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A numerical model was used to study methane photochemistry in the stratosphere of
Neptune. The observed mixing ratio of methane, 2%, forces photolysis to occur near the
CH, homopause. For an assumed nominal value of the eddy mixing coefficient of 10° cm?
sec~! at the CH; homopause, the predicted average mixing ratios of C;Hg and C,H,, 1.5
x 1076 and 6 x 1077, respectively, agree well with observations in the infrared. The
acetylene and ethane abundances are weakly dependent upon the strength of the eddy
mixing and directly proportional to it. Haze production from methane photochemistry
results from the formation of hydrocarbon ices and polyacetylenes. The calculated mixing
ratios of C;Hg, C;H,, and C4H,; are large enough to cause condensation to their respective
ices near the tropopause. These hazes are capable of providing the necessary aerosol
optical depth at the appropriate pressure levels required by observations of Neptune in
the visible and near IR. Polyacetylene formation from C,H, photolysis is limited by the
low quantum yield of dissociation for acetylene, efficient recycling of its photolysis prod-
ucts by the other hydrocarbons, and the greatly reduced solar flux at Neptune. Com-
parisons of model predictions to Uranus show both a lower ratio of polyacetylene pro-
duction to hydrocarbon ice and a lower likelihood of UV postprocessing of the acety-
lene ice to polymers on Neptune compared to Uranus. This is in agreement with the
observed difference in the single scattering albedo of the stratospheric aerosols
in the visible between Uranus and Neptune, with the aerosols on Neptune being

brighter. © 1988 Academic Press, Inc.

1. INTRODUCTION

The photochemistry of methane has been
studied extensively for Jupiter (Strobel
1969, 1973, 1975, Atreya er al. 1981, Glad-
stone 1982) and Saturn (Waite 1981, Atreya
1982, Atreya et al. 1984). For Uranus, the
preliminary modeling of Atreya and Pon-
thieu (1983) and the subsequent more de-
tailed modeling by Romani (1986) have
been used to determine the eddy mixing co-
efficient (Atreya et al. 1986, Herbert et al.
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1987) and the nature of the stratospheric
aerosols (Pollack et al. 1987). But only pre-
liminary work has been reported for Nep-
tune (Romani and Atreya 1984, Atreya
1986). In this paper the photochemistry of
methane in the stratosphere of Neptune and
subsequent aerosol production are pre-
sented. Special emphasis will be placed on
stratospheric acetylene and ethane abun-
dances, haze production, comparison to
Uranus, and conditions liable to be present
at the time of the Voyager 2 encounter of
Neptune.

Methane, ethane, and acetylene have
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been detected in emission in the infrared
from Neptune (Macy and Sinton 1977, Or-
ton et al. 1983, 1987). The photolysis of
methane in the stratosphere of Neptune
produces ethane and acetylene, so numeri-
cal modeling of the photochemistry should
be able to reproduce the observed mixing
ratios of CsH, and C,Hg. This procedure is
sensitive to the amount of eddy mixing and
presently allows some constraints to be
placed upon the value of the eddy mixing
coefficient. Numerical modeling also pro-
duces more detailed profiles of the hydro-
carbons than can be deduced from the IR.
This is important as these gases are IR ac-
tive and affect the thermal structure of the
stratosphere (Courtin et al. 1979, Appleby
1986). Furthermore, height profiles of the
hydrocarbons are needed to derive the
strength of atmospheric vertical mixing
from Voyager UVS occultation data.

On Neptune, the model-predicted abun-
dances of acetylene and ethane in the lower
stratosphere are much greater than their
maximum allowable abundances from the
equilibrium saturation vapor pressures over
their respective ices. Thus, we expect ice
haze formation in the lower stratosphere of
Neptune. Methane photochemistry has also
been proposed as a source of polyacetylene
acrosols (Gladstone 1982, Allen et al.
1980). These aerosols, ices and polyacety-
lenes, are capable of affecting the visibility
(Bergstralh et al. 1987), albedo (Lockwood
and Thompson 1986}, and thermal structure
of the lower stratosphere (Appleby 1986).
Other possible sources of aerosols, PH;
and/or NH; photochemistry (West et al.
1986), will not be active because of the re-
moval of the parent species in the lower
troposphere by condensation (Weiden-
schilling and Lewis 1973, Romani 1986).
Hydrocarbon ice formation and polyacety-
lene production also occur on Uranus
(Romani and Atreya 1986, Pollack et al.
1987), so modeling must be able to repro-
duce the observed differences of the two
planets’ stratospheric aerosols (Bergstralh
and Baines 1984, Bergstralh et al. 1987).
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The paper is organized into the following
sections. The methane photochemistry
model is described in Section II. The alti-
tude profiles of methane, ethane, and acety-
lene calculated by the photochemical model
are discussed in Section III. In Section IV,
the aerosols produced from methane photo-
chemistry are analyzed. The results are
summarized in Section V.

II. PHOTOCHEMICAL MODEL
A. Numerical Procedure

The numerical model solves the coupled
continuity equations for methane and its
photolysis products by using an iterative
Newton-Raphson technique (Ames 1969).
Fixed-point boundary conditions and a con-
vergence criteria of 1% were used for all
studies. The model assumes a steady-state
condition and a horizontally averaged at-
mosphere so the continuity equation for the
ith species becomes

dF,'/dZ = P,' - L,‘,

where z is the altitude, F; is the flux of spe-
cies i in molecules cm~2 sec™!, P, is the
chemical production rate and L; is the
chemical loss rate of species i both in units
of molecules ¢cm™ sec™!. In the model,
methane (CH,), methyl radical (CHs), eth-
ylene (C,H,;), acetylene (C,H,), ethane
(C;Hy), and atomic hydrogen (H) undergo
both transport and photochemical reac-
tions. The radicals, methylidyne (CH),
ground-state methylene (PCH,), excited
methylene ('CH,), ethynyl (C,H), vinyl
(C;H3), and ethyl (C,Hs), are assumed to be
in photochemical equilibrium. The mixing
ratio profile of diacetylene, C4H, (the first
polyacetylene produced from acetylene
photolysis), was solved separately by using
as input the already converged profiles of
the other hydrocarbons and eddy mixing.
This is justified by the weak feedback of
diacetylene photolysis into the photochem-
istry of the other hydrocarbons. As diacety-
lene is not a radical, it also undergoes both
transport and photochemical reactions in
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FiG. 1. Reaction pathways for methane photochem-
istry. A * denotes a radical assumed to be in local
photochemical equilibrium. Adapted from Atreya and
Romani (1985), with the exception of rightmost path-
ways producing CH,.

the model. From comparison of results to
observations of the hydrocarbons in the
stratospheres of Jupiter, Saturn, and
Uranus, we estimate a maximum uncer-
tainty of a factor of 2 in the mixing ratios
computed by the photochemical model
(Atreya et al. 1981, 1986, Atreya 1982,
Herbert et al. 1987).

B. Photochemistry

In this section the photochemical path-
ways in methane photolysis and hydrocar-
bon production are outlined. The relative
importance of these pathways for Neptune
will be discussed under Results. A sche-
matic of the photochemistry used in our
model is shown in Figs. 1 and 2. As Nep-
tune is a rapid rotator, the photolysis rates
used in the model are diurnal averages.

The photolysis of methane is carried out
primarily at Lyman-a due to the large solar
flux at this wavelength. This produces ap-
proximately equal quantities of 'CH; and
3CH,. These radicals then rapidly react
with H, and H to produce principally CH;.
Direct production of CH; from methane
photolysis is quantum-mechanically forbid-
den and this has been confirmed by experi-
ment (Slanger 1982). The other direct pho-
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tolysis product of methane is the CH radi-
cal which quickly reacts with methane to
produce ethylene.

The primary fate of the methyl radical is
to recycle to CHy, but it also self-reacts and
produces C,Hg. Ethane is chemically stable
and is only destroyed by photolysis, pro-
ducing acetylene or ethylene, or removed
by eddy mixing. Photolysis proceeds
slowly for C,Hg as it absorbs only in the
same spectral region as methane. Thus,
CH, acts as an ultraviolet shield for ethane
allowing its relative abundance to build up
before its eventual removal by eddy mixing.

The ethylene produced by the above re-
actions is destroyed rapidly by reacting
with H and by photolysis. Unlike ethane,
ethylene has a significant cross section of
absorption beyond the methane cutoff at
1500 A, so photolysis is not hampered by
methane shielding.

The acetylene produced from both C,Hg
and C,H; photolysis is removed only by
photolysis and eddy mixing. (C;H; formed
by the three-body reaction of H with C;H,
primarily recycles to acetylene by reacting
with H.) Even though acetylene, like ethyl-
ene, has a significant cross section in the
UV beyond the methane cutoff, photolysis

FrG. 2. Reaction pathways for diacetylene photoly-
sis. A * denotes a radical assumed to be in local photo-
chemical equilibrium; ** denotes a metastable excited
species. Taken from Pollack et al. (1987).
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is not an efficient sink for C,H,. The quan-
tum yield for dissociation for acetylene is
small and its photolysis products are rap-
idly recycled back to acetylene by the other
hydrocarbons and H,.

The photochemistry of diacetylene has
also been included (Fig. 2). The reaction
scheme is similar to the one of Yung et al.
(1984), but we have made use of the recent
laboratory measurements of Glicker and
Okabe (1987) for the cross section of ab-
sorption and quantum yields of C4H; pho-
tolysis. After undergoing photolysis, di-
acetylene either gives back acetylene, recy-
cles, or reacts to produce higher order
polyacetylenes. Unfortunately there are no
laboratory measurements of the reactions
involving the C4H radical or of C,H with
C4H,. These reaction rates have been esti-
mated in the manner of Yung et al. The
reaction of ground-state C;H, with its meta-
stable excited state has been assumed to be
the collisional rate. The lifetime of the
metastable excited state of C,H, against ra-
diative relaxation has been assumed to be 1
msec. The data of Glicker and Okabe yield
only a lower limit, and our value represents
an upper limit. In our studies for Neptune
the excited metastable pathway for poly-
acetylene formation was never important.

C. Flux Equation

The flux term in the continuity equation
used in the numerical model includes con-
tributions from both eddy mixing and mo-
lecular diffusion. This is because the region
of interest for methane photochemistry ex-
tends from the tropopause, where the atmo-
sphere is well mixed, to the methane homo-
pause. This expression for the flux of the ith
species, F;, is

F; = —(K + D,) *® [dl’l,‘/dZ + (I’l,/T) * dT/dz
+ n; = (/H + 1/H)],

where K is the eddy mixing coefficient, T
the atmospheric temperature, H the mixed
atmosphere scale height, and D;, n;, and H;
are, respectively, the molecular diffusion
coefficient, number density, and scale
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height of the ith species. The homopause
for the ith species is defined to be where D;
= K.

The molecular diffusion coefficients for
the hydrocarbons and atomic hydrogen in
H, and He used in the model are from Mar-
rero and Mason (1972) and the references
contained therein. These background-gas-
dependent diffusion coefficients are then
combined to produce effective diffusion co-
efficients for each species in the model at-
mosphere,

The eddy mixing coefficient was chosen
to vary with the reciprocal of the square
root of the atmospheric number density.
This is in agreement with theoretical calcu-
lations of the variation of K in a tempera-
ture inversion region (Lindzen 1971). Pre-
vious analyses of K in the stratospheres of
Jupiter, Saturn, and Uranus are also com-
patible with this variation of K (Atreya et
al. 1981, 1986, Atreya 1982, Herbert et al.
1987). The values of K quoted in this paper
hereafter will be their values at the CH, ho-
mopause in cm? sec”!.

D. Model Atmosphere

The thermal structure for the Neptune
stratosphere (Fig. 3) is consistent with the
perturbed equilibrium model of Tokunaga
et al. (1983). They constrained a theoretical
radiative transfer profile of Appleby (1986)
to agree with their observations of Neptune
in the infrared. This temperature—pressure
profile is in agreement with the later obser-
vations of Orton et al. (1983) at other wave-
lengths in the IR. This profile was extended
to the microbar region by assuming the tem-
perature was linear with log pressure. The
microbar temperature, 155°K, was chosen
to agree with the mean temperature derived
from the stellar occultation observations of
French et al. (1983). Above the microbar
level the atmosphere was assumed to be
isothermal with this temperature. An ap-
proximately solar composition background
atmosphere (90% H, and 10% He) was cho-
sen in conformity with Tokunaga et al.

Because the observations of French et al.
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Fi1G6. 3. Adopted thermal structure for the strato-
sphere of Neptune.

(1983) indicate a range of temperatures
from 130 to 160°K, the model was run with
an extreme low microbar temperature of
125°K to determine what effect this would
have on the hydrocarbon abundances. Dif-
ferences in the mixing ratios of methane,
acetylene, and ethane between the runs
were less than a factor of 2 at all levels. The
only noticeable effect of decreasing the
temperature at the microbar level was to
compress the atmosphere and so lower the
altitude above the tropopause where meth-
ane photolysis takes place. The greatest ef-
fect of uncertainties in the temperature—
pressure profile will be for the location of
the ice hazes in the lower stratosphere.
This is because the vapor pressures of the
hydrocarbons are exponentially dependent
upon temperature. Small changes in tem-
perature will greatly change the atmo-
spheric pressure level at which they con-
dense; this will be discussed more later on.
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E. Solar Flux

The solar flux used in the model is from
the measured solar fluxes at 1 AU of He-
roux and Hinteregger (1978) and Mount and
Rottman (1981). These fluxes were then
scaled to the Sun~Neptune distance. Solar
maximum fluxes were used in the standard
model to reproduce conditions at the time
of the Voyager 2 encounter in 1989. The
spectrum runs from 1000 to 3000 A and is
binned in 10-A intervals with a separate bin
for Lyman-«. The short wavelength cutoff
is due to absorption by H> above the hydro-
carbons, and the long wavelength cutoff is
because of the decrease in the absorption
cross sections of the hydrocarbons. A case
with solar minimum fluxes was run to in-
vestigate the variation of the hydrocarbons
with solar flux.

F. Solar Zenith Angle vs Latitude, and
Diurnal Variation

At the time of the Voyager 2 encounter
with Neptune in 1989 it will be near summer
solstice for the southern hemisphere of the
planet. Currently, the planned Earth and
solar occultations will take place at both
approximately 62°N and 26°S. The diurnal
average of the cosine of the solar zenith
angle as a function of latitude was calcu-
lated using the following relationship from
Liou (1980):

cos(&) = 1/h = [h * sin(X) * sin(8)
+ cos(A) * cos(d) = sin(h)],

where £ is the solar zenith angle, / the half-
length of the illuminated day in radians, A
the planetary latitude, and & the solar decli-
nation. The half-length of the illuminated
day is given by the following relationships
also from Liou:

x = —tan(d) * tan(\)
h=cos Uy, ifx=1, then 4 = 0,
if x < —1, then/h ==

It is the average cosine that is important for
the photochemistry, not the average solar
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TABLE |

SOLAR ZENITH ANGLE AND DIURNAL VARIATION OF
SUNLIGHT vs LATITUDE

Latitude Solar zenith Diurnal variation
angle of sunlight¢
80°S 60° No
25°S 50° Yes
45°N 80° Yes

« At southern summer solstice latitudes below 60°S
are in perpetual sunshine.

zenith angle. The solar zenith angles corre-
sponding to the above average of the cosine
and the variation in diurnal solar illumina-
tion for three representative latitudes on
Neptune are given in Table I. Model runs
corresponding to all three latitudes were
done to investigate potential latitudinal
variations of the hydrocarbon abundances
due to changes in the solar illumination. In-
cluded are the southern occultation point, a
high southern latitude in perpetual daylight,
and a northern latitude. (The northern oc-
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cultation point will be in the polar night, so
a model run with a solar zenith angle of 80°
was substituted for it.)

11I. PHOTOCHEMISTRY RESULTS
A. Variation as a Function of K

The methane mixing ratio on Neptune as
a function of probable values of the eddy
mixing coefficient is shown in Fig. 4. The
mixing ratio in the lower stratosphere is
2%. This is in agreement with the current
degree of supersaturation of methane in-
ferred from measurements in the infrared
(Orton et al. 1983, 1987) and from radiative
equilibrium modeling of the stratosphere
(Appleby 1986). The relative locations of
the methane homopause for these values of
K, and the corresponding levels where an
optical depth of one is reached at Lyman-«
(7 = 1) are listed in Table II. For a methane
mixing ratio of 2%, r = 1 would occur at
103 bar (715 km above the tropopause),
well above any of these homopause levels.
Because of the large abundance of methane
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Fi1G. 4. The mixing ratio profile of methane as a function of the eddy mixing coefficient for a solar
zenith angle of 50°. The value given for K is the value it has at the methane homopause in cm? sec™!. K
is assumed to be proportional to the inverse square root of the atmospheric number density.
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TABLE 1I

HoMoPAUSE LEVELS AND CORRESPONDING LLEVELS
WHERE 7 = 1 AT LYMAN-a AS A FUNCTION OF THE
EDpDY MIXING COEFFICIENT

K Homopause level Level where
(cm? sec™!) - T=1at
(km)¢ {bar) Lyman-«
(km)* (bar)
10° 430 2.6 x 107 375 7.4 x 10°¢
10° 550 2.7 x< 1077 460 1.5 x 10-6
107 675 2.5 x 1078 535 3.6 x 1077

« Zero for altitude is the tropopause taken to be at the 100-
mbar pressure level, which is approximately 65 km above the
1-bar level.

in the stratosphere of Neptune, photolysis
cannot proceed efficiently until near the ho-
mopause where gravitational separation de-
pletes the atmosphere of methane.

From these values of the eddy mixing co-
efficient a nominal value must be selected.
There is no single direct observation that
uniquely constrains the value of K in the
stratosphere of Neptune, but we can infer
limits on its value from a variety of obser-
vations.

There is abundant evidence that the
lower stratosphere of Neptune is dynami-
cally active. The temporal change of the
brightness in the visible spectrum of Nep-
tune observed by Joyce et al. (1977) can be
satisfactorily explained by an increase in
aerosols in the lower stratosphere and their
eventual removal by sedimentation (Pilcher
1977). More recent observations have re-
vealed spatial inhomogeneities in the aero-
sols across the disk of Neptune and tempo-
ral variations on the order of days (Terrile
and Smith 1983, Baines er al. 1987, Berg-
stralh er al. 1987). The supersaturation of
methane in the stratosphere probably
results from methane ice clouds, which
form in the upper troposphere (at approxi-
mately the 1.4-bar level, Romani 1986),
convectively penetrating the tropopause
and depositing methane ice in the lower
stratosphere which then sublimates (Ap-
pleby 1986). Simple diffusion of the CH, ice
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crystals through the tropopause is not likely
to be the source of the supersaturation. The
sedimentation lifetime of even 0.1-um crys-
tals 1s faster by an order of magnitude than
any likely eddy mixing lifetime.

It is important to note that no such varia-
tions in brightness have been observed for
Uranus and that methane is saturation-lim-
ited in the stratosphere. Based on this, we
argue that the minimum eddy mixing coeffi-
cient on Neptune is as great as it is on
Uranus, 10* (Herbert er al. 1987), and prob-
ably greater.

Less direct evidence for Neptune having
a greater eddy mixing coefficient than
Uranus is that Neptune has a strong inter-
nal heat source, approximately twice that
of absorbed solar radiation (Orton and Ap-
pleby 1984). Jupiter and Saturn also have
internal heat sources and have eddy mixing
coefficients of approximately 10° and 10?
cm? sec™!, respectively, at the methane ho-
mopause {(Atreya 1986). Uranus, which
possesses little, if any, internal heat source
(Pearl et al. 1987), has the lowest rate of
eddy mixing in its stratosphere of all of the
Jovian planets. This correlation between
the strength of an internal heat source and
the strength of eddy mixing probably arises
through the generation of gravity waves in
the lower atmosphere which break in the
stratosphere and are known to be the
source of the eddy mixing there (Lindzen
1971, 1981, Fritts 1984). At this time, how-
ever, the exact link is not known.

Based on the preceding arguments, we
adopted a nominal value of K for Neptune
similar to that of Jupiter, 10° cm? sec™!. The
derived abundances of C;H, and C,H de-
tected in emission in the infrared are con-
sistent with this choice. The mixing ratio
profiles of ethane and acetylene as a func-
tion of the eddy mixing coefficient are
shown in Figs. 5 and 6, respectively. Eth-
ane was first detected in emission in the
stratosphere of Neptune by Macy and Sin-
ton (1977) and Gillett and Rieke (1977).
Macy (1980) derived an abundance of C>He
relative to H, of 107° with an uncertainty
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FiG. 5. Same as Fig. 4, but for ethane.

factor of 5. Subsequently Orton et al. (1983)
inferred an ethane mixing ratio of 3 x 1079,
and most recently Orton et al. (1987) have
inferred 6 X 107% with an uncertainty factor
of 3.2. These last two mixing ratios assume
that the ethane abundance follows its satu-
ration law in the lower stratosphere until it
reaches the above maximum mixing ratios

and remains constant. (For our model at-
mosphere this turnover will occur at =1.3
x 1072 bar.) As can be seen in Fig. 5, an
eddy mixing coefficient of 106, which is in-
distinguishable from one of 107, gives better
agreement than one of 10°. Orton et al.
(1987) have deduced a maximum mixing ra-
tio of C;H, of 9 x 1077 with an uncertainty

10-8

L 1L B 001/ R A AL N BRI R )L B R 1 e
T K=107
107 Tl £=50°
K=108 ~~~
10-6 .
------ \
_ i
[ ]
£ 108 |
w |
4 )
8 !
i
& 104 '
o |
o t
]
10-3 '
10-2
10-1 T BRI B S AT A A utT)
10-10 109 10-8 10-7 10-6 10-% 10-4

C,Ha MIXING RATIO

FiG. 6. Same as Fig. 4, but for acetylene.
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FiG. 7. The mixing ratio profile of ethylene for K = 10° cm? sec™’, and a solar zenith angle of 50°.

of a factor of 5, assuming that the distribu-
tion of acetylene is the same as that of eth-
ane. (In our model atmosphere, and for this
mixing ratio, acetylene will depart from its
saturation curve at =9 X 1073 bar.) From
Fig. 6 we can see that a K of 10° also gives
good agreement to the acetylene observa-
tions.

Orton et al. (1987) interpret emission
near 13.5 wm in the spectrum of Neptune as
being from ethylene with a maximum mix-
ing ratio of approximately 3 x 1079, assum-
ing that it also follows its saturation curve
until this mixing ratio is reached. The mix-
ing ratio profile for C;H, with K of 10° is
shown in Fig. 7. Though the mixing ratio
profile of ethylene is more complicated than
the one used by Orton er al., the model
abundance in the lower stratosphere of 2 X
109 is close to their inferred value. This
relatively large ethylene abundance in the
lower stratosphere is coupled to the acety-
lene abundance. Acetylene is the source of
ethylene in the lower stratosphere via the

net reaction
2(H + C2H2 + M— C2H3 + M)
CH; + CH; —» CzHg + CH,

net 2H + CH, — C,H,.

Thus the model predicted abundance of
ethylene is compatible with the infrared ob-
servations.

Model runs with different profiles of the
eddy mixing coefficient from the standard
were done to investigate possible effects on
the predicted C;H,; and C,H¢ abundances.
With the value of K held fixed at 10% cm?
sec”! at the methane homopause, cases
with K held constant, varying as M ~%7 and
M 06 (where M is the atmospheric number
density), were computed to compare to the
standard model (K proportional to M ~%3).
The constant K case produced C;H¢ and
C,H, abundances identical to the —0.5
case. Decreasing the exponent from the
standard model’s to —0.6 or —0.7 merely
decreases the strength of eddy mixing when
compared to the standard case. This results
in Jowered abundances of ethane and acety-
lene, with the —0.7 case very similar to the
case with K proportional to M ~%> and equal
to 10° at the methane homopause. Presently
there are not enough observations to con-
strain both the value of K at the methane
homopause and its profile.

Recently Caldwell ef al. (1987) have used
IUE observations of Neptune to infer a
C,H, mixing ratio of 4 x 107°, This is sub-
stantially lower than the value of Orton et
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al. (1987), but in relative agreement with
Macy (1980), who from analysis of the 11.5-
to 13.5-um spectrum of Neptune deduced a
mixing ratio of (0.2-5) x 107 (note that
Macy (1980) and Orton et al. (1987) agree
well for ethane, and the data of Orton et al.
(1987) are of higher quality). It is difficult to
reconcile these two measurements of C,H,
unless there are unusual temporal/spatial
variations in the stratosphere of Neptune.
Another possibility is that the emission at
14 wm is not due to C,H,. However, as dis-
cussed above, the inferred acetylene and
ethylene abundances of Orton et al. (1987)
support each other. Moreover, unless there
is unexpected chemistry for acetylene that
operates on Neptune, but not on the other
Jovian planets, it is hard to produce photo-
chemically the low amount of acetylene
that Caldwell ef al. call for, because of the
large abundance of methane in stratosphere
of Neptune.

Last, Lellouch et al. (1986), from the ob-
servations of a central flash produced dur-
ing a stellar occultation by Neptune, de-
duced a methane abundance of 4-8 x 1073
at approximately the 0.3-mbar level. This
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would favor an eddy mixing coefficient
closer to 10° (see Fig. 4) than the nominal
106 adopted here. But, their upper and
lower limits are respectively 4 X 1072 and 1
x 1074, which span the complete range of
methane mixing ratios. An alternate inter-
pretation of the data (Hubbard et al. 1987)
requires no methane but a gradient in the
temperature in the stratosphere from 150°K
at 1 wbar to 135°K at 0.4 mbar. These tem-
peratures are in agreement with IR data
(Orton et al. 1987) and radiative transfer
modeling (Appleby 1986). However, the IR
observations and radiative transfer model-
ing require the above-mentioned supersatu-
ration of methane. So this provides an un-
certain constraint on the eddy mixing
coefficient and methane abundance.

B. Variation with Latitude and
Photochemical Processes

The ethane and acetylene mixing ratio
profiles corresponding to the different plan-
etary latitudes listed in Table I and for the
nominal value of K of 10° are shown in Figs.
8 and 9, respectively. The maximum abun-
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dances for both species occur at the south-
ernmost latitude (solar zenith angle 60°) be-
cause of the continuous solar illumination.
Note that since our model is 1-d the effects
of horizontal mixing are not included. This
will act to lessen the latitudinal gradient in
mixing ratios that the variation in solar illu-
mination will produce. The corresponding
methane mixing ratio profiles are not
shown. They exhibit no variation because
eddy mixing and molecular diffusion exclu-
sively control the CHy profile.

The general shape of the mixing ratio
curves of acetylene and ethane is easily de-
scribed. At each latitude, the peak mixing
ratios of C,H, and C,H¢ occur where 7 = 1
is reached in Lyman-a due to methane ab-
sorption. The peak in mixing ratios shows
the expected variation with solar zenith an-
gle, moving to lower pressures for longer
slant paths. Because of the large abundance
of methane, the maximum abundances oc-
cur within two scale heights of the CH, ho-
mopause. Thus, above their maxima the
mixing ratios of acetylene and ethane de-
crease rapidly in abundance due to the
decrease in production from methane
photolysis and the onset of molecular diffu-

sion. Below the maxima mixing ratios the
relative abundances of both hydrocarbons
are nearly constant, owing to the strong
control by eddy mixing over both species.
The small **wiggles’” seen in the profiles are
within the convergence criteria of the
model. The details of the production and
loss follow.

On Neptune, the abundance of acetylene
and ethane is controlled by the production
from the direct photolysis of methane.
When methane is photolyzed, 90% of the
time the CHs radical is produced. The other
10% of the time the CH radical is produced
which reacts primarily with CH, to produce
C,;H,4. The methyl radical is produced from
both *CH, and 'CH, and either recycles
methane, via the three body reaction with
H, or produces cthane, by reacting with it-
self. But, a significant fraction of the *CH,
reacts with the CHj; to form ethylene. This
is because the chemical pathways to form
CH; from 3CH,; involve three-body reac-
tions, which are hindered by low number
density where methane is undergoing pho-
tolysis. This high production rate for C.H,
produces the large maximum at 1 ubar seen
in Fig. 7. On Neptune approximately 61%
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of the photons methane absorbs recycle
methane, 17% produce ethylene, and 22%
produce ethane. For comparison, these ra-
tios for Jupiter are 70% recycle, 10% to eth-
ylene, and 20% to ethane (Gladstone 1982).
Acetylene is then produced from ethane
and ethylene photolysis, with ethylene pho-
tolysis being more important.

Below this peak produced by methane
photochemistry, the chemical lifetimes be-
come long and eddy mixing controls the
profiles of both species. The production of
ethane and acetylene declines rapidly be-
low where 7 = 1 in Lyman-a. Ethane is lost
by photolysis, but C;Hg is well shielded by
the methane so its destruction is negligible.
Acetylene can also be destroyed by photol-
ysis, but its loss is hampered by its low
quantum yield for dissociation, recycling of
the C,H radical by the other hydrocarbons
and H,, and the greatly reduced solar flux at
Neptune. The ratio of acetylene loss to re-
cycling after it undergoes photolysis is ap-
proximately 25 to 1. This results in the eddy
mixing time being 100 times faster than the
photochemical loss.

Possible effects of the boundary condi-
tions on the profiles need to be assessed.
In Figs. 8 and 9 it can be seen that the upper
boundary values of C,H, and C,Hg were
held constant for all three latitudes. Prop-
erly, they should all be different and reflect
diffusive equilibrium. But after a scale
height they all have separated showing the
limiting influence of an incorrect boundary
value. Practically, the strong gradient in
mixing ratio from molecular diffusion and
the decrease in production results in very
little of either of these hydrocarbons above
1075 bar. (Molecular diffusion alone will
produce a scale height on the order of §
km.) The analysis of the lifetimes showed
that the lower boundary for both species is
controlled by eddy diffusion. This will pro-
duce a mixing ratio nearly constant with
height and was taken into account in setting
the lower boundary values. It is also impor-
tant to realize that just below the lower
boundary in the photochemical model acet-
vlene and ethane will freeze out to their ices
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producing an abrupt decrease in the vapor
phase mixing ratios. The vapor abundances
from the equilibrium saturation vapor pres-
sure equations will then be the controlling
factors.

C. Variation with Solar Flux

The two observations of Orton et al.
(1983, 1987) actually correspond to just past
solar maximum and solar minimum condi-
tions, while the acetylene and ethane pro-
files in Figs. 5 and 6 are for solar maximum
conditions. In Figs. 10 and 11 the mixing
ratios of acetylene and ethane at solar max-
imum are compared to their solar minimum
values. Decreasing the solar flux from max-
imum to minimum reduces the mixing ra-
tios by half. This is caused by the halving of
the solar Lyman-« flux which halves their
production rate from methane photolysis.
While this difference is at the limit of our
model accuracy the trend is real. The C;H;
and C,H¢ mixing ratios are a balance be-
tween production from photolysis and re-
moval by eddy mixing. So the changing so-
lar UV flux produces a corresponding
change in their abundances.

The infrared observations are most sensi-
tive to the abundances in the lower strato-
sphere. There eddy mixing controls both
profiles and has a time constant on the or-
der of 50 years at 1 mbar, while the solar
cycle is approximately 11 years. The pre-
dicted average mixing ratios of C,Hg and
C,H, on Neptune will then lie between the
solar maximum and minimum profiles. It is
assumed that the eddy mixing remains un-
changed over the solar cycle, which cannot
be substantiated readily. At the microbar
level, where the Voyager Ultraviolet Spec-
trometer is sensitive, the chemical and mix-
ing time constants are small enough that so-
lar minimum to solar maximum variations
will be important. It is interesting to note
that the observed increase in the ethane
mixing ratio from 1982 to 1985 by Orton et
al. (1983, 1987) could be a seasonal effect.
The southern hemisphere of Neptune is ap-
proaching summer solstice and the ethane
abundance should be increasing in response
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to the increased solar flux, as was shown in  model are compared to their relative abun-
the previous section. dances allowed by their equilibrium satura-
tion vapor pressures over their respective
IV. AEROSOL PRODUCTION ices (Ziegler 1959, Ziegler et al. 1964). The

A. Acetylene and Ethane Ice Hazes large differences in abundances between
In Fig. 12 the mixing ratios of acetylene the photochemical model and the equilib-
and ethane produced by the photochemical rium saturation values makes condensation
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of these hydrocarbons to their ices near the
tropopause a certainty. The expected levels
of condensation (100% saturation level) are
listed in Table III. As the vapor pressures
change by an order of magnitude for a
change in temperature of 5°K, the location
of these levels is strongly controlled by the
local temperature. When comparing these

TABLE 111

CONDENSATION LEVELS AND COLUMN DENSITIES OF
HYDROCARBON ICES

Species T P Column density*®
(K) (mbar) (g cm™?)
C,H,? 104 3.5 7 x 10-¢
C,H, 83 9.0 9 x 1073
C,H¢ 74 15.0 4 x 107

¢ Column densities were calculated assuming no
loss by sedimentation.

4 Recent preliminary vapor pressure measurements
of Hudson er al. (1987) would raise the diacetylene
condensation level to 117°K and 2 mbar.

predicted levels to other models of the ther-
mal structure of the lower stratosphere of
Neptune, the corresponding temperatures
should be used to determine the levels of
condensation, not the pressure or altitude
levels.

Ethylene ice might also be expected to
form as the maximum mixing ratio of C,H,4
at the tropopause allowed by its equilibrium
saturation vapor pressure over its ice is 5 X
10713, much less than the 2 X 10~° predicted
from photochemistry in the lower strato-
sphere. As mentioned previously the ethyl-
ene abundance depends upon production
from vapor phase C,H,. Acetylene conden-
sation takes place at lower pressure
(warmer temperature) than would ethylene
condensation. This removal of C;H, from
the vapor phase causes the C,H, abundance
to drop below the saturation limited level.
So unless there is substantial supersatura-
tion of acetylene no ethylene condensation
occurs.

All of the vapor pressure equations used
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in this section are listed in Appendix A. We
stress the need for better vapor pressure
measurements of acetylene and diacety-
lene. We are currently forced to extrapolate
these vapor pressures below the tempera-
tures at which they have been measured.
The bias in this extrapolation is to predict
larger vapor pressures than the actual ones
and to move the predicted condensation
levels to higher pressures.

To determine the effect these ice hazes
could have on the scattering properties of
the stratosphere of Neptune in the visible,
we calculated the haze optical depths. The
optical depth is the product of the particle
column density and scattering cross sec-
tion. We first calculated column densities of
the ice hazes with no removal of the parti-
cles by sedimentation to determine the
greatest possible effect. We converted the
mass densities of Table III into particle
densities for 0.1-, 1.0-, and 10.0-um-radius
spheres. This was to span the range of par-
ticle sizes found for stratospheric hazes
(West et al. 1986, Pollack er al. 1987). To
calculate the scattering cross sections it is
necessary to know the indices of refraction
of these ices, but a literature search re-
vealed no direct measurements. The real
parts of the indices of refraction for acety-
lene and ethane ice were then computed
from the molar refractivity data of Vogel
(1948) and densities listed in the Crystal
Data Determinative Tables (Donnay and
Ondik 1972). We assumed that the imagi-
nary index of refraction was negligible. In
the gas phase C,H, and C,H¢ have no ab-
sorption in the visible, and it is unlikely that
by condensing to their ices they will de-
velop significant absorption. But if scatter-
ing becomes appreciable, minor absorption
may become important because of the long
optical paths of the scattered light. The
scattering cross sections were then calcu-
lated by a Mie-scattering code, and the op-
tical depths resulting from this calculation
are given in Table IV.

Constraints on the total stratospheric
aerosol optical depth come from observa-
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TABLE IV

Maximum PossiBLE HYDROCARBON ICE HAzE
OpTICAL DEPTHS AS A FUNCTION OF
WAVELENGTH AND PARTICLE SI1ZE

Particle radius Wavelength
(pnm) (pm)
0.3 0.4 0.5
Ethane ice
0.1 70.0 29.0 15.0
1.0 9.2 8.4 13.0
10.0 0.86 0.87 0.93
Acetylene ice
0.1 8.2 3.5 1.9
1.0 1.7 2.7 1.8
10.0 0.2 0.2 0.2

tions in the UV to the near IR (Savage ef al.
1980, Caldwell er al. 1981, Bergstralh and
Baines 1984, Bergstralh et al. 1987, Baines
et al. 1987). From the UV albedo of Nep-
tune Savage et al. (1980) deduced the pres-
ence of stratospheric aerosols. Caldwell et
al. (1981) argued that no aerosol opacity is
possible because of the difficulties in select-
ing the proper solar analog star to deter-
mine the albedos. The clearest evidence for
stratospheric aerosols comes from the ob-
servations done in the near IR and visible
wavelengths (Bergstralh er al. 1987). The
0.9-um methane band of Neptune has a re-
sidual intensity of 1%. It would have a re-
sidual intensity of 0.1% if not for the pres-
ence of aerosols. Bergstralh er al. (1987)
deduce an optical depth of 0.1 to 0.25 at 0.9
wm depending on the pressure level of the
hazes (1-20 mbar). A total optical depth of
0.5 in the visible (upper troposphere and
stratospheric aerosols) for Neptune has
been derived by Baines et al. (1987).

As can be seen from Tables I1I and IV the
acetylene and ethane ice hazes can provide
more than enough optical depth at the ap-
propriate pressure levels. Another possible
source of stratospheric aerosols is methane
ice crystals being transported from the tro-
popause into the stratosphere. However,
the sublimating methane ice crystals will
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TABLE V

OpTicAL DEPTHS OF HYDROCARBON ICE HAZES
WITH SEDIMENTATION AS A FUNCTION OF
WAVELENGTH AND PARTICLE SIZE

Particle radius Wavelength

(um) (pum)

0.3 0.4 0.5
Ethane ice
0.1 70.0 29.0 15.0
1.0 0.9 0.8 1.3
10.0 0.0 0.0 0.0
Acetylene ice

0.1 8.2 3.5 1.9
1.0 0.2 0.3 0.2
10.0 0.0 0.0 0.0

produce the observed 2% vapor phase mix-
ing ratio at 26 mbar (=64°K, and 25 km;
Kirk and Zeigler 1965), so we do not expect
them to survive to much lower pressures.

That the observed optical depths are
much less than the maximum optical depths
calculated here is not surprising. We expect
the optical depths of the C;H, and C,Hg ice
hazes to be reduced by sedimentation and
other cloud microphysics effects. To incor-
porate sedimentation into the model we
performed the following analysis. The
source of the hazes is the eddy mixing of
C;H; and C,Hg in the gas phase into the
condensation region, while the sink is the
sedimentation of the ice particles. In steady
state the two fluxes must balance each
other or

K = N = dfi/ldz = nlt,

where N is the atmospheric number den-
sity, f; the vapor phase mixing ratio of ei-
ther acetylene or ethane (constrained to fol-
low the saturation curve), n the column
density of either acetylene or ethane in the
condensed phase, and ¢ the sedimentation
time for the aerosols to fall from the con-
densation level. The above equation was
solved for » and the corresponding optical
depths are given in Table V.

From Table V we can see that the 0.1-
pm-radius particles fall too slowly to re-
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duce their optical depths from the maximal
ones. If we constrain the total optical depth
to the limits set by Bergstralh et al. (1987)
and Baines et al. (1987) then the ice haze
particles must be on the order of 1.0 um in
radius. This is surprising as the size of at-
mospheric aerosols is usually on the order
of 0.1 wm in radius. A major uncertainty in
this calculation is the strength of the eddy
mixing at the condensation levels. Cur-
rently this is not well constrained, and if it
is lower than our assumed value then the
ice haze particle radius will drop.

B. Polyacetylenes

The other aerosols that can be produced
from methane photochemistry are poly-
acetylenes (C,,H,, n = 2, 3, . . .). Poly-
acetylenes can produce absorption in the
visible and have been proposed as a
mechanism for producing the observed
darkening of Titan with increasing solar
activity (Allen et al. 1980). The albedo of
Neptune has also been observed to change
with solar activity (Lockwood and Thomp-
son 1979, 1986). The mixing ratio profile of
C4H; calculated by the methane photolysis
model as a function of solar activity, along
with its mixing ratio from its vapor pressure
over the ice, are shown in Fig. 13. The opti-
cal depth of the diacetylene ice haze was
not included in the previous discussion as
its density is an order of magnitude lower
than the acetylene and ethane ice hazes.

At pressures lower than about 2 x 1074
bar C,H, is in photochemical equilibrium
with production balanced by loss at each
level. At higher pressures the production
rate increases, and the loss becomes a mix
of photochemistry and eddy diffusion. The
mixing ratio of diacetylene increases near
the tropopause because of the increasing
optical depth of acetylene and less efficient
recycling of the C,H radical back to acety-
lene. The reaction which produces C,H,,

CzH + C2H2 — C4H2 + H,

has little if any energy barrier and thus is
independent of temperature, while the reac-
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cm? sec™! and a solar zenith angle of 50° as a function of solar activity (solid lines) compared to the
maximum vapor phase abundance from its equilibrium saturation vapor pressure over its ice (dashed
lines). Where the saturation vapor abundance becomes less than a photochemical model abundance,

condensation is expected to occur.

tions of C,H with H,, CH4, and C,Hg have
an energy barrier (Laufer 1982). As the
temperature decreases near the tropopause
the recycling reactions give way to the pro-
duction of the polyacetylenes, but conden-
sation will also occur.

This competition between the production
of higher order polyacetylenes by photo-
chemistry and isolation by condensation on
Neptune also takes place on Uranus (Ro-
mani and Atreya 1986). Uranus strato-
spheric aerosols are also most likely domi-
nated by hydrocarbon ices and polyacety-
lenes (Pollack et al. 1987). Comparisons
between the single-scattering albedo of the
stratospheric aerosols on Uranus and
Neptune (Bergstralh and Baines 1984,
Bergstralh er al. 1987) show the Neptune
aerosols to be brighter. This is consistent
with predictions from the combined photo-
chemistry and condensation modeling. On
Neptune, at the condensation level of
diacetylene, the combined column produc-
tion rate of C¢H, and CgH, is 2 X 10* mole-

cules cm~? sec™'; for Uranus the corre-
sponding rate is 5 X 10°. The low
abundance of hydrocarbons on Uranus,
caused by methane in the stratosphere be-
ing saturation-limited at the tropopause,
limits the recycling of acetylene and di-
acetylene after they undergo photolysis.
For acetylene, the ratio of recycling to
polyacetylene production upon undergoing
photolysis is approximately 25 to 1 on Nep-
tune and 3 to 1 on Uranus. For diacetylene,
the same ratios are 74 to 1 for Neptune
and nearly 1 to 1 for Uranus.

Another possible source of visible ab-
sorbing aerosols for Uranus and Neptune is
the irradiation of acetylene ice and subse-
quent production of polymers. Stief et al.
(1964) observed hydrogen production from
UV irradiation of C,H, ice, and a waxy sub-
stance was left behind after the ice was al-
lowed to sublimate (L. J. Stief, personal
communication 1987). On Neptune this will
be reduced by the relatively large abun-
dance of gaseous acetylene above the ice
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which will shield it from the UV, and the
active dynamics observed in the lower
stratosphere which will remove the ice par-
ticles before radiation can postprocess
them. On Uranus, irradiation processing of
the ice will be more likely as the acetylene
is optically thin above the ice layer, and the
stratosphere appears to be very quiescent.

Irradiation of the ice by charged particles
also appears more likely on Uranus than on
Neptune. On Uranus, the charged particle
flux arises from its magnetosphere and per-
haps from electroglow electrons. The rela-
tively low value of Lyman-a on Neptune
(IUE measurements of =200 R, J. T.
Clarke, personal communication 1986,
1987) indicates a smaller electroglow com-
ponent on Neptune than on Uranus, but it
does not necessarily rule out a modest mag-
netospheric environment around Neptune
(Atreya 1986).

Whether the observed 4% change in the
visible albedo of Neptune (Lockwood and
Thompson 1986) is caused by the change in
the rate of polyacetylene production is not
certain. As can be seen in Fig. 13, the
diacetylene mixing ratio at its condensation
level approximately triples going from solar
minimum to maximum. A similar increase
is seen in the production rates of the poly-
acetylenes C¢H, and CgH,. However, the
albedo data show the nearly zero phase lag
with solar UV activity. While the lifetime of
diacetylene is less than the solar cycle
above 0.2 mbar, the production lifetime at
its peak is 32 years, longer than the solar
cycle. Simple linear theory predicts a 90°
phase lag in the peak of diacetylene produc-
tion from the time of peak solar activity and
a decrease in the amplitude of the change
for this difference in time scales. Thus it is
not evident that the polyacetylene produc-
tion can supply the observed albedo change
and more work is needed to test the mecha-
nism. The photochemistry model can be
coupled to both a cloud microphysics
model and a radiative transfer model to de-
termine the extent to which changes in the
gas production of the polyacetylenes
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change the albedo. The albedo data need to
be analyzed for possible latitudinal and sea-
sonal components as the long photochemi-
cal production lifetime of the polyacety-
lenes indicates that dynamical processes
will be important for their global distribu-
tion. Methane photochemistry may still
provide the source for the albedo change
via irradiation of the hydrocarbon ices or
through another chemical pathway.

V. SUMMARY

On Neptune, the large abundance of
stratospheric methane (=2%) forces pho-
tolysis to occur near the homopause where
gravitational separation clears the atmo-
sphere. A nominal eddy mixing coefficient
of 106 cm? sec™! at the methane homopause
and proportional to the inverse square root
of the atmospheric number density was se-
lected based on observations of Neptune
and comparisons to the other Jovian plan-
ets. For methane, eddy mixing and molecu-
lar diffusion lifetimes are always shorter
than photochemical lifetimes. The pre-
dicted global average mixing ratios of C,Hg
and C,H,, 1.5 X 10~% and 6 X 1077, respec-
tively, agree reasonably with the abun-
dances deduced by measurements in the IR
(Orton et al. 1987). The peak abundances
of both acetylene and ethane occur at the
level where maximum production from
methane photolysis occurs, the level where
an optical depth of one is reached in Ly-
man-«. Above this level they rapidly de-
crease with altitude due to molecular diffu-
sion and the fall off of production from
methane photolysis. Below, their mixing
ratios are nearly constant with height due to
dominance of eddy mixing. Loss of ethane
and acetylene by photolysis is inefficient.
For ethane, photolysis is hindered by
shielding from methane; for acetylene, it is
hindered by efficient recycling of its pho-
tolysis products by the other hydrocarbons,
its low quantum efficiency for dissociation,
and the greatly reduced solar flux at Nep-
tune. The detection of ethane on Neptune,
but not on Uranus, is due to both the larger
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abundance of ethane and a warmer lower
stratosphere on Neptune compared to
Uranus. The greater ethane abundance on
Neptune is a direct consequence of the
larger abundance of stratospheric methane
available for photolysis.

Methane photochemistry produces aero-
sols in the form of hydrocarbon ices and
polyacetylenes in the stratosphere of Nep-
tune. Ethane, acetylene, and diacetylene
are produced in large enough abundances
from methane photolysis to condense to
their respective ices near the tropopause.
The predicted levels of these ice hazes
agree well with observations of Neptune in
the near IR and visible which require
stratospheric aerosols in the same region
(Bergstralh er al. 1987, Baines et al. 1987).
These ice hazes are also capable of provid-
ing the observed stratospheric aerosol opti-
cal depth. Comparisons of model predic-
tions were made to Uranus, the only other
planet where the stratospheric aerosols are
liable to be primarily from methane photo-
chemistry producing hydrocarbon ices and
polyacetylenes. (On Titan, the other plane-
tary body where the production of aerosols
from CH,4 photolysis is significant, the pres-
ence of nitrogen complicates the process
(Sagan and Thompson 1984). Also the
warmer temperatures allow for liquid
clouds to form. This makes Titan not di-
rectly comparable to Uranus or Neptune.)
We predict a lower ratio of polyacetylene
production to ice and a lower probability of
UV postprocessing of the acetylene ice to
polymers on Neptune compared to Uranus.
The single-scattering albedo of the strato-
spheric aerosols in the visible is greater on
Neptune than on Uranus (Bergstralh er al.
1987, Bergstralh and Baines 1984). This is
agreement with the above predictions as
the hydrocarbon ices are brighter than
polyacetylenes.

Future work will consist of better incor-
porating condensation into the photochemi-
cal model and adding more cloud micro-
physical processes. This will improve the
mixing ratios of the condensables in the
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lower stratosphere and the calculated ice
haze properties.

We look forward to the upcoming Voy-
ager 2 encounter with Neptune in August
1989. The predicted abundances of C,H,
and C,Hg coupled with the warm strato-
sphere may make them detectable by the
IRIS. The occultation experiments per-
formed by the Ultraviolet Spectrometer
will determine the eddy mixing coefficient,
which must still be taken as a free parame-
ter in this model. Observations made by the
photopolarimeter (PPS) and imaging instru-
ments (ISS) will also provide further con-
straints and information about the strato-
spheric aerosols.

APPENDIX A
HYDROCARBON VAPOR PRESSURE
EQUATIONS

Vp is the equilibrium saturation vapor
pressure of hydrocarbon over its ice in mm
Hg except where otherwise noted. T is tem-
perature in degrees Kelvin,

Methane

Logio(Vp)
= 4.425070 — 453.92414/T — 4055.6016/
+ 115352.19/73 — 1165560.7/T*

35°K < T < 90.652°K.
Vp is vapor pressure in atmospheres, from
Kirk and Ziegler (1965).
Ethane
Logo(Vp) = 10.01 — 1085.0/(T — 0.561)
40°K < T < 89.89°K,
fit to data given in Ziegler et al. (1964).

Acetylene
Logio(Vp) = 9.130 — 1149.0/(T — 3.840)
115°K < T < 145°K

Logi(Vp) = 30.895 — 8.6252 * Log(T)
— 1645.9/T
98°K < T < 115K,

fit to data given in Zeigler (1959).
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Diacetylene
In(Vp) = 22.915 — 4369.4/T

190°K < T < 232°K,
fit to data given in Stull (1947).
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