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a b s t r a c t

Using spectra taken with NIRSPEC (Near Infrared Spectrometer) and adaptive optics on the Keck II tele-
scope, we resolved the latitudinal variation of the 3m2 band of CH3D at 1.56 lm. As CH3D is less abundant
than CH4 by a factor of 50� 10� 10�5, these CH3D lines do not saturate in Titan’s atmosphere, and are
well characterized by laboratory measurements. Thus they do not suffer from the large uncertainties
of the CH4 lines that are weak enough to be unsaturated in Titan. Our measurements of the methane
abundance are confined to the latitude range of 32�S–18�N and longitudes sampled by a 0.0400 slit cen-
tered at �195�W. The methane abundance below 10 km is constant to within 20% in the tropical atmo-
sphere sampled by our observations, consistent with the low surface insolation and lack of surface
methane [Griffith, C.A., McKay, C.P., Ferri, F., 2008. Astrophys. J. 687, L41–L44].

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

In Titan’s lower atmosphere, methane cycles between gaseous
and condensed forms. Measurements of the global methane abun-
dance and distribution of clouds and surface fluvial features, cou-
pled with theoretical studies, partially constrain the methane
cycle. Yet, a determination of the spatial distribution of atmo-
spheric methane is still lacking.

Tropospheric clouds were identified from Titan’s ground-based
spectra recorded in 1995 (Griffith et al., 1998, 2000). The first
images of clouds in 2000 (Roe et al., 2002; Brown et al., 2002) re-
vealed that they resided near the south pole. In 2004, ground-
based observations displayed a band of clouds near 40�S latitude
(Roe et al., 2005a), which, along with the polar clouds, have been
subsequently observed and studied with Cassini and ground-based
data (Porco et al., 2005; Griffith et al., 2005; Brown et al., 2006; Roe
et al., 2005b; Schaller et al., 2006a; Gendron et al., 2004; Gibbard
et al., 2004; Hirtzig et al., 2005; Bouchez and Brown, 2005), though
the polar clouds have become less frequent since 2004 (Schaller
et al., 2006b). More recently, methane clouds have appeared at
tropical latitudes (Griffith et al., 2009; Schaller et al., 2009), and
at high northern latitudes (Brown et al., 2009). Similar to Earth’s
convective clouds, Titan’s methane clouds evolve in timescales of
ll rights reserved.
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hours (Griffith et al., 2000), and can reach the tropopause, where
they are spread by zonal winds (Griffith et al., 2005).

The latitudinal distribution of southern hemisphere clouds corre-
lates with that of updrafts in the general circulation, indicating that
mechanical forcing is involved in cloud formation (Rannou et al.,
2006; Mitchell et al., 2006). The northern methane clouds appear, in-
stead, at latitudes containing the north polar lakes (Brown et al.,
2009), suggesting that unstable conditions also result from a rise
in humidity through evaporation. Cassini RADAR observations indi-
cate that larger and deeper channels concentrate at middle and high
latitudes, indicating a greater occurrence of rainfall (Lorenz et al.,
2008). Clouds have also appeared near the southern lake Ontario La-
cus (Schaller et al., 2006a; Brown et al., 2008), where the appearance
of dark features after the clouds passed indicated the advent of rain-
fall (Turtle et al., 2009). In Titan’s tropics, the low surface humidity of
45% renders the atmosphere highly stable (Barth and Rafkin, 2007;
Griffith et al., 2008). Unlike the polar conditions, tropical seasonal
variations in the insolation are likely too weak to power sufficient
evaporation to significantly change the humidity (Griffith et al.,
2008). In addition, there is no evidence for liquid methane surfaces
at latitudes between 50�N and 50�S (Stofan et al., 2007). Thus a uni-
form and unchanging methane abundance has been predicted, along
with clouds that, if convective, remain below 26 km altitude (Griffith
et al., 2008). So far, such low convective clouds are consistent with
observations (Griffith et al., 2009). The formation of the high clouds
near the 40�S latitude band is also somewhat puzzling, because they
reach the tropopause and display convective morphologies, thereby
indicating convection of humid surface air (Griffith et al., 2005,
2008). Yet the underlying surface appears devoid of surface liquids.
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These clouds have been speculated to form from volcanic outgassing
(Roe et al., 2005b) or circulation updrafts (Griffith et al., 2005, 2006).

Cryovolcanism is expected within the past 20 myr to supply the
current 5 m of atmospheric methane, which is continually depleted
by UV photolysis (Yung et al., 1984; Tobie et al., 2006). While this
hypothesis is consistent with the rarity of craters, current cryovol-
canic candidates do not correlate with observed cloud locations
(Barnes et al., 2005; Sotin et al., 2005; Lopes et al., 2007).

Clouds in Titan’s atmosphere thus suggest that variations in the
humidity destabilize the lower troposphere, particularly at high
latitudes. Yet, aside from the Huygens GCMS measurement of the
methane vertical distribution at the probe site (Niemann et al.,
2005; Tokano et al., 2006), and estimates from infrared Voyager
observations (Samuelson et al., 1997), measurements have been
limited to global average values, which range from 0.4 to 5.5 km-
am (de Bergh et al., 1988; Lellouch et al., 1989, 1992; Courtin
et al., 1995; Lemmon et al., 2002; Penteado et al., 2005). Recent
observations of the 0.61 lm band by Cassini’s Visual and Infrared
Mapping Spectrometer (VIMS) determine the methane variations
in the upper troposphere (20–50 km), but not the lower tropo-
sphere due to the low spectral resolution (Penteado et al., this is-
sue). Here, we present and analyze high spectral resolution Keck
data, which probe the methane near the surface.
Fig. 1. Geometry reference images. Top: Average slit camera image at 1.46–
1.64 lm. The lines are latitude and longitude contours, spaced at 30�, the thicker
line is 180� longitude. Bottom: A VIMS 1.56 lm image, projected to the same
geometry and similar pixel scale, indicating the location of the observations. The
difference in contrast is due partly to the broader instrument PSF, and to the
broader wavelength range of the NIRSPEC image, which includes wavelengths of
high methane opacity around the 1.6 lm window.
2. Observations

Observations were recorded on December 18 2006 over a 2.5 h
period centered at 15:05 UTC, with the Near Infrared Spectrometer
(NIRSPEC, McLean et al., 1998) on the Keck II telescope.1 The spec-
tra, taken in échelle mode, cover the 1.46–1.64 lm region at resolu-
tion R � 27,000, sampled on 16 overlapping sections of 1024 pixels
each. With the use of adaptive optics, the spatial resolution along the
slit was 0.0400, sampled with 0.01300 pixels, which were binned in
groups of 3 to attain 20 spatial resolution elements across Titan’s
disk. Fig. 1 shows a typical slit camera image, recorded with the NIR-
SPEC-5 filter (covering 1.46–1.64 lm), to indicate the location of the
observations. The observing night was near Saturn’s opposition, with
a phase angle of 5.3�, and sub-observer point at 12.12�S, 196�E. At
each grating setting, two spectra were obtained, with Titan on differ-
ent positions along the slit, to subtract the sky contribution between
the two nods. The borders of the disk were contaminated by light
from the other image next to it, but these limb regions had to be dis-
carded anyway due to their high emission angles with respect to Ti-
tan’s surface. For the initial flux calibration we divided Titan’s
spectra by those of the nearby solar analogue G5 star, HD 85258,
of H magnitude 5.758, which had a spatial FWHM of 0.03500. Titan’s
apparent full disk H magnitude was 7.9, but that of the portion fall-
ing on each pixel was only 16.3. The absolute flux calibration was
further refined by matching the spectra of (Orton, 1992).

We determine the position of the slit on Titan’s disk from the
slit camera images, as the required precision is higher than the
uncertainty in the telescope’s pointing information. Titan’s disk is
an extended source, with brightness variations smaller than the
contrast between the disk and background. Thus the surface of
the disk has a relatively flat profile over an extended area, such that
the disk center cannot be found by simply fitting a sharply peaked
function as the instrument’s point spread function. The slit camera
images were filtered to remove noise and decrease the variations
over Titan’s disk. Wavelet transforms of the images with a radially
symmetric kernel of the dimension of Titan’s disk result in a func-
1 The data presented herein were obtained at the W.M. Keck Observatory, which is
operated as a scientific partnership among the California Institute of Technology, the
University of California and the National Aeronautics and Space Administration. The
Observatory was made possible by the generous financial support of the W.M. Keck
Foundation.
tion that is sharply peaked on the disk center, because here Titan’s
disk coincides with the positive part of the kernel. A least squares
fit of a Gaussian surface to the wavelet transform then provides the
coordinates for the center of the disk, which were averaged among
all the slit camera images taken during each spectrum. The result-
ing coordinates for Titan’s center have an uncertainty smaller than
two sample pixels of size 0.013”.

Following Penteado et al. (2005), we analyzed lines from the 3m2

band of CH3D that have well constrained absorption coefficients
from laboratory measurements. The CH3D lines are not saturated
in Titan’s atmosphere, as are the well measured CH4 lines, and in-
stead provide a sensitive measure of the abundance in the lowest
10 km of Titan’s atmosphere. We chose a constant CH3D=CH4 ratio
of ð50� 10Þ � 10�5, previously derived from unsaturated emission
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lines of CH3D and CH4 at 8.6 lm (Penteado et al., 2005), which is
consistent with previous studies (de Bergh et al., 1988; Orton,
1992; Coustenis et al., 2003). However, as we derive relative varia-
tions in methane as a function of latitude, this choice does not affect
our results. Fig. 2 displays the measured and calculated spectra. The
effects of high incidence and emission angles render the interpreta-
tion unreliable at the five points nearest to the limb, that is, at lat-
itudes 59�S, 51�S, 45�S, 25�N, 32�N. The methane abundance, as
indicated by the weak CH3D lines, can be inferred by comparing
the observed and modeled spectra for several values of the surface
relative humidity (Fig. 3); only at 1.5552–1.5562 lm is the CH3D
absorption comparable to that of CH4.
3. Radiative transfer modeling of Titan’s spectrum

To reproduce Titan’s spectrum, we developed a radiative trans-
fer model that incorporates the haze parameters and latitudinal
variations derived from the Huygens DISR observations (Tomasko
et al., 2008) and the analysis of Cassini VIMS observations at 0.4–
1.6 lm (Penteado et al., this issue). The model approximates the
radiative transfer solution using a discrete ordinates algorithm
(DISORT, Stamnes et al., 1988) with 32 streams. The atmosphere
was divided into 51 vertical homogeneous layers. We start with
the methane vertical density profile measured by Huygens GCMS
(Niemann et al., 2005). To fit the spectra, we either multiply the
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Fig. 2. The 16 measured spectra (black lines), along with the best model fits (red lines). Th
opacity near the limb. This loss of the methane feature, along with the high variation i
parameters unreliable at these locations. The vertical lines in the first spectrum indicate
for i0 (red), 1.55517–1.55522 lm for i1 (green), and 1.55527–1.55557 lm for i2 (blue). Th
more wavelengths than used for building the grids in model space. Despite the high fre
reproduce well the spectral variation in the CH3D feature (at 1.5552–1.5562 lm, Fig. 3)
GCMS reference profile by a constant factor, or specify the methane
vertical profile from its relative humidity at the surface. In the lat-
ter case, the mixing ratio is kept constant from the surface to the
altitude where saturation is reached, from which 100% saturation
is followed until the tropopause. The methane abundance thus is
determined by a single parameter, the relative humidity at the sur-
face, which is varied to fit the different spectra.

The CH3D absorption was calculated with the coefficients mea-
sured in the laboratory by Boussin et al. (1999, 1998) and Lutz et al.
(1983). The CH4 absorption coefficients include corrections to the
laboratory measurements, derived from Saturn spectra (de Bergh
et al., 1988; de Bergh et al., 1986). As described by Tomasko
et al. (2008) and Penteado et al. (this issue), the haze phase func-
tion was determined directly from the DISR observations, then fit
to fractal particles. The haze optical depth is defined in three differ-
ent regions: it decreases exponentially with a scaleheight of 65 km
above 80 km, and increases linearly with decreasing altitude fol-
lowing different slopes within the regions 80–30 km and 30–
0 km. Its wavelength variation is a power law, with different coef-
ficients at each of these three altitude regions. The single scattering
albedo also follows different functions for each of these three alti-
tude regions, and is a linear interpolation in wavelength from the
DISR measurements at 0.4–1.6 lm.

We interpret the data by matching it to calculated spectra at
three wavelength regions (referred to as indicators), which are
1.55572–1.55607 lm for indicator i0, 1.55517–1.55522 lm for
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e blue lines are models calculated with the parameters that provided the best fits, at
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indicator i1, and 1.55527–1.55557 lm for indicator i2, as shown in
the first spectrum of Fig. 2. Fig. 4 presents the latitudinal variations
of the three indicators, along with those of the best model fits. The
indicators were chosen to maximize their different responses to
changes in the methane abundance, haze scattering and surface al-
bedo. As shown in Fig. 5, i0 is the most sensitive to the methane
abundance, while i1 is saturated over most of the methane abun-
dance range considered. Variations in surface albedo least affect
i1, which therefore indicates the scattering due to clouds and haze.
Intermediate between i0 and i1, is i2, which differentiates between
changes in methane absorption and surface albedo. Fig. 6 displays
the effect of methane variations on the indicators; we can see that
i0 is sensitive to the methane abundance in the lowest 10 km of Ti-
tan’s atmosphere. Uncertainties in the CH4 line parameters affect
our results such that an error of 20% in CH4 optical depths causes
a change in the vertical contribution peak of 7% for i0, 5% for i2,
and 0.5% for i1.

Our initial model adopted the DISR haze parameters and Huy-
gens GCMS methane profile, derived for 10�S latitude, which were
adjusted to interpret spectra at other latitudes. We find that only
three parameters need to be changed to reproduce the three indi-
cators within their noise levels. The parameters are the methane
abundance, the haze optical depth above 80 km and the surface al-
bedo, which affect the three indicators as shown in Fig. 5. Model
spectra were calculated in a uniform grid in the 3D space of these
model parameters, and the fits were obtained from the combina-
tion that resulted in the best match on the 3D indicator space.
4. Results

The results are shown in Fig. 7, along with the uncertainties that
result from their derivation from the mean data indicators. The
noise level and overlapping effects of the methane, haze and sur-
face albedo prevent us from measuring relative methane variations
smaller than 20%, as indicated by the high frequency oscillation
and the average size of the errorbars in Fig. 7. Above this level,
we find no change in methane abundance over the range 32�S–
18�N. These uncertainties equivalently permit variations smaller
than 10% for the humidity above the surface. The resulting
25þ40
�15% increase in the haze optical depth above 80 km from 10�S

to the equator is consistent with that determined from analysis
of VIMS data (Penteado et al., this issue). The derived surface albe-
dos agree with the values determined for the same terrain using
VIMS observations at 1.5567 lm. The ratio between highest and
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lowest surface albedos, 2:2þ0:5
�0:3, is larger than the range found from

the DISR observations at �1.6 lm, of a different surface terrain
(Keller et al., 2008).

Between 32�S and 51�S, the derived increase in haze optical
depth, indicated by the sharp increase in Titan’s albedo at
1.5552 lm (i1, Fig. 4), suggests the presence of methane clouds
on that region. Methane clouds typically observed south of 40�S
(Roe et al., 2005a,b,2006; Griffith et al., 2005; Schaller et al.,
2006a; Gendron et al., 2004; Gibbard et al., 2004; Bouchez and
Brown, 2005) obscure the troposphere and are brighter than the
surface. Thus clouds decrease the depths of methane absorption
features. There is no independent constraint on the presence of
clouds at the time of the observation, because there were no coin-
ciding VIMS observations. Also the limited time available pre-
vented us from recording lower resolution spectra, which would
have revealed the cloud effects (as discussed in Griffith et al.,
1998).

Our analysis demonstrates that high resolution ground-based
data can measure methane abundance in the lower troposphere
across Titan’s disk. The 3m2CH3D lines probe the methane down
to the surface, and thus complement lower resolution spectra
(e.g. by Cassini VIMS) that measure the methane near the tropo-
pause. Both the VIMS (Penteado et al., this issue) and Keck obser-
vations (discussed here) of the upper and lower troposphere,
respectively, are consistent with a constant methane latitudinal
profile from 32�S to 18�N. Yet, it is important to note that the der-
ivation of the methane in the upper troposphere is strongly com-
promised by the uncertainties in the haze opacity, such that a
drop as high as 60% in the methane abundance between 27�S
and 19�N latitudes also agrees with the data (Penteado et al., this
issue). The constant methane abundance in the lower troposphere
is consistent with the atmosphere’s thermodynamics, which indi-
cates insufficient seasonal and daily variations in insulation to fuel
large humidity changes (Griffith et al., 2008). The altitudes of the
tropical clouds detected by Cassini VIMS measurements indicate,
so far, that clouds reside at altitudes consistent with the methane
abundance measured by Huygens (Griffith et al., 2009). Recent
ground-based observations revealed a cloud that covers 5–7% of Ti-
tan’s disk (Schaller et al., 2009). Yet the altitude evolution of this
cloud was not determined; therefore it is unclear whether the
cloud is deeply convective and whether it was triggered by an in-
crease in humidity, resulting, for example, from cryovolcanism. We
did not detect any local increase in methane that would indicate
outgassing, yet we sampled, for lack of time, only a small fraction
of Titan’s disk. We have not yet investigated the humidity at high
latitudes, where seasonal swings in insolation are sufficient to fuel
large humidity changes (Griffith et al., 2008), and where lakes exist
as a source of atmospheric methane. The high and apparently con-
vective south polar clouds that were common near the summer
solstice (until 2004) suggest the presence of more humid condi-
tions than sampled in the tropics (Griffith et al., 2008). Future mea-
surements of the methane abundance coupled with the
temperature measurements by Cassini Radar occultations will
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indicate whether a more humid atmosphere at the poles leads to
more convectively unstable conditions that would explain the ob-
served high convective clouds.
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