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This report presents engineering models for Titan's atmospheric structure used in the design and analysis 1. | Ntr oduction
of the Huygens Probe and its mission. It supersedes an earlier report by Lellouch & Hunten published in

1987 (hereafter LH; also see the Lellouch & Runten paper in this volume). There has been significant

progress in our under-standing of Titan's atmosphere in the last few years, particularly in the thermal

structure of the upper atmosphere and in the chemical composition of the atmosphere. We make use of

these advances in constructing the new models.

These models will be used in the study of two problems: the Probe's heat loading during atmospheric
entry, and the descent time to the surface. The first problem concerns primarily the atmospheric structure
below 600 km, and the second the atmospheric structure in the lowest 200 km. If the models are to be
used for other purposes, the authors should be consulted.

As in the LH report, we present three models: a recommended model; a model for maximum mass
density; and a model for minimum mass density. The minimum and maximum models also have the
lowest and highest temperatures. It is an assumption on our part that atmospheres with the minimum and
maximum possible mass densities and temperatures will produce extreme values for heat loading and
descent times of the Huygens Probe.

The models are based on observations made by the Voyager 1 radio science subsytem (RSS), infrared
spectrometer (IRIS) and ultraviolet spectrometer (UV'S). The recommended model provides an adequate
fit to all three data sets.

2.1 Temperature profile 2. Recommended Model
The thermal structure of Titan's atmosphere below 200 km altitude can be inferred from the RSS
occultation measurements. The inference of temperatures in this manner depends upon the atmosphere's
composition. The thermal structure of Titan's atmosphere at altitudes from 120 km to 300 km is also
constrained by IRIS measurements of the brightness of the CH, band centred at 1304 cm~' (Lellouch et
a., 1989). The determination of temperature from these measurements depends on the mole fraction of
CH,4 in the Stratosphere. The thermal structure at altitudes above 1000 km was measured by the UVS
solar occultation experiment (Smith et al., 1982; Strobel et al., 1992). In addition to these direct
measurements, the different regions of the atmosphere must be connected by the equation of hydrostatic
equilibrium. Finally, we require that the temperature profile bears a resemblance to profiles based on
theoretical calculations. We first discuss determination of the thermal structure from the measurements,
hydrostatic equilibrium and theoretical calculations for an assumed composition, then discuss UVS and
IRIS constraints on the atmospheric composition.
Results from the RSS occultation experiment constitute the primary data set used in determination of
the temperature profile at altitudes below 200 km. Analysis of these data has determined the refractivity of



2.2 Composition

the atmosphere (Lindal et al., 1983). The RSS experiment measured the refractivity of the atmosphere
during both ingress and egress occultations. Although there are slight differences between the ingress and
egress occultation at altitudes above 150 km, they are small compared with other uncertainties in the model
atmosphere and can be ignored. Thus we will rely upon the RSS ingress data exclusively for determination
of atmospheric structure below 200 km.

We infer number densities from the refractivity data through

R(2)=a N;(2a; (6]

where z is altitude, R(2) is the measured refractivity, Ni(z) number density of the ith constituent, and is the
refractivity of the ith constituent. We use values for a; of 294, 277 and 430 x 10° for N;, Ar and CH,,
respectively.

The pressure is obtained from the mass density through the equation of hydrostatic equilibrium,

P@) - 292, @
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where P(2) is the pressure, I (z) is the mass density, and g(z) is the acceleration of gravity. The temperature,
T(2), is obtained from the pressure and number densities through the equation of state,

P(2) = N(2KT(2)/ F¢(2) ®

where k is Boltzmann's constant and N(2) = SN;(2) is the total number density. The quantity F(2) is a
correction factor that takes account of the non-ideal nature of the gas in Titan's atmosphere. We calculate F¢(2)
in the manner suggested by Lindal et al. (1983). F¢(2) has a maximum value of about 1.03 at the surface.

At altitudes above 150 km the quality of the RSS data diminishes. This manifestsitself primarily as noisein
the derived temperature profile. To rectify this problem, we use a smoothed representation of the temperature
profile obtained by averaging over the noise in the derived temperature profile. Using this smoothed
temperature profile we then solve equation (2) again to obtain pressure and mass density. The values of P(2)
and I (2) so derived are found to be in excellent agreement with those derived directly from the data.

To model the temperature profile in the upper atmosphere, we take an empirical approach based
on the Yelle (1991) physical models for the therma structure. Yelle (1991) calculated radiative-
conductive equilibrium temperature profiles for a variety of conditions and was able to explain
successfully several features of the thermal structure. However, these caculations are costly and
time-consuming; therefore, we have chosen to model the temperature profile with an empirical
function similar to those calculated by Yelle (1991). The empirica temperature profiles are
constrained to have a temperature minimum (the mesopause) at 0.3 nbar and to be isothermal (i.e.
dT/dz=0) at 1 x 10 nbar. The temperature at 7 X 10° nbar is also treated as a free parameter. Spline
interpolation on log pressure is used to calculate temperatures at levels between these three grid
points. For all the models considered here the temperature at 1 x 10 nbar is set to 175 K (Strobel et
a., 1992). The temperature at 7 x 107 nbar is adjusted to fit the IRIS measurements of the CH, 1304
cm'* band, and the temperature at 0.3 nbar is adjusted so that the densities at 1240 km agree with the
UV S measurements. The densities at 1240 km depend on the temperature profile at lower atitudes
because hydrostatic equilibrium is applied to the entire atmosphere.

The UV'S occultation measurements determined that Titan's atmosphere is composed primarily of N. There

is also evidence for significant quantities of CH, from IRIS and UVS data. There is a theoretical

expectation that argon is present in the atmosphere, but there has been no direct detection of this atom.

However, because it is difficult to detect, argon might still be present in significant amounts (i.e. mole

fractions of <10%).



The relative abundance of CH,4 and argon will vary with altitude in the upper atmosphere because of
diffusive separation. The relative abundance of CH, may also vary with altitude in the troposphere
(altitudes below 40 km) because of condensation. Diffusive separation does not become significant until
~600 km; therefore, the mole fraction of argon should be constant at altitudes below 600 km and the mole
fraction of CH,4should be constant in the 40-600 km region.

To model the effects of diffusive separation, we adopt the analytic expression of Strobel et al. (1992; see
also Steiner & Bauer, 1990) for the CH, and Ar mole fractions as a function of atitude. The CH, mole
fraction is calculated from
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where x = 1.76 x 10°(z-Z)/((Rr+z,)(Ri+2)), and Ay, A and Ag are integration constants used to match
conditions deep in the atmosphere. The parameter k describes the altitude variation of the eddy diffusion
coefficient (Strobel et al., 1992).

The recommended model has a constant CH, mole fraction in the troposphere and lower stratosphere.
The value of the CH,mole fraction is adjusted along with the temperature profile to fit the IRIS spectra. We
find that good fits to the IRIS data can be obtained with a mole fraction in the 1-5% range. The UVS data
are best fit with a CH, mole fraction in the lower stratosphere of 2.6-5.0% (Strobel et al., 1992). Thus, we
adopt a CH, mole fraction of 3% for the recommended model. A mole fraction of 3% implies some
supersaturation in the troposphere; however, the degree of supersaturation is small (a maximum value of
18%) and limited to a 15 km region just below the tropopause. It is possible to remove this difficulty with a
more complicated CH, distribution but the resulting atmosphere would differ trivially from a model with a
constant CH, mole fraction; therefore, we have retained this simple model.

Argon is potentially a significant component of Titan's atmosphere. In order that its effects can be
evaluated in engineering model studies, we include it in the recommended model with a mole fraction of 2
% in the troposphere and lower stratosphere. However, we emphasise that there is no observational
evidence yet for argon in Titan's atmosphere.

2.3 Results

We find that the RSS, UV'S and IRIS data can be matched with a model described by the parameters listed
in Table 1. The temperature, mass density, CH,and argon mole fractions are shown in Figs. 1-3. A fit to the
IRIS spectra based on this model is shown in Fig. 4. The surface pressure is 1.46 bar.



Fig. 1. Mass density (left) and
temperature profileswith altitude for
Titan's atmosphere.

Fig. 2. Methane molefraction profiles
with altitude for Titan'satmosphere.

3. Maximum and
Minimum Models
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The uncertainties in our ability to predict the structure of Titan's atmosphere at the time of
Huygens deployment arise from severa different causes. First, there are uncertainties in the models
caused by uncertainties in the analysis of Voyager data. Second, there may be latitudinal variations
in the atmospheric structure not properly accounted for in the models. Third, the atmosphere may
exhibit tempora variations. The minimum and maximum models presented here include all three

sources of uncertainty.
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We construct maximum and minimum models for Titan's atmosphere in several stages. The first step
consists of determining the uncertainty in atmospheric densities inherent in the analysis of the RSS
occultation experiment. This uncertainty is due almost completely to our lack of knowledge of the relative
abundances of the different constituents. Therefore, we first determine the maximum and minimum density
profiles consistent with the RSS data and some basic physical constraints on the atmosphere. We join these
new models to the upper atmosphere in the same manner as was done for the recommended model. The
parameters describing the models are adjusted so that these new models (prior to incorporation of the
latitudinal and temporal

Fig. 3. Argon mole fraction profiles with
altitudefor Titan'satmosphere.

Fig. 4. A fit to Voyager's | RI S spectra based on
the model described by the parametersgiven in
Tablel.



variations in temperature) are also consistent with the RSS, IRIS and UV S observations.

To understand the uncertainties in the interpretation of the RSS data, two effects need to be
considered. Firdt, the total number density derived from the refractivity depends on the composition
through equation (1). CH,4 has the highest molecular refractivity and Ar the lowest; therefore, the
models with maximum number density will be achieved with the smallest possible abundance of
CH,4 and the largest possible abundance of Ar. Second, the mass density is related to the number
density by the molecular weights of the constituents. Because CH,4 has the smallest mass and Ar the
largest, the maximum mass density is again achieved with the smallest possible CH, abundance and
the largest possible Ar abundance. Also, the RSS data, by defining the variation of number density
with dtitude, determine the ratio of temperature to mean molecular mass, Tim. Therefore, the models
with the largest CH, abundance will have the lowest temperatures as well as the smallest mass
density. Conversely, models with the smallest CH,4 abundance will have the largest temperatures. It
may seem obvious that the minimum mass density will aso be achieved with the largest possible
CH, abundance, but the situation is actually more complicated because CH, is condensible. This is
discussed further below.

Strobel et al. (1993) have determined the Ar mole fraction to be less than 10% and the CH, mole
fraction just above the tropopause to be greater than 2.6%. We adopt values of 10% and 1% for Ar
and CH,, respectively, to be conservative. Using these values, we calculate a maximum mass density
model from the RSS occultation data. The mole fraction of CH,4 in the troposphere is taken to be
constant because at this low abundance it will not condense.

Choosing a minimum mass density model is more difficult. As mentioned above, to minimise the
mass density inferred from the RSS data requires using the minimum abundance of Ar and
maximum abundance of CH,. We find that it is difficult to fit the UVS and IRIS data simultaneously
with CH, mole fractions greater than 5% and adopt this value for the CH, mole fraction in the
stratosphere. Assuming no argon, we find that a CH, abundance near the surface greater than 10%
implies a super-adiabatic temperature profile at the surface, relative to the dry adiabat. Therefore, the
CH, profile adopted for the minimum model has a mole fraction of 10% at the surface. CH,
continues with this relative abundance until the condensation point is reached. The CH,4 distribution
then decreases with increasing atitude (and decreasing temperature) until a mole fraction of 5% is
reached. The CH, mole fraction then remains constant until diffusive equilibrium takes effect near
600 km. The CH,distribution in this model is supersaturated in the troposphere and the abundance in
the stratosphere is larger than implied by the vapour pressure value at the tropopause. This situation
is unlikely but this choice was made because it is our intent to construct a model with the maximum
abundance of CH, (and minimum mass density). The minimum model contains no argon.

Temporal and/or spatial variations in atmospheric structure are accounted for by perturbing the temperature
profiles of the maximum and minimum models just described. We add (to the maximum model) and subtract
(from the minimum model) a temperature difference that varies with atitude. Below 200 km we use values for
the temperature difference from the LR report, which are reproduced in Table 2. These values are obtained by
considering known latitudinal temperature variations in the stratosphere and plausible variations in the
troposphere. The temperature perturbations at atitudes above 200 km are chosen with guidance from
physically-based thermal structure calculations. Using the calculations described in Yelle (1991), we construct
temperature profiles under a variety of assumptions about composition and aerosol heating rates. The coldest
temperatures are obtained with no aerosol heating and the warmest when the aerosol heating rate corresponds to
30% of the solar flux absorbed in the upper atmosphere. These temperature profiles differ from the
recommended temperature profile by roughly 30 K; therefore, we adopt this as the uncertainty in the upper
atmospheric temperature profile.

After constructing new maximum and minimum temperature profiles, we integrated the hydrostatic
equilibrium eguation upward from the surface, assuming that the composition is the same



as in the unperturbed maximum and minimum models. This integration requires a lower boundary
condition on surface pressure.

Large tempora variations in surface pressure on Titan are not expected because the time
constants for changing the structure of the lower atmosphere or ocean (if it exists) are very long.
There may be variations in surface pressure due to topography and/or weather systems. Topography at the
1 km level would produce variations in surface pressure on the order of 2%. Variations in surface pressure
due to weather systems are difficult to predict because we know so little about weather on Titan. On
Earth, weather systems produce variations of surface pressure of roughly 5 % and we adopt this as an
estimate of the surface pressure uncertainty on Titan. Titan's weather is likely to be less intense than
Earth's, so this assumption is conservative. We include the uncertainty in surface pressure and topography
in the models by decreasing (increasing) the surface pressure by 5% for the minimum (maximum) models.
The uncertainty in composition also causes an uncertainty in surface pressure by atering the
density and mean molecular mass of the atmosphere. Both uncertainties are incorporated in the
models. The minimum model has a surface pressure of 1.35 bar and the maximum model a
surface pressure of 1.61 bar.

The temperature uncertainty, DT grows with altitude in Titan's atmosphere. Near the surface, where DT
isfairly small, the uncertainties in composition dominate the error budget. The uncertainty in the upper
atmospheric structure, however, is totally dominated by the uncertainty in temperature. Therefore, when
constructing the maximum and minimum models, we neglect the possibility of further changesin
composition and use the same parameters to calcul ate diffusive separation that were used in the recom-
mended model. Specifically, we used equations (3) and (4) to calculate the CHsand Ar mole fractions, with
the parameterslisted in Table 1.

The maximum and minimum profiles constructed in this fashion represent physically possible,
if implausible, atmospheres. They have well-defined compositions and the atmospheric
parameters of pressure, temperature and density are related in the proper way by the equation of
state and the hydrostatic equilibrium equation. The temperature profiles are everywhere
subadiabatic, but CH, is supersaturated in limited regions in both the recommended model and
the minimum model.

We close this report with some remarks on the meaning of the maximum and minimum models.

For the purposes of an engineering reliability study, it is useful to assign formal probabilities to the range
of model atmospheres presented in this report. Unfortunately, the models presented here are not easily
identified with members of a statistical ensemble and therefore assignment of formal probabilities is more
guesswork than science or engineering. The maximum and minimum models are based on physical
consideration of atmospheric processes but we have made conservative assumptions. To construct the
maximum and minimum models we assumed that the uncertainties in temperature and composition
combine to maximise the distance from the recommended model. It is probably more realistic to assume
that these uncertainties may partially offset each other. Moreover, we have assumed a large value of AT of
the same sign at each dltitude in the maximum and minimum models. Realistic spatial and temporal
variations are more likely to result from changes in shape of the heating profile, causing larger
temperatures at one level and lower temperatures at another. Therefore, the maximum and minimum
models represent extreme cases and it is highly likely that Titan's atmosphere as measured by Huygens will
fall between these extremes. However, we know of no justifiable way to assign a formal probability to this
Statement.

Table 1. Parameters used in the construction of
the compositional profilesfor the recommended,
minimum and maximum models.

Parameter Rec. Min. Max.
k 0.625 0.500 0.100

Al 0.240 0.009 0.044
A2 0.006 0.001 0.006
Zn 1050.0 830.0 1100.0

Table 2. Parameters used in the construction of
thetemperature profilesfor therecommended,
minimum and maximum models.

Pressure (nbar) DT(K)
15x10° 3
15x 107 3
300.0 20
30.0 30
4. Summary



Table 3. Becommended Yelle model for Titan’s atmos phere. C'_'H‘ A%, Ar 25, NE 95%, mean mas= 2781, T = 17840, Ti2) = 1350, T3 = 17540,
e = 0625 A = 0024, A, = 0ODG, A, = 0020, 7 = W00,
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Table 4. Minkmus: Yelle model for Titin's atmosphere. 'l.'.'l-l'li S (larger in troposphered, Ar 0%, N 054, mean mass 2740, T{l) = 1754,
Ti2y = 1350, T(3) = ﬂS.ﬂ,:-ﬂ.ltl],Al -«B.Nd,,tz = 0006, A, = 0000, Z = 11000,
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