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ABSTRACT

We have investigated the optical properties of the global haze on Titan from spectra recorded be-
tween 7100 and 9200A, where CHy absorption bands of various intensities occur. The Titan spectra
were obtained on Feb. 23, 2005 (UT), near the times of the Cassini T3 flyby and Huygens probe, using
an optical echelle spectrograph (BOES) on the 1.8-m telescope at Bohyunsan Observatory in Korea.
In order to derive the optical properties of the haze as a function of altitude, we developed an inver-
sion radiative-transfer program using an atmospheric model of Titan and laboratory CH4 absorption
coefficients available from the literature. The derived extinction coefficients of the haze increase toward
the surface, and the coefficients at shorter wavelengths are greater than those at longer wavelengths for
the 30 — 120 km altitude range, indicating that the Titanian haze becomes optically thin toward the
longer wavelength range. Total optical depths of the haze are estimated to be 1.4 and 1.2 for the 7270
— 7360A and 8940 — 9150A ranges, respectively. Based on the Huygens/DISR data set, Tomasko et al.

(2005) reported total optical depths of 2.5 — 3.5 at 8290A, depending on the assumed fractal aggregate
particle model. The total optical depths based on our results are smaller than those of Tomasko et al.,
but they partially overlap with their results if we consider a large uncertainty from possible variations
of the CH4 mixing ratio over Titan’s disk. We also derived the single scattering albedo of the haze
particles as a function of altitude: it is less than 0.5 at altitudes higher than ~150 km, and approaches
1.0 toward the surface. This behavior suggests that, at altitudes above ~150 km, the average particle
radius is smaller than the wavelengths, whereas near the surface, it becomes comparable or greater.
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I. INTRODUCTION

The recent historic probe of Titan by CassiniHuygens
during its descent from the high altitude atmosphere to
the surface has provided many important discoveries
and new insights on the properties of the atmosphere
and the surface of Titan (e.g., Tomasko et al. 2005;
Niemann et al. 2005, Fulchignoni et al., 2005), which
have been shrouded by thick haze. Since the Huygens
probe was able to investigate only the landing site dur-
ing the descent, the global average of the altitudinal
distributions of haze has not been investigated.

The global scale distributions of haze have been in-
vestigated mainly from ground observatories (McKay
et al. 1989; Rannou et al. 1995; Anderson et al. 2004;
Negrao et al., 2006 and earlier works referred therein)
or from Hubble Space Telescope (HST) (Young et al.
2002); and, of course, the Visual and Infrared Map-
ping Spectrometer (VIMS) on Cassini spacecraft have
recently provided the spectro-imagery of Titan, and de-
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tailed analyses for the global haze distribution are now
underway (e.g., McCord et al. 2006).

Over the wavelength range of 7100 and 9200A, the
Titan’s surface can be glimpsed between CH,4 absorp-
tions through the thick haze layers (e.g., Smith et
al. 1996), while in the wavelength range shorter than

7000A the Titan’s atmosphere becomes optically thick
due to Mie scatterings by haze particle aggregates and

Rayleigh scatterings by molecules in the atmosphere
(e.g., McKay et al. 1989). The CH, absorption bands

between 7100 and 9200A are useful to investigate haze
opacities at various altitudes, because the peaks of con-
tribution functions occur at different altitudes (Kim et
al., 2005). There is another useful wavelength range
at 1.0-3.0 um, where CH4 has several ro-vibrational
bands with contribution functions occurring at differ-
ent altitudes; consequently, this near-IR range has been
targeted for intense investigations of surface, haze, and
clouds for more than a decade (e.g., Griffith, Owen,
and Wagener, 1991; Coustenis et al. 1995; Griffith et al.
2003; Negrao et al. 2006). However, the near-IR range,

the 7100 and 9200A range, unlike the near-IR range,
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is almost free from the influence of other molecular
bands, and easily accessible from low-altitude ground

observatories without significant telluric absorptions
(Karkoschka, 1994).

We obtained high-resolution spectra of Titan be-
tween 7100 and 9200A using an echelle spectrograph
on the 1.8-m telescope at Bohyunsan Observatory in
Korea on Feb. 23, 2005 (UT) near the T3 flyby of
Cassinl on Feb. 15, 2005, and the entry of Huygens
probe on Jan. 15, 2005. We developed an inversion
program, using a modified radiative-transfer code of
Kim et al. (2005) in order to derive the vertical vari-
ations of global haze properties from the spectra. Our
investigation on the opacities of the globally distributed
haze differs from previous investigations in the follow-
Ing aspects —

Rages and Pollack (1983) derived vertical properties
of haze in Titan’s upper atmosphere down to 100 km
altitude from high-phase angle images from Voyager 2,
whereas our spectral range, 7100—9200A, is sensitive
mainly to an altitude range below 200 km. McKay
et al. (1989) constructed a radiative-convective model
for the thermal structure of Titan’s atmosphere which
is largely a theoretical work focusing on the thermal
balance of the atmosphere. They presented a vertical
distribution of the haze using spherical particle mod-
els based on a low-resolution spectrum of Neff et al.
(1984), and CH,4 absorption coeflicients at 95 K esti-
- mated by Pollack et al. (1986). Pollack et al. de-
rived their result from CHy coeflicients measured at a
room temperature utilizing liquid CH,4 absorption co-
efficients measured at 95 K assuming a similar spectral
behavior between CH4 gas and liquid. This assump-
tion is, however, highly uncertain; and instead of their
data, we used CHy4 absorption coefficients of O’Brien
and Cao (2002), and Singh and O’Brien (1995) mea-
sured at 77 K, along with CH,4 absorption coefficients

deduced from planetary spectra by Karkoschka (1994),

as described in §3.1 in detail. Rannou et al. (1995)
used a fractal model for the haze particles, and derived
a vertical distribution of the haze using the spectrum
of Neff et al. (1984) and the same CHy absorption co-
efficients of McKay et al. (1989), which is uncertain,
as just mentioned.

Young et al. (2002) took 6 images between 8880 and

9530A using the WFPC2 (Wide Field Planetary Cam-
era 2} on HST, from which the Titan disk was resolved,
an advantage for limb darkening analyses. Although
able to derive latitudinal and vertical distributions of
haze opacities, they used narrow band filters with 12
7 spectral resolution, which is lower than ours (e.g.

0.25% at 8000A), and their wavelength coverage did not

extend to our shorter wavelength range of 7100—8880A.
Anderson et al. (2004) obtained narrow-band images

near 9400A at the Mount Wilson 2.54-m telescope and
derived extinction of haze as a function of altitude.
Because the wavelength range near 9400A is almost
free from the CHy4 absorptions, their data are useful to

probe haze properties near the surface. Consequently,
their contribution function that can probe atmospheric
altitude range is considerably limited compared to our
much wider 7100—9200A wavelength range. Their re-
sults, however, contain large error bars, significantly
deviated from the results of other works.

Recently, Tomasko et al. (2005) presented haze ex-

tinction optical depths at 5310, 8290, and 150004, as a
function of altitude derived from Huygens/DISR (De-

scent ImagerSpectral Radiometer) data. Their 8290A
result is interesting to compare with our result and
a comparison with ours is described in §3.4. Hirtzig
et al. (2005) used CFHT (Canada-France-Hawaii Tele-
scope)/OASIS(Adaptive Optics Spectro-Imaging Sys-
tem) to obtain spectro-imagery between 8600—10200A
whose main purpose was to derive the albedos of Titan.

II. OBSERVATIONS AND DATA REDUC-
TIONS

We observed Titan on Feb. 23, 2005 (UT) using
a fiber-fed echelle spectrograph (BOES) on the 1.8-m
telescope at Bohyunsan Observatory in Korea over the
3800 ~ 10200A wavelength range with a spectral re-
solving power of 30,000 (AX ~ 0.27A4). Our resolution
is the highest among previous Titan observations in the
7100 - 9200A range. The raw Titan spectra contain tel-
luric as well as solar absorption and emission lines. We
used Kitt Peak solar atlases (e.g., Hinkle et al. 2003)
obtained from the Digital Library of the National Solar
Observatory (http://diglib.nso.edu) to remove the so-
lar lines effectively. Since the spectral resolution of Kitt
peak solar spectrum is higher than the BOES resolu-
tion, the Kitt peak spectrum has been convolved with
the BOES resolution. The seeing of the night sky on
the observing date was slightly greater than 1”7, and the
field-of-view was 4.2”, enough to fill the whole disk of
Titan, which was 0.8” at the times of the observations.
We also took the spectra of the Moon, which were used
to remove telluric absorption lines in the Titan spectra.
For wavelength calibration, we considered a Doppler
shift (e.g. AX = 0.53A at 8000A) caused by a relative
velocity of -19.63 km/s between Earth and Titan on
the observing date. Data reductions were carried out
using image-processing software, IRAF and IDL.

The shorter wavelength range less than 7100A is
strongly influenced by Mie scatterings by haze par-
ticle aggregates and Rayleigh scatterings by nitrogen
molecules (e.g., McKay et al. 1989; Young et al. 2002),
and the CH, absorptions become significantly weak.
The longer wavelength range of the BOES spectrum
greater than 9200A becomes noisy due to low sensitiv-
ities of the BOES instrument. We, therefore, chose the
7100 - 9200A range for the purpose of investigating the
optical properties of haze layers. We present an ex-
ample of a segment of the BOES spectrum in Fig. 1
along with a laboratory spectrum of O’Brien and Cao
(2002) for comparison, which will be described in detail
in §3.2.
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Fig. 1.— An example of a segment of the BOES spectrum of Titan compared with a laboratory CH4 spectrum of O’Brien
and Cao (2002). The spectral resolutions of the BOES and the laboratory spectra are 0.27 and 0.81A, respectively. The
intensities of the laboratory spectrum are set in an arbitrary scale to be compared with the BOES spectrum. The BOES
spectrum with a 0.27A resolution shows many absorptions features, which is considered to be mostly due to CH4. We are,
however, unable to confirm that all of these absorption features are due to CH4 because of lack of similar high-resolution
laboratory spectra available in the literature. Obviously, we need high-resolution laboratory CH,4 spectra measured at the
atmospheric temperatures of Titan in order to accurately model the Titan spectra.

Since our high-resolution spectra are extracted from
many different orders, the derivations of absolute in-
tensities are not accurate, although we used the Moon
spectra for absolute calibration. This difficulty has
been well known for high-resolution spectroscopy, since

Hall et al. (1994) and Skoda and Hensberge (2003) de-
scribed this problem of merging spectral orders from a
fiber-fed echelle spectrograph. Therefore, we adopted
a full-disk albedo spectrum listed in Table III of
Karkoschka (1994) for intensity scale. The relative fit
between the albedo spectrum of Karkoschka and our
BOES spectrum is, however, excellent. It should be
noted that the full-disk albedo of Karkoschka at the
times of their observations on July 25, 1993 (UT) was
very close to the geometric albedo of Titan, though
not exactly same. The illuminated fractions of the
Titan disk at the times of their and our observations
were 99.946 and 99.862%, respectively. The resultant
albedo spectrum has been binned with a 20A box func-
tion (Fig. 2) to derive haze opacities, which is sup-
posed to vary smoothly with wavelengths; besides, high
signal-to-noise ratio data are needed in order to retrieve

good quality haze opacities from the observations. The
reduced high-resolution spectra as well as the binned
spectrum are available to the planetary community at
an internet site: http://padra.khu.ac.kr.

An issue on a possible significant change in the
Titan’s brightness between the 1993 observ ations of
Karkoschka and our 2005 observations can be resolved
with an investigation carried out by Lorenz et al.
(1999). According to Lorenz et al., the seasonal bright-
ness change of Titan can be up to + 10%, but the
difference in the brightness between 1993 and 2005 is
estimated to be approximately 2.4%, which is not large
enough to influence our results. Finally, this uncer-
tainty along with other uncertainties discussed in §3.4
is summarized in Table 1, together the final error bars
of the derived haze opacities have been determined.
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Fig. 2.— The smoothed BOES spectrum (solid line) with a 20A box function; and the best fit model spectrum (dotted
line). The iterations of the inversion program were stopped, when the differences between the BOES and model spectra
became less than an observational error bar of 0.005 in the albedo scale.

II1I. RADIATIVE TRANSFER CALCULAT-
IONS

(a) Models for the Atmosphere, Clouds, and
Surface Albedos

We adopted a radiative transfer model developed by
Kim et al. (2005) who used it for the construction
of 3-micron synthetic spectra of Titan. This model
uses a 2-stream approximation and includes the absorp-
tions and scatterings of haze particles, as well as ab-
sorptions and emissions of atmospheric molecules and
molecules. For the scatterings of haze particles, Kim
et al. used single-scattering approximations, which are
the integrations of istotropically-scattered lights in all
directions (e.g., Eq. 1.2.4 in Chamberlain and Hunten,
1987). We modified the program adding Rayleigh scat-
terings by molecules, and developed an inversion pro-
gram using the same approximations as described in
§3.3 in detail. The major reason for using these ap-
proximations is that we are unable to derive unique
solutions for all the quantities describing the physical
nature of haze particles, such as the index of refraction,
scattering phase function, and size and shape distribu-
tions from the BOES spectrum, because of excessive
number of free parameters to be retrieved. Therefore,

we have designed the inversion program to derive only
obtainable quantities, which are extinction coefficients
and, if possible, single scattering albedos as a function
of wavelength and altitude. The uncertainty arising
from using the single-scattering approximations instead
of multiple scatterings as well as the uncertainty from
the 2-stream approximation will be discussed in §3.4.

The atmospheric model contains 81 plane-parallel
layers from the surface up to a pressure level of 10V
bar. We, however, mostly used 33 layers from the sur-
face up to ~300 km, since this altitude range mainly
influences the spectral range between 7100 and 9200A.
The spherical geometry of Titan was considered for
the calculation of global radiation from the Titan disk.
A temperature-pressure (T-P) profile for the tropo-
sphere and stratosphere was adopted from a recent re-
sult from the Huygens Atmospheric Structure Instru-
ment (HASI) (Fulchignoni et al. 2005; Harri et al.
2006). The T-P profile was measured from the Huy-
gens landing site, which could be different in other lo-
cations. The HASI result is, however, remarkably sim-
ilar to the Voyager radio occultation result of Lindal
et al. (1983). The Voyager IRIS (Infrared Interferome-
ter Spectrometer) measurements of brightness temper-
atures indicate that the global temperature variation is
less than a few degrees in the troposphere and in the
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low stratosphere, and the Voyager IRIS team (Flasar et
al. 1981) recognized that radiative response times be-
low the 10 mbar level are equal or longer than the Sat-
urnian year. The temperature-dependence of the CHy
molecular bands in the visible range has been reported
by Karkoschka (1998), O’Brien and Cao (2002), and
Bowles et al. (2006), but the temperature-dependency
of these CH4 molecular bands seems to be significantly
weaker than that of typical ro-vibrational bands in in-
frared ranges. We expect that the use of the HASI T-P
result should not cause significant uncertainty for the
construction of a globally representing CH,4 absorption
features between 7100 and 9200A.

One of the important confirmations of the Cassini/
Huygens mission is that CHy in the Titan’s atmo-
sphere plays the same role as H,O in the Earth’s atmo-
sphere. Its mixing ratio, therefore, may vary depending
upon the weather on the surface of Titan. Paulo and
Griffith (2006) suggested possible global variations of
the CH, mixing ratios up to a factor of 2 based on
the variation of CH4 absorption depths in the VIMS
spectro-imagery of Titan. For our radiative trans-
fer calculations, we adopted the CH,; mixing ratios
from the GCMS (Gas Chromatograph Mass Spectrom-
eter)/Huygens (Niemann et al. 2005). A factor of 2
uncertainty in the global mixing ratio is considered in
our calculations of error bars for the retrieved optical
properties of haze.

The brightness of Titan should be affected by possi-
ble transient clouds, which usually occur in the south
polar region and occasionally in the equatorial region
(Griffith et al., 1998). Unfortunately, we could not find
infrared images taken from Earth on Feb. 23, 2005
(UT). Gendron et al. (2005) took 2.12-m Titan images
on Jan. 14—16, 2005 with the ESO’s Very Large Tele-
scope (VLT) showing no significant transient clouds.

It is difficult to see clouds in the 7100 - 9200A range
compared with in the 2.12-um region, because the at-
mosphere in the visible range is less transparent. We
estimate an upper limit of ~5% for the influence of
transient clouds on the total flux of Titan.

The surface albedos of Titan between 7100 - 9200A
are not very accurately determined in the literature —
Anderson et al. (2004) derived the surface albedos of
0.1 ~ 0.3 near 9300A using their narrow-band near-
IR images. Hirtzig et al. (2005) derived the surface
albedos of 0.3 ~ 0.4 between 8000 and 10000A from
their near-IR spectro-images taken at CFHT. Tomasko
et al. (2005) reported reflectivities of 0.16 ~ 0.23 for
8000—9200A at the Huygens landing site. McCord et
al. (2006) analyzed VIMS data taken from several
places and derived a reflectivity of ~ 0.3 near 0.75,
0.85, and 0.95pum where CH4 absorptions are weak. We
adopted a value of 0.3 with reference to that of McCord

et al. for the globally averaged surface albedo in our
model.

The contribution of the Titan’s intensity from the
backscatterings of haze particles is estimated to be 81%

at 1.08um according to an analysis of VIMS images by
Rodriguez et al. (2006), in which case the intensity
contribution from the surface should be minor. The
contribution from the backscattering is expected to in-
crease in the 7100—9200A range compared with that at
1.08um. We calculate that the surface contribution is
less than 10% in the 7100—9200A range, as discussed
in §3.4. Furthermore, our model fits are based on a rel-
ative intensity scale; and the intensity ratios between
the continuum and absorption features are important.

The retrieved optical properties of haze particles
from our inversion program are almost independent
from the surface albedo variation between 0.1 and 0.5.

(b) Absorption Coefficients of CH; between
7100 and 9200A

Extensive laboratory observations of the CHy4 bands
in the visible range have been reported in the literature
(e.g., Lutz and Ramsay, 1972; Lutz et al. 1976; Giver,
1978; Scherer et al. 1984; Borass et al. 1994; Singh and
O’Brien, 1995; Tsukamoto and Sasada, 1995; O’Brien
and Cao, 2002). These observations needed a very long
path-length cell, because the CH4 bands are weak. The
laboratory spectra of the 8900A bands of CH4 show
numerous cumulative lines at planetary temperatures
due to several combination bands as listed in Table 11
of Boraas et al. (1994), for example. Borass et al. and
Tsukamoto and Sasada (1995) were able to resolve CHy4
lines measured at very low temperatures of 15 K and 77
K, respectively, but most of the observed lines have not
been assigned. Many lines of these bands have not been
resolved; and the possibility of predissociation, which
would broaden the lines, has not been investigated. In
the ultraviolet and visible range, simple molecules, such
as SOq (e.g., Freeman et al. 1984), CH (e.g., Kim et
al. 1997), etc., show diffuse lines, which are usually
originated from high-rotational quantum states under-
going predissociation. We did not consider fluorescent
emissions from the CH,; bands in our model, because
of the following reasons — (1) For diffuse lines caused
by the predissociation, emissions cannot easily occur
because dissociation rates are much higher than emis-
sion rates. (2) CH, fluorescent emissions from the tro-
posphere and stratosphere of Titan are expected to be
negligibly small compared with the strong CH4 absorp-
tion features (e.g., Kim et al. 2000). (3) Laboratory
observations of fluorescent emissions of the CH,4 bands
have not been reported in literature perhaps due to
difficulty in observing weak emissions arising from a
long-pathlength cell.

The laboratory spectra presented in the literature
have been obtained at several selected temperatures
only, not covering the whole temperature range of the
Titan’s atmosphere. Another difficulty to analyze our
high-resolution spectra (AX ~ 0.27A) is the absence of
high-resolution laboratory spectra available in the lit-
erature. There have been several attempts to observe
the CH4 bands with very high spectral resolving pow-
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ers (e.g., A/AX = 400,000 — 500,000 of O’Brien and
Cao, 2002), but these data are not publically available
(O’Brien, private communications, 2007). In this pa-
per, we adopted 1 cm ! (~0.81A) resolution absorption
coefficients measured at 77 K, which is close to the at-
mospheric temperatures of Titan, from the tables of
Singh and O’Brien (1996) and O’Brien and Cao (2002)
for the 7100—7400A and 8486—9200A ranges, respec-
tively. Between 7400 and 8486A, we adopted absorp-
tion coefficients with a ~10A resolutlon deduced from
analyses of planetary spectra by Karkoschka (1994).

The resultant absorption coefficients have been binned

with a 20A box function for the analyses of the
smoothed BOES spectrum shown in Fig. 2. Since our
major objective of this work is to derive the haze opaci-
ties, which should vary with wavelengths smoothly, the
binned CH,4 absorption coefficients are proper for our
purpose. However, as presented in Fig. 1, the BOES
spectrum with a 0. 2713& resolution shows many absorp-
tion features, which are not very well matched with
the 0.81A resolutlon CH,4 spectrum, and there might

be weak absorption features of other molecules. At
the present time, we are unable to confirm that all of
these absorption features are due to CHy because of
lack of high-resolution laboratory spectra of CHs. In
the BOES spectra between 7100 and 9200A, no sig-
nificant absorption features of other atmospherlc con-
stituents seem to be found, and, therefore, we included
only the CH,4 absorption coefficients in the radiative
transfer program. Obviously, we need high-resolution
laboratory spectra measured at various planetary tem-
peratures for better spectral analyses.

(c) Inversion Program

In order to derive globally averaged haze opacities
from the Titan spectra, we have developed an inver-
sion program based on a radiative transfer program
described in Kim et al. (2005). The foundation of
theoretical formulae has been presented by Banfield
et al. (1998) and Stam et al. (2001), who derived
vertical distributions of aerosols in the atmospheres of
Jupiter and Saturn, respectively, using their inversion
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programs. The inversion of planetary spectra has been
mainly used for the derivations of temperature-pressure
profiles from thermal infrared spectra (e.g., Conrath,

1972; Ohring, 1973; Orton, 1977; and Wallace and
Smith, 1979).

In the radiative transfer program, the monochro-
matic optical depth of a plane-parallel atmospheric
layer containing haze, nitrogen molecules, and methane
1s a combination of those optical depths of the haze,
Rayleigh scattering, and methane:

Ttotal = Thaze T T Rayleigh + TCH, (1)

The optical depth of the haze particles in the atmo-
spheric layer is given by,

Thaze — (ﬁabs + ascat)dxa (2)

where k45 and 4.4+ are the absorption and scattering
coefficients, respectively, to be determined in a unit
of km™!; and dx is the thickness of the plane-parallel
layer. The Kqps + 0scar 18 designated as “extinction
coeflicient” in a unit of km™!. The single scattering
albedo of the haze particles and the total single scat-
tering albedo are given by

Ohaze
Wh = 3
aze (H}abs + O_SC(Lt)J ( )
and
Wyota] = (Uscat + URayleigh) ’ (4)
(’{abs T Oscat O Rayleigh + KJCH;;)

respectively, where o rqyieign and xkop, are the coeffi-
cients of Rayleigh scattering and CH, absorption, re-
spectively.

The inversion program is designed to determine the
wanted parameters, Kqps + Tscar aNd Whgre, DYy means
of iterations starting with initial trial parameters so
that the synthetic spectrum approaches to the observed
spectrum asymptotically. A monochromatic contribu-
tion function (Orton, 1977), which is the integrand of
the radiative transfer integral, has been revised after
each iteration. Since the contribution functions have
different altitudinal peaks at different wavelengths, the
functions have been used to adjust altitudinally dif-
ferent input parameters after the iterations. We used
more than 1100 wavelength points to insure the de-
rived extinction coefficients and single scattering albe-
dos to be constrained. We stopped the iterations when
the difference between the model and the observation
became less than an observational error bar of 0.005
in the albedo scale in Fig. 2. The retrieved param-
eters, Kaps + Oscqr aNd Whgre, from the inversion pro-
gram should be converged in a bearable number of it-
erations to be physically meaningful during the itera-
tions. As we mentioned in §3.1, we are unable to derive
unique solutions for other quantities, such as the index
of refraction, scattering phase function, and size and

shape distributions of haze particles, because of exces-
sive number of free parameters to be retrieved.

Even after this simplification, it is not easy to derive
unique solutions Kqps + 0 scar aNd Whge from the BOES
spectrum unless they are tightly constrained. We used
intrinsic constraints for 7j4:e and wpgze, which should
vary from 0 to oo , and from O to 1, respectively. In or-
der to save computer times, we initially tried to derive
two quantities for The.e and wpga-e, Wwhich are assumed
to be correlated with each other, and which should be
obtained with a minimum number of the iterations. Af-
ter we obtained the quantities, we start varying the 2
parameters vertically to determine allowable limits of
the parameters. We also initially set the altitudinal
variation of Tpg.e 18 similar to that of og.q:dx, since
theoretical consideration in the literature (e.g., Young
et al. 2002) suggests that wpqze should become less

than 0.5 approximately above 150 km, as discussed in
§3.4.

In Fig. 3, we present contribution functions, 7270,
7360, 8200, 8650, 8940, and 9150A among ~1100 data
points, for example, with the solid or dotted lines,
which are within or outside of the altitude range corre-
sponds to full-width at half-maximum (FWHM) of the
contribution functions. As shown in this figure, the
peaks of the contributions vary from near the surface
to ~90 km, but the influence of the contributions can
be up to 250 km. As expected, the peaks correspond-
ing to strong CH,4 absorptions bands at 7270, 8650, and
8940A occur at higher altitudes than those correspond-
ing to band wings at 7360, 8200, and 9150A, where CH,
absorptions are weak.

(d) Properties of Global Haze Particles and
Error Analyses

In Fig. 4, we present the retrieved vertical variations
of global extinction coefficients, Kgps + Tgcqt, 1N @ UNit
of logio(km™1) at 7270, 7360, 8200, 8650, 8940, and

9150A. It should be noted that although we started
with a same initial trial extinction coefficient for all
the wavelengths, the retrieved extinction coefficients
are different from wavelength to wavelength. In this
figure, the solid or dotted lines are the retrieved co-
efficients for altitude ranges within or outside of the
FWHMs (30—120 km) of the contribution functions,
respectively. Previous works by Rages and Pollack
(1983), McKay et al. (1989), Rannou et al. (1995),
Young et al. (2002), and Tomasko et al. (2005) are
also presented for comparisons. The thin solid line of
Tomasko et al. was derived from an optical-depth curve
for 8290A in Fig. 16b of Tomasko et al. The retrieved
solutions (color lines) from the inversion program are
closely packed graphically showing the ranges of allow-
able limits for the coefficients. As suggested by the
contribution functions in Fig. 3, the allowable ranges
shown in Fig. 4 become widened above the ~150 km
altitude, because the contributions of the haze decrease
significantly there. Also shown in Fig. 4, the extinc-
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Fig. 4.— The altitudinal variations of the global extinction coefficients, Kabs+0 scat, Of haze particles in a unit of logio(km™")
at 7270 (violet), 7360 (blue), 8200 (green), 8650 (yellow), 8940 (orange), and 9150 (red)A. The color lines are highly
accumulated to show a range of uncertainty in the solutions, which were retrieved from the inversion program. The solid or
dotted lines represent altitude ranges correspond to within or outside of FWHMs of the contribution functions, respectively.
Detailed structures in the color lines may result from numerical approximations, and may not be physically meaningful.

tion coefficients increase toward the surface. Detailed
structures in our model lines may result from numerical
approximations, and may not be physically meaningful.
It should also be noted that abrupt altitudinal changes
less than the FWHM scales cannot be retrieved from
our inversion program.

As clearly shown in Fig. 4 with solid color lines is
that the extinction coefficients at shorter wavelengths
(violet and blue lines) are greater than those at longer
wavelengths (orange and red lines) within the FWHMs
of the contribution functions, and this trend is not very
clear for the outside of the FWHMSs, where model un-
certainties increase significantly. The accumulative op-
tical depths for 7270—7360A and 8940—9150A ranges
are estimated to be approximately 1.4 and 1.2, re-
spectively, indicating that the Titanian haze becomes
optically thin toward the longer wavelength range.
Tomasko et al. (2005) presented total optical depths

of 2.5 ~ 3.5 at 8290A depending on particle aggrega-

tion models using Huygens/DISR. data. The total op-
tical depths of our results seem to be less than those
of Tomasko et al., even after a ~100% systematic error
discussed below. At this moment, it is not very clear
whether the difference is caused by a local increase of
the optical depths at the landing site, or by other rea-
sons. However, if we consider the ~100% error bar,
our results are partially overlapped with the results of
Tomasko et al.

In Table 1, we listed various sources of uncertain-
ties, which should be added to the extinction coeffi-
cients shown in Fig. 4 to be the total error bars of the
coefficients. These uncertainties should be systematic
errors in the extinction coefficients. The uncertainties
related with CHy4, which are marked with in Table 1,
are wavelength dependent. In the wavelength ranges
where CH4 absorptions are weak, the effects of the un-
certainties in CH,4 absorption coefficients are not sig-
nificant. There are other uncertainties, not listed in
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Table 1, such as uncertainties arising from an isotropic
and single scattering assumption, and spherical geom-
etry as well as plane-parallel layer approximation. We
estimate the uncertainty caused by the spherical geom-
etry and plane-parallel layer approximations should be
less than 20% in terms of the extinction coeflicients.
Regarding the uncertainties arising from the isotropic
and single scattering assumptions, we calculated the
uncertainties using a program provided by S.S. Hong
and H.K. Yang (private communications, 2007). The
program 1s designed to calculate maximum ranges of
outgoing radiation from a planet considering extreme
cases of multiple scatterings and scattering phase func-
tlons using input parameters of the derived total optical
depths, 1.2 - 1.4, and single scattering albedos discussed
below. We calculated a maximum uncertainty of 31%
in terms of resultant intensities. Assuming that all of
these uncertainties occur independently, we found that
the uncertainty in the possible global variation of CHy
mixing ratios dominates the total error bar, which is

approximately ~100%. Therefore, the ~100% uncer-
tainty should be added to the extinction coeflicients
shown in Fig. 4 to represent the total error bars at
certain altitudes.

In Fig. 5, we present a group of retrieved solutions,
which are wpq.. profiles with color lines, and a wpq.e
profile of Young et al. (2002) with a black dashed line
for a comparison. Young et al. calculated a theoretical
Whaze Profile at 8880A using aggregated particle mod-
els; and their wy,,.. profile is close to 0.95 below 200 km
altitude. Their particle models begin as single spherical
monomers at 700 km; and as they descend, they form
aggregates of two, four, eight, etc., monomers. Since
the scattering cross sections increase with size faster
than the absorption cross sections do, the single scat-
tering albedos, which are dark at the highest altitudes,
eventually become quite bright near the surface. Our
result of less bright particles compared with Young et
al. below 250 km suggests that the aggregation process
during the descent may not be similar to the scenario
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TABLE 1.
UNCERTAINTIES IN VARIOUS PARAMETERS, WHICH AFFECT THE ERROR BARS
OF THE RETRIEVED PARAMETERS, Kgbs + Oscat -

PARAMETER

UNCERTAINTY IN
Kabs T Tscat (%)

UNCERTAINTY IN
THE PARAMETER (%)

"FULL-DISK ALBEDO VS. GEOMETRIC ALBEDO 0.1 <0.1
1SEASONAL VARIATIONS OF TITAN’S BRIGHTNESS 2.4 <2.4
2INTENSITY CONTRIBUTION FROM SURFACE < 10 3~4
2INFLUENCE OF TRANSIENT CLOUDS ON ToTAL FLUX <5 <5
2TEMPERATURE DEPENDENCY OF

CH,4 ABSORPTION COEFFICIENTS * <20 * <10
3PossIBLE CH, EMISSIONS * <5 * <3
*GLOBAL VARIATION OF CH, MIXING RATIO ~200 *~100
°2-STREAM APPROXIMATION ~5 <5
6SINGLE SCATTERING APPROXIMATION < 20 <20

1 See §2

2 See §3(a)

3 See §3(b)

1 Paulo and Griffith (2006)
> Verhoef (1988)

® Kim et al. (2005)

* Wavelength dependent

See §3(e) for other uncertainties, not listed in Table 1, such as uncertainties arising from an isotropic and single
scattering assumption, a numerical approximation of spherical geometry, and a plane-parallel layer approximation.

of Young et al.

The wavelength-dependent pattern of the wy,.. pro-
files in Fig. 5 is similar to that of the extinction co-
efficients shown in Fig. 4 — The wpq, at shorter
- wavelengths (blue and violet lines) are greater than the
Whaze 8t longer wavelengths (yellow and orange lines)
within the FWHMSs. The both quantities increase to-
ward the surface, otherwise the number of the iterations
of the inversion computations increases and the param-
eters could not be converged easily. The retrieved wp e
profiles approach to 1.0 toward the surface, and they
are less than 0.5 at altitudes higher than ~150 km.
The vertical variations suggest the following proper-
ties of the haze particles for the 7100—9200A range —
Near the surface, the scattering coeflicients, 0soqs, are
greater than the absorption coeflicients, k.5, and the
sizes of the haze particles are comparable to or greater
than the wavelengths. At altitudes above the ~150 km
level, 0 scqr becomes less than kqps, suggesting that the
particle sizes are likely to be smaller than the wave-
lengths.

In §3.1, we mentioned that Rodriguez et al. (2006)
estimated that the contribution of the Titan’s inten-
sity from the backscattering of haze particles is 81% at
1.08 m and the contribution from the surface should
be minor. Fig. 5 demonstrates that the scatterings of
the haze particles are indeed significant especially near
the surface. We estimate that the contribution from
the surface to the total intensity is less than 10%, and

that the scatterings of the haze particles dominate the
brightness of Titan in the 7100—9200A range.

IV. CONCLUSIONS

We have derived globally averaged optical proper-
ties of Titan’s haze particles from visible spectra be-
tween 7100 and 9200A, which were obtained with an
echelle spectrograph (BOES) at Bohyunsan Observa-
tory in Korea. Since the observations were carried out
near the activities of the Cassini T3 and Huygens ob-
servations of Titan, our results are complementary to
the historic results of this mission. In order to derive
the extinction coefficients and single scattering albedos
of haze particles, we developed an inversion radiative-
transfer program using an atmospheric model of Ti-
tan and laboratory CH, absorption coefficients avail-
able in the literature. It is obvious that we need high-
resolution laboratory CHy4 spectra measured at the at-
mospheric temperatures of Titan in order to accurately
model the Titan spectra.

The derived extinction coeflicients of the haze in-
crease toward the surface, and the coefficients at
shorter wavelengths are greater than those at longer
wavelengths for the 30—120 km altitude range. To-
tal accumulative optical depths for 7270—7360A and
8940—9150A ranges are estimated to be 1.4 and 1.2,
respectively, indicating that the Titanian haze becomes
optically thin toward the longer wavelength range.
Tomasko et al. (2005) presented total optical depths of
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2.5 ~ 3.5 at 8290A depending on particle aggregation
models using Huygens/DISR data. The total optical
depths of our results seem to be less than the results
of Tomasko et al. However, our results are partially
overlapped with the range of the results of Tomasko et
al. considering the ~100% error bar, which was cal-

culated from extensive error analyses presented in the
main text.

The derived single scattering albedos of the haze par-
ticles approach to 1.0 toward the surface, and they are
less than 0.5 at altitudes higher than ~150 km, sug-
gesting that near the surface, the haze particle sizes are
comparable to or greater than the wavelengths, and at
altitudes above ~150 km level, the particle sizes be-
come smaller than the wavelengths. We also found
that the scatterings of the haze particles dominate the
brightness of Titan in the 7100—9200A range, and in-
tensity contributions from the surface to the total in-
tensity is less than 10%, which is consistent with a re-
sult of Rodriguez et al. (2006).
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