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ABSTRACT

Analysis of high-spatial resolution ( - 0.8 arcsec) methane band and continuum imagery

of Neptune’s relatively homogeneous Equatorial Region yields significant constraints on (1)

the stratospheric gaseous methane mixing ratio (faa,s), (2) the’ column abundances and

optical properties of stratospheric and tropospheric hydrocarbon hazes, and (3) the

wavelength-dependent single-scattering albedo of the 3-bar opaque clou~.
/\ From the

center-to-limb behavior of 7270-~ and 8900-~ CH4 bands, the stratospheric methane mixing

ratio is limited to f=~,s < 1.7103, with a nominal value fmd,s = 3.5 10-4,one to two orders

of magnitude less than pre-Voyager estimates, but in agreement with a number of recent

ultraviolet and thermal infrared measurements, and largely in agreement with the

tropopause mixing ratio implied by Voyager temperature measurements. Upper limits to

the stratospheric haze mass column abundance and 6190-~ and 8900-~ haze opacities are

0.61 pg cm-2 and 0.075 and 0.042, respectively, with nominal values of 0.195 pg cm-2 and

0.0245 and 0.0137 for the 0.2-pm radius particles preferred by the recent Voyager PPS

analysis of Pryor et al. (1992, Icarus 99, 302-316), The tropospheric CH4 haze opacities are

comparable to that found in the stratosphere, i.e, upper limits of 0.104 and 0,065 at 6190

~ and 8900& respectively, with nominal values of 0.085 and 0.058. This indicates a column

abundance less than 11.0 ~g cm-2, corresponding to the methane gas content within a

well-mixed, 3%-methane tropospheric layer only 0.1 cm thick. Constraints on the

single-scattering albedos of these hazes include: (1) for the stratospheric component 6190-

A and 8900-~ imaginary indices of refraction less than 0.047 and 0.099, respectively, with
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0.000 (consewative scattering) being the nominal value at both wavelengths, and (2) CHi

haze single-scattering albedos greater than O.85 and0.50at these same twowave1engths,

with conservative scattering again being the preferred value. However, conservative

scattering is ruled out for the opaque cloud near 3 bars marking the bottom of the visible

atmosphere. Specifically, we find cloud single-scattering albedos of 0.915 & 0.006 at 6340

~, 0.775 & 0.012 at 7490 & and 0.803 & 0.010 at 8260 ~. Global models utilizing a

complete global spectrum confirm the red-absorbing character of the 3-bar cloud. The

global-mean model has - 7.7 times greater stratospheric aerosol content than the

Equatorial Region. Finally, re-analysis of the Voyager PPS 7500-~ phase angle data

utilizing the fc~~,s and P~ value derived here confirms the Pryor et al. (1992) result of a

tropospheric CH4 haze opacity of a few tenths in the 22-30°S latitude region, several times

that of the Equatorial Region or of the globe. The factor-of-ten reduction in fa~,s below

that assumed by Pryor et al. implies decreased gas absorption and consequently a decrease

in the forward scattering component of tropospheric aerosols.

I. INTRODUCTION

‘Our present understanding of the optical/microphysical properties and vertical

distribution of aerosols in Neptune’s atmosphere is somewhat precarious. Due to the

substantial spatial and temporal variability of Neptune’s meteorologically-active atmosphere,

as revealed over the years in spectra and imagery acquired from the ground (e.g., Joyce et

af, 1977; Brown et al., 1981; Hammel and Buie, 1987; Hammel, 1989; Hammel et al., 1992)
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and from space (e.g., B. A. Smith et al., 1989), results derived from full-disk observations

spanning several years (e.g., Baines and Smith, 1990) are, to an uncertain degree, imprecise.

More importantly, the large (several orders of magnitude) decrease in estimates of the

stratospheric methane mixing ratio (fc~~,s) reported over the last several years by both

ground-based and spacecraft-borne instruments implies a significant revision in the aerosol

structure derived from fCHA,s-sensitivemethane band observations. In particular, the

substantial decrease in f=d,s from 1-3% in the late 1980’s (Orton ef al., 1987) to current

estimates of 105- 103 (Orton et al., 1992; Yelle et al., 1993) warrants a re-analysis of the

stratospheric and tropospheric aerosol opacities and column mass abundances previously

estimated, for example, by Hammel e~al. (1989) and Baines and Smith (1990) from visible

and near-infrared methane band

In this paper, we utilize

imagery and spectra.

spatially resolved, high signal-to-noise center-to-limb

observations of the especially homogeneous and quiescent Equatorial Region (ER) of

Neptune to reliably determine aerosol properties within a specific, structurally-uniform

region of the planet. The data, consisting of imagery acquired 21 May 1986 by Hammel et

al. (1989) in three continuum wavelengths and three neighboring methane bands of varying

strengths, allows the stratospheric methane mixing ratio to be derived as well, affording a

self-consistent model of aerosol and gas abundances. In addition, we investigate

globally-averaged models, based on the global visible-near-infrared spectrum of Neff et al

(1984, 1985) and the IUE spectrum previously assessed by Baines and Smith (1990), using

the ER parameters as a starting point, Pseudo-continuum wavelengths observed in the Neff
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et al. data are used to assess optical properties at the

wavelengths unobserved by Hammel et al. (1989).

bottom of the visible atmosphere at

Finally, we compare the expected

intensities predicted by the Equatorial Region and global models to that observed over a

variety of phase angles for a narrow latitude band from 22° to 30° S by Voyager, to assess

the viability of our models to this uniquely-observed region.

FIGURE 1

The parameters to be determined for the Equatorial Region are depicted in Figure 1.

These include the stratospheric methane mixing ratio; the column abundance, opacity, and

single-scattering albedo of stratospheric aerosols; the column abundance, opacity, and

single-scattering albedo of the tropospheric methane haze; and the single-scattering albedo

of the 3-bar cloud at the bottom of the visible atmosphere. For the global model, the

stratospheric haze column abundance and single-scattering albedo of the bottom cloud are

constrained using wavelengths unobsemed in the Equatorial Region.

II. PARAMETERIZATION

The analysis procedure largely follows that of Baines and Smith (1990), utilizing

essentially the same haze and cloud morphology (c.\, Figure 1) and radiative transfer codes.

Salient variations between the previous analysis and the present work include: (1) the use

of relevant parameters determined by Voyager, including phase function parameters (Pryor

e~af., 1992) and the thermal profile (Tyler et al., 1989), (2) the use of low-temperature
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methane absorption coefficients (Karkoschka and Tomasko, 1992), and (3) improvements

in the radiative transfer code. In particular, this code was modified to allow the methane

mixing ratio in the non-saturated, warm upper stratosphere to be different than that

assumed for the warm lower troposphere (in colder regions, the mixing ratio follows that

predicted by the Clausius-Clapeyron relation). Thus, in this investigation, fmd,s is a free

parameter which is allowed to vary, contrary to previous studies (e.g., Hammel et al., 1989;

Baines and Smith, 1990; Pryor et al., 1992).

Our morphology includes a stratospheric haze region, with the principal components

being ethane, acetylene, and diacetylene. As theoretically determined by Romani et al.

(1989), ethane comprises - 82% of the aerosol burden by volume, with acetylene making

up the bulk of the remainder (- 17%). As in Baines and Smith (1990), these aerosols are

treated as Mie scatterers utilizing a log-normal distribution of width u = 1.35 for number

densities. As indicated in Figure 1, the vertically-averaged imaginary index of refraction,

the mean particle size, and total column number density are left as free parameters to be

determined by the analysis.

In the troposphere, a methane haze layer with a base near 1.54 bar is expected assuming

the Baines and Smith (1990) deep-troposphere methane mixing ratio, fa~,t of 0.03. We

note that this value was derived from measurements of the shapes and equivalent ~dths of

weak individual lines of hydrogen and methane which are especially sensitive to atmospheric

pressure and CH4 content within the troposphere, and is not very sensitive to the properties
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of optically thin (T : 1) hazes in the

‘us fCHd,tis not a free parameter.

parameter which is derived rather

stratosphere or upper troposphere under analysis here.

On the other hand, the CHd hazetop pressure is a free

than assumed in our analysis (again, unlike previous

investigations). Additionally, the opacity and single-scattering albedo are parameters to be

determined at several wavelengths. These are evaluated with two types of phase functions.

First we use the double Henyey-Greenstein phase function of Pryor et al. (1992), as

developed from 0.75- pm Voyager PPS measurements of a 22°- 30°S latitude band obsewed

over a range of phase angles. Specifically, parameter values are gl = 0.900, g2 = -0.11, and

f, = 0.42, Second, Mie scatterers are used assuming a radius of 2.5 ym as estimated by

Conrath et al. (1991b) from IRIS data. This allows the derivation of methane haze opacities

and column densities from visible-near-infrared data which may be directly comparable to

the IRIS thermal-infrared results.

The bottom cloudtop is assumed to reside at 3.3 bars, again following the Baines and

Smith (1990) molecular line analysis. This cloud is assumed to be optically thick (T> > 10),

and is assumed characterized by the Pryor el al.

albedo of this cloud over wavelength is to be

Figure 1.

(1992) phase function. The single-scattering

constrained by the analysis, as indicated in

The helium molar fraction is assumed to be 0.15 (Conrath ef al., 1991b). This analysis

is not sensitive to helium; thus the range of helium mixing ratios recently suggested by

Conrath et af. (1993) does not impact the results derived here. Equilibrium hydrogen is
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adopted, as determined by Baines and Smith (1990); again the analysis presented here is

largely insensitive (except at 8260 ~; c.J Section 111.E) to the ortho/para distribution.

The method used to determine the various unknowns circled in Figure 1 involves

constraining both the center-of-disk intensities and center-to-limb (Cl%) behaviors of the

six methane band and continuum filter images of Hammel et al. (1989). First, each of the

three methane band images - one each at 6190, 7270, and 8900 ~ - is investigated against

five parameters: the opacity (TH(A))and hazetop pressure of the tropospheric methane haze

(pH), the stratospheric methane mixing ratio (fmd,s), and the stratospheric aerosol mean

radius (<r,> ) and aerosol column abundances (m, and N,, and m~ and NH, for mass and

column densities, respectively, of the stratospheric aerosol and tropospheric CH4 haze).

A substantial range of values is explored for each of the first four parameters, spanning

plausible ranges resulting from previous work (e.g., Baines and Smith, 1990; Pryor et al.,

1992) as well as physical considerations. For each combination of values of these four

parameters, and for each of the three methane band wavelengths, the value of the fifth

parameter, the column abundance of the stratospheric haze, is determined which fits the

center-of-disk intensity for that wavelength. The center-of-limb behavior, as measured by

the standard deviation of the model/data CTL profile, is used to evaluate the goodness of

fit of each model solution which matches the center-of-disk measurements. The values of

these standard deviations are used to determine the best-fit values of the various

parameters, P, and their own standard deviations, am, (P), the latter via the radius of

curvature formula (e.g., Orton and Ingersoll, 1976; Baines and Bergstralh, 1986):
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am, (P) = [(m-n)/r ~2r/d2P]-’n. (1)

Here r is the standard deviation, or residual, of the model fit to the observations and m-n

is the number of degrees of freedom, here conservatively assumed to be 1.

Additional constraints on parameter values include the physical boundary conditions that

opacities can not be negative, that single-scattering albedos lie between 0.0 and 1.0

(inclusive), and that haze opacities monotonically decrease over wavelength from blue to

red wavelengths. Finally, continuum bands are used to evaluate the imaginary index of

refraction (ni) of stratospheric hazes, and, for the troposphere, the single-scattering albedos

of the methane haze and bottom cloud.

III. RESULTS

A. Constraints on Hydrocarbon Aerosol Opacities and Column Abundances

FIGURE 2

Figure 2 shows combinations of methane haze opacities and stratospheric haze number

densities (here parameterized asp%~~, the number density of the ethane layer) which yield

the center-of-disk I/F for each of the three methane bands, for set values of the

stratospheric methane mixing ratio, stratospheric mean particle size, and methane hazetop
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pressure. The relevant standard deviations, OF, between the modelled and observed

center-to-limb profiles, here depicted in fractional units, are shown in Figure 3. Low values FIGURE

of OFfor 6190 ~ and 7270 ~ correspond to relatively low values of p%~~. The minimum

and curvature of the 6190-~ standard deviation curve yield the best-fit 6190-~ solution and

standard deviation of p%% depicted as the circle and error bar in Figure 3. This solution

constraint bar is also shown in Figure 2, but is truncated at the lowest p%% values due to

the violation of the optical constraint that opacity not increase with wavelength (hereafter

referred to as the “Tn7~7~Woptical constraint”). Specifically, the opacity at 8900 ~ exceeds

that at 7270 by more than the amount that can be accounted for by uncertainties in I/F

calibrations, - i.e. 0.013 I/F units, - for low values ofp%~b to the left of the vertical shaded

lines shown in Figure 2. Thus we find that the stratospheric ethane number density is -5

1: cm-3, corresponding to a haze opacity of approximately 0,025 t 0.02 for the three

methane bands, as depicted in the various seconda~ axes near the bottom of Figure 2.

FIGURE 4

We conducted similar analyses over the full ranges of fad,s, <r,>, and PH.AS shown,

for example, in Figure 4 (c.J, alternate axes), we find that the best-fit solutions correspond

to low stratospheric haze opacities near 0.025, regardless of the values chosen for the

stratospheric particle size, stratospheric methane abundance, or tropospheric methane

hazetop pressure. These figures show best-fit and standard deviations ofp%% as a function

of P~, the hazetop pressure, The 7n#~W optical constraint is also shown, as well as the

hazetop pressure constraint derived from a radius-of-curvature analysis of the 8900-~ CTL

standard deviations (see discussion in Section III). Together, these constraints restrict
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acceptable solutions of P~Hb and PH to relatively narrow ranges.

FIGURE 5

Figure 5 shows associated constraints on the tropospheric haze opacity, based on the

restrictions shown in Figure 4 and the direct mapping relationship between P~H6 and ~H

shown in Figure 2. It is found that 7H at 6190 ~ typically lies in the range O.O5-O.1O,

regardless of the value of the stratospheric particle size, stratospheric methane abundance,

or tropospheric methane hazetop pressure. A significant constraint on the maximum CHd

haze opacity is placed by the “hazeless limit”, beyond which the stratospheric haze opacity

must be negative (meaning an unphysical, negatively attenuating, i.e., emitting, region) in

order to match the center-of-disk reflectivity.

We find that our constraints on methane haze opacity are somewhat sensitive to the

choice of phase function parameter values and methane absorption coefficients. We

investigated the effect of using “end point” values of the range of phase function parameters

reported by Pryor et al. (1992). Specifically, we used gz = -0.201 and fl = 0.3933 instead

of the nominal gz = -0,110 and f = 0.42, thus doubling the backscattering component. We

find that the derived opacities are typically 33% smaller at all three wavelengths (6190 ~,

7270 & and 8900 ~). We also find that using room-temperature coefficients of Giver

(1978), instead of the low-temperature coefficients of Karkoschka and Tomasko (1992),

increases the derived opacities at 7270 ~ and 8890 ~ by 10% and 20%, respectively.

However, we find that 6190-~ opacities are significantly less than 7270 ~ opacities in all of

our solutions that utilize room-temperature coefficients, thus further mitigating against the
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use of such coefficients for the analysis of Neptune’s cold atmosphere.

We also have utilized Mie scattering particles for the methane haze. This allows

estimates of particle size and mass and number column densities to be derived which can

be compared to estimates derived at other wavelengths, such as reported by the Voyager

IRIS experiment near 50 pm (Conrath et af. 1991b). The number and mass column

densities may also be compared to that expected from dynamical and microphysical

considerations of convective upwelling, sedimentation, and coagulation processes.

In this analysis, we determine the mass column densities (m~; pg cm-2)of the methane

haze which fit the center-of-disk intensities at each of the three methane band wavelengths

at 8900, 7270, and 6190 ~. The Mie scatterers are evaluated using the parameters of a

standard model, depicted in Figures 2-5 as SM2, (specifically, fm~,s = 0.00035, PH = 0.34
FIGURE 6

bars, P~Hb = 5.25 cm-3, <r,> = 0.2 pm). As shown in Figure 6, over particle sizes from 0.1

to 4.0 pm, we find mass column densities of 7 * 3 ~g cm-2,with the best agreement (as

determined by the smallest variation in mass column density solutions satisfying each of the

three wavelengths) for 2.5 pm, where m~ = 7.81 & 1.09 pg cm-2is derived. As discussed

below in Section 111.D,these results depend little on the choice of standard model since the

opacity of the methane haze varies by less than 2% between them (c.J, Table II.).

FIGURE 7

For Pryor phase function scatterers, the maximum methane haze opacity is summarized

over the full range of plausible fc~d,s, P~, and <r, > in Figures 7 and 8. Once again, the

FIGURE 8
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hazeless and 7n7JTw opacity limits place constraints on the maximum opacity, restricting

r~(6190) < 0.10 (Figure 7) and 7~(8900) < 0.07 (Figure 8). Constraints on the maximum

fc~d,s allowed are also depicted in these figures, as determined by

~~(8900) > 0.13 (to prevent T~(7270) from being negative). fc~d,~ <

the condition that

4 103 is indicated.

Tighter constraints can be placed on fc~d,~ from the standard deviation between the

observed and modelled center-to-limb profiles of the strongest methane bands, as we now

discuss.

B. Constraints on Stratospheric Methane Mixing Ratio. FIGURE 9

FIGURE 10

As shown in Figures 9 and 10, the strong 8900-~ and 7270-~ methane bands are

sensitive to the stratospheric methane mixing ratio. The limb darkening behavior of the

8900-~ band is particularly diagnostic, as illustrated in Figure 9. The standard deviations

of such observed/modelled CTL profiles are utilized in the radius-of-curvature formula (Eq.,

1) to derive constraints on fc~~,s, as depicted in Figure 10. Evaluating over hazetop ,

pressure and particle size, constraints on fad,s over the full range of parameters in our
FIGURE 11

analysis are shown in Figure 11. Additional constraints on fwd,s are placed by (1) the

physical limitation

with wavelength.

opacities < 0, and

that opacities can not be negative, and (2) that opacities do not increase

Large methane mixing ratios (> 0,002) require unphysical 7270-~

thus are ruled out. As shown in Figure 11, this analysis indicates fmd,s

e 0.0017, with a preferred range 2 10”5- 10-3. Simultaneously, the analysis indicates a
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tropospheric methane hazetop pressure 0.1 < P~ < 0.65 bars, with a preferred range 0.1

c P~ < 0.52 bars.

The models utilized to produce Figure 11 incorporate the methane haze opacities and

stratospheric number densities which best-fit the 6190-~ data, We find that our fc~d,s

results are independent of the choice of number densities (p%%) and methane haze

opacities (~~) which fit the 8900-~ center-of-disk data (various combinations of which are

shown, for example, in Figure 2). This is due to the relative invariance of the 8900-~

standard deviation over these (p%%,7H) combinations, as shown, for example, in Figure 3.

Thus, the choice of any @%%,7H) combination leads to essentially the same constraints

shown in Figure 11.

We find as well that our fa~,s results are insensitive to the range of tropospheric phase

functions allowed by the Pryor et al. (1992) analysis. However, constraints on f~Hd,sdepend

somewhat on <r,>, the stratospheric particle radius. For example, the maximum plausl%le

fCH4,S increases to 3 103 for <r,> = 0.3 pm from 1.7103 for 0.2 pm. The 0.2-pm curves

shown in Figure 11 are accurate to within 20% for particle sizes between 0.15 and 0.20 pm,

i.e., the range derived by Pryor et aL (1992) from Voyager UV measurements. Their

preferred value of 0.2 is what we adopt here for our nominal models.

C, Constraints on Single Scattering Albedos
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The above analysis places relatively tight constraints on the stratospheric and

tropospheric hydrocarbon aerosol burden, as well as on the stratospheric methane mixing

ratio, as a function of tropospheric hazetop pressure, We find that the interrelationship

between these parameters places tight constraints on the range of plausible deep-cloud

single-scattering albedos determined from continuum images at 6340 & 7490 & and 8260

~. For example, setting <r,> = 0,2 ~m, fc~d,s = 0.0035, and P~ = 0.34 bars (that is, the

Standard Model 2, or SM2, values shown in Figures 2-5), we find that the single-scattering

albedo of the bottom cloud, &u, is constrained to 0.9149 A 0.0002, 0.7753 & 0.0005, and

0.8025 & 0.0024 at 6340 & 7490 ~, and 8260 & respectively, over the full range of valid

P%% (ice, the shaded portion of the hofizontil solution bar around SM2 in Figure 4-b).

Fixing p%% instead and letting P~ vary over plausible limits (e.g., fixing p%% at 5.25 cm-3,

the SM2 value, and letting P~ vary between the limits of 0.24 bars and 0.41 bars, c.$, Figure

4-b), we find that fiw = 0.9149 * 0.0003, 0.7753 & 0.0013, and 0.8025 & 0.0037. We find

small variations as well when different standard models (such as SM1 and SM3 shown in

Figures 4, 5, and 11) are adopted. In particular, we find variations of 0.0001, 0.0006, and

0.0003 over the nominal numbers quoted above respectively for the three wavelengths. All

of these variations are much smaller than that associated with the 3% absolute calibration

uncertatity of the observed I/F. Specifically, we determine for SM2 single scattering albedos

of fiti = 0.915 & 0,006,0.775 t 0.012, and 0.803 t 0.010 at 6340 ~, 7490 ~, and 8260 ~,

respectively, where the uncertainties are due to absolute calibration uncertainties. As shown

near the bottom of the right hand column of Table I, over all plausible combinations of

f
TABLE I

CH4,S~ <r,>, and P~ (c.~.Figure 11, for example), we find that single scattering albedos lie
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in the range 0.90-0.93, 0.75-0.80, and 0.78-0.82 for these three wavelengths.

Tight constraints are placed on the imaginary index of refraction, ni, of the stratospheric

haze by the limb-darkening observed in the strong 8900 ~ CH4 band as well as in the

continuum bands. As ni is increased from 0.0, the total haze opacity of stratospheric and

tropospheric hydrocarbon hazes increases significantly in order to match the I/F at the

center-of-disk. This in turn leads to enhanced limb darkening, producing dramatic

departures from good fits to the observed CTL profiles. In the strong 8900-~ methane

band, we find ni <0.099. Analysis of the center-to-limb behavior at continuum wavelengths

yields ni less than 0.047,0.126, and 0.149 at 6340 ~, 7490 ~, and 8260

ni = 0.0 yielding the minimum standard deviation at all wavelengths.

Constraints are not as tight for the methane haze. At 8900 ~, we

& respectively, with

find that decreasing

fi~ leads to increased stratospheric and/or tropospheric haze abundances which again

produces excessive limb darkening. Specifically, we find the center-to-limb profile to be

unsatisfactorily matched for fi~ < 0.5 at 8900 ~. Analysis of the continuum wavelengths

indicates that ti~ is greater than 0,85, 0.65, and 0.60 at 6340 ~, 7490~, and 8260 &

respectively. We note that the single-scattering albedo limits quoted here for both the

tropospheric and stratospheric hazes are the minima allowed based on an analysis wherein

one haze is varied while the other is assumed conservatively scattering. If both hazes are

allowed to vary simultaneously, then the minima increase.
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Constraints on the methane haze imaginary index of refraction assuming Mie scattering

particles are somewhat tighter. From the 3% calibration uncertainty, we find ni to be less

than 0.0011 at 6340 ~ and 7490 ~, and less than 0.00017 at 8260 ~, corresponding to

minimum albedos of 0.940, 0.948, and 0.993 at these three wavelengths. As in the

stratosphere, the minimum standard deviation between models and observations occurs for

ni = 0.0 at all wavelengths.

D. Summary of Equatorial Region Results

FIGURE 12

Table I summarizes results for the Equatorial Region. This table and Figure 12 lists

values and uncertainties for the baseline model SM2, a model which nominally fits the

6190-~ center-to-limb profile and is in the midrange of nominal (fad,~, pH) solutions as

depicted in Figures 4,5, and 11. This model incorporates <r,> = 0.2 ~m, fc~d,s = 0.00035,

PH = 0.34 bars, p%% = 5.245 cm-3,and 7~ (6190 ~) = 0.085. The fit of this model to the
FIGURE 13

observations is depicted in the center-to-limb profiles shown in Figure 13. Other standard

models SM 1, and SM3 depicted in Figure 11 are for different combinations Of fa~,s and

P~ which lie within the nominal unshaded region of the figure. We find that the values of

~qH6 and ‘H(6190A) as ‘cl] as ‘he ‘inde-wattering albedOs ‘f ‘he ‘arious ‘azes and clOuds

for these models vary for the most part by less than 10% from the SM2 values, as shown

TABLE IIin Table II.
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FIGURE 14

Figure 14 shows the opacities of the various hydrocarbon aerosols in the stratosphere

and troposphere. Again, the figure depicts SM2 values which vary little for all plausible

models. All layers show “opacities less than 0.1 throughout the visible/near-infrared, The

stratospheric aerosol opacity, comprising the sum of the CZHC,C2HZ,and C,HZ opacities, is

less than 0.01 at wavelengths greater than 9500 ~. Both the Mie-scattering solution and the

double Henyey-Greenstein phase function solution indicate opacities less than 0.1 for the

tropospheric methane haze throughout the analyzed wavelength range, Over all plausible

models, upper limits of 0.07 and 0.12 are found longward of, 7270 ~ for the double

Henyey-Greenstein and Mie scattering cases, respectively.

‘ FIGURE 15

Figure 15 shows the single-scattering albedo for the bottom cloud compared to previous

solutions of Baines and Smith (1990) and Pryor et af. (1992). Beyond the three continuum

wavelength values discussed thus far in this paper, additional values are depicted which

come from a re-analysis of the global broadband visible spectrum of Neff et d (1984,1985)

and the global IUE spectrum of Baines and Smith (1990), as discussed in the next section.

E. Global Model Constraints

The global spectral datasets previously analyzed by Baines and Smith (1990) were

re-examined to (1) determine the efficacy of the Equatorial Region model for the mean

globe; (2) determine constraints on the bottom cloud albedo at other wavelengths, here

using the Karkoschka and Tomasko (1992) low-temperature coefficients as opposed to the
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Giver (1978) room-temperature coefficients previously used by Baines and Smith (1990);

and (3) determine the mean global imaginary index of refraction to use in the ultraviolet

and blue-yellow. A comparison between the global UV determination and that determined

by the Voyager PPS (Pryor ef al. 1992) for a relatively narrow latitudinal band provides

information on spatial and/or temporal variability of UV absorbers in the upper

stratosphere. In the blue-yellow, the variability in ni required to match the 4% global

variability observed by Lockwood and Thompson (1986) is useful in gauging the plausibility

of the Baines and Smith (1990) hypothesis that solar-cycle induced uv-irradiation of

stratospheric particles causes the observed blue-yellow variability.

At 8900 ~, the global geometric albedo

predicted by the Equatorial Region (ER)

(observed in 1981) is some 50% greater than

center-to-limb curve (acquired in 1986). In

addition to temporal variability on yearly and monthly scales (c.~. Lockwood et af., 1991),

spatial variability is indicated, as supported by the 8900-~ image itself (c.~, Hammel et al,

1989) which shows the ER to be substantially darker

temperate/polar regions, thus indicating that the global

associated particle scattering is significantly enhanced

than the” surrounding brighter

stratospheric haze content and

over that found in the ER.

Supporting evidence for spatial variability in the stratosphere comes from the IUE spectrum

(Baines and Smith, 1990), which was acquired in 1986 within two months of the ER data.

Specifically, as shown in Figure 16, we find that only relatively large UV opacities, i.e,

several times greater than derived here for the ER, yield reasonable ni to match the 2000

and 2600 ~ global IUE data. FIGURE 16
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FIGURE 17

To match the 8900-~ geometric albedo, we find that 7,7 times the ER stratospheric

content is required, assuming the methane haze opacity is fixed at the ER value (c.J, Figure

17). The derived stratospheric content is not insensitive to the assumed tropospheric

content, Increasing the methane haze opacity by 50% reduces the stratospheric abundance

somewhat to 6.5 times the ER value. However, an upper limit of twice the SM2 CHd haze

opacity is placed by the intermediate methane bands, which would otherwise be modelled

too bright, thus placing a lower limit of 5.3 times the ER value on the global stratospheric

haze abundance.

The ultraviolet provides strong supporting evidence for an enhanced global stratospheric

haze. At 2000 & the analysis is insensitive to the methane haze since strong Rayleigh

scattering and stratospheric haze absorption allows only a few percent of the

multiply-scattered solar photons to travel to the troposphere. We find, as indicated in

Figure 16, that the nominal 2000-~ geometric albedo is matched for plausible ni <0.1 only

when the haze content is at least 6.0 time greater than the ER value. For the model with

7.7 times the ER stratospheric content (hereafter referred to as the nominal global model),

ni = 0.05 to fit the nominal 2000 ~ geometric albedo, with ni = 0.018 fitting the 2000-~

minimum limit. At 2600 ~, ni = 0.018 ~~~~. This is in agreement with the 2650-~ Voyager

PPS determination of ni = 0.03 & 0.01, thus suggesting that the 22°-30” S latitude band

observed by Voyager in the ultraviolet is a microcosm of the globally-averaged stratosphere.
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Fitting several pseudo-continuum wavelengths in the global spectrum, we find the

bottom cloud single-scattering albedo decreases between 6030 and 6910 ~. Specifically, as

plotted in Figure 15, we find, for the nominal global model 6CUis 0.911 & 0.010 at 6030 &

0.867 * 0.012 at 6450 ~, 0.82850.014 at 6780 ~, and 0,812 t 0.017 at 6910 ~, where the

uncertainties reflect the 390 calibration uncertainty of the Neff et al. (1984, 1985) spectrum.

In the near-infrared at 9390 ~, the derived single-scattering albedo of 0,829 * 0.101 (c.J,

Figure 17) confirms the trend observed in the 8260-~ band Equatorial Region analysis that

the single-scattering albedo increases beyond about 7500 ~.

Figure 17 shows the fit of our nominal global and Equatorial Region models to the

geometric albedo beyond 7700 ~. As noted earlier, the global model, with its enhanced

high-altitude aerosol scattering, is a superior fit to the spectrum in the strong 8900 ~ CH,

band. However, neither model fits the region around 8260 ~, specifically the S,(O)

pressure-induced absorption feature which appears excessively deep in our models. As

shown in Figure 18, the 8260-~ feature can be matched by increasing the methane haze

opacity, thereby limiting the mean hydrogen absorption pathlength. However, the mean

methane absorption pathlength is then reduced as well, producing excessively bright models

within the intermediate methane bands. Non-equilibrium hydrogen distributions, such as
FIGURE 18

that shown in Figure 18 wherein 86% of the hydrogen is distributed according to the normal

distribution of states and 14% is distributed according to the equilibrium distribution

(designated as f~~z = O.14; c.$ Baines and Bergstralh 1986), produces a much more

satisfactory fit to the 8260-~ Hz feature and the surrounding spectrum. However, this
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violates the near-equilibrium hydrogen distribution constraint placed by the 4-O S(0) and

S(1) features (Baines and Smith, 1990). As was the case for Uranus (Baines and Bergstralh,

1986), we suspect that the discrepancy is due to uncertainties in the absorption coefficients

for cold ( - 90K) methane within the shoulder of this particular band.

The nominal global model indicates that ni for the stratospheric haze is nominally 0.012

at 4720 ~ and 0.0055 at 5510 ~, i.e., the blue and yellow wavelengths observed by

Lockwood and Thompson (1986). We find that a 4% variation in I/F can be matched by

variations of 0.022 and 0.011 in the blue and yellow, respectively. This result is 5-10 times

the change in ni derived by Baines and Smith (1990), corresponding to the factor of ten

decrease in 0.5-pm opacity from 0.34 (Baines and Smith, 1990) to 0.031 derived here

(Figure 16).

F. 25°S Latitude/Global/Equatorial Region Comparison

We examined the 7500-~ PIN data of the 22-30°S latitude region to investigate the

degree of agreement with our baseline Equatorial Region and global models. We find the

fit to the SM2 baseline ER model to be unsatisfactory. Specifically, the modelled intensities

at low phase angles are 30-40% lower

scattering aerosols. The nominal global

than obsemed, indicating an enhancement in

model, with 7.7 times the stratospheric aerosol

content of the ER baseline, produces a slightly better, but still unsatisfactory fit. We find
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FIGURE 19

that increasing the methane haze opacity to 0.24-0.34 yields good fits to the 14-72° phase

angle data, for both the Equatorial Region and global models, as shown by the circles in

Figure 19. This is in agreement with the Pryor et al. (1992) analysis, confirming that the

methane haze opacity and abundance may be significantly greater in this region then (1989)

than in the Equatorial Region (1986) or the mean globe (1981-1986). For this modified

global model (panel A), the fit is not very satisfactory at high phase angles, as the modelled

I/F is some 50% greater than that observed at both 132 and 159 degrees phase angle. The

modified Equatorial Region model does a better job, as the 7.7 times less optically thick

stratospheric haze layer significantly reduces the forward scattering of light through the

atmosphere. Indeed, this model achieves too little forward scattering, producing an

underestimation of the observed I/F. A doubling of the stratospheric aerosol content found

in the Equatorial Region produces satisfactory fits to the high phase angle 7500-~ data.

However, this then is 3.5 times less than the aerosol burden derived for this region from the

UV by Pryor et aL (1992) and the global burden derived here. To summarize, our analysis

of 7500-~ Voyager PPS data indicates that the 22-30° South latitude region has a

stratospheric aerosol burden between that found in the Equatorial Region and the global

average, and has a methane haze which is significantly (approximately four times) that found

in either the Equatorial Region or the global average.
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IV. DISCUSSION

A. Stratospheric Methane

Our determination that the stratospheric methane mixing ratio lies between 210”5 and

1.7 103, with a nominal range 2 10s - 103, is in agreement with a number of recent

investigations. In particular, as illustrated in Figure 11, our nominal range compares

favorably with both Voyager UVS (the entire range of Bishop et al., 1992; as well as the

lower limit of Yelle et d,, 1993) and ground-based thermal-IR determinations (Orton et al,,

1992). The lower portion of our nominal range (i.e, <5 104) is consistent as well with the

CH~ mixing ratio expected above the relatively warm coldtrap tropopause temperatures

reported by Voyager IRIS (Conrath et al., 1991a). Thus, consistent with the Bishop et al,

(1992) analysis, we find that convection may not be required to supply methane to the

troposphere, as had been previously postulated (e.g., Hunten et al., 1974; Appleby, 1986) to

explain why the best pre-Voyager estimate of fmd,s (e.g., Orton et af., 1987) of -0.02 was

several orders of magnitude greater than predicted by the pre-Voyager relatively cold

tropopause temperature, However, we are consistent as well with Yelle et al.’s (1993) lower

limit of fc.d,s = 6.104, some 50% greater than the maximum tropopause value (fCHd,s=

4 104) allowed by the warmest temperature (57 K) measured by Voyager, indicating that

stratospheric CH4 oversaturation and concomitant strong vertical transport of CH4 - laden

tropospheric gas may indeed occur. Unfortunately, then, our analysis is unable to resolve

the discrepancy in fmd,s between the parallel UVS analyses of Bishop et al. (1992) and
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Yelle et aI. (1993), or to settle conclusively whether or not the stratosphere is oversaturated

in methane.

B. Aerosol Structure Comparison TABLE III

TABLE IV

We show in Tables III and IV a comparison of our stratospheric and tropospheric results

with the findings of previous investigators, including Hammel et al. (1989), Baines and Smith

(1990), and Pryor et al. (1992). Major differences in the assumed stratospheric methane

mixing ratio, hazetop level, and phase functions, as well as differences in the regions

studied, have led to a variety of values for various parameters. Due to the combination of

a number of innovations introduced in this investigation (particularly the use of a range of

plausible stratospheric methane abundances and self-consistent tropospheric CH4 hazetop

levels, the use of empirically-determined phase functions from Voyager, and the use of

low-temperature methane absorption coefficients), we assert

are a significant improvement over previous investigations.

that the results of this study

All recent studies using UV to near-infrared radiation have thus far concluded that the

methane haze has an opacity near or significantly less than unity (c.~, Table III). In

particular, our equatorial and global column mass abundance of 7.81 % 1.1 pg cm-2yields

a visible opacity of

of several tenths in

-0.1. We also find, in agreement with Pryor el af. (1992), an opacity

the 22-30° S region, However, these results are in disagreement with

the Voyager IRIS determination of unity opacity near 50 ~m, which strongly imply an
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opacity two orders of magnitude larger in the visible (Conrath et af,, 1991b). This

discrepancy may be resolved by recent modifications to the polar radius derived by Limaye

and Sromovsky (1992), which may alter the radio occultation thermal profile by the lK

necessary to obviate the need for an optical&-thick absorbing haze (Conrath, personal

communication ).

We note that our global stratospheric

remarkable a“greernent with that derived

aerosol mass and column number densities are in

in the ultraviolet by Pryor et af. (1992), given the

differences in the regions under analysis and techniques used (i.e., 22-30° S for Voyager

high-phase angle UV photometry vs full-disk UV and methane-band absolute photometry).

This implies that the 22-30° S region is a microcosm of the mean atmosphere while the ER

is relatively depleted in aerosols. However, our finding of an aerosol-depleted ER is

somewhat in disagreement with PPS scan imagery of the ER (Lane et af., 1989; Pryor and

Herd, 1991), which suggests that the stratospheric UV-absorbing haze is more abundant in

the Equatorial Region than elsewhere. This discrepancy may be due to temporal variability

- the groundbased data having been acquired in May, 1986 vs the Voyager data of August

1989. Quantitative analysis of such variability awaits detailed analysis of the Voyager PPS

ER data.

Our picture of the 22-30° S region being a microcosm of the global stratosphere appears

to break down at 7500-~, where high phase angle data favors a depleted stratosphere close

to that derived here for the ER. We note that our analysis used the nominal fCHd,sderived
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herein, i.e, 0.00035, an order of magnitude less than the 0.0035 value assumed by Pryor et

al. (1992), and a tropospheric cloudtop situated at less than half the Pryor et al. pressure.

We suggest that the resulting reduced atmospheric gas absorption implies a corresponding

reduction in the forward scattering component of tropospheric aerosols. A re-evaluation

of the tropospheric 7500-~ phase functions is warranted, utilizing the stratospheric methane

mixing ratio and atmospheric aerosol structure derived here, in order to discover whether

a significant reduction in forward scattering can resolve the UV/near-ir discrepancy in the

stratospheric aerosol abundance.

C. Dynamical Implications

Our methane haze column mass abundance of - 7.81 pg cm-2 corresponds to the

amount of methane vapor in a 3% methane mixture of atmospheric gases near the 1.5 bar

condensation level only 0.07 cm thick. Thus only a tiny fraction of the methane available

to form aerosol particles is actually observed in the condensed state at any one time,

consistent with theoretical considerations of particle growth and sedimentation (e.g, Carlson

et al., 1988).

As in Baines and Smith (1990), the stratospheric aerosol production rate may be

estimated from the sedimentation rate and mass column density of the stratospheric haze,

assuming steady state conditions. Specifically, we find that the 0.2-pm particles specified
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here fall at 3.9 mbar/year (compared to 10.2 mbar/year for the 0.52-pm particles of Baines

and Smith). The time for the major ethane haze layer to fall through itself is 10 mbar/(3.9

mbar/year) or 2.6 years. The mass of the ethane haze is - 0.82* 1.5 pg cm2 = 1.23 ~g cm-2,

implying a haze loss rate of 0.48 pg yr-l or 1.5 1014g cm-2S-l,a factor of 1.9-41 less than

the Baines and Smith (1990) estimate of 2.81014-6.210-13 g cm-2s-l. This is 50% greater

than the theoretical methane destruction rate of 10-14g cm-2s-l estimated by Romani e~al.

(1993), well within the error bar of our 8900-~ and IUE measurement uncertainty. As for

the mass and column densities, we note that our global-mean value of 1.5 pg cm-2agrees

reasonably well with the theoretical value of 4.7 pg cm-2calculated by Romani et al. (1993).

The factor-of-three agreement is within the uncertainties which, beyond the observational

uncertainties noted above, include for theoretical modelling (1) simplifying assumptions

about vertical transport mechanisms, including the neglect of coagulation and coalescence,

and (2) the uncertainty of various important hydrocarbon reaction rates and photolysis

pathways (Romani, private communication).

The loss of stratospheric carbon due to the precipitation of hydrocarbon ice particulate

implies that carbon is being resupplied to the stratosphere. As indicated in Figure 11, the

maximum observed tropopause temperatures of - 57 K (Conrath et al. 1991a) indicate that

upward diffusion of methane from the tropopause could maintain a stratospheric methane

mixing ratio of - 510-4. This methane abundance is below observed upper limits, as shown

in Figure 11 (lower scales and SM1, for example). Thus, diffusion may be augmented by

convection, as first suggested by Hun ten (1974), conveying tropospheric material in the form
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of methane ice crystals upward through three scale heights from the condensation level near

1.5 bars to the sublimation level near 60 mbars,

An upper estimate of the resupply rate indicates that the necessary convection need

occupy only a tiny fraction of the Neptune’s surface area. Based on a methane gas density

of -0.01 g cm-2per meter at the 3%-methane mixing ratio condensation level, we estimate

that a single two-kilometer diameter storm, upwelling at an areal-mean velocity of 1 m s-l

at the sublimation level and entraining 1YOof the tropospheric methane vapor conteng can

deliver to the stratosphere the two metric tons per second of methane required to balance

our nominal 1.9 1014 g cm”2s-l hydrocarbon precipitation rate. Thus only 2 10-10of the

surface is required to be convective on the average. Such a storm would extend from the

tropospheric CH4 condensation level near 1.5 bars to the CH4 sublimation level near 60

mbars, a distance of some 60 km. The energetic required to initiate and sustain such a

storm seem problematical, although several mechanisms have been proposed (e.g., Lunine

and Hunten, 1989; Stoker and Toon, 1989).

The factor-of-eight depletion of stratospheric aerosols determined for the ER in 1986

relative to the global mean, as well as the Voyager PPS implication of an enhancement in

the ER stratospheric aerosol burden in 1989, implies that both regional and temporal

variability in aerosol heating is significant. Based on the Baines and Smith (1990) estimate

that 6-14% of the incident solar flux in the visible is deposited, on average, in stratospheric

aerosols above 20 mbar, we note that the ER aerosol depletion implies that as little as l-2~0
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of the incident sunlight may be deposited there at times. Presumably, this means that the

tropospheric deposition of sunlight could vary as well (i.e, more sunlight would be deposited

in tropospheric CH4 gas and aerosols during periods of stratospheric aerosol thinning).

Clearly, the implications of such a variability on stratospheric, and underlying tropospheric,

dynamics and global circulation warrants further quantitative investigation.
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FIGURE CAPTIONS

Figure 1. Basic atmospheric structure utilized in the analysis. Parameters to be determined

are circled. For the stratosphere, these include: fCH@ the CH4 mixing ratio above the

stratospheric condensation level; ni, the mean imagery index of particulate; <r,>, the mean

particulate radius; and N,, m,, and 7,(A), the vertically-integrated number and mass column

densities and wavelength-dependent aerosol opacity. For the troposphere, parameters to

be determined include: <r~>, the mean particle radius for the CH4 haze; & (A)and r~ (A),

the wavelength-dependent single-scattering albedo and optical depth of this haze; NH and

m~, the haze column and mass number densities; and &w (A), the wavelength-dependent

single-scattering albedo of the bottom cloud. Other parameters, such as tropospheric

methane mixing ratio (fmd,~, otiho/pura hydrogen characteristics (equilibrium ratio, defined

as f~Hz= 1.0), and base of the visible atmosphere (Pti = 3.3 bars) are adopted from Baines

and Smith (1990). Stratospheric condensation levels of various hydrocarbons, and relative

weighting of stratospheric column number densities, are from Romani et al, (1989, 1993).

Tropospheric phase function parameters are from Pryor et al. (1992). Thermal structure is

from Voyager measurements reported by Tyler et al. (1989),

Figure 2. Relationship between tropospheric methane haze opacity and stratospheric haze

abundance. Results for three methane bands are shown for 0.20- pm radius stratospheric

particles and other stipulated conditions (listed top right). The ethane particulate number

density, stratospheric aerosol mass column density (in. pg cm-2), and stratospheric haze
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opacities for each of the wavelengths are depicted by their individual abscissas. Region to

the left of the shaded line is ruled out by the physical constraint that opacities do not

increase with wavelength (8900 ~ opacities exceed 7270 ~ opacities by more than 0.013, the

uncertainty limit, in this region). Standard model (SM2) values and error bars, derived in

Figure 3, are shown with the error bar minima here truncated to reflect the opacity

constraint,

Figure 3. Standard deviation, in fractional units, c+, between observed and modelled

center-to-limb profiles as a function of stratospheric haze abundance. Results for three

methane filters are shown for 0.2- pm radius stratospheric particles for the stratospheric

methane mixing ratio and tropospheric hazetop assumptions depicted in the legend. For

each wavelength, the radius of curvature of cr~vs the stratospheric number density of ethane

particulate (or, alternatively, the stratospheric haze mass column abundance, c.$, alternate

axes), is used via Eq. 1 in the text to determine the standard deviation of the haze number

density and mass column abundance.

derived from the weighted values of

The composite best fit value and standard deviation

the individual filter standard deviations are shown

(circle with error bar). The best fit is designated SM2, one of three standard models.

Figure 4. Constraints on the stratospheric aerosol mass abundances and opacities for three

methane mixing ratios. Constraints from center-to-limb profile analysis of the 6190-~ band

(dots and error bars representing nominal and 1-u values), 8900-~ profile analysis (dashed

lines), and the physical constraint that opacities do not increase with wavelength (solid
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hatched curve) restrict the plausible stratospheric aerosol opacity and mass abundance to

the regions shown (shaded), as a function of tropospheric hazetop pressure (P~).

Stratospheric mass abundance < 0.7 pg cm-2 and opacities < 0.06 are indicated, with

preferred values (c,~, baseline standard model SM2 for nominal fc~d,s = 0,00035, panel b)

near 0.2 pg cm-2and - 0.02.

Figure 5, Constraints on the tropospheric aerosol opacity for three methane mixing ratios.

Constraints from center-to-limb profile analysis of the 6190-~ band (dots and error bars

representing nominal and l-o values), 8900-~ profile analysis (dashed lines), and the

physical constraint that opacities do not increase with wavelength (solid hatched curve)

restrict the plausible stratospheric aerosol opacity and mass abundance to the regions shown

(shaded), as a function of tropospheric hazetop pressure (P~). Haze opacity 0.064-0.098

is indicated, with preferred values (c.~, baseline standard model SM2, panel B) near 0.085.

Figure 6. Tropospheric methane haze column mass abundances. Shown are constraints as

a function of methane haze particle size, as derived from the center-to-limb (CTL) analysis

of 6190-~, 7270-& and 8890-~ bands. The error bars depict the range of values derived

from matching the CD reflectivity in each of the three methane bands, where each methane

band value is weighted by the standard deviation of the modelled/observed CTL profile.

The error bars include as well the 3% I/F calibration uncertainty. Best-fit (smallest

uncertainty) particle size of 2.5 pm yields a methane mass column abundance 7.81 ~ 1.09

pg cm-2. Over all plausible particle sizes from 0.2 to 4.0 ~m, column abundances of 4-11
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~g cm-2are possible.

Figure 7. Limits on the maximum methane haze opacity at 6190-~. For three stratospheric

aerosol sizes (O.15, 0.20, and 0.30 ~m), the limits as a function of stratospheric methane

mixing ratio are shown for a variety of tropospheric hazetop pressures (O.14, 0.34, and 0.54

bars). Two kinds of limits are depicted: (1) the stratospheric “hazeless limit” where the

stratospheric haze disappears (zero opacity), and (2) the limit beyond which the

tropospheric CH4 haze opacity violates the optical condition that aerosol opacity not

increase substantially with wavelength, Regions to the right of vertical lines in lower right

of diagram demand physically unreasonable 7270-~ opacities less than 0.0; they are thus

ruled out as unphysical. Together, these conditions imply a maximum tropospheric methane

haze opacity less than 0.10 for all particle sizes, hazetop pressures, and stratospheric

methane mixing ratios.

Figure 8. Limits on the maximum methane haze opacity at 8900-~ as a function of

stratospheric methane mixing ratio, for 0.20- pm stratospheric particles. Limits depicted are

as in Figure 7. The horizontal line in lower right is the 8900-~ opacity limit of 0.013

pertaining to a 7270-~ opacity limit of 0.0; dashed curves below this line are thus ruled out

as unphysical. A maximum tropospheric methane haze opacity less than 0.064 is indicated,

with a lower limit of 0.013 for all hazetop pressures and stratospheric methane mixing ratios.
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Figure 9. Examples of best-fit center-to-limb model profiles for various stratospheric

methane mixing ratios. Curves pertain to a methane hazetop of 0.34 bars. Both

stratospheric and tropospheric haze opacities were adjusted to obtain the best-fit curves

shown for each value of the stratospheric gaseous methane abundance.

Figure 10. Standard deviation, in fractional units, OF, between observed and modelled

center-to-limb profiles as a function of stratospheric methane mixing ratio fmd,s Radius of

curvature of OFvs fc~~,s is used to determine the standard deviation of fc~d,s.

Figure 11, Stratospheric gaseous methane

hazetop pressure (P~), for <r,> = 0.2 ~m.

mixing ratio (fmd,s) vs tropospheric methane

Center-to-limb (CTL) behavior of 8900-~ and

7270-~ methane absorption, as quantified by standard deviations between model and

observations (c.J Figure 10), yields primary limits (thick) and nominal values (thick dashed).

Other constraints result from analysis of the methane haze opacities required to produce

satisfactory CTL fits, Large CHd mixing ratios (> 0.002) require unphysical 7270-~

opacities < 0, and thus are ruled out. Also depicted is the maximum pressure which

satisfying the nominal 6190 ~ data as well as the T(8900 ~) > 7(7270 ~) constraint.

Analysis indicates fc~d,s <0.0017, with a preferred range 210-5-103 satisfying the nominal

6190 ~ CD reflectivity as well as the 7270 ~ and 8900 ~ constraints. A tropospheric

methane hazetop pressure 0.1 < P~ < 0.65 bars is indicated, with a preferred range 0.1 <

P~ e 0.52 bars. Standard models chosen to analyze optical properties of various aerosol

layers are indicated (SM1, SM2, and SM3). SM2 is the best-fit nominal model, with P~ =
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0.34 bar and fad,~ = 0.00035. This is the fc~~,s predicted for a tropopause temperature

of 56 K

reported

(upper scale), well within the spatially-varying range of coldtrap temperatures

by Conrath, Flaser, and Gierasch (1991a; labelled CFG in diagram), and indicates

that convective upwelling of tropospheric methane may not be required. The tropopause

temperature of Lindal (1992), is depicted (L), as are the ranges of fad,s reported by Bishop

et al. (1992), Orton et al. (1992), and Yelle et al. (1993).

Figure 12. Nominal atmospheric structure for Neptune’s Equatorial Region. Parameters

for the baseline standard model, SM2, are depicted. For the CH4 haze, parameter values

for two types of particles are shown: (1) 2.5-pm Mie scatterers, and (2) particles adopting

the nominal double Henyey-Greenstein phase function parameters empirically derived from

Voyager multiple phase-angle observations (Pryor e~al., 1992). Bottom cloud pressure is

from Baines and Smith (1990). The thermal profile reported by the Voyager Radio

Subsystem (RSS) occultation experiment (Tyler et al., 1989) is shown with an adiabatic

extrapolation into the deep atmosphere. Mixing ratios of Baines and Smith (1990) are

adopted for tropospheric methane (f~d) and for the fraction of hydrogen in the equilibrium

state (f~~z).

Figure 13. Baseline standard model (SM2) center-to-limb profiles (curves) compared to the

observations (dots). Standard deviations of the model fit curves, in I/F units, are listed under

the wavelengths.
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Figure 14. Nominal, SM2-model opacities for various hydrocarbon layers within Neptune’s

Equatorial Region. CHd haze opacity curve assumes Mie scattering with <r> = 2.5 pm.

Individual points and error bars, accounting for the 3% calibration uncertainty of the data,

indicate the CHd haze opacity constraints derived utilizing the nominal Pryor et al. (1992)

double Henyey-Greenstein phase function. Opacities are less than 0,1 in both the

stratosphere and troposphere throughout the visible.

Figure 15. Bottom cloud single-scattering albedo shows marked absorption in the red and

near-infrared, in both imagery of the Equatorial Region and spectroscopy of the entire

globe. Results of Baines and Smith (1990) and Pryor et al. (1992) are also indicated. A

parametrized fit to the 6340-~ and 8260-~ points (curve; following, for example, Baines

and Bergstralh, 1986) yields the formula shown, for use in modelling continuous spectra

(c.!, Figure 17).

Figure 16. Ultraviolet imaginary refractive indetisingle-scattering albedo from global IUE

observations, Shown are the indices required for stratospheric aerosols to match the

relatively-dark IUE geometric albedos at 2000 ~ and 2600 ~ (nominally, thick and thin dot-

dashed, respectively). The nominal Equatorial Region (ER) model (SM2) can not match

the 2000-~ geometric albedo, even with large ni, thus indicating that this region is markedly

depleted in stratospheric aerosols compared to the global average. Results for the global

model, with 7.7 times the nominal ER stratospheric aerosol abundance, as derived from

fitting the 8900-~ band (c.!, Figure 17), are also shown (vertical dashed), together with the
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Pryor et d. (1992) model results derived from 2650-~ Voyager PPS observations.

Reasonable UV imaginary indices (ni < 0.03) are derived by both investigations.

Figure 17. Equatorial Region (ER) and global model fits to the geometric albedo spectrum,

7700-10000 ~. Open points with associated “error bars’! show the calculated geometric

albedos and filter band width pertaining to the 8260-~, and 8900-~ ER center-to- limb

profiles. They indicate the geometric albedo which the planet would exhibit if it had the

ER aerosol structure across the disk. At all wavelengths, the global spectrum is brighter

than that predicted from the ER structure, indicating enhanced aerosol scattering. Deep

8900-~ band global narrow-band spectrum is satisfied by the global model incorporating 7.7

times the high-altitude scattering haze burden (m,) of the ER model. Modelled spectrum

utilizing bottom cloud single-scattering albedos as parametrized from 6340-~ and 8260-~

data (c.J, Figure 15) is too dark near 9400 ~ (dashed curve). This pseudo-continuum

region indicates an increase in single-scattering in the near-infrared. Neither the ER nor

global models fit the S~(0) pressure-induced region near 8300-~.

Figure 18. Model fits to the Sq(0) region. Models shown are for enhanced methane haze

opacity (thick curve) and a near-normal ortho/para hydrogen distribution (thin curve; feH2

= 0.14 means that l-fe~z = 0.86 of the hydrogen is in the normal state), Both models

satisfy the psuedo-continuum and nearby 8260-~ peak H2 absorption satisfactorily. However,

the enhanced methane haze model is excessively bright in intermediate bands.
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Figure 19. Fit of 22-30° S 7500-~ PPS data to modified model structures proposed in this

paper (including stratospheric methane mixing ratio of 0.00035 and hazetop pressure of 0.34

bars). Satisfactory fits to both the nominal global (A) and Equatorial Region (B) models

are found for low phase angle data when the methane haze opacity is increased to 0,24-

0.34 from - 0,05. Excessive forward scattering by stratospheric hazes for this modified

global model causes unsatisfactory fits to high phase observations. More satisfactory fits are

found for the optically-thinner Equatorial Region model, which then violates the UV

constraint (c.!, Figure

angles is suggested,

16). 1A re-analysis of phase function parameters for high phase
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TABLE 1.
NEPTUNE EQUATORIAL REGIONAL STRUCTURE ANALYSIS SUMMARY

Baseline Model (SM2)

(fCH4s = 0.00035, PH= o.~ bars,
< r$ > = 0.2 pm) Overall Constraints

(Over aii fCH4, s
Parameter Nominal Value Uncenainty/Reference PH, < rs >)

‘CH ~ ,S 0.00035 SM2 definition 2.510-5-0.0017

Ps top 0.0014 bars Hydrocarbon

Ps bottom 0.020 bars
condensation level

{C2H6 bottom)

<r~> 0.200 pm SM2 definition 0.1-0.25 ym

p (#lcm3):

C4H2 0.059 -0.044, +0,061 O- O.18(for<rs>=
0.2 ym)

C2H2 1.057 -0.786, +1.093 0-3.23

C2H6 5.245 -3.900, +5.423 0-16.54

Ns (lo6/tY?12) 8.3 -6.2, +8.5 0-26.0

ms (Wcm2) 0.195 -0.145, +0.200 0-0,61

ni (6340) 0.000 +0.047 0-0.05

ni (7490) 0.000 +0.126 0“0.13

ni (8260) 0.000 +0.149 0-0.15

as (6340) 1.000 -0.2016 0.7 “ 1.0

fi~ (7490) 1.000 -0.5 0.4- 1.0

tis (8260) 1,000 -0.5 0.4- 1.0

t~ (6190) 0.0245 -0.0245, +0.0265 0-0.0747

rs (7270) 0.0167 -0.0167, +0.0223 0-0.0509

%s(8900) 0.0137 -0.0137, +0.0173 0-0.0418



NEPTUNE EQUATORIAL RE~lONAL STRUCTURE ANALYSIS SUMMARY (CONT)

Baseline Model (SM2)

(fCH ~s = 0.00035, PH = 0,34 bars, Overall Constraints
< r5 > = 0.2 ~m) (over all fcH4, ~

Parameter
NominalValue Uncertainty/Fteference pH, < rs >)

fCH4,t 0.03 Bainesand Smith, 1990

‘H top
0.34 bare SM2 definition 0.14-0.64

PH bottom 1.54bara Condensationlevel

DoubleH -(3 Model:

91 0.900 Nominal Pryor et al., 1992

92 -0.110 Nominal Pryor et al., 1992 -0.22--0.07

f 0.42 NominalPryoret al., 1992 0-0.7

~ (6340) 1.000 -0.13 -0.85-1.00

~ (7490) 1.000 -0.31 -0.65-1.00

~ (8260) 1.000 -0.35 -0.60-1.00

%H(61~) 0.085 -0.018,+0.018 0.042-0.104’

tH (7270) 0.047 -0,012,+0.011 0.021- 0.055*

%H(6900) 0.058 -0.013, +0.011 0.026-0.065 *

Mie Scattering Model:
<rH> 2.50 pm

pcH4(#/cm ? 0.053 *0.007 0.03-0.07

NH (108/cm2) 0.16 i 0.02 0.08 -2.3

mH (@cm2) 7.81 * 1.09 4.0-11

ni (6340) 0.0 + 0.0011 0-0.002

ni (7490) 0.0 + 0.0011 0-0.002

ni (8260) 0.0 + 0.00017 0-0.0003

&H (6340) 1.0 -0.0598 0.92-1.00

fiH (7490) 1.0 -0.0524 0.92-1.00

&H (8260) 1.0 -0.0067 0.99-1.00

%H(6190) 0.089 io.o12 0.046-0,125

~H (7270) 0.085 t 0.012 0.044-0.120

~H (8900) 0.086 * 0.012 0.044-0.121



NEPTUNE EQUATORIAL REGIONAL STRUCTURE ANALYSIS SUMMARY (COW)
z

Baseline Model (SM2)
(fCH4s = 0.00035, PH = o.~ barS,

c r~ > = 0.2 pm)
Overall Constraints

(over al! fCH4, s
Parameter Nominal Value Unce@inty/Reference pH, < rs >)

P 3.3 bars (Baines and Smith,
cld

t 0.3 bars
1990 nominal)

ti~ld (6340) 0.915 ~ o.oo6 0.90-0.93

fi~id (7490) 0.775 * 0.012 0.75-0.80

~ld (8260) 0.803 * 0.010 0.78-0.82

“ Givets (1978) KCH4 inCreaS8sopacities by 0.01 over those derived here from Karkoschka and Tomasko’s
(1992) ~H4. phase function with g, = -0.900, g2 = -0.21, and f = 0.393, rOprOSOntitiVOof backscattering
limit of Pryor et. al, (1992) decreases opacities by -0.015



TABLE II

MODEL

SM1

SM2

SM3

------- ------ ----- . ------ -
STANDAHU MWUEL PARAMETERS

( r~J = 0.200 ~m

IIP~ p
‘CH41s (t)ars) c2H6

0.00010 0.44 4.445

0.00035 0.34 5.245

0.00100 0.14 4.445

~H i) ~~

6190 i 7270 i 8900 i 6340 i 7490 i 8260 i

0.086 0.047 0,062 0.9117 0.7746 0.7966

0.085 I 0.047 I 0.058 I 0.9149 I 0.7753 I 0.8025 I

0“0841°”0461°”05g1°”9’201°”76



TABLE Ill.
NOMINALSTRATOSPHERICAEROSOLPROPERTIESAT 026 AND 0.75 urn

ADOPTEDMODEL PARAMETERS DER&D $AW~D#&RIC

REGION YEAR ~ -. Cdunn CohJmn REFERENCE

%H4 CaHe <~ A~-~ AA ~n~ :&
%5

(%%) (n%) (%!%!%
pgkmz lo%fn2 pm pm pfn

Gwk& 1921. O.a 2.0 6.0 10.0 0.52 5.7
1s33

13.1 0.004 0.42 0.45 3&ines
&smnh
(1990)

o.om35 1.4 10.0 20.0 020 1.5 63.9 0.014 0.37 0.13 W14a
& Halnlml
(1993)

Equakdd lose O.oe!i 20 NA 3.0 1’ NA MA 0.6 NA 0.12 yyml

(19sb)

0.001 1.4 10.0 20.0 020 0.17 WA
o.mo35 10.0

0.041 0.014
020 :! NIA

Sdlms

0.0001o ::: 10.0 %8 020
0.048 0.017

w
& Hunfml

7.0 WA 0.041 0.014 (1993)

22”s - 30% 19W 0.- 5.0 - 100.0 020 1.04 43 0.03 0.10 0.05 Plyw
u d
(1992)

I*: Mfopicauing hue auunod by Hunnlol u bL(lw9) . Mb Uuluing UsImlod byallolh4r blvostigaliM4.



TABLE IV.
NOMINAL TROPOSPHERIC AEROSOL Properties AT 0.75pm

YEAR
OF OATA

DERIVED0.75-
AEROSOL PARAfiERSADOPTEDWOEl PARAMETERS

cl+, -HAZE cf’f4 -HUEf~
4

STRAT

Bcn-mM
XMJD TOP

-)
W3%RE14CEFEGfoN -

BOTTOM
@-)

1.54

1.54

1.5

1.54
1.54
154

1.3
1.3

1.54

G%
0.7

0.34

0.40

o.l@
O.*
0.50

0.20
0.s0

O*

ii P(e)” P(e)”

Om ●“

O.al

0.0Q5

Om “
0.03
o.m

0.02
O.m

0.03 ““

3.3 ““GkJbd

Equdcwkl

22%-30?

lml-
12M

12M

lMS

0.00

0.000M

0.025

0.001
0.00035
0.0001o

0.0035
0.0035

O.olmu

0.87

l.m

0.6

1.00
1.00
l.m

;E

1.00

0.03

0.s

<0.05

0.05
0.05
0.05

0.6
1.0

0.34

I

D

I

D
0
D

D
D

D

0.24

0.30

0.9MW

0.7s2
0.7T5
0.7T5

0.7
0.24

0.s54

&sdh
(19s0)

-
&14uNn41
(19s3)

d d.
(lees)

6Hmulwf
(1s93)

~

(1992)

hHunnnl
(1s93)

3.3

2.6

3.3-
3.3
3.3

32
32

3.3 ““

“ PHASE-FUWTKW4SDERIVEDWY BYPRYOR ET M (1992).OTHERWISE,AX ASSLIMED.

1: ISOTROPICscAITERINQ

D : ~ DOLISLEHEf4YEY-GFfEEf4STENPIUSE FUf4CTfOf4OF PRYOR ET AL (1SS2): g,= 0.9,g2x -0.11.I 1= 0.42

“ CEEP-AT~FE TWPOSPWRC ~ MI)(W4QRATIOAf4DBOTTOMCLOUOTOP PRESSIJFE,LHUVED N
~f4T MYC4ELU4QEMPHASK2’JGfi2 ANOC144UNEPROFILEfNFORM4Tf0NSV BAINESANDSMITH (1990). OERIVEO
RAFU3Rl f~4 = 0.030 t 0.007,PM = 32-3.I3BARS.IH4VWES WfTfi P-TO ~SERVE A CH4 CXlUM4 AwMMNcEoF-4.52frlmmlm@s.

* BOTTOMUOUO OPMXTY = 3.0FM HAMMEL ET M. (1S29)MODEL.OPTICALLYff24fTE KW ML OTHER24VESTMAATKX4S.

A EcIJATORLAlREGIONCfi4 HAZETOP fX3+fVEDINBANES AND HAMMEL(lMU) FROM CENTER-TO.LWB NFORMATfON.ACCEPTABLE

RANQEISAPPROXMATELY *0.2 BN3SABOUT= NOMP4ALFW4GESMOWN.MAxw4JMMXEPTABLE 0.63 SARs.


