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Voyager 2 ultraviolet spectrometer (UVS) solar occultation lightcurves at wavelengths 125-
138 nm acquired during the Neptune encounter are compared with one-dimensional methane
photochemical-transport models. Photoabsorption by methane (the photochemical parent) is
expected to be the major source of opacity at these wavelengths, in which case the UVS lightcurves
can be used to infer the strength of eddy mixing at altitudes above the methane photolysis peak
and compatible CH4 mixing ratios in the lower stratosphere. For the p- T models adopted in this
study, acceptable fits to the UVS lightcurves are obtained with eddy mixing coefficient values
(K3/2) near the half-light altitudes (placed 550-800 km above the respective 1 bar levels) of

2-15 % 10% cm? s~! (ingress) and 4—35 x 10° cm?s~! (egress) and lower stratospheric (p > 1.0
mbar) methane mixing ratio values (f1(CH,4)) of 5—100 X 107° (ingress and egress). The ranges
in fr(CH4) and K, ;5 reflect uncertainties in the background p-T structure and the application
of different criteria l{or deciding what constitutes a “good fit.” For the nominal p-T models and
a criterion based on replicating the spacing in altitude of the 125-138 nm UVS lightcurves, K, /2
values (near 0.2 ubar) of 107 cm? s~! (ingress) and 1-2 x 107 cm? s=! (egress) and fp(CH,) values
of ~1x10~? (ingress and egress) are indicated, with the egress results being more uncertain. These

results are insensitive to photochemical details of the models.

INTRODUCTION

Prior to the Voyager 2 encounter, ground-based measure-
ments of IR emission spectra from Neptune had led to the
suggestion that methane was present in the stratosphere of
this planet at a mixing ratio of ~2% [Orton et al., 1987,
1990] (see also the review of earlier work by Orton and
Appleby [1984]). This has been a controversial inference,
in that IR radiometry at wavelengths longward of ~15um
pointed to tropopause temperatures 50-55 K near 100 mbar
[Appleby, 1986; Orton and Appleby, 1984] and hence a “cold
trap” value for the stratospheric CHy mixing ratio in the
range 1075 —10"% Proposed explanations for a global su-
persaturation have relied on vigorous convective transport
(“moist convective penetration,” depositing CH, ice parti-
cles in the lower stratosphere [Hunten, 1974; Appleby, 1986;
Lunine and Hunten, 1989; Stoker and Toon, 1989]) from the
troposphere where a methane mixing ratio of 2-4% seemed
well established [Baines and Smith, 1990]. These expla-
nations were speculative, however, in view of our lack of
knowledge of basic upper tropospheric parameters (e.g., the
temperature lapse rate). Consequently, it became of great
interest to see if this abundance would be consistent with
Voyager observations. Occultation measurements with the
Voyager 2 radio science subsystem (RSS) [Tyler et al., 1989;
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Lindal et al., 1990] and thermal emission measurements with
the infrared interferometer spectrometer (IRIS) [Conrath et
al., 1989, 1991a, b] have added greatly to our knowledge
of the upper troposphere and lower stratosphere on Nep-
tune. However, the IRIS measurements can only establish
a temperature-dependent upper limit to the methane abun-
dance in the stratosphere (6 x 10~° for a temperature 155 K
near 0.1 mbar) (B. Bézard, personal communication, 1991},
while the RSS-derived estimate of 1-2% pertains to pres-
sures = 1.7 bars [Lindal et al., 1990].

Absorptive EUV occultations can be a powerful means of
probing stratospheric structure and composition [Smith and
Hunten, 1990; Bishop et al., 1990]. During the Voyager 2 en-
counter with the Neptune system (closest approach occurred
on August 25, 1989), both ingress and egress occultations of
the Sun by Neptune were recorded with the ultraviolet spec-
trometer (UVS) [Broadfoot et al., 1989]. The lightcurves ac-
quired at wavelengths longward of the H: Lyman-Werner
band systems penetrated to, and hence contain informa-
tion about, the atmosphere at stratospheric pressure levels.
(In this paper, we use the term “stratosphere” to refer to
the region bounded by the tropopause and the methane ho-
mopause.) This was also the case for the solar occultation
observed at Uranus, and the UVS occultations clearly show
that the stratospheric structures on these two planets are
markedly different. At Uranus, eddy mixing was found to
be weak (K, S 10* cm?s7'), and the UVS lightcurves at
wavelengths 130-165 nm all probed the equatorial strato-
sphere above the CH, photochemical peak (where unit op-
tical depth for methane photoabsorption at H Lyman «a is
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reached), with the result that the lightcurves overlapped
considerably in altitude [Bishop et al., 1990]. At Neptune,
however, the UVS lightcurves transiting the stratosphere fall
into three groups: at wavelengths S 135 nm, the lightcurves
exhibit half-light points in the 0.1-0.3 ubar region; those
at wavelengths 135-155 nmn probe progressively deeper into
the stratosphere; and those at wavelengths 2 155 nm exhibit
half-light points at pressures = 0.1 mbar. Thus the char-
acterization of hydrocarbon abundances over an extensive
pressure range is possible with the UVS occultation data.
The ingress occultation occurred at a latitude of 61°N (win-
ter hemisphere at the time of encounter, near the arctic cir-
cle), the egress occultation at 49°S (summer hemisphere),
which offers the opportunity to search for latitudinal varia-
tions.

This paper presents an analysis of the UVS occultation
data at wavelengths 125-138 nm, based on the premises that
methane, its photochemical products (in particular, the sta-
ble C; hydrocarbons acetylene, ethylene, and ethane}, and
H2 Rayleigh scattering constitute the major sources of UV
opacity at wavelengths longward of H Lyman « (121.6 nm},
and that the source for stratospheric methane is upward
transport from the troposphere. Methane is expected to
be the major photochemical parent in stratospheric pho-
tochemistry on Neptune. At the cold temperatures of the
upper troposphere, other candidate photochemically active
tropospheric species (NHs, H2S) are expected to freeze out
at pressures too far removed from the tropopause to ma-
terially affect stratospheric chemistry [Atreya, 1986]. Also,
photoabsorption by methane is the most plausible source of
opacity at wavelengths S 135 nm, which allows for fairly
unambiguous inferrals of the strength of eddy mixing above
the CH4 photochemical peak and of the methane abundance
in the lower stratosphere, as discussed in later sections. Our
analysis is based on lightcurve simulation, utilizing an up-
dated one-dimensional photochemical modeling code used
in pre-Voyager stratospheric modeling studies [Romani and
Atreya, 1988, 1989]. Photochemical modeling of the UVS
lightcurves at longer wavelengths is deferred to a subsequent
paper: the opacity at wavelengths 2 140 nm is expected to
stem primarily from Cy;Hz, CoH,, and CzHg photoabsorp-
tion and Hz Rayleigh scattering, forcing a reliance on exten-
sive modeling to unravel the constituent contributions. By
contrast, the results presented in this paper are relatively
insensitive to photochemical details. In the following sec-
tions, we describe the UVS occultation data, our modeling
approach focusing on the inputs to the procedure, and our
attempts at replicating the UVS lightcurves. We then dis-
cuss the implications of those models that are in good accord
with the data with reference to previous work.

UVS OBSERVATIONS

The UVS instrument and its operation are described in
detail by Broadfoot et al. [1977] and Broadfoot et al. [1981],
and an overview of the Neptune encounter with preliminary
results is presented by Broadfoot et al. [1989]. During oc-
cultation, the attenuation of the solar EUV spectrum by
the atmosphere is monitored as the spacecraft moves into
(ingress) and out of (egress) the planet shadow by recording,
at 0.32 s intervals, spectra spanning the wavelength interval
53-170 nm at a resolution of ~2.5 nm. The lightcurves I/,
used in the present analysis are shown in Figure 1. These
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are obtained by ratioing, for each individual channel, the
measured intensity I(z;) at minimum tangent ray height
(MTRH) z; with a mean intensity I, based on measure-
ments taken prior to the onset of absorption and corrected
for the limit cycle motion (modulation of the occultation
signal due to spacecraft attitude control motion). At wave-
lengths longward of Lyman «, the background H;-He atmo-
sphere is itself transparent (except for Rayleigh scattering),
so that these lightcurves reveal the presence and abundance
of minor molecular species.

The occultation data were averaged over 0.96 s intervals
prior to analysis; in conjunction with the relevant MTRH
drift speeds, the altitude resolutions for the lightcurves of
Figure 1 are 9.5 km (ingress) and 12.3 km (egress) to a first
approximation. The actual resolution is somewhat poorer,
owing to the finite width subtended by the solar disk (~5
km for ingress, ~15 km for egress). No correction for the
solar disk has been applied in this analysis, however, since
these widths represent at worst a blurring of neighboring
resolution elements in the lightcurves of Figure 1 with no
appreciable distortion of lightcurve shape. The main diffi-
culty in our analysis lies with the scatter evident in these
lightcurves, major sources of which are measurement noise,
errors arising in the ratioing procedure, and uncertainties in
the correction for the scattering of solar Lyman a within the
instrument. Also, the ratioing procedure is more uncertain
for the egress occultation than for ingress, as can be seen
by comparing the ingress and egress lightcurves of Figure 1.
Both data sets as used in this analysis have been rescaled to
a mean I /I, value of 1.0 over ~200 km of atmosphere just
above the onset of absorption.

STRATOSPHERIC MODELING

The data shown in Figure 1 are too steep and are af-
fected by noise and ratioing uncertainties to too great an
extent to allow a direct retrieval of (partial) profiles using
the filtering-inversion technique applied to the solar occulta-
tion data obtained at Uranus [Bishop et al., 1990]; instead,
the procedure of lightcurve simulation has been adopted.
This introduces model dependencies that must be explored,
as described in this section. The main dependencies cen-
ter on the adoption of a background atmosphere model and
the manner in which eddy mixing {more precisely, the eddy
mixing coefficient K') is assumed to vary with atmospheric
pressure or number density. Once a model of the strato-
sphere has been specified (i.e., altitude profiles for pressure
p, temperature T', and minor species mixing ratios f), it is
a straightforward matter to simulate the UVS lightcurves,
taking into account the occultation geometry, the known
UV photoabsorption spectra of the expected stratospheric
species, and characteristics of the UVS instrument like the
spectral “slit” function and the channel-wavelength offset
associated with the position of the Sun in the UVS field of
view. The CH4 photoabsorption cross sections used in our
modeling are from Lee and Chiang [1983].

Model Atmosphere

The lightcurves shown in Figure 1 probe the atmosphere
in the information gap between the pressure regimes mapped
by the RSS (p 1 mbar) [Lindal et al., 1990] and UVS (p
< 0.03 pbar) [Broadfoot et al., 1989] occultations, the lat-
ter at wavelengths in the H; Lyman-Werner band systems.
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Fig. 1. Ultraviolet spectrometer (UVS) lightcurves (I/I, versus minimum tangent ray height) used in this study,
identified by channel-center wavelength, Minimum tangent ray height (MTRH) is in kilometers from planet center.

At intermediate pressures (nominally 1-30 gbar), p-T in-
formation is available from refractive stellar occultation ob-
servations [French et al., 1983, 1985; Hubbard et al., 1985,
1987]. The observations reported by Hubbard et al. [1987]
are of particular interest as regards the modeling of strato-
spheric hydrocarbons, in that the central flash of the Au-
gust 20, 1985 occultation enabled a retrieval of atmospheric

temperature near the 0.4 mbar pressure level; this is near
the levels of maximum contribution for the C2H> and CoHg
IR emissions measured with the IRIS instrument [Bézard et
al., 1991]. We have constructed nominal p- T models for the
ingress and egress latitudes using T/T, = (p/po)° interpo-
lation between reference points drawn from the RSS, UVS,
and stellar occultation results cited above, rescaled to a he-
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Fig. 2. Ingress stratosphere p-T models (61°N latitude). The nominal model (solid curve) has a temperature
of 161 K at 1 pbar; the warm and cool models (dashed curves) have 1 pbar temperatures of 181 K and 144 K,
respectively. At pressures < 10~° mbar, the temperature lapse rate is dT/dz = 0.33 K /km [Broadfoot et al., 1989).

The altitude scale pertains to the nominal model, referenced to a radius of 24,445 km at the 1 bar level (see text)
The egress p-T models (latitude 49°S, not shown) are very similar to the corresponding ingress models, except

for the use of the egress RSS profile from Lindal et al. [1990] at pressures deeper than 1 mbar and the change in
the planetary rotation (centrifugal) correction to gravity; the egress 1 bar radius is 24,535 km.
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lium mixing ratio f(He) of 0.19 [Conrath et al., 19914a]; this
value has been assumed throughout the present study. The
nominal ingress p-T model is shown in Figure 2. Our nom-
inal p-T models are closely similar to the nominal model
adopted by Bézard et al. [1991], except for the inclusion of
the UVS thermosphere model from Broadfoot et al. [1989].
The 1 bar radii are 24,445 km (61°N) and 24,535 km (49°S).

Within the context of lightcurve modeling, the signifi-
cance of temperature uncertainties (and uncertainties in the
helium mixing ratio) derives from the corresponding uncer-
tainty in the scale height structure of the background atmo-
sphere. One aspect of this is that even if the UVS lightcurves
could be inverted to yield a CHy density profile, the cor-
responding mixing ratios would not be model-independent.
Another aspect is illustrated by the following example. Con-
sider a lightcurve arising from photoabsorption by an in-
ert minor species transported upward from lower levels by
mixing in an isothermal atmosphere, and say that the half-
light point is observed to lie at altitude z; /5. Modeling this
lightcurve will give an estimate of the strength of eddy mix-
ing in the vicinity of z;/,, provided the atmospheric tem-
perature and the mixing ratio fr of the minor species at a
lower level are known. Since K is typically parameterized
in terms of atmospheric number density or pressure, an un-
derestimate (overestimate) of the atmospheric temperature
will lead directly to an overestimate (underestimate) in the
value of K to maintain the proper half-light altitude in the
modeled lightcurve.

To explore the uncertainties associated with the specifi-
cation of the background atmosphere at pressures between
I mbar and 0.03 gbar, “warm” and “cool” p-T models have
been constructed based on the range of temperatures near
1 pbar inferred from a number of stellar occultation analy-
ses [Hubbard et al., 1985; French et al., 1985]. The ingress
versions of these models are shown in Figure 2, and are
identified by temperatures at 1 pbar of 182 K and 144 K,
respectively. It should be recognized that the UVS ther-
mosphere model that defines the upper reaches of our p-T
models is based on the ingress data analysis presented by
Broadfoot et al. [1989], and hence our egress p-T models
at altitudes above the 1 pbar level may not be entirely ap-
propriate. The stellar occultation analyses of Hubbard et
al. [1985] and French et al. [1985] do not suggest an obvi-
ous latitudinal variation in temperature near 1 pbar, which
might indicate that our use of the ingress UVS thermosphere
model at the egress latitude is permissible, although there
1s considerable scatter among the stellar occultation results.
(Note: It is perhaps worthwhile to emphasize that small-
scale structure in the p-T profile is not important in the
context of the modeling in this paper; in particular, the at-
mospheric temperature 1" in our models at pressures 100-1
pbar should be interpreted as a mean temperature over this
pressure interval. Also, the sudden transition to the UVS
thermosphere p-T profile at 1 ubar is a model artifact and
should not be mistaken for an observationally constrained
feature.)

Eddy Mizing Profiles

In one-dimensional stratospheric-mesospheric modeling it
has been conventional to adopt for the eddy mixing coeffi-
cient K a dependence on an inverse power of the background
number density
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B
- - o
K(z)= K, x (n(z)) (1)
where n is total number density, z is altitude, and the
subscript “o” denotes values at a reference level (e.g., the
methane homopause). A simple argument can be made for
adopting # = 1/2 under certain idealized conditions, while
over limited regions maintaining K constant (§ = 0) may
be justified (e.g., above an altitude where upward propagat-
ing internal gravity waves “break”) [Lindzen, 1971; Hunten,
1975; Lindzen, 1981]. In this work, three basic forms for
I (z) have been adopted, in order to explore the effect on
the simulated lightcurves of an assumed eddy mixing profile
type. The first form is simply that of equation (1) applied
throughout the stratosphere with 8 = 1/2 and the refer-
ence level taken to be the methane homopause (indicated
by subscript “h”); Ky is treated as a fitting parameter, as
described in the next section. The second form has constant
K throughout the altitude range spanned by the 125-138
nm lightcurves. In the photochemical models, this form was
implemented with the following formula

B = o (}?2}”1}

= Kax(p%) v (m>p>p) (2)

= Kz, (p<p2)

where v = In(K2/K1)/In(p2/p1). The value of K is ob-
tained from UVS comparisons. This form has a stagnant
layer (K7 =~ 2% 10% em? s7') in the lower stratosphere (p1 =
1 mbar), in line with an estimate for the rate of overturn-
ing of the atmosphere at pressures deeper than 1 mbar from
IRIS results [Conrath et al., 1991b] and the modeling results
of Bézard et al. [1991] and Moses [1991] which argue for
the presence of a stagnant region in the lower stratosphere.
(Essentially, the idea in invoking a stagnant lower strato-
sphere is to prevent rapid transport of CaHe to the conden-
sation sink below 10 mbar, thereby allowing this species to
build up to abundances consistent with observations.) The
placement of p; is chosen so as to avoid choking off the up-
ward flow of CHy from the troposphere. A similar form was
used in the photochemical modeling presented by Bézard
et al. [1991] and was initially suggested by the Hinson and
Magalhdes [1991] analysis of wave features in the RSS oc-
cultation profile obtained at Uranus. The third form has K
decreasing over the altitude range probed by the 125-138
nm lightcurves, with § = —1/2 in equation (1), while re-
taining the stagnant lower stratosphere of equation (2); the
reference level p, (placed at 0.01 mbar) here refers to a hy-
pothetical local maximum in the strength of eddy mixing,
with K, treated as a fitting parameter. This is a highly ar-
tificial profile for K; its only purpose is to explore the effect
a steady weakening in eddy mixing strength with increasing
altitude might have on modeled lightcurves. The notion that
K can decrease as the homopause is approached is in itself
not implausible, however, as argued by Lindzen [1981]. It is
important to keep in mind that in the comparisons with the
UVS data described in the next section, only the value of
the eddy mixing coefficient in the vicinity of the lightcurve
half-light altitudes (X, ;) is physically significant; at deeper
levels, the only constraint on K is that eddy mixing must
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remain strong enough to avoid stifling the upward flux of
CH, from the troposphere.

Lyman a Fluzes and Photochemistry

The distribution of methane in our steady-state one-
dimensional models is basically governed by upward trans-
port from the tropopause to a level above which loss via
photolysis occurs. A reference altitude for this level can
be identified as that altitude at which unit optical depth
for photoabsorption by CH4 at Lyman « is reached, since
photons at this wavelength are effective in dissociating CH,
and the flux at this wavelength dominates the solar EUV ir-
radiance spectrum. A solar maximum irradiance spectrum
(with a line-integrated Lyman o flux of 5 x 10* cm 257!
at 1.0 AU) has been used in the current modeling, inci-
dent at mean solar zenith angles of 88° and 50° for ingress
and egress modeling, respectively, with diurnal averaging.
Strobel et al. [1990] have pointed out, in a study of methane
photochemistry on Triton, that the Lyman o flux from the
local interstellar medium (LISM) leads to a CH4 photodisso-
ciation rate comparable to solar rates at Neptune’s distance
from the Sun. The LISM contribution has been included in
the current modeling as a flux of 1.6 x 10 cm =2 5! incident
at a zenith angle of 50°; this is a sky-averaged value based
on LISM Lyman o measurements acquired with the UVS
instrument near encounter. The LISM Lyman o flux is the
principal driver of CH; photochemistry at the near-arctic
latitude of the ingress occultation. The net lifetime against
Lyman o photodissociation at 61°N is 4.5 10® s (LISM and
solar illumination combined), while at egress it is 1.2 x 10®
s; these are short compared with the length of the Neptune
year (5.2 10° s), justifying the use in our modeling of illu-
mination angle values pertaining to the occultation latitudes
at the time of encounter.

The photochemical modeling code used to determine the
methane mixing ratio profile consistent with the above in-
puts is based on a one-dimensional steady-state scheme that
has been described previously [Romani and Atreya, 1988,
1989]. It incorporates vertical mixing via molecular diffu-
sion and eddy mixing, and handles self-consistently the con-
densation of C;H;, C;Hg, and C4H, to their respective ices.
A listing of the reactions currently included in the model
is given by Bézard et al. [1991]. The full code has been
used in the current modeling, both to account for the recy-
cling of CH,4 following photodissociation and to estimate the
relatively minor contribution to the opacity at wavelengths
125-138 nm arising from the stable C; hydrocarbons. For all
models explored in this study, methane itself is the major
source of opacity at these wavelengths (as illustrated be-
low). The CH,4 recycling fraction, defined as the ratio of the
column-summed chemical production rate of CHy above the
tropopause (predominately via CHs +H+M — CH; +M) to
the column-summed photodissociation rate, is in the range
0.40-0.55 for the ingress models discussed below and 0.30-
0.35 for the egress models.

DATA-MODEL COMPARISONS

The simulation of the 125-138 nm lightcurves has been
carried out by treating the value of the eddy mixing coeffi-
cient in the region of the half-light altitudes (K /.) and the
methane mixing ratio in the lower stratosphere ( fr(CH,)) as
fitting parameters, for each combination of prescribed inputs
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(e.g., p-T model and assumed eddy mixing profile form}.
The procedure has been to fix one parameter (fr(CHi))
and vary the other (K, via K, in equation (1) or K3 in
equation (2)) until the model lightcurves at wavelengths =
130 nm exhibit the correct mean half-light altitude: for a
prescribed value for either one of the fitting parameters, in-
creasing the value of the other shifts the half-light points
of the model lightcurves to higher altitudes. Once this step
has been carried out for a range of prescribed fr(CH,) val-
ues, the degree to which the model lightcurves corresponding
to a (fr(CHa),K5) pair replicate the spacing and steep-
ness of the UVS lightcurves over the 125-138 nm interval
can be used to assess whether a model is acceptable or not.
This allows us to take full advantage of the contiguous set
of UVS lightcurves at wavelengths over which the methane
photoabsorption cross section begins to decrease with in-
creasing wavelength. Acceptable models are characterized
by fairly narrow ranges in fr(CH,) and K, (generally less
than a factor of 2, with the constraint that an increase in
one parameter must be accompanied by a decrease in the
other to preserve an acceptable fit.)

The noise and ratioing uncertainties in the UVS data pre-
clude an unarmnbiguous implementation of this procedure,
leaving one to choose whether to give greater relative weight
to lightcurve spacing or to shape (steepness}, Throughout,
the comparison of model lightcurves with UVS data has
been done visually. To compensate for this, we prefer to
give greater weight to lightcurve spacing. The least ambigu-

ous manifestation of this is in the spacing between MTRHs
where the various lightcurves go black; this is also the cri-
terion least compromised by uncertainties in the correction
for Lyman o scattering within the instrument. In Figure
3a, we show ingress UVS lightcurves compared with model
lightcurves judged to be acceptable using this criterion. The
corresponding methane mixing ratio and eddy mixing pro-
files are shown in Figure 3b. The nominal p-T atmosphere
has been used in these models, hence these will be referred to
as our standard ingress models: model “a” for K increasing
in inverse proportion to the square root of the atmospheric
number density and model “b” for K constant above ~0.1
mbar. It is evident that either of these models gives a good
fit to the data, with agreement on the value of fr(CHy) to
within modeling uncertainties (specifically, the uncertainties
associated with making visual judgments of model fits).
Also shown in Figure 3b are models in which the methane
mixing ratio in the lower stratosphere has been held to a typ-
ical saturation-limited (“cold trap”) value (3 x 10~°; models
“s™), based on the cold tropopause temperatures revealed
by the Voyager RSS occultations [Lindal et al., 1990], and
models in which methane is present in amounts suggested
by analyses of pre-Voyager ground-based IR brightness mea-
surements (3 x 107°; models “h”) [Orton et al., 1987, 1990;
Bézard et al., 1991]. The strength of eddy mixing (K, /2) in
these models was varied to try to yield the correct placement
of the half-light points over the 125-138 nm wavelength in-
terval; the most successful attempts are shown in Figure
3c. It can be seen that the saturation-limited lightcurves
(dashed curves) are not steep enough and are too widely
spaced to be consistent with the UVS data over the 125-
138 nm wavelength interval; the models suggested by the
ground-based IR analyses (models “h,” solid curves), on the
other hand, are too steep and too closely spaced. In Ta-
ble 1, values of various parameters characterizing the mod-
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Fig. 3a. Comparison of UVS ingress lightcurves (identified by channel-center wavelength) with model lightcurves
giving good overall agreement with the data (i.e., the standard ingress models described in the text). The models
are characterized by the type of eddy mixing profile adopted in the modeling: K increasing in inverse proportion
to the square root of the background number density (dashed curves, model “a” in Figure 3b) and K held constant
throughout the altitude range probed by these lightcurves (solid curves, model “b” in Figure 35). In this and the
following figures, MTRH is referenced to the 1 bar level.

els shown in Figure 3 are given; the 7 = 1 entries refer to
the CH; photodissociation peak, here evaluated along a 50°
slant angle (i.e., the slant angle used for the incident LISM
Lyman o flux and solar EUV flux at egress).

In Figure 4, the constituent opacities entering into the

model “b” lightcurves at channel-center wavelengths 126.4
nm and 137.5 nm are shown, illustrating that photoabsorp-
tion by methane is the major source of opacity in these mod-
els at the wavelengths of interest. The contribution from
H; Rayleigh scattering is quite negligible, and the summed
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Fig. 3b. Methane mixing ratio profiles for our standard ingress models (models “a” and “b"}, for models wherein
the methane abundance in the lower stratosphere is limited by “cold trap” saturation (models “s” ), and for models
wherein the abundance adopted by Bézard et al. [1991] is assumed (models “h”). Also shown are the eddy mixing
profiles belonging to the standard ingress models. See Table 1 for parameter values.
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Fig. 3c. Comparison of UVS ingress lightcurves with model lightcurves in which the methane mixing ratio in the
lower stratosphere takes on prescribed values: fp(CHs) = 3 x 1073 {solid curves, models “h” in Figure 34) and
fr(CH4) = 3 % 10~° (dashed curves, models “s” in Figure 3b). Two models are illustrated for each specified value
of fr{CHs): K held constant and K increasing with decreasing pressure (see equation (1)).

contribution frem the stable C; hydrocarbons (acetylene,
ethylene, ethane) is also minor. The main C; contributor at
137.5 nm in both standard ingress photochemical models is
CoH,.

As noted earlier, there is some ambiguity in specifying
a criterion by which the acceptability of a set of simulated
lightcurves can be judged. In Figures 5a-5¢, we show models
that might be considered acceptable on the basis of the fit
to the shape of the lightcurves at wavelengths < 130 nm;
models “A” and “B” are analogous to models “a” and “b”
of Figure 3, respectively, while model “C” incorporates the
form for the K profile with 8 = —1/2. The lightcurves from
the models incorporating the nominal p-T atmosphere are
shown in Figure 5a. There is a distinct problem with these
fits, in that all of these models are too opaque at the 138
nm channel. In general, to fit the steep shapes apparent in
the UVS lightcurves, a combination of larger fr(CH4) and
smaller K/, is needed compared with the standard models,

which in turn causes a reduction in the MTRH spacing of
the lightcurves at wavelengths 2 130 nm. This may be taken
as a further indication that the spacing criterion used for the
models of Figure 3 is more appropriate.

The different imposed forms for the K profile in models
“A” and “B” lead to a range in fr(CH,) values larger than
arises in the models of Figure 3 (and larger than the uncer-
tainty stemming from the reliance on visual judgments). By
contrast, the variation in fr(CH,) in switching from g = 0
(model “B”) to § < 0 (model “C”) in the K profile is small
enough to be insignificant. This is also the case when the
spacing criterion of Figure 3 is employed in conjunction with
8 = 0 versus # < 0 K profiles. If we had an independent
way of determining fr(CH4) and if there was not a prob-
lem in the fits at the longer wavelengths, then our ingress
models indicate that the S 130 nm lightcurves might hold
the possibility of inferring the form of the K profile near the
half-light levels, but only if § > 0. However, it does not seem

TABLE 1. Ingress Models

Label in Il fr(CH,) Zr=1, Kz, F(CHy)r=1 }\,L?; f(CHI)LQ Zh, Pha K,
Figures km cm?s™! em?s™! km mbar cm?s~!
a 1/2 13 x 107t 442 2.8 x10°  84x107%°  1.0x107 2.65x107° 803 1.3x 10~ 5.0x107
b 0 7.4 x10™° 439 107 6.9 % 107° 107 3.4 % 10758 678 4.9 x 1072 107
A 1/2 8.8x10~* 478 Tl oA 1Dl B 0 R R it 678 4.9 x 107° 107
B 0 1.3 x 107* 458 6.0 x 10° 1.1 x 1074 6.0 x 10% 3.9 % 107° 647 7.5%107° 6.0 % 10°
Bwarum 0 9.9 x 167° 459 3.0 % 10° 7.7 % 107° 3.0 x 10° 2.2 % 107° 644 1.4 x 104 3.0 x 10°
Beoow 0 3.4x107* 468 9.0 x 10° 2.8 % 1071 9.0x10°  8.0x107% 632 5.2x107° 9.0 x 10°
C ~1/2 1.0 x 10™* 453 1.6 x 107 9.6 % 107° 53x10° 39x107® 620 1.1x% 107" 3.8 x 10°
h 0 3.0x 107 511 1.4 x 10° 6.7x 10~* 1.4 x 108 6.0 x 1075 567 2.5x 1074 1.4 x 10°
h 1/2 3.0x107° 494 1.3x10°  40x107*  29x10° 46x107° 637 B6x107° 5.0 x10°
s o 3.0 x 107° 400 5.0 x 107 28x107° 50x107 24x%107° 803 1.3x107°  5.0x 107
s 1/2 3.0 x 107° 405 8.1 % 10° 3.0x107% 43x107  23x10°° 1070 1.6x107°  7.0x10°

TEvaluated at 575 km altitude {p = 2.2 x 10~* mbar, nominal model).
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CoH_); the net opacity from these species remains relatively minor

compared with the CHas opacity even at the longer wavelength.

possible to extract reliable estimates of all three quantities
(fr(CHy), K1/, and f) using the UVS lightcurves alone.
In Figure 5¢, examples of acceptable fits (at < 130 nm)
using the steepness criterion with the “cool” and “warm”
background atmospheres are shown; fr(CH.) and K/, val-

ues each shift by a factor ~2 downward (upward) for the
warm (cool) atmosphere model, since the half-light altitudes
now correspond to a deeper (shallower) pressure level. Shifts
of the same magnitude occur for models conforming to the
spacing criterion of Figure 3. The implications of these mod-
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Fig. 5a. Model lightcurves giving good agreement with the ingress UVS data at wavelengths = 130 nm for three
eddy mixing profile types: K increasing in inverse proportion to the square root of the background number density
(dashed curves, model “A” in Figure 55), K decreasing in proportion to the square root of the background number
density (longer-dashed curves, model “C” in Figure 55), and K held constant throughout the altitude range probed
by these lightcurves (solid curves, model “B” in Figure 55).
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Fig. 5. Methane mixing ratio profiles for models illustrating the sensitivity of the lightcurve simulation procedure
to changes in the manner in which the strength of eddy mixing is assumed to vary with altitude (models “A,"
“B,” and “C,” all incorporating the nominal p-T model) and to uncertainties in the ingress p- T profile (models
“Bwarm” and “Begor”). Also shown are the eddy mixing profiles belonging to the “A” “B,” and “C” models.
See Table 1 for parameter values. (The altitude scale pertains to the nominal p-T' model.)

els are discussed below. Various parameter values for the
models shown in Figure 5 are included in Table 1.

Egress versions of the models of Figure 3 (i.e., our stan-
dard egress models) are shown in Figure 6, along with mod-
els exhibiting saturation-limited versus IR-derived fr(CH,)
values. The models replicating the egress UVS data are con-

sistent with those of the ingress analysis, with an increase
in K, /; by a factor ~2 throughout. As stated earlier, the
egress data are subject to greater ratioing uncertainties than
the ingress data (as evidenced by the 126.1 nm lightcurve
in Figure 6), and consequently more ambiguity attends the
identification of a good fit. It might be that the slightly
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Fig. 5¢. Model lightcurves giving good agreement with the ingress UVS lighteurves at wavelengths < 130 nm for
the p- T models of Figure 2: nominal (solid curve, “B" in Figure 5¢), warm (longer-dashed curve, “Bwarm"” in
Figure 5%), and cool (dashed curve, “Beoor” in Figure 55).
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Fig. 6a. Comparison of UVS egress lightcurves (identified by channel-center wavelength) with model lightcurves
giving good overall agreement with the data (i.e., the standard egress models “a” and “b” of Figure 64). Refer to

the legend of Figure 3a.

larger K, values of the egress fits arise in part from the
use of the ingress UVS thermosphere profile in our egress p-
T models. Nevertheless, sensitivities to the assumed forni of
the K profile and background p-T model are very similar to
the ingress cases discussed above, and the inferred fr(CH,)
values are in satisfying accord with the ingress modeling
results, Parameter values are given in Table 2 for the mod-

els of Figure 6 and for models (not shown) paralleling the
ingress models of Figure 5.

DiscussioN

The data-model comparisons of the previous section
demonstrate that, given a background p-T model, the 125-
138 nm lightcurves serve to delineate fairly narrow ranges
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Fig. 6. Methane mixing ratio profiles for our standard egress models (models “a” and “b"), for models wherein
the methane abundance in the lower stratosphere is limited by cold trap saturation (models “s"), and for models
wherein the abundance adopted by Bézard et al. [1991] is assumed (models “h"}. Also shown are the eddy mixing
profiles belonging to the standard egress models. See Table 2 for parameter values.
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Fig. 6¢. Comparison of UVS egress lightcurves with model lightcurves in which the methane mixing ratio in the
lower stratosphere takes on prescribed values (refer to the legend of Figure 3c).

in both the value of the eddy mixing coefficient K/, above
the methane photolysis peak and compatible methane mix-
ing ratios fr(CH,) in the lower stratosphere, the former
corresponding to the region where these lightcurves exhibit
their half-light points. If the nominal p-T models adopted
in this study are appropriate, then a K/, value of ~ 107
cm? s near 0.2 pbar for the ingress occultation is indicated
(slightly larger values holding for egress), with fp(ClHls) in
the range 7—20 x 1073. On the one hand, use of a larger
value of fr(CH,) (R 107°) in the modeling requires a reduc-
tion in K/, to obtain the correct mean half-light altitude
for the S 130 nm lightcurves, but the modeled lightcurves at
the longer wavelengths are then too opaque compared with
the UVS data. On the other hand, use of a smaller value
of fr(CHy) (~3 x 10'5] forces an increase in K ; with a
concomitant decrease in steepness and increase in MTRH
spacing in the model lightcurves to the extent that these
models can also be disqualifizd.

However, our nominal p-T models may not be appropri-
ate, and the uncertainties in atmospheric p- T structure have

been explored (see Figures 2 and 5). Use of a cooler p-T
model forces increases in both fr(CHs) and K/, to obtain
acceptable model lightcurves; however, fr(CH4) < 1072 is
still indicated. If the mean temperature at pressures 100-1
pbar is considerably warmer (T° 2 170 K) than in our nomi-
nal models (155-160 K), then values of fr(CHa) compatible
with saturation at the tropopause are admitted. In fact, the
“cold trap” value for fr(CHy) for the nominal ingress p-T
model of Figure 2 is 6 x 10~° (established at the tropopause
with temperature 52.3 K at 135 mbar). This is quite close
to the fr(CH4) value of model “b” in Figure 3 and Table 1,
so that it can be argued that the ingress data are consistent
with saturation fr(CHs) values, without having to invoke
warmer temperatures. The cold trap value for the egress
p-T models is 3 x 107° (established at an altitude ~8 km
below the nominal tropopause with temperature 50.8 K at
135 mbar). This value for fr(CHs) is not consistent with
the egress data (as shown in Figure 6), unless a distinctly
warmer stratosphere is present.

The strength of eddy mixing inferred from our data-model

TABLE 2. Egress Models

Label in 8 fr(CH,4) Erm, Ko, F{CH4)r=1 KL,‘ f{CHJ)Lz Zn, Ph, K,
Figures km cm?s™! cm? 5! km mbar cm?57!
a 1/2 1.5 x107* 452 4.6 x 10° 1.0 % 1074 1.8x 107  3.8x107° 871 7.6 % 107° 10%

b 0 1.1 x 107% 454 1.2 % 107 9.8 % 107° 1.2 % 107 3.9 % 107° 691 4.2 % 107% 1.2 % 107
A 1/2 7.9 x 107* 487 2.7 x 10° 27 % 107 TBx10%° 47x107° 727 2.8 % 107° 2.0 x 107
B 0 1.7 x 1071 470 107 1.5 % 107* 107 5.1%107°% 679 49%107° 107
Bwarm 0 8.2 x107° 457 6.0 % 10° 7.0 x 107% 6.0 % 10° 2.4 x 107° 688 7.0 % 10°° 6.0 x 10°
BcooL 0 3.4 x107* 475 1.8 % 107 3.0x 107" 1.8 % 107 1.1x 107" 676 31x107° 1.8 % 107
c —1/2 1.3x 107" 466 2.7 % 107 1.2 % 107" 8.8x10°  52x107° 649 7.3 % 107° 6.2 x 10°
h 0 3.0x107* 527 2.4 x 10° 8.5 x 107* 2.4 > 10° 7.9% 107° 595 1.6 x 107" 2.4 % 10°
h 1/2 3.0x 107 5009 22x 108  52x107*  50x10° 6.3k 1070 672 5.4%107° 9.0 % 10°
s 0 3.0%x107% 398 3.0 x 10% 2.8 % 107° 3.0 x 10 2.7 % 107° 983 3.1%x107° 3.0 x 10°
s 1/2 3.0 x 107° 405 1.8 x 107 3.0 % 107° 1.2 x 10 2.7 % 107° 1265 4.7 x 1077 3.0 % 10°

TEvaluated at 600 km altitude (p = 1.5 x 107* mbar, nominal model).
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comparisons is in qualitative agreement with the results of
Parkinson et al. [1990], who derived a value of 5 x 107
cm?s! for the eddy mixing coefficient at the helium ho-
mopause from a modeling analysis of UVS measurements
of the 58.4 nm dayglow emission intensity, with the quoted
uncertainties defining a range 0.6 — 16 x 107 cm®s™!. The
acceptable values of K, given in Tables 1 and 2 are generally
smaller than the nominal value of Parkinson et al., but there
are several reasons to expect this: first, the background at-
mosphere model adopted by Parkinson et al. is cooler over-
all than the nominal models used in this paper; second, as
noted by Bézard et al. [1991], the helium homopause is gen-
erally located at altitudes above the methane homopause so
that the corresponding value of K would be larger if eddy
mixing becomes more vigorous with decreasing number den-
sity; third, Parkinson et al. neglected the incident 58.4 nm
LISM flux in their modeling, leading to overestimates of He
densities and K. (Note that the most plausible way to iden-
tify the homopause is as that altitude (or pressure level)
where the time scale for diffusive transport equals the time
scale for transport via mixing. At deeper levels, mixing is
faster, while at higher altitudes, diffusive separation domi-
nates. The molecular diffusion coefficient for CH, at p S 1
pbar in our p-T models is roughly half the He diffusion coef-
ficient, hence one might expect helium to decouple from the
H; background gas at a deeper pressure level than CH, —
i.e., one might naively apply the D = K rule and conclude
that the He homopause must lie below the CH; homopause.
The greater disparity in mass with H,, however, results in
CH, tending to relax to a diffusive equilibrium profile much
more rapidly than He; this more than compensates for the
smaller diffusion coefficient and leads to a deeper placement
for the methane homopause.)

The dependence on temperature (specifically, the mean
temperature at pressures 100-1 pbar) in inferring fr(CH,)
from the UVS lightcurves in our analysis is quite different
from the dependence arising in the analysis of IR bright-
ness spectra. Application of our UVS-derived fr(CH,) con-
straints (along with realistic p- T profile forms) in the model-
ing of IR spectral measurements at 7-10 pm could provide a
determination of atmospheric temperature near 0.1 mbar, in
effect reversing the accustomed procedure wherein the p-T
structure is prescribed and compatible fr(CH;) values as-
certained. Unfortunately, IRIS measurements have only set
upper bounds on the abundance of methane. For our nom-
inal p-T models, T = 155 K near 0.1 mbar (approximately
the pressure level for the peak contribution to the CHy vy
emission escaping the atmosphere) and the corresponding
IRIS upper limit for fr(CHa) is 6 x 107°; increasing T(0.1
mbar) by 10 K reduces this to 4 x 10~ (B. Bézard, pri-
vate communication, 1991). The Orton et al. [1987, 1990]
analyses of ground-based measurements of the methane vy
band emission relied on perturbed p-T models from Appleby
[1986], with T' ~ 144 K near 0.1 mbar (similar to the cool
p-T models used in this paper). Increasing this tempera-
ture to 155 K lowers the methane abundance implied by the
Orton et al. measurements from ~0.02 to ~3 x 10~3 [Bézard
et al., 1991]; a further 10 K increase in T'(0.1 mbar) yields an
even lower CHy abundance of ~3%10™*, consistent with the
IRIS upper limits (B. Bézard et al., private communication,
1991). Clearly, use of our nominal and warm p- T models (or
those of Bézard et al. [1991]) eases considerably the appar-
ent discrepancy between the UVS-derived fr(CH4) values
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and those advocated by Orton et al. Still, some disagree-
ment remains, and the question also arises as to what might
cause T(p = 0.1 mbar) to be so much warmer than predicted
by Appleby [1986].

As a fortuitous circumstance, the UVS egress occulta-
tion occurred at the latitude of the tropopause temperature
minimum revealed by IRIS measurements [Conrath et al.,
1991b]. Conrath et al. noted that the latitudinal variation
in retrieved near-tropopause temperatures is reminiscent of
the thermal structure seen at Uranus, hence the meridional
circulation system implied by the IRIS measurements at
Uranus [Flasar et al., 1987] may be applicable to Neptune as
well. In this circulation, the mid-latitude temperature min-
imum marks the zone of upwelling from the troposphere.
Yelle et al. [1989], as part of an explanation for the appar-
ent global subsaturation of methane in the Uranian strato-
sphere, invoked the Flasar et al. model and argued that the
stratospheric abundance was limited by cold trap saturation
at the temperature minimum. If this picture is carried over
to Neptune, then the temperature minimum near 45°S lati-
tude would define the reference cold trap value for fr(CH,)
(3 % 10°), in which case our modeling of the UVS data can
be reconciled with cold trap saturation only if the strato-
sphere is distinctly warmer than our nominal p-T models,
as discussed above. If, however, methane is injected into the
stratosphere primarily via processes acting sporadically at
localized sites (e.g., convective penetration from the upper
troposphere), then the appropriate cold trap reference value
of fr(CHs) may refer to warmer tropopause regions (T % 55

In any event, our analysis of the UVS data points to the
conclusion that if methane mixing ratios in the lower strato-
sphere do exceed cold trap values, it is by a factor of the or-
der of 10 or less, not 1000. In separate pre-Voyager studies,
Lunine and Hunten [1989] (LH) and Stoker and Toon [1989]
(ST) sought to explain a stratospheric methane mixing ra-
tio of 2% in terms of buoyant moist convection, with the
idea that upwelling columns of gas originating near the base
of the methane cloud deck might overshoot the tropopause
and deposit CHy in the form of condensate particles directly
into the lower stratosphere. Both LH and ST employed the
one-dimensional steady-state entraining jet model of Stoker
[1986], and both concluded that this extreme degree of su-
persaturation (with respect to cold trap values) might be
explainable in these terms, subject to the verification of
assumptions made regarding the upper tropospheric lapse
rate, the strength of eddy mixing in the lower stratosphere,
etc. LH assumed the temperature lapse rate in the region of
cloud formation is roughly adiabatic or steeper, and argued
that to initiate the formation of tropopause-penetrating con-
vective “towers,” either a dynamical mechanism must be
acting over much of the planet to lift CHy cloud parcels
above the cloud base a significant fraction of a scale height
or there must be a modest degree of supersaturation (fac-
tor ~2) at the base of the methane cloud deck. The latter
condition may be satisfied if there is a lack of suitable nu-
clei for heterogeneous nucleation, as seems to be the case
[Moses, 1991]. LH also required & > 10* cm?s™! in the
lower stratosphere to ensure the lifting of 1 um condensate
particles to a level where evaporation would establish the
desired 0.02 mixing ratio. ST criticized the LH scenario for
relying on the presence of a methane cloud too thick to be
consistent with observations and argued that moist convec-
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tion initiated by the buoyancy of drier gas is more plausible
and that invoking a large K in the lower stratosphere may
be neither justifiable nor necessary. The scenarios presented
by Lunine and Hunten [1989] and Stoker and Toon [1989]
obviously need to be reassessed on the basis of Voyager find-
ings. Upward transport of very small particles could account
for the relatively weak degree of supersaturation consistent
with our models, especially as the height at which evapora-
tion would establish a value ~10~* for fr(CH4) is < 1 scale
height above the cold trap levels. In fact, given that the
maximum supersaturations consistent with our UVS data-
model comparisons correspond to saturation mixing ratios
at pressures only ~1 scale height beneath the cold trap lev-
els, where the temperature lapse rate is decreasing, then the
instability of saturated atmospheric regions with weak-to-
isothermal lapse rates to moist convection noted by both
LH and ST may provide the basis of an adequate explana-
tion. (It would then, however, be necessary to explain why
this mechanism does not seem to apply to Uranus.)

In conclusion, our analysis of the UVS occultation data
at wavelengths 125-138 nm indicates that past estimates of
the methane abundance in the Neptune stratosphere are too
high and that methane mixing ratios may in fact be consis-
tent with cold trap saturation (within modeling uncertain-
ties), depending on the manner by which CH, is introduced
into the stratosphere. If the abundance of CHy is indeed
limited by saturation, then the mean temperature at pres-
sures 100-1 pbar may need to be increased over presently
inferred values. The strength of eddy mixing in the 0.1-0.3
pbar region is fairly well prescribed by these model compar-
isons (roughly to within a factor of 3), which indicate that
eddy mixing may be more vigorous at the egress latitude.
The strength of eddy mixing at deeper pressure levels can-
not be inferred from the present data-model comparisons.
It is anticipated that modeling of the UVS lightcurves at
longer wavelengths (2 140 nm) will yield some definitive in-
formation in this regard; these results will presented in a
forthcoming paper.
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