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We have developed a radiative-convective model of the thermal structure of Titan's 
atmosphere. The model computes the solar and infrared radiation in a series of spectral 
intervals with vertical resolution. Sources of opacity in the visible and near infrared 
include stratospheric haze particles, methane cloud particles, and gaseous methane; 
sources of  opacity in the thermal infrared include the pressure-induced opacity of N2, 
CI-14, and H2, the permitted transitions of C2H2 and C2H6, and particulate opacity. The 
haze properties are determined with a simple microphysics model. The model contains a 
minimum of free parameters and we try to determine these by fits to independent data 
sets. We find that gas and haze opacity alone, with the temperatures fixed by Voyager 
observations, produces a model that is within a few percent of radiative convective 
balance everywhere in the atmosphere. In a self-consistent computation of temperatures, 
we find that our model calculation for the surface temperature is, in general, colder than 
the observed value by 5-10°K. The presence or absence of methane condensation clouds 
only slightly alters the results. Good agreement can be obtained by adjusting the parame- 
ters in the model. The model parameters in these optimized cases are typically within 
15% of the baseline values and within the limits allowed by observations. We conclude 
that the most important factors controlling Titan's thermal structure are absorption of 
sunlight by the stratospheric haze and the pressure-induced gas opacity in the infrared. 
Within the uncertainties of the model, these effects can explain the observed temperature 
profile. Condensation clouds play a minor role, if any. © 1989 Academic Press, Inc. 

The Voyager flyby of the Saturn system 
provided a good definition of the composi- 
tion and temperature structure of Titan's 
atmosphere. The surface temperature was 
determined to be near 95°K (Lindal et al. 

1983), implying a greenhouse warming of a 
little over 10°K above the effective temper- 
ature of emission to space. The tempera- 
ture declines to a minimum of -70°K at 40 
km while higher in the atmosphere the tem- 
perature increases, reaching 170°K in the 
stratosphere. 

In this paper we report on a detailed 
model of the thermal structure of Titan's 
atmosphere. Our primary goal is to deter- 
mine if the observed thermal structure, in- 
cluding the 10°K greenhouse effect, can be 

1 Permanent address: Laboratoire d'Astronomie In- 
fra-Rouge, Observatoire de Paris-Meudon, France. 

adequately explained with known gaseous 
and haze opacities or alternatively if the 
presence of a signficant tropospheric meth- 
ane cloud layer or other absorption is re- 
quired. 

The major component of Titan's atmo- 
sphere is N2 with a few percent CH4 and 
trace amounts of other hydrocarbons 
(Kunde et al. 1981). The high altitude haze 
observed on Titan (Rages et al. 1983, Rages 
and Pollack 1983) is most likely photochem- 
ically produced organic solid material (see, 
e.g., Khare et al. 1984, Sagan and Thomp- 
son 1984). Based on data from the Voyager 
Infrared Spectrometer (IRIS), Samuelson 
et al. (1981) have suggested that there is 

10% Ar, although a recent analysis of the 
data with improved absorption coefficients 
by Toon et al. (1988) has suggested that this 
may not be the case. Voyager observations 
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have indicated that the present Titan atmo- 
sphere is close to radiative equilibrium, 
with a convective zone only at the lower 
few kilometers of the atmosphere (Lindal et  
al. 1983, Eshleman et  al. 1983, Flasar 
1983). 

Samuelson (1983) provided a brief review 
of pre-Voyager models of Titan's thermal 
structure and developed an analytical radia- 
tive equilibrium model that was vertically 
homogeneous and considered the radiation 
balance in three broad spectral intervals. 
His results confirmed pre-Voyager sugges- 
tions that the temperature inversion ob- 
served on Titan was the result of strong 
stratospheric absorption of solar ultraviolet 
and penetration to near the surface of 
longer wavelength solar visible radiation 
(see, e.g., Danielson et al. 1973, Pollack 
1973). Samuelson suggested the presence of 
enhanced opacity in the regions near 500 
(-20 km) and 30 mb (-65 km), which he 
attributed to possible condensation clouds 
of CH4 and C2H2-CzH6-C3Hs, respec- 
tively. He also identified the region from 
400 to 600 cm -1 as the thermal infrared 
"window" region, a spectral region of low 
optical depth that limits the greenhouse ef- 
fect on Titan. We have extended this work 
by developing a detailed numerical model 
with spectral and vertical resolution cou- 
pled to a microphysical model of the strato- 
spheric haze. 

Our overall approach to modeling the 
thermal structure of Titan's atmosphere is 
to develop a model with as few adjustable 
parameters as possible and to restrict these 
parameters to specific independent physical 
quantities. For example, we treat the haze 
production rate as an adjustable parameter 
but we use a simple microphysics model to 
compute the haze size and density as a 
function of altitude once the haze produc- 
tion is specified. Hence the vertical distri- 
bution of haze particle size and density are 
not free parameters in our computation of 
the temperature profile. We use spacecraft 
and ground-based data sets (but not the ob- 
served temperature structure) to choose 
values for these adjustable parameters. 

Thus, the thermal balance and the radia- 
tive-convective temperature profile can be 
computed with essentially no free parame- 
ters. We later adjust these parameters to 
optimize the fit to the observed temperature 
profile. 

We use the model of the thermal struc- 
ture of Titan's atmosphere in two separate 
ways. First we use this model with the tem- 
perature profile fixed to the Voyager egress 
temperature data. In this mode we investi- 
gate the effects of various parameters 
(whose values are chosen to satisfy con- 
straints placed by other data sets) on radia- 
tive fluxes and the thermal balance. Sec- 
ond, we compute equilibrium radiative- 
convective temperature profiles for 
comparison to the observed temperature 
distribution. 

The likelihood of condensate clouds in 
the lower atmosphere of Titan is poorly un- 
derstood and there is some disagreement on 
the most probable nature and extent of any 
such clouds (Thompson and Sagan 1984, 
Samuelson 1983, Toon et  al. 1988). We ex- 
plore the possibility that the thermal struc- 
ture of the atmosphere can be used to infer 
tropospheric cloud properties. 

Finally we attempt to closely match the 
Voyager temperature profile by altering the 
model parameters from their values deter- 
mined from the observational data sets. We 
present two optimized cases, one with a 
methane condensation cloud and one with- 
out. As far as possible we adjust the model 
parameters in such a way that the fit to the 
observational data sets is still fairly good. 
We find that our model calculation for the 
surface temperature is, in general, colder 
than the observed value. The addition of 
methane condensation clouds does not 
result in a significantly improved fit. Good 
agreement can be obtained by adjusting the 
parameters in the model, within the limits 
allowed by observations. 

BASELINE NO-CLOUD CASE AND NOMINAL 
CLOUD CASE 

The radiative transfer techniques, the 
spectral intervals, and the other details of 
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the model are described in the Appendix. 
The haze properties are derived from a mi- 
crophysics model and the results are shown 
in Figs. 1-4. As described in the Appendix 
the haze model is determined primarily by 
the geometric albedo of Titan (see Figs. 5 
and 6), while the methane, hydrogen, and 
cloud levels in the model are constrained by 
the Voyager IRIS data (see Figs. 7-9). 

Since we are interested in the effect of 
clouds and other putative absorbers on the 
temperature profile of Titan's atmosphere 
we must first define a baseline case which is 
without any such effects. We refer to this 
case as the baseline no-cloud case to em- 
phasize the fact that it does not contain any 
condensation clouds. As will be seen below 
this baseline no-cloud case provides a rea- 
sonably good fit to Titan's temperature pro- 
file, particularly if the methane distribution 
is held fixed to the values determined from 
the Voyager data. For this reason the diag- 
nostic studies we have performed on the 
radiative energy transport and thermal bal- 
ance have been based on the baseline no- 
cloud model. We feel that this case rep- 
resents a good model of Titan's atmo- 
sphere. 

To include the effects of clouds we define 
a nominal cloud case, in which the proper- 
ties of the cloud are based on the results of 
Toon et  al. (1988). In this case a methane 
cloud is inserted in the model in all layers in 
which methane is at its saturation vapor 
pressure (from - 5  to 30 km). The cloud 
particles are all the same size with a radius 
of 100/zm. The optical depth of the nominal 
cloud is 2, specified at 200 cm -l. The opac- 
ity of the nominal cloud is distributed pro- 
portional to the gaseous methane concen- 
tration within each saturated layer. 

While the two cases listed above are the 
primary ones used in this paper and will be 
referred to frequently, we have also consid- 
ered several other cases. In particular we 
consider methane condensation clouds with 
particles over the size range 0.1-200/xm. In 
addition we consider a no-cloud case and a 
cloud case optimized to match the Voyager 
temperature profile. 

For the baseline no-cloud case, the nomi- 
nal cloud case, and the two optimized cases 
the adjustable parameters in the model are 
determined independently to give a good fit 
to the observational data sets. The particu- 
lar combination of values that gives a good 
fit may not be unique. 

ADJUSTABLE PARAMETERS 

The adjustable parameters that must be 
chosen to complete the baseline no-cloud 
and the nominal cloud models are listed in 
Table I. There are nine parameters that 
specify physical quantities in the baseline 
model; five of these (charging radius, pres- 
sure level of production, visible absorption 
scale factor, and infrared absorption scale 
factor) are related to the haze, two are re- 
lated to the composition of the atmosphere 
(the CH4 relative humidity and the H: mix- 
ing ratio), and the remaining two are the 
surface reflectance in the visible and in the 
infrared. When methane clouds are in- 
cluded in the model two additional parame- 
ters are introduced, the particle size and the 
cloud opacity at a reference wavelength. In 
addition, when we consider optimizing the 
fit of the model results to the voyager tem- 
perature data we will introduce four other 
adjustments to the model (see Table III). 
With the exception of the adjustments fac- 
tor to the CH4-N2 absorption coefficient, 
there is no physical basis for choosing these 
additional adjustments--they are chosen to 
help produce a close fit between the 
model results and the Voyager temperature 
data. 

The numerical values of parameters and 
the data set that is used to choose values for 
the baseline (9 parameters) and nominal 
cloud (11 parameters) models are listed in 
Table I. These data sets include (1) high 
phase angle images of Titan (Rages and Pol- 
lack 1983, Rages et  al. 1983), (2) the Voy- 
ager IRIS spectra (Samuelson et al. 1981), 
and (3) Earth-based observations of the 
geometric albedo of Titan (Neff et  al. 1984, 
1985, Fink and Larson 1979). In the follow- 
ing paragraphs we describe the fitting pro- 
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TABLE I 

MODEL ADJUSTABLE PARAMETERS 

Variable No-cloud Nominal Constraint 
baseline cloud 

Charging radius, rc 0.09/zm 0.09/zm 
Pressure of haze production, Po l0 4 mb 10 -4 mb 
Haze production rate, Co 0.35 ~' 0.35 a 
Haze visible absorption factor, Xv ,~ 4 
Haze infrared absorption factor, X~ 0.5 0.5 
Surface relative humidity, RHcH4 60% 60% 
H2 mixing ratio, fH2 0.3% 0.3% 
Visible surface reflectance, Av 0.1 0 
Infrared surface reflectance, A~r 0 0 
Methane cloud particle radius, rc - -  100/zm 
Opacity of cloud at 200 cm i, zc - -  2 

Rages et  al. (1983), see Fig. 1 
Rages and Pollack (1983), b see Fig. 2 
Geometric albedo, see Figs. 5 and 6 
Geometric albedo, see Figs. 5 and 6 
IRIS data, see Fig. 7 
IRIS data, see Fig. 7' 
IRIS data, see Fig. 7 c 
Geometric albedo, see Figs. 5 and 6 
No constraint 
IRIS data, see Fig. 7' 
IRIS data, see Fig. 7 C 

a In units of 3,5 x 10 14 g cm 2 sec ~. 
b Only weakly constrained by the Rages and Pollack results. Equally good fits are obtained for any 

Po < 0.1 mb. 
A comparison to the IRIS data is shown in Fig. 7; see Toon et  al. (1988) for detailed comparisons. 

cedure using the baseline no-cloud case as 
the example. 

The parameter rc which controls the par- 
ticle charging effects is chosen based pri- 
marily on constraints on particle sizes near 
optical depth unity. Size estimates of Ti- 
tan's aerosols based on Voyager high- 
phase-angle images by Rages et  al. (1983) 
suggest that in the upper few tenths of an 
optical depth in Titan's atmosphere the 
cross-section-averaged particle radius lies 
between 0.2 and 0.5/zm. This range of val- 
ues is shown as the crosshatched region in 
Fig. 1. Also shown, by the continuous line, 
is the recommended radius distribution of 
Tomasko and Smith (1982) based on polar- 
imetry data as modified by West et  al. 
(1983). A choice of rc = 0.09/xm represents 
the baseline value for this parameter and 
the resulting values for the radius are 
shown by squares. To pass within the 
crosshatched region in Fig. 1, rc must be 
between 0.05 and 0.15 /zm. Borucki et  al. 
(1987) have recently developed a theoreti- 
cal model of particle charging in Titan's up- 
per atmosphere from which they conclude 
that the number of charges per particle is 
approximately 30 times the radius of the 
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FIG. 1. Comparison of the particle size in the base- 
line haze model, shown in Fig. 3, to the limits deter- 
mined by Rages et  al.  (1983) from size estimates of 
Titan's aerosols based on Voyager high-phase-angle 
images. This range of values is shown as the cross- 
hatched region and the baseline haze model results are 
shown as squares at each computation point in the 
model, Also shown as an unmarked solid line is the 
recommended radius distribution of Tomasko and 
Smith (1982) based on polarimetry data with the sug- 
gested modification of West et  al.  (1983). The horizon- 
tal axis is the optical depth at 0.64/zm. 



T I T A N ' S  T H E R M A L  S T R U C T U R E  27 

500~ 

~E3 
. r:'l r: 1 400 [] [] 

D o 

300 

< 

2OO 

100 t = ~J . . I  ~ =J, 
10-6 10-5 10-4 10-3 10-2 

HAZE EXTICTION, per km 

FIG. 2. Comparison of the high altitude extinction 
properties of the baseline haze, shown in Fig. 3, to the 
extinction values of Rages and Pollack (1983). The 
Rages and Pollack values are shown as the solid line; 
the square markers are the model calculations. 
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particle in micrometers. The value of rc is 
inversely proportional to the square of the 
charge per unit radius (see Eq. A18 of 
Turco et al. 1982); a value of rc of 0.09/xm 
corresponds to - 1 6  charges on a 1-/zm ra- 
dius particle. 

As shown in Fig. 2, the altitude of the 
production of haze is chosen to yield an 
upper atmospheric extinction profile 
(squares) that is in reasonable agreement 
with the extinction values of Rages and Pol- 
lack (1983) (solid line). The simple aerosol 
model used here does not attempt to accu- 
rately model the high altitude distribution 
of the haze. This has little effect on the 
main haze layer; in model calculations the 
altitude and particle size at optical depth 
unity (at 0.64/~m) were unchanged as the 
pressure of maximum haze production is 
varied from 10 -~ to 10 -4 mb. This is ex- 
pected from previous model's of haze parti- 
cles on Titan (Toon et  al. 1980, Pollack et 
al. 1980). Following Toon et al. (1980), we 
set Py = Po/3. 

The particle radius, number density, rela- 
tive production rate, and optical depth pro- 
file (at 0.63 /zm) of the haze particles ob- 
tained for the values of the haze parameters 
listed for the cases considered in Table I are 
shown in Fig. 3. In Fig. 4 the wavelength 
dependence of the optical properties of the 

FIG. 3. Particle size, number density, relative pro- 
duction rate, and optical depth at 0.64 #m for the haze 
model defined by the baseline no-cloud case (see Table 
I; a production rate of Co = 0.35(x3.5 x 10 -14 g cm -2 
sec-~), a production maximum at Po = 10 -4 mb, and a 
charge radius of re = 0.09 /~m. The markers on the 
radius curve show the computation points used in the 
haze model. 

haze is shown at the altitude corresponding 
to optical depth unity in the haze for each 
spectral interval. The solid, dashed, and 
dotted lines are the asymmetry factor, (0)h, 
the single scattering albedo, ~h, and the al- 
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FIG. 4. The wavelength dependence of the optical 
properties of the haze. The solid and dashed lines are 
the asymmetry factor, (0)h, and the single scattering 
albedo, ~h of the haze at the altitude corresponding to 
haze optical depth unity. This altitude is plotted as the 
dotted line. 
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FI~. 5. The geometric albedo of the baseline no- 
cloud model shown as individual open squares at the 
wavelengths used in the computation. The wave- 
lengths and the methane absorption coefficients used 
in the calculation are listed in Table IV. The solid 
curve is the data of Neff et al. (1984) corrected for the 
size of the optical disk of Titan as described in the text. 
The geometric albedo data are used to choose values 
of the following model parameters: the haze produc- 
tion rate (Co), the surface reflectance (Av), and the 
haze absorption scale factor in the visible (Xv). The 
baseline values for these parameters are listed in Table 
I. The geometric albedo of the optimized no-cloud 
model is shown as circles. The model parameters used 
in the calculation are listed in Table IIl. Also shown 
are the geometric albedo values (triangles) of the opti- 
mized cloud model (Table II, case 5a). The model pa- 
rameters used in the calculation are listed in Table III. 

titude of  haze optical  depth unity, rh, re- 
spect ively,  for the haze.  The decrease  in 
the a s y m m e t r y  fac tor  with increasing wave-  
length and the change f rom absorbing to 
scattering part icles is expec ted  since the ra- 
tio of  particle size to wavelength is becom-  
ing smaller  and more  Rayleigh-like and 
Rayleigh scattering has zero a symmet ry .  In 
addition the index of  refract ion of  the parti- 
cles is decreasing sharply with increasing 
wavelength  (Khare  et  al.  1984, as discussed 
below) causing the shift to scattering (~ = 
1). 

Data  on the geometr ic  albedo of Ti tan ' s  
a tmosphere  over  the wavelength range 0.3 
to 1.0 p.m have  been tabulated by Nef f  et  al. 
(1984) and extended to 2.5/~m by N e f f e t  al. 
(1985) and Fink and Larson  (1979). The 
Nef f  et  al.  (1984) data are shown by the 
cont inuous curve  in Fig. 5 (multiplied by 

the factor  (2560/2850) 2 to correct  for the op- 
tical radius of  Titan, as suggested by Smith 
et  al . ,  manuscr ip t  in preparation).  We have 
chosen several  wavelengths  at which to do 
monochromat ic  calculations of  the geomet-  
ric a lbedo that can be compared  to the data. 
These  calculations utilize monochromat ic  
absorpt ion coefficients of  methane,  listed in 
Table I I I ,  both  in the cont inuum and in the 
methane bands.  The monochromat ic  ab- 
sorption coefficients are in general quite 
different f rom the exponential  sums used to 
compute  the broadband t ransmissions for 
the solar energy deposit ion calculations 
(see, e.g.,  Pollack et  al. 1986). We use the 
observed  geometr ic  a lbedo to constrain 
three model parameters :  the surface visible 
albedo, the haze optical  propert ies  and the 
haze product ion rate. We also consider  the 
effect of  altering the particle charge,  rc, on 
the geometr ic  a lbedo but we have already 
chosen this pa ramete r  as described above.  
The smaller  size distribution 6f Tomasko  
and Smith (1982), shown in Fig. 1, does not 
yield a good fit to the albedo data. 

The visible region of  the spect rum be- 
tween 0.3 and 0.6 ~ m  is free of  significant 
methane absorpt ion and scattering by the 
haze particles determines  the geometr ic  al- 
bedo; thus this region is ideal for determin- 
ing the optical  proper t ies  of  the haze. Since 
the haze is above  most  of  the a tmosphere  
Rayleigh scattering is negligible; it becomes  
important  at wavelengths  shorter  than - 0 . 3  
~m.  In the region of  the spec t rum from 0.7 
to 1.0 ~ m  there is significant methane ab- 
sorption as well as scattering by the haze. 
In this region the altitude distribution of  the 
haze in relation to the distribution of  the 
methane  determines  the contras t  in the geo- 
metric a lbedo in the methane  bands.  In our 
model altering the haze product ion rate al- 
ters the balance be tween scattering by the 
haze,  which tends to increase the albedo, 
and methane absorpt ion,  which tends to 
lower the albedo. Thus,  this region of  the 
spec t rum is used to determine the haze pro- 
duction rate. Beyond  1/~m the haze optical 
depth falls off  and the geometr ic  albedo be- 
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comes sensitive to the surface albedo. We 
have used the maximum values of the geo- 
metric albedo reported in the region of 1-2 
/~m, corresponding to minimum methane 
absorption, to determine the values of the 
surface reflectance. These data, at h = 1.1, 
1.3, 1.5, and 2.1 /xm, are from Fink and 
Larson (1979) and are shown in Fig. 6. 

In determining the optical properties of 
the haze, our initial approach was to follow 
the procedure of Rages and Pollack (1979) 
and independently choose the values of the 
imaginary index of refraction for each of 
the low methane absorption "continuum" 
points to agree with the observations. 
When we did this, the results, with the ex- 

ception of the 0.75-/zm point, were similar 
in form to the tholin optical constants re- 
ported by Khare et  al. (1984) from 0.3 to 0.9 
/~m. The values at 0.75/zm were highly sus- 
pect since the methane absorption coeffi- 
cient for this wavelength was obtained by 
extrapolation from the room temperature 
values which may be inappropriate for this 
wavelength (L. Giver, personal communi- 
cation). Overall, we found that the Neff et 
al. (1984) data are well matched by setting 
the haze imaginary index of refraction to a 
value ~ times larger than that reported by 
Khare et  al. (1984) and using their real in- 
dex unchanged. The possible physical sig- 
nificance of this adjustment is not clear. 
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FIG. 6. The same as Fig. 5 except  that each of  the model parameters determined from the geometric 
albedo data are varied to illustrate the degree to which the data constrain the baseline values listed in 
Table I. The crosses  at the wavelengths of  1.1, 1.3, 1.5, and 2.1 # m  are the data from Fink and Larson 
(1979). In (a), the haze production rate (Co) is varied from 0.2 to 0.5 about the baseline value of  0.35 (in 
units of  3.5 x 10 -14 g cm -2 sec-]).  In (b), the surface reflectance (Av) varies from 0 to 0.2; its baseline 
value is 0.1. The absorption coefficient o f  the haze in the visible is determined by scaling the results of  
Khare et  al. (1984) by a constant  factor (X,). In (c), this scaling factor is varied from unity to 2; the 
baseline value is t.  In (d), the the charge radius, re, is varied from 0.5 to 0.15/zm, about the baseline 
value of  0.09 tzm. 



30 MCKAY, POLLACK, AND COURTIN 

The advantage of this procedure over fitting 
each individual continuum point is that it is 
possible to extend our values of the optical 
properties to the 1- to 2-/xm region. In addi- 
tion, the good agreement obtained by 
merely scaling the tholin optical constant 
suggests that tholin is a good compositional 
analog for the Titan haze particles. Thus in 
the thermal infrared region of the spectrum 
we use a similar scaling approach to deter- 
mine the haze index of refraction. 

The best fit of the haze model to the geo- 
metric albedo data of Neff et al. (1984) is 
shown by the circles in Fig. 5. Figures 6a, 
6b, 6c, and 6d illustrate the sensitivity of 
the computed albedo spectrum to the val- 
ues for the haze production rate, the sur- 
face albedo, the tholin optical scaling fac- 
tor, and the charge radius, respectively. In 
each case, variations from the baseline val- 
ues of 0.35 (units of 3.5 x 10 -14 g cm -2 
sec-l), 0.1, 4, and 0.09 /zm, respectively, 
are studied. 

Another important data set that can be 
used to constrain model parameters is the 
Voyager IRIS spectrum from 200 to 600 
cm -1. This data set includes thermal bright- 
ness temperatures and limb to center inten- 
sity ratios. Several authors have shown that 
this data set can be used, together with the 
thermal structure of the atmosphere to de- 
termine the hydrogen mixing ratio, the sur- 
face methane concentration, and the prop- 
erties of the haze (Samuelson et al. 1981, 
Courtin 1982, Thompson and Sagan 1984, 
Toon et al. 1988). Toon et al. (1988) have 
reviewed the recent developments in this 
approach and our values are similar to their 
results. In particular, we find that a surface 
relative humidity of 60% and the hydrogen 
mixing ratio of 0.3% provide the best fits to 
the IRIS data. Our results are in agreement 
with those of Toon et al. (1988) and Thomp- 
son and Sagan (1984). Because these cases 
are identical to the discussion in Toon et al. 
(1988) our results for methane and hydro- 
gen are only summarized here. 

To achieve the correct emission tempera- 
ture in the region of 600 cm -~ (and, at the 

same time, constraining the haze produc- 
tion rate by the geometric albedo) it is nec- 
essary to adjust the haze thermal infrared 
optical properties (Toon et al. 1988). This is 
done by scaling the Khare et al. optical 
constants. A reasonable fit to the emission 
spectra is obtained by using a scaling factor 
of ½. This is shown in the bottom curve of 
Fig. 7. The emission calculations shown in 
Fig. 7 correspond to the two-stream source 
function method (Toon et al. 1989, 1977) 
based upon the hemispheric-constant two 
stream model (Pollack and McKay 1985) at 
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FIG. 7. Compar i son  of  the IRIS brightness  tempera-  
ture data (solid unmarked  line) at 57 ° with the model  
predictions for the basel ine no-cloud model  (bottom 
set of  curves ,  the model  points  are the open circles). 
The  tempera ture  profile is set by the Voyager  egress  
data  as descr ibed in the text.  The second from the 
bo t tom set of  curves  is for the  baseline no-cloud case 
but  with the CH4-N2 pressure  induced absorpt ion co- 
efficients of  Court in (1988) corrected for wavenumbers  
greater  than  200 c m -  ~ by a factor linearly increasing to 
1.75 for wavenumber s  greater  than  300 cm T and is 
cons tan t  for larger w a v e n u m b e r s  (see text). This cor- 
rection improves  the fit to the IRIS data. Success ive  
curves  are offset  in the vertical by 5K. The third set of  
curves  is for the nominal  cloud case  listed in Table 1 
and the forth set o f  cu rves  are for the nominal  cloud 
case with the C H 4 - N  2 correction.  The  presence of  the 
cloud also improves  the fit to the data. The uppermos t  
curves  are a compar i son  of  the  IRIS br ightness  tem- 
peratures  with the model  predict ions for the optimized 
cloud model  (Table I1, case  5a; Table III). 
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FIG. 8. Total thermal infrared column opacity for baseline no-cloud case, as defined in the text and 
listed in Table I, using the Voyager egress temperature profile. Absorption due to pure N2 and CH4 and 
by N2-CH4 and N2-H2 mixtures are computed based on the method of Courtin (1988). The sum of all 
the gaseous absorption is also plotted with markers at each of the wavenumber points used in computa- 
tions in the model. Also shown is the extinction due to haze particles and the dashed line shows the 
extinction due to the nominal CH4 cloud composed of particles of 100-/xm radius with an optical depth 
of 2 at 200 cm -t. 

an emission angle of  60 ° , which only ap- 
p rox imates  the IRIS observa t ions  which 
were  at 52.7 ° . Nonethe less ,  our  total haze 
adjus tment  required to match  the IRIS  data 
(CoXi --- 0.35 × 0.5 = 0.2) agrees with the 
total reduct ion suggested in the more  de- 
tailed study by  Toon  et al. of  0.25, as 
shown in their  Fig. 8, curve  3. The  advan-  
tage of  our  approach  is that  we are able to 
separate  the reduct ion in haze emission due 
to haze optical  proper t ies  f rom that due to 
haze product ion rates.  Figure 7 also shows 
the fit for  several  o ther  cases that  are dis- 
cussed below. Although the model  calcula- 
tions are sys temat ica l ly  lower  than the data 
in the 500-600 cm -1 region, there is an 
overall  agreement  that suggests that our  
choice of  model  pa ramete r s  is indeed con- 
strained by  the data  set. 

In Fig. 8 the thermal  infrared column 
opaci ty  for  the baseline no-cloud case and 
the nominal  cloud is shown. The sum of  all 
the gaseous  absorpt ion  is also plot ted with 
markers  at each of  the w a v e n u m b e r  points 
used in the model .  Also shown is the ex- 

tinction due to haze particles and the 
dashed line shows the extinction (chiefly 
scattering) due to the nominal  CH4 cloud 
composed  of  particles of  100-/xm radius 
with an optical depth  of  2 at 200 cm -l .  

Figure 9 shows the column optical depths  
for the haze and for  Rayleigh scattering in 
the visible for  the baseline no-cloud case 
listed in Table I. Also shown is the optical 
depth of  the nominal  cloud. Markers  on the 
Rayleigh scattering curve  indicate the mid- 
points of  the spectral  intervals used in the 
model  to compute  the solar energy deposi-  
tion. 

The procedure  outlined above  for fitting 
the model  pa ramete rs  to the observat ional  
data  sets has p roven  to be quite satisfac- 
tory.  We have  developed  the model  in such 
a way  as to minimize the number  of  free 
parameters .  In addition, we have  used labo- 
ra tory  data sets to set the optical constants  
of  the materials  in the a tmosphere .  When 
required we have  scaled the laboratory  
results by a single fac tor  and were  still able 
to obtain good fits. Thus,  the baseline no- 
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FIG. 9. Co lumn  optical depths  in the visible for the haze and for Rayleigh scattering for the baseline 
no-cloud case  listed in Table I. Also shown,  as a dashed  line, is the optical depth o f  the nominal  cloud. 
Markers  on the  Rayleigh scat ter ing curve  indicate the midpoints  of  the spectral  intervals used  in the 
model  to compu te  the  solar energy deposit ion.  

cloud model contains only nine physical 
quantities that must be specified to com- 
pletely and uniquely determine the atmo- 
spheric structure.  Since we have not used 
the temperature  profile determined by Voy- 
ager as one of  the observational  constraints 
(although we have used that temperature  
profile to define the atmosphere for the pur- 
poses of  fitting to the IRIS data), we can 
perform an independent  calculation of  tem- 
perature.  

N o m i n a l  c loud case.  For  the baseline no- 
cloud case, the best-fit set of  parameters  
listed in Table I was obtained assuming that 
there was no condensat ion cloud near the 
temperature  minimum. In fact both ethane 
and methane have regions of  saturation in 
the atmosphere.  Ethane saturation extends 
from 55 to 35 km while methane saturation 
extends from about  5 to 30 km. The ethane 
condenses above the temperature  minimum 
and methane below due to the fact that the 
source for ethane is above and that for 
methane is below this minimum. Ethane 
may also have a source at the surface 
(Lunine et al. 1983). 

Since we have included a condensate  
cloud without an associated microphysical  

model,  the presence  of  a cloud introduces 
several new free parameters  into the model. 
These are the particle size and optical 
depth, both as functions of  altitude. The 
presence of  a cloud in the atmosphere 
slightly alters the fit to the observational 
data sets. Toon et al. (1988) have shown 
that the IRIS data can be used to place con- 
straints on the particle sizes and optical 
depths of  any condensat ion clouds. We use 
their best-fit cloud case (particle radius = 
100/xm, optical depth at 200 cm -1 = 2, with 
opacity distributed proportional  to the 
methane gas amount  within the saturated 
layers) as the nominal cloud case. The fit of  
the IRIS data for this cloud is shown as the 
third curve from the bot tom in Fig. 7, and it 
can be seen that the fit is somewhat im- 
proved over  the baseline no-cloud case 
(bottom curve in Fig. 7). For  the geometric 
albedo, the effect of  such a cloud is to in- 
crease the albedo, most  significantly in the 
cont inuum points at 0.827 /~m, 0.935 t~m, 
and longer. This is expected since at 
shorter  wavelengths Rayleigh scattering 
and absorption by the haze at altitudes well 
above the cloud prevent  the cloud from 
having any effect on the reflected light. 
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FIG. 10. Altitude profile of the downwelling solar 
flux (right-hand set of curves) and the upweUing solar 
flux (leftmost set of curves). The solid lines are for the 
baseline no-cloud case and the dashed lines are for the 
nominal cloud case listed in Table I. 

While the extinction of the small Rayleigh 
and haze particles falls off steeply with in- 
creasing wavelength, the comparatively 
huge cloud particles are still efficient scat- 
terers in the long wavelength visible light. 
Without a cloud present, solar energy at 
these wavelengths, outside of the methane 
bands, would reach the ground and be re- 
flected. The presence of the cloud intro- 
duces a reflective layer above the ground 
offsetting a low surface albedo. For the 
nominal cloud case to produce a fit with the 
geometric albedo data that is as close as 
was determined with the baseline no-cloud 
case a slight adjustment of the parameters, 
Xv, Av, and Xi, is required. As listed in 
Table I, and as expected from the discus- 
sion of the effects of the cloud, we find that 
setting Av to zero, while retaining the pre- 

vious values of Xv and Xi, is the simplest 
adjustment that restores the original fit. 
This value of Av also works well for the 
cloud of particles 60/zm in radius, which is 
considered below. 

RESULTS AND DISCUSSION 

When the temperature of the model is 
held fixed at the profile based on the Voy- 
ager egress data, as described before, sev- 
eral quantities related to the radiation bal- 
ance that are of interest can be computed. 
The upward and downward fluxes of solar 
energy are shown in Fig. l0 both for the 
nominal cloud free case and for the nominal 
cloud case. In both cases the downweUing 
flux exceeds the upwelling flux but only by 
a factor of 2 to 3. The presence of the con- 
densate cloud perturbs the downwelling 
flux near and below the cloud height only. 
The upwelling flux is slightly increased 
everywhere above the cloud height and 
slightly decreased below it. Overall the ef- 
fect of the cloud on the visible radiation 
field is small. This is further illustrated in 
Fig. 11 which shows the spectral distribu- 
tion of energy that reaches the surface. The 
results for the nominal cloud model (dotted 
line) are very close to those for the baseline 
no-cloud model (solid line). 

Figure 12 shows the altitude in the base- 
line no-cloud model at which extinction op- 
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FIG. 11. Solar energy absorbed by the surface in the 
baseline no-cloud case (solid line) and for the nominal 
cloud case (dashed line) for each spectral interval in 
the model. The energy absorbed is determined by the 
area under the curve. 
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FIG. 12. The altitude at which the normal extinction 
optical depth reaches a value of unity, plotted as a 
solid line, for each spectral interval. Also shown, as a 
dashed line, is the altitude at which the downwelling 
visible flux is e J of  the incoming solar flux at that 
wavelength. Results are for the no-cloud baseline 
model as listed in Table I. 

tical depth unity is reached for each spec- 
tral interval. Also shown, as the dotted line, 
is the altitude at which the downwelling so- 
lar flux is e -~ of the incoming solar flux at 
that wavelength. The two lines are not the 
same since scattering effects cause the 
downwelling solar flux to deviate from 
Beer's law. There are two interesting fea- 
tures of this result. First in the short wave- 
lengths (<0.7/zm) the direct solar beam is 
attenuated at relatively high altitude but a 
fraction of the flux is scattered down to- 
ward the surface. At longer wavelengths 
(>1 /~m) most of the incoming radiation 
reaches the surface. 

Although proportionally more of the 
longer wavelength radiation reaches the 
surface, the shorter wavelength radiation is 
more effective in heating the surface--as 
seen Fig. 11. The total fraction of sunlight 
incident on Titan that is absorbed by the 
surface in the baseline no-cloud case is 
10.3%. For the nominal cloud case the cor- 
responding value is 9.9%. Figures 11 and 12 
show that the stratosphere is heated pri- 
marily by the short wavelength visible light 
and the surface is heated more or less 
equally by wavelengths below 0.7 and 
above 1 /xm. 

The model provides a means for the di- 
rect computation of the Bond albedo of Ti- 
tan, consistent with the geometric albedo. 
For our baseline no-cloud model we obtain 
a Bond albedo of 32% with less than 1% 
increase for the nominal cloud case. Our 
results imply a value of Tefr of 81.8°K. Con- 
sidering the fairly broad spectral intervals 
used in the calculation, our estimate com- 
pares well with the results of Neff et  al. 
(1985) of 83 +- 2°K and that of Tomasko and 
Smith (1982) of 84 -+ 2°K. 

In Figure 13 the net radiative flux at the 
surface in the thermal infrared is plotted for 
each spectral interval for the baseline no- 
cloud case. There are two main features in 
Fig. 13: cooling of the surface below 600 
cm ' and small heating of the surface by the 
stratospheric emissions between 700 and 
900 cm -1. The low opacity of the atmo- 
sphere in the region from 400 to 600 cm -1 
makes this the "window" region of Titan. 
Since the peak of the Planck function 
(Bxdh) at 94°K is at -330  cm -l this window 
occurs at a spectral location containing sig- 
nificant amounts of radiation and so it con- 
trols the greenhouse effect of Titan's atmo- 
sphere. If the surface were to warm to 
higher temperatures the radiation peak 
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FIG. 13. Net thermal infrared energy balance at the 
surface in the baseline no-cloud case. The net energy 
balance is determined by the area under the curve. The 
spikes near 700-800 cm ] are due to heating of the 
surface by stratospheric gases. The total area under 
the curve is -379  erg cm -2 sec J. 
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would shift even more into the window re- 
gion where the surface could radiate even 
more efficiently to space. 

Another effect seen in Fig. 13 is the heat- 
ing of the surface due to radiation emitted 
by stratospheric gases. The Titan strato- 
sphere is much warmer than the surface but 
is not able to effectively heat the surface at 
wavenumbers at which it emits radiation 
due to the low opacity of its gases and haze 
particles at these wavelengths (at 170°K the 
maximum of the Planck function is at 600 
cm-1). However, in portions of the 700-900 
cm -I region, stratopsheric gases are opti- 
cally thick and tropospheric gases are opti- 
cally thin and so the former can heat the 
surface. The flux received by the ground 
due to the stratospheric gaseous emissions 
of -19  erg cm -2 sec -~ is - 5 %  of the net 
thermal infrared radiation lost by the sur- 
face (-379 erg cm -2 sec -1) as shown in Fig. 
13. Because of the ease with which radia- 
tion can leave the surface through the infra- 
red window region the change in surface 
temperature per unit change in flux is quite 
low. By doing incremental perturbation 
studies we have calculated it to be 0.02°K 
erg -~ cm 2 sec. This would imply that the 
flux contributed to the surface due to the 
stratospheric gaseous emissions results in 
only a -0.5°K increase in surface tempera- 
ture. A further implication of this result is 
that a significant increase in the solar en- 
ergy reaching the surface will have only a 
modest effect on the surface temperature, 
unless the infrared opacity is also changed. 
For example, if the solar energy deposition 
is increased from 10 to 15% of the incident 
flux (an increase of 185 erg cm -2 sec-~), 
then, all other things remaining constant, 
the surface temperature will increase by 
only 4°K. 

A measure of the radiative equilibrium of 
the baseline no-cloud model and the nomi- 
nal cloud model is shown in Fig. 14. This is 
a plot of the net radiative flux (combined 
visible and thermal infrared fluxes) divided 
by the sum of the absolute magnitudes of 
visible and thermal infrared net fluxes, F~ 
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FIG. 14. The net flux (both visible and thermal infra- 
red summed) divided by the sum of the absolute mag- 
nitudes of visible and thermal infrared flux. Positive 
values indicate a warming and negative values a cool- 
ing. If the model was in perfect thermal balance this 
term would be zero everywhere except near the sur- 
face where the radiative balance would be positive 
since some of the solar energy deposited in this region 
would be carried by convection. Results are shown for 
the baseline no-cloud case (left curve) and for the nom- 
inal cloud case (right curve) as described in Table I. 

(lEvi + IFIRI). Positive values mean that the 
atmosphere is warming and negative values 
mean that the atmosphere is cooling. If the 
models were in perfect thermal balance this 
term would be zero everywhere except 
near the surface where the radiative bal- 
ance would be negative since some of the 
solar energy deposited at the surface is car- 
ded upward by convection. 

Until this point all the results presented 
have been obtained using the model in a 
diagnostic sense. That is, the temperature 
profile has been fixed to the observed value 
and the thermal balance in the atmosphere 
has been computed. We have also per- 
formed calculations in which we allow the 
temperature profile of the atmosphere to 
change in order to achieve thermal radia- 
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FIG. 15. Radiative equilibrium temperature profile of the atmosphere for the baseline no-cloud case 
(see Table I) is shown as squares with the Voyager egress data of Lindal et al. (1983) shown as a solid 
line. The model results in this case are computed with all of the parameters chosen by comparison of 
model predictions to observational data sets o t h e r  than the temperature profile. Thus no model param- 
eters have been adjusted to enhance the fit shown in this figure. Also shown are the various optimized 
cases. Radiative equilibrium temperature profile of the atmosphere for the optimized no-cloud case 
(see Table II, case 3g; Table III) is shown as circles. The radiative equilibrium temperature profile of 
the atmosphere for the optimized cloud case (see Table II, case 5a; Table Ill) is shown as triangles. 
The temperature profile with the cloud removed (Table 11, case 3h) is virtually identical to the model 
results shown and is shown as pluses. 

t ive-convective equilibrium. The resulting 
temperature profile for the baseline no- 
cloud case is shown in Fig. 15. The results 
are tabulated in Table II as case 3. The tem- 
perature profile for the nominal cloud case 
would be virtually indistinguishable at the 
scale of the plot (Table II, case 4). 

Although the fractional net radiative flux 
of the baseline no-cloud case is everywhere 
less than - 5 % ,  the converged temperature 
profile is clearly cooler than the Lindal et  
al. (1983) values adjusted for the composi- 
tion of the atmoshpere (Table II, cases l a -  
lc). This is also true for the nominal cloud 
model. In particular the models are cooler 
in the stratosphere by about 10°K and 
cooler in the troposphere by about 5-10°K. 
We have performed a series of sensitivity 
studies to determine if changes in any single 
parameter would result in smaller differ- 
ences. 

We note that the comparison of a globally 

averaged calculation with a measured pro- 
file at a single point (such as the Lindal et  

al. results) must be viewed with caution. In 
addition dynamical effects, not included in 
this one-dimensional study, may be signifi- 
cant. 

The cool stratosphere is primarily due to 
neglect of solar radiation below 0.3 ttm. We 
have corrected this by scaling the solar flux 
in the first two wavelengths by a factor of 
2.5. An alternate way of altering the strato- 
spheric temperature without affecting the 
various observational constraints on the 
geometric albedo or the IRIS emission 
spectrum would be to alter the concentra- 
tion of those trace gases that are radiatively 
active in the thermal infrared. If the strato- 
spheric mixing ratios of C2H2 and C2H6 are 
reduced by a factor of approximately 5, 
then the computed stratospheric tempera- 
tures are in much improved agreement with 
the Lindal et  al. (1983) values. An adjust- 
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TABLE II 

TEMPERATURE RESULTS FOR SEVERAL CASES 

Case  Surface Tropopause  
T a T 

1. Lindal  et  al. (1983) 94.0 71.2 
la.  RHcH4 = 60%, fn~ = 0.3% 93.3 70.6 
lb. R H c m  = 30%, fH: = 0.3% 93.0 70.6 
lC. R H c m  = 60%, fH2 = 0.6% 92.8 70.4 
ld.  RHcrt4 = 60%, fn2 = 0.3%, Ar  = 10% 96.6 73.2 

2. No  adjust ,  Co = Xv = Xi = 1 78.8(86.0) 66.77 
3. Baseline no-cloud (see Table I) 85.3(90.2) 70.2 

3a. RHcH, = 100% 85.3(90.4) 70.3 
3b. fH: = 0.6% 88.1(91.5) 70.2 
3C. CH4-N2 adjust  87.3(91.9) 70.1 
3d. Co = 0.2 (×3 .5  × 10 -14 g cm -2 sec -~) 90.2(92.7) 71.2 
3e. Xv = 1.0 85.7(90.5) 70.1 
3f. (0)h × 1.1 87.1(91.0) 70.7 
3g. Opt imized (see Table III) 93.2(94.2) 71.6 
3h. Opt imized (case 5a without  cloud) 94.2(94.5) 71.5 

4. Nominal  100-/~m cloud (see Table I) 86.8(91.3) 70.3 
4a. n i = 10 -4 86.1(89.5) 69.8 
4b. n i = 10 -3 83.4(85.9) 69.8 
4c. CH4-N2 adjust  88.5(92.8) 70.1 
4d. CH4-N2 adjust ,  ni = 10 -4 88.5(94.0) 70.1 
4e. ~'c = 5 88.3(91.9) 70.2 
4f. ~'c = 10 89.8(92.6) 70.1 

5. 60-/zm cloud 86.3(91.3) 70.2 
5a. Opt imized (see Table III) 95.0(94.4) 71.5 

N u m b e r s  in pa ren theses  refer  to the surface tempera ture  computed  with 
the  me tha ne  profile held fixed based  upon  Voyager  data,  i.e., not  i terated with 
the  tempera ture  calculat ions.  
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able parameter in the model that would also 
affect the stratospheric temperature is the 
haze absorption, Xi. However, changes in 
this parameter affect the fit to the IRIS 
data. 

Table II lists the effects on the surface 
temperature and the tropopause tempera- 
ture for a series of changes in the model. 
The first set of entries entry in Table II is 
just the values from the Voyager egress 
profile from Lindal et  al. (1983). Case 1 is 
the Lindal results for a pure N2 atmo- 
sphere. Cases l a - l d  are the results of mod- 
ifying the Lindal et  al. profile for the atmo- 
spheric compositions listed. In this table 
the results are listed to 0. I°K. This is much 
better than the accuracy of the procedures 
used, but is valid when considering differ- 

ences between cases. For the model calcu- 
lations the surface temperature and tropo- 
spheric temperature minimum are listed. In 
addition the surface temperature that would 
be obtained if the model was allowed to 
come to convergence without iterating on 
the methane composition is listed. In this 
mode the feedback between the surface 
temperature and the methane concentration 
is artificially suppressed and the methane 
profile is held fixed to the value determined 
by the Voyager egress data as described in 
the initial sections of the model description. 
As will be seen, the inclusion of this feed- 
back considerably amplifies any deviations 
from the Voyager results. 

To illustrate the importance of the obser- 
vational data sets in defining the model we 
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have computed the temperature profile for 
the case in which three of the model param- 
eters are set to the values that one would 
use based only on previous models of the 
haze production and laboratory analogs 
(Chang et  al. 1979, Yung et  al. 1984, Khare 
et  al. 1984). The results, case 2, differs sig- 
nificantly from the baseline case (3) and is 
in very poor agreement with the Lindal et  

al. (1983) results. 
To warm up the troposphere we have 

tried increasing the surface relative humid- 
ity of methane (case 3a). This has very little 
effect on the model even though methane is 
one of the key, albeit modest, absorbers in 
the window region of the thermal infrared. 
The reason for this is that increasing the 
surface relative humidity only increases the 
mixing ratio of methane in the lower layers 
of the atmosphere, since above a few kilo- 
meters methane reaches its saturated value 
even in the baseline model. One conse- 
quence of this is that the atmospheric tem- 
perature profile is fairly independent of the 
presence or composition of an ethane rich 
ocean that may suppress the relative hu- 
midity of methane at the surface. 

Since H2 is uniformly mixed in the 
model, and also has absorption in the win- 
dow region, changes in the hydrogen mix- 
ing ratio can potentially have a much more 
pronounced effect than changes in the 
relative humidity of methane. However, 
changes in the hydrogen mixing ratio must 
be offset by changes in the haze thermal 
infrared absorption factor or the fit with the 
IRIS data will deteriorate (Thompson and 
Sagan 1984, Toon et  al. 1988). Further- 
more, Toon et  al. (1988) have shown that 
this balance can match the IRIS data only 
for values of the hydrogen mixing ratio of 
0.6% or less. In Table II, case 3b, we have 
listed the effect of such an increase on the 
baseline model. 

The pressure induced opacity coefficient 
for CH4-N2 determined by the method of 
Courtin (1988) is slightly below the labora- 
tory data for wavenumbers above 200 cm-J 
at the lowest temperature for which data 

are available (126°K). Increasing his results 
by a factor that is unity at and below 200 
cm -1 , increases linearly to 1.75 at 300 cm -1, 
and remains constant at that value at higher 
wavenumbers forces the calculations to 
agree with the laboratory data. It should be 
emphasized that this is not an ad hoc cor- 
rection and in fact merely forces agreement 
with the data. This correction effectively 
enhances the absorption due to methane. 
Toon et  al. (1988) have found that such a 
correction improves the fit of the Titan 
model atmospheric emission spectra to the 
IRIS data. This is shown in Fig. 7, where 
the second from the bottom and the top 
curves are the emission spectra computed 
for the baseline no-cloud case and the nom- 
inal cloud case, respectively, with this ad- 
justment to the CH4-N2 pressure-induced 
absorption. The effect on the troposphere 
temperature is shown in Table II, case 3c. 
Since the absorption varies as the square of 
the pressure its effects are confined to the 
troposphere. Toon et  al. (1988) have also 
included an additional 25% correction to 
the CH4-N2 absorption coefficient above 
that indicated by the data--we do not use 
this correction here. 

For all the corrections considered so far 
the troposphere becomes warmer since the 
same amount of visible light reaches the 
surface but the infrared opacity is in- 
creased. As seen in Table II, cases 3a-3c, 
no single correction that deals with the in- 
frared opacity and the infrared active gases 
is sufficient to reach the desired tempera- 
tures. We have to consider therefore cor- 
rections to the model that will allow more 
solar energy to reach the troposphere and 
the surface. We have considered the effects 
of a lower production rate of haze material 
(Co = 0.2 in case 3d). This results in smaller 
particles, a decrease in the altitude of opti- 
cal depth unity, and a reduction in total op- 
tical depth of the haze. This significantly 
improves the fit of the temperature model 
to the Voyager egress results. However, 
the value of Co is strongly constrained by 
the geometric albedo, particularly in the 
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methane bands at 0.620 and 0.888/zm, as 
shown in Fig. 6, and it is difficult to com- 
pensate for the reduction in the albedo of 
these points by corresponding changes in 
the other model parameters. In fact, due to 
the resulting reduction in geometric albedo 
at 0.620 and 0.888 ttm we are unable to 
lower the value of Co below 0.3. 

Altering the haze optical properties can 
also influence the amount of light that 
reaches the surface. This is shown (case 3e) 
for haze optical constants set directly to the 
results of Khare et  al. (1984). 

Another direct way of increasing the flux 
reaching the troposphere is to alter the scat- 
tering properties of the haze particles. 
There is significant evidence that the haze 
particles are nonspherical in nature (To- 
masko and Smith 1982, Rages et  al. 1983) 
and it is possible that the spherical Mie 
computations used in the model do not cor- 
rectly determine the scattering asymmetry 
factor. If the scattering asymmetry factor of 
the haze particles is everywhere increased 
by 10%, the surface and troposphere warm 
as shown in Table II, case 3f. 

Adding the methane condensation cloud 
to the model and changing the surface al- 
bedo to zero to continue to match the geo- 
metric albedo, as discussed in conjunction 
with Table I, do not produce a significant 
warming in the troposphere, as seen in Ta- 
ble II, case 4. Correcting the CH4-N2 infra- 
red absorption (case 4c) or introducing a 
small component of absorption in the visi- 
ble to the methane cloud by increasing the 
imaginary index of refraction to 10 -4 (cases 
4a and 4b) slightly improves the overall tro- 
pospheric temperature profile. Effectively 
the increased absorption in the cloud heats 
the region of the atmosphere from 5-30 km 
greatly improving the agreement with the 
data in that region. However,  since no 
other parameters in the model have been 
changed the surface is receiving less radia- 
tion and is slightly cooler. Coupling a 
slightly absorbing cloud with increased 
opacity, such as the CH4-N2 correction, 
could improve both aspects of the model 

temperatures, as shown in case 4d. Increas- 
ing the cloud index of refraction to 10 -3 

(case 4b) produces a pronounced effect on 
the surface temperature. The absorbing 
cloud warms the troposphere in its vicinity 
but severely attenuates the solar flux reach- 
ing the ground, causing unrealistically low 
surface temperatures. The increased visible 
absorption, which could represent the ef- 
fects of haze material or other dark organic 
substances held within the cloud particles, 
does not affect the thermal emission of the 
cloud and hence does not alter the fit to the 
IRIS data. 

When clouds are present the radiative 
balance of the atmosphere is greatly af- 
fected by the size of the cloud particles. 
The presence of a cloud affects both the 
incoming solar radiation and the outgoing 
thermal infrared radiation. Figure 16 shows 
the solar energy absorbed (solid lines with 
markers) by the surface and the net thermal 
infrared energy loss (dashed lines with 
markers) for varying cloud particle sizes. 
Also shown, for comparison, are the corre- 
sponding values for the baseline no-cloud 
case. The solar energy absorbed is the frac- 
tion of the total sunlight incident on Titan 
that is absorbed at the surface. The net 
thermal infrared energy loss is the radiation 
emitted from Titan's surface less the radia- 
tion that the surface receives from the sky. 
In order for the surface to be in radiative 
equilibrium the solar energy deposition and 
the thermal infrared losses must be near 
balance. Even though the Voyager results 
indicated that Titan's atmosphere seems to 
be in radiative balance, there will be some 
convection energy carried from the surface. 
Therefore, for radiative-convective bal- 
ance the solar energy absorbed must be 
larger that the net thermal infrared energy 
emitted. 

For all cases of different cloud particle 
sizes the cloud opacity is held fixed at 2 
optical depths at 200 cm -l and the thermal 
structure is held fixed at the egress profile. 
The surface albedo for all the cloud cases is 
set to zero, consistent with the nominal 
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FIG. 16. The solar energy absorbed by the surface 
and the thermal infrared energy loss for varying cloud 
particle sizes. The opacity in each case is held fixed at 
2 at 200 cm -~ and the temperature structure is held 
fixed at the Voyager temperature profile. The solid line 
is the solar energy absorbed at the surface; the straight 
solid line shows the result for the baseline no-cloud 
case. The dashed line refers to the net thermal infrared 
radiation lost from the surface and the straight dashed 
line refers to the baseline no-cloud case. For clouds of 
sub 10/~m particles essentially no solar energy reaches 
the surface to balance the thermal infrared losses. The 
slight increase in solar absorption at - 6 0  p.m com- 
pared to the no-cloud case is due to the fact that the 
surface albedo is zero in the cloud case and 0.1 in the 
no-cloud case (see Table I). 

cloud results in Table I. For very small par- 
ticles the optical depth in the visible is enor- 
mous and even for virtually pure scatterers 
essentially no solar radiation reaches the 
ground. Such submicrometer clouds are 
consistent with the IRIS emission spectra 
(Thompson and Sagan 1984, Toon et al. 
1988) as are much larger cloud particles (re 
> 50/.tm, Toon et al. 1988). The presence 
of a submicrometer cloud also helps reduce 
the net thermal infrared cooling by the sur- 
face which reaches a minimum of about 
4.5% of the solar flux. It is possible that 
micrometer-sized and submicrometer-sized 
methane condensation clouds exist in Ti- 
tan's atmosphere. If they do they must 
be patchy, allowing some solar energy 
through. Since the cloud-free atmosphere 
on Titan seems to be close to radiative bal- 

ance, that is, the absorbed solar radiation 
appears to closely balance the net thermal 
infrared losses, any coverage of small parti- 
cle clouds would significantly alter the ther- 
mal structure. Based upon the sensitivity of 
the surface temperature to changes in flux 
we estimate that a 5°K decrement in surface 
temperature would result from an areal 
fraction of small particle methane clouds of 
60%. A model calculation in which we "re- 
moved" 50% of the solar flux in the tropo- 
sphere resulted in a 5.3°K temperature drop 
in the baseline no-cloud model, confirming 
the magnitude of our estimate. 

As the methane cloud particles become 
larger their effect on the surface heat bal- 
ance reverses. Particles larger than a few 
tens of micrometers have a net greenhouse 
effect since they essentially do not lower 
the solar flux reaching the surface but do 
decrease the net thermal infrared losses 
from the surface. This is due to the fact that 
the clouds are pure scatterers in the visible 
but are scattering absorbers in the infrared. 
The effect of particle size on the solar and 
thermal infrared radiation balance of the 
surface as shown in Fig. 16 exemplifies the 
scattering greenhouse effect discussed by 
Samuelson (1967) for Venus and by McKay 
and Pollack (1984) for Titan. Our results for 
the crossover value for the methane cloud 
particles (-20/zm) agree well with a simple 
uniform gray scattering model which would 
predict that methane cloud particles larger 
than 30/xm will produce a scattering green- 
house effect. From the plot it is clear that 
the optimal particle size for surface warm- 
ing is -60  ~m. However, as seen in Table 
II (case 5) the effect of clouds (with both 60- 
and 100-/zm size particles) is only a degree 
or so. This is due to the constraint that the 
cloud opacity be 2 at 200 cm -~, to ensure a 
good fit to the IRIS emission data. This im- 
plies an optical depth in the visible I and 2 
for the 60- and 100-/zm clouds, respec- 
tively. If the cloud optical depth is in- 
creased to 5 or 10 the surface temperature 
does increase as seen in Table II, cases 4e 
and 4f. 
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TABLE III 

MODEL ADJUSTABLE PARAMETER SETTINGS FOR 
OPTIMIZED CASES 

Variable Values for 
optimized case 

No-cloud Cloud 

Charging radius, re 0.09 #,m 0.09 #,m 
Pressure of haze production, Po 10 -I4 mb 10 -14 mb 
Haze production rate, Co 0.30 ° 0.35" 
Haze visible absorption factor, Xv 1.2 1.1 
Haze infrared absorption factor, Xi 0.5 0.7 
Surface relative humidity, RHcm 60% 60% 
H2 mixing ratio, fH: 0.3% 0.4% 
Visible surface reflectance, Av 0.2 0.2 
Infrared surface reflectance, Air 0 0 
Methane cloud particle radius, r~ - -  60/zm 
Opacity of cloud at 200 cm -1, ~-~ - -  2 
Other adjustments 

Cloud imaginary index, ni - -  10 -4 
Haze asymmetry factor, (0),, scaling 1.1 1.1 
Solar UV increased by 2.5 2.5 
CH4-N2 adjustment factor 1 : v < 200 cm-~; 

1.75:v > 300 cm-t; 
linear between 

a In units of 3.5 x 10 -~4 g c m  -2 sec ~. 

OPTIMIZED CASES 

In this subsection we attempt to optimize 
the fit of the model temperatures to the 
Voyager egress results of Lindal et al. 
(1983), while at the same time remaining as 
consistent as possible with the observa- 
tional data sets used before for the selection 
of the model adjustable parameters. As we 
show below, we have been able to do this 
fairly well for both a no-cloud case and for a 
60-/zm cloud case. The fits we derive are 
not unique but serve to illustrate the range 
of variation that is required to bring the 
model into agreement with the observa- 
tions. 

In order to optimize the fit for the no- 
cloud case we included the correction to 
the CH4-N2 pressure-induced absorption. 
This is the only correction in the thermal 
infrared (for this case) and, as shown before 
in Fig. 6, this actually results in an im- 
proved fit to the IRIS spectra over the base- 

line no-cloud case. In the visible portion of 
the spectrum we lowered Co, the haze pro- 
duction rate, while compensating for the 
changes in the geometric albedo by raising 
the surface albedo and lowering the imagi- 
nary index of refraction of the haze parti- 
cles. We were able to obtain the combina- 
tion of parameters listed in Table III. This 
produces a fit to the geometric albedo 
shown in Fig. 5. In order to allow more 
solar flux to reach the tropopause and the 
surface we have increased the scattering 
asymmetry factor of the haze particles ev- 
erywhere by 10%. In addition we increased 
the solar flux in the first two spectral inter- 
vals by a factor of 2.5 to warm the strato- 
sphere. The distribution of solar energy in 
the baseline model neglects extreme UV 
photons which could be a heating source in 
the stratosphere. Increasing our UV spec- 
tral intervals by 2.5 is meant to account for 
these terms. The resulting temperature pro- 
file is shown in Fig. 15 and agrees fairly well 
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with the Lindal et al. (1983) results. The 
fraction of the total solar energy absorbed 
by the surface in this case is 10.2%. The 
surface and tropopause temperatures are 
listed in Table II, case 3g. 

Even in the optimized no-cloud case 
(shown in Fig. 15) the temperatures in the 
region of methane saturation are a bit cool. 
This suggests that the inclusion of a cloud 
followed by reoptimization might improve 
the fit. We have therefore included a cloud 
of 60-t~m particles with slightly absorbing 
particles (ni = 10-4). In addition we have 
increased the concentration of H2 to 0.4% 
(still less than the 0.6% limit discussed 
above). Both of these changes will increase 
the temperatures in the upper troposphere. 
In addition we have set the haze production 
rate to 0.35 and the haze visible absorption 
factor to 1.1, the asymmetry factor has 
been increased by 10%, and the CHn-N2 
pressure-induced absorption has been ad- 
justed as described above. All of these 
changes tend to warm the surface and at- 
mosphere. To remain consistent with the 
geometric albedo and IRIS emission data 
sets requires corrections to several other 
model parameters as listed in Table III, in- 
cluding the surface albedo which is set to 
0.2. Most significantly the haze infrared ab- 
sorption factor is increased from 0.5 to 0.7 
in order to compensate for the increase in 
the hydrogen mixing ratio. This increases 
the IR cooling by the haze and tends to 
lower the stratosphere temperatures a bit. 
The new fits to the geometric albedo and 
IRIS emission data sets are shown in Figs. 
5 and 7. The resulting temperature profile is 
shown in Fig. 15. The fit in the region of 
methane saturation is slightly improved 
over the optimized no-cloud case. The frac- 
tion of the total solar energy absorbed by 
the surface in this case is 7.7% but this re- 
duction in solar heating is offset by the in- 
crease in thermal infrared opacity--part of 
which is due to the cloud (see Figs. 8 and 
16). The surface and tropopause tempera- 
tures are listed in Table II, case 5a. 

A slightly different approach to optimiz- 

ing the temperature results was followed 
when we considered the no-cloud case as 
compared with the cloud case. In particular 
the optimized baseline no-cloud case (Table 
II, case 3g, Table III, and Fig. 15) was de- 
rived primarily by changing the haze pro- 
duction rate and visible properties while 
leaving the thermal infrared properties as 
they were. In the cloud optimization (Table 
II, case 5a, Table III, Fig. 15) the converse 
approach was followed. It is therefore use- 
ful to consider the case in which the cloud 
is simply removed from the optimal cloud 
case leaving all of the other parameters 
alone. This result is shown as the plus 
marks in Fig. 15. The values are not very 
different from the temperature that resulted 
from the inclusion of the cloud. However in 
this case the fraction of solar energy reach- 
ing the surface is 9.6%, which is larger than 
the corresponding value when the cloud 
was included. This case is listed in Table II 
as case 3h. Again this illustrates that any 
methane condensation cloud, if present on 
Titan, plays a minor role in the temperature 
structure. Ethane clouds above the cold 
trap gave much the same results as the 
methane clouds discussed above. 

CONCLUSIONS 

Our approach to modeling of Titan's at- 
mosphere has been based on utilizing all the 
available observational data sets to define 
a radiative-convective equilibrium model. 
This approach has proven to be successful 
and illustrates the importance of developing 
self-consistent models of Titan's atmo- 
sphere that agree with the observational 
constraints, including spectral observation 
from the ultraviolet to the thermal infrared. 
We have been able to construct models that 
closely match the observed temperature 
profile of Titan's atmosphere while at the 
same time being consistent with the obser- 
vational constraints on the models. 

Based upon our models of Titan's ther- 
mal structure we can draw several conclu- 
sions. We fell that the thermal structure of 
Titan's atmosphere can be fairly well fit 
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without invoking methane or ethane con- 
densation clouds. This does not argue 
against the presence of such condensation 
clouds but it does suggest that their effects 
on the temperature structure are small. In 
our model equally good fits can be obtained 
whether or not a methane condensation 
cloud is included. Our results are in agree- 
ment with those of Toon et  al. (1988) in that 
the presence of a condensation cloud does 
result in a slightly better fit to the IRIS data. 
The thermal structure of the atmosphere is 
also largely independent of the relative hu- 
midity of the surface. This is due to the fact 
that the methane concentration is set by its 
saturation vapor pressure in all but the 
lower few kilometers of the atmosphere. 
Thus our results are insensitive to the pres- 
ence or composition of an ethane rich sur- 
face ocean. The greenhouse effect ob- 
served on Titan can be accounted for by 
absorption at the ground of about 10% of 
the solar energy incident on Titan. The high 
stratospheric temperatures are due to ab- 
sorption of short wavelength solar energy 
by the haze particles. The surface is 
warmed in approximately equal amounts by 
solar radiation of wavelengths less than 0.7 
and greater than 1/.tm. 

The stratospheric haze on Titan domi- 
nates the transfer of solar radiation in the 
atmosphere. We have found that the tholin 
particles produced in the laboratory (Khare 
et  al. 1984) are good optical analogs to the 
Titan haze particles. In addition we have 
found that the haze production rate, 1.2 × 
10 -14 g cm -2 sec -I, is less than previous 
models would suggest. 

An important, if not primary, key to un- 
derstanding the thermal structure of Titan's 
atmosphere is the thermal infrared optical 
properties. The presence of a "window" at 
400-600 cm-l in the thermal infrared has a 
major influence on the temperature struc- 
ture of Titan's atmosphere. Our results in- 
dicate that the baseline estimates derived 
from the work of Courtin (1988) for the total 
opacity in this spectral region, less than 
unity and as low as 0.3--in the absence of a 

condensation cloud--are probably too low, 
perhaps by a factor of 2. We found im- 
proved agreement with the observations if 
we increased these results by 75% for infra- 
red wavenumbers larger than 300 cm- 1. The 
presence of a cloud alone is not sufficient to 
close the infrared window since for cloud 
particles sizes consistent with solar energy 
deposition, and optical thicknesses consis- 
tent with the IRIS spectra, the cloud mostly 
scatters thermal infrared radiation and has 
only a small net effect. 

The window region, along with the strong 
gas opacity at wavenumbers near 100-200 
cm -l, acts to stabilize Titan's surface tem- 
perature. If the temperature were to de- 
crease, the thermal infrared emission peak 
would move into a wavelength region of 
greater opacity, thereby limiting the de- 
crease in temperature. Conversely if the 
temperature were to increase, the thermal 
infrared emission peak would move into a 
region of lesser opacity, thereby cooling the 
surface. 

APPENDIX: MODEL DESCRIPTION 

We have developed a radiative-convec- 
tive model of the thermal structure of Ti- 
tan's atmosphere by dividing the atmo- 
sphere into a series of plane parallel 
homogeneous layers. There are 30 layers 
spaced in altitude such that the size of each 
layer increases linearly with altitude. The 
thickness of the bottom layer is - 1 km and 
the uppermost layers are 15 times as thick. 
To compute the radiative fluxes the model 
considers 24 spectral intervals in the visible 
from 0.3 to 2.3/xm and 46 spectral intervals 
in the thermal infrared from 11 to 940 cm- 
(h = 10-900 /.,m). The model begins with 
the Voyager Titan atmosphere as the initial 
atmospheric profile and computes the net 
radiative flux at the boundary between adja- 
cent layers. This is used to diagnose the 
sources and sinks of energy in the present 
Titan atmosphere. The model is then al- 
lowed to relax to a temperature profile that 
results in a zero net flux across each level 
subject to the condition of convective ad- 
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TABLE IV 

M OLECULAR REFRACTIVITIES OF GASES IN T I T A N ' S  ATMOSPHERE 

Gas Refractivity Wavelength" Reference 
[(n -- 1) × 10 6 ] 

N2 294.1 -+ 0.1 3.3 cm Essen (1953) 
CH4 410 _+ 17 337/zm Kutovoi et al. (1975) 
H2 136.0 -+ 0.2 3.3 cm Essen (1953) 
Ar 277.8 -+ 0.2 1.3 cm Essen and Froome (1951) 

The radio occultation measurements were made at 3.6 and 13 
c m .  

justment if the lapse rate exceeds the dry 
N2 lapse rate. The distribution of condens- 
able gases and the implied optical proper- 
ties are updated as the temperature 
changes. 

V o y a g e r  resu l t s .  The Voyager Titan at- 
mospheric temperature profile is deter- 
mined from the egress data of Lindal et  al. 

(1983) corrected for the presence of gases 
other than nitrogen in an iterative proce- 
dure, as follows. First the egress tempera- 
ture profile is used to compute a methane 
mixing ratio. Together with a specified dis- 
tribution of argon (usually zero) and hydro- 
gen (usually 0.3%) this determines the 
mean molecular weight profile. Using the 
refractivities listed in Table IV, the egress 
density profile of Lindal et  al. (1983) is re- 
computed to correct for the presence of 
nonnitrogen gases. The new density profile 
and the new mean molecular weights are 
then used to compute new values of pres- 
sure and temperature based on the hydro- 
static law and the nonideal Benedict-Webb- 
Rubin equation of state for methane and 
nitrogen (Ellington et  al. 1959, Reid et  al. 
1977). Argon and hydrogen were treated us- 
ing the coefficients for nitrogen in the equa- 
tion of state. 

G a s e s .  The methane distribution is deter- 
mined by the temperature profile and by the 
relative humidity at the surface. Above the 
surface, the methane mixing ratio is held 
constant until the local partial pressure ex- 
ceeds the methane vapor pressure. The 

methane mixing ratio then remains satu- 
rated until the minimum mixing ratio is 
reached ( -1 .7% at 30 km). This minimum 
mixing ratio is continued through the 
stratosphere. Hydrogen is assumed to have 
a constant mixing ratio throughout the at- 
mosphere. The surface relative humidity of 
methane and the hydrogen mixing ratio 
were determined by fitting the thermal 
emission in the 200-600 cm -~ region with 
the Voyager IRIS results as described be- 
low and considered in more in detail by 
Toon et  al. (1988). Following Toon et  al. 

(1988) we do not include argon in the Tita- 
nian atmosphere. 

The radiatively active trace gases in the 
model are assumed to have constant mixing 
ratios in the stratosphere (C2H2 : 1.8 × 10 -6 

and C2H6:1.2 × 10 -5) set by Voyager ob- 
servations (Kunde et  al. 1981, Coustenis et  
al. 1989). HCN is not included since it over- 
laps with but is weaker than C2H2 and C2H6 
in the spectral intervals we have used. The 
CH4 features at 1300 cm -1 are not included 
since it contributes only a small amount to 
the total emission (see, e.g., Fig. 2 of 
Kunde et  al. 1981). Near the cold trap the 
mixing ratios of these gases are set by satu- 
ration and in the troposphere the minimum 
value of the mixing ratio is extended to the 
ground; i.e., the mixing ratio is constrained 
not to increase with decreasing altitude. 
This profile is consistent with a strato- 
spheric source. The vapor pressure curves 
for C2H2 and C2H6, for temperatures below 



TITAN'S THERMAL STRUCTURE 45 

200°K, are adapted from the formulas and 
tables in Ziegler (1959). They are expressed 
in the form P = ae b/t, where a and b are, for 
ethane, 5.02 × 108 mb and -2222.9°K, re- 
spectively, and for acetylene; 3.46 × 109 mb 
and -2814.0°K, respectively. Methane va- 
por pressure was determined by a fit to data 
over the range 74-98°K (Matheson 1974) 
yielding a = 3.45 × 107 mb and b = 
- 1 1 4 5 . 7 ° K .  

H a z e .  We have used a simple haze model 
to determine the aerosol size and optical 
depth given the particle charging and pro- 
duction rate as a function of altitude. Our 
steady-state model is based on assuming 
that (1) all the particles at a given altitude 
have the same radius, and (2) only coagula- 
tion and sedimentation are considered 
within homogeneous layers. 

The basic equations that determine the 
haze properties are conservation of mass 
and number. The conservation of mass 
equation, exact if r is the volume mean ra- 
dius, is given by 

4 fz - n v r  3 ~ 1tO = q(z)dz  = C(z) ,  (1) 

where v is the settling velocity, n is the par- 
ticle number density, p is the bulk density 
of the particle material, q is the production 
rate, and C(z)  is the column production rate 
above the altitude, z. Since we have as- 
sumed that only coagulation affects the 
number of particles we can write an equa- 
tion for the flux of particles, based on Eq. 
(1) of Toon et  al. (1980), with the diver- 
gence of the sedimentation number flux set 
equal to the coagulation term. We obtain 

d(nv )  
- . K n  2, ( 2 )  

dz 

where K is the coagulation coefficient. 
We now solve these equations by making 

use of the following expressions (Toon et  
al. 1980), valid for the case in which the 
mean free gas path is much larger than the 
paricle size: 

v = - b r  (3) 

where 

K = aver, (4) 

and 

7/. ) 1/2 

o = ~ ~2-mak~/ 

a:4I l 
both assumed constant within an individual 
layer, and where g is the gravitational ac- 
celeration, na and ma are the atmospheric 
number density and mean molecular 
weight, respectively, k is Boltzmann's con- 
stant, and T is the temperature. 

Solving the above set of equations gives 

dr 9/2 - 9  IaC(z )  q(z)V~r] 
dz - 8ztpb - -  + n J" (5) 

For most of the atmosphere q(z)  = 0 and 
C(z)  = Co, where Co is the total column 
production. Equation (5) then becomes 

dr 9/2 - 9 a C o  
- 8¢rpb2. (6) 

Given this equation for dr /dz  and an initial 
value for r at the top of the atmosphere, we 
can solve stepwise for r at all the levels in 
the model. The results are not sensitive to 
the choice of the radius at the top of the 
model if it is a small value and if the upper 
boundary is above the haze production re- 
gion. The density, n, is obtained from Eq. 
(1). 

Low in the atmosphere the assumption of 
large mean free path breaks down and it 
would be more appropriate to use the equa- 
tions for sedimentation and coagulation 
valid for the Stokes regime (see, e.g., 
Borucki et  al. 1984). These approximations 
are incorporated into the algorithm by al- 
lowing the values b in Eq. (3) and a in Eq. 
(4) to vary smoothly toward their Stokes 
regime values as the ratio of the mean free 
path to particle size decreases (b = 2pgr/  
9"0, a = (4kT/3~V~r) ,  where ~ is the viscos- 
ity). 
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Following Toon et  al. (1980) we repre- 
sent the production term q as 

q = qo exp - 2  Py J J '  (7) 

where Po is the pressure of maximum haze 
production and Py is the pressure range 
over which haze production occurs. Using 
the values listed in Table I of Toon et  al. 

(1980) this simple model can duplicate with 
good agreement the "base case" from that 
paper. 

To account for the effect of electrostatic 
forces between particles we assume that 
the particles have constant charge per unit 
radius (Borucki et  al. 1987) and utilize the 
formalization of Turco et  al. (1982) to de- 
rive a reduction factor for the coagulation 
coefficient. This is incorporated into the 
results by replacing a with ae r/re in the 
above equations, where rc is the radius 
(constant) at which the reduction is a factor 
of e. 

The advantages of this simple model over 
merely specifying particle size and density 
profiles is that the adjustable parameters in 
the model can be related to physically 
meaningful quantities such as haze produc- 
tion magnitude and distribution and the 
number of free parameters is greatly re- 
duced. To accurately model the haze the 
preceding equations are solved on a pres- 
sure-temperature grid that differs from the 
grid used in the radiative-convective calcu- 
lations in two ways. First, since all the haze 
production occurs above the top of the radi- 
ative-convective grid the haze grid extends 
to almost 700 km, well above the maximum 
height of peak haze production (-550 km, 
P = 10 -4 mb). Secondly, the haze grid has a 
larger number of layers uniformly spaced, 
resulting in relatively more grid points at 
the upper reaches of the model where the 
haze is produced. The haze density and 
particle size are then interpolated onto the 
background grid. Below the uppermost 
level of methane condensation (-30 km) 
the haze is assumed to be swept clear. 

R a d i a t i v e  t rans f e r  m e t h o d s .  The radia- 
tive transfer equation for both the solar and 
thermal infrared is solved by different vari- 
ants of the two stream approximation. The 
solar spectrum is divided into 24 spectral 
intervals; the only gaseous absorber consid- 
ered is methane. The methane absorption 
within each spectral interval has a complex 
band structure, especially at the longer 
wavelengths, that cannot be treated simply 
by the use of monochromatic absorption 
coefficients. Band models can be used to 
express the gaseous absorption but they do 
not allow for solution of the radiative trans- 
fer equation with scattering (see, e.g., Ack- 
erman et al. 1976, Pollack and McKay 
1985). A similar problem occurs for terres- 
trial absorbers and our approach follows 
that of Pollack and McKay (1985) in that 
the methane absorption is expressed within 
each spectral interval by a weighted sum of 
exponentials. 

The transmission, T, as a function of ab- 
sorber column mass, u, within a layer for a 
given spectral interval is expressed as 

T(u) = Z wi e-kiu, (8) 
i 

where the wi are weights and the ki are 
equivalent monochromatic absorption coef- 
ficients. The absorption coefficients are 
scaled by the factor pn where P is the pres- 
sure in atmospheres and n is a constant, 
different for each spectral interval. Table V 
lists the midpoint wavelengths of the spec- 
tral intervals used in the model and the cor- 
responding values of wi, ki, and n. The val- 
ues of wi, ki, and n were obtained by K. A. 
Rages by fitting the average transmission 
over each wavelength interval at a number 
of different column abundances and pres- 
sures. The average transmissions for each 
wavelength interval were calculated as the 
trapezoidal sums of transmissions over - 2  
nm intervals. For wavelengths less than 
1.08/xm the transmissions were calculated 
using the absorption coefficients of Giver 
(1978). Longward of 0.853 /xm these ab- 
sorption coefficients were combined with 
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the pressure coefficients of Fink et  al. 

(1977) in a Goody random band model with 
Voigt line profiles and an exponential distri- 
bution of line intensities [Eq. (9) of Podolak 
and Giver (1979)]. For the spectral region 
4000-9000 cm -~ the absorption coefficients 
and pressure coefficients found by Benner 
and Fink (1980) were used in the same type 
of band model. To bridge the small gap be- 
tween these two data sets a line-by-line cal- 
culation of the R-branch of the 3v3 band was 
carried out, including line positions and 
strengths calculated by L. Giver for the 
weaker lines, as well as the major compo- 
nents. 

Within each spectral interval the equa- 
tion of transfer was solved up to four times 
as a monochromatic equation of transfer, 
once for each term in the expansion in Eq. 
(8), with the particle and Rayleigh optical 
properties identical for each of the four 
computations. The four fluxes thus ob- 
tained were then summed with the terms 
scaled by the values of wi to give the total 
flux in the spectral interval. The solar flux 
values listed in Table V were divided by 4 
to represent globally averaged conditions. 
Rayleigh scattering is important at the 
shorter wavelengths considered and is ex- 
pressed following the formula of Hansen 
and Travis (1974). 

Particles and clouds were treated as 
spherical Mie scatters both in the visible 
and in the thermal infrared. The only labo- 
ratory data available on the optical con- 
stants of haze-like particles is that of Khare 
et  al.  (1984). Their values for the real part 
of the index of refraction are used both in 
the solar and in the thermal infrared. The 
imaginary part of the index of refraction of 
the haze was determined by fitting a scale 
factor (-~) to the results of Khare et  al. 
(1984) as described below. The real index of 
refraction of methane clouds was assumed 
to be 1.27 both at solar and thermal infrared 
wavelengths. Absorption by methane 
clouds was neglected in the visible (the 
imaginary part of the index of refraction 

was set to 10-7). In the thermal infrared, the 
imaginary part of the index of refraction of 
methane cloud particles was the same as 
that adopted by Toon e t  al. (1988). 

Gaseous absorption in the thermal infra- 
red is dominated by pressure-induced ab- 
sorption (see, e.g., Courtin 1982, 1988, 
Thompson and Sagan 1984). Due to the ab- 
sence of laboratory data there was consid- 
erable uncertainty in the semi-empirical 
methods previously used to compute the 
pressure induced absorption coefficients. 
Recently, Courtin (1988) has reviewed new 
laboratory data and suggested improved pa- 
rameters for the coefficients, most notice- 
ably for the Nz-H2 term. Among other 
things, these changes significantly effect 
the strength of the H2 spectral feature near 
600 cm -~. For computational speed the val- 
ues of the pressure-induced absorption co- 
efficients are interpolated from precom- 
puted values spaced in 10°K intervals from 
60 to 190°K for the center wavenumber of 
each spectral interval in the thermal infra- 
red. Although argon is not included in the 
atmosphere, it would not significantly alter 
the pressure-induced gas opacity since N2- 
Ar interactions result in values very similar 
to those of Nz-N2, already in the model 
(Courtin 1988). The pressure-induced opac- 
ity within each homogeneous atmospheric 
layer represents true continuum absorption 
and within each spectral interval can be 
characterized by a single monochromatic 
absorption coefficient following Beer's law. 

The IRIS spectra of Titan (Hanel et  al. 

1981) show that stratospheric gases contrib- 
ute a non-negligible fraction of the energy 
emitted to space and hence must play a role 
in the stratospheric heat budget. Strato- 
spheric gases of interest include HCN (645- 
740 cm-1), C2H2 (645-815 cm-l), C2H6 
(740-940 cm-1), and CH4 (1100-1750 
cm-~). We have developed multi-term ex- 
ponential-sum band models for these gases 
in which the monochromatic absorption co- 
efficient (ki) as defined in Eq. (8) is ex- 
pressed as 
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ln(ki) = al + a2 In(T) + a2 ln(T) 2 

+ [ b l +  b2 In(T)+ b3 In(T) 2] In (~o) 

+ [Cl + c2 In(T) + a3 In(T)21 In , 

(9) 

where Po = 100 mb is a reference pressure 
and the a, b, and c terms are constants de- 
termined by a fit to "line by line" computa- 
tions based on line strengths and positions 
given on the Air Force Cambridge Labora- 
tory tapes. These line by line calculations 
were done for grids of temperature, pres- 
sure, and gas amount that encompassed 
ranges of interest for modeling Titan. For 
the temperature and column mass paths of 
gases determined by IRIS in the strato- 
sphere, C2H2 and C2H6 are the dominant 
absorbers in the wavenumber intervals 
from 645 to 740 cm -1 and 740 to 940 cm -1, 
respectively (HCN is omitted). The C2H2, 
C2H6 coefficients for the exponential terms 
that were used are listed in Table VI for 
each wavelength interval. The weights are 
based on a 10-point Gaussian fit to the cu- 
mulative k probability distribution and are 
equivalent to the fraction of the flux in the 

spectral interval that corresponds to the 
given absorption coefficient (see Table 
VI). An accuracy of better than 1% was 
achieved in these bands with the first few 
terms in a I0 exponential sum and combin- 
ing the additional terms into a single term 
corresponding to a zero absorption coeffi- 
cient. The opacity of the C2H2 or C2H6 gas 
band is added to the pressure-induced gas- 
eous opacity. 

The various sources of extinction and 
scattering for each layer are then summed, 
weighted by the opacity, into layer aver- 
ages. The scattering and absorption coeffi- 
cients of the cloud particles and the haze 
were computed with Mie theory (e.g., Liou 
1980). 

The procedure outlined above results in 
the layer extinction, r, the layer single scat- 
tering albedo, ~, and the layer asymmetry 
factor, (0), for both the solar and thermal 
infrared spectral intervals. These values are 
then used to compute the fluxes at each 
layer. In the solar spectrum the delta-dis- 
crete ordinates method was used (e.g., 
Liou 1980, Meador and Weavor 1980, Toon 
et al. 1989). In the thermal infrared the 
hemispheric constant method for treating 
scattering developed by Pollack and 

T A B L E  V I  

SPECTRAL INTERVALS AND EXPONENTIAL-SUM ABSORPTION COEFFICIENTS FOR STRATOSPHERIC GASES 

Interval Gas  Weight at a2 a3 bl b2 b3 ct c2 c3 
(cm -l) 

645-685 C2H2 0.03334 -58 .078  31.248 -6 .158  5.278 -4 .004  0.820 -8 .997  8.439 -1 .991 
0.07473 -73 .670  45.093 -9 .478  2.667 -1 .494  0.323 6.517 -6 .630  1.644 

685-720 C2H2 0.03334 -22 .004  3.537 -0 .726  1.317 -0.801 0.162 -0 .549  0.487 -0 .132  
0.07473 -26 .612  7.342 -1 .738  -5 .053  5.866 -1 .423  -4 ,805  4.439 -1 .027  
0.10954 -27 .040  7.098 -1 .658  1.880 -0 .960  0.260 2.830 -3 .215  0.808 
0.13463 -25 .840  5.353 -1 .238  4.493 -3 .388  0.874 -2 .120  1.926 - 0 . 5 0 0  

720-740 C2H2 0.03334 -18 .703 1.585 -0 .337  -0 .947  1.248 -0 .316  -1 .532  1.339 -0 .306  
0.07473 -16 .084  -2 .630  0.843 2.775 -1 .759  0.369 -13 .483 12.548 -2 .918  
0.10954 -23 .033 2.881 -0 .442  15.806 -13.075 2.867 -18 .913 17.742 -4 .145  
0.13463 -31 .183  11.386 -2 .791 33.831 -29.975 6.837 -16 .896  14.035 -2 .915  

740-815 C21--16 0.03334 -19 .965 0.335 0.003 -2 .295  2.674 -0 .757  -1 .024  0.846 -0 .181 
0.07473 -24 .375  3.361 -0 .602  2.908 - 1.738 0.242 0.257 -0 .303  0.070 
0.10954 - 17.944 -3 .943  1.278 0.773 0,879 -0 .461 -6 .276  5.989 - 1.435 

815-940 C2H6 0.03334 -17 .463 -1 .570  0.377 -0 .955  1,356 -0 .427  -0 .567  0.409 - 0 . 0 7 6  
0.07473 -20 .938  0.288 0.088 3.305 -2 .090  0.329 0.147 -0 ,174  0.037 
0.10954 -10 .744  -10 .550  2.777 0.439 1.404 -0 .614  -8 .537  8,137 -1 .938  
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TABLE VII 

WAVELENGTHS AND MONOCHROMATIC ABSORPTION 
COEFFICIENTS USED TO COMPUTE 

GEOMETRIC ALBEDO 

Wavelength Absorption 
(/zm) coefficient 

at 95°K, k 
(km-amagats)- 

Note 

0.200 0" 
0.250 0" 
0.300 0" 
0.350 0 b 
0.450 0.0008" 
0.550 0.003 b 

0.580 0.0191" 
0.620 0.53 b 

0.636 0.0051" 
0.728 3.95 b 
0.750 0.0015 b 

0.799 1.23 ~ 
0.827 0.011 b 

0.841 0.918" 
0.862 5.28" 
0.888 34.0 b 
0.935 0.077 ~ 

0.02 c 

0.04" 

a K. Rages, personal communication. 
Pollack et al. (1986). 

c Room temperature value used in determining k at 

95°K. 

McKay (1985) is used. As discussed by 
Toon et al. (1989) this method is optimal for 
the thermal infrared because of the iso- 
tropic nature of the Planck function. In this 
approach the Planck function term in the 
source function is approximated as B(~-) = 
Bo + Bt~" where Bo and Bt are constants 
within each layer and ~- is the optical depth 
in that layer for the spectral interval under 
consideration. The individual solutions for 
the many layers in the atmosphere together 
form a coupled set of algebraic equations. 
Together with the appropriate boundary 
conditions these equations form a matrix 
equation that can be solved for the coeffi- 
cients of the two-stream solution within 
each layer. We use the computationally effi- 
cient algorithm developed by Toon et al. 
(1989) to solve the resulting matrix equa- 
tion. 

The two-stream method is well suited to 
rapid computation of fluxes and heating 
rates. In addition, the errors introduced by 
the two-stream approximation (typically 
less than 10%; see, e.g., Toon et al. 1989) 
are small compared to the uncertainties in 
the physical properties of Titan's atmo- 
sphere. However, one of the key data sets 
that will help us constrain the free parame- 
ters in the model is the spectrally resolved 
geometric albedo. The geometric albedo 
cannot be computed with a two-stream 
method. To compute the geometric albedo 
we use the Eddington source function 
method as described by Toon et al. (1989), 
with 10 Gauss point integration over angle 
(see also Appendix A of Toon et al. 1977 
for a similar method). In this method the 
source function from the Eddington two- 
stream is used in an exact integral of the 
radiative transfer equation in order to com- 
pute emergent intensities. Toon et al. 
(1989) present a detailed discussion of the 
errors associated with the radiative transfer 
methods used in this paper. 

Matr ix  solut ion me thod .  The model is di- 
vided into a series of " layers"  with "lev- 
els" as the interfaces between the layers. 
The temperature is specified at each level. 
The fluxes within each layer are solved to 
give an analytic expression as a function of 
optical depth within the layer. Thus the 
program can compute fluxes at the levels 
and at the midpoints of each layer. We use 
the midpoint fluxes as matched variables 
with the level temperatures. This staggering 
of temperature and flux calculation points 
appears to be a requirement for a well-be- 
haved solution in radiative-convective 
models. 

Physically the model has two regions: a 
troposphere and a stratosphere. The tropo- 
sphere is the lower portion of the model 
and is in convective equilibrium while the 
stratosphere is the upper portion and is in 
radiative equilibrium. The level at which 
the split occurs is defined to be No. Hence 
all layers above No are in radiative equilib- 
rium and all layers below No are in convec- 
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tive equilibrium. The objective of the radia- 
t ive-convective model is to determine the 
correct level for No and to calculate 
the resulting temperature profile. This is 
achieved by satisfying the following two 
criteria: (1) All layers above the level No 
h~ave stable lapse rates and zero net radia- 
tive fluxes across their midpoints. There is 
zero net flux at the top of the atmosphere. 
All layers below level No have a lapse rate 
defined by convective equilibrium. (2) The 
level of No is the lowest altitude that is con- 
sistent with constraint 1. 

The fluxes at each midpoint depend, in 
principal, on the temperatures in the entire 
atmosphere since there is radiative ex- 
change between nonadjacent layers. The 
problem is equivalent to a set of equations 
for the fluxes as function of the tempera- 
tures. So, 

Fi = Fi(TI, T2, T 3 , . . .  TNo), (10) 

where F~ is the flux at the midpoint of layer 
i, and T~ is the temperature at the level i, 
which is also the top of layer i. The fluxes in 
the stratosphere are clearly influenced by 
the temperature profile in the troposphere 
but since the troposphere temperature pro- 
file is uniquely determined by TNo only this 
term appears as an independent variable. 
Apparently the problem is much better con- 
ditioned if the fluxes are determined on a 
grid staggered with respect to the tempera- 
ture grid. For this reason the fluxes are cal- 
culated at the midpoints of the layers (recall 
that the temperatures are specified at the 
levels, which are the edges of each layer). 
However,  this does pose a slight problem in 
that there are No levels in the stratosphere 
but only No - 1 layer midpoints. To have a 
match between the number of dependent 
and independent variables we need to in- 
clude either the net flux at the top of the 
stratosphere or at the bottom. We use the 
top. Thus our variables form two vectors of 
length No. They are, in order, 

T: Tl, r2, T3 . . . .  r/vo (11) 

and 

F :/;top, Fl ,  F2 . . . .  FNo- l- (12) 

The radiative equilibrium profile for the 
stratopshere is determined by the T~'s that 
will make all the F~'s zero. This is done by 
iteration in the following manner: (1) An 
initial guess for the temperature profile is 
entered. (2) The fluxes are calculated and 
the net flux at the top of the atmosphere and 
at each midpoint in the stratosphere is de- 
termined. In general these will not be zero. 
These residual fluxes are labeled Ri. (3) We 
add small changes 8Ti to each temperature 
variable Ti chosen such that the resulting 
change in each F~ is the negative of R~. 

We determine the 8T~ for step (3) in the 
following approximate manner. Consider 
the dependent variables 

F~ = Fi(T, ,  T2, T3 . . . .  TNo) (13) 

and their differentials with respect to tem- 
perature: 

OFi OFi OFi 
dFi = -~-~l ST1 + -~22 8T2 + .~3 8T3 + . . .  

(14) 

If we consider all Fi, clearly we can write 
this set of equations as a matrix equation as 
so; 

dE" = A x 6T, (15) 

where d F  and ~T are vectors of length No 
and A is a square matrix of order No. 
Clearly A is the Jacobian matrix defined by 

OFi 
Aij = 0-~j" (16) 

Our objective here is to pick the 8T vector 
such that dFi = - R i .  Then when we incre- 
ment the temperature profile by Ti = T~ + 
8Ti the new fluxes should be zero, or close 
to zero in the sense that the procedure 
above is approximate. We then solve the 
matrix equation, 

- R  = A x ST, (17) 

for ST. 

In order to calculate the Jacobian matrix 
A we use a numerical approach. We incre- 
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m e n t  (by AT -- I°K) one  and  only  one  tem- 

pe ra tu re  po in t ,  say Tj (if this t empe ra tu r e  is 
the t e m p e r a t u r e  at level  No then  all the tro- 
posphe re  t e m p e r a t u r e s  change  also), and 
then  we reca lcu la te  all the fluxes based  on  
this new  p e r t u r b e d  t empe ra tu r e  profile 
(FP). We  then  ca lcu la te  the mat r ix  te rms  as 

fol lows:  

F p - Fi 
Ati - AT ' (18) 

where  the j va lue  is d e t e r m i n e d  by  which  
t e m p e r a t u r e  po in t  was pe r tu rbed ,  and  the 
t e rm Fi is the flux d e t e r m i n e d  f rom the un-  
p e r t u r b e d  t e m p e r a t u r e  profile. The  per tur -  
ba t ion  is r e m o v e d ,  a n e w  t empe ra tu r e  point  
is p e r t u r b e d  and  the p rocedu re  is r epea ted  
for each  t e m p e r a t u r e  point .  No te  that  in ad- 
di t ion to the ini t ial  u n p e r t u r b e d  flux calcu-  
la t ion the fluxes m u s t  be  reca lcu la ted  No 
t imes,  once  for  each  t e m p e r a t u r e  point .  

The  numer i ca l  p r o c e d u r e  is app rox ima te  
and  d e p e n d i n g  on  the matr ix  so lver  used 
several  i t e ra t ions  may  be requ i red  to 
ach ieve  a good so lu t ion  in which  the net  
fluxes are ve ry  small .  We have  used  the 
matr ix  so lver  L E Q 2 T F  f rom the I M S L  li- 
b ra ry  to ach ieve  flux c o n v e r g e n c e s  of 
- 0 . 1 %  or be t t e r  with abou t  five i te ra t ions  

on  the final va lue  of  No. 
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