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Although methane is the dominant absorber in Titan’s reflec-
tion spectrum, the amount of methane in the atmosphere has only
been determined to an order of magnitude. We analyzed spectra
from the Space Telescope Imaging Spectrograph, looking at both
a bright surface region (700-km radius) and a dark surface region.
The difference between the spectra of the two regions is attributed to
light that has scattered off the surface, and therefore made a round-
trip through all of Titan’s methane. Considering only absorption,
the shape of the difference spectrum provides an upper limit on
methane abundance of 3.5 km-am. Modeling the multiple scatter-
ing in the atmosphere further constrains the methane abundance
to 2.63 ± 0.17 km-am. In the absence of supersaturation and with
a simplified methane vertical profile, this corresponds to a surface
methane-mole fraction near 3.8% and a relative humidity of 0.32.
With supersaturation near the tropopause, the surface methane
mole fraction could be as low as 3%. c© 2002 Elsevier Science (USA)
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1. INTRODUCTION

(Lemmon et al. 1993, 1995; Griffith 1993; Coustenis et al. 1995).
The presence of methane in the atmosphere of Titan was dis-
covered by Kuiper (1944). However, a precise measurement of
the methane abundance has been difficult due to Titan’s strato-
spheric haze, which obscures the surface from view within visi-
ble and near-infrared methane continuum regions and makes es-
timates based on methane bands model-dependent (Hunten et al.
1984). Recently, ground-based observations have shown that
Titan has a light curve due to surface albedo features that are
visible in methane continuum regions from 0.93 to 2.03 µm

1 Based on observations made with the NASA/ESA Hubble Space Telescope

obtained at the Space Telescope Science Institute, which is operated by the As-
sociation of Universities for Research in Astronomy, Inc., under NASA contract
NAS 5-26555. These observations are associated with proposal #7321.
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Observations with the Hubble Space Telescope have been used to
map the surface features responsible for the light curve in many
of the methane windows (Smith et al. 1996, Meier et al. 2000),
and ground-based adaptive optics (Combes et al. 1997) and
speckle (Gibbard et al. 1999) images have shown surface fea-
tures at the longer wavelengths. Visibility of the surface indicates
a two-way transmission of the light, which we can use to measure
the methane abundance. A measurement of the total amount of
methane in the atmosphere is important to the full interpretation
of the images and light curves, because uncertainty in methane
extinction contributes to a significant uncertainty in models of
surface albedo (Lemmon 1994, Coustenis et al. 1995).

Much of our direct information about Titan’s troposphere
comes from the Voyager 1 radio occultation data set. Lindal
et al. (1983) used this data set to determine temperature profiles
for the ingress and egress of the occultation. However, due to un-
certainty in methane abundance and profile, that determination
is nonunique (Lindal et al. 1983). Lellouch et al. (1989) incor-
porated the existing measurements and chemical constraints to
derive a family of possible profiles of methane mole fraction
(MMF). Their nominal profile has a 1.5% MMF in the strato-
sphere, increasing to 8% at the surface. Minimal and maximal
profiles have from 0.5 to 3.4% MMF in the stratosphere, and up
to 21% MMF at the surface, depending on the assumed argon
abundance and temperature profile. A vertical integration of the
methane profiles yields a total column abundance for methane
ranging from 0.4 to 3.0 km–Am for constant mole fractions
of 0.5 to 3.4%, and up to 6.9 km–Am for the maximal profile
of Lellouch et al. (1989). Lellouch et al. (1992) analyzed the
region 9050–9160 cm−1 (1.10 µm) and determined that a total
abundance of 4 km–Am provided a better fit to the spectrum, but
pointed out disagreements with earlier analyses of other bands.

While Lellouch et al. (1989) assumed that methane never ex-
ceeds its saturation value, Courtin et al. (1995) proposed that
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supersaturation may occur in the upper troposphere. They pre-
ferred a constant MMF in the range 2.6 to 4.5%, which we
determine to correspond to a total abundance of 2.3 to 4.0 km–
Am. The analysis of Voyager UVS data by Strobel et al. (1992)
also suggested a high MMF at the tropopause of 2.6 to 3.4%.
Samuelson et al. (1997) used Voyager IRIS data to derive the
existence of a supersaturation region in the upper troposphere
and determined that the surface MMF falls dramatically toward
the poles (from 6% at the equator to 2% at 60◦N or S), as does
the degree of supersaturation.

McKay et al. (1997) repeated the analysis of the radio-
occultation data considering CH4–N2 condensation and the pos-
sibility of methane supersaturation. They found that the methane
relative humidity at the surface could range from 0.08 to 1.0,
with values near 0.6 preferred. Given that most of the methane
is likely to be in the bottom scale height (20 km) of the atmo-
sphere, the total amount of methane is therefore only known to
about an order of magnitude.
In this paper we consider a pair of spatially resolved spectra of
Titan. Each samples the center of Titan’s disk, one over the dark

slit across the object) has a resolution of 0.05 arcsec pixel−1.
On 3 and 9 November 1997, we used STIS in its low-resolution
FIG. 1. Slit position projected onto the surface of Titan (maps taken from Lemmon et al., in preparation). The projected central slit is shown as the vertical
darker stripe. (A) Observation of 11/3/1997, showing Titan’s dark side (the bright features seen here may have been 1995 clouds). (B) Observation of 11/9/1997

showing Titan’s bright feature, with the slit near its geographic eastern edge. The
south pole.
, AND LORENZ

hemisphere and the other over the bright hemisphere. We use the
difference between the center-of-disk spectra as a probe of the
methane abundance. After describing the observations, we will
discuss first a simple model and then a more complete model
that we use to estimate the methane abundance. A detailed model
of the distribution of scatterers in Titan’s atmosphere is beyond
the scope of this paper. We will then discuss implications of the
measurement, given published constraints on the chemistry of
Titan’s troposphere.

2. OBSERVATIONS

2.1. The Data Set

The Space Telescope Imaging Spectrograph (STIS) was in-
stalled on the Hubble Space Telescope in 1997, and is described
by Kimble et al. (1998). It is capable of obtaining spatially re-
solved spectra in the range 0.3 to 1.1 µm. The spatial axis (a
black area at the bottom of each image indicates the unmapped area around the
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Note. LCM is the lon
alignment is in degrees
TITAN’S METHANE ABUNDANCE
FIG. 1—C

The fringing was low compared to the noise at wavelengths be-
(4.92 Å pixel−1) mode to obtain 0.30–1.0 µm spectra of Titan
(see Table I) as part of proposal GO 7321. Titan’s angular size
was 0.83 arcsec, giving some 16 pixels across the disk. We used
the 52 × 0.1 aperture, which is an 0.1-arcsec-wide slit. The spa-
tial axis was aligned roughly north–south, but was not identical
on the two days. For each observation, the slit was first aligned
with the center-of-disk, and then was offset to the east by 0.1
and 0.2 arcsec to obtain spectra at different locations. For the
first observation, Titan’s longitude of central meridian (LCM)
was 310◦, and on the second it was 88◦. The sub-Earth lati-
tude during the observations was 9◦S, and the subsolar latitude
was 11◦S.

TABLE I
Observational Parameters

Date LCM Slit alignment Phase angle (◦) Exposure time (s)

3 Nov 97 310 −7.6 2.6 120.0
9 Nov 97 88 16.6 3.2 120.0
gitude of the central meridian as seen from Earth; slit
east of north.
ontinued

2.2. Calibration and Defringing

The STIS data used here were processed through the on-
the-fly-calibration pipeline in May 2000 using CALSTIS ver-
sion 2.3. CALSTIS performs photometric, geometric, and wave-
length calibrations. Nominal signal-to-noise was 50–150 for
most of the spectra, except at wavelengths greater than 0.95 µm,
where S/N fell sharply due to the fall-off of CCD responsivity
and Titan’s low albedo, and in the center of the 890-nm methane
band, where S/N fell to ∼30.

The calibrated spectrum is susceptible to long wavelength
fringing, which is important at wavelengths longer than 0.7 µm
(Goudfrooij et al. 1997). In addition to the Titan spectra, we
obtained a contemporaneous flat field to allow significant re-
duction of the fringing. The contemporaneous flat field is a
calibration image using an on-board lamp and the 52 × 0.2
aperture. For each row (spectrum at one spatial position) in the
resulting image, we fit a polynomial to the lamp intensity and
divided the row by the fit. The residuals showed the fringing
for the time and grating settings of our Titan observations. The
fringes had a peak-to-peak amplitude of ∼25% near 0.95 µm.
low 0.74 µm, so we set the fringing to unity at those wavelengths.
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We then divided the Titan image by the fringing image to
obtain defringed spectra for each data set. This substantially
reduces the fringing, but does not eliminate it due to slight
wavelength shifts in the fringing pattern. Also, the fringing am-
plitude can vary from the observed value, as the fringe flat is
created from a large, diffuse source, while Titan is diffuse but
small.

For all spatial positions, the calibrated spectrum was divided
by the solar spectrum, which was obtained by interpolating
the spectrum of Neckel and Labs (1984)—similar to STIS in
resolution—scaled to Titan’s distance from the Sun (9.38 AU)
to obtain an I/F image. A few small artifacts remained due to
the slight differences in resolution, but we judged these not to
be a significant problem.

2.3. Geometry

The geometric calibration puts the centroid of Titan, as ob-
served through a long-pass filter, on row 600 of the CCD. While
this is supposed to be accurate to within ∼0.2 pixels, Titan’s cen-
troid in the long-pass image is not the same as its geometric cen-
ter due to a north–south brightness asymmetry. We found that the
brightness asymmetry is very small at wavelengths near 0.54–
0.57 µm by plotting a north-to-south intensity profile over a
south-to-north profile. For each image, we created a north–south
profile by averaging all of the data for 0.54 < λ < 0.57 µm.
By requiring the profile to be symmetric about the geometric
center, we found the center to be 0.032 arcsec (0.6 pixels) north
of the nominal center for the first data set, and 0.065 arcsec
(1.3 pixels) north for the second. To derive the east–west position
of the center we assumed that the relative offsets of 0.1 arcsec
between spectra were accurate but the position of the first (near-
center) image was uncertain. We determined the centroid of
the half-maximum isophotes and found that the initial slit po-
sition was 0.043 arcsec (0.86 pixels) east of center for the first
data day, and 0.039 arcsec (0.77 pixels) east of center for the
second. We assume nominal uncertainties of 0.010 arcsec for
the position of the center. During these observations, the phase
angle increased from 2.6◦ to 3.2◦, and the subsolar point was
0.021 arcsec southwest (241◦ east of north) of the disk cen-
ter. For the first observation, the slit was aligned 7.6◦ west of
Titan’s projected north pole; for the second it was 16.6◦ east of
Titan-north.

Table II summarizes the derived geometric parameters (ne-
glecting very small offsets between the short- and long-
wavelength data sets). The orientation of the slits with respect to
features on Titan (map projection based on Smith et al. (1996)
and Lemmon et al., in preparation) is shown in Fig. 1. On the first
day, the darker and more featureless side of Titan was visible.
The features seen in the map may be cloud features observed in
1995 (Lemmon et al., in preparation), as they were not seen in
1994 by Smith et al. (1996) or in 1997 by Meier et al. (2000). For
the second day, the large bright feature is visible and under the

slit in all three positions. For further discussion, we will focus
on the center-of-disk slit position only.
, AND LORENZ

TABLE II
Slit Position

Data set Data set
Date (0.3–0.56 µm) (0.54–1.0 µm) X Y

3 Nov 97 o4dta3010 o4dta3040 0.043′′ 600.6
3 Nov 97 o4dta3020 o4dta3050 0.143′′ 600.6
3 Nov 97 o4dta3030 o4dta3060 0.243′′ 600.6
9 Nov 97 o4dta1010 o4dta1040 0.039′′ 601.3
9 Nov 97 o4dta1020 o4dta1050 0.139′′ 601.3
9 Nov 97 o4dta1030 o4dta1060 0.239′′ 601.3

Note. X = closest approach distance of slit center to Titan’s center. Y = row
within image of Titan’s center.

2.4. Correction for Scattered Light

The STIS CCD is susceptible to scattered light at longer
wavelengths. This is a pronounced problem in our spectra of
Titan. There is a significant amount of light tens of pixels from
Titan. The off-disk spectrum rises from very small values at short
wavelengths to become significant beyond ∼0.75 µm. The scat-
tering brings light from nearby wavelengths to the same pixel:
reduced contrast versions of Titan’s methane bands can be seen,
but the fringe spectrum cannot be seen. The off-disk spectrum
falls exponentially with distance from Titan. Because it peaks
at Titan, part of the Titan spectrum comes from this scattered
light. To remove the scattered light, we fit a simple model: we
use an exponential fall-off from a point source and convolve this
with a line representing the size of Titan along the slit. We adjust
the slope of the fall-off and the total amount of light to fit the
data. Because the off-disk spectrum is degraded with respect to
Titan’s spectrum, we bin 25 pixels along the spectral dimension
when deriving each fit. We then subtract the model of scattered
light.

The above procedure removes the scattered light. Such light
is undesirable since it does not have Titan’s spectrum. However,
Titan was originally the source of this light prior to scatter-
ing within the CCD. The instrumental scattering increases with
wavelength, and we have corrected for the gain and not the loss
due to scattered light, so we have not yet retrieved Titan’s true
spectrum. We correct the loss to scattered light by comparison
with a set of WFPC2 data taken as part of the same proposal
through the filters F336W, F439M, F547W, F588N, and F673N,
and the methane band filters FQCH4N-B and FQCH4N-D at
0.619 and 0.89 µm (see Lorenz et al. 1999a). In addition, we
considered two images taken as part of the Meier et al. (2000)
NICMOS data set through the F095N and F097N filters. For
each filter and each spatial position along the STIS slit, we con-
volved the observed STIS spectrum with the filter’s system spec-
tral response. This was especially important for the 0.89-µm
methane band, as that filter has a small but significant leak of
light near 0.84 µm, where Titan is much brighter. We found

that at longer wavelengths the ratio of the image brightness to
the STIS brightness increased exponentially with wavelength.
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We multiplied the short-wavelength data by a constant of 1.12
to force a match with the images; similarly, we multiplied the
long-wavelength data by (1 + 0.00956 e4.6054λ), where λ is the
wavelength in micrometers.

To check the result of the scattered light correction, we cre-
ated a synthetic geometric albedo spectrum. We used the center-
of-disk scan. For the northern and southern hemispheres sep-
arately, we evaluated the integral of (2π Ir dr) from the center
of disk (r = 0) to 20 pixels away (recall that Titan’s apparent
radius was 8 pixels), where the intensity had fallen below the
noise. We divided this by the total flux from a Lambert-reflecting
disk with a 2575-km radius to obtain a geometric albedo. We
compared this to the albedo of Karkoschka (1998), obtained
in 1995. Differences between our synthesized albedo and the
1995 albedo were comparable to differences between Titan’s
1993 and 1995 albedos reported in Karkoschka (1998). We also
note that while the scattered light correction is critical to a de-
tailed model of the spectrum, it has only a small effect on the
methane measurement presented in this paper, as will be dis-
cussed below.

2.5. The Difference Spectrum

For each location on the disk (center, 0.1 arcsec east, and
0.2 arcsec east), the spectrum for LCM 310◦ (dark side) was
subtracted from the spectrum for LCM 88◦ (bright feature).
In order to do this, the spatial axis was expanded by a factor
of 10, and the two spectra were shifted along the spatial axis
to align the observed northern and southern limbs across the
entire image. The subtraction of bright minus dark was done
for each pixel, and the result was restored to the original spa-
tial scale. The recorded spectra include both light that has not
interacted with the surface, scattering only in the atmosphere,
and light that has scattered off the surface, which may have
also scattered in the atmosphere. We assume there are no mea-
surable east–west asymmetries within the atmosphere, so the
subtraction effectively removes light that is scattered back to
the observer without interacting with the surface. In addition,
some of the light that interacts with the surface is removed,
as we cannot assume the surface to be perfectly absorbing on
the dark side. The subtraction spectrum is guaranteed to rep-
resent light that has scattered off something that is longitu-
dinally heterogeneous. We will assume this to be the surface
based on the known albedo feature and the longitudinal uni-
formity of the haze (note that the percentage variation is large
compared to the methane clouds seen by Griffith et al. (1998,
2000), and the depth at which the variation occurs will turn
out to be significantly deeper). So, the spectrum is the excess
light from the bright side of the surface, as modified by atmo-
spheric scattering and absorption. Figure 2 shows Titan’s av-
erage spectrum and subtraction spectrum from the central four
pixels. Within the four central pixels, the zenith angle and the
solar zenith angle (µ and µ0) are very near unity, so the light

recorded by STIS passed through 2.03 airmasses on its way to
the surface and back up to space (allowing for the pixel av-
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FIG. 2. Observed center-of-disk spectrum. The average (bright + dark)/2
spectrum is shown (upper solid line) with a simple model (dashed line, see
Section 3.3). The difference spectrum (bright − dark), including surface light,
is shown (lower solid line) offset by +0.01.

eraging and the instrument point-spread function). In the next
section, we discuss the role of multiple scattering on the effective
path length the light passes through.

3. DISCUSSION

3.1. Modeling the Methane Spectrum

Titan’s spectrum contains a series of methane bands of vary-
ing strengths. There have been several measurements of the
abundance of methane in Titan’s atmosphere based on the band
strengths seen in Titan’s visible geometric albedo (e.g., Trafton
1975; Lutz et al. 1976, 1982). It was noted that more methane
could be seen at longer wavelengths, indicating that scattering
in the atmosphere was important and suggesting that the atmo-
sphere might be optically thick in the visible. We now know that
the haze is optically thick at all wavelengths below 1 µm, but
becomes increasingly transparent at longer wavelengths, in part
because the aerosols are absorbing below 0.5 µm, but scatter-
ing above 0.7 µm (see, for example, the models of Griffith et al.
(1991), the observations of the surface by Lemmon et al. (1993),
and the recent review by McKay et al. (2001)).

In order to interpret the spectrum, we used the absorption
coefficients of Karkoschka (1998). These coefficients give ab-
sorption per kilometer–amagat of methane at the same spectral
resolution as our STIS spectra. They were derived to have the
same band strengths for each methane band as measured in the
laboratory at room temperature (by Benner (1979)); the profile
of the band was adjusted to match the spectra of Jupiter, Saturn,
Uranus, Neptune, and Titan. The result is a cold-temperature
methane spectrum, appropriate for modeling observations like

ours. While Titan’s geometric albedo was considered in the
derivation of the spectra, Karkoschka (1998) found insignificant
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variation in results from each planet (with exceptions noted be-
low). In any case, the analysis omitted any assumptions about
the atmospheric structure, and relied only on the assumption that
the atmospheric scattering was smoothly varying with wave-
length, rather than exhibiting bands (other atmospheric gases
were accounted for).

We use this set of absorption coefficients advisedly. In this ap-
proach, we ignore the individual spectral lines that make up the
bands. For most of the spectrum we consider, this is appropri-
ate. Lutz et al. (1976) presented curves of growth for most of the
visible methane bands and applied these to studies of the outer
planets and Titan. They found that each band was described by a
single, pressure-independent curve of growth. This implied that,
quite unlike the case for longer wavelength methane bands, dis-
crete line structure was absent (at any resolution for pressures
like those where observable methane absorption happens). Lutz
et al. (1976) concluded that these bands were ideal for methane
abundance determinations, precisely because they are pressure
independent. Lutz et al. (1982) extended the analysis to the red
and near infrared methane bands (to 0.725 µm). As in their ear-
lier analysis, they found that a single pressure-independent curve
of growth described absorption in all of the methane bands they
considered. They also discuss the temperature independence of
the band strength noted in the analysis of Karkoschka (1998).
As a check, we have also used the Karkoschka absorption coef-
ficients to compute a synthetic curve of growth for several of the
methane bands. We found that this curve of growth well matched
that presented by Lutz et al. (1982).

Karkoschka (1998) found that, for most of the spectrum, the
same set of absorption coefficients worked for each of the outer
planets and Titan. For a few parts of the longer wavelength bands,
however, there was a disagreement between Jupiter and the other
cases that he attributed to temperature dependence. Also, at the
longer wavelengths the detailed band structure becomes impor-
tant (e.g., methane lines can be seen in the 3ν3 band at 1.1 µm,
and analysis of that band depends on both abundance and pres-
sure). In the determination to follow, we will note any measure-
ments that depend on the discrepant wavelengths. While these
are likely to be accurate for Titan, they will be given less weight
than the purely pressure-independent bands.

3.2. Reflecting-Layer Model

We chose to begin with a simple model of the spectrum to mea-
sure the methane abundance. We modeled the spectrum as that
of a reflecting layer of arbitrary (but smoothly varying) bright-
ness under some amount of methane. We followed the proce-
dure of choosing an array of possible two-way methane column
abundances from 0 to 15 km–am and testing each one (Ntest) as
follows. A methane continuum was defined as the set of wave-
lengths with absorption (kCH4 × Ntest) < 0.2, where the methane
absorption coefficient kCH4 is taken from Karkoschka (1998).
The small amount of methane absorption in the “continuum”

was removed by dividing out the model absorption using the
test abundance. A polynomial in wavelength was then fitted to
, AND LORENZ

FIG. 3. Difference spectrum. The center-of-disk surface (bright − dark)
spectrum (solid line) is compared to a continuum fit (upper light solid line) and
a model spectrum including methane absorption (heavy dashed line). Arrows
indicate especially poor fits.

the continuum points. The polynomial fit was evaluated at each
wavelength to provide a continuum spectrum (see Fig. 3), and
that spectrum was multiplied by e(−kCH4 ×Ntest) at all wavelengths
to determine a model spectrum. The residuals (observation −
model) were computed, χ2 was determined, and a probability
P(χ2) was computed. The best fit, shown in Fig. 3, is for a
total path abundance of 7.20 km–Am, which corresponds to a
one-way column abundance of 3.55 km–Am given the average
airmass of 2.03. We used the Lellouch et al. (1989) atmospheric
profile to convert abundance into an estimated surface MMF.
Following this profile, we assumed the stratospheric MMF to
be 1.5%; the tropospheric MMF was held equal to the satura-
tion value in the upper troposphere, and equal to the surface
MMF in the lower troposphere. The transition between the “up-
per” and “lower” troposphere, in this case, is the altitude where
the saturation vapor profile is equal to the surface MMF: the
MMF is not allowed to climb above this value lower in the
troposphere. We found 3.55 km–Am to correspond to a sur-
face MMF of 7.0% (and a relative humidity at the surface of
0.57). Such a simple approach is not guaranteed to fit the con-
straints employed by Lellouch et al. (1989), but is used only to
provide a rough translation of our derived column abundance
to a surface MMF. While our derived surface relative humid-
ity value closely corresponds to the preferred value of McKay
et al. (1997), there are important problems with this simple
analysis.

Uncertainty in the absolute responsivity of the instrument is
approximately 10%, but is not important to this measurement.
The absolute responsivity, the correction for scattered light, the
surface albedo, and the haze transparency all contribute to the
continuum spectrum, but only the shape of the methane bands

contributes to the methane determination. For this reason, the
smoothly varying scattered light correction affects the shape
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TABLE III
Reflecting-Layer Model Methane Abundances

Wavelength range (µm) Abundance (km–am)a σ (km–am)

Bands
0.60–0.64 5.52 0.89
0.635–0.678 3.60 0.34
0.678–0.75 5.17 0.34
0.75–0.83 3.69 0.25
0.83–0.935 3.05 0.12
0.935–1.00 2.61 0.17

Windows
0.54–0.625 4.63 1.13
0.61–0.73 4.43 0.30
0.72–0.80 4.68 0.30
0.795–0.90 3.20 0.15
0.87–0.97 2.86 0.12

a Column abundance, or approximately the total path abundance divided by
2.03 airmasses.

of the continuum, but does not have a significant effect on the
methane measurement. Much more importantly, the fit shown in
Fig. 3 is not a statistically good fit as determined by reduced χ2:
there are systematic errors in many of the methane bands. Arrows
denote some of the errors (note that the arrow near 0.92 µm also
corresponds to a wavelength identified as suspect by Karkoschka
(1998)).

The statistically poor fit is because we have so far omit-
ted some of the important physics of the problem, as we now
demonstrate. We broke the spectrum into pieces, as follows.
First, we isolated individual methane bands, defined as the en-
tire region between adjacent continua (see Table III). Second,
we isolated the continua (between band midpoints, also in the
table). We found the best-fit methane abundance for each band or
continuum following the same procedure described above; these
fits are reported in Table III and shown graphically in Fig. 4.
Each individual fit was quite good in a χ2 sense and meaningful
uncertainties could be determined.

Note the strong wavelength dependence in Fig. 4: the derived
methane abundance in the reflecting-layer model is a function of
wavelength. The reflecting-layer model must therefore be miss-
ing something important in its description of Titan. There are two
observations we can bring to bear. First, in the reflecting-layer
model, as the haze becomes more transparent at longer wave-
lengths, the apparent methane abundance decreases. Second, this
trend is exactly opposite the trend seen when observing Titan’s
geometric albedo (e.g., Lutz et al. (1982)). The spectrum of an
atmosphere containing small scatterers mixed with an absorb-
ing gas shows greater absorption at longer wavelength, because
the more transparent hazes allow light to penetrate more deeply.
In the present observations, we are looking at light that pene-
trates to a specific level and is reflected by the surface (not the
haze). Where the haze is transparent, the path is simply in and
out. Where the haze is more optically thick, there can be multi-

ple scattering, increasing the actual path length the photons tra-
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verse. Thus, we observe less absorption at longer wavelengths. In
either case, multiple scattering is important and must be mod-
eled to derive a wavelength-independent methane abundance.
This will be done in the next section.

We note that the determinations using individual methane
bands (except for the longest wavelength band, where only half
of the band was observed) are equivalent to a curve-of-growth
technique. The method used here has the advantage that it can
be applied at these large path lengths, where many of the bands
blend into one another, through the use of spectrally resolved
absorption coefficients. Without making a more complicated
model, we can derive an upper limit to the methane abundance.
The flanks of the methane window at 0.938 µm have methane
coefficients subject to a temperature-related uncertainty accord-
ing to Karkoschka (1998). The methane window at 0.83 µm
does not have this problem, so we regard it as being a more
trustworthy probe of the methane abundance. The methane col-
umn abundance measured using the 0.83-µm window is 3.20 ±
0.15 km–am; thus, the 2-σ upper limit on methane column abun-
dance is 3.50 km–am. If we allow the use of the longest wave-
length data in Table III, the upper limit becomes 3.0 km–am,
but we are skeptical of the longest wavelength window based on
the discussion of temperature-related uncertainty in Karkoschka
(1998).

The north–south orientation of the slit allowed us to check
for latitudinal variations. We repeated the analysis for each of
the bands at all spatial positions along the slit. After allowing
for the longer path length due to purely geometric considera-
tions, we found no statistically significant variation. The data
suggest, but do not require, lower methane abundances near
both poles. We did not account for the fact that the instrument
point-spread function scatters light from different latitudes into

FIG. 4. Methane abundance by band (�) and continuum (�). The abun-
dance is converted into a column abundance by dividing by the two-way
transmission. A linear fit is shown for reference; clearly multiple scattering is
important below 0.9 µm. Also shown are results of a multiple-scattering model

(�; see Section 3.3) with a line indicating the best-fit measurement.
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the same pixel. A preliminary analysis indicated that this effect
reduces the statistical significance further. Therefore, we have a
good constraint on near-equatorial methane abundance, but will
not further investigate latitudinal variations in this work.

3.3. Multiple Scattering

To evaluate the effect of multiple scattering, we derived a sim-
ple model of Titan’s haze. The model is “simple” in that it fits
Titan’s reflection spectrum (Fig. 2) well, with a small number of
free parameters. We assumed all particles to be spherical (Mie
scattering) and to have a refractive index corresponding to tholin
(Khare et al. 1984). Others have suggested darker haze particles
(e.g., McKay et al. 1989, McGrath et al. 1998). Because ab-
sorption by the aerosols is already so low in the spectral region
considered here, an increase in absorption by tens of percent
would have little impact on our results. We also assumed a
gamma size distribution as given by Hansen and Travis (1974)
with a width of b = 0.2. We assumed a thin layer (τ0.8 µm =
0.058) of a = 0.3-µm spheres at 300 km following the obser-
vations of Karkoschka and Lorenz (1997). We added a strato-
spheric haze with a = 0.1-µm spheres to fit the violet and
0.89-µm data. Thus the stratosphere is somewhat similar to
the model of large spheres above small spheres discussed by
Tomasko and Smith (1982). We did not model the haze as
aggregate aerosols (e.g., West and Smith 1991, Rannou et al.
1995) because the data set did not require the additional as-
sumptions and complication. Previous haze models have not
determined a haze structure specific to near-equatorial regions
just after southern spring equinox. The details of the strato-
spheric haze structure are poorly constrained by the near-infrared
data, so a low vertical resolution was used. The minimum struc-
ture we were forced to incorporate was to put some of the haze
(τ0.8 µm = 0.23) above all of the 0.89-µm methane absorption,
between 150 and 300 km; and more haze (τ0.8 µm = 0.36) low
enough to show structure in the center of the band (with the ab-
sorption coefficient, k > 20 km–am−1), nominally between 90
and 150 km. We emphasize that details of this structure are not
well constrained.

We added two tropospheric haze layers with a = 0.15-µm
spheres to fit the shape of the 0.7- to 1.0-µm methane bands
(Fig. 2). The size and shape of tropospheric scatterers are not
well constrained by previous data sets, and we find a spherical-
particle model adequate for this task. The particles are assumed
to be larger than the stratospheric particles based on the ob-
servation of increasing particle size with depth from Tomasko
and Smith (1982). Models with a = 0.12, 0.15, and 0.20 µm
were tested; the 0.15-µm particles provided the best fit. The
sensitivity to size comes from the increasing transparency of the
haze with increasing wavelength; larger particles become trans-
parent more slowly than smaller particles. Spectral regions of
strong methane absorption (3 > k > 10 km–am−1) were used
to constrain the altitude and opacity of a single tropospheric

haze layer (τ0.8 µm = 0.40 at 39 km altitude). Spectral regions of
weaker methane absorption (1 > k > 2 km–am−1) were used to
, AND LORENZ

constrain the altitude and opacity of a second tropospheric haze
layer (τ0.8 µm = 0.23 at 25 km altitude). The total haze opacity
in the model is τ0.8 µm = 1.3, with τ0.64 µm = 2.5.

The model presented here is nonunique; that is, the observa-
tions do not require the specific distinct layers (as opposed to a
gradient in density or a more complicated profile). The two tro-
pospheric haze layers could be sufficiently spread out that they
merge; either one of them could be replaced by more compli-
cated structure (e.g., the 39-km-high layer could be replaced by
a 30-km-high layer and a 55-km-high layer, leaving the upper
troposphere free of scatterers). The virtue of the model is that
it is simple and incorporates a good estimate of the effects of
multiple scattering. The model is robust against errors in the as-
sumed absorption coefficient of the haze. In the case of darker
haze particles, there is less multiple scattering due to the increase
in aerosol absorption. However, to the extent the particles are
darker, observed brightness in the core of the methane bands
requires more haze (and thus more multiple scattering). To first
order, these effects cancel. Thus, for the low-absorption regime
considered here, the exact aerosol absorption coefficient is not
an important source of uncertainty.

We evaluated this model for varying ground reflectivities to
test whether multiple scattering involving the surface is impor-
tant. For each continuum, we determined a difference in ground
reflectivity (bright minus dark) and methane column abundance,
first assuming the average ground reflectivity ([bright + dark]/2)
was 0.15, then assuming it to be 0.25. We found the same results
for both cases, so we constrain only the difference in ground
reflectivity between the bright and dark areas, not the abso-
lute reflectivity. Figure 4 shows the best-fit methane column
abundance for four windows. The determined abundance and
difference in ground reflectivity in each window is shown in
Table IV. For much larger ground reflectivities, the differences
would be slightly smaller; for a bright ground reflectivity be-
low 0.4, the results in Table IV are sufficiently general. Ignoring
the longest wavelength window (as potentially unreliable due to
temperature dependence and the possibility of residual fringes),
we find an average abundance of 2.63 ± 0.17 km–am (1-σ ),
and no evidence of residual systematic wavelength dependence.

TABLE IV
Multiple-Scattering Model Methane Abundances and Difference

in Ground Reflectivity

Wavelength range (µm) Abundance (km–am)a σ (km–am) GR

Windowsb

0.61–0.73 2.7 0.1 0.055
0.72–0.80 2.91 0.12 0.062
0.795–0.90 2.51 0.18 0.091
0.87–0.97 2.18 0.21 0.094

a Column abundance.
b Only windows are included because of the simultaneous determination of
the difference in ground reflectivity and methane abundance.
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FIG. 5. Difference spectrum. Similar to that described in the legend to
Fig. 3, but for the multiple-scattering model. Note the improved fit compared to
Fig. 3 near 0.69, 0.77, and 0.95 µm.

Figure 5 shows the observed and model difference spectra using
this abundance.

To test the model dependence of this result, we found that
the difference between the simple reflecting-layer model result
and a multiple-scattering model result was similar when using
the fractal aggregate model of Lemmon (1994) and Tomasko
et al. (1997) instead of the Mie scattering model. The fractal
aggregate model incorporates about τ = 0.5 (wavelength inde-
pendent) of scatterers evenly distributed between the surface and
90 km altitude. This opacity provides similar multiple scattering
to the three layers used in the present model, highlighting the
nonuniqueness of the vertical distribution of scatterers.

Again assuming a stratospheric MMF of 1.5% and apply-
ing the simplified methane profile introduced in Section 3.2, we
find the surface MMF to be 3.8%, corresponding to a relative
humidity of 32%. This is significantly lower than the preferred
value of 60% from McKay et al. (1997). The low methane
abundance is consistent with a low absolute reflectivity for the
surface. For Titan to have its observed surface temperature of
94 K, some 12 K higher than the effective temperature, re-
quires a strong greenhouse effect (e.g., McKay et al. 1989)
driven principally by N2. Although downwelling thermal ra-
diation from the warm haze affects the heat balance, the high
surface temperature requires some sunlight to be absorbed at the
surface. Analytic approximations (Lorenz et al. 1999b) to the
McKay et al. numerical radiative–convective model suggest that
if Titan’s average surface reflectivity is 0.4, a methane profile
with a surface relative humidity of about 60% is needed to pro-
vide enough greenhouse warming to produce the observed sur-
face temperature. On the other hand, if the average surface re-
flectivity is only 0.1, more sunlight is absorbed at the surface and
hence only a weaker greenhouse effect is needed, with a relative

humidity near 40%. These models have many assumed parame-
ters, of course, but are a largely independent constraint: the 0.1
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surface reflectivity and 40% relative humidity parameter set is
one that satisfies the climate model and is broadly consistent
with the methane determination in the present paper.

While Lutz et al. (1982) found the 0.6825- and 0.7050-µm
methane bands to be problematic, we do not. These are the weak-
est of the near-infrared bands (Lutz et al. did not consider the
band at 0.66 µm) and are not saturated in the difference spec-
trum (see Fig. 5). Thus, these bands are fully sensitive to the
surface. Lutz et al. (1982) measured methane path abundances
of 2.81 and 1.09 km–am in these two bands using whole-disk
observations; the former measurement is similar to our estimate
of the total methane path abundance for this wavelength region
from Table IV. They estimated much lower abundances from
the stronger bands, which were dominated by photon paths that
never left the stratosphere. That is, in the absence of methane
absorption, there would be a distribution of photon paths such
that many were scattered from the upper stratosphere, many
penetrate lower, and many make it to the surface and back. At
longer wavelengths, the distribution is shifted lower in the at-
mosphere. Stronger methane bands select those photons that do
not penetrate deeply even in the absence of absorption; weaker
methane bands sense all of the path lengths. The present result,
showing that methane absorption and multiple scattering are just
weak enough that the surface is sensed between 0.63 and 0.7 µm,
cannot be considered surprising, as Titan’s bright surface feature
was seen by Smith et al. (1996) using a 0.67-µm filter.

4. CONCLUSIONS

We have measured the column abundance of methane in
Titan’s equatorial regions. Use of a multiple-scattering model
allowed us to determine the methane column abundance was
2.63 ± 0.17 km–am. If we have overestimated the effect of
multiple scattering, the methane column abundance must still
be less than 3.5 km–am. Our determination applies specifically
to the equatorial regions in 1997: we have assumed no east–
west asymmetries. With this data set, we were unable to provide
a useful constraint on the presence of latitudinal asymmetries.
Further data would be quite useful for tracking possible seasonal
variation.

We measure the bulk methane abundance through the atmo-
sphere, with no information on vertical distribution. By assum-
ing the Lellouch et al. (1989) distribution, but allowing the
surface MMF to vary, we find that the mole fraction near the
surface is 3.8%. This corresponds to a methane relative humid-
ity of 32% at the surface, approximately half of the preferred
value from McKay et al. (1997). If there are important varia-
tions in the methane humidity at the surface, for instance due to
an increased concentration of ethane–methane lakes in darker
areas or a significant elevation difference, then the measured
humidity refers more to the bright side. If, on the other hand,
the bright area is an orographic methane fog, multiple scattering

within the fog combined with hiding of methane below the fog
may cause a significant misestimation of the actual abundance at
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the surface. However, no particular evidence for such effects is
seen.

The surface MMF may be lower if there is more methane in
the stratosphere or upper troposphere than we have assumed.
Our measured abundance is consistent with a constant mole
fraction of 3%. Such a profile, while not particularly physical
given that methane has a surface source and a stratospheric sink,
is consistent with the constraint of Strobel et al. (1992) that the
MMF at the tropopause is >2.6%. If the stratospheric MMF is
a constant 2.6%, and methane were supersaturated at that mole
fraction in the upper troposphere, a surface MMF of 3.3% would
yield our observed abundance. In these cases, the presence of
supersaturation and high levels of stratospheric methane requires
the surface methane humidity to be as low as 25–27%.

Each of the methane profiles discussed here is a simple pertur-
bation to an established model. A future extension of this work
would be to combine the present result, a constraint on methane
column abundance, with the constraints derived by Strobel et al.
(1992) and the thermal constraints used by Lellouch et al. (1989),
McKay et al. (1989), Courtin et al. (1995), and Samuelson
et al. (1997). Only with such work could the surface MMF and
relative humidity be derived with confidence.
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