating direct comparisons with
their results.

The selected O, lines are strongly saturated in the telluric atmosphere so they
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Figure 1.1: “Spectra at the predicted position of the O; P(9) line in the atmosphere
of Venus. From left to right, the terrestrial features (@) are *O, P(9) (763.6328
nm), 800 Q(11) (763.7183 nm), and 700 P(10) (763.7276 nm). In the inset,
three Venus spectra corrected to remove terrestrial lines, on a scale expanded in the
vertical dimension by a factor of 10 are shown. No significant feature is seen at the
predicted position for the Doppler-shifted Venus P(9) line.” [Trauger and Lunine
1983]
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MARS

D

Figure 1.2: “Fabry-Perot spectra of Mars, in the P branch of the molecular oxygen
A band. Listed from left to right, the terrestrial() lines are 1700 Q(9) (763.4052
nm), 00 P(9) (763.4170 nm), and *0, Q(9) (763.5192 nm). The Mars feature
is the Doppler-shifted *O, Q(9) line. In the inset, two Mars spectra after division
to remove the terrestrial features are shown.” [Trauger and Lunine 1983]




Section 1.1 1-9

are only observable on Venus when the motion of Venus relative to the Earth along
the line of sight to the Earth is sufficient to Doppler shift the Venus lines away from
the saturated cores of their telluric counterparts. The Doppler shift is maximized
twice in each 18 month period when Venus is near quadrature. For the time of our
observations, Venusian O, lines would be expected to be shifted to larger wavelengths
by ~ 3.33 x 1072 nm due to the line-of-sight motion of Venus relative to the Earth. A
smaller shift to smaller wavelengths, ~ 5.9 — 10.2 x 10~ nm for the zenith angles at
which we observed Venus, is expected due to the diurnal rotation of the Earth. The
maximum wavelength difference resulting from the change in viewing zenith angle
(4 x 107 nm) is < 0.67 pixel so it has been neglected. The maximum Doppler-shift
due to the ~ 100 m s~! Venus cloud-top winds would be ~ 2.6 x 10™* nm (< 0.5
pixel and smaller than the maximum uncertainty in the wavelength calibration) so
it also has been neglected. The net Doppler-shift expected for the Venusian O, lines
relative to the telluric lines is ~ 3.24 x 1072 nm toward larger wavelengths. Spectra
of the Moon and the air in the Coude room were used to confirm identification of the
telluric Oy lines.

Previous observations were done with an instrumental spectral resolution (full-
width at half-maximum, FWHM) that was larger than the expected width of the
Venus O, lines. Our observations were done at better spectral resolution than the
previous observations to improve overall instrument throughput and to approximately
match the instrumental resolution to the expected width of the Venus O, lines. If the
O, lines are formed at high altitudes on Venus as predicted by analysis of the results
from photochemical models (Chapter 3), then the better spectral resolution used for
this study improves the ability to detect the Venus absorption lines. If the Venus O,
lines form at the pressures assumed by Trauger and Lunine [1983], then the better
spectral resolution used for this study will not improve the ability to detect the Venus
absorption lines.

Unfortunately, there is significant uncertainty in the expected widths of the Venus
O, lines because the distribution of molecular oxygen above the Venus clouds is

unknown and because the CO,-broadened widths of O, lines have not been deter-
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mined. At minimum, the Venus O, lines would have a Doppler-broadened FWHM
of ~ 8 x 107* nm if formed at an effective altitude of 84 km (2 mbar, near the
temperature minimum in the middle atmosphere [Seiff 1983]). If the Venus O, lines
were formed at an effective altitude of 68 km (50 mbar, optical depth ~ 1 - 2 due
to scattering by particles within the upper cloud layer), then the Lorentz-broadened
FWHM for broadening of Oy by air would be ~ 3 x 10~ nm. If the Venus O, lines
were formed at an effective altitude of 56 km (450 mbar, the base of the upper cloud,
see Section 1.4), the Lorentz-FWHM for broadening by air would be ~ 3 x 1073 nm.
Consequently, for our measured instrumental FWHM of 1.1 x 10~% nm (approximately
1.7 pixels), the expected FWHM for a Venusian O, line in our spectrum is 2 —5 pixels.
Based on this range of possible widths for line Venus O, lines, the signal-to-noise ratio
in the measured spectra might have been improved by using a factor of two worse
spectral resolution. However, if we had tried to use a factor of two worse spectral
resolution, we would have had to decrease the size of the UHRF entrance aperture by
more than a factor of two to prevent overlapping orders at the detector. This would
have resulted in a net decrease in instrument throughput and a net decrease in the

measured signal-to-noise ratio.

1.2 Observations

Venus was observed during morning twilight and daylight on January 23, 1995, from
18:00 - 23:00 UT (9:00 - 12:00 local time) from the Anglo-Australian Observatory
using the 4-meter Anglo-Australian Telescope and the Ultra-High-Resolution Facility
(UHRF) instrument [Diego et al. 1995]. Venus’ diameter was 22 arcsec and the solar
phase angle was 84 degrees. The sub-Earth and sub-solar latitudes were both —2.4
degrees. Typical seeing was 3 — 4 arcsec and the telluric airmass through which we
observed was between 2.0 and 1.2 (airmass = sec(u) where yu = the angle from the
zenith). UHRF was used in its medium resolution mode (nominal resolving power ~
6 x 10°) with the confocal image slicer dekker [Diego 1993] and the thinned Tektronix

CCD. The entrance aperture was approximately 1.5 x 1.5 arcsec>. The integration
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time for a single Venus spectrum was typically 10 minutes to give a signal-to-noise
ratio of ~ 700 in the continuum region between the telluric O absorption lines. Venus
and the sky 120 arcsec south of Venus were observed alternately to determine the
contribution due to scattered light from the Earth’s atmosphere during the rapidly
changing illumination of morning twilight. The UHRF field-of-view was positioned
on the sunlit morning quadrant of Venus near its equator and about 30 — 45 degrees
of longitude from the sub-Earth longitude (which was approximately the morning
terminator).

Trauger and Lunine [1983] and Traub and Carleton [1974] used multi-etalon Fabry-
Perot interferometers for their observations. Trauger and Lunine [1983] were able to
achieve a better signal-to-noise ratio (~ 1300 in the continuum region between the tel-
luric Oy absorption lines) than the observations reported here due, primarily, to the
larger angular field of view of their instrument (effectively one-half of a hemisphere
of Venus compared to our 1.5 x 1.5 arcsec? field of view). The longer integration time
(due to observing all wavelengths simultaneously) and the larger telescope (the AAT
4-meter compared to Mount Wilson’s 2.5-meter) for the current observations par-
tially compensated for the field-of-view advantage in the Trauger and Lunine [1983]

measurement.

1.2.1 Data Processing and Wavelength Calibration

The UHRF may be used with either a long slit or an image slicer at the entrance aper-
ture. When used with the image slicer as we did, the UHRF does not preserve spatial
information but the aperture is projected along a finite band across the detector. The
output from the 1024 x 1024 UHRF detector was summed into four pixel bins parallel
to the projected slit for recording. The full spectral resolution was maintained. A
median bias frame was subtracted from each data frame then the result was divided
by a median detector response frame. A data spectrum was derived by averaging par-
allel to the projected slit. A sky spectrum and an off-axis scattered light spectrum

were subtracted from each data spectrum to produce an object spectrum. Bad pixels
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were excluded from the data spectra and the off-axis scattered light spectra prior to
the averaging.

The Venus spectra were obtained at sufficiently different airmasses that the spectra
could not be directly added to try to improve the signal-to-noise ratio. Instead, we
computed a (delta-intensity/intensity) {61/I} spectrum from each measured spec-
trum to remove the effects of the changing telluric airmass, then we averaged the
(0I/I) spectra to try to improve the signal-to-noise ratio in the (61/I) spectra. The
(0I/I) spectrum was computed by first smoothing each measured spectrum with a
triangular kernel that had a FWHM of eight pixels. (This FWHM is larger than
the 2 — 5 pixel width expected for a Venus O, line as discussed in Section 1.1.2.)
The smoothed spectrum was then subtracted from the measured spectrum and the
difference was divided by the measured spectrum to create the (61/I) spectrum. In
computing the average (61/I) spectrum, the Doppler-shift due to the Earth’s diur-
nal rotation was assumed to be constant even though it is a function of the viewing
zenith angle. The maximum wavelength difference resulting from the change in view-
ing zenith angle (4 x 10~* nm) for the time period of the observations is < 0.67 pixel
which is less than 40% of the instrumental FWHM, so our neglect of this change
should not have a significant impact on the results.

As is common for long slit spectrometers, the spectral dispersion direction was
not parallel to an axis of the detector array. However, the end-to-end difference
in the position of a monochromatic line across the detector (determined from the
spectrum of an He-Ne laser line) was approximately 0.5 pixel. This is smaller than
the instrumental FWHM, so no attempt was made to correct for the skewness of the
spectral dispersion direction.

The detector response frames were created by viewing a quartz calibration lamp
directly (not through the image slicer) then using a median spatial filter with kernel of
10 (spatial) x 20 (spectral) pixels to remove the large-scale variations in illumination.
No attempt was made to correct for any wavelength-dependent variations in the
throughput of the image slicer because none were observed in spectra of the quartz

lamp when viewed through the image slicer.
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The off-axis scattered light spectra were derived from the outer edges of the
recorded spectra since the image slicer did not fully illuminate the detector along
the projected slit axis.

A Th-Ar arc lamp source and the telluric O, lines were used to determine the
wavelength calibration and the spectral dispersion. Wavelengths in air for Ar were
taken from Reader and Corliss [1986], wavelengths in air for Th were taken from
Palmer and Engelmann [1983], and the *0®0 and 800 line positions in vacuum
were taken from Rothman et al. [1992] then converted to wavelength in air using the
index of refraction of standard air from Edlen [1966]. The wavelength scales derived
from the arc lamp source and the O, lines differed by, at most, 4x 10™* nm (< 1 pixel)
so this maximum difference was used as the uncertainty in the wavelength calibration.
The spectral dispersion derived from the wavelength calibration was 6.42 x 10~*
nm/pixel. The measured FWHM spectral resolution derived from observations of
a He-Ne laser at 632.8 nm was 1.7 pixels. This translates to a spectral FWHM of
1.1 x 1072 nm at 763.5 nm.

1.2.2 Results

A typical Venus spectrum (10 minute integration time) is shown in Figure 1.3 with
expanded views in Figure 1.4. All of the prominent absorption features seen in Figure
1.3 are from absorption by telluric O;. No obvious feature was found at any of the
expected locations for a Venus O, line. The average of all of our (61/I) spectra is
shown in Figure 1.5 with expanded views in Figure 1.6. Again, no definitive absorp-
tion features are present at the expected positions for the Venusian O, lines. There
is an apparent feature at 763.249 nm, but no significant absorption feature is present
at either 763.552 or 763.665 nm.

The primary source of noise in our measurement is the photon counting noise in
the radiation received from Venus. The sky spectra were < 5% of the data spectra
and the off-axis scattered light spectra were < 10% of the data spectra so neither of

these sources contributes significantly to our derived upper limit on the intensity of a
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Figure 1.3: Measured spectrum of the sunlit quadrant of the Venus atmosphere
as observed through the Earth’s atmosphere. From left to right, the terrestrial
absorption features are

160, (P7P7, 763.2165 nm, 13098.84 cm™!, b*X,(J'=6)«+ X3%,(J"=T)),

18010 (P9Q8, 763.3041 nm, 13097.33 cm™!),

170160,

170180,

18010 (P9P9, 763.4174 nm, 13095.39 cm™!),

160, (P9Q8, 763.5191 nm, 13093.64 cm ™!, b'¥,(J'=8)«+ X*%,(J"=8)),

160, (P9PY, 763.6325 nm, 13091.70 cm™!, b1 ¥, (J'=8)«+ X3%,(J"=9)),

180160 (P11Q10, 763.7187 nm, 13090.22 cm™1),

17016().

Line identifications and vacuum wavenumber positions for the O, and OO lines
are from the 1996 edition of the HITRAN database [Rothman et al. 1992]. Total
angular quantum numbers for the °O, lines are from Burch and Gryvnak [1969)].
Wavelengths in Air for the lines were calculated using the index of refraction from
Edlen [1966].
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Figure 1.4: Measured spectrum of the sunlit quadrant of the Venus atmosphere as
observed through the Earth’s atmosphere. Expanded views showing the wavelength
regions in which absorption by O, in the Venus atmosphere would be expected to
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Figure 1.6: Measured spectrum of the Venus atmosphere after processing (described
in the text) to remove the effects of telluric absorption. Expanded views showing
the wavelength regions in which absorption by O, in the Venus atmosphere would
be expected to be observed.
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Venusian O, line. No wavelength-dependent variations over intervals of 2 — 5 pixels
were noted in either the sky or the scattered light spectra.

The signal-to-noise ratio at the expected locations for the Venusian O, lines in
Figure 1.3 is ~ 400 so our individual Venus spectra give an upper limit on absorption
by Venusian O, of (1o 61/I) ~ 0+ 3 x 1073, From the apparent feature at 763.249
nm in Figure 1.6, we obtain an upper limit ~ 0.4% on the depth of a possible feature
and a (61/1) for a 4 pixel FWHM of 042 x 1073. The standard deviation for integrals
at wavelengths where we do not expect to find any Venusian features is (1o 61/1)
~ 2 x 1073 for a FWHM of 2 — 4 pixels and ~ 1 x 107® for a FWHM of 5 pixels.
The 5 pixel FWHM result, however, may be affected by the triangle filtering since
the filtering used an 8 pixel FWHM kernel. The (20 6I/I) upper limit from our
observation translates to a 20 upper limit on the equivalent width for absorption by
O, on Venus of 5 — 10 x 107® nm, depending on the assumed width for the Venus O,
lines. For comparison, the smallest 20 upper limit on the equivalent width derived

by Trauger and Lunine [1983] was 1 x 107¢ nm.

1.3 Radiative Transfer Model

Interpretation of our observation as an upper limit on the column abundance for
molecular oxygen requires the use of a radiative transfer model. The model used
for our calculations has been described in Meadows and Crisp [1996] so only the
parameters relevant to this work are described here. This model uses the discrete
ordinate method from Stamnes et al. [1988] to calculate angle-dependent spectra
of a vertically inhomogeneous, nonisothermal, plane-parallel scattering and absorb-
ing planetary atmosphere. Vertical inhomogeneity within the model atmosphere is
accommodated using 50 two-kilometer thick vertical layers from 0 — 100 km altitude.
Optical properties are assumed constant within each layer but are allowed to vary
between layers.

Eight discrete zenith angles (four up and four down) and seven discrete azimuth

angles were used to describe the radiance field. Radiances at the top of the Venus
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atmosphere were evaluated at the Gaussian quadrature points in the upper hemi-
sphere (viewing zenith angles of 21.48, 47.93, 70.73, and 86.02 degrees) for viewing
azimuth angles of 0 — 180 degrees (relative to an incident solar azimuth angle of 0
degrees) and incident solar zenith angles of 0 — 85 degrees. Radiances at intermediate
angles were obtained by cubic or bicubic interpolation. Output was generated on an
adaptive wavelength grid that fully resolves all absorptipn lines in each model layer
while minimizing computation in continuum regions. The spectral mapping algorithm
described in Meadows and Crisp [1996] was not used for these calculations. A line
cut-off distance of 500 cm~! was used for H,O and O, and 1000 cm ™! was used for
CO,.

The input solar irradiance, attributed by Crisp [Personal Communication, 1997]
to a calculation using a Kurucz model, was scaled to Venus’ distance from the Sun.
Line strengths for O, were taken from the 1996 edition of the HITRAN database
[Rothman et al. 1992], and line strengths for CO, and HyO were taken from the
HITEMP database [Pollack et al. 1993]. Rayleigh scattering by CO, was included.
Pressure and temperature profiles were taken from Seiff [1983], the volume mixing
ratio for CO, was 0.965, and the volume mixing ratio for H,O was 1 ppm above 75
km altitude and 30 ppm below 47 km altitude with a smooth transition through the
cloud layers.

The most significant free parameters for interpretation of our observations are
the scattering properties assumed for the cloud and haze particles and the assumed
vertical distributions of molecular oxygen, cloud particles, and haze particles. For the
nominal model calculations, the particle characteristics and optical depths (Tables 1.1
and 1.2) were taken from an updated version of the equatorial cloud model described
in Crisp [1986]. The optical properties for the particles in the upper cloud and
haze were obtained from the optical constants for 75-wt% sulfuric acid [Palmer and
Williams 1975] using a Mie scattering algorithm | Wiscombe 1980; Crisp 1986]. This
composition is consistent with (but not required by) polarization measurements by
Kawabata et al. [1980] and Hansen and Hovenier [1974]. As described in Crisp [1986],

the number densities for the Mode 1 particles (size ~ 0.25um) were based on an



Section 1.3 1-20

Table 1.1: Particle Characteristics for Nominal Cloud Model ¢

Particle Modal ? Effective ¢
Mode Radius Variance Radius Std Dev
(pm) (pm)
1 0.49 0.22 0.55 0.05
1€ 0.49 0.22 0.55 0.05
2 1.05 0.19 1.15 0.04
2 1.40 0.207 1.56 0.04
3 3.85 0.262 4.57 0.07

@ Composition of all particles was 75-wt% HySO4
b Size parameters are for a log-normal distribution:

n(r) = (210,)™"*r ™! exp[—(In(r/ry))*/ (20,)]
where 1, is the modal radius and o, is the variance given above [Hansen and Travis
1974]. n(r) is normalized such that the integral over all sizes equals one.
¢ Integration limits for the size distribution were 0.001 and 25 pm.
4 The effective radius and standard deviation are weighted over the distribution and
are related to the modal radius and variance as described in Hansen and Travis
[1974].
¢ UV absorber in Crisp [1986].

empirical fit to the Pioneer Venus Solar Flux Radiometer measurements [ Tomasko et
al. 1980], and the number densities for the Mode 2 particles (size ~ 1um) were taken
from Model A of Tomasko et al. [1980] since they gave the best fit to the Pioneer
Venus Cloud Particle Spectrometer measurements. The extra UV absorption required
by previous radiative transfer modeling studies [e.g., Crisp 1986] was attributed to the
Mode 1 particles in the upper cloud as described in Crisp [1986]. The UV absorber’s
absorption efficiency is 0.1% of its extinction efficiency at these wavelengths.

There has been no detection of ground-state molecular oxygen in the Venus mid-
dle atmosphere even though intense airglow has been observed in the Oy(a'A) band.
Consequently, its vertical distribution is unknown. The assumption for our nomi-
nal model calculations was that molecular oxygen has a volume mixing ratio that

is independent of altitude. This also will permit direct comparison with the radia-
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Table 1.2: Optical Depths for Nominal Cloud Model
Pressure Mode 1 Mode 17 Mode 2 Mode 2/ Mode 3
(bar) Ar H((km) Ar H((km) A7 H((km) Ar H((km) A7 H (km)
0.0003  0.00 0.00 0.00 0.00 0.00
0.005 0.20 3.85
0.028 0.14 4.75 0.66 4.75
0.100 1.81 2.05 1.67 9.00
0.160 3.50 3.20 1.20 5.25 0.30 0.00
0.250 2.60 9.00 1.50  10.60 0.34 0.00
0.375 1.70 -1.00 1.10 -2.50 0.30 0.00
0.600 0.23 0.00 1.19 2.00 1.66 2.00
1.000 0.50 0.00 2.71 0.00 2.27 0.00
1.400 1.00 0.00 1.44 0.00 3.40 0.00
9.300 0.20 0.00 0.05 0.00
AT is the differential optical depth at 0.63 um within the layer whose base lies at the specified
pressure. H is the scale height for the particles within the layer.

tive transfer modeling by Trauger and Lunine [1983] because they used the same

assumption.

1.4 Discussion

Calculated spectra for uniform molecular oxygen volume mixing ratios of 1.4 x 1075,
1.4x 1077, and 1.4 x 1078 at all altitudes > 58 km are shown in Figure 1.7. These syn-
thetic spectra have been normalized so that the maximum intensity in each spectrum
has a value of 1.0, and the vertical scale has been enhanced to show the molecular oxy-
gen absorption features. The synthetic spectra have been converted to wavelength in
air, Doppler-shifted by the appropriate amount, and convolved with a triangle kernel
filter (simulating the UHRF spectrometer response function) so that Figure 1.7 may
be compared to the measured spectra in Figure 1.4. The relatively broad feature near
763.41 nm is a solar feature that has been Doppler-shifted along with the synthetic
Venus O, absorption lines. It can be seen in our measured spectrum, Figure 1.3, near
763.38 nm which is the position for this solar feature with no Doppler-shift. The

Doppler-shifted position of this solar feature lies within a telluric OO absorption
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Table 1.3: (6I/I) for Calculated Spectra for Uniform Mixing Ratios

10° x (31/1)

02 Mixing Viewing ®  Averaged Over FWHM (pixels)

Ratio (ppm v/v) * Zen Angle 2 3 4 5
14 29 2.4 2.0 1.8 1.5

34 2.4 2.0 1.8 1.5

44 2.4 2.0 1.8 1.4

54 2.4 2.0 1.8 1.5

0.14 29 0.23 0.20 0.18 0.15

34 0.24 0.20 0.19 0.15

44 0.24 0.20 0.18 0.15

54 0.24 0.20 0.18 0.15

0.014 34 0.024 0.020 0.018 0.015

44 0.024 0.020 0.018 0.015

54 0.024 0.020 0.018 0.015

¢ ppm v/v = volume (number) mixing ratio in parts per million (1 x 10~°)
b Viewing zenith angle is given in table. The incident solar zenith angle was 84— (viewing
zenith angle). The relative viewing azimuth angle was 180 degrees.

so it is not readily observable in our measured spectrum.

High-pass filtered spectra were computed from those in Figure 1.7 in the man-
ner described earlier for the measured spectra. Table 1.3 presents the (§I/I) for
these three oxygen mixing ratios (invariant with altitude) at four viewing geometries
selected to span our range of observational geometries. These calculations indicate
there is no significant dependence on viewing geometry over this range. Based on
these calculations, our 20 observational upper limit on absorption by molecular oxy-
gen corresponds to an O, mixing ratio of 3 x 1078, if the molecular oxygen is uniformly
mixed throughout the Venus atmosphere. The column abundance of O, above 68 km
altitude (50 mbar) for our 20 upper limit is ~ 2 x 10'® molecules cm~2, for the same
assumption.

Our upper limit on (§1/I) for a Venus O, absorption feature is a factor of 10 larger
than Trauger and Lunine’s [1983] and comparable to the upper limit obtained by
Traub and Carleton [1974]. Trauger and Lunine’s [1983] instrumental resolution was
comparable to a FWHM of 5 UHRF pixels so our upper limit on (§1/I) is 043 x 1073
compared to Trauger and Lunine’s [1983] value of 0 & 3 x 107%. Traub and Carleton
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Calculated Venus Spectra for Nominal Cloud Model
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Figure 1.7: Synthetic spectra of the Venus atmosphere for three uniform O, profiles.
The spectra in these figures were calculated for an incident solar zenith angle of
40 degrees, a viewing zenith angle of 44 degrees, and a relative viewing azimuth
angle of 180 degrees. The synthetic spectra have been converted to wavelength in
air, Doppler-shifted by the appropriate amount, and convolved with a triangle ker-
nel filter (simulating the UHRF spectrometer response function) to the wavelength
resolution and sampling of the UHRF data.

Note the factor of five change in vertical scale between the upper plot and the two
lower plots.
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[1974] reported a maximum absorption depth of 0.5% which is comparable to the
0.4% maximum absorption depth in Figure 1.6 at 763.249 nm.

There are two potentially significant differences between our observations and
modeling and those for the previous studies. First, we measured the radiance from a
relatively small aperture centered on the sunlit quadrant of Venus whereas both pre-
vious measurements integrated the radiance from the entire sunlit quadrant. Second,
Trauger and Lunine [1983] used a different radiative transfer model and a different
cloud model to interpret their results and to reinterpret Traub and Carleton’s [1974]
results. Our calculations suggest, however, that neither effect is important for a uni-
form wvertical distribution of O,. For the first, our calculations find no significant
variations with viewing geometry over the range of viewing zenith angles that were
examined. For the second, the results from our calculations agree well with those
from Trauger and Lunine [1983]. Trauger and Lunine’s [1983] modeling found that
(8I/I) ~ 04 3 x 10™* corresponded to an upper limit on the mixing ratio of O, of
3 x 1077, The calculations in Table 1.3 give the same correspondence between ob-
served (61/I) and mixing ratio. In addition, we have done further calculations using
a cloud model similar to that used by Trauger and Lunine [1983]. The results from
those calculations agree to within 10% with those presented in Table 1.3.

One critical variable that has not been examined in the previous studies is the
vertical distribution of O,. There are no observations that directly constrain the
distribution because ground-state O, has not been detected in the Venus middle
atmosphere. Consequently, Trauger and Lunine [1983] (and so far ourselves) made
the reasonable simplifying assumption that the mixing ratio of O, does not vary
with altitude. Photochemical models (Chapter 2), however, predict most of the O,
will reside above 80 km altitude. We have calculated the absorption that would be
produced by this type of O, profile (Chapter 3) and find that this may be the key
point for reconciling the predictions from the photochemical models with the observed
low abundance of O,. The source of radiation for spectroscopic searches, such as the
present one, is sunlight that has been (multiply) scattered toward the Earth by the

aerosol particles in the Venus cloud layers. Due to the multiple scattering that occurs
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within the cloud layers, the spectroscopic results are most sensitive to Oy that is
within the cloud layers. If the O, abundance is large above the cloud layers and
very small within the cloud layers, as predicted by the photochemical models, then
the absorption due to a given column abundance will be smaller than the absorption

produced by a vertical profile in which the mixing ratio is constant at all altitudes.

1.5 Conclusions

The spectroscopic observations reported here did not detect absorption that could
be produced by O, in the Venus atmosphere. The 20 upper limit on the column
abundance of O, is equivalent to a volume mixing ratio of 3 x 107° if the volume
mixing ratio is constant at all altitudes above 58 km and if the effective width of the
Venus O, absorption line is 3 x 103 nm. This upper limit is consistent with those
obtained by Trauger and Lunine [1983] (3 x 1077). Our radiative transfer modeling
suggests the upper limit from Traub and Carleton [1974] also is equivalent to a volume
mixing ratio of ~ 3 x 1079, slightly larger than the 2 x 107 determined by Trauger
and Lunine [1983] in their reanalysis of the Traub and Carleton [1974] data. The new
observations confirm the depletion of O, relative to CO in the Venus atmosphere, and
indicate the observed secular decrease in the abundance of SO, and SO did not result
in an O, abundance that could be detected in the new observations.

The following chapter describes the predictions from a new photochemical model of
the Venus middle atmosphere. As will be discussed in Chapter 3, the O, abundance
predicted in the new photochemical model can be brought below the upper limit
obtained by Trauger and Lunine [1983] if certain parameters are adjusted within the

range permitted by experimental uncertainties.
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2.1 Introduction

The primary constituent of the Venus atmosphere is CO3, ~ 96.5 & 0.8% by volume
or number density [von Zahn et al. 1983] (Table 2.1). CO, photodissociates primarily
at wavelengths < 200 nm (possibly with weaker photodissociation at 200 < A < 230

nm, see Appendix D) to form CO and atomic oxygen:
CO3 +hv — CO + O. (G1)

(All kinetic reactions used in the photochemical model are listed in Table 5C.2. All
photolysis reactions used in the photochemical model are listed in Table 5A.1. All
other reactions that are referenced in the text are listed in Table 5C.1.) Direct three-

body recombination,
CO+0+M — COy+ M, (G2)

is spin-forbidden, so reaction G2 is five orders of magnitude slower than the competing

reaction,
20+ M — Oy + M, (G3)

at the temperatures typically found in planetary atmospheres (~ 200 K). (M is a
third molecule which collides with the intermediate complex formed by the two re-
acting species. The third molecule removes sufficient energy from the intermediate
complex that the intermediate complex can form the stable product molecule.) Con-
sequently, the atomic oxygen produced in photolysis of CO4 preferentially combines
to form O, rather than reacting with CO to produce CO;. O, is relatively stable in
an initially pure CO, atmosphere because (1) O, is unreactive toward CO and (2) O
photodissociates readily at < 200 nm (and less readily at 200 < A < 240 nm) which
is the same wavelength region in which CO, absorbs strongly. As a result, an initially
pure CO, atmosphere on Venus would evolve to an equilibrium state in which CO
comprises ~ 7% and Oy ~ 3.5% of the atmosphere (by volume). However, measure-

ments indicate the CO and O, abundances on Venus are orders of magnitude smaller
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than these equilibrium state values for an initially pure CO, atmosphere. Thus, the
primary problem that all photochemical models have faced for the Venus atmosphere
is explaining the stability of Venus’ predominantly CO, atmosphere in a manner that
quantitatively agrees with the observed CO abundance and the observed upper limits
on the Oy abundance. This question is among the most significant outstanding issues
in planetary science.

Modelers have recognized that reaction G2 was too slow to account for the ob-
served abundances of CO and O, in the Venusian atmosphere so they have sought
both catalytic cycles (involving trace constituents such as OH and Cl) that could
increase the rate at which CO, is produced and reservoir species (such as HoSOy4) in
which oxygen could be stored as mechanisms for decreasing the predicted steady-state
abundances of CO and O,. All of the previously proposed photochemical models have
qualitatively explained the stability of a predominantly CO, atmosphere, but none
has succeeded in quantitatively explaining the CO and O, observations for Venus.
In particular, no model has been able to come within an order of magnitude of the
observed upper limit on the O, abundance.

The region of the Venus atmosphere in which most photochemistry occurs is the
“middle atmosphere” which extends from ~ 60 km altitude to ~ 110 km altitude.
This region, which has been described as the mesosphere and/or the stratosphere
in prior publications, is where a majority of the photochemically important solar
irradiance is absorbed. The last significant attempts to model the photochemistry
of the Venus middle atmosphere were in the early 1980s (Yung and DeMore [1982];
Krasnopol’sky and Parshev [1983]). Since that time, laboratory studies have improvéd
our understanding of the photochemical processes that may occur in the Venus at-
mosphere, and observations since 1982 (from spacecraft and Earth- based telescopes)
have provided much better constraints on the composition of the Venus atmosphere.
The objectives for this work were (1) to develop a self-consistent photochemical model
of the Venus atmosphere with minimal imposed constraints, (2) to assess the impact
of the recent laboratory studies and observations on our understanding of the photo-

chemistry of the Venus atmosphere, and (3) to determine the range of values for key
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Table 2.1: Observations of the Venus Middle Atmosphere (part 1)

0,(atA) dayglow ~ 1.5 MRt 0.25 MR
nightglow ~ 1.2 MR 0.25 MR
nightglow ~ 1 MR 0.2 MR

species mixing ratio (v/v)  uncertainty altitude reference and remarks
CO, 0.965 0.008 < 100 von Zahn et al. [1983]
1610) 30 ppm* 42 von Zahn et al. [1983]
45 ppm ~ 42 de Bergh et al. [1991]
51 ppm 1 ppm Young [1972] analysis
of Connes et al. [1968]
45 ppm 10 ~ 64 Connes et al. [1968]
75 ppm ~ 64 Bezard et al. [1990]
3 ppm ~ 75 Bezard et al. [1990]
0.0015 > 100 Bezard et al. [1990]
0, < 2 ppm ~ 70 Traub & Carlton [1974] revised
by Trauger and Lunine [1983]
< 0.3 ppm ~ 70 Trauger and Lunine [1983]
< 3 ppm ~ 70 Chapter 1

Connes et al. [1979]
Connes et al. [1979]
Crisp et al. [1996]

O3 - < 6 ppm : 70 - 95 Wilson et al. [1981]
< 2 ppm > 95 Wilson et al. [1981]

N, 0.035 0.008 < 100 von Zahn et al. [1983]
HF 1-5 ppb® ~ 34 Pollack et al. [1993]
4.5 ppb troposphere Bezard et al. [1990]

5 ppb ~ 64 von Zahn et al. [1983]

< 10 ppb < 68 Young [1972] analysis

of Connes et al. [1967]
5 ppb +5,—3 ~ 68 Connes et al. [1967]
HCl 0.48 ppm 0.12 ~ 24 Pollack et al. [1993]
0.5 ppm Bezard et al. [1990]

0.4 - 0.6 ppm ~67—1T0 Young [1972] analysis

of Connes et al. [1967]
0.6 ppm 0.12 ~ 68 Connes et al. [1967]

f1 MR = 1 x 10'2 photons cm™2 571 / (4 sr)
@ ppm = parts per million (10~°)
5 ppb = parts per billion (10~9)
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Table 2.1: Observations of the Venus Middle Atmosphere (part 2)

species mixing ratio (v/v) uncertainty altitude reference and remarks
H,O 100 ppm*® < 55 von Zahn et al. [1983]
40 ppm > 10 < 55 Bezard et al. [1990]
inferred from HDO
0.8 ppm > 0.2 > 65 Bezard et al. [1990]
inferred from HDO
1-40 ppm ~ 70 von Zahn et al. [1983]
1.0 ppm +1.0,—0.5 ~ 70 Encrenaz et al. [1995] for 1991
7.0 ppm +5.0,—4.0 ~ 70 Encrenaz et al. [1995] for 1993
inferred from HDO
3.5 ppm 2 65— 95 Encrenaz et al. [1991] for 1990
inferred from HDO
0.03 ppm factor of 10 ~ 95 Encrenaz et al. [1995] for 1991
> 0.2 ppm ~ 95 Encrenaz et al. [1995] for 1993
CHy < 0.1 ppm ~ 30 Pollack et al. [1993]
SO; < 10 ppm ~ 55 von Zahn et al. [1983]
50 ppb® ~ 170 von Zahn et al. [1983]
380 ppb 70 ~ 70 Na et al. [1990] for 1979
50 ppb 20 ©~T0 Na et al. [1990] for 1988
80 ppb 40 ~ 70 Na et al. [1994] equator 1988
120 ppb 60 ~ 70 Na et al. [1994] equator 1991
300 ppb 150 ~ 70 Na et al. [1994] 50 deg S 1988
20 ppb 10 ~ 70 Na and Esposito [1995] for 1995
3 km scale height 1 ~ 70 Na et al. [1994]
SO 20 ppb 10 ~ 70 Na et al. [1990] for 1979
10 ppb 5 ~ 70 Na and Esposito [1995] for 1988
12 ppb 5 ~ 70 Na et al. [1994] for 1991
3 ppb 2 ~ 70 Na and Esposito [1995] for 1995
< 50 ppb 70 - 95 Wilson et al. [1981]
< 20 ppb > 95 Wilson et al. [1981]
H,S 1 ppm ~ 55 von Zahn et al. [1983]
0CSs 0.2 - 1.0 ppm troposphere Carlson et al. [1991]
0.25 ppm < 50 Bezard et al. [1990]
0.010 ppm > 65 Bezard et al. [1990]
< 0.5 ppm 70 - 95 Wilson et al. [1981]
< 0.08 ppm > 95 Wilson et al. [1981]
H2S04(g) 0 - 25 ppm 35- 55 Jenkins et al. [1994]
aerosol 9 cm—3 4 84 particle density
Lane and Opstbaum [1983]
2.2 km scale height 1.5 84 Lane and Opstbaum [1983]

@ ppm = parts per million (10~°)
® ppb = parts per billion (10~9)




Section 2.1 2.6

parameters such that the predicted CO and O, abundances lie within the observa-
tional constraints.

Section 2.2 describes our photochemical model and the primary input parameters.
Section 2.3.1 presents the results from our “Nominal” model in which all photochemi-
cal rates have been set at their nominal measured or estimated values. The remainder
of Section 2.3 will discuss the sensitivity of our nominal model results to changes in
selected important model parameters and present the results from models in which
the key parameters were adjusted within the uncertainties allowed by existing mea-
surements to achieve a suitable match to the observations. The concluding sections
discuss the implications of our results for the chemistry of the lower atmosphere and

the recent evolution of the Venus atmosphere.

2.1.1 Observations

Observations of relevance to the Venus middle atmosphere are listed in Table 2.1.
The most important observations for this work are the abundance of HCI (which is
believed to be uniformly distributed in the upper cloud), the SO, abundance at the
cloud top, the retrieved vertical distribution of SO, the retrieved vertical distribution
of CO, the non-detection of O, in spectroscopic observations, and the abundance of
H (or possibly DT) in the ionosphere.

The only published measurement of HCI in the Venus middle atmosphere is that
by Connes et al. [1967] with a revised analysis by Young [1972]. Connes et al. [1967]
identified three pairs of HCI lines near 5750 cm™! (1.74 pm) in their high-resolution
(resolving power ~ 70000) spectra of the sunlit quadrant of Venus that were not
blended with other lines and for which both the H33Cl and H3"Cl isotopic lines had
been observed. Connes et al. [1967] compared these lines to nearby CO; lines to derive
a mixing ratio for HCI of 6(£1.2) x 10~7 with an effective line formation pressure of
~ 80 mbar. Young [1972] revised the analysis of the Connes et al. [1967] spectra using
newer (and more appropriate) laboratory data. (The most recent values (in the 1996

edition of the HITRAN database [Rothman et al. 1992]) for line strength and self-
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broadened half-widths of the HCI lines are within 15% of the values used by Connes
et al. [1967] and Young [1972].) If HCI is uniformly mixed in the Venus atmosphere,
Young [1972] found the mixing ratio for HCl would be 4.2(£0.7) x 10~ with an
effective line formation pressure of ~ 36 mbar or 6.1(£0.6) x 10~7 with an effective
line formation pressure of ~ 50 — 60 mbar. If the effective pressure for line formation
were > 100 mbar, then Young [1972] found “the conclusion that HCI is not uniformly
mixed cannot be avoided.” The two major uncertainties in Young’s [1972] analysis
were the width of the HCI lines when broadened by CO, and the effects of multiple
scattering within the cloud layers. Young [1972] did not attempt to determine the
effects of multiple scattering but quotes results from Belton [1968]. Belton [1968]
found that the HCI lines that had been observed by Connes et al. [1967] might have
formed at an effective pressure of 270 mbar and that the CO, lines used as reference
by Connes et al. [1967] might have formed at an effective pressure of 200 mbar (with
a stated uncertainty of a factor of 2 on these values). Recently, two measurements
have been published of the HCI mixing ratio in the lower Venus atmosphere. Pollack
et al. [1993] analyzed spectra of the nightside of Venus (resolving power ~ 1800) from
Crisp et al. [1991] that had been collected in the same 1.74 um region. Pollack et al.
[1993] found the best fit model had an HCIl mixing ratio of 4.8(£1.2) x 107" at an
altitude of 23.5 km. This is consistent with the HCI mixing ratio, 5 x 10~7 below the
clouds, that Bezard et al. [1990] had derived from higher-resolution (resolving power
~ 25000) spectra of the nightside of Venus in the same 1.7-um region. Pollack et al.
[1993] suggested the similarity of their HC] mixing ratio in the lower atmosphere to
that obtained by Connes et al. [1967] indicated the HCl mixing ratio was constant
throughout the lower atmosphere and cloud layers. However, although the Connes et
al. [1967] spectra were for the sunlit quadrant whereas the lower resolution spectra
were for the nightside of Venus, radiative transfer modeling for the 760 nm O, line in
the Venus atmosphere (Chapter 3) suggests the effective pressure for the Connes et
al. [1967] spectra could be larger than the 35 - 50 mbar inferred by Young [1972]. A
new assessment of the Connes et al. [1967] spectra using a modern radiative transfer

model with multiple scattering cloud layers should reduce this uncertainty. For our
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- 'SOZ Mixjng Ratio (after Na et al. 1|994} aqd 1995)
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Figure 2.1: Retrieved SO, abundances at the cloud top from Na et al. [1994] and
Na and Esposito [1995] based on ultraviolet observations.

photochemical model, we used an HC] mixing ratio of 4 x 10~7 as our nominal lower
(58-km) boundary condition but considered values as large as 8 x 107",

The SO, abundance at the cloud tops has varied by a factor of ~ 10 with time,
as shown in Figure 2.1 from Na et al. [1994] and Na and Esposito [1995]. The mixing
ratio of SO, at the lower boundary of our model was selected so that the SO, mixing
ratio at 68 - 70 km altitude (40 mbar) would lie within the observed range.

Figure 2.2 shows the retrieved profiles of SO from Na et al. [1990] and Na et al.
[1994]. The values for key model parameters were adjusted so that our predicted SO
profile would lie within the range determined by the retrieved profiles in Figure 2.2.

Selected retrieved CO profiles from Clancy and Muhleman [1991] are shown in
Figure 2.3. The profiles shown were selected to represent the maximum observed
range of values for CO in the Venus middle atmosphere. The values for key model
parameters were adjusted so that our predicted CO profile would lie near or within

the range determined by the retrieved profiles in Figure 2.3. Diurnal variations in CO
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SO Profiles (Na et al. 1990,1994)
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Figure 2.2: Retrieved SO profiles from Na et al. [1990] and Na et al. [1994] based
on ultraviolet observations.

abundances at 80 - 90 km altitude [Schloerb et al. 1980; Wilson et al. 1981; Clancy
et al. 1981; Gurwell et al. 1995] have found a nightside depletion of CO, relative
to the dayside, at 80 - 90 km altitude. These variations may provide a potential
discriminant by which to assess proposed photochemical models [Yung and DeMore
1982], but the diurnal variations at these altitudes could be controlled by the global
circulation pattern [Clancy and Muhleman 1985].

The upper limit on the Oy abundance in Table 2.1 was calculated by Trauger and
Lunine [1983] assuming a constant mixing ratio for Oy at all altitudes. As will be
discussed in Chapter 3 the vertical distribution of O, can have a significant impact
on the measured absorption so a radiative transfer model has been used to assess
the expected absorption due to our predicted O, profiles. The results from these
calculations were used to determine which O, profiles are compatible with the upper
limit obtained by Trauger and Lunine [1983].

There are no direct measurements of the Hy abundance in the Venus atmosphere,
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CO Profiles (Clancy & Muhleman 1991)
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Figure 2.3: Retrieved CO profiles from microwave observations [Clancy and Muhle-
man 1991]. Profiles were selected to illustrate the diurnal and inter-annual variations
that have been observed.

but Pioneer Venus detected a mass 2 ion above 130 km altitude [Taylor et al. 1980].
Interpretation of that measurement has been a significant source of controversy and
there is still disagreement between the Pioneer Venus result and that obtained from
studies of Lyman-a resonant scattering. Taylor et al. [1980] interpreted the mass 2
ion as Hy. Based on that interpretation, Kumar et al. [1981] developed a thermo-
spheric model which required an Hy mixing ratio in the middle atmosphere of 10 ppm.
McElroy et al. [1982] suggested, however, that the mass 2 ion was D" and derived a
D/H ratio (~ 1 x 1072) that is close to the D/H ratio (1.9 & 0.6 x 1072) determined
from spectroscopic observations of HoO and HDO in the lower atmosphere [de Bergh
et al. 1991]. Analysis by Hartle and Taylor [1983] confirmed the D% interpretation,
and Kumar and Taylor [1985] determined the Hy mixing ratio must be < 0.1 ppm at
~ 130 km altitude since no significant change in the abundance of O" was observed
in regions in which the mass 2 ion abundance increased significantly. Kumar and
Taylor’s [1985] upper limit is consistent with what would be expected from thermo-

chemical equilibrium among H,, H,O, CO, and CO, near Venus’ surface [McElroy et
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al. 1973]. Bertauz and Clarke [1989], however, found no evidence in IUE spectra of
the deuterium Lyman-a line which Donahue [1989] interpreted as an upper limit of
5%1073 on the D/H ratio. This is a factor of four smaller than the D/H ratio deter-
mined for the lower atmosphere by de Bergh et al. [1991] and a factor of two smaller
than the in-situ interpretation by McElroy et al. [1982]. The remaining disagreement
between these observations has not been resolved. The other extant constraint on the
hydrogen abundance in the Venus thermosphere is the rate at which hydrogen atoms
are lost due to escape processes. The escape rate for H postulated by Kumar et al.
[1981] was an order of magnitude larger than suggested in more recent calculations
[Hunten et al. 1989]. These more recent estimates of the H escape flux are comparable
to the photodissociation rate of HCl above 110 km altitude, so a large thermospheric
abundance of H, may not be necessary. Based on these considerations, the only H,
in our nominal model is produced photochemically from photodissociation of HCI.
An additional constraint on the hydrogen abundance is provided by models of the
ionosphere and upper atmosphere (> 100 km altitude). The VIRA (Venus Interna-
tional Reference Atmosphere) model for the neutral components of the thermosphere
by Keating et al. [1986] was constructed based on Pioneer Venus measurements. Ex-
trapolating from the H densities predicted in the noon (Local Venus Time) VIRA
model at 150 km altitude to the homopause (~ 130 km altitude), Krasnopol’sky and
Parshev [1983] and Foz and Bougher [1991] found the H mixing ratio at the ho-
mopause needed to be ~ 2 —5 ppm (+ a factor of three due to the extrapolation [Foz
and Bougher 1991]). At 100 km altitude, Krasnopol’sky and Parshev [1983] predicted
the H abundance was ~ 1 x 10® cm™2, the H, abundance was ~ 5 x 107 cm™2, the
HCI abundance was ~ 2 x 10® cm~3, and the H,O abundance was ~ 1 x 10% cm™3.

This gives a total hydrogen atom concentration of ~ 4.5 x 108 cm™ at ~ 100 km

altitude.
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2.1.2 Photochemistry from Previous Models

As noted in Section 2.1, the direct oxidation of CO via Reaction G2 is too slow to
account for the observed abundances of CO and Os in the Venus atmosphere, so
CO in the Venus atmosphere is predominantly oxidized to CO, via catalytic cycles.
(A catalytic cycle is a series of reactions in which the intermediate compounds that
are formed in one reaction are consumed in another reaction. A cycle provides a
path by which a reaction that is energetically feasible but kinetically inhibited can
proceed in a more rapid manner. The reactions in a catalytic cycle are typically rapid
because many of the intermediate compounds formed in the cycle are highly reactive
chemical radicals.) Previous photochemical models (e.g., Prinn [1971], McElroy et al.
[1973], Sze and McElroy [1975], Yung and DeMore [1982], Krasnopol’sky and Parshev
[1983]) have examined four classes of catalytic chemistry: hydrogen species (such as
H and OH, collectively known as HO,), sulfur oxides (SO,), chlorine oxides (ClO,),
and nitrogen oxides (NO.). These models were based on detections of H,O, SOq,
and HCI in the Venus atmosphere (Section 2.1.1, and on indirect evidence suggesting
the occurrence of lightning which could lead to production of NO, in the Venus
atmosphere [e.g., Ksanfomaliti 1979]. Of these four classes of compounds, the reaction
of OH with CO has been demonstrated definitively in laboratory studies to lead to
rapid production of CO, [Kaufman 1969], and there is strong evidence from laboratory
studies that oxidation of CICO also leads to rapid production of CO, (although the
mechanism has not been definitively identified) [Spence et al. 1978; Hew:itt et al.
1996]. All four classes of compounds, however, may reduce the abundance of Oy by
shifting the equilibrium between O, and odd oxygen (O plus Oj, collectively known
as O,) toward O,. This shift may indirectly enhance the rates of the HO, and
CClO, catalytic cycles that use atomic oxygen to oxidize CO. In addition, oxygen
can be sequestered in ClO, (e.g., Cl,03) or SO, (e.g., HySOy) for transport from
higher altitudes (where CO oxidation is relatively inefficient) to lower altitudes (where
oxidation of CO is more rapid).

Early quantitative photochemical models for Venus [e.g., McElroy et al. 1973] ex-
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amined the role of HO, chemistry since laboratory studies [Kaufman 1969] had shown
that catalytic cycles involving OH, such as Cycles C1 and C2, could significantly en-
hance the production rate of CO,, compared to production via reaction G2. (All
catalytic cycles are listed in Appendix E.) These HO, models had been very success-
ful at explaining the photochemistry of the Martian atmosphere [e.g., McFElroy and
Donahue 1972; Parkinson and Hunten 1972], and they confirmed that HO, chemistry
could maintain the stability of Venus’ atmosphere. (McElroy et al. [1973] predicted
the Oy mixing ratio would be ~ 1 x 10~7 near the cloud top, but they did not present
quantitative estimates for higher altitudes.) However, the abundances for the key
HO, species involved in catalyzing the oxidation of CO in McElroy et al. [1973] were
as much as an order of magnitude larger than those calculated in Yung and DeMore’s
[1982] model A (which also studied HO, chemistry). This difference occurred, in
part, because McFElroy et al. [1973] did not include several reactions between Cl and
HO, that were included in the Yung and DeMore [1982]. These reactions significantly
increase the loss rate for HO,.

McElroy et al. [1973] implicitly derived the HO, needed for catalyzing the oxi-
dation of CO from H,, and they derived 20 - 25% of the Hy in their model from
conversion of HoO to Hs in the lower atmosphere. Yung and DeMore [1982] examined
a case, their model A, in which the H, mixing ratio was sufficiently large (2 x 107°)
that Hy explicitly became the primary source for HO, and HO,, cycles dominated the
chemistry of the middle atmosphere. The predictions from that model gave reason-
able agreement with the then extant CO and O, observations, but the upper limit
for O, determined by Trauger and Lunine [1983] was a factor of 20 smaller than the
prediction for model A by Yung and DeMore [1982]. There were two other problems
with the large H, abundance postulated for Yung and DeMore’s [1982] model A. First,
Yung and DeMore [1982] noted that an H, mixing ratio of ~ 1 x 107° is much larger
than would be expected from thermochemical equilibrium among CO,, CO, H5O, and
OCS in the lower atmosphere. Second, the basis for proposing a model with such a
large abundance of Hy was Taylor et al.’s [1980] interpretation that the mass 2 ion

in Pioneer Venus entry probe mass spectrometer data was Hj (Section 2.1.1). That
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interpretation has been discarded in favor of McElroy et al’s [1982] interpretation
that the mass 2 ion is D, although there is continuing disagreement over McElroy
et al.’s [1982] interpretation (Section 2.1.1).

The chemistry of sulfur in the Venus atmosphere was studied by Prinn [1975],
Prinn [1978], and Winick and Stewart [1980]. Prinn [1975] considered the primary
source of sulfur in the middle atmosphere to be OCS that was formed in the lower
atmosphere and transported upward through the clouds. Prinn [1975] suggested
Cycles C3 and C4 dominate the chemistry in the cloud layers. Using a reasonable
choice for the eddy diffusion coefficient and a mixing ratio for OCS in the lower
atmosphere that is larger than currently accepted, Prinn [1975] obtained reasonable
rates for CO oxidation and H,SO,4 production given the information available at
the time. Prinn’s [1975] model did not include the influence of chlorine oxides on
the sulfur oxide chemistry and did not extend to sufficiently high altitude to permit
quantitative comparisons with subsequent observations of CO and the current upper
limit on Os. Prinn [1975] noted that cycle C3 could lead to production of significant
quantities of elemental sulfur, but there have been no subsequent attempts to quantify
the production rate for elemental sulfur. OCS has been essentially neglected in more
recent models despite the marginal detections by Venera 13 and 14 [Mukhin et al.
1983] because those detections were an order of magnitude larger than the upper
limit established by Pioneer Venus [Oyama et al. 1980]. The recent detections of
OCS in the lower Venus atmosphere via near-infrared spectroscopy [Bezard et al. 1990;
Pollack et al. 1993], however, suggests OCS may be important in the photochemistry
of the cloud layers, though not the dominant role proposed by Prinn [1975].

In later work, Prinn [1978] examined possible reactions involving H,S. Most of
Prinn’s [1978] work was concerned with chemistry in the lower Venus atmosphere,
but Prinn [1978] proposed three possible fates for the photolysis products of H,S:
Cycles C5, C6, and C7. The local, relative abundances of O, and OCS determine
which cycle dominates at each altitude. Subsequent measurements by Pioneer Venus
[Hoffman et al. 1980; Oyama et al. 1980] yielded a marginal detection (3 & 2 ppm)
below 20 km altitude, an upper limit of 2 ppm at 22 km altitude, and a marginal
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detection (~ 1 ppm) at ~ 55 km altitude. Based on the apparently low abundance of
H,S, it has not been included explicitly in more recent photochemical models. Yung
and DeMore [1982] mentioned, however, that the rapid reaction between HyS and H
could be a significant source of H, in the upper cloud layer.

Data collected in the late 1970s (Barker [1979]; Conway et al. [1979]; Gel’man et
al. [1979]; Oyama et al. [1980]) suggested that SO, was probably the dominant form
of sulfur in and above the upper cloud layer rather than either OCS or HyS. Winick
and Stewart [1980] examined the photochemistry of SO, in the context of a reasonably
comprehensive photochemical model that included chlorine, hydrogen, and sulfur
oxides. Winick and Stewart [1980] introduced three catalytic sulfur cycles (Cycles
C8, C9, and C10) that are efficient mechanisms for splitting the O-O bond in O, and
sequestering oxygen in HySO4. Cycles C8 and C9 use Reaction K151 to split the O-O
bond. The oxygen atoms are then consumed in Cycle C10 in the process of forming
H,S50,4. H5SO4 has a low vapor pressure at the conditions present in the upper cloud
layer so it readily condenses and is transported downward through the cloud layers in
liquid form. Below the lower cloud layer, H,SO,4 evaporates and thermally decomposes
[Krasnopol’sky and Pollack 1994]. The Winick and Stewart [1980] model successfully
reproduced the observed SO, distribution with an appropriate (and reasonable) choice
for the eddy diffusion coefficient. However, the concentrations of CO and O, predicted
near the cloud tops were factors of ~ 6 and ~ 100, respectively, higher than the then
extant observations. (Their predicted O, abundance is a factor of ~ 300 larger than
the current upper limit.)

The HO, and SO, cycles discussed so far have not included direct coupling between
these species, only the minimum coupling necessary for oxidizing SO to HoSO4. Yung
and DeMore [1982] proposed two extensions of Cycle C1, Cycles C11 and C12 couple
HO, and SO, chemistry to split the O-O bond in O, and produce CO, (as well as
H5S04 in Cycle C12). These cycles can enhance the production of CO, above the
top of the upper cloud where the SO, abundance is still relatively large and the
production of HO, from H,O (but especially from H,) can be significant.

Chlorine oxide chemistry is believed to play a dual role in the Venus atmosphere.
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In the classic cycle (Cycle C13) whose importance for the stratosphere was recog-
nized by Molina and Rowland [1974], ClO, rapidly converts odd oxygen (O and Oj)
into Oy. Sze and McElroy [1975] and Winick and Stewart [1980] introduced the
Molina-Rowland cycle to studies of Venusian atmospheric chemistry. Cycle C13 was
sufficiently efficient at producing O, in the Winick and Stewart model that it negated
the sequestration of oxygen in HySO,4 via Cycles C8, C9, and C10.

The second role for chlorine oxide chemistry is catalyzing the oxidation of CO to

CO,. Prinn [1975] suggested

C100 + CO — CIO + CO, (G4)

was an important mechanism for oxidizing CO. This reaction, however, is no longer
believed to be important because (1) Prinn required that the rate for the competing

reaction
CIOO+M —Cl+0y+ M (G5)

be five orders of magnitude smaller than the currently accepted value [DeMore et
al. 1997] and (2) there is no experimental evidence suggesting Reaction G4 actually
occurs [Yung and DeMore 1982].

Krasnopol’sky and Parshev [1981 and 1983] and Yung and DeMore [1982] consid-
ered reactions analogous to Reaction G4 that involve oxidation of the C1CO radical to
form COs. Krasnopol’sky and Parshev [1981 and 1983], based on laboratory studies

reviewed in Heicklen [1969], suggested
CICO + Oy — C1O + CO, (G6)

could be a significant pathway for oxidizing CO to CO,. However, (1) the equilibrium
constant that Krasnopol’sky and Parshev [1983] assumed for CICO (equal to the rate
for formation of CICO divided by the rate for decomposition of CICO) was two orders
of magnitude larger than the currently accepted value [DeMore et al. 1997], and (2)
experimental work reported in Yung and DeMore [1982] and Spence et al. [1978]
indicated the oxidation of CICO by O, was a three-body reaction,
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CICO + O3 + M — CICO; + M, (K178)

forming the peroxychloroformyl radical, C1COs. Yung and DeMore [1982] and Kras-
nopol’sky and Parshev [1983] also proposed

CICO + O — Cl + CO,, (K179)

but their modeling indicated this pathway was not an important pathway for oxidizing
CO. Yung and DeMore [1982] found that two catalytic cycles (Cycles C14 and C15)
using C1COj as an intermediary were important mechanisms for oxidizing CO Cycles
C14 and C15 accounted for ~ 40% of the CO, production in Yung and DeMore’s
[1982] Model C. However, neither cycle results in a net loss of Oy, and their predicted
column abundance of O, was almost a factor of 100 larger than the upper limit later
established by Trauger and Lunine [1983].

An alternate cycle (Cycle C16) for oxidizing CO that is analogous to the Molina-
Rowland cycle was proposed by Sze and McElroy [1975] and Krasnopol’sky and Par-
shev [1983]. The rate used by Sze and McFElroy [1975] and Krasnopol’sky and Parshev
[1983], 1.7 x 107'* c¢m?® s™!, for Reaction K150 is, however, several orders of magni-
tude faster than the estimated upper limit rate recommended by DeMore et al. [1997],
1 x 1072 exp(—3700/T) cm?® s7!, so Cycle C16 is no longer considered significant.

The first models in which chlorine oxide and sulfur oxide chemistry were linked
were those by Yung and DeMore [1982] and Krasnopol’sky and Parshev [1983]. Both
suggested Cycle C17 as a method for both oxidizing CO and destroying O,. In Yung
and DeMore’s [1982] Model C, Cycle C17 accounted for ~ 60% of the CO, production.
This is one reason Yung and DeMore’s [1982] predicted Oy column abundance was a
factor of ~ 3 smaller than that predicted by Winick and Stewart [1980].

The importance of nitrogen chemistry in the Venus middle atmosphere is one of
the major unresolved questions that can only be satisfactorily addressed by new ob-
servations. The only nitrogen species detected have been Ny in the bulk atmosphere
and NO at > 110 km altitude. N, is not photochemically active at the altitudes con-

sidered in this model so photochemically active NO, would have to be produced either
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by photodissociation of N» (at altitudes > 110 km followed by downward transport of
NO,) or locally as a result of lightning. Based on model B of Yung and DeMore [1982],
the former alternative is not likely to be important. Yung and DeMore [1982] calcu-
lated that the downward flux of NO, produced by photodissociation above 110 km
altitude was four orders of magnitude smaller than that needed to have a significant
impact on the photochemistry. That leaves lightning as the remaining mechanism
for creating photochemically active NO,, in the middle atmosphere. The intensity of
lightning on Venus is unknown and it has not even been definitively observed. Waves
have been detected in the ionosphere that are consistent with those produced by
lightning on Earth (Ksanfomality et al. [1983]; Gurnett et al. [1991]; Hunten [1995]),
but (1) the implied intensities for lightning on Venus are significantly larger than the
upper limits derived from optical observations [Borucki et al. 1991; Hunten 1995] and
(2) local plasma sources for some of the observed waves have been identified [Hunten
1995]. Optical detections of lightning have been reported [Hansell et al. 1995], but
the quality of the detections is sufficiently poor that there is substantial disagreement
over whether the detections are significant. Furthermore, the optical systems can
only detect lightning of high energy and the energy spectrum of lightning on Venus
is unknown so it is not clear what the extant optical detections would imply for the

production rate of photochemically active NO,.

2.1.3 Current Approach

We have focused the current modeling on chlorine chemistry, similar to that proposed
by Yung and DeMore [1982] and Krasnopol’sky and Parshev [1983], due to (1) the
lack of satisfactory alternatives for oxidizing CO to CO, and (2) a favorable change of
up to an order of magnitude in the measured CICO equilibrium constant since Yung
and DeMore’s [1982] work. As summarized in Section 2.1.2, previous photochemistry
models have examined the potential roles of HO,, ClO,, SO,, and NO, catalytic
chemistry in the Venus atmosphere. From their modeling, Yung and DeMore [1982]
concluded that HO, and NO, likely play relatively minor roles compared to ClO,
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and SO, since neither HO, nor NO, chemistry would produce the observed diurnal
variation in CO abundances at 80 - 90 km altitude (Section 2.1.1). Furthermore, the
observational premise for the large abundances of HO, and NO, that were considered
in the Yung and DeMore [1982] models has subsequently been questioned (Sections
2.1.1 and 2.1.2). Consequently, from our present understanding of the Venus atmo-
sphere, it is not likely that either HO, or NO, catalytic chemistry is important for
the oxidation of CO to COs.

Other chemistry that might be important in the Venus atmosphere is that involv-
ing bromine compounds, fluorine compounds, or heterogeneous chemistry (chemistry
occurring within or on the surfaces of aerosols). However, bromine compounds that
could play a role in oxidizing CO to CO,, such as BrCO, are generally more unstable
than their chlorine counterparts, so bromine’s role in the Venus atmosphere is likely
limited to catalyzing the conversion of O3 to O,. In contrast, comparable fluorine
compounds, such as FCO, are generally more stable than their chlorine counterparts,
but the primary reservoir for fluorine, HF, photodissociates primarily above 110 km
altitude (since the threshold for photodissociation is near 170 nm). Consequently,
neither bromine nor fluorine compounds are likely to play important roles in the
oxidation of CO to COs.

Two possible roles have been proposed for heterogeneous chemistry in the oxi-
dation of CO to CO,. Mills and Phillips [1993] proposed the direct photo-induced
oxidation of CO to CO, on sulfuric acid aerosols but Mills and Phillips [1996] found
the yields were too small to be significant. Leu, M-T., and Y.L. Yung [Personal
Communication, 1995] proposed that aerosols in the Venus atmosphere could rapidly
convert chlorine from the relatively unreactive form, HCI, to a more labile form, Cl,,

via reaction with HOCI
HCI 4+ HOCI + aerosol — H,0O + Cl, + aerosol. (G10)

By analogy to the chlorine chemistry found in the Antarctic ozone hole, a larger
abundance of Cly could enhance the effectiveness of the CClO, chemistry that was

examined by Yung and DeMore [1982] and Krasnopol’sky and Parshev [1983]. Our
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calculations, however, found that reaction G10 is not likely to be an important source
of Cly because (1) the solubility of HCIl in concentrated sulfuric acid is low, (2)
the abundance of HOCI is small due to condensation of H,O on the sulfuric acid
aerosols, and (3) the aerosol number density above 85 km altitude is small so the Cl,
produced via reaction G10 would have to be transported upward by at least a scale
height from < 80 km altitude if reaction G10 is to be important for the oxidation of
CO. Consequently, heterogeneous chemistry does not appear to be important in the
oxidation of CO to CO,.

Based on the foregoing analysis of possible mechanisms for oxidizing CO to CO.,
the oxygen budget in the Venus middle atmosphere appears to be controlled by chlo-
rine and sulfur chemistry. Sulfur chemistry is most important within and slightly
above the upper cloud, but it is not believed to play a direct role in the oxidation of
CO. This suggests that chlorine catalytic chemistry is the primary mechanism for ox-
idizing CO. In our model and in those by Yung and DeMore [1982] and Krasnopol’sky
and Parshev [1983] the primary intermediary for oxidizing CO is CICO. Recent labora-
tory measurements of the stability of CICO [Nicovich et al. 1990] suggest the molecule
is more stable at low temperatures (< 250 K) than previously believed (see Section
2.2.8). Consequently, cycles C14, C15, and C17 will be more efficient at oxidizing CO
than they were in the Yung and DeMore [1982] models. For these reasons, we have
focused our modeling effort on understanding the chlorine and sulfur chemistry that

might occur in the Venus atmosphere.

2.1.4 New Photochemistry in Current Model

Several new elements have been considered in addition to those studied by Yung and
DeMore [1982] in their model C: (1) formation of higher oxides of chlorine (Cl,O,
where x and/or y is greater than 2), (2) additional reactions via CClO, that oxidize
CO to CO,, (3) OCS and polysulfur (S,) chemistry and (4) CISO, and SCI,, chemistry.

The higher oxides of chlorine are potential reservoirs in which oxygen could be

stored as it is transported downward through the middle atmosphere. As will be
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evident in the discussion, however, these compounds are sufficiently unstable that
they appear to have negligible impact on the oxygen budget in the Venus atmosphere.

We have increased the number of paths by which CO may be oxidized to CO, via
CClO, while simultaneously destroying O,. First, due to the increased stability of
CICO at < 250 K (compared to that used by Yung and DeMore [1982]), we find that
reactions K179 and K288, that were largely neglected in the Yung and DeMore [1982]
model, are minor but important paths for oxidizing CO. These reactions are most
important at 80 - 90 km altitude where the largest abundances of C1CO3, C1CO, and
O are predicted. In addition, three modifications of Cycle C14 (Cycles C18, C19, and
C20) provide new paths for oxidizing CO that may lead to net loss of O3, depending
on the subsequent fate of the atomic oxygen produced. These cycles (C18, C19, and
C20) are likely to be important only near the cloud top where the abundance of SO,
is comparable to that of Cl and O.

The sulfur chemistry in the current model is more comprehensive than that pro-
posed in Yung and DeMore [1982]. This was done to provide a better assessment of
the chemistry that may occur within the upper cloud layer, such as that involving
OCS and S,. OCS that diffuses upward from the lower atmosphere provides two
potential sinks for oxygen in the upper cloud layer-oxidation of CO to CO, and ox-
idation of S to HySO4 via SOj3 as in Cycle C21. The CO, (or CO) and HySO4 that
could be produced from extensions of cycle C21 would, subsequently, be transported
to the lower atmosphere to balance the upward diffusion of OCS. An alternate fate for
the sulfur atoms produced by photodissociation of OCS is the accretion of sulfur to
form Sg. Sg would then be transported with CO to the lower atmosphere to balance
the upward diffusion of OCS. The balance between formation of H,SO4 and Sg is
governed by the local oxidation state of the atmosphere so there is a transition from
formation of Sg at lower altitudes to formation of HySO4 at higher altitudes. We find
that this transition occurs within the upper cloud.

The final new element of our photochemistry is consideration of CISO, and SCl,
compounds. No quantitative modeling has been published for these compounds,

although there has been speculation that they might be present [Toon et al. 1982],
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and DeMore et al. [1985] qualitatively examined the impact that CISO, chemistry
might have on the results from Yung and DeMore’s [1982] model C. Within the upper
cloud layer, CISO, and SCl, compounds serve as intermediaries in the formation of
Sy (as in Cycle C22) with the S, eventually accreting additional sulfur to form Sg.
This occurs principally in the lower part of the upper cloud and has little effect on the
oxygen budget. However, C1SO, also serves as a reservoir for SO, that can shelter SO,
from rapid oxidation to SO; and, thus, reduce the gradient in the SO, mixing ratio
within the upper cloud (Cycle C23). One of the proposed CISO, or SCI, compounds
(most likely CISO2) may be able to explain the ultraviolet absorption that is required
in radiative transfer models to match the albedo of the upper cloud layer at 300 -
400 nm [Pollack et al. 1980]. Further study of the UV absorber problem requires

laboratory measurements of the absorption cross section for CISO,.

2.2 Description of Model

Atmospheric chemistry is commonly studied using numerical models. Since a variety
of numerical methods are used, a brief description of our technique is provided in
this section. This section also describes the data used as input parameters to the
model, such as the chemical kinetic reaction rates and the photoabsorption cross sec-
tions. Additional information on the input data and calculation parameters used for
the modeling are given in Appendices F, G, H, I, J, and K. All relevant chemistry
studied in previous Venus models (Krasnopol’sky and Parshev [1983]; Yung and De-
More [1982]; Winick and Stewart [1980]; Sze and McElroy [1975]; Prinn [1975]) has
been included, but the rates have been critically assessed and updated. We also have
added several procedures that enhance the fidelity of our model compared to previous

Venusian photochemistry models.

2.2.1 General Characteristics

Our photochemical model is similar to that used by Nair et al. [1994] to study the
photochemistry of Mars. The Caltech/JPL photochemical model solves the one-
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dimensional continuity equation for the species of interest,

ot 9z

B Dp (2.2.2.1)

where n;, ®;, P;, and L; are the concentration, vertical diffusive flux, chemical pro-
duction, and chemical loss terms, respectively, for species ¢ [Allen et al. 1981]. The

vertical diffusive flux, ®;, is given by

dn; ni n;(1+ o) E dn; n; g

q)z' = _Di —_— — —
Tzt 7 & Ko trtTa

), (2.2.2.2)

where D, is the molecular diffusion coefficient of species i through the background
atmosphere, H; is the scale height of species i, T" is the temperature, « is the thermal
diffusion factor, K is the eddy diffusion coeflicient, and H is the scale height of the
background atmosphere [Allen et al. 1981]. For the Venus photochemical model, we
simultaneously solve the continuity equation for 48 species: CO5, CO, O3, O, O2(*A),
0, O(*D), H,, H, OH, HO,, H,0,, HCI, HOC], CHCIO, Cl,, Cl, ClO, C100, OCIO,
Cl,0, Cl,0g, ClOg,v Cl,03, C10CIl03, CICO, COCl,, CICO;3, SO,, SO, S, S,0, (SO).,
OCS, SOs, S2, Ss, S4, Ss, Ss, S7, Ss, SCI, SCly, S;Cl, S;Cl;, OSCl, and CISO,. The
abundances for four species (Sg, SO3, Ny, and H,0) have been held fixed at specified
values. Sg is assumed to condense out of the gas-phase and become non-reactive.
SOj; is assumed to react rapidly with HoO to form HySO,4 which condenses out of the
gas-phase and becomes non-reactive. Consequently, the abundances for both Sg and
SOj3 are specified to be zero at all altitudes and only their production rates have been
calculated. N, has been assumed to have a uniform, fixed mixing ratio (3.4%) at all
altitudes. The H,O profile has been specified as described in Section 2.2.3.

This photochemical model is intended to represent the “global average” photo-
chemistry of the Venus atmosphere. Consequently, diurnal variations (which are im-
portant for some species) have not been explicitly modeled, although they have have
been considered in the analysis of our results. To approximate “global average” con-

ditions, photodissociation calculations were done for 45 degrees latitude at local noon
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(effective solar zenith angle of 44.1 degrees) then the calculated photodissociation
rates were divided by a factor of two.

We use a finite difference iterative algorithm [Logan et al. 1978; Allen et al. 1981]
over a series of time steps of variable length to converge to a steady-state solution
(On;/0t = 0). The steady-state solution was defined as the converged solution for a
time step of 1 x 10'® seconds when successive iterations yield solutions differing by
less than one part in 10 for all species whose volume mixing ratios were at least 1
ppbv (1077). The radiation field was calculated at the beginning of each model run
then recalculated at the beginning of each time step. Up to 10 iterations per time

step were used to achieve convergence.

2.2.2 Boundary Conditions

Ideally, a model should have as few imposed conditions as possible to minimize the
degree to which the calculated results simply reflect the imposed assumptions. How-
ever, since our model includes only the middle portion of the Venus atmosphere, it
is necessary to specify conditions at both boundaries of the model that represent
the chemistry occurring outside the modeled altitudes. For this project, we placed
the lower and upper boundaries of our model at 58 and 112 km altitude since this
range includes the region in which most of the photochemistry relevant to the oxygen
budget on Venus occurs.

The lower boundary for our model is more than two scale heights below the level
at which cloud opacity reaches optical depth unity [Crisp 1986]. In addition, landers
have generally found the 58 km altitude region to be stable against convection so
the diffusive flux across the lower boundary should be minimized. The stability near
58 km means the chemistry occurring at lower altitudes can be represented well by
specifying the mixing ratio of a species at the boundary if the species (1) is produced
in the lower atmosphere, (2) is destroyed in the upper atmosphere, and (3) has a
photochemical lifetime near 58 km that is much larger than the vertical mixing time.

These conditions are true for HCl, CO, and CO,, but (3) is not true for OCS, and the
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photochemical lifetime for SO, near 58 km is comparable to the transport timescale.
Consequently, the modeled vertical profiles for OCS and SO, in the upper cloud will
be sensitive to both the specified mixing ratios at the lower boundary and the chosen
eddy diffusion coefficient. The nominal boundary conditions we have used are listed
in Table 2.2.

The primary sources for sulfur, OCS and SO, are produced in the lower atmo-
sphere then transported upward and, predominantly, lost within the modeled altitude
region. Likewise, the primary source for hydrogen and chlorine, HCI, is produced in
the lower atmosphere and primarily lost above 60 km altitude. Consequently, the
mixing ratios for OCS, SO,, and HCI at the lower boundary of the model were spec-
ified based on observations (Section 2.1.1). The nominal OCS mixing ratio, 0.1 ppm,
was linearly interpolated (for natural logarithm of pressure versus mixing ratio) be-
tween the values retrieved by Bezard et al. [1990]. The SO, mixing ratio at 58 km was
empirically adjusted to give an abundance of SO, at 70 km altitude that is within the
range of measured values [Na et al. 1994; Na and Esposito 1995]. The nominal HCI
mixing ratio, 0.4 ppm, was taken from the analysis by Young [1972] of the spectra
collected by Connes et al. [1967]. The role of the lower atmosphere in the carbon cycle
is not clearly understood, yet, and may depend on the oxidation state of the upper
cloud, so the mixing ratios for CO and CO, at the lower boundary of the model were
specified based on observations. For example, the Yung and DeMore [1982] models
implicitly assumed there was a downward flux of CO and an upward flux of CO,
through their lower boundary. As discussed in Section 2.3.3, however, these fluxes
could have opposite signs if the upper cloud is very depleted in oxygen. The lower
boundary condition for all other species (except H,O) was the maximum downward
diffusive flux. This minimizes the variation in the species mixing ratio across the
boundary and implicitly assumes that these species are produced within the modeled
altitude region and that the vertical mixing time is smaller than the photochemical
lifetime.

The upper boundary for the model, 112 km, is sufficiently high that less than 10%
of the CO, photolysis occurs above the upper boundary, and the modeled altitudes
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Table 2.2: Boundary Conditions for the Nominal Photochemical Model

Lower Upper

Boundary Boundary

Species (58 km) (112 km)
CO, f=0.965 ¢ =5 x 101!

CO f=45x10"° ¢=-5x 10!
02 ¢ =9 x 108

tHCI f=40x10"" ¢=1x 107
SO, f=1.2x10"%

0 ¢ = —5.024 x 101!
Cl ¢ =—1 x 107
0CS f=10x10""

0,(*A) ¢~ 3 x 108

! The upward flux of chlorine in the form of HCl is balanced at the upper boundary
by a downward flux of chlorine as Cl. The upward flux of hydrogen in the form
of HCI is comparable to the calculated escape rate for hydrogen (Section 2.1.1) so
there is no downward flux of hydrogen through the upper boundary.

Notes: The symbols f and ¢ denote volume mixing ratio and flux (cm~2 sec™!), re-
spectively. The sign convention for ¢ is positive for upward flow. For all species not
explicitly listed here, the lower boundary condition was maximum downward diffu-
sive flux (minimum gradient in the mixing ratio), and photochemical equilibrium
(¢ = 0) was assumed at the upper boundary condition. The maximum deposition
velocity at the lower boundary is determined by v = —K/H, where K = eddy diffu-
sion coefficient, H = scale height, and v is a velocity (cm sec™). The upward flux for
O(*A) at the upper boundary was the maximum upward diffusive flux (minimum
gradient in the mixing ratio). The mixing ratio for HyO was fixed as described in
Section 2.2.3. The mixing ratio for N, was held fixed at 0.034.
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include the primary range over which our model calculations indicate the Oy(*A)
airglow is produced. The modeled altitudes, thus, should include all of the observed
phenomena related to the oxygen budget of the Venus atmosphere. The upper bound-
ary was placed several scale heights below the homopause (~ 130 — 135 km [von Zahn
et al. 1983]) and the ionosphere (> 130 km [Cloutier et al. 1993]) to simplify the
modeling.

The upper boundary conditions were determined, primarily, by the photodissoci-
ation of CO, and HCI. The upward fluxes of CO,, O,, and HCI were set equal to
the estimated photodissociation rates for these species integrated over the column
above our upper boundary, as discussed in the next paragraph. The specified rates
are smaller than the maximum upward diffusive flux so there is no hydrodynamic lim-
itation on these fluxes. The upward flux of O,(*A), on the other hand, was set to the
maximum diffusive flux because the estimated column-integrated photodissociation
rate would have been larger than the hydrodynamic limit. The downward fluxes of
CO, O, and Cl at the upper boundary balance the upward fluxes of carbon, oxygen,
and chlorine. There is no flux of Hy nor of H through the upper boundary since
the photodissociation rate of HCl above the upper boundary is comparable to the
estimated escape flux for hydrogen from the Venus atmosphere (Section 2.1.1). The
fluxes of all other species were set to zero since their concentrations are sufficiently
small that the maximum upward diffusive flux through the upper boundary would
have a negligible impact on the photochemistry in our model.

For CO,, photodissociation in the wavelength bins in which the optical depth
above the top of the model was > 3 was approximated as the total incident solar flux
divided by a factor of four to account for the conversion from the planets cross section
to the planet’s surface area. For O, and HCI, photodissociation in these wavelength

bins was estimated from

JA,T=1)

Ji(A z > 112) = 5

x ni(r = 1) x H(z = 112), (2.2.2.3)

where J(\,7 = 1) is the estimated photodissociation rate (sec™!) at the altitude at
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which the optical depth is unity, n;(7 = 1) is the estimated number density of species
¢ at the same altitude, H(z = 112) is the scale height at 112 km altitude, and the
factor of two accounts for diurnal averaging. For wavelength bins in which the optical
depth above the top of the model was ~ 1 — 3, photodissociation for all three species
(CO;, O, and HCI) was estimated using equation 2.2.2.3. For wavelength bins in
which the optical depth above the top of the model was < 1, the column-integrated

photodissociation rates above the upper boundary were estimated from

Gi(A 2 > 112) & (A, 2 = 112) x ni(z = 112) x H(z = 112), (2.2.2.4)

where J;(A,z = 112) is the diurnally averaged photolysis rate for species ¢ in wave-
length bin A at 112 km altitude.

The most significant differences between our boundary conditions and those used
for previous models (Table 2.3) are (1) the mixing ratios for HCl and SO, at the
lower boundary, (2) the inclusion of OCS, and (3) the escape of hydrogen through
the upper boundary. Our mixing ratio for HCI at 58 km altitude is more consistent
with the current inferences from observations [ Young 1972; Pollack et al. 1993] than
the HCI mixing ratio used in earlier models, but the Yung and DeMore [1982] value
is less than 3o larger than than the currently accepted value. The mixing ratio for
SO, at 58 km altitude is a free parameter in our model whose value is controlled
by the relative time scales for vertical transport versus oxidation to SO;. We have
decreased the efficiency of the oxidation and have increased the efficiency of the
vertical transport by sequestering some of the SO, in CISO, and strengthening the
eddy diffusion (compared to Yung and DeMore [1982]). These changes lead to a
smaller value for the SO, mixing ratio at 58 km altitude. The effects of OCS on the
photochemistry within the upper cloud will be discussed in Section 2.3. As noted
earlier in this section, the photodissociation rate for HCl above 112 km altitude is
comparable to the estimated escape rate for hydrogen. As a result, we have accounted
for the loss of hydrogen from the Venus atmosphere via an upward flux of HCI (and

downward flux of Cl) through the upper boundary.
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Table 2.3: Boundary Conditions for Previous Photochemical Models

Yung and DeMore [1982]1 Krasnopol’sky and Parshev [1983]
Species (58 km) (110 km) (50 km) (200 km)
CO, 0.965
co F=45x10"° $=-10x102 f=4.0x10"5
0O, v=-2.0x1072
HCI f=6.0x10"7
SO,  f=4.0x10"° f=13x10"*
0 v=-20%x10"% ¢=—1.0x 10"
Clz v=—2.0 X 10_2
H, v=-2.0x1072
H ¢ =1.0 x 107
H,0 fr~2x1074

fValues are for Model C.

Notes : The symbols f, v, and ¢ denote volume mixing ratio, velocity (cm sec™),
and flux (cm™2 sec™!), respectively. The sign convention for ¢ is positive for upward
flow. For all species not explicitly listed here, Yung and DeMore [1982] assumed
photochemical equilibrium (¢ = 0) at both boundaries. Their mixing ratio for H,O
was fixed at 1 ppm and that for HCl was fixed at 8 x 10~7. Krasnopol’sky and
Parshev [1983] assumed the fluxes of all components except H were zero at the
upper boundary and determined mixing ratios for all other species at the lower
boundary based on estimates of their photochemical and vertical transport lifetimes
in the lower atmosphere.




Section 2.2 2-30
2.2.3 H-O0

The water vapor abundances in our photochemical model differ significantly from
those used in previous models. We have assumed the water vapor abundance will
be determined by the temperature and composition of the HySO, aerosols in the
upper cloud and haze layer, whereas previous models have neglected the possible
condensation of water on the aerosols. As a result, our water vapor abundances are
as much as several orders of magnitude smaller than those in previous photochemical
models.

Previous photochemical models (for example, Winick and Stewart [1980] and Yung
and DeMore [1982]) assumed the mixing ratio for water vapor was 1 ppm at all alti-
tudes. This assumption was based on the presumption that there was no photochem-
ical loss for water below ~ 90 km altitude. Their presumption that water is not lost
photochemically at lower altitudes is probably correct because water vapor photodis-
sociates only at wavelengths < 195 nm and COs is optically thick for altitudes < 80
km at these wavelengths. Consequently, direct photolysis of HyO is slow below ~ 100
km altitude and minimal below ~ 80 km altitude. The primary alternate path for
destroying H,O is via reaction with O(*D). This is the primary means by which H,O
is converted to OH in the terrestrial troposphere, but the production rate for O(*D)
in the Venus atmosphere is small compared to that in the terrestrial atmosphere. (In
our model, the dominant loss of HyO at all altitudes is via direct photolysis.) Thus,
as was assumed in previous models, we expect the water vapor mixing ratio to be
approximately constant below ~ 80 km altitude. Encrenaz et al. [1995] implicitly
adopted the same assumption (that there was no significant loss process for water
vapor below ~ 90 km) when they found they needed to decrease the temperature at
~ 95 km altitude to 140 K (the freezing point for water ice at that altitude) to obtain
the best match to their microwave spectrum.

Above ~ 80 km altitude, however, there are two potential loss mechanisms for
water vapor. One is the direct photolysis of HoO, but due to the shielding by CO,

this is not rapid below ~ 100 km altitude. The second potential loss is condensation
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of water vapor onto the sulfuric acid aerosols that have been observed below ~ 90
km. Condensation will be important if the timescale for condensation is smaller than
the vertical mixing time. As we show in Appendix F, the water vapor abundance
below ~ 90 km altitude should be controlled by condensation.

For our nominal profile, we fixed the H,O abundance at < 90 km altitude to be the
smaller of 0.5 ppm or the equilibrium vapor pressure of HyO over 75 wt% H5SO4. The
water vapor mixing ratios above 90 km altitude were set equal to the mixing ratio for
H,0 at 90 km altitude by analogy to the situation in the earth’s lower stratosphere.
Within the uncertainties associated with determining the equilibrium vapor pressure
for water over concentrated sulfuric acid (Appendix G), the water vapor profile we
derive is consistent with the measurements by Encrenaz et al. [1995]. Calculations
have also been done for other H,O distributions to assess the sensitivity of our results
to our assumed water vapor profile. The results for these alternate profiles will be
discussed in Section 2.3.

Our choice of 0.5 ppm for the water vapor mixing ratio in the upper cloud layer
is somewhat arbitrary since the observations described in Section 2.1.1 found water
vapor mixing ratios within the upper cloud layer of ~ 0.5 — 2 ppm.

The 75 wt% H,SO4 composition we have used for the aerosol particles is based on
polarization measurements of the upper cloud and haze. Hansen and Hovenier [1974]
found the optical properties of the mode 2 (~ 1 um size) aerosol particles in the
upper cloud were compatible with (but not required to be) 75 wt% H,SO4 (410, —5
wt% HoSO4 [Hovenier, J., Personal Communication, 1997]). Later measurements
of the polar haze [Sato et al. 1996] suggest the composition of the mode 1 (~ 0.25
pm size) particles is similar to that of the mode 2 particles. Consequently, we have
assumed the composition of all aerosol particles in the upper cloud and haze are 75
wt% HySO,4. The relations we used to estimate the equilibrium vapor pressure for

water vapor over concentrated sulfuric acid are discussed in Appendix G.
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2.2.4 Radiative Transfer

Photochemistry in the Venus middle atmosphere is driven by energy received from
the Sun. The primary means by which the solar energy incident on the atmosphere
is converted into chemical potential energy is via the photodissociation of relatively
unreactive species (such as H,O) to form highly reactive radical species (such as OH).
This conversion process is governed by the transport of solar radiation through the
Venus atmosphere and may be described using a radiative transfer model. The total
solar flux (the actinic flux) at a point is the sum of the direct solar irradiance (irradi-
ance that has been neither absorbed nor scattered) and the diffuse flux (the radiance
integrated over 47 steradian that has been scattered by molecules or aerosols). Accu-
rate calculation of photodissociation rates requires consideration of both components
of the actinic flux because both components have comparable intensities within the
upper cloud layer at wavelengths > 200 nm. This section describes how the actinic
flux is calculated for each level in the photochemical model. The primary data re-
quired for the radiative transfer calculations, the incident solar irradiance and the
photoabsorption cross sections, are described in Sections 2.2.5 and 2.2.6, respectively.

The direct irradiance in our model is calculated in the same manner as in previ-
ous Venus photochemical models. Assuming a plane-parallel atmosphere the direct

irradiance at each level is described by the Beer-Lambert law,

Fy(), 2) = Fye~ wmm>i@n) (2.2.2.5)

where F; is the solar irradiance incident at the top of the atmosphere, y = solar zenith
angle, N;(z) is the column density of each absorber or scatterer above the model
altitude, and o;(\) is the extinction cross section for each species. (The extinction
cross section is the sum of the absorption and scattering cross sections.) In the
Venus atmosphere, extinction of the direct solar irradiance at wavelengths < 192.5
nm is primarily due to absorption by CO,. Between 192.5 and 310 nm, extinction is
primarily due to absorption by SO, and scattering by aerosol particles in the upper

cloud layer. For wavelengths > 310 nm, scattering by aerosol particles dominates the
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extinction of the direct solar irradiance.

Although the direct solar irradiance has been properly considered in previous
Venus photochemical models, the diffuse flux has been ignored or treated in an ap-
proximate manner due to the limited computational capability available in the early
1980s. For example, Yung and DeMore [1982] did not include the diffuse flux in
their calculations. Instead, they assumed the aerosols in the upper cloud were purely
absorbing and modeled the attenuation of the incident solar irradiance at all wave-
lengths below 70 km altitude based on the measurements by Ragent and Blamont
[1980]. Krasnopol’sky and Parshev [1983] approximated the effects of multiple scat-
tering by increasing the absorption cross sections of all species at > 320 nm by a
factor of 10 since they assumed the number of scatters is ~ 1 for < 320 nm and ~ 10
for > 320 nm. We have used the Feautrier method [Feautrier 1964; Prather 1976,
generalized to arbitrary anisotropic scattering [Michelangeli et al. 1992], to determine
the diffuse flux. Our inclusion of diffuse flux in a rigorous manner increases the actinic
flux (compared to Yung and DeMore [1982]) and, thus, increases photodissociation
rates. Appendix H provides an assessment of the accuracy of our radiative transfer
calculations; Appendix I describes the parameters used for computing Rayleigh scat-
tering; and Appendix J describes the scattering characteristics we have assumed for

the aerosols in the upper cloud and haze.

2.2.5 Solar Flux

One of the key inputs required for the radiative transfer calculation is the solar irra-
diance at the top of the atmosphere. The wavelength range of interest for the Venus
middle atmosphere is from HI Lyman-« (121.57 nm) to ~ 750 — 800 nm, particularly
at Lyman-a and in the 165 - 320 nm region. Solar irradiance at < 120 nm is absorbed
in the thermosphere or ionosphere, several scale heights above the upper boundary
of our model, and the integrated irradiance at < 120.0 nm is an order of magnitude
smaller than that at 122.5 - 182.5 nm so irradiance at < 120 nm has a negligible

effect on the altitudes we are modeling. Solar irradiance at > 800 nm is absorbed
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in the upper cloud layer (by the aerosol particles, H,O, and CO,) but the energy
of a photon at > 800 nm is generally too small to photodissociate a molecule. An
important exception is O3z which can be photodissociated by radiation at < 1180.0
nm [Okabe 1978]. However, even though the integrated solar irradiance at 805 - 1180
nm is comparable to that at 400 - 805 nm, the photoabsorption cross section of O
at > 800 nm is an order of magnitude smaller than in the Chappuis band (400 -
750 nm). Consequently, solar irradiance at > 800 nm has a negligible effect on the
photochemistry we are modeling.

The relevant wavelength range, 120 - 805 nm, has been divided into 5 or 10
nm intervals as shown in Table 2.4. These intervals are generally larger than those
used by Yung and DeMore [1982] but they are commonly used in photochemical
calculations for the terrestrial atmosphere. These intervals were selected primarily
for computational convenience since most of the photoabsorption cross sections were
available on this grid, but our tests using the Yung and DeMore [1982] grid found
no significant effect on the oxygen chemistry. The irradiances in Table 2.4 have
been integrated over the specified interval and are for 1 AU. They were increased in
the model by the factor (1/0.72)2 to account for Venus’ smaller distance from the
Sun. Data for high and low solar activities have been included in Table 2.4. Model
calculations and measurements have found that the solar irradiance varies primarily
at < 300 nm. Consequently, for 300 - 805 nm, the irradiances for both high and low
solar activity are approximately the same.

The solar irradiances in Table 2.4 are primarily from two sources, Woods et al.
[1996] and Neckel and Labs [1984]. The Woods et al. [1996] data were selected because
they are available at ~ 1 nm resolution and resulted from an intercomparison of mul-
tiple instruments which should enhance the reliability of the data. The Neckel and
Labs [1984] data were selected because they are also available at ~ 1 nm resolution
and have been used for previous environmental assessments (e.g., WMO [1985]). The
solar irradiance data used by Yung and DeMore [1982] was taken from Mount et al.
[1980] and Ackerman [1971]. However, Nicolet [1981] concluded that the irradiances
derived by Ackerman [1971]. overestimated the solar irradiance by about 30% and
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Table 2.4: Solar Irradiance at 1 A.U. for Low and High Solar Activity. See text.

Solar Irradiance (7F, cm~2 sec™* (lambda interval)~T)

A low high A low high A low high
121.25 1.23(11) 1.34(11) [ 277.5T7 1.30(14) 1.31(14) | 480 4.91(15) 4.91(15)
121.57 2.51(11) 3.70(11) | 282.57 1.69(14) 1.70(14) | 490  4.68(15) 4.68(15)
125 4.80(10) 6.48(10) | 287.51 2.43(14) 2.42(14) | 5001 4.84(15) 4.84(15)
130 1.69(10) 2.04(10) | 292.57 4.19(14) 4.19(14) | 510  4.95(15) 4.95(15)
135 2.22(10) 2.63(10) | 297.51 3.91(14) 3.90(14) | 520  4.77(15) 4.77(15)
140 1.87(10) 2.22(10) | 302.5" 4.08(14) 4.10(14) | 530  5.01(15) 5.01(15)
145 2.22(10) 2.46(10) | 307.51 4.61(14) 4.63(14) | 540  5.10(15) 5.10(15)
150 3.45(10) 3.77(10) | 312.5' 5.49(14) 5.52(14) | 550  5.20(15) 5.20(15)
155 7.11(10) 7.82(10) | 317.5" 5.64(14) 5.68(14) | 560  5.20(15) 5.20(15)
160 8.12(10) 8.66(10) | 322.51 6.07(14) 6.10(14) | 570  5.30(15) 5.30(15)
165 1.49(11) 1.61(11) | 327.5" 8.18(14) 8.21(14) | 580  5.40(15) 5.40(15)
170 2.62(11) 2.76(11) | 332.5" 8.34(14) 8.36(14) | 590  5.30(15) 5.30(15)
175 4.60(11) 4.86(11) | 337.51 7.88(14) 7.89(14) | 6007 5.35(15) 5.35(15)
180 8.45(11) 9.04(11) | 342.51 8.33(14) 8.37(14) | 610 5.33(15) 5.33(15)
185 1.15(12) 1.22(12) | 347.5! 8.24(14) 8.29(14) | 620  5.29(15) 5.29(15)
190 1.82(12) 1.91(12) | 352.57 9.34(14) 9.36(14) | 630  5.29(15) 5.29(15)
1957 2.61(12) 2.74(12) | 357.51 8.28(14) 8.30(14) | 640  5.29(15) 5.29(15)
200" 3.70(12) 3.86(12) | 362.57 9.16(14) 9.20(14) | 6507 5.21(15) 5.21(15)
205t 5.51(12) 5.75(12) | 367.57 1.13(15) 1.14(15) | 660  5.07(15) 5.07(15)
210t 1.31(13) 1.34(13) | 372.57 1.01(15) 1.02(15) | 670  5.18(15) 5.18(15)
215t 1.96(13) 1.99(13) | 377.57 1.15(15) 1.15(15) | 680  5.12(15) 5.12(15)
2201 2.53(13) 2.56(13) | 382.5  9.40(14) 9.42(14) | 690  5.07(15) 5.07(15)
2257 3.03(13) 3.05(13) | 387.5  1.05(15) 1.05(15) | 7001 4.98(15) 4.98(15)
230" 2.99(13) 3.01(13) | 392.5 1.07(15) 1.07(15) | 710  4.97(15) 4.97(15)
235t 2.87(13) 2.90(13) | 397.5 1.30(15) 1.30(15) | 720  4.88(15) 4.88(15)
240t 2.96(13) 2.98(13) | 402.57 1.79(15) 1.80(15) | 730  4.89(15) 4.89(15)
245t 3.70(13) 3.74(13) | 410 3.56(15) 3.57(15) | 740  4.80(15) 4.80(15)
250" 3.34(13) 3.38(13) | 420 3.66(15) 3.66(15) | 7501 4.80(15) 4.80(15)
255t 3.15(13) 3.16(13) | 430 3.45(15) 3.45(15) | 760  4.76(15) 4.76(15)
257.51  5.80(13) 5.83(13) | 440 4.08(15) 4.08(15) | 770  4.67(15) 4.67(15)
262.51  9.52(13) 9.53(13) | 450"  4.53(15) 4.53(15) | 780  4.67(15) 4.67(15)
267.51  1.72(14) 1.73(14) | 460 4.74(15) 4.74(15) | 790  4.63(15) 4.63(15)
272.51  1.45(14) 1.46(14) | 470 4.73(15) 4.73(15) | 800t 4.59(15) 4.59(15)

tWavelengths at which the full diffuse flux calculation was done. See text.
1.00(13) = 1 x 10®. Wavelengths are in nanometers. Fluxes have been integrated over wavelength
intervals that are (generally) centered on the specified wavelength.
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that the irradiances derived by Mount et al. [1980] should be regarded as systemati-
cally low. Consequently, we selected newer solar irradiance measurements for use in
our calculations. Appendix K describes in more detail the solar irradiances that were
used in our calculations.

For the calculations presented in Section 2.3, there were three errors in the solar
irradiances: (1) the low solar activity irradiance at Ly-a was 2.6 x 10, (2) the high
solar activity irradiance at Ly-a was 4.0 x 10!, and (3) the solar irradiance at 121.25
nm was not included in the calculations. No significant effect is expected from these

errors.

2.2.6 Photoabsorption Cross Sections

The absorption of sunlight is the ultimate energy source for photochemistry in the
atmosphere of Venus. The primary means by which solar energy is converted into
chemical potential energy is via photodissociation reactions. These are reactions in
which a molecule absorbs a photon of sufficient energy that the molecule is split into
two or more components.

The most important photodissociation reactions for understanding the oxygen
budget of the Venus middle atmosphere are the photodissociation of COz, SO, SO,
OCS, and HCl. The data we have used to compute the photodissociation rates for
these species were based on our own review of the chemistry literature (Appendix B),
guided by the recommendations in DeMore et al. [1994] and DeMore et al. [1997]. The
data for most other species were drawn from similar assessments that were completed
for previous Caltech modeling efforts or from DeMore et al. [1994] and DeMore et al.
[1997] (see Table 5A.1 and Appendix B). Photodissociation rates at 70 and 112 km
are given in Table HA.1.

Photodissociation rates (“J values”) are calculated by integrating over all wave-

lengths,

Ji(z) = /A i\ T, P)ps(\, T, PYF (X, 2)dA, (2.2.2.6)
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where o; is the absorption cross section for species 4, ; is the photodissociation quan-
tum yield for species 7, and F is the actinic flux (the sum of the direct solar irradiance
and the diffuse flux). In general, o; and ¢; can be functions of temperature (") and
pressure (P). Equation 2.2.2.6 is commonly solved by subdividing the wavelength

interval and converting the integral into a summation,

Ji(2) ~ S;04(T, P)gy (T, P)Fy(2), (2.2.2.7)

where o;; is the mean absorption cross section for species i on wavelength interval j,
i; is the mean photodissociation quantum yield for species ¢ on wavelength interval
J, and Fj is the actinic flux integrated over wavelength interval j. In addition, the
direct irradiance component of F'(A, z) depends exponentially on the total opacity in
the column above z (Equation 2.2.2.5). The opacity due to all important species was
included in determining the F(), z).

The temperature-dependence indicated in Equations 2.2.2.6 and 2.2.2.7 has been
shown to be very important for the photodissociation of CO, and HyO in the Mar-
tian atmosphere [Nair et al. 1994; Anbar et al. 1993], but has not been included in
previous Venus photochemical models due to computational limitations [Yung and
DeMore 1982]. For example, Yung and DeMore [1982] calculated the CO; cross sec-
tion at 250 K and then used that cross section at all altitudes in their model. Our
inclusion of the temperature-dependent cross section for CO, should decrease the
photolysis of CO, at higher altitudes and increase the photolysis at lower altitudes
(compared to Yung and DeMore [1982]) because the photoabsorption cross section of
CO, decreases as temperature decreases. Temperature-dependent cross sections have
also been included in the current model for O3, SO,, and OCS. The temperatures at
which these cross sections were measured are given in Appendix B. The cross sec-
tions at other temperatures were determined by piecewise linear interpolation. For
our nominal model calculations, we did not extrapolate the temperature-dependence
to lower temperatures than had been measured in the laboratory.

A second factor that may be important in calculating photodissociation rates is the
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size of the wavelength intervals used in Equation 2.2.2.7. We have used the 5.0 — 10.0
nm intervals in Table 2.4 to compute photodissociation rates. These wavelength in-
tervals are a standard set used for terrestrial photochemical modeling, but absorption
in the highly structured SO, bands may not follow the Beer-Lambert law at this reso-
lution due to saturation in the strongest absorption bands. Yung and DeMore [1982]
averaged the most important molecular cross sections (COs, SO5, SO, and HCI) over
1 nm intervals at 180.0 — 235.0 nm because the cross sections for SO, and SO vary
by up to an order of magnitude over 1 nm intervals. Early in our modeling effort, we
compared the results from our standard wavelength intervals to those we obtained
using the Yung and DeMore [1982] wavelength intervals. Those tests suggested the
detailed cloud-level chemistry, where photolysis of SO, and SO is most important,
may be dependent on the spectral resolution used for the calculations, but the higher
spectral resolution did not significantly alter the results at higher altitudes.

For the calculations presented in Sections 2.3, there was one error in the pho-
todissociation cross sections. The estimated 5% effective yield of Oy(alA)+ O(®P)
at wavelengths < 199.7 nm was not included (see Appendix B). The effect of this on
the results is negligible.

2.2.7 Chemical Kinetics

Most of the chemical potential energy that was created in photodissociation reac-
tions (Section 2.2.6) is converted into thermal energy via chemical (kinetic) reactions.
This conversion occurs as the products of the photodissociation and kinetic reactions
collide with other molecules and transfer some of their excess energy to the other
molecules. An additional process occurs at relatively high altitudes where the time
interval between molecular collisions is comparable to the lifetime against sponta-
neous emission for the excited state molecules that are produced in photodissociation
or kinetic reactions. In this situation, airglow emission can radiate some of the ab-
sorbed solar energy directly to space. Ultimately for a steady-state system, all of the

absorbed solar energy is converted to thermal energy or radiated to space and the
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original molecules are reformed.

The kinetic reactions that convert the products of photodissociation reactions back
to the original species may be divided into eight types: (1) collisional quenching, (2)
airglow emission, (3) spin-permitted association reactions, (4) spin-forbidden asso-
ciation reactions, (5) thermal dissociation, (6) heterogeneous, (7) two-body radical-
radical and (8) other two-body reactions. To understand the process by which we
adjusted measured (or estimated) reaction rates to obtain better agreement between
model predictions and observations, it is useful to review some of the salient charac-

teristics of each type of reaction.

(1) Collisional quenching reactions transfer energy from the (higher energy) elec-
tronic or vibrational modes of a molecule to the translational and rotational
modes. These reactions eventually leave the molecule in its ground (equilib-
rium) state. These reactions can be very fast if there is a good match between
the energy levels of the two species. Otherwise, they may be orders of magni-
tude slower (e.g., Reactions K205 and K202). (The example reactions are listed
in Table 5C.2.)

(2) Airglow emission reactions are an alternate means by which molecules can go
from an excited electronic state toward (or to) the ground state. The rates
for these reactions are the inverse of the lifetime against spontaneous radia-
tive emission for the excited electronic state. Due to the competition with
collisional quenching reactions, airglow emission is only important at higher al-

titudes where the total number density is smaller. Reaction K203 is an example.

(3) Association reactions generally combine two reactant species to form a single
product molecule with the assistance of third molecule/atom. (The third species
is often referred to as the “third-body” for the reaction.) CO,, > 96% of the
Venus atmosphere, is the primary third-body that needs to be considered for
association reactions in our modeling. Because CO, has a larger number of
low-lying energy levels than Ny or O,, CO, is generally more efficient as a third-

body, and the rates for association reactions in a predominantly CO, atmosphere



Section 2.2 2-40

generally will be faster than they would be in the terrestrial atmosphere. The
rates for association reactions are typically expressed in terms of two rates
(e.g., Reaction K105)-one gives the two-body (high-pressure) limit and the
other is the three-body (low-pressure) limit for the rate. This is done because
the reaction rate at high pressure is limited by the gas kinetic collision rate
between the reacting species, not the availability of a third-body to stabilize
the intermediate complex. Reaction rates at intermediate pressures (the typical
region for a planetary atmosphere) are calculated from the two limiting rates

as described in DeMore et al. [1997] and Atkinson et al. [1992].

A spin-forbidden association reaction, such as Reaction K97, is one in which the
spin state of the product molecule equals neither the sum of nor the difference
between the spin states of the reactant species. Consequently, these reactions, to
first order, are forbidden by the quantum mechanical selection rules. However,
they do occur and can be important. Their rates are typically several orders of
magnitude slower than those for spin-permitted association reactions (Reaction

K97 versus Reaction K101).

Thermal dissociation reactions can occur when the bond energy holding a
molecule together is comparable to the translational (kinetic) energy of a molecule.
In this situation, a statistically significant fraction of the collisions that each
weakly-bound molecule undergoes will have enough energy to split the weakly-
bound molecule. Reaction K177 provides an example. The importance of these
reactions is determined by the binding energy for the molecule, the temperature

of the gas, and the rates for competing loss reactions.

Heterogeneous reactions are ones in which a liquid or solid aerosol particle serves
as a catalyst for a reaction between two molecules that are predominantly found
in the gas-phase. Their rates are proportional to the solubilities of the gases (for
a liquid aerosol particle) and the surface area available (i.e., the number density

and diameter of the aerosol particles, assuming the particles are spherical).
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(7) Reactions in which both reactants are radicals, such as Reaction K118, are
typically very fast (> 107'! cm? s71) and can occur at rates near the gas kinetic
collision rate. The rates for these reactions can be difficult to measure in a
laboratory due partly to the difficulties of determining the concentrations of
the reactants. Consequently, we have had to estimate rates for many of the

radical-radical reactions proposed in the model.

(8) Other two-body reactions typically involve a radical and a stable molecule, such
as Reactions K136 and K137. Their rates depend on the bond(s) in the stable
reactant, the interaction with the radical, and the bond(s) in the products,
so the rates for these reactions have a broader range of values than those for

radical-radical reactions.

The number of kinetic reactions that could be included in the photochemical model
is very large. However, laboratory studies have shown that many potential kinetic
reactions either do not occur or occur very slowly. In addition, reaction rates can be
strong functions of temperature and/or pressure. We, therefore, have attempted to
select (primarily) the reactions that would have the greatest impact on the oxygen
budget of the Venus middle atmosphere (Table 5C.2). For the reasons discussed in
Section 2.1.3, we have focused on sulfur and chlorine chemistry similar to that in
Model C of Yung and DeMore [1982]. In addition, we have studied the potential roles
of higher oxides of chlorine, OCS, polysulfur (S,), CISO,, and SCl, (Section 2.1.4).
None of these has been examined in previous photochemical models for the Venus
middle atmosphere.

The first set of reactions we included in the model were the relevant ones from
DeMore et al. [1994] (most of which were not changed in DeMore et al. [1997]). Next,
we extracted relevant reactions from other critically-reviewed assessments (such as
Atkinson et al. [1992]) and from a review of recent chemistry literature. Third, we took
reactions from previous Venus photochemical models whose rates had been estimated
and updated the rates based on our literature survey. Finally, we have included

plausible reactions that may occur in the Venus middle atmosphere but which have
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not been studied previously, either in the laboratory or in previous models. Through
this process, the model includes the relevant chemistry from previous Venus models
with rates that reflect the most recent assessments for these reactions. The sources
from which we obtained reaction rates are listed in Table 5C.2 and Appendix D.

Table 5C.2 lists the kinetic reactions included in the photochemical model and
the nominal rates. The number of reactions is much larger than in previous Venus
models because we are examining several new classes of chemical compounds and we
have included separate entries for CO, and Nj as the third-body for many associa-
tion reactions. The latter was done mainly to clarify the assumptions (or estimates)
we made in specifying the rates for each third-body. Three groups of reactions re-
quire further elaboration in the following paragraphs because they are directly tied
to the observations we have tried to model and because we have adjusted the rates
for key reactions within each group to achieve better agreement between the model
predictions and the observations.

The primary observational constraint on the model is the upper limit on the
abundance of O, (Section 2.1.1). In the model, the O, abundance is controlled by
the reactions that oxidize CO to CO, via CICO (Cycles C14, C15, and C17). The
efficiency of these cycles is determined by the stability of CICO and the speed of
the reactions that produce CO, (Reactions K179, K198, and K197). The stability of
CICO will be discussed in Section 2.2.8. The rates for the reactions that produce CO,
in these cycles, unfortunately, are unknown. Because these reactions are between two
radical species, we have presumed the reactions will be near the gas kinetic collision
rate. Similar assumptions have been made in previous models of the Venus middle
atmosphere and in models of hydrocarbon combustion.

A second key observational constraint is the intensity of the airglow emission in
the Oz(a'A) band produced as O,(a'A) spontaneously decays to the ground state,
02(X3%) (Section 2.1.1). Based on laboratory studies such as Leu and Yung [1987]
and our modeling, the primary reaction for producing O,(a'A) is Reaction G3. The
overall rate for Reaction G3 is reasonably well known but the effective yield of O,(alA)

from it has significant uncertainties. The measured direct yield of O,(a'A) [reviewed
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in Wayne 1994] is too small to account for the observed Venus airglow emission [ Yung
and DeMore 1982; this work]. One proposed mechanism for increasing the effective
yield of Oy(alA) in Reaction G3 is via relatively rapid collisional quenching from the
higher excited states of O, that are produced in Reaction G3 to Oz(a'A) [Crisp et al.
1996; Slanger, T., Personal Communication, 1995]. An initial estimate of the effective
yields for O,(a'A) that might be produced via this collisional cascade was reported in
Crisp et al. [1996] based on the then extant laboratory measurements. The nominal
effective yields given in Table 5C.2 are smaller than those in Crisp et al. [1996] based
on recent unpublished work [Slanger, T., Personal Communication, 1997]. Collisional
quenching and spontaneous radiative decay are the primary competing reactions that
consume Oj(alA). Unfortunately, the rate coefficients for collisional quenching of
O(a*A) by CO,, Ny, CO, and O are unknown. DeMore et al. [1997] give only upper
limits for these quenching reaction rates so those upper limits have been included in
Table 5C.2 as our nominal quenching rates. In contrast, the rate at which O, (a'A)
spontaneously decays has been measured [Hsu et al. 1992; Lin et al. 1988; Badger et
al. 1965], but the reported measurements differ by more than a factor of 2 [Gamache et
al. 1998; Mlynczak and Nesbitt 1995]. The rate given in Table 5C.2 is that obtained by
Badger et al. [1965] and agrees well with the rate used in compiling the 1996 edition
of the HITRAN database [Rothman et al. 1992]. In order to achieve reasonable
agreement between the predicted and observed airglow emission (Section 2.3), it was
necessary to adjust most of the relevant reaction rates within the uncertainties of
the laboratory measurements. The rate for Reaction G3 was increased; the effective
yield of O,(alA) from Reaction G3 was increased; the collisional quenching rates were
decreased; and the rate at which O,(a’A) spontaneously decays was increased.

A third observational constraint is the vertical profile for SO (Section 2.1.1). The
photochemical lifetime for SO is much smaller than the vertical mixing time so its
abundance should be close to that for photochemical equilibrium at the observable
altitudes (~ 65 — 85 km). Two of the parameters controlling the SO distribution
are the rates for Reactions K244 and K248. The rate for Reaction K244 has been
measured by Herron and Huie [1980] and Cobos et al. [1985]. The nominal rate in
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Table 5C.2 for Reaction K244 was taken from Herron and Huie [1980] because we
believe the upper limit derived by Cobos et al. [1985] may be incorrect. Cobos et al.
[1985] deduced from their measurements that the rate for Reaction K244 must be
a factor of 100 smaller than the rate obtained by Herron and Huie [1980] because
Cobos et al. [1985] believed photoabsorption by (SO)s would have been apparent in
their measurements if the rate for reaction K244 were faster than the upper limit
they proposed. However, the spectrum that Cobos et al. [1985] attributed to (SO),
has been attributed to S;O by several other investigators [Lakshminarayana 1975;
Hopkins et al. 1973; Meschi and Myers 1959]. The rate for Reaction K248 was a
free parameter in our model that we adjusted to obtain a reasonable match to the
retrieved vertical profiles of SO (Section 2.1.1). The rate for Reaction K248 that was
used in Na and Esposito [1997] and Yung and DeMore [1982] was an estimate by Yung
and DeMore [1982]. As best we can determine, there are no experimental constraints
on the rate for Reaction K248.

Although the current photochemical model is similar to Model C of Yung and
DeMore [1982], there are important differences (Table 2.5). The most significant
differences are for Reactions G7 and G8 which will be discussed in Section 2.2.8.

For the calculations presented in Sections 2.3, there was one error in the kinetic
rates. The rate 4.8 x 1073 (T'/300)*® was used for Reaction K175 instead of the
correct nominal rate of 4.2 x 10733 (T7'/300)3%. The effect of this on the results is

negligible.

2.2.8 CICO Stability

Our sensitivity studies found that the most critical parameter for increasing the rate
at which CO is oxidized to CO, (and decreasing the predicted abundance of O,) is
the stability of CICO. CICO is predominantly formed via Reaction G7, and is readily
destroyed by thermal decomposition (Reaction G8). The stability of CICO, thus,
may be expressed as the ratio of the rates for Reactions G7 and G8 which is the

equilibrium constant, K¢ico-
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Table 2.5: Comparison of Important Kinetic Reaction Rates
Rate at 250 K in Model
Reaction SM74 ‘WS80 KP83 YD82 2This Work
K100 T20+C0O,; »02(a'A)+CO, 9.2(-33) 1.2(-32)
K203 0,(alA)+CO; —05+CO; 3(-20)  3.0(-20) 2.0(-20)
K207 02(alA) - Oy + hv 2.6(-4) 2.6(-4)
K146 CIO + O 46(-11) 4.6(-11) | 4.0(-11)
+ K145
K144 Cl + O3 1.1(-11)  9.7(-12) 1.0(-11)
+ K143
K179 CICO + O 1(-13)  3(-11) 3(-11)
K178 fCICO + 0, 52(-14) °4.2(-31) | °4.2(-31)
K197 CICO3 + O 1(-11) 1(-11)
K198 CICO; + Cl 1(-11) 1(-11)
K151 S+ 02 2.2(-12) 2.2(-12) 2.3(-12)
K154 tSO + 0 + CO, 1.9(-31) 5(-31)  6.0(-31) 4.2(-30)
K166 SO + HO, 2.3(-11) 2.8(-11)
K167 280 — SO, + S 8.3(-16) 3.0(-15) 8.3(-15) 1.1(-15)
K160 SO, + 0 + CO, 3.7(-34) 1(-32)  1.5(-33) 1.8(-33)
K162 tS0, + OH + CO, 1.6(-31) 1.6(-31) 2.3(-30) 2.6(-30)
K163 SO, + HO, 9.0(-16)  3(-16)  1.0(-18) 1.0(-19)
K244 1250 + M — (SO); + CO, 4.4(-31) 4.4(-31)
K248 (SO); + M 9.0(-23) 1.7(-13)
K165 SO + CIO 2.3(-11) 2.8(-11)
K168 fCl + S0, + M 4.6(-33) 5.6(-33)
K194 CISO, + Cl 1(-11)
K137 O + HCI 2.1(-16) 1.4(-17) 2.1(-16) 1.5(-17) 1.9(-17)
K135 H + HCI 1.6(-14) 1.3(-14) 1.7(-14) 2.3(-14) 1.4(-14)
K136 OH + HCl 5.8(-14) 5.5(-13) 5.8(-14) 5.5(-14) 6.4(-13)
K138 Cl + H, 3.9(-15) 1.1(-15) 3.9(-15) 4.0(-15) 3.7(-15)
K141 Cl + HO. 1.0(-13) 3.0(-11) 1.0(-13) 4.1(-11) 3.6(-11)
+ K140
G9 NO + HO, 49.5(-12)

t Rates for association reactions are evaluated in the three-body limit
@ Nominal reaction rates for this work from Table 5C.2

b Rate for two-body reaction

¢ Rate for three-body association reaction

¢ Recommended rate from DeMore et al. [1997] is 1.3 x 10712
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_ ker _ [CICO]
Kcico = ks [CI[CO]’ (2.2.2.8)

where kgr is the rate for Reaction G7, kgg is the rate for Reaction G8, and [CICO],
[COJ, and [C]] are the number densities of these three species at equilibrium. The

equilibrium constant may also be expressed as

AS,(G7) AH,(G7)

Kcico = (T)GXP(_T)’

(2.2.2.9)

where AS,(G7) is the reaction entropy, AH,(G7) is the reaction enthalpy for Reaction
G7, R is the universal gas constant, and 7" is the temperature. A larger value for
the equilibrium constant implies greater stability for CICO and a larger abundance of
it. Equations 2.2.2.8 and 2.2.2.9 imply the equilibrium constant may be determined
either by measuring the rates for Reactions G7 and G8 or by measuring AS,(G7)
and AH,(G7) as functions of temperature. Both methods have been tried and the
experimental results agree to within their mutual uncertainties. However, the assessed
uncertainty in the equilibrium constant is still large [DeMore et al. 1997].

The rate of Reaction G7 has been measured by several investigators. Clark et
al. [1966] measured the rate for M = Ar at 195 and 300 K as shown in Table 2.6.
Nicovich et al. [1990] measured the rate for M = CO and N, at 185 - 260 K and 14
- 200 Torr and for M = CO, and Ar at 215 K. The results from their study are also
summarized in Table 2.6. Most recently, Hewitt et al. [1996] measured the rate for
M = Air at 298 K and 760 Torr. The results from all three studies are consistent
within the stated uncertainties.

The only attempt to directly measure the rate of Reaction G8 has been by Nicovich
et al. [1990] (Table 2.6). A potential problem in their measurements is the reaction of
Cl and CICO with impurities in their sample gases. Nicovich et al. [1990] passed the
CO samples (minimum purity 99.99%) through a Pyrex trap at 77 K before mixing it
with the other gases, but they found the background Cl atom loss rate in the absence
of CO was an order of magnitude larger in CO, than in Ny or Ar even though the

stated purity of the CO, gas was also > 99.99%. The equilibrium constant obtained by
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Table 2.6: Measurements of the Stability of C1CO
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Nicovich et al. [1990], however, is reasonably consistent with that obtained by Burns
and Dainton [1952] at higher temperatures (Figure 2.4), and the reaction enthalpy
and entropy derived by Nicovich et al. [1990] are consistent with the values derived
in earlier studies [Bodenstein et al. 1929; Jacox and Milligan 1965; Clark et al. 1966;
Walker and Prophet 1966; Francisco and Goldstein 1988|.

A more common experimental technique has been to measure the equilibrium con-
stant, K¢ico, directly or the reaction entropy and enthalpy as functions of tempera-
ture. The equilibrium constant obtained by Nicovich et al. [1990] implies a reaction
enthalpy for CICO of —7.7 £ 0.3 kcal mol~! and a reaction entropy of —23.8 +1.0 cal
mol™! K~1 (both at 298 K). Comparing the reaction enthalpy from Nicovich et al.
[1990] to the other results presented in Table 2.6, the measured reaction enthalpy has
increased in magnitude (i.e., the stability of CICO has increased) as the stated preci-
sion of the measurements has improved, although all measurements agree to within
their mutual uncertainties.

The currently recommended value for the equilibrium constant, K¢;co, in DeMore
et al. [1997] (Table 2.6) is that obtained by Nicovich et al. [1990]. DeMore et al. [1997],
however, ascribe a factor of 5 uncertainty to the recommended equilibrium constant at
298 K and a 12% uncertainty to the recommended reaction enthalpy. The 1o DeMore
et al. [1997] uncertainties are a factor of 4 and a factor of 5 larger, respectively, than
the 1o precision uncertainties estimated by Nicovich et al. [1990] for the equilibrium
constant and reaction enthalpy. No information is provided in DeMore et al. [1997]
regarding the rationale for selecting such large uncertainties.

The nominal rates given in Table 5C.2 for Reactions G7 and G8 with M = Ny
are the recommended rates from DeMore et al. [1997]. For M = CO,, our nominal
rate for Reaction G7 is a factor of 3.2 larger than that for M = Ny, based on the
measured relative efficiencies of these two buffer gases at 215 K from Nicovich et al.
[1990]. (The nominal rate for Reaction G8 is derived from the equilibrium constant.
Because the equilibrium constant is independent of the identity of the third-body,
the nominal rate for Reaction G8 with M = CO, will also be a factor of 3.2 larger

than that for M = N,.) Figure 2.4 compares the values for the equilibrium constant,
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CICO Equilibrium Constant
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Figure 2.4: Equilibrium constant for C1CO. The curve marked “Yung and DeMore
1982” was used in Yung and DeMore [1982]. It was an extrapolation to lower
temperatures of the laboratory result from Burns and Dainton [1952]. “KP83”
is the value used by Krasnopol’sky and Parshev [1983] which was based on rates
given in Kondrat’yev [1971]. “JPL97” is the recommended value from DeMore et al.
[1997] which is based on the laboratory measurements by Nicovich et al. [1990]. This
recommended value was used for the results presented in Section 2.3.1. “JPL 1-0”
is the assessed uncertainty in the equilibrium constant from DeMore et al. [1997].
The equilibrium constant used in Section 2.3.2 was a factor of two smaller than the
one standard deviation value. “Maximum Used” is the equilibrium constant that
was used for the results discussed in Section 2.3.4.
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Kcico, from Yung and DeMore [1982], Krasnopol’sky and Parshev [1983], DeMore et
al. [1997], and the present work. The Yung and DeMore [1982] equilibrium constant
was taken from Burns and Dainton [1952]. The Krasnopol’sky and Parshev [1983]
equilibrium constant was from Kondrat’yev [1971].

Using the nominal equilibrium constant for CICO, we cannot obtain a steady-
state solution that satisfies the observed extreme depletion of O,. Consequently, we
have examined a case in which the C1CO equilibrium constant was increased almost
two standard deviations [from DeMore et al. 1997] (Figure 2.4) and the temperatures
in the middle atmosphere were decreased by ~ 20 K (Figure 2.5). An equilibrium
constant this large had been considered “unrealistic” [Yung and DeMore 1982], but
the currently recommended equilibrium constant at 200 K is an order of magnitude
larger than the 1982 value due to revisions in the temperature dependence.

The most critical region of the Venus atmosphere for assessing the C1CO equilib-
rium constant lies at nominal temperatures of 160 - 180 K (possibly as low as ~ 140
K if one includes measurement uncertainties). These temperatures are colder than
those considered by Nicovich et al. [1990]. Further laboratory studies of the equilib-
rium constant for C1CO, particularly at 150 - 180 K are needed to reduce the present

uncertainty in this parameter.

2.2.9 Model Atmosphere

Our model atmosphere, from Seiff [1983] for Noon Local Solar Time, extends from 58
to 112 km altitude and has 28 layers, each 2 km thick. Figures 2.5, 2.6, and 2.7 show
our nominal temperature, pressure, and total number density profiles. Pressures were
computed assuming hydrostatic equilibrium (for the specified temperature and total
number density at each altitude) and agree with those in Seiff [1983]. Figures 2.5
and 2.6 also show alternate temperature and pressure profiles used for some model
calculations. For the calculations using the alternate temperature profiles, the total
number density profile was not changed so the alternate pressure profiles reflect the

changes to the atmospheric temperatures.
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Temperature Profiles for Model Atmospheres
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Figure 2.5: Nominal and alternate temperature profiles used for model calculations.
The “Coldest” profile was used for the results presented in Section 2.3.3 and the
“Highest Eddy” profile was used for calculations that are not presented in the disser-
tation because the results did not lie within a reasonable range of the observational
constraints.

For most calculations, the total number density was not recomputed as the sum
of the partial number densities for all species. However, the mixing ratio for CO,
deviates by less than 1% from the value specified at the lower boundary so the error
from this approximation is usually negligible. For calculations in which we began
with an initially pure CO, atmosphere, the change in total number density as a
result of the photochemical evolution of the model atmosphere is not negligible so
additional appropriate three-body reactions (with CO, O, and O, as the third-body)
were included in the model (Table 5C.2).
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Pressure Profiles for Model Atmospheres
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Figure 2.6: Pressure profiles corresponding to the nominal and coldest model atmo-
sphere temperature profiles (Figure 2.5) that were used for model calculations.
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Figure 2.7: Total number density profile used for all model calculations.
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2.2.10 Diffusion

Vertical transport is an important element of Venusian photochemistry models. Oa,
for example, is produced principally at 85 - 100 km altitude but destroyed predom-
inantly below 90 km altitude (based on the current and previous model results).
In a one-dimensional model atmosphere, vertical transport is parameterized as the
sum of eddy and molecular diffusion. Eddy diffusion is a modeling concept that was
introduced to describe the vertical mixing that occurs via, for example, large-scale
convection within the atmosphere. Since its effects are model-dependent, it is best
assessed by the indirect method of examining the vertical profiles of species, such as
CO, that have relatively long photochemical lifetimes. For the altitudes we are mod-
eling (58 - 112 km), eddy diffusion is much larger than molecular diffusion so eddy
diffusion is the only mode of vertical transport that is significant in our photochemical
model. Clear observational evidence for this conclusion is that the homopause (above
which species have vertical scale heights that depend on their molecular weight and,
consequently, are no longer uniformly mixed) is several scale heights above the upper
boundary of our model: von Zahn et al. [1980] reported the homopause for He was
~ 130 km and that for Ny was ~ 135 km altitude.

Two measurements have been published that directly constrain the magnitude of
the eddy diffusion coefficient: (1) Woo and Ishimaru [1981] determined that radio
scintillations detected by Pioneer Venus were compatible with an eddy diffusion co-
efficient of < 4 x 10* cm? s™! at the tropopause (~ 60 km altitude) and (2) von Zahn
et al. [1980] found the eddy diffusion near the homopause (~ 130 — 135 km) obeyed
Relation 2.2.2.10 to within a factor of two:

Koqay = 1.4 x 108n71/2 (2.2.2.10)

where n = number density of the ambient atmosphere (molecules cm™3) and Keqqy is
in units of cm? s7!.
At intermediate altitudes (65 - 125 km), there are no measurements that directly

constrain the eddy diffusion but the vertical profiles that have been derived for CO,
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SO, and SO, can be used to infer the magnitude of the eddy diffusion. CO vertical
profiles [e.g., Clancy and Muhleman 1991; Gurwell et al. 1995] provide general con-
straints on the eddy diffusion. However, there is variability in the retrieved profiles
(Figure 2.3), and above ~ 80 km the CO distribution may be strongly affected by
horizontal advection [Clancy and Muhleman 1985]. At 65— 80 km altitude, the verti-
cal profiles of SO (Figure 2.2) retrieved from ultraviolet observations of Venus by Na
et al. [1990] and Na et al. [1994] provide an additional constraint. Unfortunately, the
photochemical lifetime for SO is comparable to the transport time at these altitudes
so a broad range of eddy diffusion values can satisfy the observational constraints
(depending on the values selected for key reaction rates). The SO, scale heights near
the cloud top inferred from ultraviolet observations by Na et al. [1994] and earlier
studies (Table 2.1) also constrain the eddy diffusion near 70 km altitude, but (1)
the photochemical lifetime for SO, is comparable to the transport time near 70 km
and (2) previous model results indicate the SO, scale height changes from ~ 1 to
~ 5 km near 70 km [Yung and DeMore 1982, Figures 25 and 30|, spanning the range
of observed values. An additional constraint on the eddy diffusion coefficient in the
middle atmosphere is the vertical scale height for the aerosol particles at 85 km al-
titude derived by Lane and Opstbaum [1983] from Pioneer Venus Orbiter Ultraviolet
Spectrometer (OUVS) limb sounding observations. (Our modeling suggests the ver-
tical profile of OCS could be an excellent constraint on the eddy diffusion coeflicient
below the cloud top, but the existing measurements [Bezard et al. 1990] do not have
sufficient vertical resolution.)

Based on these observational constraints, Yung and DeMore [1982] derived two em-
pirical eddy diffusivity profiles (YD82A and YD82B in Figure 2.8) and Krasnopol’sky
and Parshev [1983] derived a third empirical profile for the eddy diffusion (KD83 in
Figure 2.8).

The eddy diffusivity profiles used in our modeling are given in Figure 2.8. Our
eddy diffusivities are stronger than those used by Yung and DeMore [1982] and
Krasnopol’sky and Parshev [1983] but they are smaller than the eddy diffusivities
used by Sze and McElroy [1975] (not shown). At 60 - 80 km altitude, comparison to
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Eddy Diffusion Profiles for Model Atmospheres
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Figure 2.8: vZ80 (+) is an extrapolation to lower altitudes of the eddy diffusivity
measured near 130 km altitude [von Zahn et al. 1980]. WI81 () is the upper limit
on eddy diffusivity near 60 km altitude that was inferred by Woo and Ishimaru
[1981] from scintillations in radio occultation measurements. LO83 (k) is the eddy
diffusivity inferred from measurements of the aerosol particle scale height by Lane
and Opstbaum [1983]. YD82A and YD82B (dotted lines) are the empirical eddy
diffusivity profiles used by Yung and DeMore [1982]. KP83 (dotted line) is the em-
pirical eddy diffusivity profile used by Krasnopol’sky and Parshev[1983]. “Nominal”
(dash-multidot line) is the eddy diffusivity used for the results presented in Section
2.3.1. The “Moderate” profile (solid line) was used for the results in Section 2.3.2.
The “Coldest” profile (dashed line) was used for the results in Section 2.3.3 in which
the temperature profile was changed to the coldest curve in Figure 2.5. The “High-
est Eddy” profile (dash-dot line) was used for calculations that are not presented
in the dissertation because the results did not lie within a reasonable range of the
observational constraints.
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the CO profiles and the measurement by Woo and Ishimaru [1981] suggests that our
eddy diffusivities may be too large, but there is sufficient uncertainty (or variability)
in the observations to encompass the results we have obtained. Above 90 km, our

nominal model eddy diffusivity,

Kegay = 1 x 10Mn71/2, (2.2.2.11)

is a factor of 3 larger than the one standard deviation value obtained by von Zahn et
al. [1980] at 130 - 135 km altitude. This may be reasonable if internal gravity waves
generated near the cloud top break at ~ 90 — 110 km altitude, as was proposed by
Alezander [1992], since breaking internal gravity waves can produce significant eddy

mixing.

2.3 Model Results

A series of calculations have been performed using the model described in Section 2.2.
The first results that will be discussed are those from the nominal model (Section
2.3.1). Section 2.3.2 then describes the results from varying key parameters of the
nominal model within their assessed, measured, or estimated one standard deviation
range. Finally, Section 2.3.3 presents the results from, effectively, increasing the
stability of CICO by several standard deviations. Comparisons among the model
predictions and observations are included in each section then summarized in Section
2.3.4 and Chapter 3. The implications of the model predictions for the chemistry

occurring in the lower atmosphere will be discussed in Section 2.4.

2.3.1 Nominal Model Results

The nominal model was based, primarily, on the chemistry in Model C from Yung
and DeMore [1982] so the major processes for oxidizing CO to CO, are Cycles Cl14,
C15, and C17. These are the same processes that dominated the oxidation of CO

in the Yung and DeMore [1982] model so the differences between the nominal model
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and that developed by Yung and DeMore [1982] for oxidation of CO are principally
due to revisions in laboratory and observational data. The nominal model, however,
also provides the first quantitative examination of the chemistry of higher-oxides of
chlorine, SCl,, SOCl,, and S, in the Venus atmosphere. In general, the results from
the nominal model are closer to the observations than the results from previous pho-
tochemical models, but there are still important differences between the predictions
of the nominal model and the current observations.

Predicted profiles for CO, O,, and SO, are shown in Figure 2.9 along with those
from Yung and DeMore [1982] model C. The O, profile predicted in the nominal model
is similar to that calculated by Yung and DeMore [1982], but the predicted O, column
abundance for the nominal model is a factor of 2 smaller than that predicted by Yung
and DeMore’s [1982] model C. However, the nominal model’s predicted O, abundance
is still a factor of ~ 20 larger than the upper limit from Trauger and Lunine [1983].
The differences in Figure 2.9 between the nominal model and the Yung and DeMore
[1982] model for CO, O, and SO, are primarily due to the increased stability of CICO
and the stronger eddy diffusion coefficient in the nominal model.

CO, and CO

The primary reactions producing and destroying CO, are shown in Figures 2.10,
2.11, and 2.12. These figures indicate that the primary processes for reforming CO,
are the same as in the Yung and DeMore [1982] model, Cycles C14, C15, and C17. The
fluxes of CO and CO, are shown in Figure 2.13. The difference between the downward
flux of CO and the upward flux of CO, at low altitudes is balanced by an upward
flux of OCS. The calculated CO profile does not increase as rapidly with increasing
altitude as that from Yung and DeMore [1982] model C, but the nominal model’s
CO profile is within the range that has been retrieved via microwave measurements
(Section 2.1.1).

O, and O,(*A) Airglow

Predicted profiles for oxygen species are shown in Figure 2.14; the primary reac-
tions producing and destroying O, and O,(*A) are shown in Figures 2.15, 2.16, 2.17,

and 2.18; and the fluxes of the primary oxygen containing species are shown in Figure
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Primary Observables (Nominal Model)
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Figure 2.9: Predicted mixing ratios for CO, O,, and SO, from the Nominal Model
are shown in the dotted, dashed, and dot-dashed lines, respectively. The adjacent
plots (in diamonds) are for the same species from Yung and DeMore [1982] Model
C.
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Production of CO, (Nominal Model)
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Figure 2.10: Primary reaction producing CO; in the Nominal Model.
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Loss of CICO; (Nominal Model)
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Figure 2.11: Primary reactions destroying ClICOj3 in the Nominal Model.
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Photolysis of CO, and SO, (Nominal Model)
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Figure 2.12: Photolysis of CO; and SO, in the Nominal Model.
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Fluxes of Oxygen (Nominal Model)
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Figure 2.13: Fluxes of oxygen in the Nominal Model.
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Predicted Oxygen (Nominal Model)
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Figure 2.14: Predicted abundances of oxygen species in the Nominal Model.

2.13. ,

O, production is dominated by the Molina-Rowland Cycle (Cycle C13), particu-
larly at < 90 km altitude. O, is primarily lost via the the same cycles that reform
CO; so the competition between Cycles C17 and C15 controls the rate at which O,
is lost. As shown in Figure 2.11, the primary fate for ClO below ~ 75 km altitude
is either reaction with SO to form Cl + SO, or photolysis to form Cl + O, both of
which result in a net loss of Oy. Above 75 km altitude, the primary fate for ClO is
reaction with O to form Cl + O, which does not result in a net loss of O,. In the
nominal model, 60% of the ClO loss leads to a net loss of O,. This is approximately
the same fraction as in Yung and DeMore [1982] model C. Oxidation of SO, (Figure

2.19) is a minor but significant sink for oxygen below 70 km altitude.
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Production of O, (Nominal Model)
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Figure 2.15: Primary reaction producing O, in the Nominal Model.
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Loss of O, (Nominal Model)
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Figure 2.16: Primary reactions destroying O, in the Nominal Model.
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Production of O,('A) (Nominal Model)
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Figure 2.17: Primary reaction producing O,(*A) in the Nominal Model.
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Loss of O,('A) (Nominal Model)
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Figure 2.18: Primary reactions destroying O,(*A) in the Nominal Model.
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Production of S¢ and SO, (Nominal Model)
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Figure 2.19: Primary reactions producing Sg and SOj3 in the Nominal Model.
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The calculated column-integrated airglow emission in the nominal model is ~ 0.9
MR where 1 MR = 1 MegaRayleigh = 1 x 102 photons cm~2 sec™!. This is ~ 10%
larger than that calculated by Yung and DeMore [1982] and is within 30% of the ob-
served global average (~ 1.3 MR, Section 2.1.1). However, the fraction of this airglow
emission (0.45 MR) that results from photolysis of O3 (which can produce O, in the
(*A) state) is larger than the observed difference between the dayside and nightside
airglow emission (~ 0.3 MR). The radiative lifetime of O3(*A) is ~ 1 hour so some of
the O, (*A) that is produced on the dayside will be transported to the nightside prior
to emitting a photon to decay to the ground state. This transport does not, however,
resolve the disagreement between the nominal model prediction and the observations.
First, the maximum airglow emission from the Venus nightside is observed near the
anti-solar point. The transport time from the terminator to the anti-solar point is
~ 24 hours, much larger than the radiative lifetime for O5(*A). Second, the observed
average nightside emission was determined by excluding airglow emission from near
the terminator [Crisp et al. 1996]. The nominal rates for collisional quenching of
O2(*A) by Ny and CO, are only upper limits, however, and there are significant un-
certainties in the net yield of Oy(*A) from Reaction G3 so this disagreement between
the nominal model’s predictions and the observations is not unexpected. Alternate
quenching rates and yields for Oy(*A) from Reaction G3 will be examined in Sections
2.3.2 and 2.3.3 to obtain a more reasonable fit to both the dayside and the nightside
airglow emission.

HO, and CIO,

The predicted abundances for HO,, are given in Figure 2.20 and those for C10, are
given in Figure 2.21. The primary reactions that produce and destroy these species
are shown in Figure 2.22. As expected from the work by Yung and DeMore [1982] the
concentrations of HO, are significantly smaller than those of ClO, below ~ 100 km
altitude and comparable to those of ClO, at higher altitudes. This occurs because
the primary source of both HO, and ClO, in our nominal model is photolysis of HCI
but HO, is preferentially lost via formation of H,SO4 below 90 km altitude. As a

result, HO, plays only a minor role in the formation of CO, and the destruction of
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Predicted HO, (Nominal Model)
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Figure 2.20: Predicted HO, abundances in the Nominal Model.

04, and HO,, is only important in the formation of O, above ~ 95 km altitude.

The total hydrogen abundance at 100 km altitude in the nominal model is 3.7 x 108
cm~3. This is smaller than the 4.5 x 108 cm™2 calculated in the Krasnopol’sky and
Parshev [1983] model but within the uncertainties associated with their modeling.
The H, mixing ratio predicted in the nominal model is 8 x 10~ at 110 km altitude
which is more than an order of magnitude smaller than the upper limit (1 x 1077)
derived by Kumar and Taylor [1985] for ~ 130 km altitude. About two-thirds of
the hydrogen at 110 km altitude in the nominal model is in HCl with the remainder
primarily in the form of atomic hydrogen.

Higher Oxides of Chlorine

The predicted abundances for these species are shown in Figure 2.23. These species
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Figure 2.21: Predicted ClO, abundances in the Nominal Model.
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Production and Loss of HO, and ClO, (Nominal Model)
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Figure 2.22: Primary reactions producing and destroying HO, and ClO, in the
Nominal Model.
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were included in the nominal model to assess whether they could provide a reservoir
in which oxygen could be transported from higher altitudes where the CO oxidation
cycles are relatively inefficient to lower altitudes where they are more efficient. The
chemical loss timescales for almost all of the Cl,O, species, however, are < 100 seconds
which is much smaller than the vertical transport timescale (3 1 x 10°) seconds.
Consequently, the C1,0O, species are not a viable mechanism for vertical transport of
oxygen in the Venus middle atmosphere. The small calculated abundances for these
species further indicate they do not even provide a local reservoir in which significant
amounts of oxygen could be sequestered and thus explain the small upper limit on
the oxygen column abundance. The short lifetimes and small abundances for these
species are due to the thermal dissociation of these species and/or their rapid reaction
with atomic chlorine.

Comparing Figures 2.23 and 2.24 one can see that the rate for Reaction G4 (pro-
posed by Prinn [1975]) would have to be at least two orders of magnitude faster than
the two-body equivalent rate for Reaction K178 if Reaction G4 were to be an impor-
tant path for oxidizing CO to CO,. This would require that either (1) the rate for
Reaction G4 is > 1 x 107 or (2) the enthalpy of reaction in the equilibrium constant
for CIOO is at least 1.5 assessed standard deviations more stable than the currently
assessed value [DeMore et al. 1997] and the rate for Reaction G4 is 3 1 x 107%°.
Because there is no laboratory evidence that Reaction G4 occurs [ Yung and DeMore
1982], our neglect of this mechanism in the current model is reasonable.

We have not examined other potential reactions between Cl,O, species and CO
as paths for oxidizing CO, but the predicted Cl,O, abundances are sufficiently small
at > 80 km altitude that any such reaction would have to be even faster than the
~ 1 x 107! required for Reaction G4. This is not likely to occur since CO is a
relatively stable molecule.

The Sulfur Budget

The altitude profiles for SO,, OCS, and S, are given in Figures 2.25 and 2.26.
Comparing Figures 2.25 and 2.21, the abundance of SO, is smaller than that of C1O

above ~ 75 km altitude. Because of this and because the reactions for oxidizing SO,
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Figure 2.23: Predicted abundances for the higher oxides of chlorine (Cl;O,) in the
Nominal Model.
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Predicted CClO, and CHCIO, (Nominal Model)
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Figure 2.24: Predicted abundances for CClO,) in the Nominal Model.




Section 2.3 2-76

Predicted SO, and OCS (Nominal Model)
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Figure 2.25: Predicted SO, abundances in the Nominal Model. The “NE97” plot
(diamonds) is the profile predicted for S;O in Na and Esposito [1997]. The short
bars intersecting the predicted SO, profile near 70 km altitude represent the range
of SO, scale heights inferred by Na et al. [1994] from ultraviolet observations.

are slower than Reaction K146, atomic oxygen above the upper cloud layer is rapidly
converted to Oy via Cycle C13. This was one of the primary conclusions from the
photochemical models developed in the early 1980s [ Winick and Stewart 1980; Yung
and DeMore 1982; Krasnopol’sky and Parshev 1983].

Below ~ 75 km altitude, the production of oxygen is dominated by photolysis of
SO, (Figure 2.12). As one goes deeper into the upper cloud layer, sulfur chemistry
plays an increasingly dominant role. The primary reactions producing and destroying
SO, and SO are shown in Figures 2.27, 2.28, 2.29, and 2.30. Below 70 km altitude, the

abundance of SO, is controlled by Reactions K168 and K194. In a similar manner,
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Figure 2.26: Predicted S, abundances in the Nominal Model.
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Production of SO, (Nominal Model)
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Figure 2.27: Primary reactions producing SO, in the Nominal Model.

the abundance of SO below 65 km altitude is controlled by Reactions K244 and K248
(i.e., the equilibrium constant for (SO);). At 70 — 85 km altitude, the abundances of
SO, and SO are controlled by Reactions G11 and K165 which are part of Cycle C17.
This confirms the importance of Cycle C17 in the loss of O, as had been proposed by
Yung and DeMore [1982]. This also suggests that a large change in the abundance
of SO, and SO might have a significant impact on the O, abundance in the Venus
middle atmosphere.

As discussed in Section 2.2.2, the mixing ratio of SO, at the lower boundary has
been adjusted to give a mixing ratio for SO, near 70 km that is is within the observed
range (Figure 2.1). The predicted SO abundances, however, are smaller than those

retrieved from ultraviolet observations (Figure 2.2), particularly below 75 km altitude.
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Loss of SO, (Nominal Model)
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Figure 2.28: Primary reactions destroying SO, in the Nominal Model.
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Production of SO (Nominal Model)
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Figure 2.29: Primary reactions producing SO in the Nominal Model.
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Loss of SO (Nominal Model)
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Figure 2.30: Primary reactions destroying SO in the Nominal Model.
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A better match to the retrieved SO profile can be obtained if one sums the predicted
abundances for SO and (SO),. Because the nominal value for the (SO), equilibrium
constant was an estimate, this suggests that plausible empirical adjustments to the
enthalpy of reaction may yield a better match between the model predictions for SO
and the observations.

The upward fluxes of SO, and OCS into the middle atmosphere are calculated
to be 8 x 10" cm™2 sec™! and 2 x 10" cm™2 sec™!, respectively. These upward
fluxes are balanced in the nominal model by downward fluxes of Sg and HySO4. The
production rates for Sg and Hy;SO4 in the nominal model are 6 x 10° cm—2 sec™!
and 6 x 10! cm~2 sec™!, respectively. These production rates suggest that photolysis
of OCS leads almost entirely to production of Sg and detailed examination of the
kinetic paths supports this conclusion. SO, that is transported upward from the
lower atmosphere is disproportionated into both Sg and HySO4 with a majority of the
SO, being oxidized to HySOy.

SCI10, and SCI,

These two classes of reduced chemical species have not been quantitatively con-
sidered in previous Venus photochemical models. The predicted abundances in the
nominal model are given in Figure 2.31. With the exception of C1SO,, these species
are predicted to exist only within the upper cloud layer.

CISO, serves as a buffer for SO, (Figures 2.27 and 2.28) which slows the rate at
which SO, is oxidized to HySOy4 as it is transported upward from the lower boundary
of the model. This buffering, in combination with the larger eddy diffusion coeflicient
used in the nominal model, enables the nominal model to have an SO, abundance
at 70 km altitude that is comparable to that in Yung and DeMore’s [1982] model C
even though the mixing ratio at 58 km altitude in the nominal model is a factor of 3
smaller than that specified by Yung and DeMore [1982].

Most of the reactions involving the SCIl, species are estimated so the results from
this aspect of the nominal model are highly speculative. However, the SCI, species
appear to play two roles in the chemistry of the upper cloud layer. First, they provide

a minor but important mechanism for splitting Cl, at < 65 km altitude which enables
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Predicted SCIO, and SCI, (Nominal Model)
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Figure 2.31: Predicted abundances of sulfur-chlorine species in the Nominal Model.
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the formation of CISO, at those altitudes. Second, the SCI, species are intermediaries
in the process of converting atomic sulfur to S, (which eventually becomes Sg in the
model). At 58 km, the primary source of S, is Reaction K262, but at higher altitudes,
So is primarily formed via Reaction P91. If the proposed reactions involving SCl,
species occur in the Venus upper cloud layer, the actual rates for these reactions may
determine the relative rates at which OCS and SO, are converted into Sg and H,SOy.

Eddy Diffusion

The eddy diffusion coefficient used for the nominal model is larger than that used
in Yung and DeMore [1982] and Krasnopol’sky and Parshev [1983], but the nominal
model’s CO profile is within the range of values retrieved by microwave observations
(Figure 2.3) suggesting the larger eddy diffusion coefficient may be plausible. In
addition, the predicted scale height for SO, near 70 km is within the range of values
determined by Na et al. [1994] from their UV observations (Figure 2.25). As shown
in Figure 2.3, there are large diurnal and temporal variations in the CO profile and
we are not trying to model the diurnal variations so the degree of agreement achieved

by the nominal model is satisfactory given these limitations.

2.3.2 Model Sensitivity Studies

Two types of sensitivity tests were conducted to examine the response of the Nominal
Model to changes in input parameters. The first set of tests examined the model’s
responses to changes in the boundary conditions. These are described in the first part
of this section. The second set of tests examined the model’s responses to changes in
the rates for selected kinetic and photolysis reactions. Those tests are summarized in
the second part of this section which describes the results from a model run in which
a number of parameters were adjusted simultaneously to minimize the differences

between the model predictions and the observations.
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Boundary Condition Variations

The upper boundary conditions were varied by the amounts listed in Table 2.7. The
amplitudes of the variations were selected based on the estimated uncertainties in
these parameters. A similar procedure was followed for the lower boundary conditions
but the amplitudes of the variations were based on observations. As noted in Section
2.1.1, interpretation of the HCI observations by Connes et al. [1967] depends on the
assumed altitude at which the HCI lines form. The 25% variation tested encompasses
the smallest value from Young [1972] and the results from Connes et al. [1967] and
Pollack et al. [1993]. The larger possible values from Young [1972], Yung and DeMore
[1982], and Pollack et al. [1993] lie outside the selected range. The factor of four
variation tested for the SO, mixing ratio at 58 km altitude is intended to simulate
the observed temporal changes in the SO, abundance at the cloud top (Figure 2.1).
The factor of four variation tested for the OCS mixing ratio at 58 km altitude is
an estimate of the uncertainty in this observation. The two alternate H,O profile
tested represent extreme values for this parameter. The case with 1 ppm of H, at
the lower boundary is based on the Pioneer Venus mass spectrometer report of a
marginal detection of ~ 1 ppm of H,S within the cloud layers [von Zahn et al. 1983].
If that detection is valid, then H,S is likely to rapidly photodissociate near the lower
boundary of our photochemical model and produce H or Hy and S. The effects of the
additional sulfur produced from photolysis of HyS can be assessed qualitatively from
the OCS and SO, boundary condition variation tests. The nominal albedo at the
lower boundary was specified to match the measured albedo of the upper cloud layer
at ~ 400 nm (Appendix H) but the measured albedo is a function of wavelength. The
alternate albedos span the range of possible values for this parameter.

The results from model runs using the alternate boundary conditions are shown
in Tables 2.8 and 2.9. For each of these model runs, only the indicated boundary
parameter was changed. All other parameters were left at the values described earlier
for the Nominal Model. The changes that had the greatest effect on the selected
model results have been highlighted in both tables.
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Table 2.7: Variations of Boundary Conditions for the Nominal Photochemistry
Model

Lower Boundary Upper Boundary
Species Low High Low High
CO, not varied & =25 x 107 ¢ = 1.0 % 10"
CO not varied matched to CO, flux
(02} ¢ =2.25 x 108 ¢ =3.6x10°
HCl f=30x10° f=50x107 = 0.5 % 10° ¢ = 4.0 x 107
SO2 F=80%10"" f=48x10"°
O matched to CO5 and 0, fluxes
Cl matched to HCI flux
0CSs f=25x10"% f=40x10"7
H,O0 ¢
H, f=10x10"° |
Albedo *

Notes: The symbols f and ¢ denote volume mixing ratio and flux (cm~2 sec™!), respectively. The
sign convention for ¢ is positive for upward flow. The nominal boundary conditions are given in
Table 2.2.

@ The only water present in the low water case was HyO generated photochemically within the
model from photodissociation of HCl. The water vapor mixing ratio at all altitudes was fixed at
1 x 1076 for the high water case.

b Three alternate surface albedos were tested for the lower boundary: 0.0, 0.4, and 0.9.
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Table 2.8: Results from Variations of Lower Boundary Conditions

Flux Down at 58 km (cm™2 sec™!)

Flux Up at 58 km

Variation 610) ClISO, Cl, SCl, SO, 0CSs
Nominal @ 6.0(11) 2.6(9) 2.1(6) 1.2(7) | 74(11) 2.6(11)
Low HCI conc ® | 8.6(11) 1.8(9) 2.0(6) 9.4(6) | 7.5(11) 2.6(11)
High HCl conc | 5.7(11) 3.4(9) 2.1(6) 1.3(7) | 7.4(11) 2.6(11)
Low SO, conc | 5.9(11) 3.7(8) 85(8) 3.3(8) | 3.3(11) 4.2(11)
High SO, conc | 9.3(11) 2.6(9) 6.9(6) 2.1(7) |2.2(12) 1.5(11)
Low OCS conc | 4.9(11) 2.6(9) 3.0(6) 1.1(7) | 7.4(11) 6.5(10)
High OCS conc | 1.4(12) 2.5(9) 1.7(6) 1.0(7) | 7.2(11) 1.0(12)
Low H,O conc | 6.8(11) 2.6(9) 2.1(6) 1.1(7) |2.6(11) 7.3(11)
High H,O conc | 9.7(11) 1.9(9) 1.6(6) 7.3(6) | 7.3(11) 2.6(11)
1 ppm H, 9.011) 3.7(7) 7.83) 1.7(3) |1.1(12) 2.9(11)
Albedo 0.0 6.2(11) 2.6(9) 3.0(6) 24(7) | 7.3(11) 1.8(11)
Albedo 0.4 6.6(11) 2.6(9) 2.2(6) 15(7) | 7.3(11) 2.3(11)
Albedo 0.9 75(11) 25(9) 2.1(6) 7.6(6) | 7.3(11) 3.3(11)
Concentration at 70 km (cm~>) Photolysis Rate at 70 km (sec™1)
Variation SOz SO (SO)z SOz Clz 03
Nominal ® 1.8(10) 6.4(8) 3.7(9) 1.9(4) 5.2(-3) 1.6(-2)
Low HCl conc ? | 1.9(10) 6.2(8) 3.6(9) 1.9(-4) 5.2(-3) 16(2)
High HCl conc | 1.7(10) 6.3(8) 3.6(9) 1.9(-4) 5.2(-3) 1.6(-2)
Low SO, conc | 5.7(9)  2.0(8) 6.2(8) 2.3(-4) 5.3(-3) 1.7(-2)
High SO, cone | 4.7(10) 1.5(9)  1.1(10) | 1.7(-4) 5.2(-3) 1.5(-2)
Low OCS conc | 1.8(10) 6.4(8) 3.7(9) 1.9(-4) 5.2(-3) 1.6(-2)
High OCS conc | 1.9(10) 6.6(8) 3.9(9) 1.9(-4) 5.2(-3) 1.6(-2)
Low Hy0 conc | 1.8(10) 6.4(8) 3.7(9) 1.9(-4) 5.2(-3) 1.6(-2)
High H,0 conc | 2.1(10) 6.0(8) 3.6(9) 1.9(-4) 5.2(-3) 1.6(-2)
1 ppm H, 55(9)  3.6(8) 1.3(9) 2.2(-4)  5.3(-3) 1.6(-2)
Albedo 0.0 1.8(10)  6.4(8) 3.7(9) 1.9(-4) 5.1(-3) 1.6(-2)
Albedo 0.4 1.8(10)  6.4(8) 3.7(9) 1.9(-4) 5.2(-3) 1.6(-2)
Albedo 0.9 1.8(10)  6.4(8) 3.7(9) 1.9(-4) 5.3(-3) 1.6(-2)
0, Column Production Rate (cm™2 sec™?!)
Variation Abundance (cm™?) Ss SOs
Nominal @ 8.0(18) 4.9(10) 6.1(11)
Low HCI conc ? 9.5(18) 4.3(10) 6.7(11)
High HCI conc 6.9(18) 5.4(10) 5.7(11)
Low SO; conc 8.3(18) 6.9(10) 2.7(11)
High SO, conc 7.2(18) 7.9(10) 1.7(12)
Low OCS conc 8.0(18) 2.1(10) 6.0(11)
High OCS conc 7.9(18) 1.4(11) 6.0(11)
Low H50 conc 7.9(18) 4.8(10) 6.0(11)
High H,0 conc 1.1(19) 3.8(10) 6.9(11)
1 ppm H, 1.5(19) 6.5(10) 8.5(11)
Albedo 0.0 8.0(18) 3.6(10) 6.1(11)
Albedo 0.4 8.0(18) 4.3(10) 6.1(11)
Albedo 0.9 7.9(18) 6.0(10) 6.0(11)

Note: 1.00(13) = 1 x 10*3. ¢ Results from Nominal Model described in Section 2.3.1. ® Results
from variations of the lower boundary conditions as described in Table 2.7.
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Table 2.9: Results from Variations of Upper Boundary Conditions
Flux Down at 104 km Flux Up
(cm~2 sec™!) at 104 km
Variation cO 0, (0] Cl CO, HC(CI
Nominal @ 1(12) 3(10) 9(11) &(7) | 1(12) 8&(7)
Low CO. flux ® | 9(11) 3(10) 9(11) 8(7) | 9(11) 8&(7)
High CO, flux | 1(12) 6(10) 1(12) 8(7) | 1(12) 8(7)
Low O; flux 1(12) 4(10) 1(12) 2(8) | 1(12) 8(7)
High O, flux | 1(12) 3(10) 9(11) 8(7) | 1(12) 8&(7)
Low HCI flux 1(12) 4(10) 1(12) 8&(7) | 1(12) 8(7)
High HCI flux 1(12) 3(10) 9(11) 1(8) | 1(12) 1(8)
Concentration
02 Column at 104 km (cm™3)
Variation Abundance (cm~2) CO 0, H, 03 CICO
Nominal * 8.0(18) 2(11) 7(10) 3(6) 8(5) 6(1)
Low CO; flux ® 9.4(18) 3(11) 7(10) 3(6) 8(5) T7(1)
High CO- flux 8.8(18) 3(11) 8(10) 3(6) 1(6) 6(1)
Low O, flux 9.8(18) 3(11) 8(10) 3(6) 1(6) 7(1)
High O, flux 8.0(18) 3(11) 8(10) 3(6) 8(5) 6(1)
Low HCI flux 9.8(18) 3(11) 8(10) 3(6) 1(6) 7(1)
High HCI flux 7.9(18) 2(11) 7(10) 3(6) 8(5) 7(1)
Note: 1.00(13) = 1 x 10%3.
@ Results from Nominal Model described in Section 2.3.1.
b Results from variations of the upper boundary conditions as described in Table 2.7.
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Very few of the changes made to the upper boundary conditions had a significant
impact on the model results. An interesting exception is that decreasing the upward
flux of CO,, Oy, or HCI increases the column abundance of Oj, but the changes are
small compared to the size of the variation in the boundary parameter value.

The lower boundary conditions had greater impact on the model results. A 25%
increase in the HCI] mixing ratio led to a 15% decrease in the column abundance of O,.
If the photochemical model were to continue to respond linearly for a 100% increase
in the HCI mixing ratio (to the 0.8 ppm used by Yung and DeMore [1982]), then the
Os column abundance would decrease by ~ 60%. An increase in the abundance of
SO, at 58 km also leads to a decrease in the column abundance of O,, but relative
response is much smaller than for HCl. These results suggest that uncertainties
and/or variability in the abundances of these species does not have significant impact
on the O, abundance. However, the Oy column abundance in the Nominal Model
differs by at least an order of magnitude from that in the Venus atmosphere so
a “correct” photochemical model might be more sensitive to the HCl and/or SO,
abundances at the lower boundary.

The high H, case confirms one of the results from the Yung and DeMore [1982])
model. A large abundance of labile HO,, such as H,, near the upper cloud layer can
interfere with the chlorine-catalyzed oxidation of CO, and increase the abundance of
O, in the Venus atmosphere. If photochemistry in the atmosphere of Venus today is
dominated by chlorine species and if Venus had a much larger abundance of H,O in
the past, then there may have been a period in Venus’ history during the transition
from hydrogen to chlorine chemistry when the abundance of O, may have been much
larger than today. The high H, case also illustrates the importance of ClISO; in
the transport of SO, from the lower boundary of the model to the top of the upper
cloud. By increasing the rate at which chlorine in the upper cloud is converted from
a labile form, Cl,, to a relatively unreactive form, HCI, the large abundance of H, has
decreased the abundance of CISO,. In addition, the introduction of H, increases the
production of OH which readily oxidizes SO to SO3. As a result, SO, is converted
to Sg and SOz at a faster rate than in the Nominal Model and the gradient of SO,



Section 2.3 2-90

concentration versus altitude has become steeper than in the Nominal Model. Thus,
the upward flux of SO, increased in this test case but the abundances of SO,, SO,
and (SO); at 70 km altitude all decreased.

None of the boundary parameter variations altered the SO, scale height which
is reasonable since this parameter is primarily controlled by photolysis of SO, and

vertical transport via eddy diffusion.

One-Sigma Model Results

The sensitivity tests we conducted for the kinetic rates indicated the most important
parameter governing the column O, abundance is the stability of C1CO. Increasing the
stability of the equilibrium constant for CICO by nearly one standard deviation (from
DeMore et al. [1997]) can reduce the predicted O, abundance so that it is compatible
with the 20 upper limit from Trauger and Lunine [1983] as will be discussed further
in Chapter 3. Other tests we conducted indicated that varying the values for other
reactions within the assessed, measured, or estimated uncertainties for the parameters
could improve the agreement between the model predictions and existing observations.
The changes included in this model are detailed below. The predicted mixing ratios
for CO,, SO,, and O, are shown in Figure 2.32.

Cl0,, CCI10O,, and O,

The stability of CICO is determined by the heat of formation of CICO and the
atmospheric temperature. For this model:

(1) the equilibrium constant for CICO was changed from curve “JPL97” in Figure
2.4 to be a factor of two smaller than the curve “JPL97 1 — ¢”;

(2) the CO, dissociation cross section at 195 and 200 nm was set to zero at 202
K and the CO, dissociation cross section at 200 and 205 nm at 298 K was divided
by two (compared to the nominal model) to minimize the production rate for oxygen
(Figure 2.33); and

(3) the rate for reaction K178 was increased by a factor of 2 exp(300/T") (estimated
to be one standard deviation from the nominal value).

As a result of the changes in the stability of CICO and the reduced photolysis of
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Figure 2.32: Predicted mixing ratios for CO, O,, and SO, from the One-Sigma
Model are shown in the dotted, dashed, and dot-dashed lines, respectively.
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Figure 2.33: Photolysis of CO5 and SO, in the One-Sigma Model.
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Figure 2.34: Predicted ClO, abundances in the One-Sigma Model.

CO,, the ClO abundance in this model (Figure 2.34) is up to a factor of 10 smaller
than in the nominal model at 70 — 80 km altitude and has been reduced by several
orders of magnitude at 60 — 65 km altitude. The CICO abundance at 65 — 80 km
altitude (Figure 2.35) is a factor of < 2 larger than in the nominal model. At 80 - 90
km altitude, Cl has been shifted from Cl to Cl1COs.

These changes in the partitioning of chlorine have three effects on the oxygen
budget. First, the smaller abundance of Cl decreases the effectiveness of the Molina-
Rowland cycle, Cycle C13, so atomic oxygen is converted to O, at a slower rate than
in the nominal model (compare Figures 2.15 and 2.36). Second, the larger abundance
of CICOs increases the rate at which CO is oxidized to CO, so oxygen is sequestered

in CO, at higher altitudes than in the nominal model (compare Figures 2.16 and 2.10
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Figure 2.35: Predicted abundances for CClO,) in the One-Sigma Model.
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Figure 2.36: Primary reaction producing O, in the One-Sigma Model.

to Figures 2.37 and 2.38). Third, the relative importance of Cycle C14 has increased
relative to Cycles C15 and C17. The net result is that the abundance of O, has
decreased by 1 — 2 orders of magnitude below that of the Nominal Model at < 90 km
altitude. Of particular importance is the sharp decrease in O, within the upper cloud
layer (< 70 km) since that is the altitude region in which incident sunlight undergoes
the greatest amount of multiple scattering off of the aerosol particles.

Setting the CO, cross sections at 202 K for 195 and 200 nm to zero decreases
the photolysis of CO, at 75 - 80 km altitude, Figure 2.33. CO, photolysis increases
again below 75 km because the atmospheric temperature is above 202 K so the cross
sections at 195 and 200 nm are interpolated between the (zero) value at 202 K and

the (non-zero) value at 298 K. This change is partly responsible for the decrease in
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Figure 2.37: Primary reactions destroying O, in the One-Sigma Model.
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Figure 2.38: Primary reaction producing CO, in the One-Sigma Model.
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Figure 2.39: Predicted abundances of oxygen species in the One-Sigma Model.

the abundance of O and O3 at 80 — 85 km altitude, Figure 2.39.

Comparing these results to those for the nominal model (or those of Yung and
DeMore [1982]) illustrates key differences between these models. This model ac-
complishes a larger fraction of the CO oxidation above 80 km altitude so the lower
altitudes are so Cycle C17 is less important. This partially decouples the oxidation
of CO from the oxidation of SO,. This also extends the region of sulfate production
to higher altitudes than in the Nominal Model (Figures 2.40 and 2.19) and enables
the production of polysulfur above 65 km altitude.

0,(*A) Airglow

The primary parameters controlling the O,(*A) emission rate are (1) the quench-

ing rates for COy and N, (2) the lifetime for spontaneous emission of the excited
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state, (3) the rate for Reaction G3, (4) the effective yield for producing the excited
O2(*A) state from Reaction G3, (5) the relative efficiency for CO, as the third-body
in Reaction G3, (6) production of Oy(*A) from photolysis of O, (7) the flux of atomic
oxygen through the top boundary of the model, and (8) the photolysis rate for CO,.
For this model:

(1) the effective yield of Oy(*A) from Reactions K99, K98, K101 and K100 was
increased to 0.75 (the estimated maximum value),

(2) the rate for Reactions K99 and K98 were increased by a factor of 1.3 (one
estimated standard deviation),

(3) the rate for Reactions K101 and K100 were increased by a factor of 1.7 (one
estimated standard deviation),

(4) the rates for reactions K202 and K203 were decreased to 2 x 1072}, and

(5) the lifetime for the O,(*A) state was decreased by 10% (less than one standard
deviation).

Production of Oy(*A) via reaction G3 is about 20% larger than in the nominal
model at > 90 km altitude (compare Figures 2.17 and 2.41). Production of O,(*A)
via the Molina-Rowland cycle and photolysis of Oj is significantly smaller than in
the nominal model as a result of the smaller O3 abundance. Collisional quenching of
O5(*A) has been reduced to 25% of the airglow emission rate (Figure 2.42) and 20%
of the collisional quenching is accomplished by atomic oxygen via Reaction K204.

As a result of these changes from the nominal model, the globally-averaged airglow
emission rate is 1.1 MR, ~ 15% smaller than the mean of the measured average
dayside and nightside emission (~ 1.3 MR, Section 2.1.1). The airglow emission
resulting from photolysis of O3 in this model is 0.4 MR which is 30% larger than the
dayside enhancement found by Connes et al. [1979] (0.3 MR).

Hydrogen-containing Species

The rates for the reactions that directly control the abundances of the HO, species
were not changed from the nominal model, but comparison of Figures 2.20 and 2.43
shows the HO, abundances did change. These changes are largely a result of the

smaller abundances of Cl, Cl,, ClO, and O, below 80 km altitude so the HO, loss
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Figure 2.41: Primary reaction producing Oz(*A) in the One-Sigma Model.
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Figure 2.42: Primary reactions destroying O,(*A) in the One-Sigma Model.
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Figure 2.43: Predicted HO, abundances in the One-Sigma Model.

rate (via conversion of HO, to HCI) is slower than in the nominal model (Figures
2.44 and 2.22).

In the present model, the total hydrogen atom concentration at 100 km altitude
is ~ 3.8 x 108 cm™3. Within the uncertainties associated with the previous mod-
els [Krasnopol’sky and Parshev 1983; Fox and Bougher 1991], the total hydrogen
abundance at 100 km altitude in this model is consistent with the Pioneer Venus
observations of H* and O" above 150 km altitude. |

As discussed in Section 2.1.1, the abundance of Hy in the Venus thermosphere is
still not clear. The present model predicts an Hy mixing ratio of 1 x 1078 at 100 — 110
km altitude, a factor of 10 smaller than the upper limit from Kumar and Taylor

[1985].
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Figure 2.44: Primary reactions producing and destroying HO, and ClO, in the
One-Sigma Model.
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SO,., OCS, and S,

Sulfur species can play a significant role in sequestering oxygen via oxidation of
SOy to SO3; and subsequent formation of H,SO4. They also can play a significant
role in splitting the O-O bond in O, so that CO can be oxidized to CO, via catalytic
hydrogen or chlorine cycles. For this model:

(1) the estimated rates for Reactions K193 and K195 were set to 2 x 107'2, the
estimated rate for Reaction K194 was set to 5 x 107!2, and the estimated rate for
Reaction K196 was set to 5 x 10713,

(2) the rates for reactions K153 and K154 were decreased to be a factor of two
smaller than the nominal rate (one estimated standard deviation);

(3) the rate for reaction K160 was increased to be a factor of two larger than the
nominal rate (less than one standard deviation);

(4) the estimated rate for Reaction K184 was set to 3 x 107'2; and

(5) the estimated equilibrium constant for (SO), was set to 1 x 10728 exp(6000/7).

With the exception of doubling the rate for reaction K160, these changes decrease
the rate at which SO, is oxidized to SO3 by shifting sulfur from SO, to SO and
CISO,. This was done to increase the SO, abundance at 70 km altitude. Increasing
the mixing ratio for SO, at the lower boundary would probably have an equivalent
effect. Decreasing the rates for reactions K153 and K154 and decreasing the stability
of (SO)2, both increase the SO abundance, particularly at ~ 65 — 70 km altitude
where the retrieved SO profiles have maximum SO abundance.

Below ~ 80 km altitude, the abundance of SO, (Figure 2.45) is controlled by
reactions G11, K154, K194, and K168 (Figures 2.46, 2.47). Above 80 km altitude,
the predicted SO, abundance is similar to that from the Nominal Model, but Reaction
K255 has become an important source of SO,. The importance of Reaction K255 near
85 km altitude also causes a decrease in the SO abundance (Figure 2.45). Above ~ 90
km altitude, the abundance of C1COj3; decreases rapidly and reactions G11 and K154
again become the primary reactions for destroying and producing SO,. The oxygen
in this model below ~ 85 km altitude is depleted compared to the Nominal Model
so the abundances of OCS and S, are higher than in the Nominal Model at 65 — 75
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Figure 2.45: Predicted SO, abundances in the One-Sigma Model. The short bars
intersecting the predicted SO, profile near 70 km altitude represent the range of
SO, scale heights inferred by Na et al. [1994] from the ultraviolet observations. The
concentrations of S20O and (SO), are not shown on this plot because their maximum

values in the One-Sigma Model are < 5000 cm™2.

km altitude (Figures 2.45 and 2.48). Production rates for Sg and SOz are shown in
Figure 2.40.

The predicted SO profile has a similar shape to those retrieved from ultraviolet
observations by Na et al. [1990], and Na et al. [1994], but the predicted SO abundances
are smaller than the retrieved profiles. The predicted SO abundances are within two
standard deviations of the retrieved profiles. The SO, abundance and scale height at
70 km altitude are within the range reported in Na et al. [1994] for the early 1980s
(Figure 2.45).
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Figure 2.46: Primary reactions producing SO, in the One-Sigma Model.




Section 2.3 2-108

Loss of SO, (One-Sigma Model)

TTT] T T T T T T T T T T T T T

110 I

100

g 9o§ SO, +hv —
O ]
= L C4+S04+M |
£ o T E
< - -l T 5
70E e, :

: O+S0,+M 1

60%— I I T i e é

103 10% 10° 100 10’ 108

Rate (cm™ s™)

Figure 2.47: Primary reactions destroying SO in the One-Sigma Model.
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Figure 2.48: Predicted S, abundances in the One-Sigma Model.
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The production rate for SOz is ~ 6 x 10'* cm™2 s~! which is a factor of 2 — 4
smaller than in the Yung and DeMore [1982] models and is comparable to the SO;
production rate in the Nominal Model.

The predicted OCS mixing ratio (Figure 2.45) is 2 x 10~ which is three orders
of magnitude smaller than the retrieved value for the cloud top, 10 ppb [Bezard et al.
1990]. The OCS transported up from the lower atmosphere is converted to CO and

2 571 comparable to that in

Sg with a column production rate for Sg of 6 x 10! cm™
the Nominal Model.

Eddy Diffusion

The profile for the eddy diffusion coefficient is curve “Moderate” in Figure 2.8.
The predicted CO profile above 95 km and below 80 km altitude is within the observed
range although below 80 km altitude the predicted CO mixing ratio does not increase
with altitude as in the retrieved profiles. At 80 - 95 km altitude the predicted CO
profile is generally smaller than the smallest retrieved profile by one to two times the
reported measurement uncertainty. These disagreements suggest the eddy diffusion
coefficient below 80 km altitude is too large, but the predicted CO profile’s shape lies
midway between the average dayside and nightside CO profiles retrieved by Gurwell
et al. [1995] for their 1988 observations so the predicted CO profile may not be
unreasonable as a “global average.”

The SO, scale height at 68 - 74 km altitude for this model is ~ 2 — 3 km (Figure
2.45) which lies within the range derived by Na et al. [1994] from UV observations of
SO,, 3(+1) km. The predicted SO abundances for this model are generally smaller
than the values retrieved from UV observations by Na et al. [1990] and Na et al.

[1994], but the predictions from this model are within two standard deviations of the

retrieved profiles.

2.3.3 Highest CICO Stability Model

Increasing the equilibrium constant for CICO by one standard deviation (from De-

More et al. [1997]) so that CICO is more stable reduces the predicted O, abundance
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Figure 2.49: Primary reactions destroying ClCOj3 in the One-Sigma Model.
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Figure 2.50: Predicted abundances for the higher oxides of chlorine (Cl,O,) in the
One-Sigma Model.
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Figure 2.51: Primary reactions producing SO in the One-Sigma Model.




Section 2.3 2-114

Loss of SO (One-Sigma Model)

110 = I 1 I T I i
_.._ CICO#S0 1

100F . ™ ___SO+hv 4

E T ___SO+Clo

o i B — SO+O0+M 1
E 00 B o ___ SO+SO+M 3
Q § = e -\—-:.‘.{5); g
E - NN ]
< : ;
70

BOE o eomrsiecprommesmigmme =2 .

[
)
O

103 104 100 10® 107 108
Rate (cm”s™)

Figure 2.52: Primary reactions destroying SO in the One-Sigma Model.
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Figure 2.53: Predicted abundances of sulfur-chlorine species in the One-Sigma
Model.
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Figure 2.54: Predicted mixing ratios for CO, O,, and SO, from the Highest C1CO
Model are shown in the dotted, dashed, and dot-dashed lines, respectively.

compared to the nominal model. However, the column abundance of O, is still near
the 20 upper limit obtained by Trauger and Lunine [1983]. One method for further
decreasing the Oy abundance is to increase the stability of C1ICO by more than one
standard deviation. The model described in this section accomplishes this by in-
creasing the equilibrium constant for CICO by almost three (DeMore et al. [1997])
standard deviations and by decreasing the model atmosphere temperatures 10 - 25
K below those of the nominal model (estimated to be a 2 — 30 change in the tem-
peratures). This model also implements other changes to bring the predicted Oz(*A)
airglow emission and the predicted SO profile closer to the observed values. The

predicted mixing ratios for CO,, SO,, and O, are shown in Figure 2.54.
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Cl0,, CCl10,, and O,

Our sensitivity studies found that the stability of the CICO molecule has the
greatest effect on the rate at which CO is oxidized to CO, and the column abundance
of Og. The stability of CICO is determined by the heat of formation of CICO and
the atmospheric temperature. For this model:

(1) the equilibrium constant for C1ICO was changed from curve “JPL97” in Figure
2.4 to curve “Maximum Used” (almost a three DeMore et al. [1997] standard deviation
change from the DeMore et al. [1997] recommendation);

(2) the temperature profile was changed from the nominal value to curve “Cold”
in Figure 2.5;

(3) the CO, dissociation cross section at 195 and 200 nm was set to zero at 202
K and the CO, dissociation cross section at 200 and 205 nm at 298 K was divided
by two (compared to the nominal model) to minimize the production rate for oxygen
(Figure 2.55); and

(4) the rate for reaction K178 was increased by a factor of 4 exp(500/T") (estimated
to be two standard deviations from the nominal value).

As a result of the changes in the stability of C1CO, the Cl abundance in this model
(Figure 2.56) is a factor of 3 smaller than in the nominal model at 70 —80 km altitude
and the CICO abundance at these altitudes (Figure 2.57) is a factor of ~ 50 larger
than in the nominal model. At 80 - 90 km altitude, Cl has been shifted by a factor
of < 2 from Cl and CICO to CICO;.

These changes in the partitioning of chlorine have four effects on oxygen abun-
dances. First, the smaller abundance of Cl decreases the effectiveness of the Molina-
Rowland cycle, Cycle C13, so atomic oxygen is converted to O, at a slower rate than
in the nominal model (compare Figures 2.15 and 2.58). Second, the larger abun-
dances of CICO and CICO; increase the rate at which CO is oxidized to CO; so
oxygen is sequestered in CO, at higher altitudes than in the nominal model (compare
Figures 2.16 and 2.10 to Figures 2.59 and 2.60). Third, the dominant mechanism for
production of CO, has changed so that Cycle C17 is not as important as in the nom-

inal model. Instead, reaction K179 has become important (Figures 2.60 and 2.61).
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Figure 2.55: Photolysis of CO, and SO in the Highest C1CO Model.
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Figure 2.56: Predicted ClO, abundances in the Highest CICO Model.
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Figure 2.57: Predicted abundances for CClO,) in the Highest C1CO Model.
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Figure 2.58: Primary reaction producing O in the Highest C1CO Model.

Fourth, production of CO, has moved to a sufficiently high altitude that there is a
net flux downward of CO, across the lower boundary.

Setting the CO, cross sections at 202 K for 195 and 200 nm to zero decreases
the photolysis of CO5 at 75 - 80 km altitude, Figure 2.55. CO, photolysis increases
again below 75 km because the atmospheric temperature is above 202 K so the cross
sections at 195 and 200 nm are interpolated between the (zero) value at 202 K and
the (non-zero) value at 298 K. These changes are also partly responsible for the sharp
decrease in the abundance of Oy at 75 - 80 km altitude, Figure 2.62.

Comparing these results to those for the nominal model (or those of Yung and
DeMore [1982]) illustrates key differences between these models. This model accom-

plishes a majority of the CO oxidation above 80 km altitude so the lower altitudes are
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Figure 2.59: Primary reactions destroying O, in the Highest C1CO Model.
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Figure 2.60: Primary reaction producing CO; in the Highest C1CO Model.
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Figure 2.62: Predicted abundances of oxygen species in the Highest C1CO Model.
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comparatively reducing. The nominal model (and those of Yung and DeMore [1982])
relied heavily on cycle C17 in which oxidation of CO and production of SO3 are
tightly coupled. The actual photochemistry in the Venus middle atmosphere likely
lies between these two extremes, but the small upper limit on the abundance of O,
and the comparatively weak eddy diffusion near the cloud top suggest oxidation of
CO to CO, occurs predominantly above ~ 75 km altitude.

02(*A) Airglow

The primary parameters controlling the O5(*A) emission rate are (1) the quench-
ing rates for CO, and N, (2) the lifetime for spontaneous emission of the excited
state, (3) the rate for Reaction G3, (4) the effective yield for producing the excited
0O2(*A) state from Reaction G3, (5 the relative efficiency for CO, as the third-body in
Reaction G3, (6) production of Oy(*A) from photolysis of O3, (7) the flux of atomic
oxygen through the top boundary of the model, and (8) the photolysis rate for COs,.
For this model:

(1) the effective yield of Oy(*A) from Reactions K99, K98, K101, and K100 was
increased to 0.75 (the estimated maximum value),

(2) the rate for Reactions K99 and K98 were increased by a factor of 1.3 (one
estimated standard deviation),

(3) the rate for Reactions K101 and K100 were increased by a factor of 1.7 (one
estimated standard deviation),

(4) the rates for Reactions K202 and K203 were decreased to 2 x 1072}, and

(5) the lifetime for the O5(*A) state was decreased by 10% (less than one standard
deviation).

Production of O,(*A) via reaction G3 is a factor of 2 larger than in the nominal
model at > 90 km altitude (compare Figures 2.17 and 2.63). Production of Oz(*A)
via the Molina-Rowland cycle and photolysis of Oj is significantly smaller than in
the nominal model as a result of the smaller Cl and O3 abundances. Collisional
quenching of Oz(*A) has been reduced to 8% of the airglow emission rate (Figure
2.64) and one-half of the collisional quenching is accomplished by atomic oxygen via

Reaction K204.
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Figure 2.63: Primary reaction producing O(*A) in the Highest CICO Model.
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Figure 2.64: Primary reactions destroying O(*A) in the Highest CICO Model.
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Figure 2.65: Predicted HO, abundances in the Highest CICO Model.

As a result of these changes from the nominal model, the globally-averaged airglow
emission rate is 1 MR, ~ 25% smaller than the mean of the measured average dayside
and nightside emission (~ 1.3 MR, Section 2.1.1). The airglow emission resulting from
photolysis of O3 in this model is 0.3 MR which agrees with the dayside enhancement
found by Connes et al. [1979] (0.3 MR).

Hydrogen-containing Species

The rates for the reactions that directly control the abundances of the HO,, species
were not changed from the nominal model, but comparison of Figures 2.20 and 2.65
shows the HO, abundances did change. These changes are largely a result of the
smaller abundances of Cl, Cly, and O, below 80 km altitude so the HO,, loss rate (via

conversion of HO, to HCl) is slower than in the nominal model.
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In the present model, the total hydrogen atom concentration at 100 km altitude
is ~ 3.9 x 108 cm~3. Within the uncertainties associated with the previous mod-
els [Krasnopol’sky and Parshev 1983; Foz and Bougher 1991], the total hydrogen
abundance at 100 km altitude in this model is consistent with the Pioneer Venus
observations of Ht and O" above 150 km altitude.

As discussed in Section 2.1.1, the abundance of Hy in the Venus thermosphere is
still not clear. The present model predicts an H, mixing ratio of 2 x 10~% at 100 — 110
km altitude, a factor of 5 smaller than the upper limit from Kumar and Taylor [1985].

SO., OCS, and S,

Sulfur species can play a significant role in sequestering oxygen via oxidation of
SO, to SO3; and subsequent formation of HySO4. They also can play a significant
role in splitting the O-O bond in O so that CO can be oxidized to CO, via catalytic
hydrogen or chlorine cycles. For this model:

(1) the estimated rates for reactions K193 and K195 were set to 2 X 107'2, the
estimated rate for reaction K194 was set to 5 x 10712, and the estimated rate for
reaction K196 was set to zero;

(2) the rates for reactions K153 and K154 were decreased to a factor of two smaller
than the nominal rate (one estimated standard deviation);

(3) the rate for reaction K160 was increased to a factor of two larger than the
nominal rate (less than one standard deviation);

(4) the estimated rate for Reaction K184 was set to 3 x 107'%; and

(5) the estimated equilibrium constant for (SO), was set to 1 x 10728 exp(6000/T).

With the exception of doubling the rate for reaction K160, these changes decrease
the rate at which SO, is oxidized to SOz by shifting sulfur from SO, to SO and
CISO,. This was done to increase the SO, abundance at 70 km altitude. Increasing
the mixing ratio for SO, at the lower boundary would probably have an equivalent
effect. Decreasing the rates for reactions K153 and K154 and decreasing the stability
of (SO),, both increase the SO abundance, particularly at ~ 65 — 70 km altitude
where the retrieved SO profiles have maximum SO abundance.

Below ~ 80 km altitude, the abundance of SO, (Figure 2.66) is controlled by
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reactions G11, K154, K193, K194, and K168 (Figures 2.67, 2.68). Above 80 km
altitude, the predicted SO, mixing ratio increases significantly as reactions K165
and K255 become important. The importance of reaction K255 at these altitudes
also causes a significant decrease in the SO abundance at ~ 85 — 90 km altitude
(Figure 2.66). Above ~ 90 km altitude, the abundance of CICOj; decreases rapidly
and reactions G11 and K154 again become the primary reactions for destroying and
producing SO;. The oxygen in this model below ~ 85 km altitude is sufficiently
depleted that significant abundances of OCS and S, are predicted (Figures 2.66 and
2.72). Production rates for Sg and SOj3 are shown in Figure 2.71.

The predicted SO profile is within the range defined by the retrieved SO profiles
from Na et al. [1990], and Na et al. [1994], and the SO, abundance and scale height
at 70 km altitude are within the range reported in Na et al. [1994] for the early 1980s
(Figure 2.66).

2 571 which is a factor of 3 — 5

The production rate for SOz is ~ 4 x 10! cm™
smaller than in the Yung and DeMore [1982] models and is 70% of the SO3 production
rate in the Nominal Model. This occurs because oxidation of CO to CO4 occurs at
higher altitudes in this model so there is less oxygen available in the upper cloud
layer for oxidizing SO, to SO3. As a result of this increase in the effective altitude at
which CO is oxidized, the chlorine-catalyzed oxidation of CO and the production of
SO3 are decoupled in the present model.

The predicted OCS abundance (Figure 2.66) is close to the retrieved value for
the cloud top, 10 ppb [Bezard et al. 1990], but the predicted OCS abundances at
higher altitudes are probably larger than would be permitted by the observations.
The OCS above 70 km altitude is primarily transported upward from lower altitudes.
This suggests the eddy diffusion coefficient at < 70 km altitude may be too large.
The OCS transported up from the lower atmosphere is converted to CO and Sg. The
column production rate for Sg is ~ 1 x 10* ¢cm~2 s71, which is a factor of two larger
than in the Nominal Model.

The predicted S, abundances above 70 km altitude (Figure 2.72) are also prob-

ably larger than would be permitted by observations, although there has been no
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Figure 2.66: Predicted SO, abundances in the Highest C1CO Model. The short
bars intersecting the predicted SO, profile near 70 km altitude represent the range
of SO, scale heights inferred by Na et al. [1994] from ultraviolet observations. The
concentration of S,0 is not shown on this plot because its maximum value in the
Highest C1ICO Model is < 5000 cm™3.
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Figure 2.67: Primary reactions producing SO, in the Highest CICO Model.
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Figure 2.68: Primary reactions destroying SO, in the Highest CICO Model.
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Figure 2.71: Primary reactions producing Sg and SOj; in the Highest C1ICO Model.
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Figure 2.72: Predicted S, abundances in the Highest CICO Model.
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quantitative attempt to determine an upper limit for gas-phase S, above the clouds.
Sz above 70 km altitude is primarily derived from the sulfur produced in photolysis of
OCS at these altitudes, so reducing the OCS abundance above 70 km altitude should
also make the predicted S, abundances consistent with the observations.

Comparing the results from this model to those from the nominal model (or the
results from Yung and DeMore [1982]), one can see that the nature of the chemistry
at ~ 70 — 85 km altitude is strongly dependent on the oxygen abundance at these
altitudes. Increasing the amount of oxygen present at these altitudes would signif-
icantly decrease the abundances of OCS and S, since the presence of oxygen limits
the production of S,.

Eddy Diffusion

The profile for the eddy diffusion coefficient is curve “Coldest” in Figure 2.8. The
predicted CO profile above 95 km and below 80 km altitude is within the observed
range although below 80 km altitude the predicted CO mixing ratio does not increase
with altitude as in the retrieved profiles. At 80 - 95 km altitude the predicted CO
profile is generally smaller than the smallest retrieved profile by one to two times the
reported measurement uncertainty. These disagreements suggest the eddy diffusion
coefficient below 80 km altitude is too large, but the predicted CO profile’s shape lies
midway between the average dayside and nightside CO profiles retrieved by Gurwell
et al. [1995] for their 1988 observations so the predicted CO profile may not be
unreasonable as a “global average.”

The SO, scale height at 68 - 74 km altitude for this model is ~ 2 — 3 km which
lies within the range derived by Na et al. [1994] from UV observations of SO, 3(+1)
km. The predicted SO abundances for this model generally lie within one standard
deviation of the SO profiles retrieved from UV observations by Na et al. [1990] and
Na et al. [1994)].
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Figure 2.73: Predicted abundances of sulfur-chlorine species in the Highest C1CO
Model.
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Table 2.10: Comparison of Model Predictions and Observations

Nominal One-Sigma Highest CICO  Yung and DeMore C

kg110 (CO + OH) @ Ix10"T  9x 100 4 % 101 5 x 1010
kxi7s (CICO + Og + M) @ 5 x 102 4 x 1012 3 x 1012 5 x 1012
k179 (CICO + O) @ 1x102  9x 10 1.5 x 1012 1.2 x 1012
Sg Production @ 5 x 1010 6 x 1010 7 x 1010

SO3 Production @ 6 x 101! 6 x 1011 5 x 1011 1.4 x 1012
0,(*A) Average @ 9x 10 1.1 x 102 1.0 % 102 8 x 101!
02(*A) from O3 %d 5 x 1011 4 x 10! 3 1o

@ocs (58 km) e 3 x 10! 2 X 1011 2 x 101!

®50, (58 km) @ 7 x 1011 8 x 101! 8 x 10 1.4 x 102
®c0, (58 km) @ 4 x 1011 3 %2109 -1 x 10% 1.4 x 1012
®co (58 km) * -7x101! —-5x 101 -3 x 100 —1.4 x 102
Total hydrogen (110 km)® 3 x 107 3 x 107 3 x 107 2% 10° ©
H, (110 km) ® 6 x 105 8 x 10° 1.7 x 10° 8 x 106 ©

@ Units are cm™2 sec™!

® Units are cm ™3

¢ The mixing ratios used to calculated the densities from Yung and DeMore [1982] were from 104
km altitude.

¢ Globally-averaged emission in the Oz(*A) band when the only source for Oz(*A) was from
photolysis of Ojs.

The column production rates are integrals from 58 to 112 km.

2.3.4 Comparisons Among Models and Observations

The basic chemistry in all three new models is similar and conceptually simple. CO is
oxidized to CO, via Reaction K179 or Reaction K178; OCS is photolyzed to produce
S; and CO; and SO, is disproportionated to produce S, and SO3. The differences
among the models lie in the mechanisms by which these processes are accomplished.
Some of the major predictions from the models are summarized in Table 2.10.

The fluxes of SO, and OCS upward through the lower boundary are the same
for all three current models (Table 2.10). These fluxes and the production of SO3
(and, thus, of HySOy4) in all three current models are smaller than in the Yung and
DeMore [1982] model. The production of SO; is smaller because some of the sulfur
from SO, in the current models is converted to S;. This channel for loss of sulfur
was not available in the Yung and DeMore [1982] model. The increased production

of Sg in the Highest CICO Model, as well as the increased abundances of reduced



Section 2.3 2-142

sulfur species within the upper cloud layer in that model (Section 2.3.3), suggests
that the chemistry occurring within the upper cloud layer is sensitive to the oxygen
abundances at these altitudes. The estimated column abundance of Sg in all three
models is ~ 10'® cm~2 based on the predicted production rates and the eddy diffusion
coefficient (which partially controls the rate at which Sg diffuses through the lower
boundary of the model). This is a factor of 3 smaller than the predicted SO, column
abundance, but the Sg will likely be in a condensed phase. Assuming the Sg has
density of about 2 g cm™3 [Meyer 1976], the estimated Sg abundance is comparable
to the estimated total volume of the Mode 1 particles within the upper cloud layer
[Knollenberg and Hunten 1980]. The predicted sulfur abundance is comparable to
that predicted by Toon et al. [1982], and the predicted vertical distributions of S, in
the One-Sigma Model are similar to the adjusted profile for amorphous sulfur that
Toon et al. [1982]. proposed was necessary to match the ultraviolet albedo of Venus.

The SO, profiles from all three models (Figure 2.74) are similar, and the pre-
dicted scale heights near 70 km altitude agree with the observed value to within the
uncertainty of the observations. The SO, profile from the Highest C1CO model has a
distinctive shape near 80 km, but no vertical profiles have been determined for SO,
to which this could be compared.

The SO profiles from the three models are similar above 85 km altitude but differ
at lower altitudes (Figure 2.75). The SO profile from the Nominal Model lies more
than two standard deviations from the observed profiles and gives a worse match
to the observations than the Yung and DeMore [1982] prediction so the One-Sigma
and Highest CICO Models are better in this respect. This suggests that the equilib-
rium constant for (SO); used in the One-Sigma and Highest CICO models is more
realistic. The differences between the SO profiles from the One-Sigma and Highest
CICO Models are larger than the measurement uncertainty even when combined with
the temporal variability, but these differences result from the large differences in the
oxygen abundances at 75 km altitude for these models.

The Nominal Model predicts a CO profile that agrees with the observed profiles

to within the observational uncertainty and temporal variability (Figure 2.76). The
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Figure 2.74: Predicted SO, abundances from the three current models and from the
Yung and DeMore [1982] Model C. The range of scale heights observed at the cloud
tops by Na et al. [1994] is shown as short solid lines.
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Predicted and Retrieved SO Profiles
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Figure 2.75: Predicted SO abundances from the three current models and from the
Yung and DeMore [1982] Model C. The SO abundances retrieved from ultraviolet
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Predicted and Retrieved CO Profiles
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Figure 2.76: Predicted CO mixing ratios from the three current models and from
the Yung and DeMore [1982] Model C. The CO mixing ratios retrieved from mi-
crowave observations by Clancy and Muhleman [1991] represent the range of diurnal
variations that have been observed.

CO profiles from the One-Sigma and Highest C1CO Models, however, are about three
standard deviations from the observed profiles. These differences likely indicate that
the eddy diffusion coefficient used in the Nominal Model at 70 — 85 km altitude is the
maximum that can be used. However, there are large uncertainties in the CO profile
near the subsolar point so the “global average” CO profile has greater uncertainty
than is shown in Figure 2.76 for the individual measurements.

The greatest differences among the models lie in the abundances of the oxygen
species (Figures 2.77 and 2.78). (The oxygen abundances largely determine the dif-
ferences among the models for the remaining trace species, such as ClO, so the other

species will not be discussed separately.) The primary determinant for the difference
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in Oy abundances is the equilibrium constant for CICO. Based on radiative transfer
calculations (Chapter 3), the O, profile from the Nominal Model (and that from Yung
and DeMore [1982]) does not satisfy the upper limit on the abundance of O, from
Trauger and Lunine [1983]; that from the One-Sigma Model is comparable to their
20 upper limit; and that from the Highest CICO Model is smaller than their 1o upper
limit. This could indicate that even the One-Sigma model does not satisfy the upper
limit on O, but a factor of two diurnal or temporal variation could easily exist so
the One-Sigma model may be a reasonable representation of the “global average” O»
abundances. (For comparison, note that the CO mixing ratio varies by several or-
ders of magnitude from the terminator to the antisolar point). The O3 profiles differ
among the current models mainly as a result of the changes in the O, abundances.
The current model profiles differ from the Yung and DeMore [1982] profile because
temperature-dependent rates for Reactions K104 and K105 were used in the current
models.

The “global average” Oy(*A) emission rate in the current models is smaller than
the observed “global average” by ~ 20—30%. Several possibilities exist for increasing
the predicted airglow emission rate: (1) a higher effective yield of O5(*A) in Reactions
K100 and K101 (Slanger, T., [Personal Communication, 1998] has suggested the yield
could be 100%); (2) an larger photolysis rate for CO2; (3) production of Oy(*A) in
Reaction K197; and (4) production of Oy(*A) in Reaction G12.

The water vapor profile used in the current models is likely incorrect since it is an
extrapolation outside the range of conditions for which it was derived (see Appendix
G). The sensitivity studies in Section 2.3.1 found the column O, abundance was
sensitive to changes in the abundance of water used with the Nominal Model. For
this reason, an additional model calculation was performed using the “Alternate”
water vapor profile described in Appendix G which gives a reasonable match to the
water vapor abundance derived by Encrenaz et al. [1995] as shown in Figure 5G.3.
All other parameters for the “Alternate” water calculation were the same as for the
One-Sigma Model. The O, profile derived from the “Alternate” calculation is shown

in Figure 2.77. Although the O, abundance is larger for the “Alternate” water vapor
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Figure 2.77: Predicted O, abundances from the three current models and from the
Yung and DeMore [1982] Model C.
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Figure 2.78: Predicted O3 abundances from the three current models and from
the Yung and DeMore [1982] Model C. The Yung and DeMore [1982] model used
a temperature-independent rate for Reaction K105. A temperature-dependent rate
was used for the current models.
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profile than it is for the One-Sigma Model, the difference is not significant.

The relative merits of the models and their value in both understanding the chem-
istry of the Venus middle atmosphere and guiding future research on this subject must
be judged by the degree to which the models predictions agree with existing obser-
vations (Table 2.1). Predictions from the Nominal Model generally agree better with
observations than those from Model C by Yung and DeMore [1982]. The two most
significant discrepancies between the Nominal Model and the observations are the col-
umn O, abundance and the SO profile. For these reasons the Nominal Model likely
does not give a good representation of the chemistry in the Venus middle atmosphere.
Both the One-Sigma and the Highest CICO Models satisfy most of the existing ob-
servations, and, because the abundance of ground-state O, has not been determined,
it is not possible to use that criterion for rejecting either the One-Sigma or the High-
est ClICO Model. The CO profiles from both models, however, may disagree with
observations.

A better representation of the chemistry of the Venus middle atmosphere could
likely be obtained by using the “Nominal” eddy diffusion profile with most of the
modified rates from the One-Sigma Model. The increased abundance of O, above
85 km altitude that would result from changing the eddy diffusion profile could be
prevented by restoring the rates for Reactions K98, K99, K100, and K101 to near
their nominal values. These changes would also increase the production of Oy(*A)
airglow from photolysis of O3, but an increase in this component of the dayglow could
be reasonable if the dayglow and nightglow are produced via different mechanisms

and the O, abundance has a pronounced diurnal variation.

2.4 Discussion

The main objective for the Venus photochemical modeling was to find a plausible so-
lution that is compatible with the existing observational upper limit on the abundance
of Oy. Both the One-Sigma and the Highest C1ICO Models predict O, abundances
that are compatible with the 20 upper limit from Trauger and Lunine [1983] (Chap-
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ter 3). The changes that were made to the reactions rates, etc., in creating the
One-Sigma Model are within the assessed or estimated uncertainties associated with
the nominal values. The changes that were made in going from the One-Sigma Model
to the Highest C1CO Model, however, are larger than the assessed one standard de-
viation uncertainties for Reactions K176, K177, and K178. Such large changes are
not “statistically” likely in the standard interpretation of measurement uncertainties,
but the recommended rates for some reactions that are important in the terrestrial
stratosphere have changed by at least twice the assessed uncertainty in response to
further laboratory study. For example, the recommended rate for Reaction G14 in
DeMore et al. [1987] was 1 x 10~ exp((2200 £ 1000)/T") with a factor of 10 assessed
uncertainty at 298 K. The currently recommended rate for this reaction [DeMore et
al. 1997] is 1.7 x 107" exp((0 £ 300)/T) with a factor of 3 assessed uncertainty at
298 K. Consequently, the rates used in the Highest CICO Model may be reasonable,
depending on the results from further laboratory study.

Fluorine, Bromine, and Heterogeneous Chemistry Revisited

Three types of chemistry were discarded in Section 2.1.3 as not likely to be impor-
tant for oxidizing CO in the Venus atmosphere: fluorine, bromine, and heterogeneous
chemistry. Based on the results from the current models, we should assess whether
our neglect of these three types of chemistry is still reasonable.

The primary reservoir for fluorine is probably HF based on studies of the terrestrial
atmosphere, and HF has been detected in the Venus atmosphere (Table 2.1). Because
the threshold for photodissociating HF is near 170 nm and CO, absorbs strongly at
the same wavelengths, direct photodissociation of HF below 110 km altitude will be
small. That leaves two possible sources for creating labile fluorine in the 60 — 110
km altitude region: transport down from above 110 km and transport upward from
the surface in a form that can be photodissociated more easily than HF. Above 110
km, the photodissociation rate for HF will increase so fluorine could be transported
down from higher altitudes into the middle atmosphere. The distance the fluorine
is transported will depend on the relative timescales for transport versus fluorine’s

lifetime against reaction with Hy to form HF. For the Nominal Model, the transport



Section 2.4 2-151

timescale at 110 km altitude is ~ 10* sec. The photochemical lifetime for fluorine

3 and

is < 10° sec near 110 km altitude because the concentration of Hy is 10® cm~
the rate constant for Reaction G15 is 1.4 x 1071% exp(—500/7T') [DeMore et al. 1997].
The photochemical lifetime for fluorine below 100 km altitude, though, is < 10% sec
because the concentration of H, increases to > 107 cm~3. These comparisons indicate
a significant fraction of the total fluorine might be in labile form at > 100 km altitude.
If the labile fluorine is to be important in the oxidation of CO, the equilibrium constant
for FCO would have to be at least two orders of magnitude larger than that for
CICO to compensate for the smaller abundance of HF. The reaction enthalpy for
forming FCO is 34 kcal/mol while that for CICO is ~ 8 kcal/mol so the thermal
dissociation rate for FCO is orders of magnitude smaller than that for CICO and
might have some impact on the oxidation of CO at > 100 km altitude. Parisot and
Moreels [1984] examined the chemistry of fluorine-oxides and, in agreement with our
general arguments, found fluorine was not important in the chemistry of the middle
atmosphere. Parisot and Moreels [1984] predicted a maximum abundance of 20 cm™*
for F which is much smaller than the Cl abundance in all three current models. The
creation of other fluorine compounds at the surface of Venus is possible, but their
concentrations are likely to be much smaller than those of the analogous chlorine
compounds based on the observed relative abundances of HF and HCI. In addition,
the thresholds for photodissociation of the fluorine compounds will be at higher energy
than those for the analogous chlorine compounds. Consequently, fluorine compounds
do not seem likely to play important roles in the oxidation of CO below 100 km
altitude unless a mechanism is found that very effectively shields fluorine from reacting
with H or Hy to form HF.

The role of bromine in the Venus atmosphere has much greater uncertainties than
for fluorine. First, bromine has never been detected in the Venus atmosphere. Second,
bromine compounds are generally less stable than the analogous chlorine compounds
so it is not clear whether BrCO could even exist. If bromine is present in the Venus

atmosphere, it is not likely to be in the form of Bry which is the only bromine species

for which a published upper limit exists (mixing ratio < 2 x 107! [von Zahn et al.
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1983]). The heat of formation for Bry is 7.4 kcal/mol versus —9 kcal/mol for HBr
and Br, photodissociates readily. HBr is weakly bound and Reaction G16 would
be sufficiently rapid in the Venus atmosphere based on the results from the current
models that the dominant form would likely be BrO.

Bromine compounds could play two roles in the Venus atmosphere. The first,
conversion of O and O3 to Os, has been found to be important in the Earth’s at-
mosphere [McElroy et al. 1986; Anderson et al. 1989]. The second potential role is
in the oxidation of CO to CO,. The abundance of bromine is unknown, but if its
abundance is similar to that for HCI in the Venus atmosphere, then Reaction G17
would be important in the production of O,. The yields of Oy(*A) from these bromine
reactions have not been measured but, if they are > 10%, then they could be mi-
nor but important sources for producing O,(*A). On the nightside, Reaction G12
could also be an important source for producing Oz(*A). Studies of the terrestrial
atmosphere [Anderson et al. 1989] have found that a significant fraction of the BrO
and ClO produced during sunlit hours are converted at night to BrCl and O, via
Reaction G12. If the BrO abundance in the Venus atmosphere is comparable to the
HCI abundance and if the yield of O5(*A) from Reaction G12 is 3 10%, then this
reaction could contribute an important fraction of the observed Venus nightglow.

The importance of bromine in the oxidation of CO depends on the stability of
BrCO. COBr,, FBrCO, and HBrCO have been observed [e.g., Parkington et al. 1997;
Patty and Lagemann 1953; Niki et al. 1985, respectively], but BrCO is believed to
be unstable. Walker and Prophet [1966] estimated the bond dissociation energy in
BrCO as —10 kcal/mol, implying it would not be stable at any temperature. If BrCO
is stable at < 170 K, then this could be a viable pathway for oxidizing CO, but
unless the abundance of bromine is much larger than that of HCI, this pathway for
oxidizing CO does not appear to be important. Bromine could be important as a
stabilizing buffer for COCI if reactions producing and destroying COCIBr occurred
on timescales comparable to the loss timescale for COCI in the current models. Due
to the uncertainties involved, further examination of the potential role of bromine

compounds in the Venus atmosphere is deferred to a subsequent research project.
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By analogy to the Antarctic stratosphere, it has been suggested that heteroge-
neous chemistry might be very important in the Venus atmosphere [e.g., Leu, M-T.,
and Y.L. Yung, Personal Communication, 1995]. (Heterogeneous chemistry, in this
case, refers to a reaction that occurs on or within a liquid aerosol particle between
two species that are predominantly found in the gas phase and whose products are
also predominantly found in the gas phase. In essence, the aerosol particle serves as
a catalyst for the equivalent gas-phase reaction.) Even though heterogeneous chem-
istry has been shown to be important in the terrestrial atmosphere [e.g., review by
Ravishankara 1997], there are three problems with directly transferring the terrestrial
results to the Venus atmosphere. First, the most important heterogeneous reactions
in the terrestrial atmosphere involve nitrogen species. As discussed in Section 2.1.2,
there is no clear evidence that photochemically active nitrogen is present in significant
amounts in the Venus atmosphere. Consequently, the only heterogeneous reaction
that has been suggested for Venus is Reaction G10. The second difference between
Venus and the Earth is that on Venus the labile chlorine (i.e., Clz) produced in Re-
action G10 is needed at > 75 km for the oxidation of CO, but the largest abundance
of aerosols is found at 70 km altitude. Thus, vertical transport would be required.
However, the photochemical loss lifetime for Cl; in the current models is more than
two orders of magnitude smaller than the transport lifetime. The third difficulty
with invoking significant rates for heterogeneous chemistry in the Venus atmosphere
is that HCI is only weakly soluble in concentrated sulfuric acid. If Reaction G10 is to
increase the local production rate of Cl, by more than 10%, then the reactive uptake
coefficient (vy) for Reaction GlO would have to be > 0.2 and the aerosol number den-
sity at 90 km would have to be an order of magnitude larger than that determined by
Lane and Opstbaum [1983]. Based on the the analysis of Reaction G10 by Donaldson
et al. [1997], this requires a sulfuric acid concentration < 55 wt% near 90 km alti-
tude. Current polarimetry measurements do not have sufficient resolution to exclude
this possibility but the aerosol scattering characteristics are consistent with 75 wt%
H,SO04 (+10, —5 wt% H,SO4 [Hovenier, J., Personal Communication, 1997]). Other

heterogeneous reactions that could be important for the Venus atmosphere and that
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have received some laboratory study are Reactions G18, G19, and G20. The first
two are believed to produce HCI while the third produces BrCl [DeMore et al. 1997].
Based on current laboratory measurements and observations, heterogeneous reactions
are not likely to be important at low latitudes but they might be important near the
poles where the haze layer is thicker and extends to higher altitudes.

Comparison to Terrestrial Atmospheric Chemistry

The chemistry cycles for oxidation of CO in the current Venus models are not im-
portant in the terrestrial atmosphere due to the differing oxidizing states of the two
atmospheres. These CO oxidation cycles are also not important in the Martian atmo-
sphere due to the much smaller (or not detected) abundance of chlorine compounds
in the Martian atmosphere. Some elements of the chlorine and sulfur chemistry that
have been explored in this modeling, however, are important in Antarctic regions
that have been denitrified, in volcanic plumes, and in sulfate-rich layers within the
terrestrial stratosphere. These are active areas of research so future developments in
terrestrial studies may provide additional insight into the processes occurring in the
Venus atmosphere.

Reaction G3 is important in the upper mesosphere of the Earth, Venus, and Mars.
As noted by Slanger and Osterbrock [1998], the higher excited states of O, that are
produced in this reaction are difficult to study in the laboratory and are quenched
rapidly by the O, in the terrestrial atmosphere. CO2, however, seems to be much less
efficient than O, at collisionally quenching the higher excited states of Oy [Bloemink
et al. 1998] so detailed studies of the Oy airglow on Venus and Mars may provide
information that cannot easily be obtained in any other manner.

The Second Ultraviolet Absorber

Another criterion for the results from photochemical models is that they should
be consistent with the requirements from radiative transfer models for the Venus
clouds. The upper cloud layer on Venus is distinguished by dark markings (areas
of low albedo) that are readily apparent in ultraviolet images. Pollack et al. [1980]
showed that SO, was the primary species responsible for the UV absorption and dark
markings, but they found that SO, could not explain the low albedo of Venus at
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320 — 400 nm. To explain the low albedo in this wavelength region, a multitude
of possible “second absorbers” has been proposed. The primary contenders at the
moment are sulfur allotropes [Toon et al. 1982], Cly [Pollack et al. 1980], S;O [Hapke
and Graham 1989; Na and Esposito 1997], and croconic acid [Hartley et al. 1989].

Yung and DeMore [1982] found the column abundance of Cl, (10" cm™2) in their
Model C was consistent with the absorption required in the Pollack et al. [1980]
radiative transfer model. However, the column abundance of Cl, in the Nominal and
One-Sigma Models is 10 and is 2 x 10 in the Highest CICO Model, thus reducing
the support for the Pollack et al. [1980] proposal. Likewise, the SO abundances
predicted in the current models are several orders of magnitude smaller than those
derived by Na and Esposito [1997]. This reduces the support for this species, but the
differences between the models result from two estimated reaction rates so there are
no conclusive grounds for preferring either model (Appendix L).

The production of sulfur allotropes (S;) within the upper cloud in the current
model suggests they could be important absorbers but their cross sections are largely
unknown. S, has a strong absorption band at < 320 nm, but appears to have only
weak absorption at longer wavelengths (see Appendix B). S; has a strong absorption
band in the 350 — 470 nm wavelength region so it could provide part of the observed
absorption. However, the predicted absorption for S; in the One-Sigma Model is
comparable to the predicted absorption for Cl,, so the prediction absorption for Ss is
a factor of ~ 10 smaller than the required absorption from Pollack et al. [1980]. In the
Highest C1ICO Model, the prediction absorption for S; is a factor of 3 larger than in
the Nominal Model, but this is still smaller than required. The only known absorption
band for gaseous Sy is at 430 —570 nm which does not match the requirements derived
by Pollack et al. [1980]. No gas-phase spectra were found for S, compounds with z > 4
so it is not possible to provide quantitative assessments of those compounds. Due to
the low vapor pressure of Sg, it will probably rapidly condense into a solid or liquid
state. The absorption by Sg in a liquid solution with benzene or methanol [Bartlett
et al. 1958; Steudel et al. 1988, respectively| decreases by two orders of magnitude

from 300 to 370 nm which does not agree with the required absorption. However, the
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absorption by irradiated sulfur in a benzene solution decreases by less than one order
of magnitude from 300 to 370 nm [Bartlett et al. 1958], and the absorption by S;»
in a liquid solution with methylcyclohexane is approximately constant for 300 — 340
nm. Consequently, some form of sulfur in the solid or liquid state could possibly
have the proper spectral shape in the 300 — 400 nm wavelength range [Toon et al.
1982]. The estimated Sg abundance given in Section 2.3.4 for the photochemical
models is comparable to the sulfur abundance that Toon et al. [1982] calculated,
and the predicted vertical distribution of S, in the One-Sigma Model is similar to
the distribution that Toon et al. [1982] believed would give a satisfactory fit to the
ultraviolet albedo of Venus. It is not clear from existing laboratory spectra [Bartlett
et al. 1958; Steudel et al. 1988], however, whether the amorphous sulfur that was
proposed by Toon et al. [1982] is compatible with the ultraviolet albedo of Venus at
200 — 300 nm.

Two new possibilities for the second absorber are suggested by the current models:
CISO, and SCl,. Both will be correlated with SO, and will have peak abundances in
the upper cloud layer and short photochemical lifetimes above the clouds, as required
[Pollack et al. 1980]. Some of the SCI, have measured absorption in the 320 — 400 nm
region (Appendix B), but the predicted abundances would produce less absorption
than the predicted Cl, in this wavelength region. The cross section for CISO, has not
been measured, but if it is similar to that for SO, with a shift to longer wavelengths
due to the difference in the ionization potentials for the two species, then CISO, would
absorb strongly in the 320 — 400 nm wavelength region. The predicted abundances,
however, would produce less absorption than the predicted Cl, in this wavelength

region for the assumed CISO, cross section.

2.4.1 Implications for the Chemistry in the Lower Atmo-
sphere

Our modeling does not extend below the cloud layers into the lower atmosphere. The

derived fluxes through our lower boundary, however, can be used to assess whether
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the solution we have obtained for the upper atmosphere chemistry is reasonable. The
calculated production rates for Sg and SOj3 in our model are shown in Table 2.10 along
with the required fluxes at the lower boundary for CO, SO,, OCS, and CO,. Based
on these fluxes, the net chemistry required in the lower atmosphere for the Nominal

and One-Sigma Models is

8CO + Sg — 80CS

CO + 803 — CO; + SO,

16503 + Sg — 2450,

The conversion of CO and Sg to OCS as these species are diffusively transported
toward the surface is consistent with the observed increase in OCS abundance at
lower altitudes [Pollack et al. 1993] and the observed decrease in CO abundance
below the lower cloud [von Zahn et al. 1983]. The thermal stability of Ss decreases
rapidly with increasing temperature so it is very likely that SO; would readily react
with the S, produced from thermal dissociation of Sg to form the required amounts
of SO,.

The total production of Sg and SOj is consistent with the order of magnitude
estimate in Yung and DeMore [1982] of the H,SO,4 production rate (102 cm=2 sec™).
Their estimate was based on the observed aerosol particle sizes in the cloud layers and
the Stokes fall velocity for a particle of radius 1 micrometer. The estimate in Yung
and DeMore [1982] was used by Krasnopol’sky and Pollack [1994] in their modeling
of the vertical profile of H,SO4 and H5O in the lower and middle cloud layers.

We have not attempted to solve for the abundance of H,O in our model, but since
the dominant source of HO, in our model is from HCI, the required upward flux of
H,0 should be equal to the production rate of SO;. The mixing ratio of Hy that we
predict at 60 km is 3 x 10~ in the Nominal Model and 5 x 10~ in the One-Sigma
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Model. This mixing ratio is much smaller than the mixing ratio of H, (107° — 10~8)
predicted from thermochemical equilibrium at ~ 20 km altitude [ Yung and DeMore
1982].

The upward flux of HCI required at 60 km is 3 x 10° cm~2 sec™! in the Nominal
and One-Sigma Models. This is much smaller than the calculated production rate of
SO;3;. The downward chlorine flux required to maintain chemical equilibrium is carried
downward by CISO,. This species is likely to decompose rapidly at the temperatures
found in the lower atmosphere so the chlorine will rapidly react with hydrogen to
form HCI.

The results from the case in which oxygen was most depleted (the Highest CICO
Model) suggest the lower atmosphere could be more reducing than has been consid-
ered in previous studies [e.g., Yung and DeMore [1982]]. The standard presumption
has been that some of the CO which is produced in the middle atmosphere from
photolysis of CO, is transported downward, then oxidized to CO; in or below the
lower cloud layer. The oxygen for oxidizing CO is supplied by thermal dissociation of
H,SOy at the elevated temperatures found in the lower atmosphere. However, if CICO
is effectively much more stable at 65 — 75 km altitude than presently believed (as was
proposed in the Highest CICO Model), then the oxidation of CO at these altitudes
will be so efficient that OCS diffusing upward from the lower atmosphere effectively
will be converted into CO, and Sg. This would require that the lower atmosphere
convert some of the downward flux of CO, into CO. The extremely high stability of
CICO at 65 km altitude is not physically reasonable given the measured temperatures
within the upper cloud layer, but the results from the Highest C1CO Model suggest
that oxidation of CO to CO, can be accomplished almost entirely within the Venus
middle atmosphere. Furthermore, if the “global-average” O, abundance in the middle
atmosphere is more than a factor of three smaller than the current upper limit, then
the results from the Highest CICO Model suggest there may be a downward flux of
CO3 through the base of the upper cloud.
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2.4.2 Evolution of the Venus Atmosphere

The boundary parameter variations for the Nominal Model in Table 2.7 indicate the
O, abundance in the Venus middle atmosphere is not sensitive to large changes in the
abundance of SO,. For those tests, a factor of 8 increase in the SO, abundance at 70
km altitude led to a factor of 7 increase in the upward flux of SO, through the lower
boundary of the model but produced only a 15% decrease in the column abundance
of O,. Tests were not conducted for the conditions in the Yung and DeMore [1982]
model, but the factors that are primarily responsible for limiting the magnitude of
the response by O3 to such a large change in the SO, abundance were not present
in the Yung and DeMore [1982] model. The oxidation of CO was largely decoupled
from the oxidation of SO, in even the Nominal Model so the increased influx of SO,
is disproportionated into Sg and SO3. Only a small fraction of the increased SO, flux
reaches a sufficiently high altitude that it can serve as a sink for oxygen that had been
oxidizing CO. This can be seen in the increase in the magnitude of the downward
flux of CO for the high SO, case.

The results obtained here give a better match to the existing observations than
those obtained by Yung and DeMore [1982]. Even if further study validates the
importance of the chlorine chemistry examined in this work for the current Venus
atmosphere, the results from the Yung and DeMore [1982] study should not be dis-
regarded. Oxidation via hydrogen catalytic cycles may have been more important
in previous epochs if the abundance of water was much larger than it is today. The
boundary parameter variation tests with large abundances for H, and H,O suggest
that the hydrogen and chlorine cycles can mutually annihilate each other when they
are of roughly equal importance. If there was a transition epoch in Venus’ history
when the chemistry changed from hydrogen-dominated to chlorine-dominated, then
the abundance of oxygen species in the middle atmosphere might have been much

larger than it is today.
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Chapter 3

Comparisons of the Photochemical

Modeling to Observations

Two approaches have been taken in this attempt to understand the dominant pho-
tochemical processes in the Venus middle atmosphere. The results from a new spec-
troscopic attempt to detect molecular oxygen were presented in Chapter 1. The
results from a new one-dimensional photochemical model were described in Chapter
2. Most of the predictions from the photochemical model were compared to the ex-
tant, published observations in Sections 2.3.4 and 2.4. A quantitative comparison of
the molecular oxygen abundances predicted in Chapter 2, however, was deferred to
this chapter because the comparison directly links the modeling from Chapter 2 to the
observations and radiative transfer modeling described in Chapter 1. The remainder
of this chapter outlines the major conclusions from this combined observational and
numerical study of the Venus atmosphere and recommends future studies that are

needed to understand the chemistry of the Venus middle atmosphere.

3.1 Radiative Transfer Modeling of the Photochem-
ical Model Predictions for O,

The column O, abundances predicted in the three current models are 8 x 1018, 1 x 108,
and 4 x 107 cm~? for the Nominal, One-Sigma, and Highest C1ICO Models, respec-
tively. The 20 upper limit on the column O, abundance from the observation by
Trauger and Lunine [1983] is 1.5 x 10'® cm~2 (above 58 km altitude) or 2 x 10'® ¢cm™2

(above 68 km altitude which is approximately optical depth unity), assuming the
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mixing ratio of Oy is the same at all altitudes. The distribution of O, predicted by
photochemical models, however, is not uniform (Figure 3.1). Because the photochem-
ical models predict that O, is concentrated above the upper cloud layer where there
are fewer aerosol particles and thus less scattering by the particles, the absorption
produced by the predicted O, profiles will be smaller than for the uniform profile that
was assumed in Chapter 1. In addition, the absorption may be a stronger function of
the viewing zenith than was true for the uniform profiles (Table 1.3). Similar effects
were noted in comparing the absorption by ozone in the terrestrial troposphere and
stratosphere by Jiang et al. [1997].

The predicted O, profiles from model C of Yung and DeMore [1982], the One-
Sigma Model, and the Highest CICO Model were used in the radiative transfer model
described in Chapter 1 to provide a quantitative comparison against the observational
upper limit. The results for the nominal cloud model that was described in Chapter 1
are shown in Figure 3.2 and Table 3.1. Comparing Tables 1.3 and 3.1, the calculated
absorption for the One-Sigma Model is comparable to that for the 20 observational
upper limit (which is equivalent to a uniform mixing ratio of 3 x 10~7) while the
calculated absorption for the Highest C1CO Model is smaller than the 1o upper limit.

The radiative transfer calculation for the O, profile from the Highest C1ICO Model
was repeated for three alternate cloud models. One was constructed to be similar to
that used by Trauger and Lunine [1983]. One used the optical depths, cloud scale
heights, and particle size distributions from Knibbe et al. [1998], Grinspoon et al.
[1993], and Pollack et al. [1993]. The third alternate cloud model was the same as
the second, but used the upper haze particle size distribution from Grinspoon et al.
[1993], and Pollack et al. [1993] in lieu of that from Knibbe et al. [1998]. The results
were within 20% of those obtained using the nominal cloud model.

The O, profiles from the photochemical models stop at 58 km altitude because that
is the lower boundary for the models. Lacking better information, the O, abundance
below 58 km altitude was set to zero for the radiative transfer model calculations
whose results are presented in Tables 1.3 and 3.1. Two additional calculations were

performed in which the O, mixing ratio below 58 km was specified to be 1.4 x 10~°



Section 3.1

3-3

Altitude (km)

90

70 F

600 |
1012 10

0O, Mixing Ratios From Chemistry Models

100 ; | | I | I ’ I r |

I

80F .-~ Highest CICO

B Lo oot
P

I
-10

O, volume mixing ratio

| :
108 10® 104 102

Figure 3.1: Predicted O, profiles from three photochemical models. “YD82C”
is the O, profile from Model C by Yung and DeMore [1982]. “One-Sigma” is
from the One-Sigma Model described in Chapter 2. “Highest C1CO” is from
the Highest C1ICO Model described in Chapter 2.
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Figure 3.2: Synthetic spectra of the Venus atmosphere for three Oy profiles
from photochemical models. The spectra in these figures were calculated for an
incident solar zenith angle of 40 degrees, a viewing zenith angle of 44 degrees,
and a relative viewing azimuth angle of 180 degrees. The synthetic spectra
have been converted to wavelength in air, Doppler-shifted by the appropriate
amount, and convolved with a triangle kernel filter (simulating the UHRF spec-
trometer response function) to the wavelength resolution and sampling of the
UHRF data. The 1o upper limit on the column abundance is represented by
the bottom spectrum. Note the factor of five change in vertical scale between
the upper plot and the three lower plots.
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Table 3.1: (01/I) for Calculated Spectra for Predicted O, Profiles

10° x (6I/I) Equivalent
O, Model Viewing ® Averaged Over FWHM (pixels) Width

Profile ¢ Zen Angle 2 3 4 5 (nm)
YD82C 29 10 8 7 ) ~1.5x107°
34 10 8 7 5
44 10 8 i )
54 10 8 7 )
One-Sigma 29 0.5 04 0.3 0.3 ~7x1077
34 0.5 04 0.3 0.3
44 0.5 04 0.3 0.3
04 0.5 04 0.3 0.3
Highest CICO 29 02 01 01 0.08 ~2x1077
34 0.2 0.1 0.1 0.08
44 0.2 01 0.1 0.08
o4 0.2 0.1 0.1 0.08
Ac 29 5 4 4 3
34 4 4 4 3
44 4 4 4 3
54 4 4 4 3
B 29 0.7 0.6 0.5 0.4
34 0.7 0.6 0.6 0.5
44 0.7 0.6 0.6 0.5
54 0.7 0.6 0.6 0.5

¢ O, Model Profiles are shown in Figure 3.2

b Viewing zenith angle is given in table. The incident solar zenith angle was
84— (viewing zenith angle). The relative viewing azimuth angle was 180 de-
grees.

¢ Oy from Highest CICO Model was used for > 58 km altitude. A uniform
mixing ratio of 1.4 x 107° was used at lower altitudes.

4 O, from Highest CICO Model was used for > 58 km altitude. A uniform
mixing ratio of 1.4 x 107¢ was used at lower altitudes.
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and 1.4 x 107% while the O, mixing ratio at higher altitudes was taken from the
Highest C1CO Model. The results are presented in Table 3.1 as Models A and B. The
calculated absorptions for Models A and B are larger than those for the Highest C1CO
Model indicating some of the scattered sunlight received at the Earth has passed
through at least the middle cloud layer, 51 — 57 km altitude. These calculations
indicate the spectroscopic non-detection of O, by Trauger and Lunine [1983] conflicts
with the marginal detection of Oy at 52 km altitude by Pioneer Venus (mixing ratio
of (44 + 25) x 107° [Oyama et al. 1980]). This implies either an error in one of the
measurements or significant variability (temporally or spatially) in the O, abundance
within the cloud layers. These calculations confirm the suggestion by Young [1972]
that spectroscopic measurements of Venus using reflected sunlight can be sensitive to

greater pressures than previously believed.

3.2 Conclusions

The long-term evolution (or stability) of the atmosphere of Venus is one of the major
unresolved questions within planetary science. A preliminary step that must be solved
before we can properly examine the evolution of the Venus atmosphere is to determine
the primary photochemical processes within the current epoch. None of the previous
photochemical models have been able to find a range of plausible parameters for which
the model predictions were within the observational constraints. The work described
in Chapters 2 and 3 has shown, for the first time, that the observational constraints
may be satisfied if key parameters are adjusted within their assessed or estimated
uncertainties. The major conclusions from this observational and numerical study of
the Venus atmosphere are outlined in the following paragraphs.

The results from the current study suggest that CO in the Venus atmosphere is
primarily oxidized via chlorine catalytic chemistry. Yung and DeMore [1982] found
that the stability of CO, in the Venus atmosphere could be maintained via catalytic
chemistry involving hydrogen, nitrogen, or chlorine compounds. However, neither

the hydrogen nor the nitrogen dominated catalytic chemistry studied in their mod-
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els provided a satisfactory solution that is within the observational constraints that
presently exist. Changes have occurred in our understanding of hydrogen and nitro-
gen chemistry since 1982, but the primary processes governing oxidation of CO have
not changed by significant amounts. The results from the current models show that
a range of parameters exists in which chlorine-dominated chemistry can satisfy the
existing observational constraints if the stability of CICO is increased by its assessed
one standard deviation uncertainty from DeMore et al. [1997]. Equivalently, the pro-
posed increase in the stability of CICO could be due to some other mechanism, such
as temperatures below 150 K in the 85 — 90 km altitude region or the presence of
another species that interacts with CICO on the timescale of ~ 1 second to increase
the effective photochemical lifetime of CICO.

The current observational limit on absorption by O, in the Venus middle at-
mosphere can be reconciled with the predictions from photochemical models if the
distribution of O, from the photochemical models is compared to the observational
limit with the aid of a radiative transfer model. The observational upper limit on
absorption by O, in the Venus atmosphere when combined with the observed air-
glow intensities in the Oy(a'A) band place tight constraints on the amount of O,
present within and above the cloud layers, the vertical distribution of the O,, and
the mechanism(s) by which it is formed. It is not possible to present a completely
satisfactory explanation of the oxygen budget in the Venus atmosphere due to the
large uncertainties that exist in observational and laboratory data. The observations
and modeling results in Chapters 1, 2, and 3 suggest, though, that (1) O, is depleted
(mixing ratio  10~7) within the middle and upper cloud layers (50 — 70 km altitude);
(2) the O, abundance is largest at 80 — 100 km altitude; (3) the production of O, via
Reaction G3 (20 +M — O, +M) is comparable to the photolysis rate of CO, above
90 km altitude; and (4) the effective yield of O,(a’A) from Reaction G3 is 3 75% in
the Venus atmosphere. The intense airglow in the Oy(a’A) band may have different
production mechanisms on the dayside and nightside depending on the interaction
between the three-dimensional dynamics and the chemistry. This cannot be studied

properly with a one-dimensional “globally-averaged” photochemical model.
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The current photochemical model cannot explain the localized regions of intense
airglow emission seen in the O(a'A) band (> 5x 102 cm~2 sec™! [Crisp et al. 1996]).
Localized phenomena such as this must be studied in the context of either a Chemical
Transport Model (in which the dynamics are specified based on external sources of
information) or a General Circulation Model (in which the dynamics are calculated
internally) such as the Venus Thermospheric GCM [e.g., Zhang et al. 1996].

The O, abundance in the Venus atmosphere is predicted to be roughly constant
over the past 15 years despite the large observed changes in the abundance of SO,
and SO at the cloud tops. The oxidation of CO to CO, appears to control the column
abundance of O, and the oxidation of CO occurs predominantly above 75 km altitude
in the current models. Thus, the oxidation of CO in the current models has been
decoupled from the oxidation of SO, and the observed changes in the abundances of
S04 and SO do not produce large changes in the O, abundance. This differs from the
results obtained by Yung and DeMore [1982] because they had only one path, HySOy,
by which sulfur could be transported from the middle atmosphere downward to lower
altitudes. The current models predict that the observed changes in the abundances
of SO, and SO should produce large changes in the relative production rates of Sg
and H,SO4 within the upper cloud layer.

The upper limit on the absorption due to O, in the Venus middle atmosphere
derived from new observations is < 3 x 107%, if the molecular oxygen is uniformly
mixed throughout the Venus atmosphere. This is consistent with the upper limit (3 x
10~7) obtained by Trauger and Lunine [1983]. The sensitivity of the new observation,
however, was not sufficient to exclude the possibility that the O, abundance in the
Venus atmosphere is now larger than the upper limit from Trauger and Lunine [1983].

The water vapor abundance, at least above ~ 85 km altitude, derived from mi-
crowave studies [Encrenaz et al. 1995] is consistent with the equilibrium vapor pres-
sure over 75 wt% H,SO, extrapolated from the relations given in Tabazadeh et al.
[1997]. This agrees with the conclusion from polarimetry studies [Hansen and Hove-
nier 1974] that the composition of the aerosols is consistent with concentrated sulfuric

acid, but the uncertainties in both the water vapor observation and the extrapolation
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of the equilibrium vapor pressure to conditions for which it has not been measured
are too large to quantitatively exclude other proposed alternatives (e.g., formation of
water ice).

Heterogeneous chemistry does not appear to be required to explain the oxidation
of CO to CO;. Furthermore, based on existing information heterogeneous chemistry
does not appear to be an important element of the chemistry of the Venus middle
atmosphere despite the large abundance of aerosol particles that are present. The
effectiveness of heterogeneous chemistry is primarily limited by the low predicted
abundances of HOCI in the Venus atmosphere and the low solubility of HCI in con-
centrated sulfuric acid. The presence of reactive nitrogen compounds (such as NO)
might change this conclusion because heterogeneous reactions involving nitrogen com-
pounds are more efficient than those involving solely HCl and HOCI in sulfuric acid.

The sulfur abundance and vertical distribution predicted in the current models
are comparable to the abundance and distribution for amorphous sulfur that Toon et
al. [1982] proposed as an explanation for the ultraviolet albedo of Venus. This is the
first time that the predictions from a detailed photochemical model calculation may
have been reconciled with the required radiative properties of the Venus clouds. Two
major problems remain before amorphous sulfur can be confidently regarded as the
second ultraviolet absorber. First, the vertical distribution of sulfur below the base of
the upper cloud layer needs to be reconciled with the solar flux attenuation observed
by the Pioneer Venus probes. Second, the spectral characteristics of amorphous sulfur
at < 300 nm may not be consistent with the existing observations.

The photochemical modeling presented in Chapter 2 outlines the first quantitative
assessment of the roles that SCl, and SClO, compounds may play in the chemistry
within the upper cloud layer. The results suggest that SCl, and SCI1O, compounds
may be viable alternative candidates for the second ultraviolet absorber and that
these compounds may regulate the disproportionation of SO, and OCS into Sg and
H,SOy4.

Spectroscopic studies of the Venus atmosphere using reflected sunlight as the

source for illumination can be sensitive to the presence of species below the base of
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the upper cloud (~ 58 km altitude). This occurs for a weakly-absorbing molecule due
to the strong peak in the forward scattering direction for the Venus aerosols.

The results obtained in this study are necessarily limited by the degree to which a
one-dimensional “global-average” model can simulate phenomena that may be com-
plex functions of geographic location, time of day, etc. Pending a detection of ab-
sorption by O, the progress that may be made via further photochemical modeling is
limited. However, a photochemical model that considers diurnally-varying chemistry
is needed to clarify many of the issues associated with oxygen in the Venus atmo-
sphere. Such a model would also be useful when designing a new attempt to detect
O since it could provide a more realistic estimate of the sensitivity that would be

required. Additional suggestions for future work are outlined in Section 3.3.

3.3 Future Research

The research presented in this dissertation would not have been possible without the
referenced observational, laboratory, and modeling studies. Further advances in all
three areas are required to reduce the existing uncertainties in the photochemical
models. A recommended list of observations and laboratory experiments is summa-
rized in Table 3.2.

Observations

The O, column abundance relative to CO, is the most critical parameter required.
This relative abundance is one of the first-order requirements that a photochemical
model must predict correctly in order to have confidence in the model’s other pre-
dictions. The relative intensities of the dayside and nightside airglow emission in the
Oy(a'A) band need to be measured again. This relative intensity in combination with
the diurnal modeling proposed below constrains the abundance and vertical profile of
O3 on the dayside of the Venus atmosphere. Only one measurement currently exists
[Connes et al. 1979] and there are large uncertainties associated with it. The Oq(a’A)
vertical profile can provide a wealth of information and, based on calculations for the

proposed VESPER Discovery-class mission, will be easier to measure than that for
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Table 3.2: Recommended List of Future Observations and Chemical Kinetics Ex-
periments

Observations
Spectroscopic detection of O,
Confirmation of Hy versus D in thermosphere
Relative intensities of Oz(a'A) dayside and nightside airglow
Vertical profiles for Oz(alA)
Spectroscopic detections of Oz, C1O, NO or NO,, BrO, H,S, and CISO-
Vertical profile for OCS
Simultaneous retrieval of CO mixing ratios and temperatures as a function of local time

Laboratory Experiments
Equilibrium constant for C1CO at < 200 K
Determination of kx179 and kxis0 (C1ICO + O)

Effective yield for Oz(a'A) from 20 + CO

Radiative lifetime for Oz(a'A)
Determination of k203 (O2(a'A)+ CO2)

Quantum yield for O,(alA) from BrO + ClO (see text)
Chemistry of (SO)2
Existence of BrCO at < 200 K
Determination of kx194 (CISO5+ Cl)
Ultraviolet absorption cross sections for S, O, C1SO,, and S,
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ground-state Oy [Chin, G., Personal Communication, 1998]. The Oy(a'A) profile
should disclose the mechanism(s) by which O, is produced, tightly constrain the ver-
tical profile for ground-state O,, and give valuable information on the dynamics of the
atmosphere above 85 km altitude. The profile, in combination with numerical mod-
eling, may also provide a more sensitive test of the collisional quenching for Reaction
K203 than may be feasible in the laboratory [Slanger, T., Personal Communication,
1998|.

Simultaneous retrievals of CO mixing ratios and temperature as a function of
local time are needed to reduce the uncertainties in the distribution of CO and the
temperatures in the 80 — 95 km altitude region. Temperatures in this altitude region
partially determine the stability of CICO and, thus, regulate the effectiveness of the
chlorine catalytic cycles examined in the current photochemical models. This can be
accomplished via nearly-simultaneous interferometric maps of *2CO and 3CO.

Detections of ClO, BrO, NO or NO,, H,, and H,S (or smaller upper limits on their
abundances) are required to clarify which of the several proposed types of chemistry
are most important in the Venus atmosphere. Detection of CISO, and/or observations
of the OCS profile would constrain the eddy diffusion near the top of the upper cloud
and would constraint the chemistry occurring within the upper cloud. Detection of
O3 would provide valuable information on the odd oxygen abundance and, together
with a detection of O,, would constrain the oxygen budget of the middle atmosphere
very tightly.

One problem with the extant observations is the large temporal separation between
some of the most important ones, such as those for HC1 and H,O. After the abundance
of O, has been determined, additional observations of HCI, H,O, SO,, and SO will
be needed to establish the conditions that existed at the time of the Oy observation.

Laboratory Experiments

The recommendations for future laboratory experiments focus on the oxygen bud-
get and the proposed cloud-level chemistry. The uncertainty in the equilibrium con-
stant for CICO at < 200 K needs to be reduced by at least a factor of two. The

rates for Reactions K179 and K180 with uncertainties of less than a factor of five
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are needed to verify the plausibility of these proposed reactions. Theoretical and/or
laboratory studies are required to assess whether BrCO would be stable at ~ 150 K.
If not, then bromine compounds do not play direct roles in the oxidation of CO.

The effective yield of Oz(a’A) from Reaction K101 will determine the contribu-
tion of this source to the observed airglow. The radiative lifetime of the Oj(a’A)
state is needed to within ~ 3% uncertainty. The uncertainty in the Badger et al.
[1965] measurement is 10 — 15%, but Gamache et al. [1998] cited unpublished results
indicating the lifetime is ~ 15% smaller than the value from Badger et al. [1965]. A
15% decrease in the lifetime is a larger change in the desired direction than was done
for the One-Sigma Model and the Highest C1ICO Model. The collisional quenching
rate for Reaction K203 is needed, or at least verification is needed that the rate is
< 2 x 1072! as proposed in the One-Sigma and Highest CICO Models. This is an
order of magnitude smaller than the current upper limit. If the abundance of BrO in
the Venus atmosphere is comparable to that of HCI, then Reaction G12 becomes a
potentially important source for Oy(alA).

The chemistry of (SO), has received little study since Yung and DeMore [1982]
and their modeling of it was largely based on estimated rates. Laboratory studies are
also needed for other reduced sulfur and sulfur chlorine species to determine whether
the proposed species could contribute to the ultraviolet absorption at 300 — 400 nm.

Modeling

Three useful assessments can be conducted with small modifications to the existing
one-dimensional “global average” model. Bromine chemistry can be evaluated to
quantify what abundances are required for bromine to affect the oxygen budget in the
middle atmosphere. Fluorine chemistry should be examined above 100 km altitude
to determine whether oxidation of FCO can be an important pathway for oxidizing
CO at those altitudes. Fluorine chemistry is not likely to impact the overall rate
of oxidation for CO, but it may be occur at altitudes where the the total density is
too small for chlorine-catalyzed oxidation. A new assessment of nitrogen chemistry is
needed that includes potential heterogeneous reactions among nitrogen and chlorine

species. This will quantify the abundance of reactive nitrogen that is required for
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nitrogen chemistry to affect the overall chemistry of the middle atmosphere.

Further advances in photochemical modeling for the Venus atmosphere require
consideration of at least diurnal effects. This is possible with slight modifications to
the existing model and would provide good initial comparisons against the existing
diurnal CO and O(a'A) data. Subsequent investigations are likely to require at least
a two-dimensional Chemical Transport Model. If any of the proposed Discovery-class
missions to Venus are selected, development of such a two-dimensional model will be
needed for a full analysis of the measurements.

Finally, a new study of the radiative characteristics of the Venus middle atmo-

sphere is needed to assess the predictions from the current photochemical models.
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Abstract

The trailing hemispheres of Europa and Callisto were observed and a 9 — 13 um spec-
trum of Europa with better spectral resolution and better signal-to-noise than was
previously possible has been derived. The ratio spectrum of the two satellites has
a signal-to-noise ratio of approximately 30 and spectral resolving power of approxi-
mately 50. The ratio spectrum was combined with the average Voyager 1 spectrum of
Callisto from Spencer [1987a] to obtain a 9 — 13 um spectrum of Europa with signal-
to-noise that is a factor of 10 better than that in the average Voyager spectrum of
Europa in Spencer [1987a]. No emissivity features due to water ice are apparent at
the 3% level in our Europa spectrum. The disk-integrated, effective color tempera-
ture ratio for the two satellites is consistent with previous ground-based, broadband,
thermal infrared photometry. One possible explanation for the absence of features
in the thermal infrared spectra of Europa (at the 3% level) and Callisto (at the 1%
level) is if the surfaces of both satellites have significant abundances of small particles
(< 50 micrometer in size). This explanation is consistent with most of the published

observations by Galileo.

4.1 Introduction

This work presents the results from new observations in the thermal infrared (7 — 14
pm wavelength region) to determine if thermal infrared spectra with better signal-
to-noise than could previously be obtained could discriminate among the proposed
models for the surfaces of Callisto and Europa.

Previous spectral studies of the icy Galilean satellites have focused primarily on
the 0.4 — 3 um wavelength range and have led to the development of several compet-
ing models for the surface properties of the satellites. None of the published models
explains all spectral features observed for Europa or Callisto in the 0.4 — 3 um wave-
length region. The four published models that give the best fits to the observed 0.4—3

pm spectra for Callisto are (1) small (~ 5 — 30 micrometer in size) particles of water
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ice intimately mixed with small chondritic or phyllosilicate particles and (poorly con-
strained size) particles of a dark, spectrally neutral material (e.g., magnetite) [Roush
et al. 1990]; (2) segregated regions of ice/frost and chondritic material in particles
that are of unstated size [Spencer 1987b]; (3) medium to large (of order hundreds of
micrometers to centimeters in size) particles of ice intimately mixed with (indeter-
minate size) chondritic or phyllosilicate particles [Calvin et al. 1995]; and (4) very
fine (< 1 micrometer in size) surface roughness or frost overlying larger particles or
sheets of ice [Clark et al. 1986]. The estimated surface composition for Callisto is (1)
~ 25 — 45 wt% water ice [Roush et al. 1990]; (2) ~ 3 — 10 wt% water ice [Spencer
1987b]; (3) ~ 20 — 45 wt% water ice [Calvin et al. 1995]; and (4) “abundant” (up
to 70% according to Calvin et al. [1995]) water ice [Clark et al. 1986). The identity
of the remaining component(s) is unknown. The model that gives the best fit to the
observed 0.4 — 3 um spectra for Europa has medium to large (of order hundreds of
micrometers to centimeters in size) particles of ice [Calvin et al. 1995]. Calvin et al.
[1995] did not estimate the fraction of Europa’s surface that was ice, but Clark et al.
[1986] concluded Europa’s surface was > 95 wt% ice. Earlier studies for Callisto and
Europa are reviewed in Johnson and Pilcher [1977] and Clark et al. [1986].

Thermal infrared observations have the potential to discriminate among the pro-
posed models for the surfaces of Callisto and Europa. Both water ice and silicates
have distinctive emissivity features in the thermal infrared when the materials are
in medium-to-large (> 75 micrometer in size) particles: water ice near 11 — 12 ym
[ Warren 1984; Spencer 1987a] and silicates in the 7.5 — 9.5 um region [references in
Nash et al. 1993]. Consequently, if Callisto’s surface is dominated by medium-to-
large size particles of silicate and Europa’s is not, then a ratio of the two spectra
should contain distinctive emissivity features in the 7.5 — 9.5 pum region. Similarly, if
Europa’s surface is dominated by medium-to-large size particles of ice and Callisto’s
surface is not, then the ratio spectrum should contain distinctive emissivity features
in the 11 — 12 um region. If no significant features are found, then the simplest ex-
planations are that both surfaces have (1) similar composition and particle size; (2)

thermal emission spectra that are dominated by emission from small (< 50 microme-
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ter in size) particles; (3) surfaces that are rough on length scales of 50 micrometer;
(4) ice and non-ice particles interspersed in a manner that suppresses the thermal
infrared signatures of both ice and silicates; (5) a sufficient amount of a spectrally
neutral material to suppress the thermal infrared signatures of both ice and silicates;
or (6) silicates are not present on Callisto’s surface in spectrally significant amounts.

Ground-based observations of the icy Galilean satellites in the 1970s measured
only broadband brightness temperatures [reviewed in Morrison 1977]. Since then,
no ground-based thermal emission spectra have been published although there have
been significant improvements in instrumentation. Hanel et al. [1979] found “contrast
differences on the order of 1 percent or less” in Voyager 1 spectra of Europa and
Callisto. Spencer [1987a] also concluded there were no unambiguous spectral features
in the Voyager spectra of Europa and Callisto. However, the Voyager spectra were
relatively noisy for wavelengths < 13 um for Europa and for wavelengths < 8 um
for Callisto so Voyager might not have been able to detect features due to water ice
on Kuropa or silicates on Callisto. We have combined our ratio spectrum with the
average Voyager 1 spectrum of Callisto from Spencer [1987a] to produce a spectrum
of Europa that has better signal-to-noise by about a factor of 10 in the 9 — 13 ym
wavelength region than that collected by Voyager at Europa.

4.2 Background

Four primary variables govern the appearance of a planetary surface in the infrared
when the planet has little or no atmosphere: the composition of the surface particles,
the relative abundance of each component, the size of the particles, and the manner in
which particles of differing composition are interspersed. One diagnostic feature for
composition is the wavelengths at which the molecular vibration bands (reststrahlen
bands) are located. Strong reststrahlen bands for most silicates and for water ice lie
within the thermal infrared region [Farmer 1974, Warren 1984, Elachi 1987]. Con-
sequently, thermal infrared spectra are being used for compositional mapping of the

Earth [e.g., Bartholomew et al. 1989] and will be used for Mars [Christensen et
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al. 1992]. A primary concern for observing the thermal infrared reststrahlen bands is
that the observed intensity of these bands decreases at small particle sizes [Lyon 1964,
Hunt and Logan 1972, and Salisbury and Wald 1992]. Figure 4.1 shows calculated
emissivities for water ice particles as a function of the particle radius. For loosely
packed lunar soil samples, whose emission is dominated by emission from particles
< b micrometer in size, [Salisbury, J., Personal Communication, 1997] has found the
silicate reststrahlen bands are only ~ 2% deep. Other factors that can affect thermal
infrared spectra are spatial inhomogeneities in composition and near surface temper-
ature gradients. However, Thomson and Salisbury [1993] have shown that spectra of
silicate particles in the 75-250 micrometer size range behave as linear mixtures (by
volume) of the component materials, and Henderson and Jakosky [1994] showed that
the spectral contrast in the reststrahlen bands increases as a result of the thermal gra-
dient present on a body with no atmosphere when the surface is heated from below.
This can happen when the surface is more translucent at visual wavelengths than at
thermal wavelengths, has been observed in studies of terrestrial snow, and has been
proposed for the icy Galilean satellites [Urquhart and Jakosky 1996 and references

therein].

4.3 Observations and Processing

Callisto and Europa were observed on July 1, 1996, from 6:30 - 11:30 UT from Palomar
Observatory using the 5-meter Hale Telescope and SpectroCam-10 [Hayward et al.
1993]. SpectroCam-10 was used in its low-resolution spectrographic mode where it
uses 128 spectral x 64 spatial pixels of the 128 x 128 Si:As BIBIB detector. The
spectral resolving power was ~ 50 with a 2" x 16" slit, and spectra were collected at
three grating positions to provide complete coverage of the 8 — 14 um region. The
angular resolution is 0.25" per pixel in the spatial direction.

SpectroCam-10 acquires data in a sequence of nods (moving the entire telescope)
and chops (moving the secondary mirror) on and off the object. These nods and

chops are arranged to permit proper removal of background radiance (such as that
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Figure 4.1: “Calculated emissivity of ice spheres with radii r = 0.3, 1, 3, and 10
micrometer, as a function of wavelength.” [Hansen 1972]
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from the earth’s atmosphere and the telescope) from the measured thermal emission
for an object. In the simplest case, that for spectra of an extended source that fills
over half of the field of view of SpectroCam-10, the object is included in only one of

the four beams:

Foo =0+ Agyj + Ton (4.3.0.1)
Foe = Agps + Tog (4.3.0.2)
Fro = Aos + Ton. (4.3.0.3)
Fre = Aogs + Togs- (4.3.0.4)

where O is the radiance emitted by the object, Ay; is the radiance emitted by the
intervening atmosphere when viewing the object, A,ss is the radiance emitted by
the atmosphere when not viewing the object, T,, is the radiance emitted by the
telescope when looking along the telescope axis, and Toss is the radiance emitted
by the telescope when looking off the telescope axis. The desired radiance from the
object is given by O = F,,— F,c — (Fno— Fy), assuming that the atmospheric emission
is the same for all positions. The angular separation between the positions is small
and the time separation is sufficiently small so that this approximation is true to
sufficiently high accuracy. If the object is sufficiently small that it fills less than half
of the field of view of SpectroCam-10, then the nod and chop distances and directions
can be adjusted to improve the observing efficiency while still properly characterizing
the atmosphere and telescope emission.

The chopping frequency for measuring telluric emission near the objects was 4.75
Hz, and both the nodding and chopping used separations of approximately 8”. The
on-source integration time for individual object and sky spectra was 60 seconds;

Callisto and Europa were observed, alternately, for intervals of 15 minutes each. The
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Figure 4.2: (a) Disk-integrated thermal emission spectra of the trailing hemispheres
of Callisto and Europa measured with SpectroCam-10 at Palomar Observatory. Col-
lected on 1 July 1996. (b) Ratio of Callisto and Europa thermal emission spectra
from (a).

flat-fielded spectra were wavelength-calibrated by comparing the prominent telluric
emission features in each recorded spectrum to a synthetic telluric emission spectrum.
A zero-point wavelength shift was determined for each recorded spectrum then the
wavelength-shifted spectra were added to produce Figure 4.2a. Figure 4.2b shows the
ratio of the averaged spectra for the two objects (Callisto/Europa).

The solar phase angle was approximately 0.7°. The trailing hemisphere of Callisto
was observed at orbital longitudes 280 — 290°, and the trailing hemisphere of Europa
was observed at orbital longitudes 210 — 230°. Airmass ranged from 1.8 to 2.7 and
typical seeing was 1”. Observing conditions were non—photometric; Palomar had been
closed the preceding 36 hours due to ash from surrounding forest fires and residual

smoke from those fires was present at the time of our observations. Thermal emission
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from the smoke should have been removed by the nodding and chopping on and
off target sequence. Assuming the smoke concentration varied slowly with time, the
effects of scattering by the smoke particles should not be present in the ratio spectrum
we derive because scattering by the smoke would have the same effect on both the
Europa and the Callisto spectra. In addition, the visual optical depth of the smoke

was small based on daytime observations.

4.4 Results

Figure 4.2b has several features, but all lie at the wings of telluric absorption bands
so they are likely due to incomplete cancellation of the telluric bands as a result of
the non- photometric conditions. Our signal level is sufficiently poor at wavelengths
less than 9 um and greater than 13 pum that features outside this range should not be
considered significant. The absence of significant features in Figure 4.2b is consistent
with previous findings [Hanel et al. 1979; Spencer 1987a).

The dominant source of “noise” in our measurement at approximately 9—13 um is
incomplete cancellation of telluric emission and transmission features. A reasonable
estimate of the noise level at these wavelengths is given by the RMS deviation, ~ 3%,
of our ratio spectrum from the ratio of a 151 K and a 130 K blackbody as shown in
Figure 4.3. (See Appendix A for discussion of the ratio of the effective temperatures of
the satellites.) At shorter wavelengths, our noise level is determined by the relatively
low flux from Europa. At longer wavelengths, relatively poor transmission through
the earth’s atmosphere limits our sensitivity.

We combined our ratio spectrum, Figure 4.2b, with the average spectrum of Cal-
listo collected by Voyager 1 (digitized from Spencer 1987a] to synthesize a spectrum
of Europa, the upper curve in Figure 4.4. (For details on how the Europa spectrum
was synthesized, interested readers may consult Appendix B.) The noise level in our
synthesized Europa spectrum represents solely the noise from our ratio spectrum. We
find no significant features, at our 3% noise level, at the expected locations of wa-

ter ice features, 10.9 and 12.2 um [Warren 1984; Spencer 1987a], in our synthesized
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Figure 4.3: Comparison of our ratio spectrum for Callisto and Europa to the ratio
spectrum for a pair of blackbodies. The curve is the ratio of a 151 K and a 130 K
blackbody. RMS deviation from this curve is 3% for the 8.5 — 13 um region.
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spectrum of Europa. The absence of water ice features in our synthesized Europa
spectrum is consistent with the analysis by Spencer [1987a] of the noisier average
Voyager spectrum of Europa, the lower curve in Figure 4.4. However, our lower noise

level decreases the upper limit on water ice features by about a factor of 10.

4.5 Discussion

We find no significant emission features at the 3% level that are indicative of surface
composition in a 9 — 13 pum spectrum of Europa. The lack of water ice features in the
synthesized Europa spectrum, Figure 4.4, is consistent with the thermal emission from
Europa’s surface being dominated by emission from small particles (g 50 micrometer
in size). The Galileo NIMS spectrum of the northern polar region of Europa in Carlson
et al. [1996] for the 1 — 3um wavelength region is consistent with this interpretation
as are disk-integrated spectra of the trailing hemisphere of Europa [Calvin et al.
1995]. The preferred interpretation in both of those studies for the features in the
1 — 3um wavelength region spectra is that they are produced by a thin layer of
fine-grained frost overlying ice. These results from infrared spectra are consistent
with thermal inertia models of Europa and visual photometry. Orton et al. [1996]
found that the measured temperature variation from the subsolar point to the evening
terminator required a surface thermal inertia for Europa that is one-third as large as
that determined for Ganymede and one-half as large as that determined for Callisto
[Spencer 1987a; Urquhart and Jakosky 1996]. Buratti’s [1995] models of the visual
surface reflectivity of Europa found the upper regolith of Europa could be either
extremely uncompacted or the most compacted surface of all the Galilean satellites.

A second possible explanation for the lack of features in the ratio spectrum is that
both Europa and Callisto have water ice features in their spectra and those features
cancel in the ratio spectrum we obtained. However, there are no water ice features
at the < 1% level in the average Voyager 1 spectrum of Callisto [Hanel et al. 1979,
Spencer 1987a, this work].

A third possible explanation for the lack of water ice features in the derived Europa
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Figure 4.4: The lower curve is the average Voyager 2 spectrum of Europa from
Spencer [1987a]. It is an average of all spectra with 22—pm brightness temperature
warmer than 90 K, a total of 53 spectra. The spectrum was smoothed by Spencer
with a boxcar filter of width 14 cm~!. The labels ‘kmax’ and ‘nmin’ indicate the lo-
cations where water ice features would be expected. [ Warren 1984; Spencer 1987a)
The upper curve is the Europa spectrum derived from combining the ratio spec-
trum in Figure 2b with the average Voyager 1 spectrum of Callisto from Spencer
as discussed in Appendix B. No features are found above our 3% noise level at the
locations marked ’kmax’ and 'nmin’. (The temperature offset between our derived
spectrum and that obtained by Voyager 2 for Europa arises because we have used
Voyager 1 spectra from the relatively warm afternoon quadrant of Callisto to scale
our ratio spectrum whereas the Voyager 2 spectra of Europa were collected closer
to Europa’s relatively cool evening terminator.)
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spectrum is that the features are below the noise level for the spectrum. Dozier
and Warren [1982] calculated the expected hemispherically-averaged emissivity for
snow, as shown in Figure 4.5. However, those calculations were done for a typical
terrestrial snow in which air is intermixed with spheres of ice and for the porosities
typically found in terrestrial snow. As a result, those calculations may not apply to
the conditions present on the surface of Europa. Dozier and Warren [1982] used a
“delta-Eddington” approximation for multiple scattering together with Mie theory
for single scattering. They also showed that there are significant differences between
the calculated emissivities from this model and a more accurate doubling model at
viewing angles of > 75 degrees. Figure 4.6 from Salisbury et al. [1994] shows that
measured spectra for natural terrestrial snow have larger emissivity variations than
predicted by the numerical calculations. Further modeling and laboratory studies are
required to quantify the constraints that thermal infrared observations can place on
the surface characteristics of the Galilean satellites.

Our ratio spectrum, Figure 4.2b, is too noisy at < 8.5 um to place a significant
constraint on possible silicate reststrahlen bands in Callisto’s spectrum. The average
Voyager 1 spectrum of Callisto [Spencer 1987a], however, shows no evidence for emis-
sion features at the 1% level in the 8 — 14um wavelength range [Hanel et al. 1979,
Spencer 1987a, this work]. The lack of features at these wavelengths in the Voyager
spectrum of Callisto is consistent with at least three scenarios. In the first two scenar-
ios, the surface of Callisto is segregated into regions that are ice-rich with high albedo
and regions that are ice-poor with low albedo [Spencer 1987c|. In this case, most of
the thermal emission from Callisto’s surface would be from the ice-poor areas due to
their higher temperatures. The lack of spectral features in the 8 — 14um wavelength
region then implies that either the surface of Callisto has abundant small particles
(< 50 micrometer in size) or is composed of materials that have no spectral features
in the measured wavelength region. Spencer [1987b] found that spectra of Callisto
could be matched reasonably well with small amounts (~ 3 — 10%) of water ice. In
that work, the strong 3 — um absorption band had a large contribution from water

of hydration in the non-ice component of the surface. More recently, Galileo NIMS
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Figure 4.5: Calculated hemispherically averaged emissivity of snow for grain radii
from 50 to 1000 pm from Dozier and Warren [1982].
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Figure 4.6: “Directional hemispherical reflectance of fine, acicular, dry snow ... com-
pared to spectra of medium and coarse granular snow crusts, and to disaggregated
coarse granular snow. The fine, acicular snow grains were typically 40-80 microme-
ter in diameter and 240-480 micrometer long; the grain size of the medium granular
snow crust was typically 330-500 micrometer; and that of the coarse granular snow
crust was typically 1000-2000 micrometer. The disaggregated snow grains were typ-
ically 600-1400 micrometer in diameter.” [Salisbury et al. 1994]
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spectra of Callisto revealed an absorption feature at 4.25um that has been attributed
to hydrated or hydroxylated minerals or CO, (possibly in a clathrate form) [Carlson
et al. 1996]. A third possible scenario is that the surface of Callisto is composed
primarily of ice, including abundant small particles.

Relatively small particle sizes on the surface of Callisto would be consistent with
thermal inertia because they require a thin, low inertia layer above a thicker, higher
inertia layer [Spencer 1987a and Veverka 1986]. Small particle sizes would also be
consistent with the numerical modeling by Roush et al. [1990]. They found reasonable
fits to a 1 —5 um spectrum of Callisto with mixtures of ice, magnetite, and serpentine
in which the ice particles were ~ 10 — 30 micrometers in diameter and the serpentine
particles were ~ 5 — 15 micrometer in diameter. Finally, Buratti’s [1995] models of
the visual surface reflectivities of Callisto found the compaction state of Callisto’s
surface is similar to that of the Moon.

One argument against small particle sizes for water ice on both satellites is that
fine ice grains will grow relatively rapidly into larger particles [Clark et al. 1986]
as a result of the constant migration of water molecules in the vapor phase and the
preferential loss of smaller ice grains via sputtering. Carlson et al. [1996] find that the
surface ice grain properties on Ganymede are fairly uniform in the icy areas that have
been mapped. However, they find that the 1.04 — um water ice absorption band is
stronger near the equator, suggesting the grain sizes are larger at the equator. They
state, though, that O, also absorbs at 1.05 — um so there are uncertainties in their

interpretation.

4.6 Conclusion

We find no definite features at the 3% level in a 9—13um spectrum of Europa. Spencer
[1987a] and Hanel et al. [1979] similarly found no definite spectral features at the 1%
level in 8 —14 pum spectra of Callisto. This lack of features suggests the surfaces of both
satellites could contain abundant particles that are < 50 micrometer in size. The lack

of features in this wavelength region is consistent with spectra of lunar soil samples
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[Salisbury et al. 1997; Salisbury, J., Personal Communication, 1997] and implies that
current thermal emission spectra do not place any constraint on the identity of the
non-ice material on Callisto or Europa. Future thermal infrared emission studies of
the icy Galilean satellites will likely need to locate the Christiansen wavelengths of

the surface materials to determine the surface compositions of the satellites.
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A Effective, Disk-Integrated Color Temperatures

Figure 4.2b can also be used to constrain the ratio between the disk-integrated, ef-
fective, color temperatures of Callisto and Europa. Figure 4.3 shows our measured
ratio spectrum with a blackbody ratio spectrum plotted over it. The blackbody ratio
spectrum has been scaled to account for such factors as the difference in projected
area and difference in observing time of the two satellites. This scaling would also
account for any differences in flux produced by temporal variations in the observing
conditions. The best-fit temperatures for the two satellites are given by the solid line
in Figure 4A.1. (The temperature ratio is not constant because the Planck function
is not linearly self-similar as a function of temperature.) The RMS deviation of our
ratio spectrum from the 151/130 blackbody ratio spectrum shown in Figure 4.3 is
~ 3%. All points along the best-fit curve in Figure 4A.1 are statistically equivalent in
terms of agreement with the measured ratio spectrum. The color temperature ratio
we derive is consistent with previous ground-based brightness temperatures derived
from broadband photometry within the 8 — 12 um wavelength region, the data with
error bars in Figure 4A.1. However, as noted in Morrison [1977], there may be a bias
in earlier brightness temperatures [Gillett et al. 1970] due to incorrect estimations of
the satellite diameters and/or calibration procedures. (The data from Gillett et al.
[1970] are the two points that lie farthest from our best-fit color temperature ratio.)
As shown in Figure 4A.1, our ratio spectrum places a tight constraint on the second
satellite’s effective temperature if one satellite’s effective temperature is known. The
RMS deviation of the blackbody ratios 147/130 and 155/130 was used to estimate the
uncertainty in the effective color temperature ratio. These uncertainties are shown

as dashed lines in Figure 4A.1.
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Figure 4A.1: The solid line is the effective temperature for Callisto that gives the
best fit to the measured ratio spectrum as a function of the effective temperature for
Europa. The diamonds (with error bars) are the broadband brightness temperatures
from ground-based thermal infrared photometry as reviewed in Morrison [1977].
The color temperature ratio used for comparison to the ratio spectrum in Figure 3
is marked with an asterisk. All points along the solid line are statistically equivalent
in terms of the quality of the fit to the measured ratio spectrum, Figure 6a. The
dashed lines are the estimated uncertainty in the effective color temperature ratio.
The RMS deviations from the measured ratio spectrum for the blackbody ratios in
Figure 7 were used as the thresholds for the estimated uncertainty.
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B Synthesis of the Europa Spectrum

Spencer [1987a] derived an average spectrum of Callisto from Voyager 1 data by
averaging all spectra that had a brightness temperature at 22um that was warmer
than 130 K, a total of 90 spectra. Spencer then smoothed the average spectrum
with a boxcar filter of width 14 cm™? to create his Figure 4. We digitized the average
Callisto spectrum from Spencer’s Figure 4 then fit a second-order polynomial through
the digitized points to remove the (< 1%) instrument and digitization noise since
the noise level in our ratio spectrum (~ 3%) was significantly larger than the noise
in the average Voyager 1 spectrum of Callisto. Consequently, the noise level in our
Europa spectrum includes only noise from our ratio spectrum. The Voyager brightness
temperature for Callisto at every wavelength in our ratio spectrum was converted
into radiance, divided by the value of our ratio spectrum at that wavelength, then
converted into brightness temperatures to create the upper curve in our Figure 4.4
(effectively giving [Voyager Callisto]/[{Palomar Callisto}/{Palomar Europa}]).
The lower curve in our Figure 4.4 was digitized from the average Voyager 2 spec-
trum of Europa in Spencer’s Figure 4. Spencer averaged 53 spectra, all of which had a
22 pm brightness temperature that was warmer than 90 K then smoothed the average
spectrum with a boxcar filter of width 14 cm™!. The temperature offset between the
two curves in our Figure 4.4 arises because the Voyager Europa spectra were collected
at its terminator whereas the Voyager Callisto spectra were collected at its warmer

afternoon quadrant.
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Table 5A.1: Photolysis Reactions in Nominal Photochemical Model (part 1)

Reaction Rate at 70,112 km Reference
P14 Ss+hy — S tro
P15 Se+hv = S tFo
P57 CO;+hy —= CO+O0 1.1 x 1072, 6.8 x 107° M42F0
P58 CO;+hr — CO+O('D) 0 , 6.8 x 107 M42F0
P59 Oy+hr —= 20 1.1 x107° 1.0 x 1077  FO
P60 Oy+hyr — O0+0(D) 0 , 3.4 x 1078 FO
P61 Os+hv = 0,40 2.6 x 1073, 2.5 x 10~® MO02M9
P62 O3+hr  —  0(!A)+0('D) 1.3 x 1072, 1.3 x 1072 M02M9
P63 Os3+hv = 30 1.1 x 1079, 1.4 x 1078 M02M9
P64 O3+hr — 02+ 0('D) 14 x 1075, 1.2 x 107 M02M9
P65 O3+hv  —  0y(!A)+0 1.4 x 1075, 1.2 x 107 M02M9
P66 H,O+hyr — H+OH 1.0 x 10712, 43 x 107  F0O
P67 H,O+hy — Hy+O('D) 0 , 1.1 x107"  FoO
P68 HO+h — 2H+O0 0 , 1.3 x 1077 F0
P69 HyOy+hv  — 20H 1.7 x 1074, 1.8 x 107*  F0
P70 HCl+hv — H+Cl 2.1 x 1077, 2.7 x 1078 MO
P71 CO+hsr —= Cl1+0 1.1 x 1072, 1.1 x 1072 A0
P72 SO+hr —= S+0 43 x 1074 62 x 10¢ M4
P73 SO;+hyr = SO+0 1.9 x 1074, 3.1 x 107* M42M9
P74 SOy +hv =  S+0, 6.8 x 1077, 2.4 x 107 M42M9
P75 SOy +hvy —= S420 0 ,0 M42M9
P76 Clh+hv = 2Cl 52 x 107%, 47 %10~ @0
P77 COCl+hr — CICO+Cl 8.7 x 1075, 9.1 x 1075  FO
P78 HOCl+hyr — OH+Cl 9.9 x 1074, 9.1 x 107* MO
P79 Sot+hr — 28 6.6 x 1073, 6.4 x 1073 M5
P80 S:0+hyr — SO+S 9.0 x 1072, 8.8 x 1072 M5
P81 OCS+hyr — CO+S 4.8 x 107°%, 4.8 x 107 E02M0
P82 Cl0OO+hr —= ClIO+0 1.8 x 1072, 1.7 x 1072 B0
P83 OClO+hvr - ClIO+0 1.6 x 1071, 1.4 x 1071 A0
P84 ClOs+hyr — ClO+0, 43 x 1072, 40 x 1072 FO
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Table 5A.1: Photolysis Reactions in Nominal Photochemical Model (part 2)

Reaction Rate Coefficient Reference
P85 CLhO+hyr — Cl+CIO 7.3 x 1073, 7.0 x 1073 B0
P86 Cloy;+hvr —  Cl+4ClOO 1.2 x 1072, 1.1 x 1072  C0
P87 ClLOos+hyr —  ClO+ ClIOO 3.8 x 1072, 36 x 1072 B0
P88 SCl+hw —= S+0 53 x 1072, 4.7 x 1072 M9
P89 SCly+hyr —  SCl+Cl 45 x 1073, 4.1 x 107° M4M9
P90 SClh+hy — S+2Cl 3.3 x 1074, 4.5 x 107* M4M9
P91 SeCl+hy = Sy+0Cl 14 x 1071, 1.2 x 1071 M9
P92 SeCl+hr = SCl+S 3.7 x 1074, 34 x 107* M9
P93 SoClh+hy = 28SCl 2.1 x 1072, 2.0 x 1072 M4M9
P94 SoClh+hyr —  Sy+2Cl 2.2 x 1072, 2.1 x 1072 M4M9
P95 SeCly+hy  —  Sy,Cl+Cl 2.7 x 1072, 2.6 x 1072 M4M9

t Reactions P14 and P15 represent photoabsorption opacity due to these molecules.
Hence, the product molecules are the same as the photoabsorbing molecules.

Photoabsorption reactions R1 - R13 and R16 - R56, not shown above, represent the
atmospheric opacity resulting from the photolysis reactions that are included in this
table. The photoabsorption opacity reactions also include the opacity produced by the
molecules at wavelengths that are larger than the photodissociation threshold.

Units are s~'. Solar flux is the high solar flux data from Table 2.5. Photolysis
rate coefficients are given at 70 km (~ cloud top altitude) and at the top of the model
atmosphere (112 km).

Reference Codes: First letter is reference for photodissociation cross section, second
letter is reference for branching ratio, if applicable. The numbers after each letter describe
the type of information used to determine the rate.

References: (A) DeMore et al. [1990], (B) DeMore et al. [1992], (C) DeMore et
al. [1994], (D) DeMore et al. [1997], (E) Molina et al. [1981], (F) Allen, M.A., [Per-
sonal Communication, 1995] compilation from multiple sources (see Appendix 5B), (M)
estimated for this study (see Appendix 5B).

Data types: (0) Measured or critically evaluated cross section, (2) Linearly inter-
polated between measured temperature dependent cross sections, (4) Scaled based on
comparisons of published absolute cross sections, (5) Scaled from measured relative cross

section, (9) Estimate.
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B Sources of Photoabsorption and Photodissocia-

tion Data

This appendix describes the sources from which the data used for the photolysis
reactions were obtained. For each molecule, it provides the source(s) for the photoab-
sorption cross section at ~ 298 K, the source(s) for the photodissociation quantum
yields and branching ratios, and the source(s) for photoabsorption cross sections at
other temperatures. If data at multiple temperatures was available, the photoabsorp-
tion cross section at the specified atmospheric temperature was determined by linear
interpolation between the nearest temperatures at which the cross section had been
measured. If quantitative laboratory measurements were not available and values
were required for model calculations, the values have been estimated. The informa-
tion presented here was used for the nominal model calculations. The nominal values
were modified for the calculations described in Sections 2.3.2 and 2.3.3 as described
in those sections.
CO,:

The photoabsorption cross section at 298 K from Lewis and Carver [1983] was used for
120.0 - 197.0 nm. For 197.25 - 203.75 nm at 298 K, the photoabsorption cross section
was taken from Shemansky [1972]. The 298 K cross section was extrapolated to be
zero at 204.0 nm. No correction was made for the Rayleigh scattering cross section
at these wavelengths. The cross section at 298 K at > 204.0 nm was approximated as
zero based on the assessment by Shemansky [1972] that approximately all extinction
by CO. at these longer wavelengths could be attributed to Rayleigh scattering. The
energetic threshold for photodissociation of CO, is near 224.5 — 227.5 nm [DeMore et
al. 1994 and Okabe 1978, respectively].

Photodissociation branching ratios for 120—125 nm were estimated based on Lawrence
[1972] and Slanger and Black [1978]. For 125 — 160 nm, branching ratios were based
on Slanger and Black [1978]. For > 160 nm, the branching ratios were based on Okabe
[1978]. The photoabsorption cross section at 202 K from Lewis and Carver [1983] was



Appendix B 5-6

used for 120.0 - 197.0 nm. For 197.25 - 200.0 nm at 202 K, the photoabsorption cross
section was estimated to be a factor of three smaller than that measured by Shemansky
[1972] at 298 K. The factor of three was selected to match the difference between the
202 K and 298 K cross sections near 197 nm [Lewis and Carver 1983]. The 202 K
cross section was estimated to be zero at 200.25 nm. No correction was made for the
Rayleigh scattering cross section at these wavelengths. The cross section at 202 K at
> 200.25 nm was approximated as zero based on the assessment by Shemansky [1972]
noted above.
0O,:

The photoabsorption cross section for 120 — 250 nm is a composite based on multiple
measurements. The data used for creating the cross section are from Ogawa and
Ogawa [1975], Lewis et al. [1988a], Lewis et al. [1988b], Carver et al. [1977], Kley
[1984], Wang et al. [1987], Black et al. [1985], Gibson et al. [1983], Ackerman [1971],
Allen and Frederick [1982], Yoshino et al. [1992], Yoshino et al. [1988b], Ditchburn
and Young [1962], and Johnston et al. [1984].

The photodissociation branching ratios from Lee et al. [1977] were used for 120 — 180
nm. For 190 — 250 nm the photodissociation quantum yield was assumed to be 1.0.
O;:

The photoabsorption cross section digitized from figures in Tanaka et al. [1953] was
used for 120.0 - 183.9 nm. These data were converted from absorption coefficient
(cm™) to cross section (cm?) assuming the absorption coefficient had been reported in
units of cm™! atm™! at 273 K (base e). The Tanaka et al. [1953] were then multiplied
by 0.98 and shifted to smaller wavelengths by 0.4 nm. This unit conversion, scaling
factor, and wavelength shift minimized the RMS difference between the Tanaka et al.
[1953] data and the Yoshino et al. [1993] data at 185 - 220 nm. The scaling factor
and wavelength shift are within the stated uncertainty for the Tanaka et al. [1953]
data and could arise in part from the digitization process. The photoabsorption cross
section at 184.9 - 253.8 nm for 295 K was taken from Yoshino et al. [1993]. For 254.0 -
350.0, the photoabsorption cross section at 298 K from Molina and Molina [1986] was
multiplied by 0.966. This scaling factor minimized the RMS difference between the
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Molina and Molina [1986] data and the measurements at Hg I wavelengths by Yoshino
et al. [1988a] at 295 K (their Table 2). For 407.2 - 758.9 nm, the photoabsorption cross
section at 298 K digitized from Burkholder and Talukdar [1994] was shifted to larger
wavelengths by 0.1 nm. This wavelength shift is within the stated uncertainty for the
Burkholder and Talukdar [1994] data, and minimized the RMS difference between the
Burkholder and Talukdar [1994] data and the results from Anderson and Mauersberger
[1992] for 480 - 760 nm. The data from Griggs [1968] for ~ 30 C at 761.6 — 852.8 nm
was digitized then scaled and shifted to larger wavelengths by 1.8 nm. The scaling and
wavelength shift minimized the RMSdifference between the Griggs [1968] data and
that from Burkholder and Talukdar [1994] and Anderson and Mauersberger [1992].

The branching ratios used in the model are given in Table 5B.1. The branching
ratios are temperature- dependent for 305.0 - 325.0 nm. At other wavelengths, the
branching ratios were presumed to be independent of temperature. The effective
branching ratios for < 200 nm are based on measurements by Taherian and Slanger
[1985] and Turnipseed et al. [1991]. The effective branching ratios were calculated
from the measured direct branching ratios at < 200 nm by assuming that 90% of
the Oy(b'Y) produced would be collisionally quenched to Os(a'A) and 10% would be
collisionally quenched to O,(X*Y) (see Appendix 5D). Those for 200 — 271 nm are
based on the analysis by Michelsen et al. [1994]. Those for 271 — 305 nm are based on
Michelsen et al. [1994] and DeMore et al. [1997]. For > 305 nm, the branching ratios
are primarily from DeMore et al. [1997]. The yields for the spin-forbidden channels
in Table 5B.1 for 310 — 411 nm are an estimate based on Silvente et al. [1997] and
Takahashi et al. [1996].

The photoabsorption cross sections from Yoshino et al. [1993] were used for 184.9
- 253.8 nm at 228 and 195 K. The cross section from Freeman et al. [1984a] for
153.8 - 349.7 nm at 195 K was scaled to match the revised absolute cross sections
given in Yoshino et al. [1988a] at Hg I wavelengths. The cross section from Molina
and Molina [1986] for 254.0 - 350.0 nm at 228 K was multiplied by 0.966 (described
above). The cross section from Molina and Molina [1986] for 240.5 - 350.0 nm at 263
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Table 5B.1: Branching Ratios for Photolysis of O

0,(X%3) 0,(alA) 0,(X°%) O,(a'A)
¢ Wavelength +O(*P) +O(*D) +O(*D) +O(®P) 30

120.0 0.0 50.50 0.0 50.05 0.45
160.0 0.0 50.50 0.0 50.05 0.45
160.00001 0.0 b 0.45 0.0 50.05 0.50
199.70 0.50 b0.45 0.0 50.05 0.0
199.70001 0.13 0.87 0.0 0.0 0.0
271.0 0.13 0.87 0.0 0.0 0.0
305.0 e T 0.0 0.0 0.0
311.0 T i 0.01 0.01 0.0
325.0 T T 0.01 0.01 0.0
325.00001 0.98 0.0 0.01 0.01 0.0
411.0 0.98 0.0 0.01 0.01 0.0
411.00001 1.0 0.0 0.0 0.0 0.0
611.0 1.0 0.0 0.0 0.0 0.0
611.00001 1.0 0.0 0.0 0.0 0.0
850.0 1.0 0.0 0.0 0.0 0.0

@ Wavelengths are in nanometers. ® Branching ratios are effective branching ratios
following collisional quenching of O,(b'Y) (Appendix 5D). ¢ T means the branching
ratios are dependent on temperature as described in the text.
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K was multiplied by 0.966 (described above). No measurements were reported by
Molina and Molina [1986] at 263 K for 185.0 - 240.0 nm so the scaled cross sections
reported at 226 and 298 K were averaged. This was done to simplify the program
which interpolates between the measured cross sections to the specified atmospheric
temperatures. The cross section for O; was assumed to be independent of temperature
for 350.0 < A < 407.0 nm. The relative cross section data from Burkholder and
Talukdar [1994] for 407.0 - 852.8 nm at 220 - 280 K was digitized, shifted to larger
wavelengths by 0.1 nm, and multiplied by the ~ 298 — 303 K cross section.
H,O0:

The photoabsorption cross section for 120 — 180 nm was digitized from Lee and Suto
[1986]. For 180 — 185 nm the cross section was digitized from Watanabe and Zelikoff
[1953], and for 190 — 195 the cross section was digitized from Thompson et al. [1963].

The photodissociation branching ratios were based on measurements by Slanger and
Black [1982] and Stief et al. [1975].

H,0,:
The photoabsorption cross section for 120 — 175 nm was taken from Schurgers and
Welge [1968]. For 180 — 190 nm, that from CIAP [1975] was used. For 190 — 350 nm,

the cross section from DeMore et al. [1990] was used.

The photodissociation quantum yield was assumed to by 1.0 at all wavelengths.
HCI:

The photoabsorption cross section for 120.0 — 139.9 nm was digitized from Myer and

Samson [1970]. For 140.0—220.0 nm, the cross section was taken from Watson [1977].

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths based
on the assessment in Myer and Samson [1970].

Cl0:
The photoabsorption cross section for 230 — 325 nm was taken from DeMore et al.

[1990].

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.

SO:



Appendix B 5-10

The photoabsorption cross section for 120.0 — 133.45 nm was scaled from that in Nee
and Lee [1986]. The scaling factor was (0.88)(8.875)/(9.0) based on the following three
items. Nee and Lee [1986] assumed the cross section for SO at 190.0 nm was 9.0x 10718
based on the measurements by Phillips [1981]. The value digitized from Phillips
[1981] at 190.0 nm was 8.875 x 107! [Manatt, S., Personal Communication, 1993].
Later work [Phillips, L.F., Personal Communication, 1992] suggested a multiplicative
correction factor of 0.88 for the SO cross sections in Phillips [1981]. The estimated
upper-limit cross section from Nee and Lee [1986] for 135.0 — 180.0 nm was scaled by
the same factor described above. For 190.1 —235.1 nm, the data from Phillips [1981]
was multiplied by 0.88 as described above then the wavelengths were shifted by 0.11
nm to larger wavelengths based on the comparisons in Manatt and Lane [1993]. This
wavelength shift is consistent with the differences between the band head locations

in Phillips [1981] and Colin [1969).

Photodissociation quantum yields were assumed to be 1.0 for 120.5 — 232.0 nm.
SO,:

The photoabsorption cross section for 120.0 —132.22 nm was digitized from Suto et al.
[1982] then shifted to smaller wavelengths by 0.063 nm to match the peak positions
given in Table 1 of Suto et al. [1982]. This wavelength shift could arise from the
digitization process. For 132.32 — 136.62 nm, the photoabsorption cross section from
Manatt and Lane [1993] was shifted to larger wavelengths by 0.2162nm. This wave-
length shift gave the best match to the (wavelength-shifted) positions of the peaks
at 131.5339 and 131.9985 nm in the Suto et al. [1982] data. The photoabsorption
cross section from Manatt and Lane [1993] was used for 136.70 - 196.90 nm with no
wavelength shift. For 196.92 - 227.74 nm, the photoabsorption cross section from
Martinez and Joens [1992] was used. The wavelength positions for the Martinez and
Joens [1992] and Hearn and Joens [1991] data for 227.76 - 231.80 nm were recalibrated
based on more precise measurements made in 1994 [Joens, J.A., Personal Commu-
nication, 1994]. The recalibrated data from the two studies were then averaged and
used for this wavelength region. For 231.82 - 323.06 nm, the data from Hearn and
Joens [1991] were used as originally published. For 323.08 - 406.0 nm, the data from
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Sprague and Joens [1995] were used.

The branching ratios used in the model are given in Table 5B.2. The branching ratios
were presumed to be independent of temperature at all wavelengths. The branching
ratios for < 165 nm are estimates based on fluorescence measurements [Suto et al.
1982], qualitative measurements of relative yields for each branch [Sato et al. 1992;
Effenhauser et al. 1990; Venkitachalam and Bersohn 1984; Wilson et al. 1982; Lalo
and Vermeil 1974; Lalo and Vermeil 1972], limited information on which vibrational
modes are likely to be excited in this wavelength region [Watkins 1969], and the
review by Welge [1974]. The relative branching ratios for 165 < A < 210 nm are
based on measurements by Felder et al. [1988], Kawasaki and Sato [1987], and Ebata
et al. [1988]. These measurements have shown the primary products of photolysis in
this wavelength region are SO and O but have not excluded a small yield of S and
O,. The total photodissociation yields for > 200 nm are based on measurements of

the fluorescence yield in Ahmed and Kumar [1992] and Hui and Rice [1972].

A photoabsorption cross section was compiled for 171 — 320 nm at an effective tem-
perature of ~ 213 K. For 171.02 — 239.79 nm, the cross sections from Freeman et
al. [1984b] were used after converting the wavenumber ordinate to wavelength in
standard air using the index of refraction for standard air from Edlen [1966]. For
281.5—291.5 nm, the data at 295, 263, and 218 K in Leroy et al. [1983] were digitized
then linearly extrapolated using a least-squares fit at each wavelength to 213 K. For
299.97 — 320.37 nm, the cross section at 213 K was derived by linearly interpolation
between the data at 295 and 210 K in McGee and Burris [1987]. Prior to this inter-
polation, the McGee and Burris [1987] data were shifted to smaller wavelengths by
0.03 nm based on the comparisons by Manatt and Lane [1993].
Cl,:

The photoabsorption cross section for 240 - 475 nm at 298 K was taken from DeMore
et al. [1997].

The quantum yield for photodissociation was assumed to be 1.0 at all wavelengths.

COCl;:



Appendix B

5-12

Table 5B.2: Branching Ratios for Photolysis of SO,
¢ Wavelength SO+O S+0, S+420
120.0 0.7 0.3 0
130.0 0.7 0.3
130.00001 0.95 0.05
165.0 0.95 0.05
165.00001 0.99 0.01
195.0 0.99 0.01
200.0 0.98 0.0099
200.83 0.97897 0.00989
203.93 0.97949 0.00989
205.33 0.97998 0.0099
207.15 0.97525 0.00985
208.64 0.96108 0.00971
210.1 0.9568 0.00966
210.10001  0.96647 0
210.17 0.96627
212.02 0.95348
213.18 0.97109
214.99 0.96786
215.75 0.97954
216.58 0.91978
217.99 0.89342
218.78 0.849
220.3 0.42751
220.30001 0
¢ Wavelengths are in nanometers.
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The photoabsorption cross section for 182.5 - 232.5 nm at 298 K was taken from
DeMore et al. [1992]. The photoabsorption cross section for 232.5 - 285.0 nm at 298
K was taken from Baulch et al. [1980].

The quantum yield for photodissociation was assumed to be 1.0 at all wavelengths.
HOCI:

The photoabsorption cross section for 200.0 — 380.0 nm was taken from DeMore et

al. [1994]. For 396.0 — 530.0 nm, the photoabsorption cross section was from Barnes

and Sinha [1997].

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
S,:

The photoabsorption cross section was estimated. The estimate was based, primarily,
on the discussion in Qommen [1970]. For 156 — 185 nm, the cross section for O, from
Watanabe et al. [1953] was shifted to larger wavelengths by the difference between
the measured ionization potentials for O and S,. The shifted O, cross section was
then multiplied by 0.1 to minimize the disagreement between it and that derived from
CS, as will be discussed in the next couple sentences. For 187 — 230 nm, the cross
section for CS, from Hearn and Joens [1991] was first multiplied by 10~% based on
the relative optical depths for CS, and S, in this wavelength region digitized from
Oommen [1970]. Then, the scaled CS, cross section was multiplied by 10 to minimize
the disagreement between it and the shifted O, cross section. Thus, the CS, cross
section was, effectively, multiplied by 10~2. For 232 — 315 nm, the cross section for
S, that was digitized from Oommen [1970] was scaled so that the maximum cross
section was ~ 107!7 based on Oommen’s [1970] comparison of the S; and SO, cross
sections in this wavelength region. For 316 — 335 nm, the cross section for O, from
Watanabe et al. [1953] was shifted to larger wavelengths by the difference between
the measured ionization potentials for Oy and S,. The shifted O cross section was
then multiplied by 0.1 for the reason given above. The S, cross section at 360 nm
was estimated to be ~ 1072° and that at > 360 nm was estimated to be zero based

on Okabe’s [1978] assessment that absorption by S, began at near 360 nm.
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The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
S,0:

The photoabsorption cross section for 260 — 340 nm was estimated as 30 times the

SO, cross section at these wavelengths based on the discussion in Jones [1950]. Jones

[1950] estimated the absorption cross section for 260 — 340 was ~ 10 — 100 times

larger than the SO, cross section at these wavelengths. Jones [1950] attributed this

absorption to (SO),, but later studies [Lakshminarayana 1975; Hopkins et al. 1973;

Meschi and Myers 1959] suggest the species formed is S,0.

The photodissociation quantum yields are based on measurements by Zhang et al.
[1995] who found rapid predissociation in the band whose origin is at 319.4 nm and
slow predissociation in the band whose origin is at 332.2 nm.

OCS:
The photoabsorption cross section at 295 K for 185.0 — 300.0 nm was taken from
Molina et al. [1981].

The photodissociation quantum yield was assumed to be 0.72 for wavelengths < 285.3

nm based on the recommendation in DeMore et al. [1994).

The photoabsorption cross section at 225 K for 185.0 — 296.0 nm was taken from
Molina et al. [1981].

Cl100:
The photoabsorption cross section for 220 — 280 nm was taken from DeMore et al.

[1992].

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
OCIlO:
The photoabsorption cross section for 150 — 185 nm was taken from Basco and Morse

[1974]. That for 250 — 430 was taken from DeMore et al. [1990].

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
ClOgZ
The photoabsorption cross section for 200 — 350 nm was taken from DeMore et al.

[1990].
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The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
Cle:
The photoabsorption cross section for 200 — 500 nm was taken from DeMore et al.

[1992].

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
012023
The photoabsorption cross section for 190 — 450 nm was taken from DeMore et al.

[1994] as modified by Huder and DeMore [1995].

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
012032
The photoabsorption cross section for 220 — 320 nm was taken from DeMore et al.

[1992].

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
SCI:

The photoabsorption cross section was estimated by scaling and shifting the ClO
spectrum. The ClO spectrum was shifted to larger wavelengths based on the differ-
ence between the measured ionization potential for ClO and the calculated ionization
potential for SCl. The magnitude of the ClO spectrum was multiplied by a factor of
0.1 based on comparisons between the absorption cross sections of SOCly and S,Cl,
and between those of Cl,O and SCl,. This scaling factor is plausible (or possibly an
upper limit) since SCI has never been clearly identified in spectra and the scaled cross

section is a factor of 10 larger than the cross section of S,Cls.

The photodissociation quantum yield was assumed to be 1.0 at all wavelengths.
SCl,:

The photoabsorption cross section for 190.7 — 500.0 nm was taken from Colton and

Rabalais [1974]. The contribution of S;Cly to this spectrum was approximately re-

moved by multiplying the S,Cl, spectrum by a factor of 0.01 and subtracting it from

the measured SCl, spectrum.
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Table 5B.3: Branching Ratios for Photolysis of SCl,

¢ Wavelength SCI4+Cl S+2Cl

182.50 0. 1.0
190.70 0. 1.0
230.00 0.25 0.75
230.00001 1.0 0.
460.00 1.0 0.
460.00001 0. 0.

@ Wavelengths are in nanometers.

The photodissociation branching ratios (Table 5B.3) were estimated based on the
energy required to produce the possible products of the photodissociation reaction
and qualitative observations. Tiemann et al. [1989] and Howe et al. [1995] observed
production of SCI from photolysis of SCl, at 248, and 340—346 nm. Samuel [1946] had
assigned the absorption band near 400 nm to the SCl + Cl channel, the absorption
band near 270 nm to the S + 2Cl channel, and the absorption band near 230 nm to
the S(*D) + 2Cl channel.
S,Cl:

The photoabsorption cross section was estimated by scaling and shifting the C1I00
spectrum. The ClOO spectrum was shifted to larger wavelengths based on the dif-
ference between the measured ionization potential for CIOO and the calculated ion-
ization potential for SoCl. The magnitude of the ClIOO spectrum was multiplied by
a factor of 0.1 based on comparisons between the absorption cross sections of SOCI,
and S,Cl, and between those of Cl,O and SCly. This scaling factor is plausible (or
possibly an upper limit) since Chiu et al. [1986] indicated they had difficulty mea-
suring the S,Cl spectrum due to the strong absorption by S,Cl,. The scaled cross

section is a factor of 100 larger than the cross section of SyCls.

The photodissociation branching ratios (Table 5B.4) were estimated based on the
energy required to produce the possible products of the photodissociation reaction

and qualitative observations. Lee et al. [1993] interpreted their results as implying
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Table 5B.4: Branching Ratios for Photolysis of S,Cl

¢ Wavelength SCI+S S5+Cl

320.00 0.1 0.9
340.80 0.1 0.9
340.80001 0. 1.0
500.00 0. 1.0
500.00001 0. 0.

¢ Wayvelengths are in nanometers.

that photolysis of SoCl at 308 nm predominantly produced S, + Cl.
S,Cl,:

The photoabsorption cross section for 120 — 172.9 nm was digitized from Tokue et al.
[1988]. The photoabsorption cross section for 186.8 — 421.1 nm was digitized from
Colton and Rabalais [1974]. The wavelengths for the digitized data at 236.3 — 244.8
nm were multiplied by 1.016 to create a smooth curve through this wavelength region,
as was measured by Chiu [1983]. For 439.8 — 479.8 nm, the photoabsorption cross
section was digitized from Feher and Munzner [1963]. The Feher and Munzner [1963]
data were acquired for S,Cl, in solution with cyclo-hexane, but their measurements
agree reasonably well with those by Colton and Rabalais [1974] at shorter wavelengths.
Gas-phase study by Chiu [1983] shows that S,Cl, does have detectable absorption in
the gas- phase for 400 — 480 nm.

The photodissociation branching ratios in Table 5B.5 were estimated. The wavelength
boundaries were chosen to match either the minima between absorption bands or
energetic thresholds for a proposed branch. Tokue et al. [1988] assigned the absorption
peaks in their spectrum at < 200 nm to the Sy + 2Cl channel. Samuel [1946] assigns
the absorption band near 260 nm to the Sy + 2Cl channel, but Tiemann et al. [1989]
detection weak production of SCI in photolysis at 248 nm. Chiu [1983] interpret
their measurements as indicating the primary photodissociation products are 2S5Cl at

wavelengths > 300 nm, but Lee et al. [1993] found that photolysis at 308 nm leads
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Table 5B.5: Branching Ratios for Photolysis of S,Cls
¢ Wavelength S,CI+Cl S—2+2Cl 2SCl
120.00 0. 1.0 0.
180.00 0. 1.0 0.
180.00001 0. 0.5 0.5
230.00 0. 0.5 0.5
230.00001 0.15 0.75 0.1
280.00 0.15 0.75 0.1
280.00001 0.75 0. 0.25
308.70 0.75 0. 0.25
308.70001 1.0 0. 1.0
385.80 1.0 0. 1.0
385.80001 0. 0. 0.
¢ Wavelengths are in nanometers.

almost exclusively to production of S;Cl + Cl. Chiu and Chang [1994] found that
S,Cl, did no photodissociate at 514.5 nm even though it is energetically feasible. The
results from Park et al. [1991] were disregarded since they seem to conflict with all
other studies.

Ss:
The photoabsorption cross section for 350 — 600 nm was digitized from Billmers and
Smith [1991]. Their data were based on analyses of spectra of sulfur vapor at 723 and
843 K.

The photodissociation quantum yield for these wavelengths was assumed to be 0.0.
Sy:

The photoabsorption cross section for 350 — 600 nm was digitized from Billmers and

Smith [1991]. Their data were based on analyses of spectra of sulfur vapor at 723 and

843 K.

The photodissociation quantum yield for these wavelengths was assumed to be 0.0.
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C Kinetic Reactions
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Table 5C.1: Reactions Referenced in Text
Reaction
Gl CO; + hv — CO+0
G2 CO+0+ M — COy + M
G3 20+ M — 0+ M
G4 ClOO + CO — ClO + COq
G5 ClO0O + M - Cl+ 0+ M
G6 CICO + Oq - ClO + COq
G7 Cl+CO+ M — CICO+ M
G8 CICO+ M — Cl+CO+ M
G9 NO + HO, — NO; + OH
G10 HCI + HOCI + aerosol — H,0 + Cl; + aerosol
G11 SO; + hv — products
G12 BrO + CIO — BrCl + BrCl
G13 S,0 + H,0 — H,S,0,
Gl14 0+ HOCI - OH + CIO
G15 F+H, — HF +H
G16 O+ HBr — OH + Br
G17 Br + O; — BrO + O,
G18 Cl + aerosol — HCl + aerosol
G19 ClO + aerosol — HCI + aerosol
G20 HCl + HOBr + aerosol — H50 + BrCl + aerosol

The photolysis reactions listed in this table are included in the photochemical model
(see Appendix A), but a separate reaction was included for each of the possible product
combinations in the actual model calculations. The generic reaction listed here refers to
all possible products and is referenced in the text for ease of explanation.

The reactions with M in this table are included for ease of explanation in the text.
Separate reactions with M replaced by CO; and Ny were included in the photochemical
model as noted in the remainder of Table C.1.

The remaining reactions are referenced in the text but were not included in the photo-

chemical model.
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 1)

Reaction Rate Coefficient Reference
K96 CO+0+N; — COy+N; 3.4 x 10733 ¢~2180/T M2
K97 CO+0+COy — 2CO, 4.0 x 10733 ¢—1940/T M3
K98 20+N; — Oy(*A)+N, 1y x 102820 E0M9
K99 20+N; — O0:+N, 2.6 % 1073 729 E0
K100 20+C0; — 05(*!A)+CO;, 7.7 x 10728 7720 E4AM9
K101 20+C0O; — 0;+CO, 5.2 x 1072 720 E4
K102 20+0; — 0y('A)+ 0, 57 % 10-2 7% EAM9
K103 20+CO0 — 0,(!A)+CO 2.7 x 10787120 E5M9
K104 0+024+N; — O3+N; ko = 5.6 x 1073 (T/300)25 M3
ko = 2.8 x 10712 M3
K105 0+40;+CO; — 034 CO, ko = 1.4 x 1073 (T/300)7*5 M4
ke = 2B % I M3
K106 O+03 — 20, 8.0 x 10~12 ¢—2060/T A0
K107 O(D)+N; — O+N, 1.8 x 1071 10/T A0
K108  O('D)+CO; — 0+CO, 74 x 1071 ¢!20/T A0
K109 O('D)+H,0 — 20H 2.2 x 10710 A0
K110 O('D)+H; — H+OH 1.1 x 10710 A0
K111 O(D)+0; — 0+0,('a) 2.3 x 1071k IO AOMO
K112 O('D)+0; — 03+ 0,(*A) 2.4 x 1071 AOMY9
K113~ H+0,+N; — HO»+N, ko = 5.7 x 107 (T/300)"1% A0
ks = 7.8 x 104 A0
K114 H+0;+C0O; — HOy+ CO, ko = 2.0 x 1073 (T/300)"16 A5
ko = 7.5 x 1071 A0
K115 H+03 — OH+4 O, 1.4 x 10710 ¢—470/T A0
K116 04+HO; — OH+0,(!A) 6.0 x 10713 20T AOM9
K117 O+HO; — OH+O, 59 x 101+ 20 A0
K118 O+0H = O0,+H 29 x 10-11 120/T A0
K119 OH+CO — CO;+H 1.5 x 1071 (1.0 + 0.6 Patm) A0
K120 OH+H, — H0+H 5.5 x 10712 ¢=2000/T A0
K121 OH+03 — HO;+0, 1.6 x 10712 ¢=940/T AOM9
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 2)

Reaction Rate Coefficient Reference

K122 HO;+03 — OH+20, 1.1 x 10~14 ¢~500/T A0
K123 H+HO, — 2O0H T3 » 10~ AORO
K124 H+HO, — H,0+0 1.6 x 10712 A0hO
K125 H+HO, —  Hy+0y(!A) 13 = 10718 AO0hO
K126 H+HO; —  Hy+0, 6.4 x 10712 AOhO
K127 OH+03 —  HO;+05(1A) 3.2 x 1071 e~M/T  A0M9
K128 OH+HO; —  Hy0+02(}A) 9.6 x 10713 ¢0/T A0
K129 OH+HO; — Hy0+0, 4.7 x 1071 ¢250/T  A0M9
K130 2HO;, —  H;0p+ 05('A) 4.6 x 10715 &80T A0M9
K131 2HO, —  Hy0,+0, 2.2 x 10713 80T A0M9
K132 OH +H;0, — Hy0O+HO, 2.9 x 10712 ~160/T  AQ
K133 2H+N, =  Hy+N, 1.5 x 1072 713 DO
K134 2H+CO; — Hy+CO, 50 % 107¥ 713 D5
K135 H+HCl — Hy;+Cl 1.5 x 1071 ¢~ 1™0/T  pr3
K136 OH+HCI — Cl+H,0 2.6 x 10712 ¢730/T  AQ
K137 O+HCI — OH+Cl 1.0 x 1071 g-3%00/T A
K138 Cl+H, — HCI+H 8.7 x 1074 g~ B0/ A9
K139 Cl+OH — HCI+O 1.2 x 100 ¢~50/T F1
K140 Cl+HO, — HCI+0,y('A) 3.6 x 10718 T A0M9
K141 Cl+HO, — HCl+0, 1.8 x 10711 /T AOM9
K142 Cl+H,0, —  HCI+HO, 1.1 x 10711 ¢980/T A
K143 Cl+03 — ClO+0,('A) 5.8 x 10713 ¢~20/T A48
K144 Cl+0; —= ClO+0, 2.8 x 1071 =20/ A0:8
K145 ClO+0 — Cl+0,('A) 6.0 x 10713 ™7 A0OM9
K146 ClO+0 —= Cl+0, 2.9 x 1071 /T AOM9
K147 CIO+0OH — HO;+Cl 1.1 x 1071 e2/T  AQkO
K148 CIO+O0H — HCl+0,('A) 2.2 x 1078 20/T  A0kO
K149 ClO+HO; — HOCI+0,('A) 11 x 107 ™/T  M3M9
K150 ClO+CO —= COy+0Cl 1.0 x 10712 ¢73700/T A9
K151 S+0; —= SO+0 2.3 x 10712 A0
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 3)

Reaction Rate Coeflicient Reference
K152 S+03 — SO+ 0, 1.2 x 1071 A0
K153 SO+0+4+N; — SO;+N, kg = 7.7 x 1073 Co
ke = 5.3 x 10~1 Co
K154 SO+0+C0O; — SO, + CO, kg = 4.2 x 1070 Co
ke = 5.3 % 107H C0
K155 SO+0; — S0,+0 2.6 x 10713 g=2400/T A0
K156 SO+0; — SO;+05('A) 3.6 x 10713 ¢71100/T A0M9
K157 SO+03 — SO+ 0, 32 K 1012 g MI00(F AOM9
K158 SO+0OH — SO,+H 8.6 x 1071 A0
K159 04850, +N; — SO3+N, 4.0 x 1079% g~ 1000/T B0
K160 O +S0;+CO; — SO3+ CO, 1.0 x 10731 ¢~1000/T B5
K161 OH+S05+N; — H+SO03+N, ko = 3.0 x 1073 (T/300)733 A0
ke = 1.5 % 10712 A0
K162 OH+S0;+CO; — H4+S03+CO; ko = 1.4 x 107% (T/300)7%* A4
ko = 1.5 x 10712 A0
K163 HO; +S0; — S0;+ OH 1.0 x 1071° A7
K164 CIO+S0O;+ M — Cl+SO;+ M 1.0 x 10735, 4.0 x 10719 V7
K165 SO+ CI0 — SO,+Cl 2.8 x 1071 A0
K166 SO+HO; — SO,+ OH 2.8 x 1071 G9
K167 250 — SOy+S 1.5 = I g W0 NO
K168 Cl+S0,+ M — CISO;+ M 13 x 10-% 249/7 M3
K169 Cl+0;+N; — CIOO+N, 2.7 % 1073 {T/300) 1" A0
K170 Cl+ 03+ CO; — ClOO + CO, 9.0 x 10733 (T/300)71% A5
K171 ClIOO+N; — Cl4+ 05+ Ny 5.7 % 102 B0 Al
K172 ClIOO+CO; — Cl4+0;+C0; 5.7 x 10-% g200/T Al
K173 Cl+H+ M —= HCIl+ M 1.0 x 10732 G9
K174 CO+Cl+N; — CICO + N, 1.3 x 103 (7'/300)—38 A0
K175  CO+Cl+CO,; — CICO + CO; 4.2 x 10733 (T/300)38 A4
K176 CICO+N; — CO+Cl+N, 1.6 % 10~% g000/T Al
K177 CICO+CO; — CO+Cl+CO; 1.6 x 1072 £4000/T Al
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 4)

Reaction

Rate Coefficient

Reference

K178 CICO 4+ O; + M — CICO3 + M
K179 CICO+ 0O — CO,+Cl
K180 CICO+ 0O — CO+CIO
K181 CICO +H — HCl+ CO
K182 CICO + OH — HOCl + CO

K183 CICO+ S — CO +5Cl1
K184 CICO+S =+ OCS+Cl
K185 2Cl+ Ny = Clh+ Ny
K186 2 Cl+ CO3 — Cly + CO,
K187 0+ Cl; — CIO+Cl
K188 H+Cl; — HCl+Cl
K189 Cl+HO; — OH + CIO
K190 CICO + Cl — CO + Cl,
K191 2 CICO — COCly + CO

K192 CICO + Cl; — COCl, + Cl
K193 CISO; + O — SO, + CIO
K194 CISO; + C1 — SO4 + Cl,
K195 CISO; + H — SO, + HCI
K196  CISO; + SCl = SOy + SClp
K197 CICO3 4+ O — CO3 + Cl+ Oy
K198 CICO;3 + Cl — CO4 + Cl+ CIO
K199 CICO; + H — COy + Cl+ OH
K200 Cl+0+ M - ClIO+ M
K201 ClO + HOy — HOCI + O,
K202  O0y(*A)+ Ny = 02+ N,

K203 0(*A) + CO; = Oy + CO;
K204 0,(*A)+0 = 0;+0

K205  O3(*A)+ 0y — 2 O,

K206 0,('A)+CO — 0z +CO

K207 02(*A) = Oy + hv

5.7 x 10718 ¢590/T / (1 x 10Y + 0.05 n) GO

3.0
3.0
1.0
1.5
3.0
3.0
6.1
2.6
7.4
1.4
4.1
2.2
5.0
6.4
1.0
1.0
1.0
5.0
1.0
1.0
1.0
5.0
5.5
1.0
2.0
2.0
3.6
1.0
2.6

X

X X X X X X X X X X X X X X X X X X X X M X ¥ X % X X X

101
10-—12
10—11
10-10
10711

10—11
10—34 6900/T

1033 £900/T

10-12 ¢—1650/T
1010 ¢—590/T
1011 ¢—450/T
109 ¢-1670/T

10—11

1072 K178 (107 a + n)
10—11

10—11

10—11

10—12

10—11

10—11

10—11

10—32

10—13 e?OO/T
10—20

10—20

10—16

10—18 e—220/T
10—20

10~

G9
G9
G9
P9
M9
M9
F4
F4
Q0
FO
A0
F8
G9
RO*
H9
H9
H9
M9
G9
G9
G9
G9
M3M9
A8
A8
A8
A0
M9
S0
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 5)

Reaction Rate Coefficient Reference
K208 0;(!A)+03 = 20,40 5.3 % 10~1 g B4/F A0
K209 O+H, — OH+H 9.9 x 10732 765 ¢~1460/T T
K210 20H - H,0+0 4.2 x 10712 ¢~240/T A0
K211 0+ H;0, — OH+HO, 14 x 10712 ¢ 2000/F A0
K212 S+OH - SO+H 6.6 x 107! A0
K213 S+HO, — SO+OH 3.0 x 10~ 200/7 G9
K214 O('D)+HCl — Cl+OH 1.0 x 10710 A0
K217 254+ M = S+ M kg = 1.2 x 1072 n0
ko = 1.0 x 10710 M9
K218 S+S+M =  S3+ M ko = 1.0 x 1073 M9
ko = 3.0 x 1071 M9
K219 28 +M =S4+ M kg = 2.2 x 1072 n0
ko = 1.0 x 10710 70
K220 S+S3 —= 28, 3.0 x 1071 M9
K221 S+S3+M =  S4+ M ky = 1.0 x 1070 M9
ko = 3.0 x 10711 M9
K222 Se+S3+M = S5+ M kg = 1.0 x 107%0 M9
ko = 3.0 x 1071 M9
K223 283+ M = S+ M kg = 1.0 x 107%° M9
ko = 3.0 x 1071 M9
K224 S+S4 — S3+8S; 3.0 x 10711 M9
K225 S+S4+M = S5+ M kg = 1.0 x 1073 M9
ko = 3.0 x 1071 M9
K226 Sa+Ss+M = S+ M kg = 1.0 x 1070 M9
ks = 3.0 x 1071 M9
K227 S4+ M o5 25,+M 2.0 % 10~27 g13009/7 M31
K228 284+ M —= S+ M 1.0 x 10730 M9
ko = 3.0 x 1071 M9
K229 S+S5 —=  S3+8s 3.0 x 1071 M9
K230 S+Ss+M —  Sg+M ko = 1.0 x 107%0 M9
ko = 3.0 x 1071 M9
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 6)

Reaction Rate Coefficient Reference
K231 S2+Ss+M —= S+ M ke = 1.0 x 107%0 M9
ko = 3.0 x 1071 M9
K232 S+S¢ — S3+8S5 3.0 % 10~1 M9
K233 S+Ss+M = S+ M ko = 1.0 x 1073 M9
ko = 3.0 x 1071 M9
K234 Se+S¢+M —=  Sg+ M kg = 1.0 x 10730 M9
ko = 3.0 x 1071 M9
K235 Ss+M — 2S;+ M 2.0 x 102 22000/T  M3]
K236 S+S7 =  S3+Ss 3.0 x 1% M9
K237 S+S7+M = S+ M kg = 1.0 x 107%0 M9
ko = 3.0 x 1071 M9
K240 0+S —= SO+S 2.0 x 1071 C9
K241 O+S3 — SO+S, 9.0 x 1071 M9
K242 O+Sy — SO+8S; 2.0 x 1071 M9
K243 SO+0 = S+40, 6.6 x 10713 ¢~2760/T 9
K244 2S0+M = (S0);+ M kg = 44 x 1073 U0
ko = 1.0 x 1071 M9
K245 (SO)2+0 = S,0+0, 3.0 x 1071 G9
K246 (SO0)2+0 —  SO+S0;, 3.0 x 1071 M9
K247 (SO)2+SO0 = S0+ S0, 3.0 x 107 Uo
K248 (S0),+ M — 280+ M 1.0 x 10726 10000/T  pr91
K249 (SO)2+S; — 28,0 3.0 x 107 M9
K250 S50+0 —= 2S0 1.7 x 10712 Co
K251 S50+S —  S3+8S0 2.0 x 10713 M9
K252 280 —= S3+850, 1.0 % 199t M9
K253 S+0+M — SO+M 1.0 x 10732 J9
K254 ClICO3+8 — Cl+S0+CO, 3.0 % 10-1 M9
K255 CICO3+SO — Cl+S0;+CO,; 1.0 x 107! M9
K256 CICO3+S0; — Cl+S03+ CO, 1.0 x 10718 M9
K257 0+80;, —= SO+0, 8.0 x 10712 ¢80T
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 7)

Reaction Rate Coefficient Reference
K258 0+S0 —= SO, 3.0 x 10716 Co
K259 03+80, — SO0;+0y('A) 6.0 x 1071 ¢ T000/T  AgM9
K260 03+S80; — SO3+ 0, 2.9 x 10712 ¢77000/T  A8M9
K261 0+0CS —+ SO+CO 2.1 x 10711 ¢ 20T 4o
K262 8+008 —+ S3+00 4.0 x 10712 ¢71830/T  pf3
K263 Cl+0CS — SCl+CO 1.0 x 10717 AT
K264 ClO+0CS — 0SCl+CO 1,0 % 10~% %44
K265 SCI+0CS — S,Cl+CO 3.0 x 10716 M9
K266 S+Cl; — SCl+0 2.8 x 10~H .0 By
K267 Cl+S4 — SCl+8S, 2.0 x 10712 M9
K268 0+SCl —= SO+Cl 1.2 % 10710 wo
K269 Cl+8C1 — S+Cl 1.0 x 10~¥ M9
K270 Cl+SCl+ M —= SChL+M kg = 1.0 x 1073 M9
kw = 5.0 x 10711 M9
K271 SCl1+0, — SO+CIO 2.0 x 1071 w7
K272 25C1 — S3+0Cl, 6.0 x 10712 p0
K273 ClO+Cl+M —= CLO+M 5.0 x 107% L9
K274 CICO+CICO; — 2CO;+2Cl 1.0 x 1071 M9
K275 2CI0 — Cl+Cl00 3.0 % W0 g¥ T Ay
K276 2CI0 — Cl+02(}A) 2.0 x 1074 71990/ A0 M9
K277 ClIOO+0 — ClO+0,(1A) 5.0 x 10713 X0M9
K278 ClOO+0 —= ClO+0, 49 x 1071 X0M9
K279 Cl+CI0O0 — Clp+0,y(*A) 2.3 x 1074 A0i0
K280 Cl+ClI00 — Cl+0, 2.3 x 10~ A0i0
K281 Cl+CI0O0 — 2ClIO 1.2 = 10°% A0
K282 S+CI0O0 — ClO+S0 1.0 x 1071 M9
K283 S+CI0O0 — SCl+0, 4.0 x 1071 M9
K284 SO+ CIO0 — OSCl+ 0, 2.0 x 1074 M9
K285 SO+ Cl,0; — 0OSCl+ ClI00 20 % ot M9
K286 CICO3+CI0 — ClOO+Cl+CO, 1.0 x 10712 Y9
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 8)

Reaction Rate Coefficient Reference
K287 CICO; + HO; — ClIOO + OH +CO, 1.0 x 1072 M9
K288 2CICO; =+ 2Cl14+2C0O;+0, 5.0 x 10712 Z9
K289 O('D) + COCl; — CICO + CIO 3.6 x 1074 A0
K290 SO+Cl+ M — OSCl+ M 3.0 % 1079 (T/300) >0 M9
K291 0SCl+ M — SO+Cl+ M 1.0 x 10726 £5000/T M91
K292 0SCl+Cl — Cly+ S0 2.3 x 10~4 M9
K293 SO + 0SCl — SO, + SCl1 6.0 x 10713 gOM9
K294 ClO+ 02+ M — ClO3+ M kp = 1.0 x 10732 (T/300)~2° a9
kv = 5.0 x 1072 (T/300)2° a9
K295 2 CI0 — Cl+0CIO 3.5 x 1915 g0y T A0
K296 2 ClO + Ny — Cl,03 + Ny ko = 2.2 x 1073 (T/300)~31 A0
kw = 3.5 x 1072 (T/300)~10 A0
K297 2 ClIO + COy — Cly05 4+ CO, ko = 7.0 x 107%2 (T/300)%! A5
ke = 3.5 x 10712 (T/300)~10 A0
K298 ClOO + Cl, — ClL0 + ClO 34 x 10712 b0
K299 2 CI00 — Cl,04 + O, 1.6 x 107! b0
K300 O+ 0CIO — CIO + 0,(*A) 4.8 % 1074 ¢ W0/F A0M9
K301 0+ 0CIO — CIO + 0, 2.4 x 1012 g—960/T AOM9
K302 0+ 0CIO + N; — ClO3 + N, ko = 1.9 x 1073 (T/300)~1 A0
b = 8.1 % 1074 A0
K303 O+ 0CIO + CO,; — ClO3 + CO, ko = 6.0 x 1073 (T/300)~! A5
ko = 3.1 x 10~ A0
K304 OCIO + 03 — ClO3 + O, 9.1 % 1071 g—400/T A0
K305 Cl+0CIO — 2 CIO 3.4 x 1071 gl60/T A0
K306 ClO + OCIO + N — Cl,03 + N, ko = 6.2 x 10732 (T/300)~%7 A0
ko = 2.4 x 101 A0
K307 ClO + OCIO + CO, — Cl,03 + CO, kg = 2.0 x 107! (T/300)~%7 A5
ko = 2.4 x 1071 A0
K308 Cl+ ClO; — CIO + OCIO Lo x 1671 b9
K309 Cl+ Cl03 — CLO + O, 1.0 x 10710 L9
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 9)

Reaction Rate Coefficient Reference
K310 ClO 4+ ClO3 — Cl0s + O, 1.0 x 10712 L9
K311 ClIO+ClO3+ M — CLOs+ M ky = 4.0 x 1073 (T/300)~%7 K9
kw = 5.0 x 1071 K9
K312 ClOs+ M — ClIO+0;+ M 24 x [ U A81
K313 2 Cl03 — Cly03+2 0, 5.0 x 10713 L9
K314 2ClI03+ M — ClLOs+0y+ M ke = 4.0 x 10731 (T/300)~%7 K9
ko = 5.0 x 1071 K9
K315 0+ CLO = 2CIO 2.7 % 1071 g~50/T A0
K316 Cl+CLO — Cl+ClO 6.2 x 10711 ¢130/T A0
K317 03+ Cl,0; — CIOO+0;+CIO 1.0 x 10720 AT
K318 Cl+Cl,0; — Cly + CIOO 1.0 x 10710 A0
K319 2 ClO3 = 2Cly+2 0, 1.0 x 10720 ds
K320 ClOy + Ny — 2CIO+N, 1.3 x 10727 £874/T Al
K321 Cl;03 + CO; — 2 ClO 4 CO, 13 % 1072 S147 Al
K322 ClOs+N; — ClIO+O0CIO+N; 1.1 x 10724 £5455/T Al
K323 Cl,03+ CO; — ClO+0CIO+CO; 1.1 x 10724 5455/T Al
K324 ClOs+0 — OCIO+CIO+0, 1.0 x 10710 M9
K325 Cl,04+Cl — OCIO +2 CIO 1.0 x 10710 M9
K326 OH 4+ 0OCIO — HOCI+ 0,5(*A) 9.0 % 1075 £800/T AOM9
K327 OH + OCIO — HOCI+ O, 4.4 x 10718 (800/T AOM9
K328 ClOos+H — HOCI+0;+CIO 1.0 x 10710 M9
K329 Cl,04+ OH — OCIO +HOCI+0; 1.0 x 10711 M9
K330 CICO3 +CI0O — OCIO+Cl+CO, 1.0 x 10712 Y0
K331 OH + COCl, — CHCIO + CIO 5.0 x 10-® B7
K332 OH + CHCIO — H,0 + CICO 1.4 x 1078 e9
K333 Cl+ CHCIO — HCl+ CICO 1.2 x 10711 ¢=815/T B0
K334 CICO3 +HO; — OCIO+OH+CO, 1.0 x 1072 M9
K335 SO+ 0CI0O — SO0, +CIO 1.9 x 10712 A0
K336 SCl+S — S;+0Cl 1.0 % 1074 M9
K337 SCl+Cl; — SCl, +Cl 7.0 x 1071 p0
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Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 10)

Reaction Rate Coeflicient Reference
K338 25C1 — SCl,+S 7.5 % 10712 P8
K339 2S8Cl — 8S,Cl+Cl 54 x 1071 p0
K340 28CI1+ M — S,Ch+ M 4.0 x 10731 M9
koo = 4.0 x 10712 M9
K341 SCl; +H — HCl+SCl 2.0 x 107! M3
K342 28Cl, — S,Cl+Cly 1.0 x 10720 M9
K343 Cl+SCl; — Clp+SCl 1.0 x 1071° p7
K344 SeCl+Cl — Cly+ S, 1.0 x 1071 M9
K345 SsCl1+SCl — SCly + S, 1.0 x 10712 M9
K346 Cl+8S5Cl; — Cly+ S,Cl 4.3 x 10712 f8
K347 SO+S0Cl; — SO;+ SCl, 6.0 x 10713 gOM9
K366 O('D)+0; — 0+0;, 9.0 x 10712 T0/T A0MO
K367 O('D)+0; — 20, 1.1 x 10710 AOM9
K368 O(D)+0;3 — 0,+20 1 e AOM9
K369 2HO;+ M — Hy0;+ 0,4+ M 1.7 x 10733 £1000/T A0
K370 ©~ O('D)+HClI — O+HCl 1.4 x 1071 A0q0
K371  O('D)+HClI — H+CIO 3.6 x 1071 A0q0
K372 2ClI0 — Cl+0;, 9.8 x 10718 ¢~ 1N/T AOM9
K376 CO+0+0; — CO;+ 0, 34 x 10738 g 2180/T M5
K377 2C0+0 — CO;+CO 6.5 x 10733 ¢~2180/T E0
K378 CO+20 — CO;+0 34 % 10~ g 280/T M5
K379 0+20; — 03+0; kg = 5.9 x 1073 (T/300)~24 M3
ko = 2.8 x 10712 M3
K380 20+0;, — 03;+0 kg = 5.9 x 1073 (T/300)~24 M5
ko = 2.8 x 10712 M3
K381 O+0;+CO — 03+CO ky = 6.7 x 1073 (T/300)725 M4
ko = 2.8 x 10712 M3

Units are cm® s~ for two-body reactions and cm® s~! for three-body reactions. ko and

k., are the low and high pressure rate coeflicients, respectively, for three-body reactions.




Appendix C

5-31

Table 5C.2: Kinetic Reactions in Nominal Photochemical Model (part 11)

T Our best estimate of this equilibrium constant is 1.0 x 10~2 exp(6000/T).
* Patm s the pressure in atmospheres.
** K178 is the rate for Reaction K178, o converts Torr to number density in cm™

Reference Codes: First letter is reference for reaction rate, second letter is reference for
branching ratio, if applicable. The numbers after each letter describe type of information
used to determine the rate.

References: (A) DeMore et al. [1997], (B) Atkinson et al. [1992], (C) Singleton and
Cvetanovic [1988], (D) Tsang and Hampson [1986], (E) Hampson [1980], (F) Baulch et al.
[1981], (G) Yung and DeMore [1982], (H) Yung, Y.L., [personal communication, 1995]
rates used for calculations in DeMore et al. [1985], (I) Leen and Graff [1988], (J) Moses,
J., [personal communication, 1995], (K) Sander et al. [1989], (L) Prasad and Lee [1994],
(M) estimated for this study (see Appendix 5- D), (N) Martinez and Herron [1983], (P)
Chang et al. [1987], (Q) Wine et al. [1985] from Mallard et al. [1994], (R) Ohta [1983],
(S) Badger et al. [1965], (T) Robie et al. [1990] from Mallard et al. [1994], (U) Herron
and Huie [1980], (V) Eibling and Kaufman [1983], (W) Murrells [1988b], (X) Basco and
Dogra [1971] from Mallard et al. [1994], (Y) DeMore, W.B., [personal communication,
1996, (Z) Brahan, et al. [1996], (a) DeMore [1990], (b) Baer et al. [1991], (d) DeMore
and Tschivkow-Rouz [1990], (e) Libuda et al. [1990], (f) Krasnoperov et al. [1984], (g)
Donovan et al. [1969], (h) Keyser [1986] from DeMore et al. [1997], (i) Choo and Leu
(1985], (j) Leu et al. [1987], (k) Poulet et al. [1986] from DeMore et al. [1997], (m)
Leu [1982], (n) Nicholas et al. [1979], (p) Murrells [1988a], (q) Wine et al. [1986] from
DeMore et al. [1997], (r) Fowles et al. [1967].

Data types: (0) Measured or critically evaluated rate, (1) Equilibrium constant, (3)
Fit to or average of measured data, (4) Relative efficiency of third-body taken from
measurements (usually at only one temperature), (5) Relative efficiency of third-body
estimated, (7) 0.1 x reported upper limit, (8) Upper limit, (9) Estimate.
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D Sources of Kinetic Reaction Data

The kinetic reaction rates used in the model calculations are summarized in Table
5C.2. Many rates, including some of the most important reactions in the model,
were estimated either in previous studies or in the current investigation. The rates
that were estimated in the current work are noted in Table 5C.2 with an “M.” This
appendix describes how these rates were estimated.
Enthalpies of Formation
Enthalpies of formation, primarily from DeMore et al. [1994], were used to determine
if proposed reactions would be exothermic. Enthalpies of formation for the S, species
and for S,Cl, were taken from the 1985 JANAF compilation [Chase et al. 1985].
Billmers and Smith [1991] found that the JANAF values for S; and S, did not agree
with their spectroscopic measurements, so the JANAF values (which were based
on calculations by Rau et al. [1973]) may have significant inaccuracies. However,
we did not find any more recent work and the thermal decomposition reactions for
the S, species are slower than competing loss reactions at the temperatures found
in the Venus middle atmosphere. The enthalpy of formation at 298 K for ClyO4
was estimated to be 43 kcal/mol by Greenwood and Earnshaw [1984]. Takacs [1978]
estimated the enthalpy of formation at 0 K for CISO, is -66 kcal/mol and that for
OSCl is -21 kcal/mol. Based on comparisons between our model profiles for SO and
those retrieved by Na et al. [1990] and Na et al. [1994], we estimate the heat of
formation of (SO), is > —16 kcal/mol.
Estimated Equilibrium Constants

The rate for the (SO), decomposition reaction was estimated to be ~ 107! by Yung
and DeMore [1982]. However, the decomposition reaction is likely to be a strong
function of temperature so we decided, instead, to estimate the equilibrium constant
for the association and thermal decomposition reactions. The equilibrium constant
was adjusted so that our predicted SO profile would be similar to those retrieved by
Na et al. [1990] and Na et al. [1994]. Our best estimate for the equilibrium constant is
1 x 10728 exp(6000/T"). For comparison, the equilibrium constant for C10 and Cl,0,
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is 1.3 x 10727 exp(8744/T) [DeMore et al. 1997).

The enthalpies and entropies of formation for the polysulfur (S,) species were taken
from the 1985 JANAF compilation then equilibrium constants were computed as
described in DeMore et al. [1997].

Estimated Quenching Reactions
The relative efficiency of CO for collisionally quenching Oq(alA) [Slanger, T., Per-
sonal Communication, 1997] and O(*D) was considered to be the same as for N,. The
products of the collisional quenching of Oy(a'A) that are listed in Table 5C.2 were
estimated but the rates were taken from DeMore et al. [1997].

Estimated Association Reactions

2S +M —S; + M (1.2 x 1072, 1 x 10719)
Nicholas et al. [1979] result agrees well with result from Basco and Pearson [1967]
(even though Basco and Pearson [1967] rejected that rate as being too fast) but
Nicholas et al. [1979] rate is factor of 10 faster than rate from Fowles et al. [1967]
and a factor of 10 faster than rate from Fair and Thrush [1969] (see discussion in
Baulch et al. [1976]). High-pressure limit was estimated to be the same as 25, +M —
S4+ M.

S+S;+M— S;+M (1x1073,3x107")
Estimated upper limit is based on lack of evidence for autocatalytic cycle involving
this reaction in the Nicholas et al. [1979] measurement of 25 +M — S; + M and
the analysis by Basco and Pearson [1967] of the rate required for their proposed
autocatalytic cycle. Used 0.1x rate for 2S +M — S, + M. High-pressure limit was
estimated to be 0.3x rate for 2S5 +M — So + M.

S+ S;+M—S;+M(1x10°%, 3 x 1071)
Used 0.1x rate for 2S +M — S, + M. High-pressure limit was estimated to be 0.3x
rate for 2S +M — S, + M.

Sy+S3+ M — S5+ M (1 x 10730, 3 x 10~11)
Used 0.1x rate for 2S +M — S, + M. High-pressure limit was estimated to be 0.3x
rate for 2S5 +M — S, + M.

2S3+ M — Sg+ M (1 x 1073, 3 x 10711)
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Used 0.1x rate for 25 +M — S; + M. High-pressure limit was estimated to be 0.3x
rate for 2S5 +M — S, + M.

S+ S4+M— S;+M (1x10730 3 x 10711
Used 0.1x rate for 2S5 +M — S, + M. High-pressure limit was estimated to be 0.3x
rate for 2S +M — S, + M.

Sy+Ss+ M — Se+ M (1 x 1073, 3 x 10711)
Used 0.1x rate for 25 +M — S, + M. High-pressure limit was estimated to be 0.3 x
rate for 2S5 +M — Sy + M.

284+ M — Sg+ M (1x 1073, 3 x 10711)
Used 0.1x rate for 2S +M — S, + M. High-pressure limit was estimated to be 0.3x
rate for 2S5 +M — S, + M.

S+ Ss+M— Se+M (1x107%, 3 x 1071
Used 0.1x rate for 25 +M — Sy + M. High-pressure limit was estimated to be 0.3X
rate for 2S5 +M — Sy + M.

So+Ss+ M — S;+ M (1x 10730, 3 x 10711)
Used 0.1x rate for 25 +M — S, + M. High-pressure limit was estimated to be 0.3
rate for 2S +M — Sy + M.

S+ Se+M—S;+M(1x10730 3 x 107)
Used 0.1x rate for 2S +M — S, + M. High-pressure limit was estimated to be 0.3x
rate for 2S5 +M — S, + M.

Sa+Se + M — Sg+ M (1 x 1073, 3 x 10711)
Used 0.1x rate for 2S +M — S, + M. High-pressure limit was estimated to be 0.3x
rate for 2S5 +M — S, + M.

S+ S;+M— Sg+M (1x10730 3 x 10711)
Used 0.1x rate for 2S +M — S, + M. High-pressure limit was estimated to be 0.3X
rate for 2S5 +M — S, + M.

2SO +M — (SO)y+ M (4.4 x 107311 x 107H)
Low pressure limit rate was taken from Herron and Huie [1980] even though newer
result [Cobos et al. 1985] differs by two orders of magnitude. Herron and Huie [1980]

had difficulty determining an absolute calibration for their results. However, Cobos
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et al. [1985] seem to have used the spectrum for S;0 as the spectrum for (SO),
in analyzing their experiment. Confusion of the spectra for these speciés lasted for
several decades so this was a common problem. No differentiation was made among
third bodies. High pressure limit rate was estimated to be 0.1x rate for 2S+M —
So + M.

Cl0+ClO; + M — CL,O4+ M (4 x 1073(T/300)~%7, 5 x 10711)
Relative estimate (2x ClO + OCIO +M — Cly03 + M) from Sander et al. [1989].
Rate for reference reaction from DeMore et al. [1994].

2C10; + M — Cl,06 + M (4 x 107%(T/300)~%7, 5 x 10711)
Relative estimate (2x ClO + OCIO +M — Cl,03 + M) from Sander et al. [1989].
Rate for reference reaction from DeMore et al. [1994].

2SCl1 +M — S,Cly + M (4 x 10731 4 x 10712)
Estimate low pressure limit rate for reaction is factor of 10 faster than 2C10 +M —
Cl,O; + M at 250 K. Estimate high pressure limit rate is same as 2ClIO +M —
Cl,O, + M at 250 K.

CI+SCl +M — SCl, + M (1 x 107%, 5 x 10711)
Eibling and Kaufman [1983] suggest rate is much faster than Cl + OCS — SCI + CO.
Murrells [1988a] finds production of SCl, but believes three-body rate is too slow so
ascribes it to a heterogeneous reaction.

SO+Cl+M — OSCl+M (3 x 10733(T/300)~°°)
Temperature dependence extrapolated from those for Cl+O, + M —CIOO+M and
Cl+CO+M —CICO+M based on this reaction being much more exothermic than
those forming C1OO and CICO. Pre-exponential factor comparable to those for C14+Oy+
M —ClOO+M and Cl4+CO+M —CICO+M.

Cl+S0, + M — CISO, + M (1.3 x 10~34exp(940/T))
Temperature dependence for M = Ar and M = SO, was measured by Eibling and
Kaufman [1983]. Used temperature dependence that is the mean of that for M =
Ar and M = SO,. Relative efficiency for all third-bodies is that for M = N, as
determined by taking the mean of the relative efficiencies measured by Strattan et al.

[1979] for M = N, versus M = Ar and M = SO, at 295K.
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CI1SO,+ O; + M — CISO4 + M (7 x 10731)
Estimate by Yung [Yung, Y.L., Personal Communication, 1996] that was used for
October 24, 1984, (final) model calculations for DeMore et al. [1985].

Relative Efficiencies for Third-bodies
The mean relative efficiency for M = CO, compared to M = N, for all reactions for
which both rates have been measured is 3.3. This mean ratio was used to determine
the M = CO, rates for all reactions for which the rate has been measured but the
relative efficiency has not. No differentiation was made among the third-bodies when
the basic reaction rate is an estimate or there are significant uncertainties in the
basic reaction rate (e.g., Reaction K244). The third-bodies for Reaction K178 were
not differentiated because the rate for this reaction was measured with M = CO,.

[DeMore et al. 1997].

CO + O +M —»COy,+ M
For M = N, used same temperature dependence as for M = CO and relative rate
from Stuhl and Niki [1971] and Slanger et al. [1972] in Baulch et al. [1976]. For M =
CO,, fit the data by Slanger et al. [1972], Inn [1973], and Inn [1974] in Baulch et al.
[1976]. For M = O, used the same rate as for M = N5. For M = CO used Hampson
[1980].

20+M - 0 o+ M
For M = Nj used Hampson [1980]. For M = CO, used Morgan and Schiff [1963]
relative rate in Baulch et al. [1976]. For M = O, used Marshall [1962] and Morgan
and Schiff [1963] relative rates in Baulch et al. [1976]. For M = CO used same as
M = N,.

O+0;,+M— O;+M
For M = N, did uncertainty-weighted fit to “preferred” data identified by DeMore
et al. [1994] (Klais et al. [1980] and Lin and Leu [1982]), Hampson [1980] (Arnold
and Comes [1979]), and Baulch et al. [1976] (Kaufman and Kelso [1967], Stuhl and
Niki [1971], Huie et al. [1972], Ball and Larkin [1973]) plus a recent measurement
[Borrell et al. 1985]. For M = CO, used the mean of the temperature exponents

for M = Ny and M = O, with relative efficiency derived from the mean value of
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the measurements in Baulch et al. [1976] (Kaufman and Kelso [1967], Bevan and
Johnson [1973]) at 300 K. For M = O, did uncertainty-weighted fit to “preferred”
data identified by DeMore et al. [1994] (Klais et al. [1980] and Lin and Leu [1982]),
Hampson [1980] (Hogan and Burch [1976], Arnold and Comes [1979]), and Baulch
et al. [1976] (Marshall et al. [1960], Kaufman and Kelso [1964], Mathias and Schiff
[1964], Intezarova and Kondrat’ev [1967], Kaufman and Kelso [1967], Hochanadel et
al. [1968], Stuhl and Niki [1971], Ball and Larkin [1973], Bevan and Johnson [1973],
Snelling [1974]) plus two other measurements (Aref‘eva et al. [1978], Flesca et al.
[1979]). For M = CO used the mean of the temperature exponents for M = N, and
M = O, with relative efficiency derived from the measurement in Baulch et al. [1976]
(Stuhl and Niki [1971]) at 300 K. For M = O used estimate by Allen [Allen, M.A.,
Personal Communication, 1995] that the relative efficiency would be the same as for
M = O,. The high pressure limit is the mean of the measurements by Croce de Cobos
and Troe [1984] and Borrell et al. [1985] as reported in Mallard et al. [1994].

The fits for M = N, and M = O, were done when it was noticed that the pub-
lished fits had been done without considering the uncertainties associated with the
measurements. The rates derived in these fits are ky = 5.6 x 1073%(7"/300)~2° for
M =N, and kg = 1.4 x 107%3(T'/300)72® for M =0,. The assessed rate for M =air
[DeMore et al. 1994] is ko = (6.0£0.5) x 10734(T/300)(~23+05) The derived temper-
ature dependence is within the assessed uncertainty, but the derived pre-exponential
factor is almost three assessed standard deviations larger than that for the assessed
rate. The Venus model is not sensitive to the differences between the derived rates and
the assessed rates. However, models of the terrestrial mesosphere underpredict the
ozone abundance [Sandor et al. 1997], so the rates proposed here should be evaluated
in terrestrial photochemical models. Siskind et al. [1995] empirically found that an
increase in the rates for production of ozone that is roughly comparable to that pro-
posed here gave an improved fit to observations for the upper terrestrial stratosphere
and mesosphere.

2H+M — H ,+ M
For M = N, used T'sang and Hampson [1986]. For M = CO, used mean relative rate.
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For M=H, used Baulch et al. [1992].

O+H+M— OH +M
For M = N, used Tsang and Hampson [1986]. For M = CO, used mean relative rate.
For M = O, used the same rate as for M = N,. For M = CO used the same rate as
for M = N,.

H+0;,+M—HO ,+M
For M = Ny used DeMore et al. [1994]. For M = CO, used mean relative rate. For
M = O, used the same rate as for M = N,. For M = CO used the same rate as for
M = N,.

H + OH +M — H,O0 +M
For M = N, used Baulch et al. [1992]. For M = CO, used relative rate from Black
and Porter [1962] in Baulch et al. [1972]. For M = O, used relative rate from Black
and Porter [1962] in Baulch et al. [1972]. For M = CO used the same rate as for
M = N,. For M=H,0 used Baulch et al. [1992].

20H +M — Hy,0, + M
For M = N, used DeMore et al. [1994]. For M = CO, used mean relative rate.

SO + O +M — SO, + M
For M = N, used Singleton and Cvetanovic [1988]. For M = CO, used Singleton and
Cwvetanovic [1988].

O +8S0,+M — SO;+M
For M = N, used Atkinson et al. [1992]. For M = CO, used mean relative rate.

OH + SO ;+ M — HOSO , + M
For M = N, used DeMore et al. [1994]. For M = CO; used relative rate from Leu
(1982].

2Cl1+M —» Cl s+ M
For M = N, used temperature dependence from Baulch et al. [1981] and the absolute
rate from Weng et al. [1987] as reported in Mallard et al. [1994]. For M = CO, used
temperature dependence from Baulch et al. [1981] and absolute rate from Weng et
al. [1987] as reported in Mallard et al. [1994].

Cl+ 0O ,;+M— ClOO +M
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For M = N, used DeMore et al. [1994]. For M = CO, used mean relative rate.
2CI0 +M — CLO , + M

For M = Nj used DeMore et al. [1994]. For M = CO, used mean relative rate.
O + OCIO +M — ClO; + M

For M = Nj used DeMore et al. [1994]. For M = CO, used mean relative rate.
ClO + OCIO +M — CL,03 + M

For M = Nj used DeMore et al. [1994]. For M = CO, used mean relative rate.
Cl + CO +M — CICO +M

For M = N, used DeMore et al. [1994]. For M = CO, used Nicovich et al. [1990].

See discussion in Section 2.2.8.

Estimated Two-body Reactions

Rates for the estimated two-body reactions listed in Table 5C.2 are repeated in Table

5D.1 along with the rationale for the estimated rate.
Effective Yields of O,(a'A)
Crisp et al. [1996] evaluated the potential effective yield of Oz(a'A) including both the

direct yield and that resulting from collisional quenching of more highly excited states.

Since that time, the laboratory measurements on which Crisp et al. [1996] based their

assessment have been revised [Slanger, T., Personal Communication, 1996]. A revised

assessment of the effective yield of Oy(a’A) from Reaction G3 follows.

(1)

Calculated direct recombination yields from 20 +M — Oy + M [Wayne 1994]
are O(A%Y) = 0.12, O5(APA) = 0.36, Oz(c*X) = 0.08 — 0.09, O2(bX) = 0.06,
Oq(alA) = 0.14 — 0.15, and Oy(X3%) = 0.24. These yields neglect possible
formation of the °II state. The °II state has not been definitively identified, but
laboratory studies of Reaction G3 have found a hitherto unidentified state of
O, that is bound by 0.5 eV and could be the °II state [Slanger, T., Personal

Communication, 1998].

Quenching yields for O3 + M — Oy(b'Z) + M for M = O, are 0.13 [Slanger,
T., Personal Communication, 1996], for M = N, are 0.31 [Slanger, T., Personal
Communication, 1996], and for M = CO, are > that for M = Ny [Slanger, T.,
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Table 5D.1: Estimated Rates for Two-body Reactions (Part 1)

Reaction Rate Comment
S + S3 = 25, 3x10°11 ¢
S+ S4s— Sa+ S3 3x 1071 &
S + S5 — S+ S4 3x10~1 same as S + S4 — S+ S3
S + Sg — Sa+ Ss 3 x 1071 same as S + Sq4 — Sa+ Ss
S + S7 — Sa+ Se 3x 10711 same as S + Sy — So+ Ss
O+8S3—+S0+8S, 25 10~H sameas O + S, —» SO + S
O + S4 = SO + S3 2% 10~11 same as O + S, —- SO + S
(SO)2+ 0O — SO + SO, 3x10~14 0.1xrate for (SO)2+ 0 — S0 + 0Oy
(SO)2+ Sz — 28,0 3 x 10715 same as (SO)2+ O — S0 + Oy
S20 + S — S+ SO 2 x 1013 0.1xrate for S,0 + O — S+ SO
25,0 — S3+ SO, 1x10"14 Estimate
S 4+ 0CS =+ S; + CO 4 x 10712 ¥
exp(—1830/T)
Cl + S4 — S2Cl + S, 2 w1022 0.1xrate for O + S; — SO + S
0OSCl + Cl — Cly+ SO 2.3 x 10710 same as Cl + CIO0O — Cly+ O,
0SCl + Cl — CIO + SC1 1.2 x 10712 same as Cl + CIOO — 2C10
C1SO2+ SCl — SO, + SCl, 5 x 10712 0.5x rate for CISOs+ Cl— SO,+ Cl
S2Cl + Cl — Cla+ S, 1x 10711 @
SoCl1 + SC1 — SCly+ S, 1 x 10712 4

SCl + OCS — S,Cl + CO 3x10°16 Geometric mean of rates at 300K for
S + OCS and CI + OCS

Cl + SCl =+ S + Cl;, 1 % 10~
SCl + S — S;+ Cl LI~ f
SCl,+ H — HCI + SCl1 2 x 1071 mean of Sung and Setser [1978]
and Hildebrandt et al. [1984]
2S5Cl; — S;Cly+ Cly 1% 10~% 9
SO + OSCl — SO,+ SC1 6x 10~12 B
SO + SOCl; — SO;+ SClI, 6 10-18 .
CICO + S — OCS + Cl 3x 101 same as CICO + O — Cl + CO,
CICO + S — SC1 + CO 8 x 10~ same as CICO + O — Cl + CO,

is an estimate.

@ Langford and Oldershaw [1973] believed rate would be near the gas kinetic limit since it is
strongly exothermic but Nicholas et al. [1979] found no evidence for reaction. ® Temperature
dependence from Klemm and Davis [1974] as reported in Mallard et al. [1994]. Rate at 300K,
mean of Jakubowski et al. [1972], Klemm and Davis [1974], and Breckenridge and Taube
[1970] as reported in Mallard et al. [1994]. ¢ Murrells [1988a] found evidence of loss of S;Cl
at long reaction times and ascribed it to this reaction. ¢ Alternate explanation proposed
by Murrells [1988a] for loss of S;Cl at long reaction times. ¢ Based on Murrells’ [1988a)
conclusion that SCI does not react rapidly with Cl. / Based on Murrells’ [1988a] opinion
that this reaction is probably rapid. ¢ Murray et al. [1976] reported that a sufficient amount
of SCl, would self-react in 30 — 60 minutes that a sample cell containing SCl, would have
to be replaced at that time interval. » Total rate for SO + OSCl — SO,+ SCI and SO +
SOCl; —+S0,+ SCl, was inferred by Donovan et al. [1969]. Apportionment between rates
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Table 5D.1: Estimated Rates for Two-body Reactions (Part 2)

exp(—590/T)

Reaction Rate Comment
Cl,04+0—0C10+Cl10+0, 1x10°10 same as Cl+Cl03 —-Cl0+ClO0
Cl04+05 —+Cl,0¢ 1x 1011 same as Cl+Cl0; —Cl0+Cl00
Cl,04+H—HOCI+0,+Cl10 1x 10710 same as Cl4+ClO3 —Cl0+CIO0
Cl,04+0H—-0CI0O+HOCI1+0, 1x1071! 0.1x rate for
Cl;04+0—0C10+Cl10+0-
Cl,04+Cl—=0C10+2C10 1x10710 same as Cl+Cl03 —»ClO+CI00
ClIO+HO, -HOCI1+0, 5.5 x 10713 mean of DeMore et al. [1994]
exp(700/T) and Laszlo and Sander [1997]
CICO3+CICO—2Cl1+2CO0, 1x1071 same as ClICO3+0—CIl+0,+CO,
C1CO3+HO, -0OCIO+0H+CO, 1x 10712 same as C1CO3+Cl0O—0CI0O+Cl+CO,
CICO3+HO; -CIO0+0H+CO, 1x 10712 same as CICO3+Cl0—0Cl0+Cl+CO,
CICO3+S—Cl1+SO+CO, 3x 10711 ¢ 3x rate for C1CO3+0—Cl+CO5+0,
CI1CO3+SO—Cl+S02,+CO, 1x10~11 same as ClCO3+0—Cl4+CO2+0,
ClCO3+S0,; —Cl1+S03+CO, 1x 10718 i
0,(*A)+CO0—0,+CO 1% =0 same as upper limit for Oy (*A)+N,
S+ClI00—=ClO+SO 1x 10~ 0.2x rate for 04+CI0O0—Cl0+0,
S+Cl00—SCl1+0, 4x10711 0.8x rate for 0+Cl00—ClO+0,
SO+ClO0—0SCI1+0, 2 x 1071 0.4x rate for O+ClO0—Cl10+0,
S0+Cl,0, —+0SC1+Cl100 2x 10711 0.4x rate for 0+CI00—CI0+0,
Cl0+C0—C0,+Cl 1 x 10-12 DeMore et al. [1994]
Products estimated
H+HCI—H,+Cl 1.5 x 10~ J
exp(—1750/T)
H+Cl, -HCI+Cl 1.4 x 107+ mean of Seeley et al. [1993]

and Baulch et al. [1981]

* products [Yung, Y.L., Personal Communication, 1997]
ITemperature dependence is mean of Baulch et al. [1981], Kita and Stedman [1982], and Miller
and Gordon [1981] as reported in Mallard et al. [1994] Rate at 298 K is mean of same studies
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Personal Communication, 1995].

(3) Quenching yield for O4(b'E) + M — O,(a'A) + M for M = CO, are > 0.9
[Wildt et al. 1988; Fink et al. 1991].

(4) Thus, the effective yield of Oy(a'A) from 20 +M — Oy + M for M = O, is
0.30, for M = Nj is 0.404+0.19, and for M = CO; is ~ 0.4 — 0.75. The effective
yield of Oy(a'A) assumed in the nominal model for M = O, is 0.30, for M =
N, and M = CO is 0.40, and M = CO, is 0.60.

Yields of Oy(a'A) that are based on measured direct yields but also include an es-
timate of the collisional quenching cascade from higher excited levels are given in
Table 5D.2. Estimated effective yields of Oy(a'A) from other reactions are given in
Table 5D.3. If the direct yield of the °II state in Reaction G3 is 50% as predicted in
theoretical calculations [ Wayne 1994] and if the quenching efficiency from the higher
excited states to the a'A state in a predominantly CO; atmosphere is ~ 100%, then
current laboratory and theoretical studies suggest the effective yield of O,(a'A) from

Reactions K101 and K100 could be ~ 90%.
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Table 5D.2: Yields for Oy(a'A) based on laboratory data

Reaction Yield Comment
O('D)+ Oy — O + Oz(atA) 0.7 o
H + HO; — Hy+ Oy(alA) 0.02 see Leu and Yung [1987)].
2HO, — H202+02(a1A) 0.02 same as H + HOy — Hy+ O,
Atkinson et al. [1992]

Cl + CIOO — Cly+ O(alA)  0.01 Choo and Leu [1985]
DeMore et al. [1994]
Cl + O3 — CIO + Oz(a'A)  0.02 Choo and Leu [1985]

DeMore et al. [1994]
ClO + O — Cl + 0,(atA) 0.02 same as H + HO; — Hy+ O,
Leu and Yung [1987]
DeMore et al. [1994]
2CI0 — Cly+ 0y(a'A) 0.02 same as H + HO; — Hy+ O,
Choo and Leu [1985]
Cl +HO, — HCI1 + Oy(a'A)  0.02 same as H + HO; — Ha+ O,
Leu and Yung [1987]
ClO + OH — HCI + Oy(alA) %0.02 Poulet et al. [1986]
Dubey and Smith [1997]
O + HO; — OH + O,(alA)  0.02 same as H + HO; — Hao+ O,
see Leu and Yung [1987]
0+03 — 20, 0 Ellis et al. [1971]
Davis et al. [1973]
H + O3 — OH + O,(a'A) 0 same as O(®P)+ O3 — 20,
Washida et al. [1980]

@ DeMore et al. [1994] gives 0.8 for producing O,(b'Y). As discussed above,
the yield of Oz(a'A) from O, (b'X) is > 0.9 for CO, as the quenching species.
b Laboratory data indicate yield of O, is < 0.14 [DeMore et al. 1994]. Salawitch
has proposed yield of O, is 0.07 to obtain better fits to data from aircraft mea-
surements. Dubey and Smith [1997] indicate the O, is formed in the Oy(alA)
state. Branching ratio used (0.02) is from Poulet et al. [1986] as reported in
DeMore et al. [1994].

Note: The indicated effective yields are based on measured direct yields from
these reactions but the effective yields include an estimate of the contribution
due to collisional quenching from higher excited levels. Consult the indicated
references for further information.
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Table 5D.3: Estimated Yields for Oy(a'A)

Reaction Yield Comment
O(ID)-*- O3 — O+ Oz(alA) 0.1 s
SO + O3 — SO2+ 0,(alA) 0.1 same as O(!D)+ O3 — 20,
CS + O3 — OCS + 0,(atA) 0.1 same as SO + 03 — SO+ O,
OH + 03 = HO2+ 02(a'A) 0.02 same as H + HO, — Hy+ O,
OH+HO,; — Hy0+0,(alA) 0.02 same as H + HO, — Hy+ O,
SOs+ 03 — SO3+ Oz(alA) 0.02 same as H + HO, — Ha+ O»
SH + 03 — HSO + 0(a'A) 0.02 same as H + HO, — Hy+ O,
CIO + 03 — ClOO0 + 03(aA) 0.02 same as H + HO; — Ha+ O,
O + OCIO — Cly+ O5(alA) 0.02 same as H + HO, — Ha+ O,
ClO + HO; — HOCI + 0,(atA) 0.02 same as H + HO, — Hy+ O,
OH + OCIO — HOCI + 0,(alA) 0.02 same as H + HO; — Ha+ O,
O + CIO0 — CIO + Oy(a'A) 0.01 same as Cl + C100 — CI2 + O,
O + OH — H + 03(alA) 0 insufficient energy
HO»+ O3 — OH + 0(a'A) 0 Estimate
2HO; + M — H305+05(alA) + M 0 Three products
2HO2+H,0 — Hy02+02(alA)+ H,0 0 based on Mozurkewich and Benson [1985]
2HO,+HCI — Hy0,+0,(a'A)+ HCI 0 based on Mozurkewich and Benson [1985]
S + 03 = SO + 0,(a'A) 0 same as O + Oz — 20,
0+S03 + M — SO3+0,(alA) + M 0 Three products
(SO)2+ O — S,0 + 05(aA) 0 Estimate
2C100 — Cl202+0,(atA) 0 insufficient energy
OCIO + O3 — ClO + 02+ Oy(a'A) 0 Three products
03+ Cl,05 = CIOO + O3+ CI10 0 insufficient energy
2C1,02 — 2C12 + 02+ Oy(alA) 0 Three products
CICO + 03 = Cl + CO2+ O,(alA) 0 Three products
CICO3+ O — Cly+ CO4+ 0y(atA) 0 Three products
2CICO3 — CI2 + 2C02+ 0z(atA) 0 Three products

@ DeMore et al. [1994] does not suggest a yield. Three references cited by DeMore et al. [1994]
are Davenport et al. [1972], Wayne [1972], and Amimoto et al. [1978]. Davenport et al. [1972]
combined with Wayne [1972] suggests Ox(a’A) yield < 0.3 with yields of 20, and O2+ 20 as
~ 0.35 each. Amimoto et al. [1978] does not constrain Oy(a'A) yield but find an average of one
O(®P) produced for every O(*D) that reacts. Estimated yield for O2(a'A) is ~ 0.1.
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E Catalytic Cycles

H+Oy,+M — HO,+ M
O—f—HOQ—)OH“}—Oz
CO+0OH —CO,+H

net : CO + O — CO, (C1)

2(H+ Oy + M — HO, + M)
2HOy — H5045 + O
H;0, + hv — 20H

2(CO 4+ OH — CO, + H)

net : 2C0O + O, — 2CO, (C2)

OCS +hv =+ CO+S
S+ 0CS — CO + 5,
Sz +2C0O — 20CS

net : nothing (C3)
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OCS+hry - CO+S8S
3(CO, +hv — CO + 0O)
2(20 + M — O, + M)

5 4= 05 =350 4 O
SO+ OH — SO, +H
H+O;+M — HO, + M
SO; + HO, — SO3 + OH
SOs3 + HyO + M — HpS04 + M
H,SO4 — SO3 + H,0O
SO3 +4CO — 3CO, + OCS

net : nothing

2(H,S + hv — SH + H)
9SH — H,S + S

S+ 0CS = CO+ 85,

net : HyS 4+ OCS — 2H+ CO + S,

H,S+hv -+ SH+H

SH + O, - OH + SO

net : HyS+ Oy — H+ OH + SO
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2(H,S + hv — SH + H)
2SH — H,S + 9
S+0, = S0+0

net : HyS 4+ Oy — 2H + SO + O.

SO+hv -+S+0

S+0;, +S0+0

net : Oy — 20

(C8)

SOz +hvy -+ SO+ 0O

250 = SO, + S

S+0,—=5S0+0

net : Oy — 20

2(S0,+ O+ M — SO3 + M)

2(S0; + Hy0 + M — H,ySO, + M)

net : 2802 + 20 + 2H20 —F 2H2804

(C10)
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2(H + Oy + M — HO, + M)
SO, +hy — SO+ O
SO + HO, — SO, + OH
0 + HO, — OH + O,
2(CO + OH — CO, + H)

net : 2C0 + Oy — 2C0O,

(C11)

H+O;+M — HO,+ M
SOz +hvy -+ S0+ 0O
SO + HO; — SO, + OH
CO+OH — CO, +H
SO, +0+M — SO; + M

SO03 + H, O+ M — HoSO4 + M

et : CO+ SO, 4+ Hy0 + O3 — CO; + HySO0y4.

(C12)

O+03+M—>05+M
Cl+O3—)CIOOQ
ClO+ 0 — Cl+ 0O,

net : 20 — Os.

(C13)
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Cl1+CO+ M — CICO+ M
CICO + O2+ M — CICO3 + M
CICO3 + O — Cl+ CO3 + O,

net : CO+ O — CO, (C14)

Cl1+CO+M — CICO+ M
CICO + O2+ M — CICO3 + M
CICO; + Cl — Cl + CO, + CIO

ClO+0 — Cl+ O,

net : CO+ O — CO,. (C15)

O+034+M —0s+M
Cl+ O3 — CIO + O
ClO + CO — CO, + Cl

net : CO + O — COs,. (C16)
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Cl+CO+ M — CICO+ M

CICO + O2+ M — CICO3 + M

CICO3 + Cl — Cl + CO; + CIO

SOz+hV—)SO+O

ClO 4 SO — Cl + SO,

net : CO+OQ_>CO2+O

(C17)

Cl1+CO+M — CICO+ M

CICO + O2+ M — CICO3 + M

ClICO3 +S — Cl+ CO, + SO

SO+hvy —+S5+0

net : CO + Oy — CO, + O

(C18)

Cl1+CO+M — CICO+ M

CICO + Oz + M — CICO3 + M

CICO; + SO — Cl+ CO4 + SO,

SO; +hvy =+ SO+ 0

net : CO+ 0y, — CO;+ 0O

(C19)
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Cl+CO+ M — CICO+ M
CICO3 + SO, — Cl 4 CO2 + SO3

net : CO + Oy + SOy — CO2 + O + SO3 (C20)

OCS+hv — CO+S

S+ Cly, — SCl1+ Cl

O +SCl - SO +Cl

2C1+ M — Cly+ M
SO+0+M — SO, + M
SO, +0+ M — SO; + M

net : OCS 4+ 30 — CO + SOs3. (C21)

2(0CS + hv — CO +8)
2(S + Cl, — SC1 + Cl)
25C1 — Sy + Cl;
2(Cl+ SO, + M — CISO, + M)
Cly + hv — 2C1
2(Cl + CISO; — Cly + SO,)

net : 20CS — S; +2CO (C22)
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Cl, + hvy — 2C1
2(Cl+SO; + M — CISO, + M)
Cly + hv — 2Cl
2(Cl 4 CISO; — Clp + SO.)

net : nothing (C23)
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F Condensation Versus Vertical Mixing Timescales

The vertical mixing time in our photochemical model is given by

H2
Teddy = m;
eaay

(5.F.1)
where H is the scale height and K44, is the eddy diffusion coefficient.

The timescale for condensation of water vapor onto pre-existing aerosols is given

by

1

Tend

= Licnd — 47rraerDHzOnaerﬁa (5F2)

where F,4 is the rate at which water molecules impact the surface of an aerosol
particle, 74, is the radius of the aerosol particle, Dy,o is the molecular diffusion
coefficient for HoO through COj, ng4e, is the local number density of aerosol particles,
and [ is a correction factor [Seinfeld 1986, pp. 327 - 338]. Equation 5.F.2 without 3
is valid only for the continuum regime, where the molecular mean free path is smaller
than the particle size. ( is a correction factor that enables the extension of equation
5.F.2 through the transition regime to the free molecular regime, where the molecular
mean free path is larger than the particle size. One definition for  was developed by

Dahneke [1983]:

1+ Kn
= F.3
p 1+2Kn(1+Kn)’ (5 )
where
2D
Kn=—""%9 (5.F.4)
TaerVH,0

Kn is the Knudsen number for the flow, and vg,o is the mean molecular speed for an
H50 gas molecule. The behavior of the Dahneke transition formula asymptotically
approaches the expected forms for both Kn — {0,00}: (1) as Kn — 0, 8 — 1,

and the condensation rate goes to that for continuum flow; (2) as Kn — oo, f —
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(Teervm,0)/(4DHy0), and Fepg — 712, vp,0-

The time scales for vertical mixing and condensation derived from Equations 5.F.1
and 5.F.2 are shown in Figure 5F.1. One can see from Figure 5F.1 that below ~ 90
km altitude, the timescale for condensation is smaller than the vertical mixing time
so the water vapor abundance below ~ 90 km will be determined, primarily, by the

equilibrium vapor pressure of water over HySOy.
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Time Scales for Vertical Mixing vs Condensation
LA IS L =0 ARk (O EI2R & R R | LENUREDF O

110

Vertical mixing time

100

llllllllllllllllll

- Condensation time scale for
- Knollenberg et al. (1980) haze density .

Altitude (km)
O
oo

"Condensation time scale for

'IIIIIIIlIIllllIIIIlllllllllllllllllllllll

lllllllllllllllllTl

|
80 1
| Lane and Opstbaum (1983)
,' average haze density
70 . .k‘\u...l AT g i ey i il AERT
10! 102 10 10* 10° 100

Time Scale (sec)

Figure 5F.1: Time Scales for Condensation vs. Vertical Mixing. Vertical mixing
time scale was calculated for the nominal model eddy diffusion coefficient and density
scale height. Condensation time scales were calculated for two aerosol profiles. Both
aerosol profiles use the mode 1 and mode 2 number densities from Figure 16 of
Knollenberg and Hunten [1980] for 58 - 64 km, the number densities from table 4 of
Knollenberg and Hunten for 66 km, and the number densities given in the text on
page 8072 of Knollenberg et al. [1980] for 68 - 70 km. For 72 - 90 km, the nominal
profile uses the mode 1 number density in table 3 of Knollenberg et al. , while the
alternate profile computes the mode 1 number density from the average number
density and scale height at 84 km determined by Lane and Opstbaum [1983] from
Pioneer Venus Orbiter Cloud Photopolarimeter observations.
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G Vapor Pressure of H;O Over H;SOy,

The equilibrium vapor pressure of HyO over 75 wt% H2SO4 for the nominal model was
calculated, but primarily eztrapolated, from the empirical relation given in Donaldson

et al. [1997]):

(—14.0508 + 0.7089282)T + 3578.6
45.5374 + 1.559817 — 0.197298T ’

wp = (5.G.1)

where wp is the concentration of the sulfuric acid solution in wt%, Z = In(Pg,0)
for Ppy,o in mbar, and T is the local atmospheric temperature. Donaldson et al.
[1997] indicate the range of validity for their relation is 10~ < Pj,o < 1073 mbar,
40 < wp < 80, and 190 < T < 230 K. We have extrapolated their relation to lower
temperatures (160 K) and lower water vapor partial pressures (<< 107® mbar) so
there are errors in our computed water vapor abundances. However, even errors of
several orders of magnitude do not have an important impact on our calculations as
shown in Section 2.3.2.

More recently, Tabazadeh et al. [1997] developed a series of relations for the equi-
librium water vapor pressure over sulfuric acid that are valid for 10 < wp < 80 and
185 < T < 260 K.

b
Py,0 = expla + (5.G.2)

B
T2
where coeflicients a — ¢, given in Table 5G.1, are derived from fits to the partial pres-
sures calculated using the model of Clegg and Brimblecombe [1995]. (The Clegg and
Brimblecombe [1995] model predicts water vapor pressures that are within 5% of the
values measured by Giauque et al. [1960]) Given the larger temperature range over
which the Tabazadeh et al. [1997] relations are valid, Relation 5.G.2 is probably a
better source for the equilibrium vapor pressure of water over sulfuric acid than the
Relation 5.G.1. Figure 5G.2 is the same as Figure 5G.1 but gives the equilibrium
water vapor pressures obtained using the relations from Tabazadeh et al. [1997]. Over

the range 107 < Pp,0 < 1072 mbar, both relations (5.G.1 and 5.G.2) agree with
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Table 5G.1: Coefficients for Equation 5.G.2

Wt% HQSO4 a b C
10 19.726 -4364.8 -147620
15 19.747 -4390.9 -144690
20 19.761 -4414.7 -142940
25 19.794 -4451.1 -140870
30 19.883 -4519.2 -136500
35 20.078 -4644.0 -127240
40 20.379 -4828.5 -112550
45 20.637 -5011.5 -98811
50 20.682 -5121.3 -94033
95 20.555 -5177.6 -96984
60 20.405 -5252.1 -100840
65 20.383 -5422.4 -97966
70 20.585 -5743.8 -83701
75 21.169 -6310.6 -48396
80 21.808 -6985.9 -12170

each other, as expected. At the lower temperatures and higher sulfuric acid concen-
trations believed to exist in the Venus atmosphere (e.g., 160 K and 75 wt%), the
two relations can differ by several orders of magnitude. The vertical profiles of water
vapor predicted using Relations 5.G.1 and 5.G.2 are shown in Figure 5G.3 along with
that assumed by Yung and DeMore [1982] and the retrieved values from Encrenaz et
al. [1995].

Donaldson et al. [1997] and Tabazadeh et al. [1997] derived their relations based
on the vapor pressure data measured by Giaugue et al. [1960] rather than the calcula-
tions by Gmitro and Vermeulen [1964] that were used by Steele and Hamall [1981] to
derive the vapor pressure relations that have been commonly used in the atmospheric
science community. This was done because the data from Giaugue et al. [1960] are
believed to be more accurate at low temperatures [Massucci et al. 1996] than the
calculations by Gmitro and Vermeulen [1964] because Gmitro and Vermeulen applied

corrections to Giauque et al.’s [1960] data to achieve consistent partial pressures over
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Figure 5G.1: H,O Vapor Pressure (mbar) over H3S504(;) Solution. Equilibrium vapor
pressure for water over a solution of liquid sulfuric acid based on Equation 5.G.1
from Donaldson et al. [1997]. All values outside the range 10~* < Pg,o < 1072 mbar
are extrapolated outside the range of validity quoted by Donaldson et al. [1997].
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Figure 5G.2: H,O Vapor Pressure (mbar) over H,SO4(;y Solution. Equilibrium vapor
pressure for water over a solution of liquid sulfuric acid based on Equation 5.G.2
from Tabazadeh et al. [1997]. All values outside the range 185 < T < 260 K are
extrapolated outside the range of validity quoted by Tabazadeh et al. [1997).
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Figure 5G.3: Water vapor profiles calculated using Relations 5.G.1 (the nominal
model) and 5.G.2 (an alternate parameterization). Also shown are the water va-
por profile assumed in the Yung and DeMore [1982] models and the concentrations
retrieved from microwave measurements by Encrenaz et al. [1995] (x). One mea-
surement gave only a lower limit on the water vapor abundance at ~ 95 km altitude.
The concentration uncertainties are those reported by Encrenaz et al. [1995]. The
altitude uncertainties are estimated based on the discussion in their paper.
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the temperature range 25 — 400° C. For this reason, the relations from Steele and
Hamill [1981] may not be as accurate as desired for atmospheric studies at low tem-

peratures.
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H Radiative Transfer Calculation Parameters

The direct irradiance is calculated using the model atmospheres altitude grid at every
wavelength bin specified in Table 2.4. The diffuse flux, however, was calculated only
at the wavelengths marked with a ' in Table 2.4 to reduce computation time. At the
intermediate wavelengths, it was interpolated between the nearest calculated values.

The diffuse flux was calculated on a log-linear optical depth grid [Michelangeli et
al. 1992]. This grid was designed to encompass the broad range of optical depths that
are encountered in radiative transfer calculations for a planetary atmosphere while
providing good resolution at the altitudes where photodissociation is most important
with minimal computation time. The diffuse flux grid has 10 points per decade
between the extinction optical depth above the model’s upper boundary and optical
depth = 0.1 (if the optical depth at the upper boundary is < 0.1). Between optical
depths 0.1 and 2 (or the extinction optical depth at the lower boundary, whichever is
smaller), the optical depth grid points are separated by a constant value < 0.01. If the
extinction optical depth at the lower boundary is > 2, the remaining range is divided
so that there are at least 10 points per decade. The diffuse flux at each model altitude
is determined by interpolation between the nearest points on the optical depth grid
and then added to the direct solar irradiance for that altitude to determine the actinic
flux.

The accuracy of the diffuse flux calculation depends primarily on the number of
wavelengths included, the number of Gaussian angles, the number of terms in the
azimuthal angle expansion, and the resolution of the optical depth grid. The values
selected for the results presented in Section 2.3 are 46 wavelengths, 8 Gaussian angles,
16 azimuthal angle terms, and 400 points on a log-linear optical depth grid. The
accuracy of the radiative transfer calculation for these computational parameters was
assessed by comparison to a reference calculation in which diffuse flux was computed
at 80 wavelengths using 30 Gaussian angles and 60 terms in the azimuthal angle
expansion on a log-linear optical depth grid with 500 points. Michelangeli et al.

[1992] found that test cases using 20 Gaussian angles, 40 azimuthal angle terms, and
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320 optical depth grid points produced results that were typically within 1% of those
calculated by van de Hulst [1980] so our reference calculation should be sufficiently
accurate to serve as a benchmark.

The largest differences between our standard radiative transfer calculation and our
reference calculation occur below 70 km altitude at 195 — 210 nm and at A > 530 nm.
The differences at long wavelengths were < 4% and few molecules photodissociate at
A > 530 nm so the impact on our model results from these errors is negligible. The
differences at shorter wavelengths are potentially important since they lie at the long
wavelength edge of the CO, absorption band where HCl and SO, absorb strongly.
The differences, however, are significant only where the slant optical depth is larger
than 10. For example, if one considers actinic fluxes > 10%® photon cm=2 s71, the
standard actinic fluxes were within 11% of those in the reference calculation. If one

2 571 the maximum difference is 8%

considers only actinic fluxes > 10”7 photon cm™
and occurs at 195 nm for 68 km altitude. Our sensitivity studies (Section 2.3.2)
found only small changes in the column oxygen abundance as a result of much larger
changes in the actinic flux at these wavelengths, so the impact on our model results
from these errors.is not significant. Consequently, the accuracy of the photochemical
results should not be limited by the accuracy of the radiative transfer calculations.
The nominal wavelength-independent Lambertian albedo for the lower boundary
was chosen to be 0.6. This value is the geometric albedo for the upper cloud in Moroz
[1983] at ~ 400 nm. Wavelengths < 300 nm are strongly absorbed within or above
the upper cloud so the albedo of the middle cloud at these wavelengths should not
be important for the photochemistry within the upper cloud. Wavelengths > 500 nm
are not absorbed strongly within the upper cloud but O3 is the only important gas
that photodissociates at these longer wavelengths so radiation at visual wavelengths
should not be important for the photochemistry within the upper cloud. Hence, we
assumed the scattering characteristics for the middle cloud were similar to those for

the upper cloud and specified the albedo for the lower boundary as the geometric

albedo for the upper cloud at ~ 400 nm.
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I Rayleigh Scattering Calculations

Rayleigh scattering is not significant in the Venus middle atmosphere but has been in-
cluded in our radiative transfer calculation for completeness. The Rayleigh scattering

cross section for a mixture of CO, and N, was calculated from

24m3 n2 -1, ,
0= L2)\4(n2+2) pO’

(5.1.1)

where L = Loschmidt’s number, A = wavelength of light, pf is the depolarization
factor for incident unpolarized light as defined in Young [1980], and n is the index of
refraction. The index of refraction for CO, at wavelengths > 192.5 nm was from Old et
al. [1971], the index of refraction for N, was from Allen [1976], and the depolarization
factors for CO, and N, were from Young [1980]. Rayleigh scattering at A < 192.5
nm was neglected since it is not clear how the index of refraction for CO, should be
extrapolated to these wavelengths [Edlen 1966] and absorption by CO, is probably
much stronger than scattering at these wavelengths. The Caltech/JPL photochemical
model (KINETICS) defines the Rayleigh depolarization factor in a manner that differs
from the notation in, for example, Young [1980] and Goody and Yung [1989],
1-A

o 51.2
KRDF = — (5.1.2)

where

(5.1.3)

KRDF is the KINETICS Rayleigh Depolarization Factor, A is the Goody and Yung
[1989] depolarization factor, I is the intensity, and 7 and [ are two orthogonal di-
rections perpendicular to the direction of propagation [Goody and Yung [1989], page
298]. A = pl = 0.078 for CO, and A = 0.0210 for Ny Young [1980]. ph is the Rayleigh
Depolarization Factor for incident unpolarized (natural) light in the notation used by

Young [1980].
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J Aerosol Scattering Characteristics

The dominant source of diffuse flux is scattering by aerosol particles in the upper
cloud and upper haze. The wavelength-dependent effective extinction cross sections
for the mode 1 and mode 2 aerosol particles in the upper haze and upper cloud layer
were taken from Tables IV and V in Crisp [1986]. The other parameters needed to
characterize the aerosol scattering are the single-scattering albedo and the scattering
phase function. The radiative transfer routines in our photochemical model consider
these parameters to be independent of wavelength so it was necessary to approximate
the wavelength-dependent values given in Crisp [1986]. We used a single-scattering
albedo of 0.99 for < 70 km altitude and 1.0 for higher altitudes. Our scattering phase
function was a single Henyey-Greenstein function [Henyey and Greenstein 1941] with
asymmetry parameter of 0.7. The extra ultraviolet absorption at > 300 nm that Crisp
[1986] attributed to the mode 1 aerosols in the upper cloud was not included in our
nominal model since this absorption could be produced by one of the gas-phase species

examined in our model (e.g., Cly [Pollack et al. 1980; Yung and DeMore 1982]).
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K Sources of Solar Flux Data

The irradiances at Ly-o in Table 2.4 were estimated based on the relationship [WMO
1985],

Fy(Ly — ) = 2.25 x 10" + (0.014 x 10™) x (S,(10.7cm) — 65), (5.K.1)

where Fy(Ly-a) is the irradiance at Ly-a at 1 AU in photons cm™2 s7! line™! and
Se(10.7 cm) is the 10.7-cm (2800 MHz) radio irradiance at 1 AU in units of 10*
jansky (10722 W m~2 Hz!). 10.7-cm index values (adjusted to the mean distance
between the earth and Sun) were taken from those measured at the Penticton, British
Columbia, Radio Astrophysical Observatory as published at

/stp/SOLAR/FLUX /fluz.htmland /STP/SOLAR_DATA/SOLAR_RADIO/FLUX on
the WWW site http://www.ngdc.noaa.gov. The 10.7-cm index for the day prior to
the Woods et al. [1996] measurements was used because London et al. [1993] indicate
the best (but not perfect [Meier et al. 1997; WMO 1985]) correlation between the
two indices requires a one-day lag for the Ly-a index behind the 10.7-cm index. The
adjusted 10.7-cm index values (185.4 for 28 Mar 1992 and 92.8 for 14 Mar 1993)
published on the WWW site were multiplied by 0.9 (the recommended correction for
antenna gain and ground reflections) then used in equation 5.K.1.

For the remainder of the 120.0 - 410.0 nm region, data from Woods et al. [1996]
were used. (For the 120.0 - 122.5 nm region, the estimated Ly-o irradiance was
subtracted from the integrated irradiance reported by Woods et al. [1996].) The
data for high solar irradiance (29 March 1992) were from their Table 6 and the data
for low solar irradiance (15 April 1993) were from their Table 7. These data are an
uncertainty-weighted average of measurements by the SOLSTICE and SUSIM instru-
ments on the UARS satellite. (UARS is the Upper Atmosphere Research Satellite;
SOLSTICE is the SOLar STellar Irradiance Comparison Experiment; and SUSIM is

the Solar Ultraviolet Spectral Irradiance Monitor.) The measurements were acquired
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as part of a cross-comparison experiment between the two solar irradiance instru-
ments on the UARS satellite (SOLSTICE and SUSIM) and two solar instruments on
the shuttle ATLAS missions (ATLAS SUSIM and SSBUV). (ATLAS is the ATmo-
spheric Backscatter UltraViolet experiment. SSBUV is the Shuttle Solar Backscatter
UltraViolet experiment.) All measurements were collected on the same day, although
at different times during the day. The spectral resolution for the average spectrum
is 1.1-nm FWHM (full width at half maximum). The spectral resolution for the
UARS SUSIM data was 1.1-nm and that for the UARS SOLSTICE data was 0.15-
nm. Results from the four instruments agreed to within the 2 o uncertainty of any
one instrument, 5 - 10% for wavelengths > 160 nm and for strong emission features
at < 160 nm. However, the results for the solar continuum at 130 — 160 nm differ by
< 20%, and the results for the solar continuum at < 130 nm differ by > 30%. The
differing results from these instruments would not have a significant impact on our
modeling since solar irradiance at < 160 nm, with the exception of irradiance at Ly-c,
is primarily absorbed above the upper boundary for our model so these differences
would have a negligible impact on our results. At 310.0 - 400.0 nm, the Woods et
al. [1996] data agreed well with the recommended solar irradiance in WMO [1985]
(which had been taken from Nicolet [1981]). The differences between the irradiances
measured on 29 March 1992 and 15 April 1993 were < 10% for > 200.0 nm and < 1%
for > 300.0 nm.

For 410.0 - 805.0 nm, the solar irradiances reported by Neckel and Labs [1984]
were used. These data are the recommended solar irradiances in WMO [1985], but
the Neckel and Labs [1984] data were selected because the WMO [1985] compilation
degraded the spectral resolution of the data.
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L. Comparison of S;0 Predictions

The S;0 abundances in the Nominal Model are several orders of magnitude smaller
than in the calculations by Na and Esposito [1997] and the S,0 abundances in the
One-Sigma and Highest C1ICO Models are even smaller. The processes for produc-
tion and destruction of S,O are the same in the current models and in the Na and
Esposito [1997] model, and the concentration of SO under the (valid) assumption of

photochemical equilibrium is given by Equation 5.L.1 from Na and Esposito [1997].

kxc245[(SO)2][O] + kxc247[(SO)2][SO]

S,0] =
5:0] Jpso + kx250[O] + kx2s1[S] + k13[H20]

(5.L.1)

Two of the estimated rate constants that affect the concentration of S;O, however,
differ by orders of magnitude in the current model and in the Na and Esposito [1997]
model: the photolysis rate for S;O (Reaction P80) and the thermal dissociation
rate for (SO), (Reaction K248). In the Na and Esposito [1997] model, S0 was

3 sec™! near 60 km

primarily lost via Reaction K250 which has a rate of ~ 1073 cm™
altitude. In the current models, S;O is primarily lost via Reaction P80 which has a
the rate of ~ 1072 cm ™2 sec™! near 60 km altitude. In both the current models and
the Na and Esposito [1997] model, S;0 was produced from (SO),, but the thermal
dissociation reaction in the current models was estimated to be faster than in the Na
and Esposito [1997] model. Consequently, the production rate for SO in the current
models is smaller than in the Na and Esposito [1997] model and the loss rate for S;O
in the current model is larger. As a result of these differences, the predicted S;0O
concentrations in the current model are much smaller than in the Na and Esposito
[1997] model. Given the lack of laboratory data, the calculated results for minor
sulfur species, such as S0, in both the current models and the Na and Esposito
[1997] model should continue to be considered speculative.

The estimated cross sections used in the current models for photolysis of SoO were
based on semiquantitative information in the chemistry literature (Appendix B) and
likely have a factor of 10 uncertainty. Na and Esposito [1997] do not detail the source
for their estimated photolysis rate for SoO (3 x 10~7), but it is the same estimated
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rate that was used by Yung and DeMore [1982] (who also do not provide a rationale
for their estimate).

The rate for Reaction K248 in Na and Esposito [1997] was also, apparently, an
estimated reaction rate from Yung and DeMore [1982]. The rates for this reaction
in the current models were also estimates, but an explicit temperature dependence
was included in the current estimates by formulating the thermal dissociation rate in

terms of an equilibrium constant.
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M Verification Tests for the Photochemical Model

Prior to undertaking the calculations reported in Chapter 2, the Caltech/JPL photo-
chemical model (KINETGENS5) was tested for simple cases to verify its results were
reasonable. These tests were also used to assess the differences that were found be-
tween the KINETGENS results and those from the Yung and DeMore [1982] and
DeMore et al. [1985] models.

First, the results from a single short time step were compared to fixed input data
such as the temperature to verify the data had been properly entered. Second, the
pressures calculated by the model were compared to those calculated using the per-
fect gas law from the input temperature and number densities. Excellent agreement
was found. Third, photolysis rates for a case in which CO, was the only photodis-
sociating gas and one in which CO, and HyO, were the only photodissociating gases
were compared to calculations done outside KINETGENS5. Agreement between the
calculations was better than 2% for the optical depth for every wavelength interval,
the photolysis rate within every wavelength interval, and the total photolysis rate for
each species. Fourth, tests were conducted to verify the species and reaction numbers
within the model agreed with those in the standard input and output files.

A more extensive test was then conducted using the full set of chemistry for carbon
and oxygen species (e.g., COy, CO, O3, Oz, 0;(*A), O, and O(*D)). Excellent agree-
ment was found between the KINETGENS radiative transfer calculations and order
of magnitude estimates. The three-body kinetics rates computed by KINETGENbH
at the low and high pressure limits agreed with the input values, and the calculated
kinetic rates at intermediate pressures were reasonable. The O3 concentration calcu-
lated by the model at an intermediate altitude (86 km) agreed to within 25% with
that estimated analytically based on a modified version of Chapman chemistry. The
altitude at which the maximum airglow emission occurs was lower than then the al-
titude at which the maximum O concentration occurred. This agrees with models of
the terrestrial dayglow, and differs from the assumption made in some calculations

using the Venus Thermospheric General Circulation Model [Bougher, S., Personal
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Communication, 1995]. The calculated airglow emission for this simple model was
within a factor of two of that estimated from scaling the Earth’s dayglow, which is a
reasonable level of agreement given the assumptions made in the scaling.

Finally, the parameters used for the photochemical modeling described in DeMore
et al. [1985] were input to determine if the current version of the model would repro-
duce the results obtained in 1985. When the output photolysis rates from the 1985
model for all species were input to the current version of the model, then the results
from the current version agreed to within a few percent with the 1985 results. This
indicates the solution procedures in both models give the the same results when given
the same input values. However, it was not possible to reproduce the 1985 photolysis
rates using the current version of the model. The source for this disagreement (two
orders of magnitude for the photolysis rate of H,O and ~ 10 — 20% for other species)
was not definitively identified. Circumstantial evidence indicates some of the input
data used in the 1985 calculations may have been incorrect. Much of the input data
(e.g., photodissociation cross sections) that were used in 1985 are no longer available,
but significant differences were identified between some reaction rates used in the
1985 model and those published in Yung and DeMore [1982], and the photodissocia-
tion cross section for SO3; that was used in the 1985 model differed from the values
reported in the the original source by a factor of 10. Given these identified prob-
lems with the 1985 calculation and the fact that it used a calculation procedure that
is no longer supported (and difficult to reintroduce), no further comparisons were

attempted between the KINETGENS and the previous Venus model results.



