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Abstract. Abstract. Ingress and egress Voyager 2 ultra- 
violet spectrometer (UVS) solar occultation lightcurves 
at wavelengths longward of HI Lyman CI acquired dur- 
ing the Neptune encounter are compared with one- 
dimensional methane photochemical-transport models 
to infer hydrocarbon abundances and the strength of 
eddy mixing in the stratosphere. Previous modeling 
of the 125-140nm lightcurves indicated eddy mixing 
coefficient (K) values of 3-10 x 106cm2s-’ near the 
0.2pbar level and methane mixing ratios in the lower 
stratosphere on the order of l-3 x 10d4; these results 
should be insensitive to photochemical details, pro- 
vided methane is the main source of opacity at these 
wavelengths. The UVS lightcurves at the longer wave- 
lengths, which probe beneath the CH, photolysis peak, 
are expected to be dominated by the opacity of C2 
species (ethane, acetylene, ethylene) and perhaps higher 
order organics. At wavelengths > 152 nm, H2 Rayleigh 
scattering is also a major opacity source. Modeled C, 
species abundances are sensitive to modeling details, 
especially the strength and height profile of eddy 
mixing. The current photochemical model incorporates 
several updates, including a recent revision in CH4 pho- 
tolysis branching ratios at Lyman ~1. In the photo- 
chemical modeling reported here, various forms for the 
eddy mixing profile have been tested, with the con- 
straint that the models for egress conditions remain 
consistent with the C,H, and C2H2 abundances near 
OSmbar derived from IRIS measurements. Superior 
fits are obtained with models exhibiting a stagnant 
lower stratosphere (Kz2 x 103cm2s-’ for pressures 
> 2 mbar) with a rapid transition to a localized level of 
vigorous eddy mixing in the upper stratosphere 
(Kx 108cm2 s-l near lO,ubar, decreasing at higher alti- 
tudes). In line with our earlier work, methane mixing 
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ratios on the order of 1 Oe4 are required to obtain good 
agreement between the photochemical models and the 
UVS lightcurves. 0 1998 Elsevier Science Ltd. All 
rights reserved 

1. Introduction 

During the Voyager 2 flyby of Neptune. both ingress and 
egress solar occultations were recorded with the ultra- 
violet spectrometer (UVS) instrument (Broadfoot et al.. 
1989). The transmission profiles or lightcurves defined 
by the progressive absorption with decreasing minimum 
tangent ray height (MTRH) of the solar irradiance within 

each UVS channel probed the Neptune atmosphere at two 
latitudes (6 I’ N near the winter hemisphere arctic circle. 
49 S in the summer hemisphere at the time of encounter). 
At wavelengths longward of H Lyman a ( 12 I .h nm). the 
lightcurves penetrated to stratospheric levels (0.1 itbar> 
p>O.l mbar). In a previous paper (Bishop et ul.. 1992, 
hereafter referred to as Paper 1). we presented a modeling 
analysis of the UVS lightcurves at wavelengths of 195- 
140 nm using a one-dimensional steady-state methane 
photochemical-transport code. based on the expectations 
that methane (CH,) and its photochemical progeny were 
the species responsible for the measured opacity and that 
the source of methane in the stratosphere was upward 
transport from deeper levels. The main results were 
estimates of the strength of eddy mixing in the vicinity 
of the half-light altitudes of the 125- 140 nm lightcurves 
(K, l~3-10x IOhcm’s~ at 550-6OOkm above the 1 bar 
levels) and compatible methane mixing ratios in the lower 
stratosphere &(CH,) k l-3 x 10 -“). In this report, we dis- 
cuss our attempts to model the occultation data at wave- 
lengths 14g-165 nm. These data probe the stratosphere at 
altitudes beneath the primary photochemical zone (ident- 
ified by the level at which unit optical depth I’or Lyman x 
absorption by methane occurs). As a consequence, it is 
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possible to use these data in conjunction with Voyager 
measurements pertaining to deeper pressure levels to con- 
strain models for the eddy mixing coefficient throughout 
the stratosphere. 

The photochemical model has been updated since Paper 
1. More recently, it has been used in a combined study of 
Voyager measurements at Neptune on stratospheric hazes 
and hydrocarbon species (Romani et al., 1993, hereafter 
referred to as Paper 2). Even though Paper 2 was not 
concerned with detailed modeling of the UVS lightcurves. 
comparisons of the various model cases with the UVS 
egress occultation data were presented to illustrate the 
impact on modeling results of the adoption of different 
eddy mixing and atmospheric temperature height profiles; 
alternate low-temperature rate coefficients for several key 
reactions were also tested. The form adopted for the height 
variation of the eddy mixing coefficient is of crucial 
importance. The form introduced in Paper 2 charac- 
terizing the most successful models derived from pre- 
liminary explorations in modeling the longer wavelength 
UVS lightcurves. While a variety of different K profiles 
have been explored, the form illustrated by Models B. C, 
and D of Paper 2, with a localized zone of rapid mixing 
overlying a stagnant lower stratosphere, has proven to be 
the most successful at replicating the UVS lightcurves 
while, in the egress case, remaining consistent with the 
IRIS measurements analyzed by Bezard rt al. ( 199 1). 

In the following sections, the UVS lightcurves used in 
our modeling are presented and the simulation procedure 
is described, including a complete listing of modeling 
inputs and chemical reaction rates. Photochemical models 
and data-model lightcurve comparisons are then pre- 
sented and discussed. 

2. UVS lightcurves 

Our handling of the UVS data is described in Paper I. 
although for the current modeling we have decided not to 
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rescale the data. In Fig. 1. a subset of the UVS solar 
occultation data used in our modeling is shown as trans- 
mission lightcurves (l(z,,i.,)/ZO(lJ, where zi is the mini- 
mum tangent ray height) averaged over 0.96s intervals 
and ordered according to the channel center wavelengths 
& at 500 km MTRH. Altitude resolutions, defined by the 
change in MTRH over a data-accumulation interval, are 
9.6 km (ingress) and 12.3 km (egress), and the spectral 
resolution is 2.5 nm. The apparent solar diameter for both 
occultations (4 km at ingress, 20 km at egress) is small 
relative to the MTRH range over which total opacities 
drop from 0.9 to 0. I and has been ignored. Other aspects 
of the occultation (e.g., channel center offsets as functions 
of MTRH stemming from the limit cycle motion, con- 
volution of model transmission spectra at 0.1 nm resolu- 
tion with the UVS slit function) are incorporated in our 
modeling using the information provided to us by B. Sandel 
and R. Vervack (personal communication). 

In addition to measurement noise, the data are afflicted 
by two main sources of error: internal instrument scat- 
tering, primarily of the solar Lyman a line. and pointing 
uncertainties which introduce uncertainties in the ratioing. 
These errors and the derivation of a corresponding stan- 
dard deviation cub are discussed by Yelle et n/. (1993). In 
recognition of this, we display the UVS data as data ranges 
defined by ~(~,.,?,)/I,(~,) I cm when making comparisons 
with model lightcurves. 

3. Modeling procedure 

The model lightcurves are constructed using the Hz den- 
sity distributions provided by the model atmospheres and 
the hydrocarbon (CH,, C,H2, C?H,, C2Hb) density distri- 
butions obtained from solving the coupled I-D continuity 
equations 
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Fig. 1. Single channel ingress and egress UVS solar occultation lightcurves at wavelengths 13& 
160 nm, labeled by channel center wavelength at 500 km minimum tangent ray height (MTRH). The 
time series of Ii,,, measurements recorded by the UVS instrument have been binned over 0.96s 
intervals. resulting in a nominal MTRH resolution of 9.6 km for the ingress occultation and 12.3 km 
for the egress occultation. MTRH are referenced to the respective L bar radii : 24445 km for ingress 
and 24535 km for egress (Lindal, 1992) 
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Table 1. Variable definitions 

Definition 

mixing ratio, number density (molecules cmm3) of 
species i 
net vertical flux of species i (molecules cm-’ SK’) 
chemical production rate of species i (molecules 
cm _js_‘) 
chemical loss rate of species i (molecules cmm3 SC’) 
molecular diffusion coefficient of species i for the back- 
ground H,-He atmosphere (cm’s_‘) 
atmospheiic eddy mixing coefficient (cm” s-‘) 
atmospheric number density (molecules cm-‘) 
atmospheric pressure (mbar) 
atmospheric temperature (K) 
altitude, radial distance from center of planet (cm, 
km) 
partial pressure scale height of species i (cm) 
atmospheric pressure scale height (cm) 
local density scale height of species i (cm) 
local atmosphericsdensity scale height (cm) 
wavelength (nm. A) 
channel center wavelength at zl (nm. A) 
UVS channel spectral width (nm, A) 
normalized instrument response at i in channel with 
center wavelength 3., 
reference solar flux at top of atmosphere (photons 
cm--‘s~-’ A-‘) 

photoabsorption cross section of species i (cm’ mol- 
ecule _ ’ ) 
minimum tangent ray height, radial distance for line 
of sight to center of solar disk (cm) 
tangent altitude above 1 bar level where I/I, = l/2 for 
the EL, < 140 nm channels (cm, km) 
measured solar irradiance at zI in channel with center 
wavelength & 
measured solar irradiance in channel with center 
wavelength I., without attenuation 
effective standard deviation in measured transmission 
profile I(:l,l,)/Z,(&) 
lower stratospheric methane mixing ratio 
eddy mixing coefficient at the half-light point of chan- 
nel i., (cm’s_ ‘) 
atomic hydrogen flux at upper boundary (atoms 
cm-‘s -‘) 
diffusive speed (molecular diffusion) (cm s-‘) 
eddy mixing transport timescale (s) 
molecular diffusion transport timescale (s) 
photochemical production timescale (s) 
photochemical loss timescale (s) 

d@ 
2 = P,-L, 
d- 

(1) 

for each species i assuming steady-state conditions. (Vari- 
ables are defined in Table 1.) In terms of the mixing 
ratio for species i, the flux is (ignoring the small thermal 
diffusion term) 

Once the hydrocarbon abundances are evaluated, simu- 
lated UVS lightcurves are given by 

R(i, - &)Z,(E,) 

exp r n(~)x,f;(-_)a~(;) dl. (3) 
(r’-r:)’ 2 I 1 

The species included in the model undergoing photo- 
chemical production, loss, and transport are CH,, CH,, 
‘CH,, C2HZ, C,H,, C2H4, C2H,, C,H,, C,H,, and atomic 
hydrogen. The following species are treated as being in 
local chemical equilibrium : CH, ‘CHZ, C,, C,H, CH3C2H, 
C,H, C,HT, and C,H,. Fixed-point (mixing ratio) bound- 
ary conditions are used for all transported species at the 
lower boundary (the tropopause) ; at the upper boundary 
(p = lo-” mbar), flux values are specified. For the hydro- 
carbon species, the upper boundary fluxes are all set to 
zero; the nominal magnitude adopted for the downward 
flux of atomic hydrogen from thermospheric EUV-driven 
processes is 4 x 107cm-2s-‘, adapted from Gladstone 
(1983). 

The main fitting parameters are the mixing ratio of 
methane in the lower stratosphere (fT(CH4)) and the para- 
meters defining the eddy mixing coefficient (K) profile. We 
have explored several different profile forms for K. In 
seeking out successful model fits, our first step is to identify 
[.f=(CHJ, K,,?(& < 140 nm)] pairs providing the best agree- 
ment with the UVS data at wavelengths shortwards of 
140nm (i.e. the procedure of Paper 1). As previously 
noted, these lightcurves are expected to be least sensitive 
to photochemical modeling details. The K profile is then 
systematically varied. as allowed by the adopted form 
while maintaining the fit at wavelengths < 140 nm, to try 
to improve the fit of the model transmission profiles to 
the UVS data at longer wavelengths. As in Paper 1, we 
rely on visual judgements in assessing the quality of model 
agreement with the data. The nominal values derived for 
the fitting parameters are not unique and can be modified 
by perhaps 50% without adversely affecting the data- 
model comparisons, provided the modifications com- 
pensate one another (e.g. an increase in .ff(CH,) requires 
a compensating decrease in K, .?(A, < 140 nm) in order to 
maintain the correct placement (z, ?) of the ).,< 140nm 
half-light levels.) 

The analysis by BCzard et al. (1991) of IRIS measure- 
ments of stratospheric hydrocarbon emissions obtained 
during the Neptune flyby is based on a large selection 
of low spatial resolution data with field-of-view centers 
ranging from 10”‘s to 50”s latitude, which contains the 
UVS egress occultation latitude. Consequently, the acety- 
lene and ethane mixing ratios (4 x lo-’ (0.2 mbar) and 
1.3 x lo-’ (0.7mbar), respectively) derived by BCzard et 
ul. have been adopted as important constraints for our 
photochemical models in the egress case. 

4. Modeling inputs 

4.1. Atmosphere model 

The atmospheric mean molecular weight adopted in our 
modeling is 2.393, with a helium mixing ratio f(He) of 
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Fig. 2. Ingress and egress p-T models (see text). The altitude scale for the nominal ingress p-T model 
is shown on the right hand ordinate axis. The region where photochemically produced hydrocarbons 
are predicted to condense is also indicated (Moses (11 c/l.. 1992; Romani ct cd.. 1993) 

0.19 (Conrath CI LI/.. 1991a): the possibility that 
,f(He) = 0.15 with,f(N2) 2 0.003 (Conrath c’t al.. 1993) does 
not impact the modeling results presented in Section 5. 
Atmospheric pressure-temperature p-7) profiles at pres- 
sures deeper than Y 2 mbar at the ingress and mean egress 
latitudes are taken from the RSS occultations analysis of 
Linda1 (1992). These are extended to 1 .O nbar using a 
profile of the form presented by Hubbard et (11. (1987) : 
after scaling to ,f(He) = 0.19, their analysis of the 20 
August 1985 stellar occultation central flash indicates a 
temperature of 143 K near 0.42 mbar. The nominal I /[bar 
temperature is 168 K, taken from Orton L’I al. (1992). The 
high altitude segment is based on the preliminary analysis 
of the UVS ingress solar occultation data presented by 
Broadfoot ct al. (1989). The composite profile is shown in 
Fig. 2. The I bar radii at the UVS occultation latitudes, 
which are needed to place the p--T profiles on an altitude 
scale. are taken from Linda1 ( 1992) : 24445 km at the 
ingress latitude of 61 N and 24535 km at the mean egress 
latitude of 49 S. 

Since thep_Tprotile is not well-constrained by Voyagei 
flyby data at pressures in the range 2mbar to 0.01 /[bar, 
“warm” and “cool” models have been used in the mode- 
ling. These are defined by shifting the 1 nbar temperature 
of Orton C! (I/. (1992) by + 20 K as suggested by numerous 
stellar occultations (Roques ct al.. 1994). In these models. 
the RSS profiles and the Hubbard et al. 0.42 mbar point 
are not modified. 

Photolysis rates are calculated using solar irradiance 
fluxes summed over 10 A intervals spanning the wave- 
length range 1000~2500A. At wavelengths longward of 
1204 A, the fluxes are from the 1985 Spacelab- flight ot 
SUSIM (VanHoosier (>r trl.. 1988); a scaled (F,,,, = 207) 
Hinteregger spectrum is used at shorter wavelengths (Hin- 
teregger of ~1.. 1981). The composite spectrum at I AU is 

shown in Fig. 3 and is representative of solar near- 
maximum conditions ; the line-integrated Lyman r flux is 
6.5 x 10” phcm-‘s -‘. (Note that although the SUSIM 
spectrum was obtained near solar minimum. the Lyman 
x flux value is relatively large. It is unfortunate that no 
FUV solar spectral irradiance measurements of com- 
parable spectral resolution are available for the period of 
the Neptune encounter.) At Neptune’s distance from the 
Sun. the pervasive Lyman x skyglow associated with the 
local interstellar medium (LISM) is not negligible and has 
been included in the modeling ; near-encounter measure- 
ments by the Voyager UVS give an estimate of 420 R 
for the sky-averaged LISM Lyman 3: brightness, giving a 
contribution to the CH, photolysis rate of 4 x 1 Om" se' at 
the top of the atmosphere. By comparison. the photolysis 
rate driven by the direct SUSIM solar flux is I .3 x 10-xs~‘. 
The SUSIM spectrum at I A resolution is also employed 
in the lightcurve simulations. 

In our modeling. we adopt “local” conditions, i.e. 
model atmospheres and photolysis rates corresponding 
to conditions at the occultation latitudes at the time of 
encounter. Our modeling of the UVS lightcurves suggests 
rapid eddy mixing at pressures I /[bar <I) ~0.1 mbar, so 
that the timcscale for mixing (zk = 1&:k) is significantly 
shorter than a solar cycle (and consequently much shorter 
than a Neptune season). The analysis of the UVS data by 
Yellc ct L/I. ( 1993) suggests K 2 IO’cm’s~-‘, which is smaller 
than the magnitude we infer at the same pressures ; even 
with this value, though. the mixing timescales are signifi- 
cantly shorter than seasonal or solar cycle timescales. The 
effective solar zenith angles adopted in the ingress and 
egress modeling are 89.2 and 40.2 . respectively, corres- 
ponding to diurnally averaged solar illumination con- 
ditions at the time of encounter. 

The photoabsorption cross sections used in the opacity 
modeling are shown in Fig. 4, at roughly 2A resolution. 
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Fig. 3. Solar FUV irradiance spectrum at I AU adopted in the photochemical modeling and lightcurve 
simulations. The Lyman I flux is 6.5 x IO” photons cm-‘s-‘. (See text.) 

These are taken from : 

CH, 
C,H, 

Lee and Chiang (1983) ; Mount et ul. (1977) 
Suto and Lee (1984) ; Wu et al. ( 1989) ; R. Wu, 
personal communication (T = 155 K) 

CXH, R. Wu, personal communication (T = 155 K) 

CzH, Mount and Moos (1978) 

C,H? Glicker and Ok abe (1987) 

Superimposed are the cross sections convolved with the 
UVS instrument slit function. The channel center wave- 
lengths for the ingress occultation data at a tangent alti- 
tude of 500 km are also indicated. 

The photolysis channels and branching ratios included 
in the photochemical modeling are listed in Table 2. The 
recent revision in the direct quantum yield of CH, from 
the photolysis of methane at Lyman CI (Mordaunt et al., 
1993) has been folded into our modeling. However, since 
the story of CH, Lyman c1 photolysis is still incomplete, 
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Fig. 4. UV photoabsorption cross sections for CH,, C2H,, CzH4, 
and CzH6, at a spectral resolution of -0.2nm (see text). The 
lighter weight lines show the photoabsorption spectra degraded 
with the nominal UVS slit function. Also shown are the H, 
Rayleigh-Raman scattering cross sections taken from Ford and 
Browne ( 1973). scaled upward by a factor 10’. The hash marks 
along the top of the figure indicate the UVS channel center 
wavelengths at 500 km MTRH (ingress occultation) 

we have attempted to make reasonable estimates 
branching ratios for each energy-allowed channel. 
estimates are discussed in detail in Appendix A. 

4.4. Chemical reaction rates 

of the 
These 

The chemical reactions included in the modeling are listed 
in Table 3 along with the adopted rates. There have been 
several updates to the modeled chemistry since the study 
presented in Paper 2. The most notable changes are (1) 
the introduction of the photolysis channel C’H,+hv-+ 
CH, + H using the results of Mordaunt et nl. ( 1993) and 
(2) revision of the chemical pathways involving the vinyl 
radical (C2H,) (Romani, 1996). The chemical scheme is 
fairly complete for the Cz hydrocarbons. An expanded 
chemical scheme with a more complete coverage of reac- 
tion paths involving C3 and C, species was used by Moses 
et ul. (1992) in their pre-encounter study of hydrocarbon 
photochemistry and condensation in Neptune’s strato- 
sphere. (A comparative discussion of the Romani et ul. 
( 1993) and Moses et al. ( 1992) studies is given in Bishop 
et nl. (1995)) 

4.5. Condensutioti 

In the lower stratosphere, temperatures are cold enough 
to result in very high supersaturations (S) for several 
hydrocarbon species (principally C2H, and CIH1) if these 
remained in the gas phase. Consequently. a condensation 
loss is included. Our handling of this loss mechanism is 
discussed in detail in Paper 2 ; the nominal placement for 
removal from the gas phase is dictated by the condition 
S2 1. The study of the relative efficiency of condensation 
processes by Moses et al. (1992) suggests that the con- 
densation levels of product hydrocarbons should lie 
deeper in the atmosphere than indicated by the .S> 1 con- 
dition; however, both the IRIS and IJVS hydrocarbon 
data refer to pressure levels (pzO.5 mbar and 
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Table 2. Photolysis channels and references 

Reaction Branching ratios A References 

Jlh CH,+hv 

J2 

53 

54 

JS 

56’ 

57 

%+zH,+H+H 
4 ‘CHZ+HZ 
~CH+H+H: 
--t CH,+H 
e+‘CH>+H+H 

a+ C,H+H 

3 C2Hz+H,+H1 

&:H,+H+H 

2 CH,+‘CH 

i C2HJ+ H2 

5 CIHJ+H,CH,+CHI 

%CC,H+H 
4 C:H,+Cz 

5 C:H + C?H 

d 
---t C,H**: 

y.Jl21.6) = 0.213 Lee and Chiang (1983); Mount et al. (1977); 
yh( 12 1.6) = 0.282 McNesby and Okabe (1964) ; Calvert and Pitts (1966) ; 
~~(121.6) = 0.100 Rebbert and Ausloos (1972) ; Gorden and Ausloos 
q,(121.6) = 0.406 (1967); Slanger and Black (1982); Mordaunt et al. 
q,( 121 .h) = 0.0 ( 1993) ; Laufer and McNesby (1968) 

q,(i < 153) = 0.30 
9,,(153<1<186) =0.12 
~,~(186<1<201) = 0.21 

Okabe (1981); Okabe (1983); Shin and Michael 
( 199 1) ; McDonald ef al. (1978) ; Suto and Lee (1984) ; 
Wu et al. (1989) ; Nakayama and Watanabe (1964) ; 
R. Wu. personal communication, 1991 

y,(/?<201) = 0.10 

y&I < 190) = 0.5 1 
yh(E. < 190) = 0.49 

Xia et al. (1991) ; R. Wu, personal communication, 
1991; Hara and Tanaka (1973) ; Sauer and Dorfman 
(1961) ; Back and Griffiths (1967) 

q,(121.6) = 0.25 
q&I < 170) = 0.27 
q,(121.6) = 0.30 
q&t < 170) = 0.14 
qJl21.6) = 0.25 
q,(i. < 170) = 0.02 
~~(121.6) = 0.13 
q,(i. < 170) = 0.56 
qJ121.6) = 0.08 
&([i_< 170) = 0.01 

Mount and Moos (1978); Calvert and Pitts (1966); 
Akimoto et al. (1965); Lias et al. (1970); Hampson 
and McNesby ( 1965) 

y,(L< 166) = 0.20 
y#_< 166) = 0.10 
q,,( 166 < ;I < 207) = 0.06 
q& < 166) = 0.03 
q,(166<i<207) = 0.01 
q,,(k 166) = 0.67 
qd( 166 <i < 207) = 0.93 
y,(/?>207) = 1.00 

Okabe (1981); Glicker and Okabe (1987); Allan 
( 1984) 

A,, = 1000.0s ’ assumed 

q.(i = 216.4) = I .OO Arthur (1986) 

‘Wavelengths in nm. 
b See text. 
’ Assuming the radiative lifetime of C,HT to be 1 O- 3 s. 

p < 0.1 mbar, respectively) well above the condensation 
levels so that modeling of these data are only indirectly 
affected by the exact placement of these levels. Within the 
context of the current study, the significance of con- 
densation is in establishing an efficient loss mechanism 
acting at a deeper level resulting in downward fluxes of 
acetylene and ethane throughout the pressure regions 
sounded by the IRIS and UVS data. 

5. Data-model comparisons 

K profiles of the form 

B 

with /I = 0.5 (the subscript o refers to a reference level) 

have been used in generating the model results shown Fig. 
5, since this type of profile (Lindzen, 1971 ; Hunten, 1975) 
has been commonly used in photochemical modeling stud- 
ies of outer planet stratospheres. The fits are determined 
by the i, < 140 nm channels, and it is apparent that the C2 
hydrocarbon abundances in these models are not con- 
sistent with the UVS data. In particular, the model light- 
curves with 2, near 152 nm exhibit more acetylene (CZH2) 
opacity than is consistent with the data (these channels 
encompass the strong first vibrational member of the 3R- 
X Rydberg transition). At longer wavelengths, the excess 
opacity in the models is from ethylene (C,H,). At shorter 
wavelengths, where ethane (C,H,) is expected to contrib- 
ute, the model lightcurves are in fairly good accord with 
the data, except for the egress case at I, = 148.2 nm, where 
the second member of the acetylene 3R-X system makes 
its appearance. Near the 0.5 mbar level, there is a marked 
discrepancy with the IRIS-retrieved ethane mixing ratio 
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Table 3. Reactions, rates and references 

I 

Reaction Rate expression References 

RI ‘CH,+H,-+CH,+H 

R2 ‘CH2+CH,+CH3+CH, 
R3 CH+CHJ+C,H,+H 

R4 CH+H,YCHI 

R; CH3+HY CH, 

R6 CH,+CH,q C,H, 

R7 
R8 

H+H%H, 
H + C2H2Y C:H, 

R9 
RlO 
RI1 

H+C,H,-+C,H,+J% 
Hz + C,H,-tC,H, + H 
H +C2H4Y C2H, 

RI2 
RI3 

H + C2H5+CH3 + CH, 
‘CH,+HY CH, 

R14 
R15 
R16 

CH3+3CH2+C2H4+H 
‘CH2 + C#+Products 
C,H+HYC,H2 

R17 
R18 
R19 
R20 
R21 
R22 
R23A 
R23B 

C2H+H2+C,H2+H 
C,H + CH,+C,H, + CH, 
C,H + C,H,-+C,H, + C2HS 
C2H + C,H,-X,H2 + H 
p-C3H, + H+CH, + CzHz 
‘CH,+H,+3CH2+H2 
C2H3 + C,H,+C,H, + C2H4 
C2H3+C,H3Y C4H6 

R24 
R25 
R26 
R27 
R28 
R29 
R30 
R31 
R32 

C4H+H2-+H>+H 
C,H + CH,+C,H2 + CH3 
C.,H + C,H,-C,H2 + CIHs 
C4H + H 3 C4H2 
C,H + C>H2+C6Hz+ H 
C,H + C,H,+C,H, + H 
C2H +C4JJ+C0HZ+ H 
C4H**,+C4H 2’ 8 2 C H +H 
C4H2+-HY C,H, 

2 

k = 9.24 x lo-” 

k = 6.0 x lo-” 
k = 5.0 x 10~“e200’7 
k max = 1.7 x lo-‘0 
k = 8.75 x 1003’eS24’T 
ko, = 8.3 x lo-” 

k,mk,M 
k=- 

k., + k,M 
k, = 4.0 x 1O-29 
k, = 4.7 x IO-‘” 

k= 
k,,k,M 

------F 
k,.+k,M 

k, = 3.5 x 10-7T-703e-1390:’ 

k., = 6.0 x lo-” 

k= 
k kM -zLL.-F 

k,fk,M 
k = 2.7 x lo-“T-” 
k, = 3.3 x 10-30e-740” 
k = 1,4x IO-“e-1300:7 

X kkM 
k= --““-F 

k,+k,M 
k = 5.0 x lo-” 
k = 5.01 x lo-20~263~--429817 
k, = 2.15 x 10-29e-340:T 

k, = 4.95 x 10-“ee’05”T 
k,k,M 

kc- 
k, + k,M 

k = 7.95 x IOm”e-““’ 
k, = 3.1 x 10~30e457rT 
k, = 1.5 x IO-” 

k= 
k,k,M 

k, +k,M 
k = 7.0 x lo-” 
k = 1 ,99 x 10~“e-333~:T 

k = 1.26 x lO-‘S~-3.‘~--72’/T 

k:. = 3.0 x lOpto 

k= 
k&M 

k, +k,M 
k = 1.8 x lO-‘le-‘090iT 
k = 1.7 x 10-“e-54:!r 

k = 3.6 x lo-” 
k = 1.1 x 10-‘0e28’T 
k = 9.62 x 10m’2e-‘560:T 

k = 1.26x lo-” 
k = 2.4 x lo-” 
k, = 1.3 x 10~22 
k, = 1.2 x IO-” 

k,k,M 
kc------ 

k, + k,M 
k,, = k,, 
k,, = k,, 
k,, = k,, 
k2, = k,, 
kz8 = k, 
kz, = k,o 
k,o = k?o 
k = 1.5 x lo-” 
k, = 1.0 x 1O-26 
k,, = 1.39 x 10p’0e-“84’T 

k = k,k,M 
. 7-r 

Allen ef al. (1992) ; Langford et al. (1983) ; Ashfold et al. 
(1981); Braun et al. (1970) 
Bdhland et al. (1985) 
Baulch et (11. (1992) (see note) 

Berman and Lin (1984) 

Brouard et al. (1989) (see note) 

Baulch et al. (1992) (see note) 

Baulch et al. (1992) (see note) 
Baulch et al. (1992) (see note) 

(see R64) 
Tsang and Hampson (1986) ; Fahr et al. (1995) 
Lightfoot and Pilling (1987) (see note) 

Pratt and Wood (1984) 
Gladstone (1983) 

Tsang and Hampson (1986) 
Bbhland et al. (1988) 
Tsang and Hampson (1986) 

Koshi et al. (1992) 
Opansky (personal communication, 1993) 
Lander et al. (1990) 
Pederson et al. (1993) 
Wagner and Zellner (1972) 
(see RI) 
Fahr et al. (1991) 
k, : Laufer et al. (I 983) 
k, : Fahr et al. (1991) 

(see note) 

(see note) 

(see note) 
Nava er al. (1986) (see note) 
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Table 3.-continued 

Reaction Rate expression References 
_ 

R33 
R34 
R35 
R36 
R37 
R38 
R39 
R40 
R4l 
R42 
R43 

C,H,+H-tC,H,+H: 
C,H,+H+CZH,+C,HI 
C?+Hz-+C:H+H 
C,+CH,+C:H+CH, 
C2H + C,H,+C,H, + H 
CzH, + C,H,-C,H, + C,H, 
‘CH2+3CH2+C2H2+~+H 
‘CH:+CHd+CH>+CHJ 
CH?+C,H,+CH,+C,H, 
CHJ+C,H,-~~,+cZ~, 
C,H, + HY C,H, 

R44 CH4+CH,+CHj+C,H, 
R45 “CH2+H+~~+~z 
R46 CzH, + C,HsY I -C,H, 

R41 
R48 
R49 
RSO 
R51 

CH, + C2H,-+C,~, + C~H, 
CH, + C2H,--C,H, + C2H, 
‘CHz+CzHS-tCH3+C2HI 
‘CH,+CzHj-tCH,+C,H, 
C2H,+C2HS% C,H,,, 

R.52 

R53 
R54 

CH + C2H4+p-CjHq+ H 
CH+CZHJ+(KJH4+H 

R55 

R56 

CH + C2H,+Products 

p-C,H,+HY C,H, 

R57 
R58 
R59 

CLH~+C~H~-+CH~+CH( 
CH,+C?H,-+C,H,+H 
CH, + C,H2Y C,H, 

R60 CH, + C&Y C,H, 

R61 
R62 
R63 
R64 

CH+H?+‘CH,+H 
H+C,H,-C?H,+H, 
CH+H-C+H, 
H +C,H?s C,H, 

k = 1.2x IO_” 
k = 3.3 x IO ” 
k = ] J, x ]O-“‘e ‘WJ ’ 
k = 5.05 x 10 “e ““r 
li = 1.3x IO ‘” 
k = 2.4x IO ‘: 
k = 3.1 x IO-“’ 
!i = 1.2x IO_” 
k = 3.4 x 10~” 
x_ = 1.28x lo-“T “I2 
/i,, = 5.5 x ]O_“T :ee”‘d” r 
k = , .5 x ]O~‘?e~~‘“” ‘1 

k = 2,4x 10~ ?‘,j.+“:ee’7”‘/ 

k = 4.7 x ] 0 “‘e “” ’ 
k, = I .9 x IO-” 
k, = 2.5 x IO-” 

k = +A;; 

k = 2.8, x’;O-” 

k,, = k,: 
k = 3.0 x lo-” 
li = 3.0 x IO_” 
k = 6.59 x ]O mhT_ 0 ‘“emj”’ r 

k’: = 1.9x IO-” 

k = 3.5 x 10m”‘eh’ 7 
km,, = 5.3 x IO I” 
k = 2.2 x ]O~~“‘e”’ 1 

kndx = 7.1 x 10 “’ 
k,, = Fk 
k,, = (1 -F)k 
k = 1.8 x ]O-llJel~~ I 

k,,.%, = 4.4x 10 ~“I 
k = , .636 x ]O_‘“T_l I(0 
I\‘: =6,0x ]()~“e~,X r 

k>X<,hf k _ 

k, +li,M 
k = 2.5 x IO- ” -k,, 
h-,, = 1.3 x IO-” 
k, = 1.3x IO-~“’ 

kTX = O.OO?k, 
x_,, = 1.01 x ]p~-l”le-‘X’7 1 
k = 3,3x ]O “‘T “‘: 

k = 3.0 x IO-” 
k= 1.4x10 ” 
k,, = 1.49 x IO-” 

k, = 1.55x IO-‘” 

Y ung ri ctl. ( 1984) 
Y ung ct ul. (I 984) 
Pitts ?‘I ctl. (1982) 
Pitts c’t ~1. ( 1982) 
Lander er ul. ( 1990) 
Baulch e/ al. ( 1992) 
Lovejoy of ~1. ( 1990) 
(see R2) 
Fahr et ul. (1991) 
Tsang and Hampson ( 1986); Baulch et ul. (1992) (see note) 
Gladstone (1983) 

Tsang and Hampson (1986) 
Zabarnick rt al. (I 986) 
k,, : Laufer et al. (1983) 
k, : Tsang and Hampson (I 986) 

(see note) 

Tsang and Hampson (1986) 
Tsang and Hampson (1986) 
X-,, : Laufer rt al. (1983) (see note) 
k , : Baulch et ul. (1992) 

Baulch et ul. (1992) (see note) 

Baulch et al. (1992) 
(see note) 

Baulch et al. (1992) (see note) 

Whytock et (11. (1976); Wagner and Zellner (1972) 

Tsang and Hampson (1986) (see note) 
X, : Laufer et al. (1983) 
k, : Fahr et al. (1991) 

lc,, : Tsang and Hampson (1986) 
k, : Laufer et ul. (1983) (see note) 
k , : Tsang (1989) 

Zabarnick et ul. (1986) 
Tsang and Hampson ( 1986) 
Becker et al. (I 989) 
Fahr et (11. (1991) ; Heinemann et ul. (1988) ; Monks et ~1. 
(1995) 
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(egress case); the downward transport and loss (via con- 
densation) of ethane in this model is too rapid to maintain 
the observed abundance. The model agreement with the 
UVS data at wavelengths 140-145nm is actually fortu- 
itous, with the overabundance of CpH, and C,H, in the 
models displayed at longer wavelengths compensating for 
an under-abundance of C,H6. Thef,(CH,) and resulting 
K, ,2 values for the 1, < 140 nm channels are listed in Table 
4 for the nominal p-T models. The tabulated values differ 
slightly from the corresponding values for the “a” models 
in Paper 1, owing to the updates in modeling inputs (solar 
irradiance spectrum, effective solar zenith angles, model 
atmospheres, etc.) and the fact that reratioing has not 
been performed. 

We subsequently defined K profiles characterized by a 
small number of layers or zones over which K is held 
constant. and explored model fits by varying the width 
and placement of the constant K zones. The upper tropo- 
sphere, lower stratosphere dynamics modeling of Conrath 
et al. (1991 b) suggests a sluggish overturning timescale 
on the order of 10” s, corresponding to an eddy mixing 
coefficient value of 2 x IO” cm2 s-‘. Photochemical model- 
ing of the IRIS measurements of stratospheric acetylene 
and ethane emissions (Bezard et al.. 1991 ; Paper 2) also 
strongly indicates a requirement for a sluggish lower 
stratosphere if the observed abundances are to be main- 
tained. In view of this, Kin the lowermost zone has been 
constrained to values on the order of 2x lO”cm’s~‘, 
although the extent of this layer has been varied. 

We have found that a minimum of three constant K 

zones are required to give a reasonably good fit to the 
UVS data, with the maximum K values belonging to the 
middle layer centered near 1O-2 mbar beneath the primary 
photochemical zone (where unit optical depth for Lyman 
c( absorption by CH, occurs) : 

I( = K,, P2Pl 

= Kz. PJ>P>P? (5) 

= Kxp;” 
2 0 P3 ’ 

Pl>P2P, 

= K3, PSPJ 

where 7, = ln(K,/K,)/ln(p,/p,) and yZ = ln(K,/K,)/ 
In(PJpJ. The placement of the rapid rise in K @, >p2p2) 
is chosen in part to reproduce a ratio of ethane-to-acety- 
lene mixing ratios consistent with the Bezard et al. (1991) 
IRIS analysis and in part to avoid stifling the upward flow 
of CH,. Other types of profiles were explored (e.g., the 
profile form adopted by Yung et al. (1984) in their exten- 
sive Titan photochemical modeling study), but none were 
found to lead to fits as successful as models with K profiles 
defined by the above expression. 

The models shown in Fig. 6 illustrate the success (and 
model limitations) obtained with the form for K repre- 
sented by equation (5); fitting parameter values for the 

Two body rates are in units of cm3 moleculee' s-’ 
Three body rates are in units of cmh moleculee’s-’ 
If fc and ,f, values are presented, then the factor F is given by 

log,, F = 
tog,“,i;. 

M is the background atmosphere number density 
upper limit is T = 167 K rate from Berman and Lin (1983) 
,f;. = 0.902- 1.03 x 10-3T,f;, = 1 
f;. = 0.38em ~‘73+0.62e~7”8”,,f~ = 0.75- 1.27log,,f;; bath gas is Ar 
bath gas is H, 
,f; = 0.44,./i = 0.75- 1.27log&; bath gas is He 
fast rate 
in lieu of firm evidence, estimating that C,H rates are the same as their C2H analogs. See : Kiefer and Von Drasek (1990) ; 
Tanzawa and Gardiner (1980) ; Frank and Just (1980) 
in lieu of firm evidence. estimating that CaH + C,H2 and C2H + C,H, have the same rate as R20 (see references for R24 
R28) 
estimating to be kinetic rate limit 
k, is an estimate and also a lower limit 
estimating that k,, = 0.04 k,. from R60 
estimating that the disproportionation to recombination ratio is 0.23 (average of CzHI and CzHS self-reactions, 0.3 and 
0.15 respectively. from Tsang and Hampson (1986)) and taking k,, = k,, 
expression from NIST Chemical Kinetics Database V5.0 (Mallard et al., 1993); Laufer et al. (1983) presented tabulated 
data which is reproduced by the NIST expression to 1% 
upper limit is T = 171 K rate from Berman et al. (1982) 
upper limit is T = 160 K rate from Berman et al. (1982); F = 0.5 
upper limit is T = 162 K rate from Berman and Lin (1983) 
estimating that k,,+ k,, = k, from R46 
expression from NIST Chemical Kinetics Database V5.0 (Mallard et al.. 1993); Laufer et al. (1983) presented tabulated 
data which is reproduced by the NIST expression to - 30% 
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Ingress Case 

EDDY MIXING COEFFICIENT (cm’ s-‘) 

103 105 IO’ 109 
10-6m 

MIXING RATIOS 

Egress Case 

EDDY MIXING COEFFICIENT (cm’ s-‘) 

103 105 107 109 
lo+- 

MIXING RATIOS 

TRANSMISSION PROFILES 

o.oot , , , , yy-y---1 

900 700 500 300 100 
MTRH (km) 

TRANSMISSION PROFILES 
I I I b I I I I I 

129.7 

0.00 
I I I I I I I I I 

100 300 500 700 900 
MTRH (km) 

Fig. 5. “Best-fit” photochemical models for K profiles given by equation (4) and corresponding UVS 
lightcurve comparisons. Hydrocarbon mixing ratio and eddy mixing coefficient profiles are shown in 
the left-hand panels, transmission profile comparisons in the right-hand panels. Photochemical model 
profiles : the displayed C2Hn mixing ratios are C,H, (thin solid curve), CzHz (dash curve), and C2H, 
(dotted curve) ; the CH4 mixing ratio and eddy mixing coefficient (IQ profiles are individually labeled 
(thick solid curves. with the latter referring to the upper abscissa axis). In the egress case (lower 
panels), IRIS-retrieved C,H2 and C2H, abundances are shown (diamond and square symbols, respec- 
tively) (Bezard et ul., 1991); the vertical bars through these data points indicate the full width at 
half maximum of the respective contribution functions, while the horizontal crossbars indicate the 
measurement uncertainties (neglecting temperature dependences). In each case, the respective nominal 
atmosphere model has been used in the modeling, with altitudes referenced to the respective 1 bar 
radii. Transmission profile comparisons : the UVS data ranges (Z/Z, _t an) are gray-shaded and labeled 
by the channel center wavelengths at 500 km MTRH ; the model I/Z, lightcurves are overplotted as 
solid curves 

A,< 140nm channels are given in Table 4. In the ingress of C2H, required to bring about agreement. the ethane 
case, models giving good fits for the I, < 140 nm and mixing ratio profile was scaled by a constant factor; an 
1, > 15 I nm channels consistently failed to provide increase of the model C2H, abundances by a factor of 4.0 
sufficient opacity at intermediate wavelengths, pointing to brings the model lightcurves into marginal alignment with 
either an under-abundance of ethane or the presence of the UVS data at A, = 144.7nm and & = 148.4nm, but 
an unmodeled constituent. To gain an idea of the amount the agreement at & = 152.1 nm is now worsened. It is 
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Table 4. Specifications of displayed models 

I1 

INGRESS 

EGRESS 

Case 

Fig. 5 
Fig. 6 
Fig. 8 

Fig. 5 
Fig. 6 
Fig. 7 
Fig. 8 

M’(H)1 K,.‘?(&< 140nm) 
p-T model (cm-‘s-‘) K profile (cm’s_‘) .MCHd flC%z,:z) 

nominal a 4x IO’ equation (4) 8.1 x 106 12x 10--j 2. I x 10-5 
nominal * 4x 10’ equation (5) 5.1 x 1Oh 5 x 10~_5 2.4 x lO-5 
nominal a 4x IO’ stacked K 3.0 x 106 5x 10-5 3.1 x 10-j 

nominal b 4x IO’ equation (4) 1.7 x 10’ 10x lo-’ 2.7 x 1O-5 
nominal b 4x IO’ equation (5) 1.7 x 10’ 5x 10~5 3.1 x 10-S 

warm’ 109 equation (5) 4.0 x IOh 4x lo.-’ 1.6x lO-5 
nominal b 4x 10’ stacked K 6.0 x lOh 5x10.’ 3.4 x 10-5 

a_ - -1.2 - 585km,p(z, :) = 2.4x IO-“mbar, D(CH,,Z,.~)Z 1.5 x 106cm”s-’ 
b_ - -12 - 608 km,p(r, z) = 1.8 x 10m4mbar, D(CH,,I,,~)%~.OX 106cm2s- 
cm _,.? = 601 km,p(z, :) = 3.4x IO-“mbar, D(CHJ.z,.2)z 1.1 x 106cm’s- 

noteworthy. however, that the fit at shorter wavelengths is 
not compromised. It may be that our adoption of “local” 
conditions is inappropriate for the ingress data. If the 
rapid mixing in the middle stratosphere indicated by our 
models is a manifestation of advection in a meridional 
circulation system, then the photochemical stability of 
ethane would suggest that its abundance should be more 
reflective of global solar illumination conditions. 

The egress models are inherently close to such illumi- 
nation conditions, and generating ethane abundances 
within the models sufficient to account for the opacities 
measured by the UVS is not difficult, using the K profile 
form with three constant layers. In the egress case, 
however, as in the ingress case, it is difficult to obtain 
consistent fits across the 140-153 nm interval, since ethane 
abundances yielding good fits at 140-148 nm result in too 
much total opacity at 152 nm where the main acetylene 
spectral signature lies. In Fig. 6 (lower panels) we show a 
compromise fit geared toward giving agreement with the 
IRIS-retrieved C2H, mixing ratio at 0.7 mbar while main- 
taining a marginally acceptable fit to the UVS I52 nm light- 
curve. A factor of 3 discrepancy with the IRIS acetylene 
results is noted. 

The middle layer K values displayed in Fig. 6 are rep- 
resentative of the minimum values needed in our modeling 
explorations to avert excessive C,H, abundances vis-i- 
vis the UVS data at wavelengths 1, > 153 nm. Why is an 
enhanced K necessary‘!-briefly, to transport C2H, out of 
the primary photochemical zone where it is generated by 
CH+CH4-+C2H,+H (R3 in Table 3) to deeper levels 
@ > 10 pbar) where it is more efficiently consumed in the 
three bodyreactionC,H,+H+M+C,H,+M (Rll). The 
subsequent fate of C?H, is C,H, + H-+CH, + CH3 (R12), 
after which methyl radical recombination (R6) can occur. 
Thus, enhanced K values in the vicinity of the primary 
photochemical zone (and beneath the nominal homo- 
pause) also contribute to ethane production. Even with 
K> z 10” cm2 s-’ in the middle layer, we have found it 
necessary to adopt a fast rate for Rl 1, as described in 
Paper 2. Nevertheless, the inference of the existence of a 
region of enhanced eddy mixing at pressures beneath the 
nominal homopause is not critically dependent on the 
particular reaction rates we have adopted; it is based 
directly on the strong limits placed on ethylene abun- 

dances by the UVS data and on the displacement between 
C2H, production and loss zones. A more complete descrip- 
tion of the pertinent chemistry is given below. 

Improved agreement with the UVS lightcurves can be 
obtained using the “warm” p-T models of Fig. 2 in con- 
junction with an increase in the downward flux of atomic 
hydrogen (4=(H)) from the thermosphere, as illustrated 
in Fig. 7. The improvement over the egress case in Fig. 6 
is most noticeable at the wavelengths affected by C,H, 
opacity. Exploratory modeling with 4T(H) magnitudes 
smaller than the adopted nominal value did not affect the 
photochemical model profiles or data-model comparisons 
in any notable way. Increasing $T(H), however, acts to 
reduce both C2Hz and C,H, abundances in the primary 
zone in favor of ethane production and recycling back to 
CH,. Use of the warm p-T atmosphere models also aids 
in improving the model fits to the UVS data, mainly 
through shifting the pressures sampled by the UVS light- 
curves to slightly higher values. Orton et al. (1992) (Figure 
7 and Table 1) present results illustrating howf(CzH,) and 
f(CZH6) values derived from infrared spectral radiance 
measurements vary with the assumed mean stratospheric 
temperature on Neptune. Interestingly, increasing the 
mean temperature from 170 K to 200 K requires a com- 
pensating decrease inf(C,H,) values of only IO%, while 
the required decrease inflC,H,) is by a factor of two or 
more. Adjustment of the IRIS data points in Fig. 7 to 
the warmer stratospheric temperatures characterizing this 
model should leave the ethane results in good agreement ; 
however, a discrepancy in C2H, mixing ratios appears to 
remain similar in magnitude to the discrepancy shown in 
the Fig. 6 egress case. 

To see whether the nominal model fits shown in Fig. 6 
could be improved, we have constructed models using 
piecewise constant K profiles partitioned by scale height 
above the tropopause (referred to as the “stacked &Z’ 
case in Table 4). Given the rather large number of free 
parameters (more than can be uniquely specified by the 
data), we have simply patterned these K profiles on our 
previous results and attempted to refine the fits with the 
data. Typical results are shown in Fig. 8. It has not been 
possible, with the current set of reactions included in the 
photochemical model, to improve substantially upon the 
models based on K profiles of the form given by equation 
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Ingress Case 

EDDY MIXING COEFFICIENT (cm* s-‘) 

103 105 lo7 109 
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Fig. 6. “Best-fit” photochemical models for K profiles given by equation (5) and corresponding UVS 
lightcurve comparisons. (See caption to Fig. 5.) In the ingress case. the family of lightcurves obtained 
by increasing the model-generated ethane mixing ratios uniformly by a factor of 4.0 is also shown 
(long-dash curves. see text) 

(5). suggesting that the use of more sophisticated par- 
ameterizations for K are not warranted by the data. The 
relative under-abundance of ethane is still apparent in the 
ingress model. The egress model in Fig. 8 is geared toward 
agreeing with both the IRIS C,H, and C,H, data points 
while remaining marginally consistent with the UVS data 
over the 140-l 53 nm range ; the most obvious difficulty is 
with the UVS 15 1.9 nm channel. owing to the abundance 
of acetylene required by the IRIS data. 

Column-integrated rates for CH, photolysis, net C2H2 
and C,H6 vapor phase production, total hydrocarbon 
haze mass production (from CzH2, C2H6, and C4H2 con- 
densation), and column-average ratios for CH, recycling 
are given in Table 5 for the models displayed in Figs 5-8. 
The relevance of column mass production rates of con- 

densible hydrocarbons in the modeling of stratospheric 
haze distributions on Neptune has been discussed in Paper 
2 and is outside the scope of this paper. Recycling of 
methane following photolysis is a major branch in the 
chemistry. particularly in the model (shown in Fig. 7) 
offering our “best fit” to the UVS egress data when the 
constraints of the IRIS data points are ignored. Net pro- 
duction of ethane is also a significant fraction of CH, 
photolysis in a column sense, but much of the C?H, pro- 
duction actually occurs at pressures >O. 1 mbar in the 
secondary photochemical zone discussed below. A 
notable difference between the ingress and egress cases is 
the reduced role of C2 species photolysis at the longer 
wavelengths under ingress conditions, resulting in 
reductions in acetylene abundances larger than exhibited 
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Egress Case 

13 
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Fig. 7. “Best-fit” egress photochemical model for a K profile given by equation (5) and corresponding 
UVS lightcurve comparisons. characterized by use of the “warm” egress pT model (Fig. 2) and an 
enhanced downward atomic hydrogen flux of 109cm-‘s- at the top of the modeling region. (See 
caption to Fig. 5.) Note that the IRIS data points have not been adjusted to compensate for the 
warmer model temperatures 

by ethane and ethylene (which are produced directly from 
CH, photolysis products) when moving from egress to 
ingress illumination geometries. Results for cases based 
on the models shown in Fig. 6 but with the LISM Lyman 
u skyglow “turned off’ are also presented in Table 5. The 
LISM constitutes a minor component to CH, photolysis 
under egress conditions, and its neglect reduces ethane 
abundances by 30%. Neglecting the LISM in our ingress 
models severely reduces the photochemical activity : 
model lightcurves in these cases are dominated almost 
entirely by H, Rayleigh scattering at wavelengths down to 
145 nm, with CH, photoabsorption dominating at shorter 
wavelengths. It is actually somewhat surprising how 
effectively the LISM-driven photolysis of methane in the 
ingress models shown in Figs 5,6 and 8 leads to C, species 
abundances comparable to the egress counterparts. 

5.1. Synopsis of C,-hydrocarbon chew&r? 

The photochemistry in the model shown in the lower 
panels of Fig. 6 (egress case), hereafter treated as our 
standard model, will be described in more detail. The rates 
for the main reaction and photodissociation pathways 
directly determining the mixing ratio distributions of CH, 
and the stable CZ species are shown in Fig. 9. The cor- 
responding chemical timescales are compared with the 
eddy mixing and molecular diffusion transport timescales 
in Fig. 10 ; the former is given by 

zK = h:,,/K 

where h,,, is the density scale height of the background 
atmosphere, and the latter by 

where n, = iVf;, h, is the diffusive equilibrium density scale 
height for minor species i, and wD is the diffusive speed. 

Two distinct photochemical zones can be identified. 
Photolysis of methane by Lyman s( (J 1 in Table 2) initiates 
the chemistry in the primary zone at pressures 
p< 3 x lo-” mbar. ‘CH2 is for the most part quickly trans- 
formed to CH, via Rl (see Table 3), with some conversion 
to 3CHz via R22. 3CH, formed from direct methane pho- 
todissociation and from ‘CH2 de-excitation establishes a 
condition of near-balance with CH via the reactions R45 
and R61 (particularly at pressures < 1 0e3 mbar), but some 
‘CH, goes on to form C,H, via R14. Removal of CH is 
dominated by R3 at pressures < lo-’ mbar and by R4 at 
deeper pressure levels; note that in Fig. 9 R3 is the main 
route to C,H, in the primary zone and is a minor but 
significant loss channel for methane. Once CH, is formed, 
production of ethane follows : R6 is the main methyl loss 
channel at pressures 2 x 10-4-10-’ mbar (R14 and J7 are 
more important only at lower pressures where mixing 
ratios are falling off rapidly) and is the only significant 
ethane production channel at all altitudes. Acetylene is 
produced mainly via photolysis of ethane (J4a) and eth- 
ylene (J3), with 3CHZ recombination (R39) contributing 
at the highest altitudes. Ethane photolysis also contributes 
to recycling of methane (J4c) and to ethylene generation 
(J4b + J4d). While photolysis constitutes the major loss 
channel for C2H, and CZH6, reaction with CH in each case 
is nonnegligible (R53 + R54, and R55, respectively) ; in 
the case of C,H,. R52 is as important as photolysis. 

In brief, the production rates for the major C,-hydro- 
carbons outstrip the loss rates in the primary zone except 
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Fig. 8. “Best-fit” ingress and egress photochemical models and corresponding UVS lightcurve com- 
parisons, using models wherein the eddy mixing coefficient is held constant over each scale height 
displacement above the tropopause (“stacked K” case). (See caption of Fig. 5.) 

for ethane at pressures p < 1 0p4 mbar where photolysis is 
relatively fast (Fig. 10) owing to the lack of shielding 
by CH,. Eddy mixing carries these species downward to 
denser levels where the rates for the 3-body association 
reactions C2Hz+H+M+C2H3+M (R8) and 
C,H, + H + M +C,H, + M (Rl 1) become relatively 
efficient; this defines the secondary photochemical zone, 
centered near p = 0.5 mbar. Most of the C,H, recycles to 
C2H, via R9 but some ends up as ethylene via R64. Most 
of the C,H, quickly goes on to C,H,+H-CH, + CH, 
(R12), leading to the production peaks in ethane (R6) and 
methane (R5) and a net local loss of ethylene, although 
some recycling occurs (R62). (We can go on to identify a 
“tertiary” zone, identified by the methane production and 
loss peaks near 5 mbar, which are initiated by CIH, + hv+ 
C,H +H, C2+H2 (J2a,b in Table 2) with the latter fol- 

lowed by Cz+H2-+CzH+H (R35) and C,+CH,+ 
C2H + CH, (R36), leading to acetylene recycling (via R17, 
R 18, and R19) and a net conversion of ethane to methane 
owing to the local release of atomic hydrogen. In terms of 
the observations, however, this zone has no real sig- 
nificance.) 

6. Summary and discussion 

The focus in Paper 1 was on the UVS lightcurves expected 
to be dominated by CH, photoabsorption. Although some 
recycling occurs (via CH,+H+M-+CH,+M), the ver- 
tical distribution of CH, is relatively immune to the photo- 
chemistry that follows photolysis, and the main uncer- 
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Table 5. Column-integrated photochemical rates 
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INGRESS 

EGRESS 

Case 

Fig. 5 
Fig. 6 
Fig. 8 

no LISM 

Fig. 5 
Fig. 6 
Fig. 7 
Fig. 8 

no LISM 

Net production 
-__- ___~ 

CH, photolysis CH, C,H2 Total haze 
K profile loss (cm-* s-‘) recycling (cm” s-r) 

CZH, 
(cm-‘s- ‘) (gem-‘s-l) 

_____ 

equation (4) 1.1 x IOR 39% 2.9 x 10” 4.3 x IO’ 2.3 x lo-‘5 
equation (5) 1.1 x IO8 46% 3.7 x 105 4.1 x 10’ 2. I x 1o-‘5 

stacked K 1.1 x 108 45% 2.8 x 105 4.1 x 10’ 2.1 x lo-” 
equation (5) 6.9 x IO6 78% 9.0 x 10” 1.6x lOh 8.3 x IO-” 

equation (4) 4.3 x 108 37% 1.4 x 10’ 1.5 x lox 8.2 x lo-‘5 
equation (5) 4.2 x 10’ 48% 3.5 x 106 1.4 x 108 7.1 x 10-n 
equation (5) 4.2 x IO* 64% 2.6 x lo6 1.0 x 10x 5.1 x lo-” 

stacked K 4.2 x 10” 42% 6.2 x 10h 1.4 x 108 7.4x lo-l5 
equation (5) 3.3 x 10” 49% 3.2 x lo6 1 1 x 108 5.4 x lo-l5 

CH CH CH CH 
2 2 2 4 2 6 

10-S 10-J 10-l 10' 10-S 10-j 10-l 10' 

RATES (cm-’ s-‘) RATES (cm-’ 5-l) 

10-5 1o-3 10-l 10' 10-S 10-3 10-l 10' 

RATES (cmw3 se’) RATES (~rn-~ s-‘) 

PR3DUCTION 

i 

Fig. 9. Photochemical production and loss rates for the major hydrocarbon species, for the egress 
case of Fig. 6. Both total (thick solid curves) and individual reaction rates are displayed; reaction 
labels refer to Tables 2 and 3 

tainty in the modeling of the UVS 125-140 nm lightcurves gressively deeper into the atmosphere, to 400 km beneath 
lies in the characterization of the background pressure- the half-light altitudes of the 125-140 nm lightcurves. The 
temperature (P-T) structure. However, at wavelengths modeled distributions of the species likely to be respon- 
longward of 140 nm, CH4 photoabsorption cross sections sible for the observed opacity (primarily the Cz hydro- 
fall rapidly and the observed atmospheric opacity in both carbons acetylene (C,H,), ethylene (C,H,), and ethane 
the ingress and egress UVS data sets stems from other (C,H,)) depend on model inputs that are not directly 
species. As shown in Fig. 1, these lightcurves probe pro- observed, especially the strength of vertical eddy mixing 
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Fig. IO. Timescales for photochemical production (dash curves), photochemical loss (dot-dash curves), 
transport via molecular diffusion (thin solid curves), and transport via eddy mixing (thick solid 
curves). for the egress case of Fig. 6 

and its variation with altitude. In the current study. photo- 
chemical models conforming to the constraints imposed 
by the 1255140nm lightcurves and (in the egress case) 
IRIS measurements (Bezard et uI., 1991) have been used 
in forward modeling simulations of the 140-l 65 nm UVS 
lightcurves. A variety of eddy mixing coefficient height 
profiles have been explored in seeking model fits to the 
UVS data. The only models exhibiting agreement with the 
data. shown in Figs 6-8. are those characterized by a 
vigorously mixed upper stratosphere (Kz 1O’cm s ’ near 
lOpbar, decreasing at higher altitudes) overlying a stag- 
nant lower stratosphere. In line with our earlier work, 
methane mixing ratios in the lower stratosphere on the 
order of lo-’ are required to obtain good agreement 
between the photochemical models and the UVS light- 
curves. 

The estimates of,f+(CH,) derived in our modeling are 
somewhat at odds with the infrared measurements and 
analysis of Orton ef (11. (1992), who determined values 
7,5+1X6 

-ih x 10-j for a mean stratospheric temperature of 
168 k 10 K 

stratospheric temperature eases 
the disagreement. 

range of 0.6-5.0 IOp3. higher 
even than the Orton (I/. estimates. seen in all 
our model fits, we no difficulty 

below 140nm with 
near 10.‘. 

C,H, 

compared with data, and a little overabundant C,H, 
in the egress case. The “deficiency” C?H, in the model 
lightcurves may actually 

; 
nent hydrocarbon 

ul.. 1992) 
that of ethane (mean cross section 

145nm a rapid 
fall-off at longer wavelengths). large 
abundances invoked by Yelle 
~0.1 are difficult 

Yelle et al. (1993) also infer the height 
variation eddy mixing in Neptune’s stratosphere. The 
values for K derived Yelle et al. from the egress data 
for 550 km altitude (K = 2-3 x lo6 cm’s_‘) are lower than 
our K,:,(i, < 140 nm) values listed in Table 4. It should be 
noted, however, that the nominal p-T models used by 
Yelle rt ul. are warmer than those used in our analysis, 
which impacts the values for K implied by the UVS light- 
curves as discussed in Paper 1. Correcting the Yelle et al. 
values for the difference in assumed mean stratospheric 
temperature and adjusting to an altitude of 608 km (the 
nominal egress z,,? altitude) reduce the apparent dis- 
agreement considerably. Thus, the values of K(550 km) 
given by Yelle et ul. (1993) are roughly in line with our 
results. There is real disagreement at lower altitudes, how- 
ever. Yelle et cd., using an imposed form for the K profile, 
claimed that K decreases with decreasing altitude down 
to p 2 0.04 mbar where our modeling points to maximum 
K values. 

The form of the eddy mixing coefficient profile (given 
in equation (5)) yielding the most successful model fits to 
the UVS and IRIS data sets has been discussed in greater 
detail in Paper 2 (see also Bishop et al. (1995)). At both 
ingress and egress, the placement of the rapid increase in 
K is roughly consistent with the analysis of probable wave 
signatures in the RSS occultation data by Hinson and 
Magalhaes (1993). Their analysis relied on the par- 
ameterization for wave-driven eddy diffusivity of Lindzen 
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(198 I), despite its limitations (as discussed by Hinson and 
Magalhges). Interestingly, Lindzen ( 198 1) also argued for 
a decrease in K as the homopause is approached. 
However, we are not in a position to explain the large 
values of K in the middle layer of our models in terms of 
a particular mixing mechanism ; in this work, K is simply 
a fitting parameter. Nevertheless, it is our belief that, by 
and large, the chemistry is well accounted for, at least to 
the extent that our ignorance of dynamical conditions in 
Neptune’s stratosphere introduces greater modeling 
uncertainties than remaining uncertainties in key reaction 
rates. Our K profiles yielding good agreement between 
models and data will hopefully provide useful constraints 
in dynamical modeling studies. We note in passing that 
additional constraints on the height profile of eddy mixing 
in Neptune’s stratosphere may be forthcoming from fur- 
ther detailed analysis and modeling of HCN observations 
at millimeter wavelengths (Lellouch ef al., 1994). 
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Appendix A 

Quantum yields 61 methane photo[ysis 

The recent work of Mordaunt et al. (1993) by itself is incomplete, 
in that it does not provide sufficient information to unequivo- 
cally assign branching ratios (q) at Lyman TV for all possible 
photolysis channels : 

4 ‘CH2+Hz 

2 CH+H,+H 

4 CH,+H 

4 ‘CH?+H+H 

Furthermore, no measurements of 3CH, or ‘CHZ quantum yields 
are available and the data we currently have on CH3, CH, H?, 
and H yields are contradictory. The experimental results on 
which we rely in our attempt to derive reasonable estimates of 
the branching ratios at 121.6 nm are : 

l net CH3 yield of 0.5 (Mordaunt et al., 1993). 
l net H, yield of 0.5 (Laufer and McNesby. 1968). Note: the 

experiment was actually performed at 123.6 nm with a 
reported quantum yield of 0.58, giving rise to the con- 
tradiction that qb+qc = 0.58 but qd = 0.50. 

l net H yield of 1.0 (Slanger and Black, 1982). 
l net CH yield of 0.08 (Rebbert and Ausloos, 1972). Note : the 

measurements were at 123.6nm (yield = 0.059) and 104.8- 
106.7nm (yield = 0.23); the estimate at Lyman I is from 
simple linear interpolation. 

These results, along with the requirement that the branching 
ratios for channels aae sum to 1.0, are summarized by the fol- 
lowing linear equation : 

1 1 1 1 1 4. I .oo 

0 0 0 1 0 qb 0.50 CH, yield 

0 1 1 0 0 x qc = 0.50 H? yield 

2 0 1 1 2 qd 1 .oo H yield 

0 0 1 0 0 qe 0.08 CH yield 

This matrix is singular, owing to the lack of constraints on ‘CH, 
or ‘CH2 yields, with channels a and e each yielding two hydrogen 
atoms. We choose to neglect channel e, which results in the 
overdetermined system 

1 1 1 1 

0 0 0 1 qa CH, yield (0.45 - 0.55) 

0 1 1 0 x qb = Hzyield (0.45-0.55) 

2 0 1 1 4c H yield ( 2 1 .OJ 

0 0 1 0 qd CH yield (0.06 -0.23) 

We solved this system by a least squares method, allowing for 
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the variations in quantum yields given above, and searched for 
the “best” solution such that 11 -c,q,l was minimized. It was 
necessary to renormalize the branching ratios to a sum of I.0 
once the “best” solution had been found: the loss of initial 
normalization stems from the dropping of one channel and 
from the “scatter” associated with the least squares solution 
technique. The result is 

(i.5 = 0.217 CH 1 yield 0.406 

C/i, = 0.787 => H2 yield 0.382 

YL = 0.100 H yield 0.930 

C/d = 0.306 CH yield 0.100 

To extend these results to other wavelengths, we have adopted 
the following assumptions and constraints : 

l for i, 2 107 nm, the branching ratios for the various channels 
are constant with wavelength (the CH yield is 0.23). 

l for longer wavelengths. the CH quantum yield varies linearly 
with wavelength to reproduce the measured variation, while 
the CH,. HX & H yields remain independent of wavelength 
(where energetically allowed). 

l c/,(i> 132) = 0 and qc(i> 133) = 0. 
l photolysis branching ratios sum to 1 .O. 

The laboratory measurements most needed are (I) the yield of 
‘CHI or ‘CHZ and (2) the yield of CH, both at Lyman LY. 


