THE MIDDLE AND UPPER ATMOSPHERE OF NEPTUNE

JAMES BISHOP
Compurational Physics Incorporated

SUSHIL K. ATREYA
University of Michigan

PAUL N. ROMANI
NASA Goddard Space Flight Center

GLENN S. ORTON
Jet Propulsion Laboratory

and

BILL R. SANDEL and ROGER V. YELLE
University of Arizona

Observations pertaining to the middle and upper atmosphere of Neptune obtained from
Earth have, until recently, been limited to hydrocarbon thermal emission spectra and
refractive stellar occultations. The Voyager 2 encounter provided our first detailed
look at these atmospheric regions. RSS and IRIS measurements have confirmed the
p — T structure near the tropopause inferred from pre-Voyager infrared measurements
but have also revealed a steeper temperature gradient at smaller pressures and pro-
nounced latitudinal variations, with tropopause temperatures in the range 50 K to
57 K. The pre-Voyager estimate of a stratospheric methane mixing ratio of 2%, more
than 2 orders of magnitude in excess of the tropopause cold trap value, has been
revised downward considerably (10~*~10~?) but oversaturation is still indicated. In
contrast, Voyager measurements of stratospheric C;H, and C;Hg abundances are in
very close agreement with estimates from Earth-based observations: ~6 x 1078 and
~1.5 x 107%, respectively, near 0.5 mbar (T = 160 K). Vertical transport in the upper
stratosphere is fairly vigorous, with eddy mixing coefficient values in the range 3 to
10 x 10% cm? s~ near the 0.2 ubar level as determined from the UVS solar occultation
data. Eddy mixing in the lower stratosphere (p<2 mbar) is sluggish by comparison,
with values on the order of 1 to 3 x 10°cm?s™! indicated by photochemical modeling
of the infrared emission spectra. Submillimeter emissions by HCN and CO in the
stratosphere, first detected in 1991, have raised new questions regarding stratospheric
chemistry and transport on Neptune; modeling of the abundances of these species, in
conjunction with continued photochemical modeling of hydrocarbon thermal emis-
sions and the UVS solar occultation data, is likely to lead to a characterization of
eddy mixing throughout the stratosphere and to tighter constraints on stratospheric
N, and CH4 mixing ratios. Other prominent modeling issues of current interest are
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understanding the CH,4 oversaturation in the stratosphere, reconciling hydrocarbon
photochemistry and aerosol production rates with haze observations, and explaining
the departure of the thermal structure from radiative equilibrium. Measurements of
the upper atmosphere are sparse compared with the middle atmosphere and all derive
from Voyager. Preliminary analysis of the UVS solar occultation data indicates an
exospheric temperature of 750=£150 K, far higher than can be sustained by solar EUV
heating alone, and an H, scale height near 10~2 pbar corresponding to a temperature of
250 K. Otherwise, only the UVS measurements of Hj auroral emissions and He 584 A
airglow and the RSS occultation determinations of electron densities and the topside
ionospheric plasma temperature have been reported to date. Analysis of data acquired
by Voyager is still incomplete. Continued analysis of these data should lead in the near
future to further insights into the mechanisms governing the stratospheric and ther-
mospheric thermal structure. A longer term goal is to combine our knowledge of the
thermal structure and composition with dynamical modeling of the middle atmosphere
to obtain a more comprehensive picture of stratospheric energetics and to explore the
coupling to the troposphere; continued groundbased and satellite observations with
high spatial (latitudinal) resolution will be needed to meet this goal.

L. INTRODUCTION

The main subject of this chapter is the middle atmosphere of Neptune, re-
ferring to the region between the tropopause at an atmospheric pressure of
roughly 100 mbar and the onset of the thermospheric temperature gradient
at pressures of ~0.1 ubar. Emphasis is given to reviewing what is currently
known about the stratospheric thermal structure and composition based on
observations; the insights afforded by modeling of the various available data
sets are also discussed. While our knowledge of the upper atmosphere is
still fragmentary, the Voyager flyby has provided data that should eventu-
ally enable us to identify the main mechanisms governing the energetics of
Neptune’s thermosphere. The level adopted in this chapter for the top of the
stratosphere (or stratosphere-mesosphere) is somewhat arbitrary; however,
the volume mixing ratio of methane, f(CHy), is rapidly decreasing with de-
creasing pressure at the ~0.1 ubar level and vibrational relaxation has been
reached.

The observations covered in this chapter fall into two broad categories: re-
mote observations made from Earth and Voyager flyby measurements. Ob-
servations in the former category, principally infrared radiance spectra and
refractive stellar occultations, have been carried out for about two decades.
These helped prepare us for some of the Voyager flyby results and defined
many of the issues that have occupied researchers in the post-Voyager era.
The relevant Voyager observations were carried out with the ultraviolet spec-
trometer (UVS) (Broadfoot et al. 1977,1989), the infrared interferometer
spectrometer (IRIS) (Hanel et al. 1977; Conrath et al. 1989), and the radio
science subsystem (RSS) (Eshleman et al. 1977; Tyler et al. 1989). The
wealth of data from these instruments has greatly expanded our appreciation
of the Neptune atmosphere and has greatly tightened the constraints that must
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be met by successful models of stratospheric thermal structure, composition,
aerosols, and dynamics,

The chapters in this volume on the troposphere (Gautier et al.) and
aerosols, clouds and hazes (Baines et al.) each cover topics of direct relevance
to this chapter. Current estimates for the abundances of He and N, obtained
from the Voyager RSS occultations (Tyler et al. 1989; Lindal 1992) and
IRIS measurements (Conrath et al. 1989; Conrath et al. 1991b), and the
implications of these abundances, are discussed in detail by Gautier et al. The
upper tropospheric and lower stratospheric thermal structure (referring to the
variation in temperature 7" with atmospheric pressure p), horizontal variations
in the p — T structure, and dynamical implications thereof, are also discussed
in the troposphere chapter. Hazes formed in the lower stratosphere from
condensation of stable hydrocarbons photochemically generated at higher
altitudes also offer insights into stratospheric composition; observations of
these hazes are discussed in the Chapter by Baines et al. The history of
older groundbased observations of Neptune, typically carried out at visible
and near-infrared wavelengths, is also summarized in those chapters.

The structure of this chapter is as follows. In Sec. II the observations
giving direct information on the stratospheric thermal structure are discussed,
and the results from groundbased stellar occultations and the Voyager UVS
solar occultations are covered in some detail. A description of post-Voyager
p—T models utilized in analyses of composition data then follows. In Sec. III
the observations pertaining to stratospheric composition are reviewed, focus-
ing in turn on hydrocarbon abundances (CHy4, C2Hg, and C,H»), evidence for
spatial and temporal variations in these abundances, and HCN and CO abun-
dances. In Sec. IV the major current topics in middle atmosphere modeling
are discussed: accounting for the high observed stratospheric temperatures,
explaining the apparent oversaturation abundances of methane in the lower
stratosphere, predicting C, hydrocarbon abundances and haze production
rates, understanding the strength of and vertical variation in vertical transport
(“eddy mixing™) implied by observed hydrocarbon abundances, and explain-
ing the abundances of the recently detected species HCN and CO. Lastly, in
Sec. V those topics pertaining to the upper atmosphere about which we have
some information are addressed: thermal structure, He 584 A dayglow, aurora
and photoelectron-excited emissions, and the ionosphere.

II. MIDDLE ATMOSPHERE THERMAL STRUCTURE

Knowledge of the thermal structure is crucial to determining the composition
from remote sensing observations. For the stratosphere, we now have data
sets addressing three distinct pressure regimes, illustrated in Fig. 1. (Here
and elsewhere in this chapter, quoted p — T results have been rescaled to a
helium volume mixing ratio of (.19 unless otherwise noted.) At pressures
<102 pbar, the Voyager UVS solar occultations have provided the outlines
of the thermospheric scale height structure, along with constraints on the
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atmospheric scale height near 0.2 mbar (Broadfoot et al. 1989; Yelle et al.
1993). For pressures ~30 to 1 pbar, there is an extensive set of groundbased
refractive stellar occultation observations (Hubbard et al. 1987; Roques et al.
1994) that can be inverted to yield temperature profiles. At deeper levels,
thermal information has been obtained from remote infrared sensing and
from the Voyager flyby RSS and IRIS results. The reader is also referred to
Gautier et al. (see their Chapter), where the data sets pertaining to the upper
troposphere and lower stratosphere are discussed more fully.

These regimes where substantial data exist are not contiguous, as is evi-
dent in Fig. 1. This, combined with the fact that the individual data sets are
neither simultaneous nor collocated, compels the use of p — T models when
inferring stratospheric composition. This introduces modeling uncertainties
into the estimation of minor species abundances, especially the hydrocarbons.
While there is still considerable uncertainty in the thermal structure for pres-
sures lower than ~1 mbar, the p — T models that have been introduced in the
post-Voyager era are very similar, as discussed below.

A. Lower Stratosphere

For pX 1 mbar, an extensive set of groundbased measurements of Neptune's
atmospheric thermal radiation at wavelengths 7 xm to 3 mm has been col-
lected over the years. For an assumed composition, measurements of this type
can be inverted to retrieve what are in essence hemispherically averaged tem-
perature profiles down to the ~6 bar level, with the caveat that warmer areas
on the observed disk are weighted more heavily (Tokunaga et al. 1983; Hilde-
brand et al. 1985; Moseley et al. 1985; Orton et al. 1983,1986,1987,1990).
Estimating the stratospheric temperature near the 1.0 mbar level from the out-
going thermal radiation requires a parameterization for the assumed mixing
ratio of methane, while below 50 mbar the thermal structure is established by
H; collision-induced opacities (H,—H,, H,—He, etc.). The Orton et al. (1990)
profile in Fig. 1 shows the stratospheric portion of such a retrieval, obtained
by linearly perturbing a theoretical p — T profile of Appleby (1986) until
the resultant model spectrum best fitted their collection of pre-Voyager data
at the longer wavelengths dominated by Ha collision-induced opacity. The
tropopause at p~100 mbar is cold enough (7254 K) to “cold trap” methane
if supplied from below.

The Voyager RSS occultations (Tyler et al. 1989; Lindal 1992) and IRIS
mapping sequences (Conrath et al. 1991b) carried out during the Neptune en-
counter have provided information on spatial scales not possible with Earth-
based observations. Both experiments confirmed the existence of the thermal
inversion and the placement of the cold tropopause deduced from the ground-
based observations. The RSS profiles in Fig. 1 are definitive in terms of
detailed vertical structure, but only pertain to specific locations on the planet
at the time of encounter (60°N for ingress, 45 to 38°S for egress); thus, the
slightly warmer temperatures (~2 K) near the temperature minimum retrieved
from the groundbased results are probably due to a greater weighting of emis-
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Figure 1. Selected p — T results. The RSS occultations (Lindal 1992) provide the
main data set for pressures p<2 mbar. Refractive stellar occultation lightcurves
typically yield temperature retrievals at pressures 1 to 30 pbar; the 20 August 1985
occultation analyzed by Hubbard et al. (1987) exhibited a central fiash, permitting
the construction of a plausible p — T profile down to 0.4 mbar. The shaded region in
this figure corresponds to the range of mean temperatures (T} defined by numerous
stellar occultation inversions (see text). The Orton et al. (1990) profile (f(He)
= 0.15) is based on perturbations of the radiative convective models of Appleby
(1986); the a, c, and e Appleby models are shown in the inset ( f(He)/f(H;) =0.1),
where the Orton et al. (1990) profile is reproduced. Orton et al. (1992) derived a
mean temperature 168410 K near 1 to 10 wbar from spectral fits for the CH;D/CH,
ratio (see text). At higher altitudes, H, densities and scale heights in the 1072 pbar
region have been inferred from the UVS ingress solar occultation data (Broadfoot
et al. 1989); their H, partial pressure profile for the upper thermosphere is shown in
the upper inset. The altitude scale at the right is for a model atmosphere constructed
using the ingress RSS (Hubbard et al. 1987). and ingress UVS profiles, referenced
to the 1 bar level. (Unless otherwise noted, y(He) = 0.19 is assumed.)

sions from warmer tropopause regions not sampled by the RSS occultations
(refer to Fig. 4 of the Chapter by Gautier et al.).

Combined analysis of the RSS and IRIS data has also provided an es-
timate of 0.1940.032 for the helium mixing ratio (Conrath et al. 1991a);
this is adopted as the reference value in this chapter. Subsequent analysis
(Conrath et al. 1993), motivated by the recent discovery of HCN in the lower
stratosphere of Neptune (Marten et al. 1991; Rosenqvist et al. 1992), has
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indicated that N> mixing ratios as large as 0.006 are admitted by the IRIS
data. For f(N;) = 0.003, the mean molecular weight mym of 2.393 inferred
by Conrath et al. (1991a) implies a reduction in the implied He mixing ratio
to 0.15. Cosmogonic implications are discussed in the Chapter by Gautier et
al. As regards stratospheric studies, the main role of He and N; (aside from
the potential role played by N; in the generation of stratospheric HCN) is in
establishing the value of mgam which directly impacts temperature determina-
tions; at present, there seems to be no reason to expect significant revisions in
the currently accepted value.

An additional constraint on the stratospheric temperature has been put
forward by Orton et al. (1992). Their moderate and high-resolution infrared
data (Sec. ITT) at wavenumbers 1100 to 1300 cm ™" in the v4 CH4 and vg CH3D
emission bands were separately analyzed and were found to be consistent
for a mean stratospheric temperature of 168+4 K (with [CH3D}J/[CHs] =
3.6(£0.5) x 10~%), The nominal pressure range for this result is 1 to 10 ubar.
Orton et al. give a total uncertainty of 10 K (Fig. 1), thereby encompassing
the temperature and methane mixing ratio results of Hubbard et al. (1987),
Bishop et al. (1992), and Yelle et al. (1993).

B. Stellar Occultations

Numerous events have been observed since 1980, often with more than one
station monitoring the same occultation (French et al. 1983,1985; Hubbard et
al, 1985,1987; Roques et al. 1994), Prior to 1980, there is the BD-17°4388
event of 1968 (Kovalevsky and Link 1969; Freeman and Lyngd 1970). In an
occultation of this type, the refractive dimming on immersion and brightening
on emersion of the stellar light within a designated filter passband (usually the
K-band at 2.2 um) is recorded as the star passes behind the target planet as
seen from Earth. Observations of an occultation by several stations are par-
ticularly valuable by allowing a search for possible latitudinal or longitudinal
variations, because the chords defined by the track of the star behind the target
planet will intersect the limb at different locations. If the measured lightcurve
I/1, is of sufficient quality, it can be inverted using established techniques
to yield a vertical refractivity profile (Wasserman and Veverka 1973; Vapil-
lon et al. 1973; Hunten and Veverka 1976; French et al. 1978). Then, if
enough is known regarding the composition to specify the refractive index
and mean molecular weight, the refractivity profile can be converted to a gas
density profile and the p — T profile derived using the hydrostatic equation
and the ideal gas law. Sometimes, however, the measurement is not suitable
for inversion and one must rely on fitting to an isothermal form (Baum and
Code 1953). Generally speaking, for pressures near 10 jbar, the temperature
profiles retrieved in the inversion process are somewhat uncertain (~10%) as
to the mean temperature, but the temperature variations within a profile are
considered to be more reliable.

The occultation modeling of Hubbard et al, (1987) has been influential
in the analysis of recent measurements of hydrocarbon abundances in the
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stratosphere of Neptune. The central flash observed at CTIO and ESO in
Chile during the 20 August 1985 occultation suggested a temperature of 143 K
(albeit a temperature averaged around the apparent limb) near 0.42 mbar,
overlapping the pressure regime wherein C;H; and C;Hg infrared emissions
escaping the atmosphere arise. By modeling the central flash and limb data
both separately and together, Hubbard et al. were able to estimate the errors
associated with astrometric coordinates, apparent oblateness and equatorial
radius at 1 pbar, etc. The data lightcurves were fitted to a modified Baum-
Code equation prior to inversion, however, so the p — T profiles presented
in Fig. 4 of Hubbard et al. (see Fig. 1) do not represent true inversions of the
intensity data as Hubbard et al. note. Instead, their objective was to show that
the central flash data counld be fitted with a plausible temperature distribution
without invoking absorption by methane as was done in an earlier analysis of
the same data (Lellouch et al. 1986).
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Figure 2.  Family of solutions obtained from inversion of the 20 August 1985 stellar
occultation immersion data obtained at the European Southern Observatory. The
discrete p — T points (solid squares) are frcm the preliminary UVS analysis of
Broadfoot et al. (1989) (figure taken from Roques et al. 1994).

Roques et al. (1994) have carried out the most comprehensive study
to date of stellar occultations by the Neptune atmosphere. Roques et al.
collected and analyzed 22 occultation profiles obtained from 9 separate oc-
cultation events (1983-1990), some previously published, with the goal of
deriving a homogeneous set of p — T profiles for the upper stratosphere. The
suboccultation points of the collected lightcurves span the latitude range 70°S
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to 45°N without any strong evidence for a recognizable latitudinal or solar
insolation variation; however, a clustering of higher average temperatures (T')
near 20°S was noted and the distinctly nonisothermal profiles seem restricted
to near-equatorial latitudes. Because an inversion method yields a field of
solutions, an independent criterion must be found for choosing a particular
profile from among the possible divergent solutions. In addition, retrieved
temperature profiles are exponentially sensitive to errors as higher levels are
probed, so temperatures for p<1 ubar are increasingly less reliable. An ex-
ample of a family of inversion profiles from the ESO immersion data from
20 August 1985 is shown in Fig. 2. To facilitate the comparison of inversion
profiles from their data sets, Roques et al. arbitrarily selected those p — T
profiles that retained small-scale structure to as high an altitude as possible
because the small-scale features were felt to be real. The associated *“‘confi-
dence interval” for retrieved temperatures using this criterion is 130 K wide
at 0.2 pbar (Fig. 2) but shrinks to 5 K near the 10 ubar level. The option of
using an initial p — T point derived from the UVS solar occultation results
presented by Broadfoot et al. (1989), e.g., the estimate of 250 K at 102 pbar,
was decided against because of the strong indications in the stellar occultation
data that Neptune's stratospheric temperature structure is highly variable in
time and location. For each of the 22 invertible lightcurves, Roques et al.
defined a mean temperature (T) by averaging their inversion results over the
10 to 30 pbar range where the p — T profiles are least sensitive to initial
conditions and uncertainties in flux levels. These are shown in Fig. 3, where
the enhanced temperatures near 20°S noted earlier can be seen. A fairly wide
range of temperatures is indicated: 150 K<(T')<200 K (Fig. 1).

Based on a comparison of the apparent temporal variation in (T') with
variations in occultation-derived averaged temperatures for the Uranus strato-
sphere and in solar activity indices, Roques et al. (1994) have suggested that
the averaged stratospheric temperature on Neptune exhibits a solar cycle vari-
ation of magnitude ~50 K with a time lag of roughly one year. However,
many more observations are needed to confirm this proposed trend.

C. Voyager UVS Solar Occultations

A preliminary analysis of Voyager UVS data on Neptune’s thermal structure
is presented by Broadfoot et al. (1989) and a more detailed analysis of limited
altitude regions is given in Yelle et al. (1993). The UVS solar occultation
experiment can provide information on the thermal structure when extinction
is caused predominantly by Hy. As the major atmospheric constituent, Hs
must be in hydrostatic equilibrium, implying that measurements of the vari-
ation of density with altitude may be used to infer temperature. H; is the
dominant absorber in the atmosphere in three separate wavelength ranges. At
wavelengths below 800 A, extinction in the atmosphere is due primarily to ab-
sorption by H; in its ionization continuum. The cross section for this process
is large and consequently these wavelengths probe the upper thermosphere
where pressures are on the order of 103 wbar. From 800 to 1100 A, extinc-
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Figure 3.  Variation of the mean temperature (T) at 10 to 30 pbar vs latitude of
the suboccultation point, obtained from 22 stellar occultation lightcurves spanning
1983 to 1990. Temporal variations may also be involved. Points represented by
filled circles correspond to higher quality data; lines in this figure connect points
corresponding to data obtained from nearby sites (figure taken from Roques et al.
1994).

tion is caused primarily by absorption in the electronic band systems of H,.
These wavelengths probe the atmosphere over a large region centered about
1072 jbar. At wavelengths longward of 1500 A, Rayleigh-Raman scattering
by H; is a dominant extinction process. The cross section for Rayleigh-Raman
scattering is ~10~2* cm? and pressures on the order of 0.2 mbar are probed.

The region from 250 to 650 km above the 1 bar level appears to be domi-
-nated by hydrocarbon rather than H; absorption and inferences on the thermal
structure are impossible. Although the altitude distribution of hydrocarbons
is interesting in its own right, we are forced to rely upon interpolation and
other types of constraints for the 250 to 65f) km altitude region. Theoretical
models, to be discussed briefly in Sec. [V.A, offer little guidance because they
have not been able to reproduce the observed thermal structure.

The geometrical characteristics of the UVS solar occultations are listed
in Table I. In general, results from the ingress and egress occultations are
remarkably similar, especially for the thermal structure. The UVS data require
significant processing to obtain useful sets of transmission spectra as a function
of altitude. The datareduction techniques are documented in Yelle et al. (1993)
and the reader is referred to this paper for a detailed discussion.

Figure 4 shows the H, densities inferred by Yelle et al. (1993) from
the H, band absorption and the Rayleigh-Raman extinction data. Densities
are plotted against altitude above the 1 bar radius at the occultation latitude
using values of 24,445 km and 24,535 km for ingress and egress (Lindal



TABLEI

UVS Solar Occultation Parameters
Parameter Entrance Exit
Spacecraft event time 89-237/04:00 89-237/04:53
Encounter relative time 00:00 +00:53
Geographic location 61°N, 259°W 49°S, 160°W
Range to center of Neptune (km) 2.96 x 10* 8.00 x 10*
Slant range to tangent point (km) 1.42 x 10* 7.56 x 10*
dz/dt (kms™') —-99 12.8

Size of Sun in atmosphere (km) 4.1 22
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Figure 4. H; densities determined by Yelle et al. (1993) from the UVS egress solar
occultation data in the 180 to 280 km region and the density at 710 km determined
from the H; electronic band absorptions. Also shown are the H; densities for their
p — T models. The insert shows a comparison of ingress and egress results.

1992). If these radii are correct then there is a difference in H, density
between ingress and egress in the 180 to 260 km region. If expressed as an
altitude shift the density difference amounts to 11 km. Results from the RSS
experiment at these altitude levels are intermediate between the UVS ingress
and egress results with equivalent densities lying about 3 km above the UVS
ingress results and 8 km below the UVS egress results. These small altitude
differences could be due to inaccuracies in our knowledge of the shape of
Neptune at 1 bar or to latitudinal variations in thermal structure between 1
bar and ~180 km. It is important to note that although the density differences
appear to be real in the sense that they are _arger than the error bars, all three
results (UVS ingress, egress, and RSS) agrze to within 25%.

The densities near 700 km, where extinction is due to absorption in
the electronic bands of Hj, are more problematical. To date, it has proved
impossible to achieve an adequate fit between observations and models of
the absorption spectra. Figure 5 shows measured and calculated absorption
spectra illustrating this problem. Models that match the observed spectra
above 1000 A exhibit too much transmission at shorter wavelengths. The
electronic bands of H, are fairly well understood and it is unlikely that the
discrepancy is due to inaccurate molecular data.

Yelle et al. (1993) chose to rely upon the 1000 to 1050 A region to infer
H; densities from the transmission spectra. They argued that the transmission
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Figure 5. The transmission spectrum in the H; electronic band spectral region at
710 km tangent height recorded by the UVS instrument during the egress solar
occultation, compared with model fits (Yelle et al. 1993). The region near 102.5 nm
(H Lyman B) was used to infer the H; density.

properties of the atmosphere can be modeled accurately at these wavelengths
because the only important process is absorption of the solar H Lyman 8 line
by the 6-0 band of the H, Lyman system. In addition, because the solar
HLyman g line is strong, systematic errors in the data reduction should be
less important from 1000 to 1050 A. If this reliance upon the 1000 to 1050 A
region is correct then the H; density at 700 km is determined to within a factor
of 2, as shown in Fig. 4. The 11 km shift discovered in the Rayleigh-Raman
data also appears in the H; electronic band data when observed spectra are
compared. Thus, the thermal structure between 200 and 700 km appears to
be similar at the ingress and egress locatiors.

D. Empirical p — T Models

As noted earlier, the available data do not provide a complete, contiguous
stratospheric p — T profile. The Voyager encounter results have been used to
construct provisional models needed in the analysis of data on minor species
distributions (Bézard et al. 1991; Bishop et al. 1992; Orton et al. 1992; Yelle
et al. 1993). These models all adopt the RSS profiles at pressures deeper
than ~1.0 mbar and all treat the 1.0 pbar temperature as a free parameter
for the mean temperature at pressures ~100 to 1 pbar. In addition, the
Voyager constraints on the helium mixing ratio (Conrath et al. 1991a) and
the reduction in pre-Voyager estimates of the abundance of methane in the
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stratosphere have been used when rescaling pre-Voyager stellar occultation
and infrared sounding results; the p — T profile of Hubbard et al. (1987) has
been prominent in most of these models.
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Figure 6. p — T models for the Neptune stratosphere based on the RSS results
for p>1.0 mbar (Lindal 1992), the ingress thermosphere model of Broadfoot et
al. (1989) (p<0.03 ubar), and the Hubbard et al. (1987) profile at intermediate
pressures. The cool and warm models illustrate the range of temperatures inferred
from stellar occultations at a nominal pressure of 1.0 ubar. The altitude axis refers
to the nominal ingress model atmosphere; the 1 bar radii as placed by the RSS
occultations are 24,445 km (ingress, 61°N) and 24,535 km (egress, 49°S) (Lindal
1992). The region where photochemically produced hydrocarbons are predicted to
condense (Moses et al. 1992; Romani et-al. 1993) is also indicated (figure adapted
from Bishop et al. 1992).

In Fig. 6, the ingress models constructed by Bishop et al. (1992) are
shown, along with the nominal egress model. The nominal models used
T/T, = (p/p.)* interpolation between rzference points drawn from RSS
(Lindal et al. 1990), UVS (Broadfoot et al. 1989), and stellar (Hubbard et al.
1987) occultation results, rescaled to a helium mixing ratio f(He) of 0.19. The
temperature at 1.0 wbar is 161 K. The nominal model adopted by Bézard et al.
(1991) is closely similar to the egress model in Fig. 6, except for remaining
isothermal above 1.0 pbar; their model also included a methane mixing ratio
of 0.1% (mam = 2.41) resulting in a 1.0 wbar temperature of 159 K. The
“warm” and “cool” p — T models in Fig. 6, identified by temperatures at
1 pbar of 182 K and 144 K, respectively, reflect the range of temperatures
near 1 wbar inferred from refractive stellar occultations (Fig. 1).

Orton et al. (1992) constructed a suite of models similar to those in Fig. 6,
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using a perturbed average of the RSS ingress and egress p — T results patched
to 400 to 1 pbar temperature profiles of the form presented by Hubbard et al.
(1987). The perturbation of the RSS profile was carried out using standard
temperature-sounding techniques (Orton et al. 1987) to render the profile
consistent with the 17 to 23 wm spectrum of Orton et al. (1990), and yielded a
tropopause temperature ~2 K warmer than the averaged nominal RSS results,
To encompass the range in mean temperatures derived from refractive stellar
occultations (Roques et al. 1994), Orton et al. imposed 1.0 zbar temperatures
ranging from 140 K to 200 K.

Yelle et al. (1993) have also developed a set of reference p — T models in-
corporating the RSS results. Rather than use the Hubbard et al. (1987) profile,
however, they chose to rely on an estimate of ~130 K for the temperature near
0.3 mbar derived from their UVS data analysis, overlaid by a rapid increase in
temperature at pressures between 0.2 and 0,07 mbar and an isothermal layer at
180 K extending to the 0.1 pbar level. Thus, while drawing from UVS rather
than stellar occultation results, they obtained a nominal (“mild”) profile very
similar in appearance to the models descrited above. To address uncertainties
in the thermal structure, the temperature in the isothermal layer was treated as
a free parameter, with cold and hot values of 170 K and 190 K, respectively.
The H; densities in these models are shown in Fig. 4.

It is important to recognize that these models are all patchwork affairs,
The Orton et al. (1992) perturbation of the RSS results, for example, arguably
yields a “disk-averaged” p — T profile for pressures deeper than 1.0 mbar
well suited to the analysis of infrared observations, especially in that the oc-
cultation analyzed by Hubbard et al. occurred in 1985 and the Orton et al.
data were acquired between 1985 and 1987 (i.e., the relevant data are roughly
simultaneous). However, the RSS egress and ingress profiles differ consider-
ably at pressures less than 100 mbar and there is no a priori reason to expect
an averaged p — T profile weighted toward the warmer tropopause regions
not sampled by the RSS occultations to concur with the Orton et al. perturbed
profile. Also, most of these models hinge on the 0.4 mbar point from the
Hubbard et al. (1987) modified Baum-Code modeling of the 20 August 1985
central flash, and while their point was presented as being *reasonably model
independent” (for a specified composition), they did not offer a complete
discussion of the range in temperatures admitted by their derivation. The
Hubbard et al. central flash point is in a pressure region characterized by a
large vertical temperature gradient; uncertainties in the value of this gradient
(or horizontal or temporal variations in this gradient) will compromise the
reliability of the interpolation between the RSS results and the stellar oc-
cultation limb results needed to piece together a contiguous p — T profile.
Lastly, it must be noted that there is no compelling reason to believe that
the stratosphere is isothermal at pressures 100 to 1 pbar. Indeed, many of
the temperature profiles presented by Roques et al. (1994) are strikingly non-
isothermal. However, the stratospheric composition analyses that motivated
the construction of the p — T profiles described above are not very sensitive
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to details of the thermal structure at these pressures. In view of the lack
of data pointing to long-lived nonisothermal structures, treating this layer as
isothermal may be justified by more than expediency.

III. MIDDLE ATMOSPHERE COMPOSITION

The distinctive feature of the stratosphere is the photochemistry initiated by
the direct absorption of solar far ultraviolet photons, with methane as the
parent species. The stable disequilibrium product species C;H; and C,Hs,
as well as CHy itself, are present in sufficient abundances that the infrared
rovibronic emissions from these species dominate the 7 to 16 jsm spectrum of
the planet. Methane likely plays a major role in establishing the temperature
structure via radiative heating and cooling (Macy and Trafton 1975; Wallace
1975; Appleby 1986,1990); ethane and acetylene may also be significant in
this regard.

Infrared emissivities are, of course, very sensitive to atmospheric temper-
ature. Voyager-derived constraints on strataspheric temperatures do not point
to a single p — T model, as discussed earlier; there are latitudinal variations
in the Voyager results and temporal variations are suggested by the refractive
stellar occultations. Nevertheless, the Voyager p — T results lead to tighter
constraints on minor species abundances inferred from infrared emission mea-
surements than were available in the pre-Voyager era. We note that, in any
event, a “disk-averaged” model is required for modeling the disk-integrated
data typically acquired with groundbased or Earth-orbiting instruments. A
thorough and very readable discussion of the earlier infrared emission mea-
surements, their analysis and relation to models is given by Orton and Appleby
(1984).

In this section, measurements providing estimates of hydrocarbon abun-
dances are summarized first, focusing on the more recent observations. Then
specific results on CHy, C;H,, and C;Hg, and the evidence for latitudinal
and temporal variations are discussed. Lastly the recent submillimeter wave-
length observations of HCN and CO in the Neptune stratosphere are described.
Measurements related to isotopic abundances are covered in the Chapter by
Gautier et al. In the following, the acronym CHES is used to denote a mixing
ratio profile that is constant with height except at pressures where this exceeds
the local equilibrium saturation pressure for the species in question; in such
regions, the mixing ratio profile follows thz equilibrium saturation pressure
curve. This type of profile has been commonly used in the analysis of infrared
emission data. The mixing ratio of methane in the lower stratosphere, specifi-
cally at pressures 2 1.0 mbar (but above the nominal CH4 condensation zone),
is denoted by fs(CH;). The methane mixing ratio expected on the basis of
vapor phase saturation at the tropopause is denoted by frrap(CHs).

A. Observations
Our first indications of the presence of hydrocarbons in the Neptune strato-
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sphere came from observations of the middle infrared spectrum. An early
complete spectrum (taken in 1975 and 1976) at ~2% resolution in the 8 to
13 pum region was published by Gillett and Rieke (1977), which included the
broad v4 band of methane at 7.7 um and the vg band of ethane at 12.2 um;
independent detection of methane and ethane emission from Neptune using
filter photometry was made by Macy and Sinton (1977). A better sampled
and more sensitive spectrum of Neptune’s disk in the 8 to 14 um and 17 to
23 pm spectral regions at the same resolution as the Gillett and Rieke obser-
vations was obtained in 1985 (Orton et al. 1987) and was later recalibrated
by Orton et al. (1990) based on further data acquired in 1986 and 1987. This
spectrum, reproduced in Fig. 7, clearly shows emission by CH4 and CH;D at
7 to 8 um, by C;Hg in the 12 m fundamental band, by C;H; in the wings of
14 um fundamental band, and (possibly) by C2Hj in the 10 #m fundamental
band. Kostiuk et al. (1990) observed emission in the C;Hg RR(4,5) line from
Neptune a couple of months prior to the Voyager encounter using a very high-
resolution (v/Av & 2.5 x 10°) infrared heterodyne spectrometer; this line
(840.9764 cm™") is within the 12 um ethane band observed by Orton et al.
(1987,1990) and others. Orton et al. (1992) report relatively high-resolution
spectroscopic measurements (v/Av ~ 10*) acquired in 1989 and 1990 in
several narrow intervals centered on stratospheric emission features in the 7
to 20 um region: the 587 cm™' H, S(1) quadrupole feature, the 743 cm™
R(5) line of the C;H; vs band, the Q manifolds of C;Hg and '*C'2CH, near
820 cm™, and the v, Q branch of CH;D and neighboring vs P(9) lines of
CHy near 1156 cm™'. These results were then analyzed in conjunction with a
re-analysis of the earlier results of Orton et al. (1987,1990) utilizing Voyager-
derived constraints on the temperature profile and hydrocarbon abundances.
Most recently, spectra at wavelengths 6.5 to 13.5 um and 2% resolution ob-
tained in June 1991 are discussed by Hammel et al. (1992). Results from all
of these studies are effectively “disk averages” over the hemisphere facing the
Earth at the time of the observations, with greater weight going to emissions
from the southern hemisphere.

On the Voyager 2 spacecraft, the IRIS and UVS instruments collected
data on stratospheric composition during the Neptune encounter (Conrath et
al. 1989; Broadfoot et al. 1989). The IRIS measurements of the acetylene
14 pm and ethane 12 ;xm band emissions have been analyzed by Bézard et
al. (1991); in contrast with the data acquired at Jupiter and Saturn, IRIS
measurements could only establish a temperature-dependent upper limit to
the methane emission because of the colder lower stratosphere of Neptune
and the rapid increase in the instrumental noise equivalent spectral radiance at
wavenumbers greater than 1100 cm™'. Bézard et al. (1991) averaged a large
selection of low-spatial resolution spectra (Fig. 8) to derive disk-averaged
abundances of CoH; and C;Hg at pressures centered near 0.5 mbar. Owing
to the encounter geometry these spectra were weighted towards the southern
hemisphere; the center of the field of view ranged from 10°S to 50°S. A set of
spectra at higher spatial resolution showed latitudinal variations in the C;H;
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Figure 7. The 8 to 23 pum spectrum of Neptune at moderate (2%) resolution, taken
from Orton et al. (1990). The data points shown as filled circles were used by
Orton et al. to establish their absolute calibration; the other data points are from the
following sources: Orton et al. (1987) (open circles, recalibrated), Tokunaga et al.
(1983) and Orton et al. (1983) (open circles with central crosses), and Gillett and
Rieke (1977) (asterisks). The earlier data sets have been rescaled for consistency
with the flux standards and planetary size assumed by Orton et al. (1990). The
solid line represents their “best fit” model (perturbed Appleby [1986] p — T model
with CHES mixing ratio profiles for C;H,, C;Hg, and CHy), while the dotted line
shows the underlying spectrum arising from H, collision-induced opacity alone.
The dashed line spectrum was calculated using hydrocarbon abundance profiles
from the Romani and Atreya (1989) photochemical model.

emission (Sec. IIL.D). It was not possible to uncover latitudinal variations in
the 12 um ethane emission, owing to the lower signal-to-noise ratio for this
feature.

The UVS solar occultation measuremerts at wavelengths longward of
HLyman a 121.6 nm probed the stratosphere at pressures ranging from
~{).1 pbar to ~0.1 mbar (Broadfoot et al. 1989). Both ingress (61°N lati-
tude) and egress (49°S) occultations were recorded (Fig. 9). Dayglow and
auroral measurements were also made with the UVS; these pertain to higher
altitudes and are discussed in Sec. V. The solar occultation data have, to
date, been the subject of two separate studies. Bishop et al. (1992), from a
photochemical modeling perspective, estimated CH4 abundances in the lower
stratosphere and the strength of eddy mixing in the upper stratosphere by
modeling the 125 to 138 nm lightcurves, arguing that methane was the main
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Figure 8.  Disk-averaged spectrum measured by IRIS (Bézard et al. 1991) in the
spectral region dominated by C,H; and C,H; emissions. The error bar indicates
the 1-o noise level after the disk averaging. The synthetic spectrum was computed
using their nominal p — T model and CHES mixing ratio profiles, with C;H; and
C;Hg mixing ratios of 6 x 107 and 1.5 x 1075, respectively.

source of opacity at these wavelengths and hence that their results were not
strongly dependent on details of the photochemical modeling. Yelle et al.
(1993), relying on inversion of smoothed lightcurves at wavelengths 125 to
170 nm, obtained the number density profiles for CH4 and C;Hg shown in
Fig. 10, along with the H; results shown in Fig. 4, and placed constraints on
the abundances of C;H; and C2H,.

Other ohservations have been used in attempts to infer hydrocarbon abun-
dances in the Neptune stratosphere. Lellouch et al. (1986) used the apparent
dimness of the central flash of the 20 August 1985 stellar occultation to infer
~1% methane mixing ratio for a strictly isothermal atmosphere (T = 150 K),
but the subsequent analysis by Hubbard et al. (1987) suggested instead that the
30% decrease in mean relative central flash intensity was due to temperature
gradients, as described previously. The IUE ultraviolet alhedo measurements
of Caldwell et al. (1988) suggested C;H, mixing ratios two orders of mag-
nitude smaller than the infrared emission analysis of Orton et al. (1987);
however, the effective removal of vapor phase acetylene at pressures deeper
than ~5 mbar by condensation and the presence of stratospheric aerosols
were not addressed in the Caldwell et al. analysis, while the p — T models
used in the Orton et al. analysis were too cool (Orton et al. 1992), so that
further work may yet show that the IUE and infrared data are not incompati-
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Figure 9. Subsets of the solar occultation data acquired by the Voyager UVS instru-
ment (Broadfoot et al. 1989), shown as transmission lightcurves (1/1,) averaged
over 0.96 s intervals and ordered according to the channel center wavelengths at
500 km tangent altitude. Altitude resolutions are 9.5 km (ingress) and 12.3 km
(egress), and the spectral resolution is ~2.5 nm. Wavelengths (1) longward of
HLyman « penetrate the thermosphere: half-light points for A <135 nm lie at pres-
sures 0.1 to 0.3 ubar, for 135 nm<A<155 nm the lightcurves probe progressively
deeper into the stratosphere, and for A< 155 nm lightcurve half-light points are near
0.2 to 0.3 mbar.

ble. Observations of stratospheric hazes offer both insights and constraints on
questions regarding composition (Baines and Smith 1990; Pryor et al. 1992).
For example, the location of a condensation level provides a strong clue to
the identity of a condensing species, and the presence of haze aerosols can
strongly affect vapor phase abundances by serving as condensation nuclei and
by modifying the thermal structure. These points are discussed in the Chapter
by Baines et al.

B. CH,4

The distribution of methane in the stratosphere of Neptune is primarily gov-
emed by vertical transport and loss by Lyman « photodissociation. Analysis
of the Voyager UVS data (Parkinson et al. 1990; Bishop et al. 1992; Yelle et al.
1993) indicates a relatively large eddy mixing coefficient K (2107 cm?s™!)
in the upper stratosphere, sufficient to maintain a nearly constant CH4 mixing
ratio above its condensation level in the lower stratosphere extending to pres-
sures <10 pbar. Thus, use of CHES mixing ratio profiles is justified when
analyzing 7.8 um infrared emission data.
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Figure 10. CH,4 and C;Hg number density profiles obtained by Yelle et al. (1993)
from inversion of smoothed UVS egress solar occultation lightcurves. The curves
are model fits characterized by eddy mixing profile, f5(CHs) value, and the C;Hg
production efficiency from CH, photolysis. The panels illustrate fits obtained by
varying a designated parameter and adjusting the others to compensate: (a) CHy
scale height at 550 km (p=20.6 pbar in their nominal p — T model), 3043 km;
(b) C,Hs scale height at 320 km (p~230 ubar), 150430 km; (c) z,, the altitude at
which K switches from a constant profile to a profile increasing exponentially with
decreasing pressure, 300450 km; and (d) model atmosphere, 180410 K at 1 pbar.

The analysis of the observations reported by Orton et al. (1987,1990)
relied on their perturbations of the Appleby (1986) radiative-convective equi-
librium p — T models (Sec. IL.A) coupled with CHES mixing ratio profiles.
It was found that taking fs(CHs) = 0.02 in these models worked well with
this “perturbed” temperature structure to replicate the observed CHy emis-
sion. This value matched, but did not excezd, the 2% CH; mixing ratio in the
troposphere inferred by Hildebrand et al. (1985) and Orton et al. (1986). Cor-
rections for the extinction by telluric CH, lines, an effect not calibrated out by
reference to a spectrally neutral body (e.g., a standard star), were introduced
in Orton et al. (1990); such corrections are not required for C;H, and C,Hg
analysis.

Orton et al. (1992), as part of their analysis of high-resolution spec-
troscopy of Neptune’s disk, again re-analyzed the moderate resolution CHy4
emission data. They parameterized f5(CH4) against stratospheric tempera-
ture using the CHES profile form and p — T models derived from Voyager
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and refractive stellar occultation measurements (described in Sec. II.C). This
analysis indicated fs(CH,) values ranging from 2.00(£0.66) x 10~2 for a
mean stratospheric temperature of 140 K to 6.88(=1.74) x 10~ for a temper-
ature of 200 K. Orton et al. (1992) preferred a mean stratospheric temperature
of 168+10 K, based on simultaneous fits to the [CH3;D]/[CH,] ratio from their
moderate and high-resolution data (Sec. I1.A). This temperature selection and
uncertainty implies a stratospheric CH, mixing ratio of 7.5*3%6 x 104, giving
a strong indication that fs(CH4)> frrap(CHy). The 7.8 um band intensities
measured by Hammel et al. (1992) are consistent with the older Orton et al.
(1987,1990) measurements, although the uncertainties in the comparison are
fairly large (~40%).

Initial analysis of the UVS ingress solar occultation lightcurves (Broad-
foot et al. 1989) indicated CH; mixing ratios ~3 x 107> near 0.1 ubar for a
mcan stratospheric temperature of 150 K. A modeling analysis of the UVS
ingress and egress occultation lightcurves at wavelengths where CH, is ex-
pected to be the dominant source of opacity (125-138 nm) has been carried
out by Bishop et al. (1992), utilizing an updated version of the Romani and
Atreya (1989) photochemical code, The results of this analysis are esti-
mates of the eddy mixing coefficient in the vicinity of the half-light levels
of the 125 to 138 nm lightcurves and inferred values for the mixing ratio of
methane in the lower stratosphere; these are somewhat sensitive to the choice
of atmospheric p — T profile and adopted eddy mixing profile but not to
photochemical details. The half-light levels correspond to CH, mixing ratios
of ~5 x 1075, decreasing with decreasing pressure. The methane mixing
ratios were mapped to the lower stratosphere via the diffusion equation, yield-
ing fs(CH4)~107*. As already indicated, there is uncertainty in this value
stemming directly from our lack of knowledge of the actual p — T profile
at pressures 0.1 mbar pX0.1 ubar, but using the p — T models of Fig. 6
indicated 1073 to be an effective upper limit.

Methane number density profiles obtained from the UVS egress light-
curve inversions of Yelle et al. (1993) are shown in Fig. 10. Yelle et al,
derived fs(CH,) values in the range 0.6 to 5 x 10~ based on diffusion model
fits also shown in this figure, The parameters defining these models are the
fs(CHy) value, an eddy mixing profile that has K constant at p240 ubar and
exponentially increasing for smaller pressures, and a C;Hg production effi-
ciency from CH, photolysis (treated as a simple proportionality constant). In
the fitting procedure, fluxes were estimated from the methane photolysis rate
and the models were constrained to reproduce a CH, density of 1.3 % 10? em—3
at 550 km above the 1 bar level (~0.6 pbar in their nominal p—T model). The
most successful fits indicate a density scale height of 3043 km for methane
at this level. The range in inferred fs(CH4) values stems largely from the
range in the strength of eddy mixing at pressures greater than ~40 pybar ad-
mitted in their models. Results obtained with the UVS ingress data presented
difficulties when compared with the egress results, probably stemming from
systematic errors in the UVS data. Consequently, Yelle et al. restricted their
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modeling to the egress density profiles. Differences with the UVS analy-
sis results of Bishop et al. were attributed to differences in (1) the data sets
used in the respective analyses; (2) modeling techniques; (3) adopted thermal
profiles; and (4) the fact that the Bishop et al. analysis was restricted to the
1250 to 1380 A region. Yelle et al. argued that this last point was probably
the main source of discrepancy, in that Bishop et al. relied on photochemical
modeling to estimate C,Hg opacities at these wavelengths and, by failing to
consider the UVS data at longer wavelengths, underestimated C,Hg abun-
dances at p~1 pbar. However, underestimating ethane opacities should lead
to overestimates of methane abundances, not underestimates. Differences in
modeling techniques are the most likely source of discrepancy; further work
on the photochemical modeling of the UVS lightcurves is needed to clarify
the situation. Yelle et al. also noted that while their f5(CHs) values appear
to be consistent with values inferred from infrared measurements, there were
subtle discrepancies that would require a combined analysis to resolve.

A recent re-analysis of measurements at ultraviolet and sub-micron wave-
lengths pertaining to stratospheric aerosol distributions (Baines and Hammel
1994) has provided simultaneous constraints on fs(CHs) and the pressure
level of the underlying tropospheric “hazetop”; this study is diScussed more
fully in the Chapter by Baines et al. The range of stratospheric methane abun-
dances consistent with these data is 2 x 1075 < fg(CHs)<1.7 x 1073 with a
preferred value of 3.5 x 107, in agreement with the Orton et al. (1992) 168 K
result and the values derived by Bishop et al. (1992), while straddling possible
Sfrrap(CHy) values.

C. Czﬂz and CsHg

The thermal profile constraints provided by the Voyager encounter results have
led to an agreement regarding “disk-averaged” C;H; and C;Hg abundances
that is in striking contrast to the CHy results. Utilizing CHES mixing ratio
profiles, Bézard et al. (1991) retrieved from the spectrum shown in Fig. 8 an
acetylene mixing ratio of 61* x 107® centered near 0.2 mbar and an ethane
mixing ratio of 1.57%3 x 1075 centered near 0.7 mbar; the nominal results are
for their p— T model with T = 159 K at 1 ubar. The largest contribution to the
uncertainties is the assumed temperature uncertainty of =10 K. Additionally,
they tested C;H; and C;Hg mixing ratio profiles calculated with an updated
version of the Romani and Atreya (1989 photochemical model, but were
unable to obtain satisfactory fits for both species simultaneously.

The Kostiuk et al. (1990) analysis of groundbased heterodyne observa-
tions using pre-Voyager modeling inputs suggested that a warmer stratospheric
temperature profile or a weak eddy mixing coefficient in the lower stratosphere
was required to reconcile the Romani and Atreya (1989) photochemical model
with observations. Both expectations have been borne out by Voyager results
and updates to the photochemical model. Kostiuk et al. (1992) re-analyzed
the heterodyne data employing the same modeling assumptions and inputs
used by Bézard et al. This was an especially interesting exercise in that, as
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described earlier, the IRIS and heterodyne spectrometer observations were
nearly simultaneous, both are effectively “disk-averaged” measurements, and
the emission line observed by Kostiuk et al. is within the band emission mea-
sured by IRIS. Adopting CHES mixing ratio profiles, Kostiuk et al. derived
a C;Hg mixing ratio of 1.9(£0.6) x 1076, where the uncertainty does not
take into account temperature uncertainties. These were explored by using
warm, nominal, and cool p — T models taken from both Bézard et al. (1991)
and Bishop et al. (1992); using the Bishop et al. p — T models, the range in
derived ethane mixing ratios was 1.3 to 2.4 x 1075, The IRIS data were also
remodeled using the Bishop et al. p — T models and CHES mixing ratios,
yielding a range of 1.0 to 1.6 x 107%. The contribution functions for the
IRIS and heterodyne retrievals for the nominal Bézard et al. and the extreme
Bishop et al. p — T models are shown in Fig. 11. Because the heterodyne
observations are of higher spectral resolution than IRIS (0.0033 cm™! vs
4.3 cm™"), the heterodyne contribution functions peak higher and are nar-
rower than those characterizing IRIS. This suggests the possibility of height
discrimination between the results. While Kostiuk et al. (1992) found the
heterodyne-retrieved ethane mole fractions were 30% higher than those of
IRIS, this is within the experimental uncertainties of the two instruments and
the contribution functions exhibit a large degree of overlap. Thus, it is not
possible to infer a statistically significant C;Hg mixing ratio gradient. It is
worth noting that the heterodyne observations had to be spectrally binned by a
factor of 3, owing to poor signal-to-noise levels. Had this not been necessary,
the contribution functions would have exhibited a smaller degree of overlap
and height information could have been retrieved.
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Figure 11.  Contribution functions for the ethane infrared emissions measured by
IRIS (Bézard et al. 1991) and by the heterodyne technique (Kostiuk et al. 1990) for
CHES mixing ratio profile forms and several different p — T models. The nominal
p — T model of Bézard et al, was used in the radiance modeling shown in the left
hand panel, the bracketing “warm” and “cold” p — T models of Bishop et al. were
used in generating the right hand panel (figure adapted from Kostiuk et al. 1992).
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Orton et al. (1992), in the course of re-analyzing their moderate resolution
data (Orton et al. 1987,1990) using their previously described suite of tem-
perature models and CHES mixing ratio profiles, obtained revised estimates
for C;H; and C,Hg abundances in the stratosphere. They briefly examined an
alternative approach which replaced the assumed CHES profile form with ver-
tical dependences of the form exhibited by the photochemical model results of
Moses et al. (1992) (see Fig. 15, below); acetylene and ethane abundances for
fitted profiles of this form agreed with the CHES profile results at ~(.3 mbar,
near the peak of the outgoing thermal infrared radiance. The sets of solutions
for the CHES models vs stratospheric temperature are shown in Fig, 12. For
the nominal 168+10 K stratospheric temperature recommended by Orton et
al. (1992), the maximum mixing ratios of C;H, and C;Hg are 5.1779 x 10~%
and 10707 x 107, respectively. Comparison of these results with the Bézard
et al. (1991) and Kostiuk et al. (1992) results shows that we have a pleasant
situation in which the main sources of infrarsd data are completely consistent
on the average abundances of the hydrocarbons C;H; and C;Hg. This implies
that the calibration sources are self-consistent and the results are not system-
atically affected by the acquisition method or the spectral resolution. The 0.1
to 1.0 mbar averaged abundances are then determined absolutely for a given
selection of the temperature profile.

In addition to C;H; and C;Hg, Orton et al. (1987) suggested that C;Hy
emission might be responsible for the radiance observed from Neptune near
11 pm. While this was not a positive spectral identification, the maximum
C,H, mixing ratio required to match the spectrum was found to be 3 x 10~
(T=138 K). For a stratospheric temperature of 168 K, the inferred mixing
ratio would be about an order of magnitude lower.

The ethane number density profiles obtained from the UVS egress light-
curve inversions of Yelle et al. (1993) are shown in Fig. 10. Yelle et al.
derived a C;H; reference density of 2.5 x 10° cm™ at 320 km (~30 ubar),
which was used as a constraint in the modeling described in the previous
subsection. Their most successful fits indicate a density scale height of
150430 km for ethane at this level and C;Hg production efficiencies of 0.30
to 0.50. Comparison with the results of Orton et al. (1992) and Kostiuk et
al. (1992) is not straightforward, but Yelle et al. concluded that their ethane
densities were consistent with the mixing ratios derived from the infrared data
near 0.1 mbar. The C,H4 abundance near 300 km was estimated to be roughly
a factor of 2 x 1073 smaller than the ethane abundance; this may be an upper
limit. An upper limit of ~1.5 x 10~ for the C,H, mixing ratio near 0.1 mbar
was also derived. Comparison with the infrared-derived results is again not
straightforward but consistency is indicated.

D. Evidence for Latitudinal and Temporal Variations

The clearest evidence for spatial and temporal variations comes from obser-
vations of cloud and haze layers in the Neptune atmosphere (see the Chapter
by Baines et al.). There is a substantial history of groundbased observa-
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Figure 12. Maximum stratospheric mixing ratios of C;H; and C;H, from the mid-
infrared spectral modeling of Orton et al. (1992). Fitted results are shown by the
thick central curves; surrounding curves indicate the uncertainty associated with
the fitting procedure (inner envelope) and the combined uncertainty of the fit and
the absolute calibration (outer envelope). Values for the maximum mixing ratios of
C2H; and C;H; derived by Bézard et al. (1991) and associated uncertainties are also
shown for their 159 K stratospheric temperature. The open circle and associated
30% uncertainty represents the mixing ratio determined by Kostiuk et al. (1990),
plotted at the peak temperature of their “nominal” profile.

tions of temporal variations, while observations of spatial variability have
been made possible by recent technical advances and the Voyager flyby. The
anti-correlation between Neptune's visible albedo and the solar cycle (Lock-
wood and Thompson 1991) may be of particular significance as regards the
stratosphere, in that the albedo variations may be due to the “tanning” of
stratospheric hydrocarbon aerosols by solar ultraviolet photons as proposed
by Pollack et al. (1987) to account for the darkness of Uranian stratospheric
aerosols. Neptunian hydrocarbon aerosols are more abundant and larger; con-
sequently their shorter sedimentation times should result in the aerosol column
manifesting the effects of recent levels of ultraviolet exposure (Baines and
Smith 1990). Variations in stratospheric haze layers may also indicate vari-
ations in the thermal structure near the condensation levels, which in turn
might be driven by the aerosols themselves, Further discussion is to be found
in the Chapter by Baines et al.

Data pertaining to variations in the vapor phase abundances of strato-
spheric hydrocarbons is sparse. Relatively high spatial resolution spectra
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obtained by IRIS were investigated by Bézard et al. (1991) for spatial varia-
tions in the C,H; emission between 30°N and 80°S. A broad maximum in the
zonal mean C,H; emission near the equator and the suggestion of a maximum
at the south pole is evident in the resultant averaged spectrum, as is a fairly
well-defined minimum near 50 to 60°S (Fig. 13). This latitudinal contrast
can be explained by a decrease of 15 K in the mean temperature at 0.03 to
2.0 mbar, a factor of 5 decrease in the C;H; abundance at these pressures, or
a combination of both. This meridional variation is similar to that observed
at longer wavelengths by the IRIS experiment in the troposphere and lower
stratosphere. Whether due to C,H; abundance or temperature variations,
Bézard et al. (1991) concluded that the meridional variation was the result
of dynamical influences. The observations are consistent with a planetary
circulation pattern with upwelling at mid-latitudes and subsidence at low and
high latitudes (Conrath et al. 19915), and suggest that this circulation pattern
extends at least 200 km above the tropopause. However, Bézard et al. also
note that a latitudinal variation in the eddy mixing coefficient in the lower
stratosphere driven by small-scale mixing processes could also be responsible.
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Figure 13.  Latitudinal variation of Neptune's radiance at 729 cm™' from Voyager
IRIS measurements (Bézard et al. 1991). Spectral radiances measured with rela-
tively high spatial resolution (2280 in number) have been adjusted to normal viewing
conditions and fitted with a polynomial (solid curve). The shaded area is the +1-o
uncertainty zone obtained from a separate binning procedure. The right-hand ordi-
nate axis indicates the temperature excursion from a mean stratospheric temperature
of 159 K implied by the left-hand axis radiance levels for a fixed C;H; mixing ratio
of 6 x 10~ (CHES profile).

A secular increase in the disk-averaged 12 um C;Hg emission from Nep-
tune was suggested by Orton et al. (1987) after comparing their results with
those of Gillett and Rieke (1977), who also had noted a similar difference
between two of their data sets taken some two years apart. Using similar
moderate resolution (~2%) spectral observations, Hammel et al. (1992) re-
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ported a statistically significant increase in the ratio of the C;Hg and CHy
emissions compared with the Orton et al. (1990) spectrum. The consistency
of their CH4 emission measurements in 1989 and 1991 with the Orton et al.
(1990) spectrum suggests that the globally averaged CH4 mixing ratio and
mean stratospheric temperature were roughly stable over the 6 yr time span
between the observations; unfortunately, the Gillett and Rieke noise level was
too high to extend this comparison back to 1975. Hammel et al. (1992) ten-
tatively attributed the observed change to an increase of 15% or more in the
C,Hg abundance. If further observations verify a significantly larger change
in the C;Hg emission compared with the (somewhat noisier) CH4 emission, a
case can be made for real secular changes of the C;Hg abundance.

E. HCN and CO in the Stratosphere

Observations at submillimeter wavelengths have identified HCN in the strato-
sphere and CO in the stratosphere and tropcsphere of Neptune; simultaneous
measurements have failed to detect the presence of these species on Uranus,
The mixing ratios of HCN and CO in the stratosphere are 1.2 x 107 and
1.2 x 1075, respectively, from observations carried out with the James Clerk
Maxwell Telescope and the Caltech Submillimeter Observatory (Marten et
al. 1991,1993); the CO tropospheric mixing ratio is similar to the strato-
spheric value (Guilloteau et al. 1993). Observations carried out with.the
telescope at the Institut de Radio Astronomie Millimetrique yielded similar
(but somewhat lower) mixing ratios in the stratosphere (Rosenqvist et al.
1992): 6.5(=3.5) x 10”7 for CO and 3.0(£1.5) x 10~'% for HCN, along with
upper limit mixing ratios of 4 x 10~'° for HC;N and 5 x 10~ for CH3CN. The
differences between the JCMT-CSO and IRAM HCN abundance determina-
tions have recently been discussed by Lellouch et al. (1994). The discovery
of HCN and CO was particularly surprising, as the conventional wisdom had
held that all nitrogen in Neptune's atmosphere was bound up chemically in
NH; and segregated almost exclusively in the troposphere, and that CO must
have been converted to CHs. Modeling of the HCN abundance has been
controversial. The dispute pivots on the source for the observed HCN: an
“intrinsic” source from dissociation of N3 transported upward from the tro-
posphere, or an “external” source involving an N or N* flux onto the top of
Neptune's atmosphere from Triton. (For further discussion, refer to Sec. IV.E
below and to the Chapter by Gautier et al.).

IV. MIDDLE ATMOSPHERE MODELING

In order to reconcile and understand the numerous observational results on
thermal structure, composition, and aerosol distributions collected over the
last two decades, it is necessary to resort to modeling. As yet, modeling
capabilities have not developed to the point of being able to predict the
diverse assemblage of observations reviewed in the previous sections and in
the Chapters by Baines et al. and Gautier et al. If and when such capabilities
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do emerge, we will be able to rely upon modeling to investigate phenomena
not directly observable from Earth. In turn, modeling results can be useful for
making comparisons between Neptune and the other outer planets, in attempts
to reconstruct the history of the planet and to gain clues as to its formation,
and (hopefully) to help define mission requirements for a return to Neptune.

Outstanding current issues to be addressed by modeling are: (1) explain-
ing the observed thermal structure and reconciling this structure with radi-
ative-convective models; (2) explaining the apparent abundance of methane
in the stratosphere in excess of cold-trap saturation values; (3) reconciling
observed vapor phase abundances of hydrocarbons with measurements per-
taining to stratospheric aerosols; (4) reconciling the strength of and vertical
variation in eddy mixing implied by observed hydrocarbon abundances with
dynamical models; and (5) unraveling the implications of the recent observa-
tions of HCN and CO in the stratosphere. Aerosol observations and modeling
related to topic 3 are discussed in the Chapter by Baines et al.

A. Modeling of the Middle Atmosphere Thermal Structure

The earliest work on modeling radiative and convective equilibrium processes
in Neptune’s atmosphere was done by Trafton (1967), who established that
the collision-induced dipole transition of H, was responsible for most of the
infrared opacity. However, his models omitted CHy as an agent of radiative
heating and cooling in the stratosphere; thus, his models lacked the character-
istic “temperature inversion” in the lower stratosphere seen in Fig. 1. Macy
and Trafton (1975) explored models with arbitrary solar energy deposition
functions, similar to those of Danielson (1977) and Danielson et al. (1977) for
Uranus. An early attempt to determine the stratospheric temperature structure
from a mathematical “inversion” of the 7.8 ;xm emission spectrum was carried
out by Courtin et al. (1979) who decided that a uniform CH4 mixing ratio on
the order of 2 x 107 fitted the available data most successfully. This value
exceeds the local saturation mixing ratio throughout much of the lower strato-
sphere; its vertical uniformity requires extremely vigorous vertical mixing in
the lower stratosphere and is considered unrealistic.

Later work by Appleby (1986) on one-dimensional radiative-convective
modeling incorporated constraints on the thermal structure obtained from
more recent thermal infrared and stellar occultation observations., He also
modeled CH, radiative heating and cooling in the near-infrared using physical
models rather than arbitrary functions, Temperatures at p<0.1 mbar inferred
from stellar occultations were attained only in models with significant direct
heating from absorption of solar radiation. His preferred model (model “e”,
Fig. 1) is characterized by a CHES distribution for methane with f5(CHy) =
0.02 and a uniformly distributed stratospheric aerosol burden; however, he
noted that his preference for this “convective penetration” model (Sec. IV.B)
was due in part to a lack of independent evidence for relatively high heating
rates from aerosol absorption above the troposphere. In fact, however, his
model “c” (Fig. 1), characterized by localized aerosol heating near 1 mbar,
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exhibits larger temperatures for p<1 mbar than model “e”. While this partic-
ular model was not consistent with all the infrared data available to Appleby,
with hindsight it suggests that aerosols in the lower stratosphere may play
a significant role in establishing the observed p — T structure (Baines and
Smith 1990).

Using a time-dependent model, Bézard (1989) calculated the seasonal
variations in atmospheric thermal structure expected for Neptune under radi-
ative-convective equilibrium conditions, i.e., ignoring meridional heat trans-
port. For the epoch of the Voyager encounter with Neptune, just before north-
emn winter solstice, his models predicted that the north polar region should be
warmer than the south by ~3 K at the tropopause (p = 100 mbar) and the
south polar region warmer than the north by ~12 K near 0.3 to 1 mbar as a
result of the different time scales in radiative response in the stratosphere vs
troposphere. Conrath et al. (1990) presented a series of time-dependent linear
radiative-dynamical model results for meridional stratospheric circulations on
Jupiter, Saturn and Uranus; while this model contained neither an accurate
representation of the detailed radiative heating and cooling nor dynamical
forcings within the modeled pressure regime, it was useful in illustrating the
potential influence of dynamics. Conrath et al. (19915) subsequently applied
this model to the IRIS results from the Neptune encounter. Observed zonal
wind speeds from cloud top motions were used to specify the lower boundary
condition. The modeled temperatures were generally cooler than observed
values, suggesting a greater solar energy deposition rate in the stratosphere
than modeled from gaseous absorption alone. Nevertheless, Conrath et al.
(1991b) were able to reproduce the correct equator to midlatitude temperature
gradient for a Rayleigh friction time constant of the same order of magnitude
as the radiative relaxation time constant, in line with the modeling resuits of
Conrath et al. (1990) for the other giant planets.

Appleby (1990) has recently studied the effects of CH, vibrational re-
laxation in radiative equilibrium models of the upper stratospheres of the
giant planets and has shown that non-LTE effects can be appreciable for
p=<0.01 mbar, Although the upper stratosphere is far from LTE (local ther-
modynamic equilibrium) in his models for Neptune, the nominal thermal
structures are not significantly different from LTE profiles like those shown
in Fig. 1. This is attributed to a “fortuitous™ grouping of CH; vibrational
states giving rise to non-LTE heating and ccoling rates that are closely related
and differ by multiplicative factors of order unity. To illustrate the possible
consequences of uneertainties in collisional relaxation rates, “extreme” non-
LTE models were explored; these suggest that departures from LTE models as
large as +20 K at 0.1 pbar are possible. Comparisons with stellar occultation
p — T profiles led Appleby to acknowledge that localized aerosol heating
or dynamical processes may be needed to explain the complex features ex-
hibited by these profiles; nevertheless, the non-LTE character of the upper
stratosphere should not be ignored when modeling nonradiative forcings.

The current state of knowledge of Neptune’s stratospheric temperature
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and composition creates a problem for radiative equilibrium models. For
example, work presented by Friedson and Orton (1992) supports the conclu-
sion of Appleby (1986) that, unless fs(CHy) is near the 1% level, there is
insufficient radiative heating of the atmosphere to support the warm temper-
atures observed. This conclusion, however, must be re-examined in the light
of the most recent efforts to derive the properties of stratospheric aerosols
(see the Chapter by Baines et al.); Baines and Smith (1990) have estimated
that 6 to 14% of the solar flux at visible wavelengths is'absorbed by strato-
spheric aerosols at pressures 2 to 20 mbar. Additional nonradiative heating
mechanisms may also be operative. It has been suggested (Wang and Yelle
1992; Wang 1993) that the source(s) (as yet unidentified) providing the en-
ergy needed to explain the observed thermospheric temperature profile can,
via conduction, heat the stratosphere at pressures <1 ubar to temperatures of
~150 K. .

The dissipation of vertically propagating inertia-gravity waves is another
potential heating mechanism. Roques et al. (1994) have most recently advo-
cated this hypothesis, on the basis of simple estimates of heating rates inferred
from wave-like features in the p — T profiles derived from their stellar occul-
tation lightcurves (Sec. IL.B). However, these profiles are increasingly suspect
for pressures smaller than 1 pbar, and the arbitrary criterion by which they
have selected their preferred p — T profiles may have biased their estimates.
They also note that the apparent solar cycle variation in mean stratospheric
temperatures unveiled in their analysis may be tied to variations in aerosol
abundances in the stratosphere (Lockwood and Thompson 1991).

B. Transport of CHj into the Stratosphere

So far, the weight of evidence points to a global average mixing ratio of CH
in the stratosphere of Neptune larger than is consistent with the operation
of a simple tropopause cold trap; if the simple cold trap worked, then the
stratospheric mixing ratio would be established by vapor phase saturation of
the species in question at the pressure and temperature of the tropopause.
The only plausible source of stratospheric methane is upward transport from
the troposphere, where f(CH4)~0.02 at levels below the apparent methane
haze layer at 1.7 bar (see the Chapters by Gautier et al. and by Baines et
al.). As described earlier, there is still uncertainty surrounding the actual mix-
ing ratio of methane in the stratosphere (10~*< fs(CH,)<1073), and there
is sufficient variation in tropopause temperatures (Fig. 4 of the Gautier et al.
Chapter) that an exact value for the cold trap mixing ratio cannot be specified
(1073% frrap(CH4)<107%). Nevertheless, it seems likely that fs(CHs) ex-
ceeds frrap(CHy) by a factor approaching 10 (Bishop et al. 1992; Yelle et al.
1993), so we need to explain why.

Hunten (1974) briefly mentioned the ideas of a “leaky” cold trap and the
lofting of small particles directly into the stratosphere by strong tropopause-
penetrating updrafts. Macy and Trafton (1975) discussed the inference that
fs(CH4)> frrap(CHy) in the Neptune stratosphere from infrared data demon-
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strating the existence of the temperature inversion and cited Hunten’s ideas
as perhaps helping to explain the situation. Appleby (1986), in his compre-
hensive radiative-convective modeling of infrared data available at the time,
came down in favor of fs(CHs)> frrap(CH4) and gave the mechanism for
maintaining this situation a name: “‘convective penetration.” He described
two basic scenarios. In the vapor mode, actual supersaturations in the vicinity
of the tropopause could exist if there was a lack of condensation nuclei or
if upward transport was too rapid for condensation to occur before the gas
was swept into warmer regions. If this vapor phase penetration occurred at
well-separated, localized sites (as seems to be required by the evidence for a
stagnant lower stratosphere, at least on global scales), then condensation equi-
librium would continue to hold in a global average. The analysis of Moses et
al. (1992) on the difficulty of initiating nucleation under stratospheric condi-
tions at Neptune is illuminating in this regard, but inasmuch as the potential
convective motions must originate in the upper troposphere where a methane
haze already exists, the envisioned convective motions must also carry aloft
haze particles which would act as sites for further condensation as the tem-
perature drops. This leads to Appleby’s second scenario, the entrainment of
haze particles and their “deposition” at lower pressures above the tropopause
where temperatures are warm enough to cause sublimation.

Lunine and Hunten (1989) and Stoker and Toon (1989) have carried out
more explicit studies of the convective penetration mechanism, using the one-
dimensional steady-state entraining jet model of Stoker (1986). These are
pre-Voyager studies and both were concerned with explaining the breakdown
of cold trapping at the tropopause leading to fs(CH4) = 0.02 in terms of
"buoyant moist convection.” Lunine and Hunten (1989), the earlier of the
two studies, argued that either CH4 was moderately supersaturated at the base
of the troposphere haze layer or else it was necessary to invoke vigorous
dynamics within this haze layer over much of the planet to lift CHy-bearing
parcels above the nominal base of the haze layer a significant fraction of a
scale height. Given the arguments of Moses et al. (1992), the supersaturation
at the base of the haze layer may be plausible. However, Lunine and Hunten
also relied on a large K (210° cm”s™') in the lower stratosphere which is
hard to justify. Stoker and Toon (1989) criticized Lunine and Hunten for
relying on the presence of a methane haze layer thicker than consistent with
observations, and argued that moist convection initiated by the buoyancy of
drier gas was more plausible. It would be very interesting to see revised
work along these lines, incorporating the knowledge gained in the Voyager
encounter (e.g., the locations and optical depths of haze layers in the upper
troposphere and lower stratosphere and the upper tropospheric lapse rate),
particularly because it is no longer believed that fs(CH,) can be as large as
2%.

C. Photochemical Modeling of Hydrocarbons
The stratosphere of Neptune is photochemically very similar to Uranus. On
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both planets only one photochemically active parent species, methane (CHy),
survives the cold trap at the tropopause in sufficient abundance to be important.
Other photochemically active species believed to be present in the troposphere,
e.g., hydrogen sulfide (H,S), ammonia (NH3), and phosphine (PH'_:,), are
removed from the vapor phase by condensation into various clouds well
below the tropopause (see the Chapters by Gautier et al. and by Baines et al.),
A quantitative understanding of the chemistry driven by methane photolysis
is important for the modeling of stratospheric hazes on Neptune. Methane
transported from the troposphere into the stratosphere is converted to C; and
higher order organics by photolysis and subsequent chemistry. Unit optical
depth for Lymana absorption by methane, tcy, (Lya) = 1, which defines
the primary photolysis level, occurs at pressures <1.0 ubar. The subsequent
mixing of stable photolysis products to deeper pressure levels (~10 mbar)
leads to the formation of hazes, because several of these products (e.g., C;Ha,
C,Hg, C3Hg) condense at the pressures and temperatures characterizing the
lower stratosphere. Thus, in a steady state situation, the photolytlc destruction
of methane determines the haze production rate.

To date, two detailed models of methane photochemistry on Neptune
have been advanced that address haze formation and production, described in
depth in Moses (1991) and Romani et al. (1993). Both are one-dimensional
steady-state models. These models divide the atmosphere into a number of
horizontally uniform layers and solve the coupled continuity equations for the
abundances (or volume mixing ratios) of methane and its photolysis products
at each level: dF,

E-—P L; (1)

where z is the altitude, F; is the flux of species i in units of molecules cm—2s~!,
and P; and L; are the chemical production and loss rates in units of molecules
em~3 s~!, The expression for the flux is

Fi=—N(D; + K)ﬁ — DiNf; (Hi; - %) @)

where N is the atmospheric number density, D; is the molecular diffusion
coefficient of the ith species with respect to the background atmosphere, K
is the eddy mixing coefficient, f; is the mixing ratio of the ith species, H; is
the species scale height, and H is the atmospheric scale height. The nominal
region of interest extends from the tropopause to an upper boundary placed
at least a scale height above the methane homopause. The main region of
interest, especially for C; species, lies between the zcp, (Lyer) = 0.1 level and
the bottom of the condensation zone: 30 mbar= px0.1 pbar. The atmosphere
is well-mixed at these pressures. It is only at altitudes above the primary
photolysis level approaching the homopause that molecular diffusion begins
to play a role. All of the dynamics is in effect buried in the parameter K,
the magnitude of which is representative of the strength of vertical mixing
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in the atmosphere driven by whatever source (e.g., turbulence, meridional
circulation) (Sec. IV.D). Consequently, the calculated mixing ratios f; are
usually viewed as being averaged over latitude and longitude but the extent
of the averaging region is ill defined. If the chemical lifetime of a species is
much shorter than the transport time (roughly H2/K), then the flux term in
Eq. (1) can be neglected and the mixing ratio obtained by equating chemical
production to loss at each level. Otherwise, the full set of continuity equations
must be solved numerically. Figure 14 presents a simplified schematic of the
photochemical system that occurs following the photolysis of methane; other
discussions of the chemical pathways arising in the stratospheres of the outer
planets can be found in Yung et al. (1984), Strobel (1985), and Atreya (1986).

Figure 14. Diagram of the major photochemical pathways following methane pho-
tolysis in the model of Romani et al. (1993). Solid lines represent chemical reactions
while dashed lines are photolysis pathways. Species in boxes are stable chemical
compounds, those in ovals are free radicals.

Models of this type can be used to explore our understanding of methane
photochemistry and eddy mixing in the Neptune stratosphere by making
careful comparisons to relevant observations. If the chemical pathways and
reaction rates are known exactly, then the eddy mixing coefficient can be
treated as a free parameter to be varied until the model results are in agreement
with the observations. The basic modeling inputs are (hopefully) constrained
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by observations: the incident photolysing EUV+FUV photon flux, the model
atmosphere, and the rate of supply of methane from the upper troposphere.
The incident photon flux is well characterized, the principal component being
the direct solar flux. At Neptune's distance from the Sun, however, the
pervasive Lyman o skyglow associated with the local interstellar medium
(LISM) is not negligible (Strobel et al. 1990); the estimated contribution
to the CHy4 photolysis rate is ~3 x 10~%s~! based on near-encounter LISM
measurements by the Voyager UVS. However, there are uncertainties in the
stratospheric p — T structure (Sec. IL.D) and in the value of the methane
mixing ratio in the lower stratosphere (Sec. IIL.B). Also, the photochemical
models incorporate a number of photoabsorption cross sections, quantum
yields, and reaction rate coefficients which either have not been measured
or must be estimated from measurements made at high temperature and/or
pressure. What can be done in a modeling study is to determine the model
sensitivities to these limitations. With respect to the photochemistry it is
important to keep in mind that not all reactions are of equal impoftance; a
model can be very sensitive to one reaction rate while insensitive to another.
The determination of model sensitivities to reaction rates, variations in the K
profile, etc., points the way to future work.

The models described in Moses (1991) and Romani et al. (1993) differ
in their photochemical schemes, in their treatment of vertical transport, and
in their analysis of haze formation and production. Detailed discussion of
chemical pathways, rate coefficients, etc., can be found in Moses (1991) and
Romani et al. (1993) and references cited therein. The main differences in
the photochemical schemes and in the handling of vertical transport will be
discussed first, in terms of comparisons of the modeling results to the ethane
and acetylene mixing ratios retrieved from groundbased and Voyager infrared
observations. The global average abundances of C;H; and C;Hg in the-vapor
phase near the 0.2 mbar level are reasonably well established, as discussed
in Sec. III.C, with values 6 x 10~® and 1.5 x 1075, respectively, for a mean
temperature of 160 K.

The photochemical reaction scheme of Moses (1991) is more extensive
than that of Romani et al. (1993) in that it includes a reasonably complete suite
of photolysis and reaction pathways for C; and C4 compounds; appreciable
steady state abundances of methylacetylene (CH3C;H) and propane (C3Hg)
are predicted by their model (Fig. 15). The Romani et al. scheme is complete
through the C; compounds, but, for the C3 and C4 species, it includes only the
pathways to production. Nevertheless, Moses (1991) (updated in Moses et al.
1992) and Romani et al. (1993) reached similar conclusions on several points
in trying to reproduce observed hydrocarbon abundances. They agree that
ethane is the dominant end product from methane photolysis on Neptune. In
the Moses et al. (1992) model this species accounts for 84% of the total return
flux of carbon atoms to the troposphere (in the form of settling haze particles)
while in Romani et al. (1993) it accounts for 70% of the total downward flux.
They agree in the inference of a sluggish lower stratosphere (K <10 cm?s™!
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Figure 15. Photochemical model abundances for several stable product hydrocar-
bons expected to condense in the lower stratosphere, from Moses et al. (1992).
Calculations are for Voyager ingress conditions, solar maximum FUV+EUV fluxes
(including the LISM source), a CH, mixing ratio at the lower boundary of 2 x 1074,
and a conventional K profile (Eq. 4) with 8 = 0.66 and a value of 10° cm?s™" at
the methane homopause; condensation losses were not included in the model. The
crossmarks on these profiles indicate the pressures at which these species become
saturated.

for p210 mbar). They also concur that the model results are not very sensitive
to the CH4 mixing ratio in lower stratosphere because methane photolysis at
Neptune is a photon-limited process. Romani et al. noted that with similar
solar FUV+EUV fluxes, model atmosphere, and K profile, C;H; and C;Hg
mixing ratios from the two models agreed to within an average of 35% in the
1.0 to 0.1 mbar region (above the condensation regions of these species).
Vapor phase hydrocarbon abundances predicted by the models in the
pressure region sounded by infrared measurements (~0.1 mbar) are very
sensitive to the local value of K. In this region ethane is flowing downward
from a production region at higher altitudes (~1 pbar) to a condensation
sink at lower altitudes (~10 mbar). Ethane is photochemically stable in
this region, i.e.,’fts photochemical lifetime is much longer than the transport
timé; so transport governs the vertical distribution. Continuity then requires
a balance between the overhead net column chemical production rate and the
local downward flux. To first order, the downward transport speed is K/H
and the mixing ratio for species i is inversely dependent upon K:
Pi(2)H (2)
fi(z) = W +C (3)
where P;(z) is the column-summed net photochemical production rate above
altitude z, C is an integration constant and the other quantities have already
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been defined. The situation is more complicated for acetylene, which is photo-
chemically active in this pressure region; nonetheless, similar considerations
apply (Romani et al. 1993).

Both Moses (1991) and Romani et al. (1993) agree that K profiles of the

type ,
N,
K=K, (T\F) 4)

(where K, and N, are the eddy mixing coefficient and number density at a
reference level and B=21/2) do a poor job of reproducing simultaneously the
observed C2H; and C,Hg abundances, although it is possible to adjust thigtype
of K profile to reproduce either the observed C;H; or C;Hg abundarze alone
(Bézardetal. 1991). Moses (1991) did not explore other types of K profiles. In
the Moses et al. (1992) model the vapor phase ethane abundance is on the order
of 10~7 at 1.0 to 0.1 mbar (Fig. 15), too low compared with the value from the
infrared observations, while the model acetylene abundance is in reasonable
agreement with the infrared observations. Romani et al. (1993), however,
experimented with the form of K and were able to fit the IRIS observations
with K profiles having relatively low values in the lower stratosphere (K 2
2 x 10* cm?s™! for pX2 mbar) and relatively high values in the upper
stratosphere (K25 x 107 em?s™! for p<0.5 mbar), with a rapid transition
at intermediate pressures, i.e., a rapidly mixed upper stratosphere overlying a
stagnant lower stratosphere (Fig. 16). The stagnant layer inhibits the flow of
ethane to its condensation sink allowing the mixing ratio to build up, while
the region of vigorous mixing at higher altitudes enhances the conversion of
C,H, to C;Hg which otherwise would be photolysized to C;H,. The value of
K in the stagnant region was suggested by the inferred overturning time of
the lower stratosphere from the circulation pattern presented in Conrath et al.
(1991b).

Regarding the handling of condensation, Moses et al. (1992) did not
include condensation losses in their photochemical model. Instead their pho-
tochemical model was used to predict vapor phase hydrocarbon abundances
which in tum were used to estimate the supersaturations in the lower strato-
sphere needed to initiate condensation via homogeneous, heterogeneous, and
ion-induced nucleation. Moses et al. concluded that unless condensation to
the available nuclei is very efficient, supersaturations on the order of 20 for
C,H; and C,Hg are required to initiate nucleation. The Romani et al. (1993)
models assume that the initial formation of condensation nuclei has already
taken place, and include a condensation loss scheme based upon diffusive loss
of the vapor phase molecules to pre-existing ice spheres. Romani et al. found
that once ice crystals are present they can give rise to rapid loss of vapor phase
molecules, reducing the supersaturations to near unity. Nucleation on inef-
ficient condensation nuclei can take place simultaneously with diffusive loss
of the vapor if the sticking efficiency of the vapor phase molecules to the ice
crystals is £0.01 or if there are very few crystals at the levels where conden-
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Figure 16,  Photochemical model profiles for C;Hg and C;H, from Romani et al.
(1993; adapted from their Fig. 3), for an eddy mixing profile with K~2 x 10*
cm?s™! for p22 mbar and KZ5 x 107 cm?*s~! for p<0.5 mbar. Calculations
are for their nominal egress model atmosphere, solar maximum FUV+EUV fluxes
(including the LISM source), a CH, mixing ratio at the lower boundary of 10~*, and
global average conditions. Vertical dashed lines show IRIS retrieved values of C;Hg
(1.3 x 1075) and C;H, (4.5 x 10~%) and the region of IRIS sensitivity for this model
atmosphere with CHES profiles (full widths at half maximum of the contribution
functions). Horizontal dashed lines indicate the measurement uncertainties in the
IRIS-retrieved mixing ratios and are located at the peak of the contribution function,

sation first takes place (i.e., where the majority of the diffusive loss occurs).
Alternatively, nucleation and ice haze formation in Neptune’s stratosphere
may be episodic.

Constraints on the total amount of condensable hydrocarbons produced
in a model are provided by comparing predicted haze production rates with
available stratospheric haze observations (described in the Chapter by Baines
etal.). Moses et al. predicted an ice haze production rate of 2.2 x 10~ g cm™2
while Romani et al. predicted 1.0 x 10~'*g cm™2. Using these rates we
can estimate corresponding column densitizs for haze particles by balancing
production with sedimentation loss for particles of a given size. Pryor et al.
(1992), from analysis of the Voyager PPS data, retrieved a stratospheric haze
column density of 2.5 to 6.2 x 107 particles cm~? in the 20° to 30°S latitude
band with a mean particle radius of 0.20 to 0.25 um. Baines and Hammel
(1994), from multi-spectral analysis of groundbased observations of Neptune,
have deduced a global average column density of 6.4 x 107cm™2, assuming
0.2 pm radius particles, similar to the Pryor et al. results. Using the PPS upper
limit on particle size the Romani et al. results correspond to a column density
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of 7.7 x 107cm™2, 24% larger than the PPS maximum value, while the Moses
et al. model yields 4.3 x 107cm™2 for 0.2 y4m radius particles, within the PPS
range. Solar maximum FUV+EUYV fluxes were used by both Moses et al. and
Romani et al. Romani et al. argued that owing to weak eddy mixing in the
haze formation region, haze production rates should be averaged over a solar
cycle; making that adjustment, their model is then in agreement with the PPS
observations for particle radii in the range 0.22 to 0.25 pm. The PPS data also
indicate that most of the haze lies at pressures >5 mbar, which both models
predict.

In Romani et al. (1993), photochemical models generated to fit the
groundbased and Voyager infrared data were also tested against the UVS
solar occultation lightcurves. The lightcurves at wavelengths longward of
153 nm place stringent constraints on the abundance of C;Hy in the upper
stratosphere. It was evident in these comparisons that the photochemical mod-
els exhibited larger ethylene abundances than were consistent with the UVS
data unless there was a region of enhanced K near 10 ubar in the modeling.
Ethylene is primarily produced by CHs + CH — C;H4 + Hnear 1.0 ubar but
the main loss channel is H 4+ C,Hy + M — CyHs + M that occurs efficiently
only at deeper levels. A zone of rapid mixing near 10 pbar with weaker mix-
ing at p<1.0 pbar will transport ethylene downward to where the three-body
association reaction proceeds quickly. This not only reduces C;Hy model
abundances, but also boosts the production of ethane in that the principal fate
of C;H; is C;Hs + H — 2CH; followed by CH3 + CHs + M — CyHg + M.
This inference that K reaches a localized maximum near 10 pbar is fairly
independent of uncertainties in the chemical reaction rates adopted in Romani
et al. (1993), because its requirement essentially stems from the displacement
of the C;H4 loss zone from the production zone. More detailed modeling of
the UVS solar occultation lightcurves is currently being carried out.

Recently Mordaunt et al. (1993) have determined that CHj is produced
with a quantum yield of ~0.5 in methane photolysis at Lymanca. Prior
work (see, e.g., Slanger and Black 1982) had indicated that the major C-
radical generated in the photolysis was methylene ("*CH,). At first glance
this would seem to be a major perturbation to the chemistry in Moses et
al. (1992) and Romani et al. (1993). However, in these models the !CH,
quantum yield at Lyman « is ~0.5; once formed, 'CH, reacts rapidly with
H; to form CHj. Thus the models already have the production of CH; from
CH, photolysis at nearly the right quantum yield. What is important, and was
not well determined by Mordaunt et al. (1993), is the net quantum yield for
production of CH; and 'CH, vs CH and *CH,. The first set of products leads
to ethane production (along with methane recycling) while the second set
yields C;H4 and C;H;. Romani et al. noted that to reproduce the abundance
ratio [CyHg)/[C3H;] obtained from IRIS measurements (Bézard et al. 1991),
it was necessary to increase the Lightfoot and Pilling (1987) rate coefficient
for H + C;H4 + M — C;Hs + M by a factor of two, thereby increasing the
fraction of ethylene converted to ethane at the expense of the photolysis path
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to acetylene. If further studies of methane photolysis show that the fraction
of ethylene precursor formation is too high in the current models, then the
need for the doubling of this rate could be relaxed. However, rapid downward
transport and subsequent C;H, loss via this reaction will still be needed to
satisfy the UVS solar occultation constraints.

D. Eddy Mixing Profiles

To date, several constraints on the strength of eddy mixing in the stratosphere
of Neptune have been derived from Voyager measurements. Parkinson et al,
(1990) analyzed He 584 A dayglow measurements from the UVS instrument
and derived a K value of 57}, x 107 em?s~! nominally referenced to the
helium homopause, assuming a 1.0 ubar temperature of 150 K and f(He) =
0.19 in the mixed atmosphere (Sec. V.B). The analysis by Bishop et al. (1992)
of the UVS solar occultation lightcurves extracted K values near 0.2 ubar of
~3 10 10 x 10° cm? s~ depending on the adopted p — T model and K profile
form. Yelle et al. (1993) obtained K~5 x 10° cm?s~! at 550 km altitude
(p=0.6 ubar) at the egress latitude, consistent with those egress models of
Bishop et al. with either T = 180 K or fs(CH4)>10"3, By utilizing C;Hs
densities obtained from the UVS data at longer wavelengths, Yelle et al. de-
rived K~-10° cm? s~! near 30 ubar. The eddy mixing profile adopted in their
modeling had K constant at pressures <40 mbar and exponentially increasing
with decreasing pressure, limited to a maximum value of 10%cm? s~! based
‘on the Parkinson et al. estimate.

Observational constraints on K at deeper levels have been inferred from
IRIS data, as well as groundbased infrared measurements. Photochemi-
cal modeling of the Bézard et al. (1991) and Kostiuk et al. (1992) spectra
strongly suggests the presence of a stagnant lower stratosphere, as described
in Sec. IV.C. Moses (1991) reached a similar conclusion on the basis of her
modeling of infrared-derived hydrocarbon abundances. Equation (3) can, in
fact, be employed to derive an upper limit to K from the C;Hg abundance near
0.5 mbar. Assuming for the moment that each CH4 Lyman « photoabsorption
event results in ethane production, the global average C;Hg column produc-
tion rate would bc ~3 x 108 cm™2 s~ and the corresponding upper limit on K
near 2.0 mbar is 8 x 103cm? s~'. The inference of Yelle et al. that K remains
constant at 10°cm? s~! for pressures greatzr that 0.05 mbar therefore seems
inconsistent with these estimates, though a combined analysis of the UVS and
infrared data may resolve this. The comparisons of UVS solar occultation
lightcurves with simulated lightcurves generated from photochemical mod-
els satisfying infrared-derived constraints presented by Romani et al. (1993)
are encouraging in this regard; these comparisons also suggest a region of
enhanced vertical transport near 10 pbar, as noted in Sec. IV.C.

Owing to the lack of detailed knowledge regarding dynamics and the
distributions of minor species in the middle atmospheres of the outer planets,
it has been common practice to adopt forms for the variation of K with altitude
or pressure developed in (older) terrestrial studies; these are then applied in
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photochemical modeling by treating K as a free parameter to be detgrmi.ned by
data-model comparisons. To the extent that the remaining physics addressed
by one-dimensional photochemical transport codes is correct, a fitted K profile
may yield some insight into the dynamical state of the middle atmosphere in
question. It is important to recognize, though, that vertical transport can
be driven by numerous processes (turbulent mixing, advection) and that the
relative significance of these processes is affected by chemistry. The form
given by Eq. (4) has been used more often than not (Lindzen 1971; Hunten
1975), with 8 = 0 or 1/2; the latter choice was initially justified by reference to
transient vertically propagating waves. Both Moses et al. (1992) and Romani
et al. (1993) treated K, and B as fitting parameters in their handling of this
form for X.

Lindzen (1981) presented a parameterization of K that addresses the
“breaking” of upwardly propagating waves (which occurs when the wave-
modified temperature lapse rate exceeds the adiabatic lapse rate, instigating
convective instability) in the terrestrial mesosphere; in particular, K increases
rapidly in the vicinity of the breaking level. Lindzen was mainly concerned
with parameterizing the wave drag acceleration of the mean zonal flow, how-
ever, and his parameterization exhibits a strong dependence on the difference
between the mean zonal wind speed and the wave phase speed in the zonal
direction. This leads to a marked decrease in X at smaller pressures at mid-
latitudes, where the deposition of momentum by breaking waves strongly
affects upper mesospheric wind speeds; the turbulent mixing generated by
waves decreases as the “critical level” (the level where the zonal wind speed
approaches the horizontal phase speed of the wave owing to the acceleration
stemming from the deposition of wave momentum) is approached. Even
for tidal modes in the terrestrial atmosphere (at low latitudes), for which no
“critical level” arises, Lindzen argued for a decrease in K at altitudes above
the breaking level (and below the nominal homopause), because the rapid
increase in molecular diffusion as the homopause is approached will itself
act to damp the tide so that less mechanical mixing is needed to adjust for
wave-driven convective instabilities.

Holton and Schoeberl (1988) discuss arguments that, as regards the trans-
port of minor constituent species, the Lindzen (1981) parameterization overes-
timates the magnitude of vertical diffusion caused by breaking gravity waves.
The main point of the Holton and Schoeberl paper, however, is to argue that
the vertical transport of a minor species in the terrestrial mesosphere is more
likely due to advection within a meridional circulation system, unless the
species in question is characterized by relatively short photochemical time
scales. Notably, the effective one-dimensional vertical transport coefficient
they propose, defined in terms of an area-weighted global average of vertical
wind speeds obtained in simple numerical simulations, also exhibits a de-
crease at altitudes above the level where maximum meridional wind speeds
occur (i.e., vertical speeds decrease near the top of the meridional circulation
pattern).
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What is most significant in the context of one-dimensional photochemical
models is that the decrease in K exhibited in either scenario occurs at altitudes
beneath the nominal homopause, defined as the level above which molecular
diffusion is the main process governing vertical transport. These analyses of
vertical transport in the terrestrial mesosphere thus offer guidelines that can be
tested in the Neptune situation. Namely, we can construct schematic K pro-
files that exhibit the traits of the K profiles suggested by Lindzen (1981) and
Holton and Schoeberl (1988), and rely on data-model comparisons to establish
parameter values. This has been the approach followed in the recent photo-
chemical modeling of groundbased and Voyager measurements, examples of
which are presented by Romani et al. (1993). In addition to the constraints on
K for p>0.5 mbar and p<1.0 ubar, the apparent requirement for enhanced
eddy mixing at intermediate pressures to bring ethylene abundances into line
with UVS constraints is noteworthy.

Models of stratospheric-mesospheric circulations on Neptune have not
been developed as yet, so it is not possible tacompare photochemically derived
K profiles with vertical transport rates associated with expected global or
meso-scale wind systems at pressures <1 mbar. The zonal mean circulation
pattern in the lower stratosphere derived from IRIS data by Conrath et al.
(1991b) suggests sluggish vertical transport, but the p — T profiles upon
which this pattern is based only extend up to ~30 mbar. Nevertheless,
the overturning rate of the lower stratosphere in this model (~10%~") is
consistent with K values required in the photochemical modeling of infrared
measurements (Sec. II1.C).

Insights into the possible role of upwardly propagating waves in the verti-
cal transport of minor species is available from the Voyager radio occultation
data. In a study of wave signatures in the RSS occultation data obtained
at Uranus, Hinson and Magalhdes (1991) were able to identify two possible
vertically propagating wave modes and to derive quantitative estimates for
the breaking level and eddy viscosities needed to damp the wave motions
using the Lindzen (1981) parameterization. The value of K so obtained was
in line with the values suggested by photochemical modeling of the UVS
Uranian solar occulta‘ion results (Herbert et al. 1987; Summers and Strobel
1989; Bishop et al. 1990), which Hinson and Magalhides took to indicate that
wave dissipation was an important source of eddy mixing in the equatorial
Uranian stratosphere. A similar analysis of the RSS data acquired at Neptune
has revealed distinct atmospheric wave signatures at both ingress and egress
locations (Hinson and Magalhdes 1993). Two waves, one at each location
and identified as most likely being inertio-gravity waves, were modeled to
estimate wave contributions to the eddy mixing and momentum budget of the
middle atmosphere. Unlike the situation at Uranus, Hinson and Magalhaes
were able to obtain only upper bounds on the eddy mixing coefficient as-
sociated with the two waves; horizontal wavelengths cannot be determined
from the RSS data acquired at Neptune, resulting in uncertainty in a number
of wave parameters, including K. Based on their modeling, the wave ob-
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served at ingress begins to break near 3 mbar and generates eddy mixing at
p<3 mbar of about 2 x 10*%cm?® s~ or less. At pressures <15 pbar this wave
is strongly attenuated by molecular viscosity, so that wave breaking ceases
and essentially no eddy mixing is generated at lower pressures. Owing to its
larger vertical wavelength, the wave observed at egress should begin to break
at a lower pressure, about 0.5 mbar, and the wave-generated eddy mixing at
p<0.5 mbar could be as large as 50 x 10*cm? s™!. For this wave, damping
by molecular viscosity becomes significant at p~1 pbar, marking the upper
boundary of the region where wave dissipation produces eddy mixing. These
upper bounds on K are considerably larger than the results obtained by Hin-
son and Magalhdes for Uranus. Hinson and Magalhdes (1993) note that their
results are also close enough to other independently derived estimates of K
(Bézard et al. 1991; Bishop et al. 1992) to suggest that wave breaking is
a significant source of eddy mixing in the middle atmosphere of Neptune.
However, as emphasized by Walterscheid and Schubert (1990), the Lindzen
parameterization adopted by Hinson and Magalhdes for estimating K lacks
rigorous justification. Hence, the estimates of K given by Hinson and Mag-
alhdes (1991,1993) are rough approximations at best and should be employed
with caution.

Wave features in stellar occultation-derived temperature profiles have
been alluded to previously (Sec. ILB, Sec. IV.A)! These are, in fact, asso-
ciated with the “spikes” or scintillations that are common features in stellar
occultation lightcurves. French and Gierasch (1974), referring to the 1971 g
Scorpii occultation by Jupiter, suggested that the thermal perturbations were
due to upwardly propagating inertia-gravity waves and that these could con-
tribute significantly to upper stratospheric eddy diffusivities and the overall
heat balance. Stellar occultation lightcurve scintillations have also been at-
tributed to density fluctuations associated with turbulence. Simulations of
occultation lightcurves by French and Lovelace (1983) explored the relevant
assumptions (weak vs strong turbulent scintillation, perfect horizontal layer-
ing) and suggested that the numerical inversion of lightcurves in the vicinity
of the limb is only weakly influenced by horizontal inhomogeneities in the
atmospheric structure. The scintillation phenomenon has been more thor-
oughly studied by Hubbard et al. (1988) and Narayan and Hubbard (1988)
using data from the 20 August 1985 stellar occultation by Neptune (Hubbard
et al. 1987). The first of these papers utilized an approximate numerical ray
tracing model while the second presented a formal analytic theory; in each
case the goal was to analyze the scintillation characteristics arising from vari-
ations in atmospheric structure both perpendicular and parallel to the limb
so as to address the entire occultation record including the “central flash.”
The model fits indicate a large aspect ratio for the density fluctuations in
Neptune’s stratosphere, with a typical horizontal extent (parallel to the limb)
a factor of ~25 larger than the vertical extent. While confirming the exis-
tence of highly anisotropic “turbules,” the source of these fluctuations was
not addressed. The theory of Narayan and Hubbard assumed a power law
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(Kolmogorov) spectrum for the density fluctuations but they noted that the
quasi-layered structures causing the scintillations may be due to propagating
waves or turbulent layers generated by wave breakdown. Thus, as was also
noted by French and Lovelace (1983), careful analysis of stellar occultation
data can provide information on both the large-scale vertical structure and the
turbulence characteristics of the stratosphere of the occulting planet, which
may eventually lead to independent estimates of the strength of eddy mixing
and insights into the operative mixing processes.

Neptune is the only outer planet for which it may be possible to construct a
complete empirical eddy mixing profile, based on the data acquired during the
Voyager encounter. Photochemical modeling of these data using the “conven-
tional” form for K (Eq. 4) has demonstrated that it simply is not appropriate.
Eventually, dynamical modeling of outer planet stratospheres may lead to
quantitative prescriptions for vertical constituent transport rates driven by tur-
bulence or advection (or both) varying with altitude and latitude; these could
then be utilized in two-dimensional photochemical modeling studies that in
turn would allow the data on constituent abundances to constrain dynamical
modeling. Until then, photochemical modelers should at least recognize the
extensive literature on constituent eddy mixing that has been developed in
terrestrial studies (see, e.g., Lindzen 1981; Garcia and Solomon 1985; Stro-
bel et al. 1987; Holton and Schoeberl 1988; Dunkerton 1989; Walterscheid
and Schubert 1990) and perhaps draw from this body of work guidelines for
plausible parameterizations of K. It may also be noted that eddy mixing may
transport heat as well as constituents, so that a satisfactory K profile may also
shed light on the observed thermal structure.

E. HCN and CO in the Stratosphere

The conventional mechanism for producing HCN on Titan is the reaction
between nitrogen atoms and the products of methane photochemistry, partic-
ularly CHj and to a lesser extent CH, (Yung et al. 1984), i.e.,

N+ CH; - H,CN+H

5
H,;CN + (H, N) — HCN + products. ®)

N+ 3CH; - CN+H,
CN + (Hz, CHy4, C;Hg, C;Hq) — HCN + products.

It has been proposed that, within the constraints of available laboratory chem-
ical kinetics data, the same mechanism is responsible for producing HCN in
the stratosphere of Neptune (Atreya et al. 1992; Marten et al. 1993; Lellouch
et al. 1994), but its viability hinges on the presence of sufficient amounts of N
in the stratosphere. The low tropopause temperature of 50 to 55 K effectively
prevents the transport of HCN produced in the troposphere into the strato-
sphere; the saturation HCN mixing ratio at 50 K is a factor of 1072 smaller
than the observed stratospheric value, Two scenarios for supplying N to the

(6)
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stratosphere have been proposed: the supply can be intrinsic to Neptune, in
the form of an upward flux of N, from the deep troposphere (Atreya et al.
1992; Marten et al. 1993), or it can be in the form of extraplanetary fluxes of
N or N* onto the top of the atmosphere originating from Triton (Rosenqvist et
al. 1992). Lellouch et al. (1994) have recently argued that both sources may
be required to account for the observed abundance. Similar considerations
do not arise regarding the origin of CO observed in Neptune’s stratosphere.
Measured tropospheric abundances (Guilloteau et al. 1993) and the fact that
CO is not “cold trapped” at the tropopause point conclusively to an intrinsic
source.

Richardson et al. (1991) have argued that the Voyager plasma (PLS) ex-
periment determinations of total flux shell heavy ion content in Neptune's
magnetosphere indicate that the pickup of magnetospheric ions must be di-
rectly from the ionosphere of Triton. The escape rate of nitrogen ions from
Triton has been calculated by Yung and Lyons (1990) to be 8 x 10%s~",
Assuming all N* leaving Triton reaches Neptune, this amounts to an N* flux
of 10° cm~2s~" onto the top of the atmosphere. To produce their observed
HCN mixing ratio of 1.2 x 10~?, however, Marten et al. (1993) require a
nitrogen flux into the stratosphere twenty times larger, 2 x 10° cm=2s~'. The
disagreement worsens when losses in the magnetosphere (to the solar wind,
rings and the moons, and charge exchange with hydrogen) are considered. In
another aeronomic model, Summers and Strobel (1991) proposed escape of
nitrogen from Triton in the form of neutral atoms, a situation apparently not
favored by the PLS observations (Richardson et al. 1991). The escape rate
of N atoms from Triton in this model, 3 x 10%s~!, translates to an N-atom
flux of 2 x 10° cm~2s~! onto Neptune according to Marten et al. (1993), a
factor of 1000 too low to yield the observed HCN abundance in their model.
Marten et al. (1993) conclude that Triton seems unable to supply the flux of
nitrogen to Neptune's stratosphere required by the observations, leaving an
internal source of nitrogen (N3) as the only viable alternative.

The nitrogen flux required by Marten et al. is based in part on the value
they adopt for K in the 1.0 mbar region, 10°cm? s~ because HCN is stable in
the pressure region sounded by the submillimeter observations and is flowing
downward from a production region at higher altitudes to a condensation sink
deeper in the atmosphere (cf., Eq. 3). This value of K is consistent with
some of the models of Bishop et al. (1992) and with the Yelle et al. (1993) re-
analysis of the UVS solar occultation data. Lellouch et al. (1994), however,
have recently derived a much lower required extraplanetary nitrogen flux,
7 x 10* em~2s~!, reflecting their use of a value for K roughly 2 orders of
magnitude smaller as advocated by Romani et al. (1993) (Sec. IV.C) and their
smaller derived HCN mixing ratio of 3.2 x 107'° at 2 mbar. Lellouch et al.
present photochemical models for both intrinsic and extraplanetary sources of
nitrogen and also discuss the implications of N* vs N as the form of nitrogen
entering the upper atmosphere. While their required flux in the Triton source
case is not inconsistent with the Yung and Lyons (1990) and Summers and
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Strobel (1991) estimates of total nitrogen escape rates from Triton, Lellouch et
al. nevertheless conclude that Triton is unlikely to be the sole source of N for
Neptune’s stratosphere, given the uncertainties in the efficiency of nitrogen
transport from Triton to Neptune.

In addition, a controversy has developed over the nature of the ionizing
flux at Triton. The Yung and Lyons (1990) and Summers and Strobel (1991)
models took precipitating magnetospheric electrons to be the main ionization
source in Triton’s upper atmosphere. If ionization is instead mainly due to
solar EUV radiation, the major topside ion at Triton should be C* (Lyons et
al. 1992; Chapter by Strobel and Summers), with an escape rate (thermal) of
~10%s~! and an N* escape rate an order of magnitude smaller (Lyons et al.
1993). These more recent aeronomic models thus suggest a reduced role for
Triton as a source of nitrogen for the Neptune stratosphere, and reinforce the
requirement for a significant intrinsic source of nitrogen.

As discussed in Sec. ILA and in the Chapter by Gautier et al., the mix-
ing ratio of N, in the upper troposphere and lower stratosphere might be as
large as 0.006 (Conrath et al. 1993). Once convected from the interior to the
stratosphere, N> can undergo dissociation to nitrogen atoms. However, solar
EUV photodissociation cannot produce the flux of nitrogen atoms required
by either Marten et al. (1993) or Lellouch et al. (1994), primarily because of
the presence of a much greater abundance of Hy which absorbs in the same
wavelength range as N». Magnetospheric charged particle impact dissocia-
tion of N; also does not seem adequate, as the power input in the auroral
region (108—10°Watts) is too low. Another possibility is for dissociation by
galactic cosmic rays (GCRs) which are expected to deposit their energy and
produce secondary electrons in the lower stratosphere and upper troposphere
(p<10 bar). The unit collisional depth for GCRs occurs at an atmospheric
column density of about 10 cm~2, The GCR flux-energy spectrum at Nep-
tune (Selesnick and Stone 1991) is such that most of the N> dissociation, and
subsequent HCN production, occurs in the 0.1 to 30 mbar range (Atreya et
al. 1992). Following the suggestion of Atreya et al. (1992), Lellouch et al.
(1994) have modeled the HCN production resulting from GCR impact on N»;
N-atom production profiles were calculated using a simplified GCR ionization
rate expression developed by Moses et al. (1992). The derived required N»
mixing ratio, 0.003 to 0.017, is somewhat uncertain owing to uncertainties in
the K value and NH chemistry, but suggests that GCRs could indeed provide
a significant fraction of the observed HCN but not likely all of it unless the
conversion of N to HCN is very efficient.

Although CO may be produced by reaction between oxygen or oxygen
bearing molecules (H;0, OH, etc.) and the products of methane photochem-
istry (CH,, CHa, C;H;, C3H,, etc.), it does not appear to be the origin of CO
on Neptune (Atreya et al. 1992; Marten et al. 1993). In principle. water can
be brought into the upper atmosphere of Neptune through meteoroid ablation;
the resulting CO mixing ratio, however, would be far less than the observed
value of ~107® (Moses 1992). The same mechanism, i.e., reactions between
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H;0 or OH and hydrocarbons, would also produce CO on Uranus, where it
has not been detected, and it would produce at least 100 times more CO on
Jupiter and Saturn than observed there, considering the possible range in water
fluxes from ablating meteorites, rings and moons, and the upper atmospheric
temperatures of these planets (Atreya et al. 1992; Marten et al, 1993). Direct
migration of CO from Triton is ignorably weak. Finally, an extraplanetary
source of CO would result in a gradient in its mixing ratio between the tro-
posphere and stratosphere that has been ruled out by observations. Thus, it
appears certain that CO has an intrinsic source on Neptune, as is the case at
Jupiter and Saturn (Noll et al. 1988; Noll and Larson 1990). The absence of
detectable amounts of CO and HCN in the upper atmosphere of Uranus can
be attributed to the sluggishness of convection in its interior, which would
severely limit the transport of minor species (N3 in the case of HCN) to the
observable part of the atmosphere.

There is another consideration which :s important to keep in mind: that
cosmogonic and chemical kinetic considerations favor N; as the stable form
for nitrogen and CO for carbon (rather than NH3 and CH,4) everywhere in the
solar nebula. The relatively short lifetime of the solar nebula (<30 Myr) is
not long enough to attain a state of chemical equilibrium, in which the N> and
CO originally present in the interstellar cloud would be reduced to NH3 and
CHjy. At the relatively high pressure of the giant planet (Jupiter and Saturn)
subnebula and the high pressures and temperatures prevalent in the interiors
of Jupiter and Saturn, such conversion can and does occur. In the colder and
smaller outer planets and their satellites such processing would be inhibited,
allowing some or all nitrogen to remain N, and at least some CO to remain
CO. This implies that N; and CO should be present in the interior of Neptune
and Uranus and on other bodies formed in their vicinity, The recent detection
of N; and CO on Pluto (Owen et al. 1993) and Triton (Cruikshank et al. 1993)
supports this hypothesis. The presence of CO and N, (or HCN) in the upper
troposphere and stratosphere of Neptune, but not of Uranus, has far reaching
implications for the accretion, interior structure, and the chemical kinetics
of certain key processes in the interiors of these planets. These issues are
discussed elsewhere (see the Chapter by Gautier et al.).

V. UPPER ATMOSPHERE

Information regarding the upper atmospheric structure on Neptune is still
fragmentary. A limited amount of insighr is afforded by the groundbased
stellar occultation results, and there are relevant data sets from the Voyager
RSS and UVS instruments. The stellar occultation studies were described in
Sec. I1.A; these are of limited usefulness for pressures p<1 pbar owing to the
sensitivity of the inversions to measurement uncertainties and imposed initial
conditions. The RSS occultations resolved electron density profiles which in-
dicate plasma temperatures ~1000 K above 1000 km altitude and also exhibit
strong spikes similar to those observed during the radio occultations of the
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other giant planets (Tyler et al. 1989; Lindal 1992). The UVS measurements
(Broadfoot et al. 1989) are our primary source of information on the upper
atmosphere. Particle-induced emissions were observed, the EUV dayglow
(He 584 A) was measured, and the solar occultation experiments have yielded
an estimate of the upper thermospheric temperature at the ingress latitude.
However, current modeling capabilities are not such as to allow a useful
melding of the RSS and UVS data sets, while the UVS data generally suffer
from poor signal-to-noise ratios.

A. Upper Atmosphere Thermal Structure

Results of the preliminary analysis of the UVS ingress solar occultation data
were presented by Broadfoot et al. (1989), indicating an upper thermospheric
(p~1073 pbar) temperature of ~750 K (Fig. 1) and a temperature of 250 K
near 1072 ubar from analysis of absorptions in the Lyman and Werner H;
band systems. The UVS data at wavelengths below 800 A (i.e., wavelengths
corresponding to the H; ionization continuum), which probe the upper ther-
mosphere, have yet to be analyzed in detail, although Yelle et al. (1993)
suggested a revised exospheric temperature of 550 K. Difficulties with mod-
eling the H; electronic band absorptions in the ingress and egress data were
discussed in Sec. II.C.

The thermosphere of Neptune, like those of the other Jovian planets, is
surprisingly hot. The temperature rise at the base of the thermosphere amounts
to roughly 500 K. In a classical model of a thermosphere the temperature rise
is caused by downward conduction of energy deposited at high altitudes by
absorption of solar EUV radiation. A 400 K temperature rise over 500 km
implies a downward heat flux of 0.1 ergcm™2s~! while the solar energy
available to heat the thermosphere is <10~ ergem™s~!. Thus, heating
by solar EUV fails completely to explain the observations and the apparent
heating must be due to other causes.

Neptune’s hot thermosphere was not unexpected because Voyager found
apparently similar phenomena on Jupiter, Saturn, and Uranus. As yet, no sat-
isfactory explanation for the thermospheric structure on these planets has been
offered but we can make some general conclusions from the observations: (1)
There is no apparent correlation with heliospheric distance or, equivalently,
solar input. Uranus is nearly as warm as Jupiter and Neptune only slightly
less so; (2) there is no apparent correlation with the strength of the intrin-
sic planetary magnetic field; (3) There does appear to be a correlation with
the strength of vertical mixing as characterized by the eddy diffusion coef-
ficient. Considering for the moment only Saturn, Uranus, and Neptune, we
note that Saturn has the largest eddy coefficient and the lowest thermospheric
temperature, Uranus the lowest eddy coefficient and highest thermospheric
temperature, and Neptune is intermediate to both cases. The intense aurora on
Jupiter could play a role in the thermospheric energy balance of that planet,
even at low latitudes, and therefore Jupiter might not follow trends evident
on the other planets. If there is a physical mechanism behind the correlation
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of exospheric temperatures and eddy mixing rates it is not obvious. Vigorous
eddy mixing will carry hydrocarbons to higher altitudes implying reduced
exospheric temperatures as observed, but this effect is included in the cal-
culations demonstrating the “energy crisis” and therefore does not solve the
problem even though the trend is in the right direction,

Some prior work has suggested that the high thermospheric temperatures
are related to large ultraviolet emission rates observed on the outer planets
(Shemansky 1985; Shemansky and Smith 1986). This hypothesis can be
ruled out. The ultraviolet emission rates vary to high accuracy as the inverse
square of heliocentric distance (Broadfoot et al. 1989; Yelle et al. 1987).
The thermospheric temperatures on the outer planets show no such trend.
In fact, it is easy to show that the thermospheric heating implied by the
observed ultraviolet emission rates on Neptune are insignificant. This also
holds true for Uranus (Strobel et al. 1991). Clarke et al. (1987) suggested
that plasma instabilities could accelerate photoelectrons and produce copious
ultraviolet emissions. There are some physical problems with the proposed
mechanism that are discussed by Strobel et al. (1991) but even ignoring those
the hypothesis does not consistently explain the observations because of the
lack of correlation between thermospheric heating and ultraviolet emission
rates discussed above.

B. He 584 A Dayglow

For the H,-He atmospheres of the outer planets, the He 584 A dayglow bright-
ness depends on the helium mixing ratio deep in the atmosphere, the eddy
mixing coefficient near the homopause, the temperature profile, and the solar
flux and line width. Measurement and analysis of this emission at Neptune
can serve as a consistency check on some of these parameters derived by other
means. The He 584 A dayglow is excited by resonant scattering of the solar
line. Because H; absorbs at this wavelength, only helium above an optical
depth r~1 in H; contributes to the dayglow. The amount of He above t~1,
and hence the dayglow, increases with the He mixing ratio in the mixed atmo-
sphere and with the eddy mixing coefficient K. He 584 A dayglow has been
measured from all the outer planets except Uranus. Because eddy mixing on
Uranus is weak, there is too little He above the 7 = 1 level to create a measur-
able glow. Details of measurements and modeling techniques for Jupiter are
given by Carlson and Judge (1971,1976) and McConnell et al. (1981), and
for Saturn by Sandel et al. (1982). The observations and analysis for Neptune
have been described by Parkinson et al. (1990).

Parkinson et al. inferred a latitudinally averaged He 584 A dayglow
brightness of 0.340% R. The large uncertainty reflects the weak signal and
the relatively large background. Their analysis was based on the initial atmo-
spheric model of Broadfoot et al. (1989) with an exospheric temperature of
750 K. The value of K was assumed to be independent of altitude. Using a
sophisticated radiative transfer model (Gladstone 1982,1988) and careful es-
timates of the solar flux and line width at 584 A, they computed the expected
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dayglow brightness as a function of the product f(He)K, where f(He) here
refers to the mole fraction in the mixed atmosphere. The brightness plotted
in this way was found to be nearly independent of f(He), so this parameter
value must be taken from other work. Comparing these curves to the mea-
sured brightness and its uncertainty, Parkinson et al. inferred f(He)K ~10’
cm?s™!, with upper and lower bounds of 3 x 10° and 9 x 107 cm?s~!. The
reference value of f(He) = 0.19 (Conrath et al. 1991a) implies K;~5 x 107
cm?s™!, with bounds of 6 x 10° and 1.6 x 10® cm?s~!. These uncertainty
bounds do not include a contribution from the uncertainty in the solar flux and
line width. Including “worst case” uncertainties in these parameters would
change the values quoted above by ~50%.

C. Aurora and Photoelectron-Excited Emissions

The offset and 45° tilt of Neptune's magnetic dipole from the spin axis,
combined with the 29° tilt of the spin axis to the ecliptic plane, lead to a
magnetic configuration that differs in important ways from others that we
have had opportunity to study. In particular, for certain rotation phases of
Neptune, large areas of the dark side are magnetically conjugate to the daylit
hemisphere. Photoelectrons from the day side can then excite emissions in
the night atmosphere. A classical aurora near the magnetic poles is probably
present as well.

Figure 17. Latitude-longitude map of the relative emission brightness in H, bands
(96.7-111.5 nm) from Neptune’s dark hemisphere measured by the Voyager UVS
(Sandel et al. 1990). Two distinct emission regions are evident: a diffuse emission
extending over all three latitude bins centered near 30°W longitude and a more
localized emission in the southern latitude bin near 240°W longitude. Latitudinal
ranges shown are approximate. Typical 1-o uncertainties are indicated by the single
error bar.
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Two distinct regions of weak emission have been identified in UVS
observations of the night side of Neptune (Fig. 17). Sandel et al. (1990)
analyzed data from a mapping sequence in which the UVS slit was scanned
repeatedly over the central meridian as the planet turned by more than a
complete revolution beneath it. After eliminating measurements that included
emission from the sunlit crescent or the sky background, they divided the
remaining range of latitudes, from 55°S to 50°N, into three bins. The map
derived from these data shows emission from two regions. The first is a diffuse
region that extends over all three latitude bins at roughly equal intensity, and
extends over longitudes of 0° to 60°W. The emission spectrum is of low
quality because the emission is so weak, but it is consistent with H, band
emissions. The brightness, averaged over the field of view and integrated
over the optimum wavelength range (967 to 1115 A) for detecting H, bands
is ~2.5 R. Sandel et al. estimated that the emission extends over about 13%
of the surface of the planet, and computed a value for the radiated power of
about 6 x 107 W. The second region is more localized in both longitude and
latitude. It is confined mainly to the southern-most latitude bin near 240°W,
Although its brightness of about 5 R is higher, the integration time is lower;
hence the spectrum is poorer than that from the first region but also seems
consistent with H, band emission. For an estimated emitting area of 2% of
the surface, the emitted power is 2 x 107 W.

Electron excitation of an H, atmosphere produces HLymano as well
as Hy band emissions, but the expected H Lyman « brightness is below the
detection threshold set by other sources of HLymana that were within the
field. These included the diffuse H Lymana background excited over the
planet by rescattering of sky background (LISM) H Lyman « (Yelle and Sandel
1986), and direct sky background entering the occultation port of the UVS
instrument,

The wide range of latitudes spanned by the diffuse emission is not con-~
sistent with usual auroral morphology. Two alternative models for the diffuse
emissions have been put forth (Sandel et al. 1990; Cheng 1990b). Sandel
et al. suggested that the diffuse emissions are excited by precipitating photo-
electrons from the magnetically conjugate sunlit hemisphere. As seen from
Voyager in the post-encounter period, the emissions appear at longitudes hav-
ing magnetic conjugate points on the surlit side. Generally speaking, the
emissions should be absent at other rotation phases, where this day-night
connection is also absent. This argument was based on a simple picture of
an offset tilted dipole magnetic field. Recent field-line tracing using a more
realistic magnetic field model has confirmed the early picture, and also shows
a region of connection near the southern bright spot.

A viable model for the diffuse emission must not only match the observed
morphology but also supply the needed energy. Sandel et al. argued that an
efficiency of about 0.5% is needed in the conversion from solar flux and
suggested that such an efficiency is not unreasonable. Scaling photoelectron
fluxes measured above Earth’s atmosphere also indicates that the required



NEPTUNE'S MIDDLE AND UPPER ATMOSPHERE 477

energy may be available. No detailed model calculations have been done,
however.

The second model advanced to account for the diffuse emission is based
on the large offset and tilt of Neptune’s magnetic dipole, which create a large
region of anomalously low surface magnetic field strength (Cheng 19905).
Trapped particles drifting around the planet precipitate into the atmosphere
when they encounter this weak field region. The anomaly extends from the
north magnetic pole (51°N, 48°W) to a point on the magnetic equator at 38°S,
167°W. In this model, westward-drifting electrons precipitate at the eastern
edge of this region, exciting the diffuse emission. Eastward-drifting protons
precipitate on the other side, possibly contributing to the enhanced ultraviolet
emission near 240°W, Energetic particle signatures support the idea of such a
precipitation pattern, and show that the precipitating particles have sufficient
energy to account for the observed emission (Cheng 1990b). While the
morphology predicted by anomaly driven precipitation is generally consistent
with that observed, it differs in detail. The model predicts more variation with
latitude in the longitude of the diffuse emission than is observed. However,
the signal-to-noise ratio of the ultraviolet map is rather low and it is not clear
that the observations are inconsistent with this model.

The localized region in thé south is near the magnetic pole and may be a
classical aurora. This interpretation is supported by observations of trapped
particles (Krimigis et al. 1989) and nonthermal radio emissions (Gurnett et
al. 1989; Warwick et al. 1989) normally associated with auroral particle
acceleration. A brighter aurora would be expected at the other pole owing to
the weaker field strength there. Unfortunately the 51°N latitude of that pole
places it at the edge of the area mapped by the UVS and its position near
the limb may have further reduced its apparent brightness. Thus we lack a
reliable measurement of possible auroral emission there. To evaluate possible
power sources, it is reasonable to assume that the total radiated power is
approximately twice that observed for the better-observed southern spot, that
is, about 5 x 107W.

For an efficiency of 3%, the magnetospheric input power must be ~1.5 x
10°W. Broadfoot et al. (1989) described a mechanism for deriving this power
from Neptune’s rotational energy using the medium of mass loading in
“plasma arcs” associated with mass injection from Triton. These ideas were
further developed by Hill and Dessler (1990) and Sandel et al. (1990). Their
mechanism requires a mass loading rate of about 1 kg s~'. Models of the
atmosphere of Triton suggest a total H+N loss rate of about half this level
(Chapter by Strobel and Summers).

An alternative model (Cheng 1989,1990a) invokes an external source,
the solar wind, to power the aurora. Field-aligned currents and potential
drops above the polar caps are the agents by which the energy is transferred
to the atmosphere. The required efficiency for converting solar wind power
is about 0.3%, or about 1/3 of the value observed at Earth. Thus two distinct
mechanisms are at hand to account for both the aurora and the diffuse emission.
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Given the low signal-to-noise ratio of the available data, it is difficult to use
the observations to choose between them.

To assess the importance of the auroral power for the global atmospheric
structure, we compare it to the power deposited by the ionizing solar flux.
The globally averaged solar flux at Neptune is ~10~2 ergecm™2s~!, and the
maximum value, for an overhead Sun, is ~4 x 1073 ergem~2s~!, Using the
brightnesses and areas given by Sandel et al., we estimate the input power
for the localized emission to be about 1 x 10~ ergcm™2s™!, comparable to
the solar flux. The diffuse emission is about half as bright. In terms of total
power integrated over the surface, the auroral input power is about 2% (for
the localized emission) and 7% (for the diffuse emission) of the solar input.
Thus the aurora may be important locally, but are not likely to influence the
structure of the atmosphere on a planetary scale,

D. Ionosphere

The Voyager 2 ionospheric measurements at Neptune were carried out by the
radio occultation technique using the spacecraft’s tracking carrier frequencies
at S and X bands (2.3 GHz or 13 cm, and 8.4 GHz or 3.6 cm, respectively;
Tyler et al. 1989); these measurements completed the acquisition of electron
concentration profiles for the ionospheres of all the major planets. The elec-
tron concentration profiles for Neptune are shown in Fig. 18. The ingress
occultation data on the ionosphere were acquired near 62°N latitude, 227°E
longitude, the egress occultation data near 45°S latitude, 131°E longitude
(Lindal 1992). Both ingress and egress electron concentration measurements
occurred at the moming terminator. An extensive ionosphere, with electron
concentrations greater than 100 cm™, was detected up to 5000 km altitude
(measured from the 1 bar pressure level). The data beyond 2500 km, however,
are suspect because of the effects of variations in the terrestrial ionosphere
and interplanetary medium through which the radio signal traverses.

Both ingress and egress measurements yield electron concentrations of
the order of 1 to 2 x 10%cm™3 at an altitude of 1400 km. A well defined
sharp layer with an electron concentration of 7 x 10°cm™ is evident at
~1200 km in the egress data. Several other layer-like features are seen
below 1000 km. Not all of these necessarily represent real ionospheric layers;
some may be due to unresolved multipath propagation (Eshleman et al. 1977)
arising in genuine layers. Similar features were seen in the lower ionospheres
of Jupiter, Saturn, and Uranus. The topside plasma scale height is around
1800300 km and the corresponding electron/ion temperature is 950-£160 K
(Tyler et al. 1989), taking H* to be the major topside ion and assuming
equilibrium between electron, ion, and neutral temperatures. The exospheric
neutral temperature at altitudes above 2000 km was found to be ~750 K
(Broadfoot et al. 1989). Within the range of uncertainties the ion and neutral
temperatures seem similar, giving support to the identification of the topside
ion as H*. Furthermore, unlike Jupiter and Saturn, the inner magnetosphere at
Neptune (and Uranus) is populated mainly by H*, presumably of ionospheric
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Figure 18. Vertical distributions of electron density in Neptune’s ionosphere mea-
sured during the Voyager 2 RSS occultations. Both ingress and egress profiles were
obtained near the moming terminator. Altitudes are with respect to the 1 bar level
(figure taken from Lindal 1992).

origin. The former planets also have H'z" and H} (among other species) present
in their magnetospheres.

Despite the relatively small solar ionizing flux incident at Neptune, only
3% of that at Jupiter, its ionosphere is generated primarily by solar EUV
radiation. Even in the auroral region of Neptune, the magnetospheric power
input is relatively small, 10® to 10° W, compared with more than 10'* W into
Jupiter’s auroral region. Thus one does not expect a large latitudinal variation
in the behavior of Neptune's ionosphere. I a simplified chemical scheme for
the ionosphere, the production of ions via solar photoionization is followed by
charge transfer and ion loss processes. In Neptune's ionosphere the following
processes are expected to be important:

Ion production
Hy+hv (ore”™) - Hf +e (or2e”) (= 90%) @)
- H"+H+e (or2e) (8)
H+hv (ore”) = HN ¢~ (or2e”) 9
CyHp +hv (ore”) = CyHn ™ + €~ (or2e7) (10)

with Reaction (9) important in the topside ionosphere where [H]>[H;] and
Reaction (10) important in the middle and lower stratosphere where hydro-
carbon abundances are relatively large;
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Charge exchange
Hf +H— Hy+H* (11)
Hf +H, —» Hf(v=0)+H (12)
H'+H;+M—> Hi (v =0)+M (13)
H* (or HY) 4+ C;Hp — CyHp™ + neutrals (14)

with Reaction (11) the main channel near and above the electron density
peak ([H]>[H;]), Reactions (12) and (13) significant in the vicinity of the
electron density peak and below (M represents background atmosphere), and
Reaction (14) significant in the middle and lower stratosphere where C Hp,
abundances are relatively large; and

Ion loss

X* (or XY*) + e~ — neutrals (15)

i.e., the eventual loss of all ions is by dissociative or radiative recombination.
(A detailed and complete discussion of ionospheric chemistry on the major
planets is given in Atreya [1986].) The low magnetospheric power input
does not permit production of large quantities of vibrationally excited Hs.
On Jupiter (and, presumably, on Saturn also) a reaction between H* and H,
(v>4) can occur, converting the long-lived H' ions to short-lived Hf . (HF
would then immediately react with H; to form the short-lived terminal ion Hy
at appropriate altitudes.) As mentioned earlier, there is indirect evidence that
H is the major topside ion at Neptune. In fact, H" should remain the major
ion below the peak; however, significant concentrations of H7 just below the
peak and of hydrocarbon ions in the deep atmosphere below the tropopause
are expected. A preliminary pre-Voyager model of the ionosphere of Neptune
was developed by Atreya (1984) along the lines of his earlier models for
Jupiter and Saturn. This model predicted a peak electron concentration of
1000 to 3000 cm ™ at an atmospheric density level of 10°cm™ (which occurs
at around 1400 km altitude), in agreement with the results obtained from the
Voyager 2 ingress and egress occultation measurements at Neptune. The sharp
ionization layer at 1200 km is most likely reminiscent of terrestrial sporadic
E-type layering of metallic ions caused by "wind shears, as was suggested for
Jupiter (Atreya et al. 1974). The metallic ions are expected to be introduced
into Neptune’s ionosphere by meteorites ablating in its atmosphere. Unlike
Jupiter, there is no magnetospheric source of appropriate ions at Neptune (the
To torus can supply sodium and sulfur ions to Jupiter, which may also cause
ionospheric layering [Atreya et al. 1974; Chen 1981]). Finally, modeling by
Capone et al. (1977), taking into consideration the penetration of galactic cos-
mic rays, indicates that heavy hydrocarbon ions with concentrations as large
as 10*cm™ are produced near and below the tropopause (~100 mbar) of Nep-
tune. Thus large electron concentrations are expected owing to this process
several hundred kilometers below the solar EUV-generated ionosphere.
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