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We have used a one-dimensional methane photochemical model
to analyze Voyager observations of hydrocarbons and hazes in the
stratosphere of Neptune. Vayager IRIS spectra provide informa-
tion about the global average C,H, and C,H; mixing ratios for
p > 0.1 mbar. The UVS lightcurves provide constraints on CH,
and C,H, in addition to C,H, and C,;H, but only at the solar
occultation latitudes and for lower pressures. The model-predicted
hydrocarbons are very sensitive to the height profile of the eddy
diffusion coefficient (K). For both data sets K varying inversely
with the atmospheric number density to some power produced
poor results. Good agreement with the data requires that K be
weak in the lower stratosphere (K = 2 % 10* cm? sec™! for p 2
2 mbar) but fairly vigorous in the upper stratosphere (K = 5 x
107 cm? sec™! for p S 0.5 mbar), i.e., a rapidly mixed upper
stratosphere overlying a stagnant lower stratosphere with a rapid
transition in between. The model C;H; and C,H, mixing ratios
are also sensitive to the reaction rate constants of C;H, + H and
CH,; + C;H;. Notably, we must use the present upper limit for
the C,H, + H rate to best fit the model results to the observations.
We are able to reproduce the IRIS C;H, and C,H, emission features
well, less so the UVS occultation lightcurves. Since the transport
. of C4H,, C,H,, and other hydrocarbons produced from methane
photolysis out of the stratosphere is by ice haze formation and
sedimentation, we compared model haze predictions to PPS and
IRIS observations. For solar maximum fluxes (Voyager ¢ncounter
conditions) the model mass production rate is 1 x 107" g cm?
sec~!, C,H, is the dominant haze component (75%), with the
remainder coming from C;H; and C; and C, compounds. Balanc-
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ing the above haze production rate by the sedimentation rate for
0.25-pm radius particles (upper limit to particle radius from PPS
observations) yietds a total haze column burden slightly abave the
PPS upper limit. However, lifetime analysis indicates that the
model haze production rate should be averaged over solar mini-
mum and maximum conditions. Under these conditions the model
haze density is consistent with the PPS data. The predicted C,H,
and C,H, haze column densities are consistent with the lack of ice
signatures in the IRIS spectra. © 1993 Academic Press, Inc.

I. INTRODUCTION

Methane (CH,) and its photochemical products acety-
lene (C;H,) and ethane (C,H,} have been observed in
emission in the infrared from Neptune's stratosphere for
over 10 years (see references in Orton and Appleby 1984,
and Kostiuk ef al, 1992). The retrieved mole fractions
of these species are much greater than their respective
saturation mixing ratios at the tropopause. This, coupled
with observational evidence of a lower stratospheric haze
(p > 5 mbar) on Neptune (see, e.g., Baines and Smith
1990, Hammel ef al. 1989), naturally led to the speculation
that these and poientially more complex hydrocarbons
were the source for the haze.

An understanding of these hydrocarbons and hazes is
important to an understanding of the carbon cycle in the
stratosphere of Neptune. Carbon, in the form of methane,
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is transported from the troposphere into the strato-
sphere, where it is converted into C, and higher-order
organics by photolysis and subsequent chemistry. The
photolysis products are then transported downward to
the lower stratosphere, where they form the hazes. It
is then the sedimentation of the haze particles into
the troposphere that finally removes carbon from the
stratosphere. Thus, in a steady-state situation, the pho-
tolytic destruction of methane determines the haze pro-
duction rate.

Prior to the Voyager 2 encounter with Neptune, Romani
and Atreya (1989) made predictions about the C,H, and
C,H, mixing ratios and haze production from methane
photochemistry. They used a one-dimensional methane
photochemical model which included a condensation loss
process for acetylene, ethane, and, diacetylene (C,H,).
This type of model needs basic input information about
the thermal structure and the methane mixing ratio in the
lower stratosphere of Neptune. Postencounter we now
have better/new information about these quantities. The
Voyager Ultraviolet Spectrometer (UVS), Infrared Inter-
ferometer Spectrometer and Radiometer (IRIS), and Ra-
dio Science Subsystem (RSS) instruments returned data
on the thermal structure. Analysis of the Voyager UVS
occultation data, and reanalysis of groundbased data, has
yielded constraints on the methane mixing ratio in the
lower stratosphere (Bishop er al. 1992, Baines and Ham-
mel 1992, Orton et al. 1992).

In this paper we update the work of Romani and Atreya
{1989) by using an expanded photochemical model and
making use of post-Voyager encounter information about
the background atmosphere. We first compare the mode!
hydrocarbon vapor phase mixing ratios to Vovager IRIS
and UVS observations. In addition to the photochemical
reactions, the model ethane and acetylene mixing ratios
are very sensitive to the choice of the eddy diffusion
coefficient, K (see Bézard et al. 1991 and Bishop e al.
1992}. We have information about K near the tropopause
from analysis of the thermal structure observed by IRIS
(Conrath et al. 1991). Analysis of the Voyager UVS occul-
tation data has yielded constraints about the eddy diffu-
sion coefficient in the microbar region (Parkinson et al.
1990, Bishop et al. 1992). The ethane and acetylene emis-
sion observed by Voyager IRIS originates in the 3- to 4.0
x 1072 —mbar region (Bézard ef af. 1991)—intermediate
to the first two observations. Thus, with respect to the
model photochemical reaction system, we can use the
model and all of these data sets to derive an altitude profile
for the eddy diffusion coefficient. The model also predicts
a hydrocarbon ice haze production rate. Since haze pro-
duction is not a directly observed quantity we must con-
vert 1t into a haze column density before comparing it to
observations, We test our model haze predictions against
Voyager IRIS and Photopolarimeter Subsystem (PPS) ob-
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FIG. 1. The thermal profiles used in the photochemical model and
data analysis. They are based in part upon Voyager egress (49°S) and
ingress (61°N) occultation data. The egress warm profile is 20 K warmer
in the 107'- to 103-mbar tegion than the egress nominal profile, For
pressures less than 0.2 mbar the ingress and egress nominal profiles are
identical. See text for details.

servations (Pryor et al, 1992) as well as groundbased ob-
servations (Baines and Hammel 1992).

The paper is organized into the following sections. The
model atmospheres and photochemicat model used in this
study are described in Section I1. In Section I11, the model
predicted vapor phase mixing ratios are compared to the
Voyager 2 observations. Haze results are discussed in
Section 1V. Lastly, we summarize all results and discuss
future work in Section V.,

II. MODEL DESCRIPTION

I.A. Model Atmosphere

The thermal structures used in this study are shown in
Fig. 1. They are taken from Bishop et al. (1992) and we
briefly summarize them here. For pressures greater than
=3 mbar they are based upon either the RSS ingress or
egress occultation (Lindal et al. 1990), while for pressures
less than =0.03 pbar they are based upon the UVS ingress
occultation (Broadfoot ef al. 1989). The RSS data were
rescaled to an He mole fraction of 0.19 (Conrath et al.
1991). The recent reanalysis of the RSS occultations and
UVS occultations {(Lindal 1992 and Yelle er af. 1993, re-
spectively) have minimal effect upon these thermal pro-
files. To bridge the RSS-UVS information gap we used
temperature information from the analysis of stellar occul-
tations by Neptune. For the nominal profile we relied
upon the analysis of a central flash by Hubbard et al.
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{1987) with temperatares also rescaled to an He mole
fraction of 0.19. (Marten ef al. 1993 have recently pro-
posed that the N, mixing ratio on Neptune might be as
large as 0.3% with a commensurate reduction in the He
mole fraction to 0.15. This does not affect the thermal
structure since it is sensitive mainly to the mean molecular
weight of the atmosphere which would remained un-
changed under these circumstances.) The nominal egress
profile is very similar to the one used by Bézard et al.
(1991} in their analysis of the IRLS observations of C,H,
and C,;H,, because it is based upon the same sources.
Bézard et ql. (1991), however, assumed the atmosphere
to be isothermal for all pressures less than 0.1 mbar. In
addition to the nominal profiles we also used an egress
“warm’’ profile. The warm profile is =20 K warmer in
the region between 10~ and 10~ mbar but is still within
the range in temperatures deduced from stellar occultation
observations (Hubbard er al. 1985, French ef al. 1985,
Roques ef al. 1992). Our motivation for including a warm
profile is based upon our choice for the methane mixing
ratio in the lower stratosphere (see below).

These thermal profiles were used to test the sensitivity
of the data analysis and model results to changes in the
thermal structure of the atmosphere. Bézard et al, (1991)
and Bishop et af. (1992) discuss how changes in atmo-
spheric thermal structure affect interpretation of the IRIS
and UVS observations. The model results are sensitive
to temperature through the temperature dependence of
the reaction rate constants and the vapor pressures in
the condensation loss process (see Section I1.E). Both of
these processes are exponentially dependent upon tem-
peraiure. The model results are also sensitive to the tem-
perature—pressure structure in the condensation region.
Changing the thermal gradient changes the pressure level
where condensation occurs in the results, while the tem-
perature remains essentially unchanged because of the
strong temperature dependence of the condensation loss
rate. This affects comparison of the pressure where con-
densation first occurs in this study to other work. Changes
in the thermal structure can also affect the relative produc-
tton rates of the condensing hydrocarbons. For example,
C,H, is a daughter product of C,H, and thus its production
is inhtbited by C,H, condensation. The thermal structure
of the atmosphere controls the relative placement of the
C,H, and C,H, condensation levels and influences the
fraction of C,H, that is converted to C,H,.

Since the photochemical model is one-dimensional it
implicitly assumes a global average atmosphere in both
longitude and latitude. We have also chosen solar flux
conditions to be representative of global average condi-
tions (see Section I1.C). It is then fair to ask whether
these thermal profiles are representative of global average
conditions. We realize that they rely heavily upon the
RSS occultations (ingress 62°N, egress 45°S) and the UVS
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ingress occultation (=RSS ingress). It can be argued that
from comparison of the RSS5 profiles to IRIS data sensitive
o the tropopause temperature (Conrath e al. 1991) that
the egress model atmosphere is too cold to be a global
average since it occurred in a cold latitude band. How-
ever, we can see in Fig, 1 that while the ingress profile
is warmer than the egress at the tropopause, they cross
and that for p << § mbar the egress profile is warmer. The
RSS data also provide the only information we have on
the thermal structure in the region we expect the hydro-
carbons to condense.

I1.B Methane Mixing Ratio in the Lower Stratosphere

In Romani and Atreya (1989) the methane mixing ratio
in the lower stratosphere was 2%. This was based upon
pre-Voyager radiative transfer models which predicted
the stratospheric thermal structure and methane 7.8-um
radiances from Neptune (e.g., Orton et al. 1990). Even
the nominal thermal profiles given above are warmer than
the preencounter model atmospheres and thus require a
lower methane mixing ratio to reproduce groundbased
observations. Most recently Orton et al. (1992) from re-
analysis of the data given in Orton et al. (1990) have
retrieved a nominal stratospheric CH, mixing ratio of
7.5 x 107* (for a temperature of 168 K near 1-10 ubars).
Independently, from analysis of methane absorption fea-
tures, Baines and Hammel (1992) have derived a nominal
value of 3.5 x 107* Even lower CH, mole fractions, on
the order of 107*, are possible (from analysis of Voyager
UVS occultation data Bishop et al. 1992). For this study
we adopted a value of the methane mixing ratio at the
tropopause of 1074, Since it is possible to get better
agreement between the UVS and groundbased 1R mea-
surgments with the warm model atmosphere we also used
it as input to the photochemical model.

However, changing the CH, mixing ratio in the lower
stratosphere from 2% to 1077 causes much less propor-
tional changes in the model acetylene and ethane and only
alters the total haze production by a factor of two. This
is because methane photolysis and the subsequent haze
production is primarily a photon-limited process. As dis-
cussed in Romani and Atreva (1989), the methane cross
section is large enough at Lyman « (where the majority
of photolyzing photons are) that unit optical depth, r =
1, is reached hundreds of kilometers above the tropopause
even for a mixing ratio of 10~4. Changing the methane
mixing ratio shifts the r = 1 level to a different pressure
level in the stratosphere. This affects the subsequent
chemistry and the haze production because it changes the
temperature and number density where the photochemis-
try takes place which then in turn alters the reaction rates
and fractionation between three and two-body reaction
pathways.
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I1.C. Solar Flux

To be consistent with the Voyager UVS observations
we used solar maximum fluxes (5.0 x 10" photons cm 2
sec™! at 1 AU at Lyman «). The fluxes were diurnally
averaged and the solar zenith angle was 50°. This is repre-
sentative of global average conditions. As pointed out by
Strobel et al. (1990) in their study of methane photochem-
istry on Triton, the LISM (local interstellar medium} Ly-
man « intensity leads to a methane dissociation rate com-
parable to the diurnal average solar rate at Neptune's
distance from the Sun. Since the rotation period is much
shorter than the photodissociation lifetimes, the LISM
emissions averaged over the entire sky should be used in
estimating atmospheric photolysis rates. Using the LISM
Lyman o measurements acquired by the Voyager UVS
near the time of encounter, the effective sky-summed
intensity as seen from an altitude z within the stratosphere
is approximately 1.6 x 10% e{~7C0? photons cm 2
sec 1.

I D, Photochemical Model

The basic numerical technique is the same as in Romani
and Atreya (1989}, The model assumes a steady-state con-
dition and a horizontally averaged atmosphere so the con-
tinuity equation for the ith species becomes

—dd,
dz;

I

+P—L =0, (1)

where @, is the flux of the species in molecules cm™2
sec™!, z is the altitude and P; and L, are respectively the
chemical production and chemical loss rate of the species
in molecules cm 2 sec~!. In Table I we list the species
presently in our model. If the chemical lifetime of a species
is much smaller than the transport time, then the flux term
in Eq. (1) can be neglected and the mixing ratio of the
species is solved for by equating chemical production to
loss at each level in the model. If the species is not in
photochemical equilibrium, then the full continuity equa-
tion must be solved. These coupled continuity equations
are then finite differenced and solved by using an iterative
Newton—Raphson technique. A convergence criteria of
1% was used for all cases. At the lower boundary (tropo-
pause) fixed-point boundary conditions are used. Due to
the rapid condensation sink near the lower boundary our
results are not sensitive to the chosen lower boundary
values, At the upper boundary for the hydrocarbon spe-
cies we assume diffusive equilibrium, i.e., zero flux, while
for atomic hydrogen we assume a net downward flux of
4 x 10" molecules cm~2 sec™!. This flux represents H
production by solar EUV (photons and photoeiectrons)
above the upper boundary. It was derived by scaling
the observed flux at Jupiter (~1.3 x 10°, Gladstone 1983)
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during the time of the Voyager encounters in 1979 to
Neptune (both occurred during solar maximum periods).

Both eddy and molecular diffusion are included in the
flux term in Eq. (1) since the model includes both the
well mixed portion of the atmosphere and the region of
diffusive separation. The molecular diffusion coefficients
for the hydrocarbons and atomic hydrogen in H, and He
are either for Marrero and Mason (1972) and the refer-
ences contained therein, or are estimated in the manner
of Fuller, Schettler, and Giddings as given in Reid et al.
(1977). These background gas dependent diffusion coeffi-
¢ients are then combined to produce diffusion coefficients
appropriate to the model atmosphere.

In a one-dimensional model all of the dynamics col-
lapses into a single parameter—the eddy diffusion coeffi-
cient, K. The strength of K is representative of the amount
of vertical mixing in the atmosphere, from whatever
source: waves or mass motion (see Holton and Schoeberl
1988). We treat this as a free parameter to be constrained
by model—observation comparison. Thus we defer discus-
sion of the K profiles to Section III.

The photochemical reactions are listed in Table 1I and
the major pathways are diagrammed in Fig. 2. A complete
list of the rate constants used and their references is avail-
able upon request (from P. Romani). The number of reac-
tions have been expanded since the Bézard et al. (1991)
study (NB that Kostiuk et al. 1992 used the same chemi-
cal scheme as Bézard ef al. 1991). Specifically they are
R2, R3, R22, R24, R25, R41, R44, R47, and R48. The
most important ones are those which make the C; and C,
hydrocarbons (R22, R24, R25, R41, R44, and R48) be-
cause inclusion of them results in lowered C, production.
Presently, the model is complete through the C, and C,
hydrocarbons, with only limited C, and C, hydrocarbon
chemistry. In general we only include the production of
C; and C, compounds. The affect on the model is the
equivalent to assuming that subsequent photochemistry
of these compounds does not then alter the C, and C,
distributions. This, however, may not be the case. Moses
(1991), using a model which includes more C; and C,
reactions than ours, found that C, and C, compounds
regenerated C, and C, species 80-95% of the time. To
investigate this further we ran our model with a solar flux,
model atmosphere, and K profile similar to those used in
Fig. 5 of Moses et al. (1992). The two model C,H, and
C,Hg mixing ratios agreed to within an average of 35% in
the 1-0.I-mbar region (outside the condensation region
of these species).

II.LE. Haze Production

The handling of the condensation loss process of C;H,,
C,H,, and C,H, from the vapor phase is the same as in
Romani and Atreya (1989). Here we give a discussion of
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TABLE I
Chemical Species
Chemical Chemical
formula Name formula Name
CH4 Methane ﬂ-C3H4, CH2C2H2 Allene?®
CH, Methyl C4H; Propenyl®
ICH, Triplet methylene CH, Propene, a.k.a.
(ground state) propylene?
ICH, Singlet methylene C;H, Propane?
(excited state)?
CH Methylidyne® CH Butadiynyl?
C Atomic carbon?® C.H, Diacetylene, a.k.a.
1, 3-butadiyne
C, Diatomic carbon? CH** Excited
metastable
diacetylene?
CH Ethynyl® CHy”
CH, Acetylene CH, Vinyl acetylene?
C,H; Vinyl CH, 1,3-Butadiene?
C,H, Ethylene 1-CH;, 1-Butene®
C,H; Ethyl CH, Butane®
C,Hg Ethane C¢H, Triacetylene,
a.k.a. hexatriyne?
C.H; Propynylidene CgH, Tetraacetylene,
a.k.a. octatetrayne®
p-CH,, CH;C,H Propyne, a.k.a. H Atomic hydrogen

methyl acetylene®

2 Species assumed to be in photochemical equilibrium.

# Species has chemical production only.

the loss process in more detail. The loss process is based
upon the diffusive growth rate of ice crystals—vapor
phase molecules strike an already existing ice crystal and
stick to it. The diffusive mass growth rate (gm sec ') of
an individual ice crystal is taken from Pruppacher and
Klett (1980),

c_ig=47raszD'M @
dt RT ’
where a is the crystal radius, s is the supersaturation, T
is the temperature in degrees Kelvin, R is the universal
gas constant, D’ is the molecular diffusion coefficient of
the condensing species corrected for gas kinetic effects
for small crystals, and Vp and M are respectively the
vapor pressure and the molecular weight of the condens-
ing species. As written, Eq. (2) neglects the effects of
latent heat release (compare to Eq. (13-71) in Pruppacher
and Klett, 1980, p. 448). Under the conditions in our study
this term proved to be negligibly small.

The relationship between D, the standard molecular
diffusion coefficient, and D' is

D
D = .
[al(a + M)] + {DNa a))V2aM)/(RT)

3)

where A is the mean free path of the atmospheric molecules
and « is the sticking efficiency. In our models we assumed
a nominal sticking efficiency of unity. For small crystals
the second term in the denominator of Eq. (3) dominates
and the crystal grows proportional to a?; for large crystals
the first term dominates and D' approaches the limit of D
and the crystal grows as only a. If we had assumed non-
spherical crystals, then 2 would be replaced by the capaci-
tance of the crystal, C. (The problem of diffusive growth
is directly analogous to the problem of the electrostatic po-
tential, see Pruppacher and Klett 1980, p. 448-450.) For
crystals of approximately equal size, but different shape,
the variability of C is within a factor of 3.

Equation (2) is the mass growth rate of an individual
crystal. For the photochemical model we need a loss rate
in molecules cm ™2 sec™!, thus we need to multiply Eq.
(2) by the reciprocal of the molecular weight and the
number density of ice crystals. To calculate the number
density of the ice crystals we assumed that all downward
transport of a condensing hydrocarbon through the tropo-
pause was by ice crystal sedimentation. Since our model
is a steady-state model the net photochemical column
production rate of each species is balanced by the down-
ward flux of its acrosols. The aerosol flux is equivalent
to the column density of aerosols times a reciprocal life-



NEPTUNE METHANE PHOTOCHEMISTRY 447

TABLE 11

Photochemical Reactions

Reaction Number
CH; + hv - 3CH, + 2H J1A
- ICH, + Hy B
- CH + H + H; J1C
CsHy + bv ~> CsH + H J2A
- Cz + H2 J2B
CgHy + hv — CyH, + Hsp J3A
— CoHy + 2H J3B
CpHg + hy - GpHp + 2H, J4A
— CyHy + 2H J4B
- CH, + 1CH, Jac
- C2H4 + Hz J4D
— 2 CHy J4E
C4H2 + hv - C4H + H JBA
N CoHp + Cy J5B
- 2 CoH J5C
— Gyl J5D
CyHy™” - C4H, + hy J6A
CHy + hv - ICH, + H J7A
CH + Hy + M2 - CHy + M2 R1
CH + H; - 3CHy + H R2
CH+H - C + Hp R3
CH + CH, N CpH,; + H R4
CH + GoH, - CsH, + H R5
CH + C2H4 - p‘C3H4 + H Re
CH + C3H, - a-CgHy + H R?
CH + CoHg - Products R8
ICH2 + H2 4 CH3 + H RO
ICH, + Hg - 3CHp + Hj R10
lCHz + CH4 -3 2 CH3 Ri1
\CHy + CHy — 3CH; + CHy R12
3CH, + H + Ma - CH; + M= R13
3CHy + H - CH + Hy R14
3CH; + 3CH, - Cyll; + 2H R15
3CHy + CHjy - CyH; + H R186
JCH, + C3Hy - Products RIT
SCHQ + CQHS - CH3 + C?_HZ R18
3CH2 + C:‘)H5 - CH3 + C2H4 R19
CHy + H + M2 - CH, + Me R20
2CHg + M2 - CaHg + Ma R21
CH3 + CzHa + Ma e d C3H6 + Ma R22
CH; + CgHj - CH, + CyH; R23
CH3 + CzHg - 03H5 + H R24
CHy + CoHy + Me - C3Hg + Ma R25
CH3 + 02H5 —* CH4 + C2H4 R26
Cy + Hy - CH+ H R27
Cy + CHy - CzH + CHj R28
CoH + Hp - CyH; + H R29
Coll + H + M2 - CyHy + M2 R30
CpH + CH, - CyHz + CHy R31

TABLE II—(Continued)

Reaction Number
CsH + CyHy - CHy + H R32
CzH + CzH4 -+ 04H4 + H R33
C,H + GyHy - CoHa + CoHj R34
C;H + C4Hy —> CegHs + H R35
CyHy + Ho - CoHy + H R36
CzHa + H kg Csz + Hz R37
CgH4 + CH, - CHy + CoH, R38
2 CyHy; + Ma — CyHg + M2 R39
2 CoHy - CsH, + CsHy R40
CyHs + CaHg + M2 - 1-C4Hg + M2 R41
CyHy + CoHs - 2 C,H, R42
CyHs + CpHg e CoHy + Colly R43
C,Hy + CpHy - CHy + CyHs R4
C2H5 + H + M2 - CoHg + M2 R45
CoH; + H - 2 CHj R46
Csz + H - 02H4 + H2 R47
2 CaHy + M2 - CyHyp + M2 R48
2 CgHy — Colly + CoH, R49
p-CzHy + H + Ma - CgHy + M2 R&0
pCzH; + B — CHy + C3Hy R51
C,H + H, = o,Hy + H R52
CH + H + M> = CsHy + M3 R53
C,H + CH, - C4Ha + CHy R54
C,H + CyHg — Cglz + H R55
Cy4H + CyHg - C4Hy + CoHj R&66
C4Hsy + H —-» C4Hs + Hy R57
C4H3 + H - 2 CZHZ R5B
C4H + C4Hs — CgHy + H R59
C4H2h + C4Ha g CgHy + Hy R60
2H + Ma — Hy + M2 R61
H + CyHy + M2 g CsHy + M2 R62
H + O,H, + M2 - CyHy + M2 E63
H + C4H; + M2 —r CuHy + Ma R64

“M denotes a background atmosphere molecule.

time. For lifetimes we used the time it takes for the aero-
sols to fall from their respective condensation levels to
the tropopause. Thus we have

Ncrys = Pcof Tfah’ (4)

where N, is the column density of ice crystals, P, is
the photochemical column production rate of the crystals,
and 7, is the fall time. In the model the fall times were
calculated by summing the fall times of constant-radius
particles at 1 km resolution (1/10 scale height or better)
from the condensation level to the tropopause using

_ vz
Thall = E U, (5}
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FIG. 2. Diagram of the major photochemical pathways for the reaction scheme in the model. Species in boxes are chemically stable molecules
while those in ovals are radicals. Boxes labeled C; and C, represent more than one C; or C, species. Solid lines represent chemical reactions
while dashed lines are photolysis pathways. See Table II for a complete listing of all of the reactions.

where U, is the fall velocity, and Az is 1 km. The fall
velocities were calculated by

.t

where U, is the Stokes terminal velocity,

. 12@) U, ©

_2a%g(p; — pa)

v 9,

; (7)

g 1s the acceleration due to gravity, p; is the mass density
of the ice crystal, p, is the mass density of the atmosphere,
and 7, is the dynamic viscosity of the atmosphere. The
factor multiplying the Stokes velocity in Eq. (6) is the
Cunningham correction factor which corrects the Stokes
velocity for gas kinetic effects (Pruppacher and Klett
1980). The resultant column densities were converted into
number densities by assuming that the aerosols had the
same scale height as the backeground atmosphere in the
condensing region.

Thus the condensation loss rate for a given species, L,
has the functional form

L, = sN,,F, (8)

crys

where F is a function that includes the dependence upon
crystal radius, shape, vapor pressure, etc. Note that the
supersaturation is not constrained to an arbitrary value.
For simplicity in our analysis we used different mono-
dispersions in radius for the ice crystals. Recent analysis
of PPS data points to a mean radius of 0.2 um for the
stratospheric aerosols on Neptune (Pryor ef al. 1992) with
an upper limit of 0.25 um. We used radii in the range
from 0.1 to 0.5 wm in our analysis. Also, we assumed that
each species would only ‘‘freeze out’ on ice crystals of
like composition, ¢.g., C,H, would freeze out only on
C,H, ice crysials. We discuss the validity of, and the
sensitivity of the model to, the assumptions used in the
condensation loss process in Section IV.

III. MODEL VAPOR PHASE RESULTS: COMPARISON TO
IRIS AND UVS OBSERVATIONS

While we compare the model resulis to the Voyager
IRIS and UVS observations, it is important to remember
that they are really two different types of measurements.
The principal IRIS results are global averages due to the
field of view of the individual spectra used and the need
to average a large number of spectra to get a sufficient
signal to noise {53/N) ratio. The retrieved mixing ratios are
also weighted toward the southern hemisphere of Neptune
due to the encounter geometry. While there is some latito-
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TABLE 111
Summary of Photochemical Model Cases
Model
Case atmosphere K profile® R63 rate C,H, C,H
A Egress K o« N7 10 at CH, Upper 7.2 x 1078 6.4 x 1077
nominal homaopatse limit
K=20x10,p>2
B Egress rapid rise, 2 > p > 0.5 Upper 6.6 x 1078 1.5 x 107%
nominal K=50x10,05>p>10"? limit
decrease, 1073 >p>2 x 1074
K=350x10°5p<2x 10
K=20x 105 p>3
C Egress rapid rise, 3 > p > 0.5 2.0 x Upper 2.4 x 1078 8.2 x 1077
warm KE=20x10805>p>10"? limit
decrease, 107> p>2 x 1074
K=50x10%p<2x 1074
K=20x 10, p> 1.7
D Ingress rapid rise, 1.7 > p > 0.5 2.0 x Upper 4.9 x 1078 1.8 x 1075
nominal K=5x%x10,05>p>10" limit

decrease, 103> p>2 x 1074

K=50x10%p<2x10*

Note, For all cases the CH, mixing ratio at the lower boundary is 1074, and solar maximum fluxes were used.

“ p 1s the pressure in mbar and K is in unjts of ¢cm? sec™!.

¥ Mixing ratios at 0.5 mbar,

dinal information for acetylene there is none for ethane
because of S/N limitations. The IRIS results are sensitive
only to ethane and acetylene and in the pressure region
0.1-2.9 mbar for ethane and (.037-2.3 mbar for acetylene
(full width at half maximum of the contribution functions
for our egress nominal atmosphere}. In contrast, the UVS
occultation results are for two specific latitudes, 61°N and
49°S, of which IRIS never saw the former. The UVS
lightcurves give information about more hydrocarbons
than IRIS: methane and ethylene as well as acetylene and
ethane (Bishop et al. 1992, Atreya et al. 1991a, Yelle et
al. 1992), but at much lower pressures, e.g., ethane in the
0.02-0.001-mbar region and acetylene in the 0.1-0.005-
mbar region. Thus, we have not attempted to satisfy both
sets of observations simultaneously; instead we use both
data sets to provide modeling constraints. The photo-
chemical model cases are summarized in Table I11.

We first constrained the CH, mixing ratio at the lower
boundary and the strength of X in the upper atmosphere
from UVS observations. Bishop et al. {1992} showed that
the methane mixing ratio must be on the order of 104
near the lower boundary. and K on the order of 107 cm?
sec™! near 0.2 pbar.

With these UVS constraints on CH, and K, we then
tried to reproduce the IRIS results. To determine how well
a model run matched the IRIS observations the procedure
was as follows. Model cutput (C,H, and C,H; mole frac-
tions vs temperature—pressure levels) were used to gener-

ate synthetic spectra. The synthetic spectra were then
compared to the observed. If the model calculated mixing
ratios did not reproduce the observed emission of both
moiecules to within the noise uncertainties (=15% for
acetylene, +30% for ethane, both for a given thermal
profile), we calculated by how much the model-derived
mixing ratios would have to be multiplied to reproduce
the observations. This became the “*goodness-of-fit’” fac-
tor for a given set of input parameters and is given in
Table IV. Note that this procedure just shifts the model
mixing ratio profile; it does not modify its shape. Since
height information cannot be extracted from the spectra,
the use of a more sophisticated fitting procedure is not
justified.

Kostiuk er al. (1992) did attempt to derive the ethane
height profile in the millibar region by comparing coinci-
dent groundbased infrared heterodyne observations with
the Voyager IRIS spectra. The higher spectral resolution
of the infrared heterodyne measurements probes higher
in the stratosphere than that of Voyager IRIS. However,
the peaks of the contribution functions of the two instru-
ments were separated by at most a scale height (dependent
upon the assumed vertical distribution of C,H,). Further-
more, there was a large degree of overlap of the contribu-
tion functions. Consequently, no height information could
be obtained, and as expected the retrieved ethane mole
fractions were consistent with each other within experi-
mental uncertainties.
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TABLE 1V
Comparison of Photochemical Model
Results to Iris Observations

Case Species Factor®

A C,H, 0.37
C,H, 1.54

B C,H, 0.71
C,H, 0.91%

C CH, 0.91%
C,H 1.25%

D C,H, 1.2%
C,H, 0.9

* The photochemical model mixing ra-
tio must be multiplied by this amount for
the model to match the IRIS spectra e.g.,
the C,H, mixing ratio in Case A is too
high and must be multiplied by a factor of
0.37 for it to match the emission feature.

¥ Within error bounds of measurement.
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FIG. 3. Photochemical model profiles for C;Hs and C,H; for two
different X profiles. Dash-dot profiles {Case A) correspond to the
dash—dot K profile shown in Fig. 4; similarly, the dashed line profiles
(Case B) correspond to the dashed line K profile. Vertical solid lines
show IRIS retrieved values of C;H, (1.3 x 107%) and C,H, (4.5 x 10°%)
and region of IRIS sensitivity for this model atmosphere (full width at
half maximum of the contribution function). Horizontal solid lines show
the noise uncertainty in the IRIS-retrieved mixing ratios and are located
at the peak of the contribution function. Contribution function calcula-
tions were done assuming a constant with height mixing ratio above the
condensation region, i.e., similar to the Case B profiles. The CH, mixing
ratio at the lower boundary is 107*. The egress nominal thermal profile
was used in both the model and data analysis. See Tables III and IV
for more information.
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FIG. 4. Eddy diffusion profiles used in the photochemical model to
generate the C;Hg and C,H, profiles shown in Fig. 3. See Table III and
the caption for Fig. 3 for details. Also shown is the CH, molecular
diffusion coefficient.

In Fig. 3 we present model generated acetylene and
ethane mixing ratios for Case A (dash-dot lines) with the
corresponding eddy diffusion coefficient shown in Fig. 4
(also dash—dot line). In Fig. 5 and Table IV we compare
this case to the IRIS observations. The eddy diffusion
coefficient in Case A has the form

KoN-#, 9)

i.¢., K inversely proportional to the atmospheric number
density to some power. For this case 8 = 0.6 and X is
equal to 107 cm? sec™! at the CH, homopause. This type
of K profile has been used in other studies for Neptune
(Romani and Atreya 1988 and 1989, Moses 1991). If 8 =
0.5 it is representative of transient, but stable, vertically
propagating waves (see Hunten 1975, Lindzen 1971). As
can be seen in Table IV and Fig. §, it provides a poor fit
to the IRIS C,H, and C,H; data. In comparison with the
IRIS data the model C,H, is 2.7 times too high, while the
C,Hg is 1.5 times too low. This case is typical of a “‘best
fit"” 10 the IRIS data using this type of K profile: too much
C,H; relative to C,Hg. As in Bézard er al. (1991) we find
that it is possible to reproduce either the observed acety-
lene or ethane emission to within the noise uncertainties
with this form of K. However, the fit to the other species
then becomes worse than in Case A. Changing the CH,
mixing ratio at the lower boundary, the homopause value
of K, or the value of 8 within the limits of the UVS data
produced no better results.

In Fig. 6 we show UV lightcurves generated with Case
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FIG. 5. Comparison of the IRIS global-average spectrum (solid line)
to synthetic spectra generated using Case A {dash—dot line) and Case
B (dashed line) C,H, and C,H; mole fraction profiles. Case B clearly
provides a better fit to the data.

A in comparison with the UVS egress occultation data,
using the techniques described in Bishop et al. (1992). Tt
is obvious that this case, which is geared primarily toward
replicating the IRIS data, fails to provide an acceptable
fit to the UVS data: CH, mixing ratios near 0.2 pbar are
too small by a factor of ~60 to reproduce the correct half-
light altitudes at wavelengths <140 nm, and C,H, mixing
ratios are too large by a factor ~10? (as evidenced by
the lightcurves at 152 nm). There is also a problem at
wavelengths >153nm where C,H, is the major source of
opacity. Alternately, cases can be constructed with the
goal of replicating solely the UVS occultation data using
an eddy mixing profile given by Eq. (9). Attempts along
these lines have been described by Atreya et al. (1991a).

It is possible to get an acceptable fit to the UVS data at

wavelengths <140 nm (methane dominated) using a X
profile given by Eq. (9} with 8 = 0.6, a methane mixing
ratio in the lower stratosphere of 1074, and a CH, homo-
pause value of K of ~5 x 10* cm? sec™!. However, the
problems with too much UV opacity from C,H, and C,H,
and too little IR emission of C,H, in comparison to C,H,
remain.

We then tried different types of K profiles. In Fig. 3
we show Case B C,H, and C,H; mixing ratios (dashed
lines) which provide good agreement with the IRIS obser-
vations and a considerably better fit to the UVS egress
data (see Table TV and Figs. 5 and 6). Case B C,H, abun-
dances are within the measurement uncertainties of the
IRIS value while the acetylene abundance is only 30%
too high; as regards the UVS data, the fit fails to be
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acceptable only at wavelengths >150 nm, where there
is too much opacity from acetylene and ethylene. The
corresponding K profile is shown in Fig. 4 (dashed linej.
At pressures greater than 2 mbar K is constant at 2 X
10> cm? sec™!. This value is based upon the circulation
pattern in the lower stratosphere derived in Conrath et
al. (1991). The overturning time constant associated with
the residual mean circulation, the circulation that results
in mixing, is on the order of 10 sec (Conrath, personal
communication, 1993). We equated this to the eddy time
constant, H*/K, to derive the value of the eddy diffusion
coefficient. Between 2 and 0.5 mbar, K rapidly rises to a
new constant value, 5 x 10’ cm? sec™\. This rapid in-
crease in K has the effect of separating the condensation
loss region for C,H, and C,H, from the region where most
of the photochemistry (production) transpires, giving rise
to the change in slope of the mixing ratio profiles at about
2 mbar. A rapid change in K could be caused by wave
dissipation in this region and there is some indication of
this in the RSS data (Hinson and Magalhaes 1993). Finally,
K decreases in the pressure region 1073to 2 x 10~ * mbar
and is taken to be constant at smaller pressures. A de-
crease in K near 1 pbar is suggested by photochemical
modeling of the UVS lightcurves (Atreya et al. 1991a),
but the precise form for the K profile cannot be uniquely
determined from the UVS data. Briefly, if such a decrease
were not present, then the abundances of the stable C,
hydrocarbon species tend to be too large to be consistent
with the UVS data. This is especially true for ethylene:
most C,H, production {mainly via R4) occurs at higher
altitudes than the main chemical loss channel (R63), so
that a decrease in K with decreasing pressure in this region
biases the transport of ¢thylene downward, resulting in
lower overall abundances.

The presence of a decrease in K as the homopause
is approached is not in itself surprising. Lindzen (1981)
presented a parameterization of K that addresses the
“‘breaking’” of upwardly propagating waves in the terres-
trial mesosphere; in particular, K increases rapidly in the
vicinity of the breaking level. Lindzen was mainly con-
cerned with parameterizing the wave drag acceleration of
the mean zonal flow, and his parameterization exhibits a
strong dependence on the difference between the mean
zonal wind speed and the wave zonal phase speed. This
leads to a marked decrease in K at smaller pressures
for mid-latitudes, where the deposition of momentum by
breaking waves strongly affects upper mesospheric wind
speeds. Even at low latitudes, Lindzen argued for a de-
crease in K at altitudes above the breaking level for tides
(and below the nominal homopause), since the rapid in-
crease in molecular diffusion as the homopause is ap-
proached will itself act to damp the tide so that less me-
chanical mixing is needed. Holton and Schoeber] (1988)
have argued that the Lindzen parameterization is inappro-
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(Left) Comparison of UVS egress solar occultation lightcurves (130-160 nm) acquired at Neptune {Broadfoot et al. 1989) with

lightcurves calculated using the mixing ratio profiles shown in Fig. 3 for Case A. The model lightcurves include opacity from methane, ethylene,
acelylene, ethane, and H, Rayleigh scattering as discussed in Bishop et af. (1992) and Atreva et ol. (1991a). The UVS data, obtained at 49°8
latitude, are displaved as lightcurve pairs: i(z)/f; + o, where o denotes the measurement uncertainty that varies with minimum tangent ray
height. This model is clearly not consistent with the UVS data; this is most ebvious in the lack of opacity at wavelengths <140 nm where methane
i5 the dominant absorber and the strong C,H, absorption in the model ai 152 nm. (Right) The UVS egress solar occultation data are here compared
with model lightcurves for Case B. This model provides a far better fit to the UVS data; the lack of agreement is mainly confined to wavelengths
>150 nm, where-the abundances of acetylene and ethylene are apparently too large to be consistent with the measured opacities.

priate for constituent transport and that the vertical trans-
port of a minor species is more likely due te advection
within a meridional circulation system {uniess the species
in question is characterized by relatively short photo-
chemical time scales). Notably, the effective one-dimen-
sional vertical transport coefficient they propose, defined
in terms of an area-weighted global average of vertical
wind speeds derived from simple numerical simulations,
also exhibits a decrease at altitudes above the level where
maximum meridional wind speeds occur. What is most
significant in the context of one-dimensional photochemi-
cal models is that the decrease in K exhibited in either
scenario occurs at altitudes beneath the nominal homo-
pause (the level above which molecular diffusion is the
main process governing vertical transport). Thus, while
it remains to test the suggestion that K does decrease as
the homopause is approached against reliable dynamical
models of outer planet stratospheres, terrestrial analogs
indicate that such a decrease is at least plausible.

Of the numerous K profiles that we explored, only those
having a rapid rise in the mbar region led to improved
model agreement with both the IRIS and UVS data. This
type of K profile works well because it satisfies the seem-
ingly contradictory requirements on K in the lower strato-
sphere. The IRIS C,H, observations require weak eddy
diffusion, but the IRIS C,H, observations, and UVS con-
straints on C,H, and C,H,, require vigorous eddy dif-
fusion.

Low eddy diffusion near 0.5 mbar improves the model
fit to the IRIS ethane observations because of the derived
high mixing ratio and its chemical stability in the region
sounded by IRIS. Kostiuk er al. (1992) showed that the
peak of the ethane contribution function occurs between
0.2 and 0.7 mbar for a wide variety of ethane mixing
ratio profiles. The source of the ethane is at much lower
pressures (microbar region) and there is not a significant
chemical sink for ethane in the 0.1 to 1.0 mbar region. In
the region sounded by IRIS ethane is then flowing from
a source at lower pressures to a condensation sink at
higher pressures. Under these conditions the downward
flux must balance the column chemical production or

fNU = Pchem! (10)

where f is the ethane mixing ratio, v is the downward
transport velocily to the condensation region, and P,
is the column chemical production rate of ethane. We can
determine the maximum value of v compatible with the
ethane data by using the maximum value of P,,,. The
maximum production occurs if all the photons that meth-
ane can absorb convert it to ethane with 100% efficiency.
For global average conditions this results in a maximum
ethane production of 2.7 x 10* molecules cm~2 sec ™',
Applying the above equation at 0.5 mbar lcads to an upper
limit to the transport velocity of 7 x 10~ 3cmsec™'. Using
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K = v H as a first-order estimate to v we obtain an upper
limit to K of =~3.0 x 10* cm? sec™! at 0.5 mbar.

However, best fits to the C,H, observations and upper
limits to C,H, require faster transport rates (larger K val-
ues) than this, Vigorous eddy diffusion in the lower strato-
sphere improves the model fits to the IRIS C,H, emission
and the UVS constraints on C,H, and C,H, because of
their derived low mixing ratios and the placement of their
chemical sources and sinks. Acetylene and ethylene are
similar in that they are produced primarily at low pres-
sures and have strong losses via three-body hydrogen
addition reactions (R63 for C,H, and R62 and C,H,) which
are most efficient at higher pressures. Rapid downward
transport of H along with C,H, and C,H, reduces the
mixing ratios of these two hydrocarbons. There are addi-
tional complications with acetylene, though. The product
of R62 is vinyl which often recycles acetylene via R37.
However, in our model a significant fraction of C,H; un-
dergoes a three-body reaction with CH, to form C;H,
(R22). If we turn off R22 the acetylene mixing ratio in
Case B doubles. (Our rates for R22 are k; = 1.3 x 1072,
and k., = 1.2 x 1079 Laufer et al. 1983, Fahr et al. 199].)
Acetylene also has an important low altitude source from
C,H, photolysis (J3A and J3B) occurring just above the
condensation region.

The Case B eddy profile improves the model fit to the
observations in the following way. The high value of K
for pressures less than 0.5 mbar results in rapid transport
of C,H; and C,H, to their chemical sink regions and reduc-
tion of their mixing ratios. (The high value also transports
CH, to low pressures as required by the UVS occulta-
tions.} However, the rapid decrease in eddy ditfusion at
pressures greater than (.5 mbar produces a bottleneck in
downward transport that results in an increase in the eth-
ane mixing ratio. Because of the rapid decrease in K the
transport velocity in Case B at the 0.5 mbar is =K¢/H,
where K is the value of X in the stagnant region, 2.0 x
10° cm® sec ™!, not the K at the 0.5 mbar level (=10° cm?
sec'). We then explored the sensitivity of the model
results with this type of K profile to the chemistry, the
level where the rapid increase in K begins, and the thermal
profile.

With respect to the reaction rates, the C,H, and C,H,
mixing ratios predicted by the model are very sensitive
to the value of the rate constant for reaction R63,

CH,+H+M—CH, + M R63,

especially the low-pressure rate constant. We are cur-
rently using the upper limits to this rate constant as given
in Lightfoot and Pilling (1987),

k=215 x 1072 o(-349/T)
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k, = 4.95 X 1071 (10511 (D
‘= kok. M
koM + k)

where k, is the limiting low-pressure rate constant, k,
is the high-pressure limit, & the overall rate, and M the
atmospheric number density. If instead we had used the
nominal value of k, in Lightfoot and Pilling (1987),

ky = 1.39 x 1072 (7397, (12)
the C,H, mixing ratio in Case B increases from 6.6 X
107%to 1.7 x 10~7 while C,H, decreases from 1.5 x 10~°
to 1.1 x 107% (all mixing ratios pertain to the 0.5-mbar
region}. Using nominal values for both &, and &, produce
no further change in the acetylene and ethane mixing
ratios in Case B.

The reason why these changes occur is that destruction
of ethylene by R63 leads to ethane production via

C,H, + H+ M— CH, + M R63
CH;+H  —2CH, R46
CH, + CH, + M— C,H, + M R21.

The other major sink for C,H, is photolysis to C,H,:

C2H4 + hr— CQHQ + Hz
> CH,+2H

I3A
J3B.

Thus, increasing the rate constant for R63 increases the
fraction of C,H, converted to C,Hg while decreasing the
fraction converted to C;H,. Also, increasing the rate of
R63 rate helps in reproducing the UVS lightcurves by
reducing the ethylene mixing ratio. With the nominal rate
there is too much C,H, in the model compared to the
UVS data.

It is not unreasonable to use the upper limit to k;. The
lowest temperature that Lightfoot and Pilling (1987) went
to was 285 K while we need the rate at temperatures at
least 100 K lower. Their value of &k, was derived by using
their data in the range of 285 to 604 K and low-temperature
data of Lee et ql. (1978) from 198 to 320 K. Lee et al,
(1978) derived an energy barrier of — 1040 K close to the
fast £. value of Lightfoot and Pilling (1987). So it may
not be unreasonable to expect a lower energy barrier for
k, at lower temperatures as well. Of course, what is really
needed is a good laboratory measurement of this reaction
rate at low temperatures in the fall-off regime.

With respect to the K profile, the acetylene and ethane
mixing ratios in the region sounded by IRIS are most
sensitive to the pressure, py, where the rapid increase in
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TABLE V
Ethane and Acetylene Sensitivity to K Profile
Pressure
{mbar)® C,H,’ C.H
5 2.9 x 1078 37 x 1077
2 6.6 x 1078 1.5 x 107"
I 8.2 x 1078 2.7 x 1078

4 At pressures greater than this value K is con-
stant at 2.0 x 10° cm? sec™, at lower pressures K
begins to increase rapidly with height. All other
parameters are the same as in Case B given in Table
II1.

b Mixing ratios at 0.5 mbar.

K begins. In Table V we show model results with p, of
5,2, and | mbar. (Note that 2 mbar is the Case B value.)
The trend is for decresing mixing ratios for increasing
values of p,. For ethane this is easily understood. As
discussed above, ethane is being transported downward
from a production region to a loss region with transport
limited by the low value of K in the stagnant region.
We can then solve approximately for its mixing ratio, f,
immediately above the stagnant region by rewriting Eq.
{10} as

f"’-’ PchemH

N.K,’ (13)
where N is the number density at p,. The ethane mixing
ratio then changes due to the change in Ny—increasing
the pressure increases N, and thus f decreases. For acety-
lene it is slightly more complicated. It shows the same
trend as ethane but to a smaller degree. The reason is that,
as mentioned previously, acetylene is produced locally in
this region. Increasing the pressure increases the extent
of the production region. Thus the effect of increasing N,
in Eq. (13) is offset by increased production.

Lastly, we examined the sensitivity of these results to
the thermal profile. We compared ingress and egress cases
primarily for possible effects on haze composition (see
Section 11.A). In addition to this comparison, we also
examined the impact of a warm model atmosphere. This
is because the groundbased observations of methane
emission can be reproduced better with the methane mix-
ing ratio adopted here (107% if the warm model atmo-
sphere is used (Orton et al. 1992). Also, the UVS data
are better fit with a lower C,H, abundance than the IRIS
data for the nominal atmosphere, which  suggests a
warmer atmosphere. The use of a colder model atmo-
sphere would exacerbate the discrepancy in the data sets,
and thus it was not used. We also at this time increased
the rate constant for R63 above its upper limit to see if
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we could improve the fit to the data. We did so simply,
by multiplying the high and low pressure rate constants
by 2, rather than try combinations of the preexponential
factor and the energy barrier for both £, and &;.

In Fig. 7, we show model acetylene and ethane mixing
ratios for the warm egress atmosphere (Case C) and in
Figs. 8 and 9 we compare this case to the IRIS and UVS
observations, respectively. Note that the warm model
atmosphere was used in both the photochemical model
and in the analysis of the IRIS and UVS data for seif-
consistency. With the warm model atmosphere the re-
trieved acetylene and ethane mixing ratios from the IRIS
observations decrease due to the well-known tempera-
ture/abundance interdependence for infrared emission
modeling, The retrieved C,H, abundance is more sensitive
to this than the C,H, with its mixing ratio decreasing by
a factor of 2, while the ethane decreases by only 1.3, Sa,
in contrast to the nominal model atmosphere cases, the
photochemical model must produce both lower mixing
ratios and a larger [C,H1/[C,H,] ratio. Comparing Case
B to C in Table 1II shows how this was accomplished.
Increasing the pressure where K begins to rapidly increase
from 2 to 3 mbar, reduces both mixing ratios. Increasing
K in the well mixed region by a factor of 4 enhances C;H,
loss. Lastly, increasing the R63 rate increases [C,Hgl/
(C,H,1. As can be seen in Table IV both the model-pre-
dicted C,H, and the C,H, mixing ratios for Case C are
within the TR1S measurement uncertainties. Additionally,
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FIG. 7. Photochemical model profiles (dashed lines) for C;Hg and
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FIG. 8. Comparison of the IRIS global-average spectrum (solid line)
to the synthetic spectrum generated using Case C hydrocarbon mole
fractions (dashed line). The egress warm model atmosphere was used
in generating the synthetic spectrum,

the latter two changes also yield model ethylene mixing
ratios consistent with the UVS lightcurves.

The C,H, and C,H profiles for the nominal ingress
model atmosphere case, Case D, are so similar, both quali-
tatively and quantitatively, to the Case B profiles that for
brevity we do not show them. We do summarize the
differences between the cases in Table III and give the
goodness-of-fit factors in Table IV. The major difference
is that use of the faster R63 rate in Case D results in
both C,H, and C,Hg from the model matching the IRIS
observations.

The major caveat in deducing the eddy profile from the
C,H, and C,H, observations is that it is dependent upon
knowing the photochemistry adequately. To illustrate
this, we note that Bézard et al. (1991) tried K profiles
similar to those used in Cases B, C, and D but did not
see an improvement in model fits to the data. Thus, photo-
chemical modeling should be viewed as an evolving pro-
cess: using what is currently known about the photochem-
istry, K profiles are deduced from model-observation
comparison and key reaction rates and consequences of
the K profile are identified. We have investigated ways
in which unknowns in the chemistry could affect our con-
clusions. Seeing the sensitivity of the model results in
Case B to the rate for R63 we doubled this rate with the
Case A K profile. This did not improve the model fit. We
note that Moses (1991), using a photochemical reaction
scheme that includes more C, and C, hydrocarbon photo-
chemistry than ours, was also not able to match simultane-
ously the IRIS acetylene and ethane with Eq. (9)-type K
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profiles. The problem was the same as the problem we
observed: too much C,H, relative to C,H,. There is also
reasonable agreement between the two models given simi-
lar inputs (see above).

Recently, Mordaunt ef al. (1993) have determined that
CH, is produced with a quantum yield of =0.5 in methane
photolysis at Lyman «. At first glance this would seem
to be a major perturbation to the chemistry. With respect
to the preoduction of CH;, however, it is not a major
change. In the model 'CH, is produced at Lyman « with
a quantum efficiency of 0.41 and the 'CH, rapidly reacts
with H, to form CHj,. Thus the model already has, via a
two-step process, the production of CH, from CH, pho-
tolysis

CH4 + hvr— lC:I'Iz + H2 J1B
'CH, + H,— CH, + H “R9
CH4 + hV—) CH3 + H Net

at approximately the right quantum yield. What is im-
portant, and was not well determined by Mordaunt et al.
(1993}, is the production of CH and *CH, vs CH, and
'‘CH,. As seen above, 'CH, leads to CH, and consequently
C,H, production. *CH, is primarily lost to CH (R14) and

Case C

1583 T

" 155.6 é 1

" 1519 P ég 1

© 1482 F H 7

o NEIAS
1371 7

1.00

[ 125.7 1

Q.00 7

1 i 1 L 1 1 1 1 H

100 300 500 700 900
MTRH (km)

FIG. 9. The UVS egress solar occultation data (Broadfoot et al.
1989, and Atreya er al. 1991a) are compared with Case C model
lightcurves. This model, with its warmer temperatures at pressures <0.1
mbar, exhibits too much CH, opacity; recall that the mixing ratio of
methane in the lower stratosphere has been fixed at 107* in all of the
models (see text) and the K profile has not been constructed with the
specific goal of satisfying the UVS data. The fit to the UVS data at
wavelengths >140 nm is nonetheless fairly good. If the CH, mixing ratio
had been reduced to fit the UVS methane-dominated channels, the IRIS
C;H; and C,H, emission features would still be reproduced by the model
to within the IRIS noise uncertainties.
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CH leads to C,H, (R4) and subsequently C,H, production
(J3A and J3B). If the result of further experiments shows
that the present model has a too-high/low production of
CH and *CH, vs 'CH, and CH, then the model has a too-
high/low production rate of C,H, to C,H;. If it is shown
that we currently overestimate the production of C,H,
and C,H, then our conclusion about the need for a fast
rate constant for R63 will be altered and perhaps the
nominal value for this rate will allow the model to match
the data. Also, since R22 is an important sink for C,H,,
improved laboratory measurements of its reaction rate as
a function of pressure and temperature are important.

There are observational tests of our prediction for the
K profile. The height profiles of acetylene and ethane in
the millibar region are quite different from Case A to
Case B, so measurements of the vertical profiles of these
hydrocarbons in this region would be useful. As noted in
Kostiuk et al. (1992), if the goundbased heterodyne data
had higher signal-to-noise retrieval of height information
would have been possible. It is also worth noting that,
while the strength of K in the vigorously mixed region
(p < 0.5 mbar) exceeds the value predicted by Hinson
and Magalhaes (1993) by roughly two orders of magnitude,
the placement of the pressure level at which a rapid rise
in K is required in our models is in line with their study.
Hinson and Magalhies themselves note that the Lindzen
parameterization they adopted yields only a rough ap-
proximation to the magnitude of K at best. Also, the RSS
data refers to only two specific latitudes. In contrast,
K derived from 1-D photochemical modeling necesarily
includes the effects of global and mesoscale dynamics in
addition to localized mixing process. The IRIS data used
in the modeling is a global average. Given these caveats,
it is hard to attribute much meaning to the apparent dis-
crepancy in the magnitude of K near 0.1 mbar from the
RSS and IRIS data.

IV. MODEL HAZE RESULTS AND COMPARISON TO
OBSERVATIONS AND OTHER MODELS

IV .A. Results

In Table VI we present results of haze calculations for
the cases which have good vapor phase agreement with
the IRIS and UVS observations: B, C, and D. For acety-
lene and ethane (the only species for which we have firm
constraints on the vapor phase abundance near the con-
densation region) we show the levels where the hazes first
form, the column mass production rates (g cm~? sec ™'},
and the haze particle column number densities (particles
c¢m?) as a function of the assumed haze particle radius.
The column densities were calculated as described in Sec-
tion II.LE. The condensation temperature of each species
is essentially constant across the three cases for reasons
given in Section II.A. Between Cases B and D, however,
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TABLE VI
Summary of Model Haze Results

Species Case B Case C Case D
CH,

Level? 6.9 mbar, 73 K £.9 mbar, 73 K 9 mbar, 73 K

Prod® 3.4 x 10716 2.8 x 10718 2.9 x 107

0.i gm 1.1 % 10 9.1 x 107 1.4 x 108
Col dent 0.2 um 6.2 x 105 53 x 108 8.2 % 108

0.5 pem 13 > 10F 1.1 % 10 1.6 % 108
C-Hg

Level® 10 mbar. 64 K 10 mbar, 64 K L6 mbar, 63 K

Prod? 7.2 x 1071 7.4 x 10718 7.5 x 1071

0.1 um 2.4 % 10° 2.5 x 10 3.9 x to°
Col den® 0.2 pm 1.4 x 10# 1.5 % 108 2.2 % WP

0.5 pm 3.0 x 10° 3.1 x 10 43 x 08
C.H A

Level? 6.9 mbar, 73 K 8.2 mbar, 68 K E]1 mbar, 69 K

Prod® 1.6 x 078 9.5 x 10716 1.2 % (0~
C Hg!

Level® 6.9 mbar, 73 K 6.9 mbar, 73 K 9.0 mbar, 73 K

Prod® 9.6 x 1Q® 1.0 x 10718 1.2 x 10~1%
Tatal prod? 1.1 x 1071 9.6 x 10-15 1.6 x 10~

¢ Pressure and temperature where species first begins to condense.

¥ Haze production rate in g cm 2 sec ™,

¢ Column density of hazes in particles cm ™2 as a function of particle radius.
4 Caleulations are approximate; see rext for details.

the pressure of the condensation level increases, because
the ingress model atmosphere (Case D) is warmer than
the egress model atmosphere (Case B) in the region where
the hydrocarbons condense (see Fig. I).

Ethane is clearly the dominant haze component with
its production accounting for =75% of the total haze mass
production rate. The next most abundant components are
C,H, and C,H, which together account for approximately
22% of the total mass production rate (see discussion
below, however). The smallest component is C,H,, its
mass production rate is only about 3% of the total. There
is less than a factor of two variation in the haze production
rate across the three cases for all the species. The net
chemical production rates of these species have little vari-
ation in them and these rates control the haze production
in our steady-state model (see Section II.E). The changes
in the vapor phase mixing ratios among the cases are
caused more by changes in the K profile (see Table III)
than by changes in the net chemical production rate.

We do not include C,H, in Table VI because its haze
production rate never amounted to more than (.25% of the
total mass production rate. This is different from Uranus,
where it has been predicted to be a significant component
of the haze (Atreya et al. 1991b, Summers and Strobel
1989). The diacetylene haze is unlike the acetylene and
ethane hazes with 909 or more of its production occurring
in situ, i.e., in the region where it is cold enough that C;H,
condenses immediately upon vapor phase production. In
contrast, 100% of the ethane haze and 93% or greater of
the acetylene haze is the result of downward transport of
these molecules. Consequently, the C;H, mass produc-
tion rate showed the most variation among the three cases.
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For Case B the mass production rate was 6.3 x 10 % ¢
cm~? sec”! while for Case D it was 1.4 x 1077 g cm™2
sec L. The reason for this doubling is that there is a larger
region of C,H, haze formation in the ingress model atmo-
sphere.

The condensation levels and mass production rates of
C;H, and C;H, are only approximate. As mentioned in
Section 11, a significant fraction of the carbon atoms lost
by methane due to photochemical destruction produce C,
and C, hydrocarbons. We show haze calculations for
these two C; species because of their large mass produc-
tion rates and they are not free radicals. We took the
chemical production rate profiles for propene and propane
and solved for their mixing ratio profiles, assuming only
transport and condensation, i.e., no further chemistry.
Their vapor pressures were calculated by curve-fitting to
data given in Ziegler (1959). The estimated mixing ratios
for both of these species is about 6.8 x 1078, To check
these simple calculations we compared the predicted C;H,
and C;Hg mixing ratios with the IRIS and UVS observa-
tions using the same method we used for C,H, and C,H,.
The C;H; abundance is below the IRIS detectability limit
and lack of IR spectral information prevents us from
checking the C;H, mixing ratio. Preliminary UVS compar-
isons, however, indicate that these C;H, and C;H; mixing
ratios are too large. This probably indicates that these
compounds undergo subsequent photochemistry., We re-
alize that these calculations are only approximate and
show them as illustrative examples of the potential source
of the C, and C, species to the stratospheric haze in our
model.

The haze production rates of acetylene and ethane are
independent of the particle radius in the range we investi-
gated. This is not necesarily so. The condensation loss
process is dependent upon particle radins (see Eqgs. (2)
and (3)) and particle number density (Eq. (8)) which is
in turn dependent upon the crystal radius through the
sedimentation velocity. The haze column production rate
would change if the condensation time became so long
that eddy transport could effectively compete with it. In
this case the aerosol flux and vapor phase transport of a
species through the lower boundary would balance the
net column chemical production rate. This would be a
consistent scenario but our assumption used in calculating
N.,;, that the aerosol production rate alone must balance
the net chemical production rate, would have been incor-
rect. However, for all of the crystal radii considered here,
condensation loss was much faster than eddy transport.

A measure of the effectiveness of condensation loss for
a species is its supersaturation (see Eq. (8)). If the product
of the number density of crystals and the diffusion loss
rate is low the supersaturation must be large for condensa-
tion loss to be important. For acetylene and ethane con-
densation loss is very effective with supersaturations of
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1072 or less for the range in particle radius we investi-
gated. The largest supersaturations, and most of the haze
production, for these two species occurs in the first few
levels where condensation begins. However, significant
supersaturations (>1000) do build up for diacetylene. Its
chemical production is balanced by condensation loss at
cach level (both eddy transport and chemical loss are
much slower than condensation loss). The chemical pro-
duction decreases by only an order of magnitude from
low to high pressure in the C,H, condensation region, but
the vapor pressure decreases by 15 orders of magnitude.
Since condensation loss is directly dependent upon the
vapor pressure (Eq. (2)), the supersaturation increases.

To derive a number density profile of the crystals from
the constraint on the column density we assumed that the
crystals were distributed with the pas scale height. We
now examine if this assumption is consistent with our
results. In doing so it is important to keep in mind that
our calculated haze column densities are the result of a
simple flux balance—photochemical production balanced
by sedimentation loss. Our arguments then apply to the
aerosol particles that are responsible for the sedimenta-
tion flux, that is, those particles that have grown to a size
such that sedimentation is faster than any growth process.
As mentioned above, the ethane and acetylene hazes in
our model are produced just below the condensation level.
The mass fiux of a given species, i.e., the product of the
number density of crystals and velocity, is then constant
throughout most of the haze region. To determine which
velocity profile to use to derive the number density profile
we must compare the fall time, 75, to the eddy diffusion
time, 7,44 If 7,44, < 77y then the eddy velocity is the
correct one. In our models, this occurs only for the 0.1-
um radius particles. As is seen below observations indi-
cate larger particle radii. Therefore, for the-range in parti-
cle radius of interest 7, < 7,44, and the sedimentation
velocity should be used. Since the fall velocity varies
roughly as 1/N, the ice crystal number density must in-
crease with N to preserve the constant flux condition,
i.e., the number density of the crystals varies with the
atmospheric scale height. However, our predicted haze
production rate and column density is independent of the
assumed distribution of haze particles.

We place the bottom of the haze at the tropopause
for several reasons. As the ice particles fall below the
tropopause the temperature increases; thus, the ice parti-
cles will eventually sublimate. We recognize that this is
an approximation to the true sublimation level. We cannot
follow the particles as they sublimate because we do not
have a sublimation loss for the crystals in the model.
Also, below the tropopause we expect the eddy mixing
to increase. The sedimentation velocity is still decreasing
due to the increase in atmospheric number density. This
will result in the eddy velocity dominating and the velocity
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in the flux equation increasing; thus, the number density
of the haze particles will decrease,

1V B. Comparison to Observations

IV.B.1. Voyager PPS. Pryor et al. (1992) from analy-
sis of Voyager PPS observations at 2650 and 7500 A de-
duced a stratospheric aerosol column density of
2.5-6.2 x 107 ¢cm 2 The majority of this haze is at pres-
sures greater than 15 mbar with only 10% of the burden
in the 5—15-mbar region. The 2650-A observations imply
a mean particle radius of 0.2 um, while the 7500 A favor
slightly larger particles—0.25 um. As the 2650 A data
probe lower pressures than the 7500 A data, this is sugges-
tive that the particles grow in radius as they settle out of
the stratosphere. The most recent analysis of groundbased
observations of Neptune’s stratospheric aerosols is in
fairly good agreement with the PPS data. For 0.2-um-
radius particles Baines and Hammel (1992) derived a col-
umn density of 6.4 x 107 cm~? for global average condi-
tions.

Our predicted altitude location of the haze agrees with
the PPS-derived location. The hydrocarbons condense
only at pressures greater than 5 mbar, and ethane, the
dominant source of the haze, does not condense out until
10-16 mbar. However for 0.2-um-radius particles our
computed haze burden is too large—1.94 x 10° particles
cm 2. If we use the upper limit in particle radius, 0.25
pm, we get better agreement. Our predicted haze column
density drops to 7.7 x 107, only 24% too high. However,
there are two possible reasons why this simple calculation
overpredicts the haze production from the model.

The above haze column densities were calculated as-
suming that C;H,; and C;Hg condense. If instead we as-
sume that they are converted to other hydrocarbon spe-
cies that do not condense then the model-predicted haze
density decreases. Neglecting the propane and propene
contribution the haze column density for 0.25-gm-radius
particles becomes 5.8 x 10° particles cm™2, below the
PPS upper limit, Some justification for this comes from
our preliminary calculations that showed too much UV
opacity in the model compared to the UVS occultation
lightcurves when we included C;H, and C;Hy calculated
assuming no chemical loss. This, by itself, suggests that
these compounds are converted 1o other species. How-
ever, what fraction of the propane and propene are con-
verted into noncondensing species can be answered only
with further modeling of the C, photochemistry.

The other problem with the above calculation is that it
was done with solar maximum fluxes. We have shown
that the acetylene and ethane components of the haze are
the result of downward transport. In the haze formation
region the eddy transport time is longer than a solar cycle
as is the sedimentation time for 0.2- to 0.25-um radius
spheres. So the observed haze density is the result of
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solar fluxes averaged over a solar cycle. We ran the photo-
chemical model with the same input parameters as Case
B but for solar minimum conditions. Note that this also
reduces the LISM Lyman « because it is predominantly
due to scattering of the solar Lyman « line. Under these
conditions the model haze column density, including the
propane and propene contribution, is below the PPS upper
limit for 0.22-pum-radius particles.

Lastly, we examined if the particle growth inferred from
the PPS observations could be due to diffusive growth of
the crystals. We multiplied the growth rate per crystal by
the sedimentation lifetime. We found that 0.2-.m particles
will grow to 0.25 wum in radius in the time it takes for
them to fall out of the stratosphere. However, in our
model most of our growth occurs in the upper levels where
the species can first condense, in disagreement with the
PPS findings. What could be happening is that ethane is
condensing upon the acetylene and higher order hydrocar-
bon ice particles, causing them to grow in radius at higher
pressures. If this is occurring then our calculated column
densities are too large since we assume that each species
condenses only on its own ice crystals. However, to prop-
erly solve this problem we need to compare the diffusive
growth rate to the coagulation growth rate. Coagulation
growth must be important because the time it would take
for a haze particle to grow from 0.1 to 0.2 wm by diffusive
growth is 120 years, 3 times longer than it would take the
0.1-pm particle to fall out. Thus to examine properly the
question of haze particle growth requires a full microphys-
ical model and is outside the scope of this work.

IV.B.2. Voyager IRIS. Ethane, acetylene, and diacet-
ylene ices exhibit absorption bands in the spectral range
covered by the IRIS spectrometer aboard Voyager 2 (10-
to 50-um). Characteristic absorption features occur at
304, 816, and 825 cm ™! for C,H ice (Leroi 1970, Pearl et
al. 1991); 760 and 772 em ™! for C,H,; and 223, 251, 653,
and 663 cm ! for C,H, (Khanna et al. 1988). Unfortu-
nately, no spectroscopic data on C;H, and C;Hy ices has
been published in the literature to our knowledge. Thus
we could not search for their presence in the IRIS data.

Accordingly, we searched tor possible signatures from
C,H,, C,H,, and C,H, ices in the thermal spectrum of
Neptune, using the large average of 2920 IRIS spectra
selected by Bézard er al. (1991). No feature exceeding
the 3o noise level can be seen in this spectrum at any of
the expected locations. This nondetection can still be used
1o set upper limits on the haze column densities and thus
constrain photochemical models.

We computed synthetic spectra of Neptune which in-
cluded absorption by haze particles to determine the maxi-
mum haze density consistent with the lack of spectral
features in the IRIS selection. In the absorption bands
scattering is negligible compared to absorption because
the range of particle radii considered for the photochemi-
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cal hazes (¢ = 1 um) is much smaller than the wavelength
(A = 10 um). We have calculated the absorption cross
sections from Mie theory, assuming that the particles are
spherical. In the Rayleigh approximation (a <€ A} valid
here, the haze optical depth, 7;,,,, is proportional to the
total volume of the haze particles,

v) 181k (14)

%“z@”MmX(ﬁ+2—HP+QMF

where V is the volume of the sphere, A the wavelength,
n the real part of the refractive index, and & the imaginary
part (Van de Hulst 1957). From Table VI and Eq. (14) it
can be deduced that this opacity increases with decreasing
particle radius. We then considered the most favorable
situation for detection, particles having 0.1 pm radius, as
a nominal case for our spectral calculations. The H,—H,
and H,~He opacity is modeled as in Bézard e al. (1991).
The temperature profile used in the calculations is the
nominal egress profile shown in Fig. 1.

We calculated the absorption due to the 304-cm™! eth-
ane absorption band using recent laboratory measure-
ments of the extinction coefficient (Dellarosa, personat
communication, 1993). Ice crystals were assumed to be
uniformly mixed with gas between the condensation level
and the tropopause. Although the predicted column den-
sity for 0.1-wm particles is rather large, the emission fea-
ture produced in the Neptune synthetic spectra by the
haze is extremely weak and well below the IRIS noise
level. One reason is that this absorption band is intrinsi-
cally very weak, the absorption coefficient reaching at
most 4 cm ™", Another is that, the H,—He continuum near
304 cm™~! originates from atmospheric levels near the tro-
popause, close to the location of the C,H, haze, thus
reducing the thermal contrast of the ethane feature. The
3o upper limit for detection in the IRIS spectrum corre-
sponds to a column density equal to 6 x 10* times that
in the nominal haze model.

The ethane absorption features near 820 cm™! cannot
be detected in the IRIS spectrum regardless of the haze
density. At this wavenumber, the noise equivalent tem-
perature of the spectrum (i.e., the brightness temperature
associated with the noise equivalent spectral radiance
=4 x 107" W em~? sr~em ™) is =82 K. This is higher
than the temperature where the C,H, haze is expected to
be located (T = 64 K see Table VI). Any spectral feature
due to C,H ice would then be drowned in the instrument
noise. This is also the case for the C,H, feature at 760
cm~! and the 653-, and 663-cm™! features of C,H,; the
neoise equivalent temperature of the IRIS spectrum at
these wavenumbers is greater than the condensation tem-
peratures.

We searched for C,H, absorption features at 223 and
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251 ecm™'. Values for the complex refractive indices of
crystalline C,H, were taken from Khanna et al. (1988).
Figure 10 shows synthetic spectra calculated with particle
densities enhanced by factors 10* and 3 x 10* relative to
the results of Case B for 0.1-um-radius particles (N,

2 x 10® em™2), These calculations are compared with a
no-haze spectrum (thick line). Since the model provides
only constraints on the column density, two extreme dis-
tributions of haze particles with height were investigated.
In the first one, haze particles are assumed to be uniformly
mixed with gas within the haze formation region, i.e.,
only between the C,H, and C,H, condensation levels (dot-
ted lines in Fig. 10). In this case, the haze opacity produces
emission features since the haze temperature is higher
than the tropospheric levels where the H,—He continuum
is formed. In the second case, we assumed that the C,H,
haze extends down to the tropopause region (solid thin
tines). In this case, the bulk of the haze mass is located
in the lower stratosphere where temperatures are lower
than those of the H,—He continuum. Absorption features
are thus produced. The Voyager IRIS spectrum, shown
for comparison, is systematically colder than the synthetic
ones. This discrepancy may reveal the presence of thick
tropospheric clouds (Conrath et al. 1991). The nominal
C,H, haze model yields a synthetic spectrum which is
virtually indistinguishable from a no-haze calculation. It
is thus consistent with the lack of absorption features at
223 and 251 cm ! in the Voyager spectrum. We can only
constrain the haze column density to be less than 2 X
10° particles cm~2, i.e., 1000 times the nominal case, as-
suming that the C,H, haze is distributed between the C,H,
and C,H, condensation levels. In the alternate case in
which the haze extends down to the tropopause, the 3o
upper limit is 2 x 10" particles cm 2. These constraints
are even less stringent for larger particles.

IV.C. Comparison to Other Models

It is interesting to compare these results to the previous
ones of Romani and Atreya (1989). They predicted a total
stratospheric haze mass production rate of 4.2 x 1075 g
cm™?sec™!, of which 75% was ethane and 25% acetylene.
They gave an overall factor of two uncertainty in the total
haze mass production rate due to uncertainties in the eddy
diffusion coefficient and methane mixing ratio. Despite
changes in the K profile, CH, mixing ratio, photochemis-
try, and model atmosphere, ethane is still about 75% of the
total haze mass production, and the total mass production
rate is only 2.3 times higher than the preencounter predic-
tion. The principal reason for the difference in the total
haze mass production rates is that the ethane mass pro-
duction rate in the preencounter model is only about half
that of the current model rate. The acetylene in the preen-
counter model is 3.8 times the present model rate. Also,



460

ROMANI ET AL.

66

BRIGHTNESS TEMPERATURE (K)

P

11 | I | R T | ‘ | I I | l L !

230

240 260

WAVENUMBER (cm™")

FIG. 10. Synthetic spectra calculated for the Case B model C,H, haze with 0.1-um particles and having column densities 10* and 3.0 x 10*
times the column density in the nominal haze model (2.0 x 108 cm™). The thickest line is a po-haze spectrum. Dotted lines correspond to cases
in which particles are uniformly mixed with gas between the C,H, (90 km) and C;H, (70 km) condensation levels. Thin solid lines correspond to
cases in which particles are uniformly mixed with gas between the C;H, condensation level (90 km} and the tropopause (50 km). A Voyager
spectrum {average of 2920 individual spectra) is shown for comparison (line with dots). See text for discussion.

the preencounter model lacked the pathways to the C,
and C, hydrocarbons and thus failed to predict the possi-
bility of these hazes.

Moses et al. (1992} also examined haze formation from
methane photolysis on Neptune, Like us, they used a
one-dimensional photochemical model to predict the va-
por phase abundances of the photolysis products of meth-
ane, The photochemical models are not identical; their
model includes more C; and C, chemistry than ours (see
Moses 1991), does not include a condensation loss pro-
cess, and uses a different K profile (Eq. (9) with 8 = 0.66
and K = 10® cm? sec™! at the CH, homopause) from the
one we currently prefer. There is agreement between the
two models that the haze is predominately ethane. How-
ever, their ethane production rate is about only 25% of
ours. We note that their model is ethane poor compared
to the IRIS results. The model C,H, and C,H, production
rates agree well, but Moses er al. (1992) favor C;H,g and
CH,C,H for the C, portion of the haze. We attribute the
differences in predicted composition to the differences in
chemistry and K profile used.

An important difference between the haze calculations
is that Moses et al. (1992) calculate the necessary super-
saturations to nucleate new ice haze particles while we
assume that the ice crystals already exist. For acetylene
and ethane we have found that once the ice crystals are

present diffusive loss to them results in very low supersat-
urations (=1072). For nucleation of new particles to con-
tinue the condensation nuclei must be efficient (see Table
1, heterogeneous nucleation, Case A, in Moses et al. 1992,
NB § = saturation, not supersaturation, s, and that § =
s + 1). Alternatively, the condensation nuclei may not be
efficient and the required supersaturations may be larger,
e.g., 20-30 (From Table iI, assuming heterogeneous nu-
cleation). These supersaturations are higher by a factor
=2000 than what we find at equilibrium for diffusive loss
of the vapor to the crystals. We now discuss possible
consequences if these larger supersaturations are needed
to supply new ice crystals.

A straightforward way to increase the supersaturations
calculated by the diffusive vapor loss model is to decrease
the number density of crystals (see Eq. (8)). Since most
of the vapor phase loss takes place in the first few levels
once condensation starts, it is only necessary to decrease
the number of crystals in this region (note that if we
reduced the entire column density of crystals by the requi-
site amount the resulting haze burden would be much less
than the derived PPS value). The consequence of this is
that the haze particles are no longer distributed with the
gas scale height throughout the entire haze area. Another
way to increase the supersaturations is to lower the stick-
ing efficiency (« in Eq. (3)). We have assumed this to be



NEPTUNE METHANE PHOTOCHEMISTRY

unity—every vapor phase molecule that strikes an ice
crystal sticks to it. This is the case for water well below
the triple point, but at temperatures closer to the triple
point it drops to ==0.035 (Pruppacher and Klett 1980).
The acetylene and ethane hazes are forming below their
respective triple points (C;H,.-90 K, C,H,—192 K, Ziegler
1959) which is why we chose 1.0 as a nominal value.
However, water is more polar and thus more “‘sticky”’
than either C,H, or C,H,. If we reduce e to 0.01 (represen-
tative of the lowest measured values for water, Prup-
pacher and Klett (1980) then for acetylene the supersatu-
rations are now large enough that both nucleation of
inefficient condensation nuclei and diffusive growth of
existing ice crystals may take place at the same time. The
supersaturations for ethane are still too low for this. We
can, of course, use combinations of decreased « and the
number density of crystals to raise the supersaturations.
As an example, with & = 0.01 and the ethane ice crystal
number density reduced by a factor of 1000, the ethane
supersaturations are finally large enough to support simul-
tancously inefficient nucleation and diffusive loss.

It is of course possible that high supersaturations are
needed to nucleate new embryos but that once the ice
crystals are formed low supersaturations result. This sug-
gests episodic haze formation: the hazes nucleate, the
supersaturations are reduced by diffusive loss of the vapor
phase material onto the ice crystals, haze nucleation shuts
off, the haze particles grow and settle out of the lower
stratosphere, the supersaturations build up again, nucle-
ation of new particles takes place, etc. The resupply time
(from eddy diffusion) for C,H, and C,H; vapor into their
respective condensation regions is longer (==60 years) than
the sedimentation lifetime for 0.2-um-radius particles
(=14 years). Thus, it is possible for the hazes to snow
out before the condensation region can be resupplied with
new vapor phase material. A possible indication that this
takes place is that Baines and Hammel (1992) find a latitu-
dinal variation in the stratospheric aerosol burden. While
their global average values agree well with Pryor et al.
(1992), they find that in the equatorial region the haze
column density must be 7.7 times smalier than the global
average. We caution that this conclusion is speculative
and beyond the limit of the simple steady-state model
used here. At a minimum, a time-dependent model that
includes detailed cloud microphysics directly into the pho-
tochemical model is needed.

V. SUMMARY/FUTURE WORK

With our methane photochemistry model we are able
to reproduce well the global average Voyager IRIS C,H,
and C,H, emission features. We have been less successful
in simulating the Voyager UVS occultation lightcurves.
In our modeling we have obtained the following con-
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straints on the altitude profile of the eddy diffusion coeffi-
cient, K:

1. K varying with the atmospheric number density to
some power produces poor model agreement with both
the UVS and the IRIS data.

2. K must be low in the lower stratosphere (=2 x 10°
cm? sec™! for pressures greater than =2 mbar), yet high
in the upper stratosphere (>3 x 107 ¢m® sec™! for pres-
sures less than =0.5 mbar). This implies a well-mixed
upper stratosphere overlying a stagnant lower strato-
sphere and a rapid transition between the two regions,

The second K profile improves the model fit because
with it C,H, and C,H, are mixed rapidly from their sources
at low pressures (p = 107? mbar) to their sinks at high
pressures (p = 0.5 mbar), which reduces the model mixing
ratios as required by the data; yet the rapid mixing cannot
extend to much higher pressures or C,H,, which is chemi-
cally inert, will be depleted below the abundance required
by the data. For ethylene the most important sink is
C,H, + H (R63) and the model is sensitive to the rate
constant for this reaction. The effect of this reaction is
to convert ethylene to ethane before it can be photolyzed
to acetylene, To obtain good agreement with the IRIS
observations we must use the upper limit for this rate
constant, and if we use twice the upper limit we can
reproduce the IRIS emission features to within the noise
uncertainties. The high-pressure sink for acetylene is con-
version to vinyl (R62), which has an important three-body
loss with methyl to form propene (R22). The major caveat
in deriving the K profile from observations of acetylene
and ethane is that the C,H; and C,H, mixing ratio profiles
are dependent not only upon K, but the photochemical
reaction scheme as well. Thus the above constraints on
the X profile are subject to revision, if necessary, due to
improved laboratory measurements of the photochemical
reactions.

We then compared model haze results from the cases
which best reproduced the IRIS and UVS vapor phase
observations to IRIS and PPS constraints on the strato-
spheric haze. For solar maximum fluxes (Voyager en-
counter conditions) the model predicts a total aerosol
mass production rate of hydrocarbon ices of 1 x 107 g
cm™? sec™!, with haze formation occurring for tempera-
tures =73 K. Ethane accounts for the majority of this,
about 75% of the total haze production by mass, with
C,H, and C; and C, compounds making up the rest. The
predicted location of the haze agrees with that derived
from the PPS observations. However, balancing the
above production rate by sedimentation for 0.25-um-ra-
dius particles (PPS upper limit to particle radius) the pre-
dicted column density is 24% above the PPS upper limit
to the haze burden. However, since both the eddy trans-
port time of C,H, and C,H, vapor into the condensation
region and the sedimentation lifetime of the haze particles
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is longer than a solar cycle, the observed hazes are the
result of production averaged over the solar cycle. For
solar minimum conditions the model haze burden is below
the PPS upper limit for 0.22-um-radius aerosols. Thus,
our model haze production is consistent with the PPS
observations. We searched the IRIS spectra for a signa-
ture from these hazes but could only derive gross upper
limits for the C,H, and C,H, hazes consistent with the
predictions.

Our predicted supersaturations, which result from the
diffusive vapor phase loss to already existing ice crystals,
are on the order of 1072 or less for acetylene and ethane
in these cases. Moses e al. (1992) have shown that unless
condensation nuclei are efficient higher supersaturations
(=20-30) are needed for these species for nucleation. It
is possible to increase the supersaturations in the model
to the point where nucleation on inefficient condensation
nuclei can take place along with diffusive loss of the vapor.
This will occur if the sticking efficiency of the vapor phase
molecules to the ice crystals is =0.01, Another possibility
is to have very few crystals in the levels where condensa-
tion first takes place because this is where the majority
of the diffusive loss occurs. Of course, some combination
of these two mechanisms is possible. Alternatively, haze
formation on Neptune may be episodic since the diffusive
loss process could reduce the supersaturations below the
point where new haze particles could be nucleated.

Future work falls into three categories: model improve-
ments, laboratory measurements, and more observations.
Since the model indicates that C; and C, species are proba-
bly a significant portion of the haze, the corresponding
chemistry in the model needs to be expanded. To better
understand the haze formation and evolution process,
more haze microphysics needs to be included in the photo-
chemical model. To understand the interaction between
nucleation and subsequent diffusive growth of the hydro-
carbon ice crystals we need measurements of the sticking
efficiency for conditions relevant to the lower strato-
sphere of Neptune. We encourage measurements of the
reaction rates of C,H,; + Hand CH, + C,H,, as afunction
of pressure and temperature under conditions relevant to
the stratosphere of Neptune. We could not find spectro-
scopic data for C;Hg and C;H; ices, and thus could not
search for their spectral signatures. Groundbased infrared
observations of Neptune in the C,H, or C;H, bands at
949 and 748 cm ™', respectively, would be useful to con-
strain the photochemical model, Since our preferred K
profile implies nearly constant with height distributions of
the C,H, and C,H, mixing ratios, observations from which
the vertical profiles of these hydrocarbons could be re-
trieved would be a key test of the model.
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