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We analyze observations taken with Cassini’s Visual and Infrared Mapping Spectrometer (VIMS), to
determine the current methane and haze latitudinal distribution between 60�S and 40�N. The methane
variation was measured primarily from its absorption band at 0.61 lm, which is optically thin enough
to be sensitive to the methane abundance at 20–50 km altitude. Haze characteristics were determined
from Titan’s 0.4–1.6 lm spectra, which sample Titan’s atmosphere from the surface to 200 km altitude.
Radiative transfer models based on the haze properties and methane absorption profiles at the Huygens
site reproduced the observed VIMS spectra and allowed us to retrieve latitude variations in the methane
abundance and haze. We find the haze variations can be reproduced by varying only the density and sin-
gle scattering albedo above 80 km altitude. There is an ambiguity between methane abundance and haze
optical depth, because higher haze optical depth causes shallower methane bands; thus a family of solu-
tions is allowed by the data. We find that haze variations alone, with a constant methane abundance, can
reproduce the spatial variation in the methane bands if the haze density increases by 60% between 20�S
and 10�S (roughly the sub-solar latitude) and single scattering absorption increases by 20% between 60�S
and 40�N. On the other hand, a higher abundance of methane between 20 and 50 km in the summer
hemisphere, as much as two times that of the winter hemisphere, is also possible, if the haze variations
are minimized. The range of possible methane variations between 27�S and 19�N is consistent with con-
densation as a result of temperature variations of 0–1.5 K at 20–30 km. Our analysis indicates that the
latitudinal variations in Titan’s visible to near-IR albedo, the north/south asymmetry (NSA), result pri-
marily from variations in the thickness of the darker haze layer, detected by Huygens DISR, above
80 km altitude. If we assume little to no latitudinal methane variations we can reproduce the NSA wave-
length signatures with the derived haze characteristics. We calculate the solar heating rate as a function
of latitude and derive variations of �10–15% near the sub-solar latitude resulting from the NSA. Most of
the latitudinal variations in the heating rate stem from changes in solar zenith angle rather than compo-
sitional variations.

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

In Titan’s atmosphere, methane cycles between the atmosphere
and the surface, similar to the hydrological cycle on Earth. Clouds
were discovered from Titan’s full disk spectra, recorded in 1995
(Griffith et al., 1998, 2000), and in 2000 first imaged over the south
pole (Roe et al., 2002b; Brown et al., 2002), where they have been
most frequently observed in the past 12 years (Gendron et al.,
2004; Gibbard et al., 2004; Hirtzig et al., 2005; Bouchez and Brown,
2005; Schaller et al., 2006a). Clouds have also appeared at 40�S lat-
ll rights reserved.

nteado).
itude (Roe et al., 2005; Porco et al., 2005; Griffith et al., 2005;
Brown et al., 2006), and more recently at high northern latitudes
(Brown et al., 2009), while after 2004 they have become only spo-
radic near the south pole (Schaller et al., 2006b). Within the past
couple of years clouds have appeared in Titan’s tropical latitudes
(Griffith et al., 2009; Schaller et al., 2009; Rodriguez et al., 2009).
One hypothesis to explain the cloud distribution is localized sur-
face sources, such as cryovolcanism (Roe et al., 2005). So far the
large lakes identified by Cassini RADAR (Stofan et al., 2007), and
the hypothesized cryovolcanic features (Barnes et al., 2005; Sotin
et al., 2005; Lopes et al., 2007) do not correlate well with the
preferential cloud locations (Roe et al., 2005). Northern clouds
are observed at the latitudes of the northern polar lakes (Brown
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Fig. 1. Altitudes where the model downward and upward fluxes on Titan’s
atmosphere reach half their maximum value, in the region covered by the VIMS
VIS channel. The downward flux is the sum of the direct solar flux and diffuse flux
from scattered light. The altitudes for the upward flux are the median of the altitude
where the observed flux originates, giving an approximation of the altitude region
where the spectra are most sensitive to the methane and haze. The altitudes for the
downward flux indicate, approximately, the altitude region where most absorption
and scattering of the incoming flux occurs.

P.F. Penteado et al. / Icarus 206 (2010) 352–365 353
et al., 2009), while at the south pole there is one identified lake,
Ontario Lacus (Brown et al., 2008), and variable smaller dark fea-
tures (Turtle et al., 2009), but no similar features were found at
the locations of the midlatitude clouds. Dynamical factors have
been proposed to explain the latitudinal distribution and its sea-
sonal variation (Rannou et al., 2006; Mitchell et al., 2006), but
these do not account for the nonuniform cloud distribution with
longitude.

The only direct measurement of the methane mixing ratio pro-
file was taken at 10�S latitude, 192�W longitude, by the Huygens
Gas Chromatograph and Mass Spectrometer (GCMS). A relative
humidity of 45% was determined at the surface, above which the
mixing ratio was constant until saturation was reached (Niemann
et al., 2005; Tokano et al., 2006). Previous ground-based measure-
ments of the methane column density on Titan indicate global
average values ranging 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). The only previous measure of
methane variation was obtained from CH4–N2 collision-induced
absorption in Voyager IRIS spectra at 17–50 lm. These spectra
indicate a higher methane concentration at the equator, and more
methane in the summer hemisphere (Samuelson et al., 1997). This
latitudinal profile, however, has the methane supersaturated at the
tropics, which was not observed by Huygens GCMS (Niemann
et al., 2005). This disagreement suggests that the opacity structure
of Titan’s atmosphere at 17–50 lm is not fully understood.

The only measurement of the vertical profile of haze optical
properties at 0.4–1.6 lm below 150 km altitude was derived at
the Huygens site from observations by the Descent Imager and
Spectral Radiometer instrument (DISR, Tomasko et al., 2002). With
decreasing altitude, haze particles become brighter, and the slope
of the wavelength variation in opacity decreases, suggesting
increasing particle sizes due to condensation (Tomasko et al.,
2008c). Titan’s haze acts as both a tracer and a radiative forcer of
global circulation (Rannou et al., 2002): haze particles are trans-
ported from the summer to the winter hemisphere, and the haze
absorbs 40% of the incident solar radiation. The haze displays
prominent latitudinal variations, with a north/south asymmetry
first detected from Pioneer 11 images (Tomasko and Smith,
1982), Voyager images (Sromovsky et al., 1981), and Voyager IRIS
spectra at 200–1500 cm�1. At 17 lm, IRIS spectra indicate a
2.5 ± 0.3 increase in opacity between 70�N and 53�S latitudes (Cou-
stenis and Bezard, 1995). After the Voyager observations in 1980
(following northern spring equinox), ground-based, HST and Cas-
sini observations demonstrated that the haze asymmetry is sea-
sonal. The summer hemisphere was found to be darker than the
winter hemisphere at 0.9 lm and brighter at 0.4 lm (Lorenz
et al., 1997, 2001, 2004; McKay et al., 2001; Combes et al., 1997),
with haze optical depths at southern winter solstice increasing
by 15% at 0.64 lm, from 80�S to 70�N (Lorenz et al., 1997; Tokano
et al., 1999). Seasonal variation was also observed in the enhance-
ment of the haze observed by Voyager at the north pole (Smith
et al., 1981), and this enhancement followed spring to the south
pole (Roe et al., 2002a,b; Coustenis et al., 2001). Models of these
observations indicate as much as 40–50% S–N decrease in haze
optical depth near southern spring equinox (Young et al., 2002;
Coustenis et al., 2001). However, these prior efforts to determine
latitudinal variations in haze properties were compromised by a
lack of information on the vertical haze profile, now available at
the Huygens site. A more recent study indicated that during south-
ern summer the haze asymmetry reversed, to a 65% increase be-
tween 40�S and 60�N (Ádámkovics et al., 2006).

We present an analysis of observations taken with Cassini’s
Visual and Infrared Mapping Spectrometer (VIMS, Brown et al.,
2006). The data were recorded during the 2004–2008 period, thus
entirely in the southern summer, which extends from 2002 to
2009. The haze opacities were derived from the 0.35–1.6 lm spec-
tral region to determine the vertical haze profile at latitudes rang-
ing from 60�S to 40�N. Because of the variable haze and methane
optical depths, these spectra sample a range of altitudes in Titan’s
atmosphere (Fig. 1). The 0.61 lm band is weak enough to be most
sensitive to methane variations at 20–50 km altitude. Our goal is to
derive the methane abundance, the haze opacity and scattering
characteristics, and the heating rate at different latitudes across Ti-
tan’s disk.

2. Observations

VIMS observations (or ‘‘cubes”) consist of up to 64 � 64 spatial
pixels, with a resolution of 0.5 � 0.5 mrad on the VIS channel and
up to 0.25 � 0.5 mrad in the IR channel. Each spatial pixel sam-
ples Titan’s spectrum at 0.35–5.1 lm in 352 elements, spaced at
7 nm in the VIS channel (0.35–1.05 lm) and at 17 nm in the IR
channel (0.88–5.12 lm) (Brown et al., 2006). Fig. 2 shows a typi-
cal spectrum for the Huygens probe region, along with calculated
models. The haze is not fully known at every location on Titan,
and its scattering is highly forward peaked. Thus the spectra re-
corded across Titan’s disk in any single observation are affected
by spatial variations in the haze and observing geometry. For a
typical observation the phase angle does not vary by more than
2� over the entire disk; the variability in incidence angle most
strongly affects the continuum level of the spectra, which for
example changes by 22% as the incidence angle changes from
50� to 60�, for a phase angle of 70�. To remove the effects of vary-
ing scattering geometry, we worked with samples of spectra with
similar geometry, culled from a database extending over the en-
tire nominal Cassini mission (July/2004–July/2008), which con-
tains (not including data from late downlinks) approximately
1.6 � 104 Titan cubes, with over 6 � 106 spectra that intercept Ti-
tan’s surface, with sub-solar latitudes from 24.1�S to 6.6�S. The
methane and haze variations were derived from 13 averaged
VIS and IR channel spectra at different latitudes from 3 selections
(1–3, Table 1), taken between the T0 (3 July 2004) and T26 (10
March 2007) passes, as well as a more extended dataset of
10988 VIS channel spectra taken between the T0 and T42 (25
March 2008) passes (selection 4, Table 1). The latter selection
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Fig. 2. Comparison of VIMS observations (diamonds) recorded at 10�S and 181�W,
near the Huygens landing site with a model generated from the DISR data. The blue
line is the original model derived from the DISR observations. The red line is the
DISR model with the DISR haze adjusted within its uncertainty, as indicated in
Fig. 6, to more closely match the VIMS data between 0.5 and 0.6 lm.
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allows us to quantify uncertainties due to systematic errors and
noise. To directly map the spatial variation of the continuum
characteristics, indicative of the haze, and the 0.61 lm band
depth, we used one VIMS cube taken at low phase angle during
the TB flyby (12 October 2004), that covers Titan’s entire disk in
a single image. This observation was recorded at a phase angle
of 16�, at 7.7 � 104 km from Titan, and the best spatial resolution
on Titan’s surface was 130 � 90 km/pixel (Fig. 4).
3. Radiative transfer modeling of Titan’s spectrum

We begin with the haze and methane profiles derived from the
Huygens probe data and determine the alterations thereof that are
needed to interpret the VIMS spectra of other latitudes and longi-
tudes. We first analyze VIMS data of the landing site with the opac-
ity model derived by DISR. The Huygens probe collected in situ
data of Titan’s atmosphere during its descent on 14 January
2005. Besides imagers, the DISR instrument contained upward
and downward looking spectrometers ranging from 0.35 to
1.6 lm, a sun sensor, and a solar aureole camera, which recorded
the intensity profile near the Sun. From this data a model of Titan’s
aerosols was created as described by Tomasko et al. (2008c). The
DISR measurements constrain the vertical distribution and wave-
length dependence of opacity, single scattering albedo, and scatter-
ing phase function of Titan’s aerosols. Comparison of the aerosol
properties to computations of scattering from fractal aggregate
particles indicates the size and shape of the aerosols. The data sug-
gest three strata of different aerosol characteristics, with their
opacity having stronger wavelength dependence above 80 km than
below and decreasing further below 30 km.

First we analyze a small representative sample of spectra
(selections 1–3, Table 1), to determine how the haze and methane
must be changed to fit the observed spectral variation. For this
analysis we use the doubling and adding algorithm that was
developed and employed by the DISR team for the analysis of
DISR observations (Tomasko et al., 2008c). This algorithm
Table 1
Geometry of the datasets used for this analysis.

Selection Spectra Incidence Emission Phase

1 21 42.86–47.13� 41.82–44.01� 17.80–
2 31 38.24.25–41.39� 28.05–31.65� 63.28–
3 12 53.23–55.67� 29.51–31.65� 68.01–
4 10,988 53.25–56.75� 25.00–35.00� 60.00–
provides accurate solutions with no approximations of the form
of the phase functions or intensity fields. Selection 4 extensively
samples Titan’s disk at similar geometries, to measure the spec-
tral variation at every latitude. For the larger number of spectra
in selection 4, we approximate the radiative transfer solution
with a less computationally intensive discrete ordinates algo-
rithm (DISORT, Stamnes et al., 1988), with 32 streams and 51 ver-
tical layers. We find that the two different codes are consistent
for spectra at the Huygens site. When considering the depen-
dence between haze and methane abundance (discussed in Sec-
tion 6), the discrete ordinates code shows a similar relative
variation in haze parameters to that found with the doubling
and adding code, except for the lowest methane abundances
(abundance factors of �0.25 and lower, in Fig. 12).

The methane vertical distribution measured by the Huygens
GC–MS (Niemann et al., 2005) was assumed in the analysis of VIMS
spectra at 10�S latitude, that of the probe landing site. The methane
absorption coefficients are calculated with band models derived
from an analysis of the Huygens DISR and GCMS measurements,
described by Tomasko et al. (2008a). We initially adopt the haze
parameters (vertical density distribution, phase function and single
scattering albedo) for the landing site as derived by the DISR obser-
vations. The surface is not visible at 0.6 lm, and thus the surface
albedo was kept constant in the analysis of the 0.61 lm band. As
described by Tomasko et al. (2008c), the haze scattering phase
function was determined by a fractal particle model that fits the
values observed by DISR at 0.4–1.6 lm. Vertically, the phase func-
tions change only at 80 km altitude. The vertical optical depth pro-
file has three different sections: Above 80 km, it falls with altitude
exponentially with a scaleheight of 65 km. Below 80 km, it in-
creases linearly with decreasing altitude, at different slopes for
80–30 km and 30–0 km. The wavelength variation in optical depth
is defined by a power law, with different coefficients at each of
these three altitude regions. The single scattering albedo is a linear
interpolation between the wavelengths of the DISR measurements,
which change at 80 km altitude.

The discrete ordinates algorithm treats the scattering phase
function as a Legendre polynomial. The phase functions obtained
from the DISR observations (Tomasko et al., 2008c) have a strong
forward scattering peak (0–15�), and thus present a challenge to
fit with Legendre polynomials. Direct least squares fits based on
the differences between the polynomial and the phase function
are not suitable, as these are biased toward low errors on the for-
ward peak, with strong and unphysical oscillations at angles larger
than 20�. The area of the forward peak, as approximated by the
Legendre coefficients, must match the original DISR-derived value.
The fits also need to reproduce the structure at high phase angles,
and to have the first coefficient (order 0) with the highest absolute
value. To fit the phase function, given these constraints, we first re-
place the forward peak with a Gaussian function such that its area
is conserved, and its maximum is lower, then use a singular value
decomposition fit. We find that to reproduce the DISR phase func-
tions the order of the fits must be at least 32, which thus is the
number of streams in our discrete ordinates model. At this order,
the complements of the asymmetry factors (1-asymmetry factor)
of the phase function and their fits matched to within 1%. The coef-
ficients found are given in Tables 2 and 3.
Latitude Longitude Period

18.18� 12�S–4�S 180�W–205�W 12 October 2004
65.54� 61�S–18�N 4�W–360�W July 2004–March 2007
69.94� 52�S–41�N 156�W–345�W July 2004–March 2007
76.78� 80�S–45�N 0�W–360�W July 2004–March 2008



Table 2
Coefficients for the Legendre expansion of the phase functions above 80 km.

Order 0430 nm 0491 nm 0600 nm 0713 nm 0822 nm 0935 nm 1078 nm

00 1.00000E+00 1.00000E+00 1.00000E+00 1.00000E+00 1.00000E+00 1.00000E+00 1.00000E+00
01 7.52588E�01 7.41425E�01 7.76899E�01 7.84916E�01 7.92768E�01 8.01456E�01 7.97810E�01
02 6.76649E�01 6.40985E�01 6.83003E�01 6.89049E�01 6.94792E�01 7.01188E�01 6.92862E�01
03 5.95185E�01 5.27042E�01 5.77904E�01 5.84466E�01 5.90616E�01 5.97497E�01 5.85221E�01
04 5.27235E�01 4.43651E�01 4.97229E�01 5.02858E�01 5.08020E�01 5.13822E�01 4.99231E�01
05 4.65694E�01 3.71828E�01 4.26358E�01 4.31812E�01 4.36799E�01 4.42378E�01 4.26737E�01
06 4.08954E�01 3.12673E�01 3.65509E�01 3.70480E�01 3.74987E�01 3.80009E�01 3.64273E�01
07 3.55609E�01 2.62316E�01 3.11722E�01 3.16121E�01 3.20071E�01 3.24432E�01 3.09325E�01
08 3.05755E�01 2.19215E�01 2.63928E�01 2.67720E�01 2.71105E�01 2.74763E�01 2.60812E�01
09 2.58824E�01 1.81788E�01 2.21002E�01 2.24179E�01 2.26984E�01 2.29943E�01 2.17516E�01
10 2.15357E�01 1.49020E�01 1.82380E�01 1.85032E�01 1.87367E�01 1.89730E�01 1.79055E�01
11 1.75005E�01 1.20116E�01 1.47539E�01 1.49726E�01 1.51648E�01 1.53486E�01 1.44658E�01
12 1.38412E�01 9.45564E�02 1.16287E�01 1.18126E�01 1.19758E�01 1.21212E�01 1.14222E�01
13 1.05233E�01 7.19500E�02 8.83662E�02 8.99112E�02 9.12973E�02 9.24305E�02 8.72052E�02
14 7.60759E�02 5.20688E�02 6.37443E�02 6.50888E�02 6.63189E�02 6.72397E�02 6.36148E�02
15 5.04842E�02 3.47149E�02 4.22650E�02 4.34225E�02 4.45154E�02 4.52545E�02 4.30293E�02
16 2.89783E�02 1.97971E�02 2.39300E�02 2.49581E�02 2.59571E�02 2.65842E�02 2.55176E�02
17 1.09530E�02 7.19265E�03 8.57796E�03 9.46937E�03 1.03602E�02 1.08719E�02 1.07324E�02
18 �3.18929E�03 �3.15334E�03 �3.82594E�03 �3.03888E�03 �2.23171E�03 �1.79255E�03 �1.25811E�03
19 �1.41969E�02 �1.13634E�02 �1.34910E�02 �1.28256E�02 �1.21231E�02 �1.17703E�02 �1.07740E�02
20 �2.17701E�02 �1.75097E�02 �2.05224E�02 �1.99502E�02 �1.93296E�02 �1.90276E�02 �1.77811E�02
21 �2.67989E�02 �2.17478E�02 �2.51958E�02 �2.47238E�02 �2.41996E�02 �2.39587E�02 �2.26083E�02
22 �2.90334E�02 �2.41946E�02 �2.76826E�02 �2.72764E�02 �2.68204E�02 �2.66031E�02 �2.52915E�02
23 �2.94819E�02 �2.50555E�02 �2.83176E�02 �2.79790E�02 �2.75918E�02 �2.74002E�02 �2.62013E�02
24 �2.78948E�02 �2.44946E�02 �2.73254E�02 �2.70194E�02 �2.66685E�02 �2.64691E�02 �2.54543E�02
25 �2.53636E�02 �2.27750E�02 �2.50879E�02 �2.48144E�02 �2.45019E�02 �2.43005E�02 �2.34711E�02
26 �2.15711E�02 �2.01032E�02 �2.18539E�02 �2.15898E�02 �2.12924E�02 �2.10678E�02 �2.04434E�02
27 �1.76792E�02 �1.68081E�02 �1.80454E�02 �1.78003E�02 �1.75278E�02 �1.72970E�02 �1.68377E�02
28 �1.32086E�02 �1.31160E�02 �1.39009E�02 �1.36691E�02 �1.34138E�02 �1.31766E�02 �1.28762E�02
29 �9.42690E�03 �9.43222E�03 �9.88080E�03 �9.68271E�03 �9.46649E�03 �9.24972E�03 �9.05094E�03
30 �5.52036E�03 �5.95098E�03 �6.15399E�03 �5.99098E�03 �5.81406E�03 �5.62848E�03 �5.53072E�03
31 �3.07397E�03 �3.13373E�03 �3.21082E�03 �3.11045E�03 �3.00119E�03 �2.88209E�03 �2.82483E�03
32 �5.82208E�04 �1.06882E�03 �1.07569E�03 �1.02034E�03 �9.61012E�04 �8.94654E�04 �8.97627E�04

Table 3
Coefficients for the Legendre expansion of the phase functions below 80 km.

Order 0430 nm 0491 nm 0600 nm 0713 nm 0822 nm 0935 nm 1078 nm

00 1.00000E+00 1.00000E+00 1.00000E+00 1.00000E+00 1.00000E+00 1.00000E+00 1.00000E+00
01 7.52588E�01 7.41425E�01 7.76899E�01 7.57627E�01 7.59927E�01 7.67717E�01 7.63805E�01
02 6.76649E�01 6.40985E�01 6.83003E�01 6.85394E�01 6.91621E�01 6.97925E�01 6.89386E�01
03 5.95185E�01 5.27042E�01 5.77904E�01 5.70156E�01 5.72127E�01 5.78370E�01 5.65847E�01
04 5.27235E�01 4.43651E�01 4.97229E�01 4.95777E�01 5.00818E�01 5.06466E�01 4.91648E�01
05 4.65694E�01 3.71828E�01 4.26358E�01 4.23306E�01 4.25863E�01 4.31039E�01 4.15179E�01
06 4.08954E�01 3.12673E�01 3.65509E�01 3.64444E�01 3.68232E�01 3.73052E�01 3.57109E�01
07 3.55609E�01 2.62316E�01 3.11722E�01 3.10213E�01 3.12729E�01 3.16822E�01 3.01504E�01
08 3.05755E�01 2.19215E�01 2.63928E�01 2.63028E�01 2.65677E�01 2.69166E�01 2.54999E�01
09 2.58824E�01 1.81788E�01 2.21002E�01 2.20021E�01 2.21912E�01 2.24687E�01 2.12036E�01
10 2.15357E�01 1.49020E�01 1.82380E�01 1.81717E�01 1.83456E�01 1.85685E�01 1.74772E�01
11 1.75005E�01 1.20116E�01 1.47539E�01 1.46877E�01 1.48190E�01 1.49899E�01 1.40828E�01
12 1.38412E�01 9.45564E�02 1.16287E�01 1.15900E�01 1.17114E�01 1.18463E�01 1.11227E�01
13 1.05233E�01 7.19500E�02 8.83662E�02 8.81025E�02 8.90890E�02 9.01235E�02 8.46400E�02
14 7.60759E�02 5.20688E�02 6.37443E�02 6.37737E�02 6.47408E�02 6.55769E�02 6.16907E�02
15 5.04842E�02 3.47149E�02 4.22650E�02 4.24133E�02 4.32604E�02 4.39169E�02 4.14362E�02
16 2.89783E�02 1.97971E�02 2.39300E�02 2.43118E�02 2.51640E�02 2.57170E�02 2.44042E�02
17 1.09530E�02 7.19265E�03 8.57796E�03 9.05165E�03 9.80760E�03 1.02464E�02 9.87194E�03
18 �3.18929E�03 �3.15334E�03 �3.82594E�03 �3.19789E�03 �2.45541E�03 �2.08407E�03 �1.77125E�03
19 �1.41969E�02 �1.13634E�02 �1.34910E�02 �1.28499E�02 �1.22042E�02 �1.19198E�02 �1.11189E�02
20 �2.17701E�02 �1.75097E�02 �2.05224E�02 �1.98268E�02 �1.92214E�02 �1.89859E�02 �1.79103E�02
21 �2.67989E�02 �2.17478E�02 �2.51958E�02 �2.45342E�02 �2.40176E�02 �2.38441E�02 �2.26370E�02
22 �2.90334E�02 �2.41946E�02 �2.76826E�02 �2.70193E�02 �2.65539E�02 �2.64031E�02 �2.52102E�02
23 �2.94819E�02 �2.50555E�02 �2.83176E�02 �2.77235E�02 �2.73221E�02 �2.71978E�02 �2.60878E�02
24 �2.78948E�02 �2.44946E�02 �2.73254E�02 �2.67678E�02 �2.64032E�02 �2.62721E�02 �2.53199E�02
25 �2.53636E�02 �2.27750E�02 �2.50879E�02 �2.46085E�02 �2.42810E�02 �2.41470E�02 �2.33556E�02
26 �2.15711E�02 �2.01032E�02 �2.18539E�02 �2.14156E�02 �2.11119E�02 �2.09539E�02 �2.03491E�02
27 �1.76792E�02 �1.68081E�02 �1.80454E�02 �1.77063E�02 �1.74299E�02 �1.72646E�02 �1.68049E�02
28 �1.32086E�02 �1.31160E�02 �1.39009E�02 �1.36153E�02 �1.33624E�02 �1.31848E�02 �1.28730E�02
29 �9.42690E�03 �9.43222E�03 �9.88080E�03 �9.70769E�03 �9.50058E�03 �9.34021E�03 �9.11953E�03
30 �5.52036E�03 �5.95098E�03 �6.15399E�03 �6.02793E�03 �5.86055E�03 �5.72049E�03 �5.59584E�03
31 �3.07397E�03 �3.13373E�03 �3.21082E�03 �3.17201E�03 �3.07390E�03 �2.98795E�03 �2.91049E�03
32 �5.82208E�04 �1.06882E�03 �1.07569E�03 �1.10707E�03 �1.05043E�03 �1.00521E�03 �9.83375E�04
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4. Approach

We initially examined VIMS observations covering the whole
disk, to acquire a first-order understanding of the variation of the
0.61 lm methane band depth. We sampled the VIMS data at four
bands that cover the continuum and the methane absorption. We
define A as the albedo at 0.5342 lm, B as the average of the albedos
at B1 = 0.5994 lm and B2 = 0.6294 lm, and C as the albedo at
0.6151 lm, as shown in Fig. 3. The measures (B � C) and (B � A)
give an indication of the variability in the methane band depth
and the increased absorption of the haze at lower wavelengths,
respectively. Their distributions are shown in Figs. 4 and 5, where
they are normalized by the cosines of the incidence and emission
angles, to decrease the effect of the airmass variations. Fig. 4 indi-
cates that the measures ðB�CÞ

cosðiÞ cosðeÞ and ðB�AÞ
cosðiÞ cosðeÞ are strongly corre-

lated, but they follow different correlations in each hemisphere,
with the higher methane band depths towards the south.
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Fig. 3. Averaged VIMS spectra (diamonds) around the 0.61 lm band, at latitudes
19�N (top) and 24�S (bottom). Red lines: model fits, with relative methane
abundance factors (defined in Section 6) of 1.1 (top) and 2.7 (bottom). Blue lines:
models with relative methane abundance set to 1.9. The squares on the top show
the measures A (0.5342 lm), B (average of B1 = 0.5994 lm and B2 = 0.6294 lm) and
C (0.6151 lm) used to derive Figs. 4 and 5. The vertical lines mark the wavelength
regions where the three indicators (defined in Section 7) used to measured the data
and fits are taken (0.6076–0.6294, 0.6349–0.6370 and 0.7230–0.7260 lm, red,
green and blue, respectively). The regions 0.64–0.68 and 0.70–0.72 lm are not used,
as those do not affect the values of the indicators.

Fig. 4. Top: The distribution in ðB�CÞ
cosðiÞ cosðeÞ ;

ðB�AÞ
cosðiÞ cosðeÞ space of all pixels in one VIMS

cube. Each pixel’s color (the same in both panels) is assigned by its location on this
plane, which is mapped to a 2D polar colorspace: the origin is marked by the
diamond at (0.04,0.06), with the radius determining the lightness and saturation,
and the angle determining the hue of each pixel. This panel shows that pixels
distribute in two branches that map to separate hemispheres on Titan’s disk
(bottom figure). The methane band depth has a variation (indicated by B � C)
independent of that of the haze absorption (indicated by B � A). The higher
methane band depths (red hues) occur south of the equator, and the lower band
depths (green hues) occur to the north. The red-orange region at the limb is
saturated in this colormap due to the high airmass. The cube used is
CM_1481501331, from the TB flyby.
The variation shown in Figs. 4 and 5 may arise from a latitude
variation in haze, in methane, or both: higher haze optical depths
obscure the methane in the lower atmosphere, thereby rendering
the methane bands shallower for a constant methane abundance.
We thus need to determine to what extent the data limits the
ambiguity between methane and haze variation. We address this
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Fig. 6. Adjustment made to the single scattering albedo in the DISR model in order
to better match the shape of the VIMS data in the region where the DISR
spectrometer is less sensitive. The lines show the published DISR functions (for
above and below 80 km) while the diamonds show the modified functions. There is
no change for the region below 80 km.
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question using three complementary approaches. We first analyze
the data assuming a constant methane abundance to determine
whether haze changes alone can explain the spectral variations ob-
served across Titan’s disk (Section 5). Next we investigate the com-
bined effects due to methane and the haze to constrain the range of
possible methane and haze profiles (Section 6). Finally, the
0.61 lm band is further analyzed to determine its variability at
each latitude, and its sensitivity to the vertical methane distribu-
tion (Section 7). The constraints that we derive for the latitudinal
methane and haze variations are used to determine the atmo-
spheric heating rate as a function of latitude (Section 8). In Section
9, we discuss the formation of Titan’s NSA.
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Fig. 7. Comparison of the VIMS observations recorded at 11�S and 200�W, near the
Huygens landing site, with the DISR model for two values of ground albedo. In this
case a doubling of the ground albedo was necessary for the DISR model to match the
VIMS data. The black diamonds are the VIMS data, the red line is the DISR model at
the landing site, and the blue line is the DISR model with the ground albedo
doubled.
5. Fits with constant methane abundance

The atmospheric model generated from DISR data matches
VIMS observations of the Huygens landing site at all wavelengths
except between 0.5 and 0.6 lm (Fig. 2). The accuracy of the DISR
spectrometer is lower in this region, despite the inclusion of mea-
surements from the violet photometer and blue solar aureole (SA)
detectors. The lack of precision in this region is due to a small
amount of crosstalk from the DISR imagers to the visible spectrom-
eter, the shifting of the bandpass of the SA filters with zenith angle,
and the broad bandpass of the violet photometer. Therefore we
bias the values for the single scattering albedo in this area toward
the edge of the error bars, as shown in Fig. 6, which produces spec-
tra that agree with both the VIMS and DISR data (Fig. 2).

The marriage of the VIMS and DISR datasets enables the deriva-
tion of Titan’s global atmospheric properties. The DISR measure-
ments provide constraints on the methane absorption (at long
path lengths and low temperatures), vertical variations in phase
function, ground albedo, single scattering albedo and aerosol dis-
tribution over the Huygens descent area. Using these measure-
ments as a baseline we can then perturb the model parameters
in a minimalistic but realistic way to match the VIMS observations
at other latitudes and longitudes. At first we retain the methane
abundance and phase function characteristics and attempt to
achieve an acceptable fit by varying only the ground albedo, the
single scattering albedo of the particles, and the optical thickness
of the haze in each of the three layers.
These adjustments were carried out by multiplying the values
at the Huygens site by a wavelength independent factor, which,
in the case of the single scattering albedo (x) variations, was ap-
plied to its complement (1 �x). The ground albedo was adjusted
in order to match the VIMS spectral window regions in the near-
IR (0.8–1.6 lm) where it is possible to see the surface. The scatter-
ing absorption (1 – single scattering albedo) was adjusted so that
the model matches the VIMS continuum data at 0.6–0.7 lm where
the haze thickness is semi-infinite (optical depth � 5). The optical
thickness (s) was adjusted to match the absorption band observa-
tions. Although adjustments in s in the lower layers (below 80 km)
allowed us to closer match the medium depth absorption bands, in
general the data could be modeled within error adjusting only the
optical depth above 80 km.

To determine the variability of Titan’s haze and methane with
longitude, we studied several spectra at different longitudes for
two latitudes. We compared the data at the Huygens landing site
(Fig. 2) to other VIMS data at roughly the same latitude, but 20�
further west in longitude (Fig. 7). The same atmospheric parame-
ters fit the spectra at both sites with only a change in ground albe-
do necessary (increased by a factor of 2). The second test case is
presented in Fig. 8. We fit two sets of VIMS data near the equator,
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Fig. 9. VIMS spectra (diamonds) and models assuming no methane variation
(lines), for selected locations on Titan, from top to bottom: 43�S, 22�S, 24�N, 41�N.
The shallower methane bands towards the north can be fit entirely with haze
changes, though the ambiguity between haze optical depth and methane abun-
dance allows other fits to the same spectra, with variable methane.
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but separated in longitude by 130�. Again, only a change to the
ground albedo (increased by 70%) is necessary to fit the data at
both longitudes.

The variability of Titan’s haze with latitude, assuming a con-
stant methane, was determined from the spectra contained in
selections 1–3. We find that good fits were possible by varying
only: (1) the ground albedo, (2) the single scattering albedo of
the particles above 80 km, and (3) the haze thickness above
80 km. It was not necessary to vary phase functions, or atmo-
spheric properties below 80 km. Fig. 9 shows the fits of the DISR
model to the VIMS data for selected locations on Titan. The multi-
plicative factors which produced the best fits are presented in
Fig. 10.

With a constant methane abundance we can fit the latitudinal
variations in the spectra by changing the surface brightness and
the optical depth and single scattering albedo of the haze above
80 km (Fig. 10). The single scattering absorption (1 �x) above
80 km increases almost linearly by 20% from 60�S to 40�N lati-
tude. The haze thickness above 80 km is constant north of
�10�S; it is also constant south of 20�S latitude, but at about
60% of the northern value. A transition in the haze thickness oc-
curs between �10�S and 20�S latitude, near the sub-solar latitude.
Our study suggests that Titan’s north–south brightness asymme-
try results primarily from variations in the thickness of Titan’s
haze above 80 km.
m 0.6

0.4

latitude
40°20°0°−20°−40°−60°

Fig. 10. Variation in the optical depth and single scattering albedo factors that
reproduced the spectra in selections 1–3, assuming no variation in the methane
abundance.
6. Methane and haze variation coupling

The analysis above demonstrates that Titan’s spectra can be
interpreted with a constant methane abundance, but does not
exclude the possibility of methane variability, with a correspond-
ingly smaller haze variation. To investigate the change in the
haze optical depth south of 20�S, which differs from that sam-
pled by Huygens at 10�S latitude, we modeled a representative
spectrum at 27�S. Using the doubling and adding calculation,
we varied the methane abundance, and derived the haze optical
depth and single scattering albedo that best matched the data.
The resultant model spectra reproduced the observations well
for methane abundances 0.3–2.0 times those measured at the
Huygens landing site (Fig. 11). Thus we find a family of solutions
for the methane abundance and the optical depth and single
scattering albedo of the haze above 80 km that fit the data
(Fig. 11).
7. Analysis of 10,988 spectra

To evaluate whether all the spectral variations observed by
VIMS for the chosen lighting conditions of sample 4 can be ex-
plained by the methane and haze variations derived from the smal-
ler samples discussed above, we analyze all the spectra in selection
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4. We first derive one combination of the possible haze and meth-
ane variations that fit the data. We concentrate on the region of the
0.61 lm band, which is most sensitive to methane variations in the
upper troposphere (20–50 km altitude, Fig. 15). Models were cal-
culated in a 3D grid defined by the three variable parameters,
and a fit obtained from the model that best matches the three spec-
tral indicators defined below. This solution is stabilized with a
dampening that biases the parameters towards the smallest
change from their values at the Huygens site. This is done with
the inclusion of the distance between the model parameters and
those for the Huygens site in the measure of the misfit, with the
model distance weighted by 1.3% of the indicator weights. Our
standard model varies the methane abundance by a multiplicative
factor that is 1 below 20 km, changes linearly to the selected value
between 20 and 30 km, and remains constant above 30 km. Meth-
ane variations outside 20–50 km do not strongly affect the results.
A profile with a multiplicative factor 1.5 has an additional
0:18þ0:05

�0:09 km-am of methane (6þ2
�3% of the GCMS methane column

abundance), relative to a profile with a 1.0 factor.
This analysis was automated with the use of average albedos
(for the data and models alike) at specific wavelength regions, re-
ferred to as indicators. The three wavelength regions are 0.6076–
0.6294 lm (a1, in the methane band), 0.6349–0.6370 lm (a2, con-
tinuum next to the band), and 0.7230–0.7260 lm (a3, a methane
band of higher optical depth), shown in Fig. 3. The first indicator
is a relative 0.61 lm band depth, defined as a2�a1

a2
. The second indi-

cator is an average continuum level, a2, and the third is the average
at 0.72 lm, a3. Fig. 13 shows the latitudinal distribution of these
three indicators for all the 10,988 spectra in the sample, and their
averages on 10� latitude bins, along with the averages from the
best fit models. Besides methane absorption, the relative band
depths are affected by the variable haze scattering, which is con-
strained from the measurements of the continuum level and the
0.72 lm methane band. The sensitivities of the three indicators
with respect to variations in methane abundance and haze density
and opacity above 80 km are indicated in Fig. 14. The typical vari-
ation in the band from models with different methane abundances
and data observed at different latitudes is exemplified in Figs. 3
and 14.

We interpret the data by changing three parameters: two haze
parameters and one parameter for the methane abundance. The
two haze parameters are identical to those used in the doubling
and adding analysis discussed above; they are multiplicative fac-
tors for the optical depth and the single scattering absorption
above 80 km. We find that variations in the haze solely below
80 km do not simultaneously reproduce the amplitude of the vari-
ations in the 0.6 lm continuum and the 0.61 lm band. Such low
altitude haze changes, while they strongly affect the methane
band, are not indicated in the latitudinal and longitudinal spectral
variations. These considerations suggest that the haze above 80 km
is the predominant factor that causes spectral variations in the
continuum and strong methane bands. While haze variations be-
low 80 km may simultaneously occur to a lesser extent, we do
not consider such changes here.

Variations in methane at 20–30 km altitude can result from
temperature variations, which change the saturation pressure.
We quantify this possibility by alternatively using methane ver-
tical profiles determined by their relative humidity. These pro-
files start with the methane at 45% relative humidity at the
surface (after Niemann et al., 2005). The mixing ratio is kept con-
stant until the altitude where saturation is reached, above which
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a 100% saturation mixing ratio is kept up to the tropopause. We
apply a temperature difference that is null below altitude 20 km,
rises linearly from 20 to 30 km, and remains constant above
30 km.

At every latitude the observed spread in the model indicators
exceeds the difference between the observations and its fits. At
all latitudes the spread in the measured indicators is not correlated
with either longitude or time. The difference between data and
model indicators has a standard deviation of 1.6%, 2.0% and 3%,
for the relative band depth, continuum level and 0.72 lm band
average, respectively. The larger deviation in the 0.72 lm band re-
sults from the higher (by a factor of 2) weight in the fits given to
the 0.6 lm region, since it is the most sensitive to the tropospheric
methane. Thus the error bars of the derived parameters in Figs. 17
and 18 reflect the spread in the observations at every latitude.

The derivation of the haze and methane variations forms one
example of the family of solutions derived from the more limited
spectra (Sections 5 and 6). The results of the extended dataset
agree with those of the smaller dataset, with a couple of excep-
tions. Two separate populations of points appear south 40�S in
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the continuum indicator (middle panel, Fig. 13). We hypothesize
that this division in points results from optically thick clouds,
which are common at high southern latitudes. These clouds often
reach the top of the troposphere (40 km altitude, Griffith et al.,
2005) and obscure the methane below, which would cause a drop
in the inferred methane at those latitudes. There is also a less pro-
nounced double population of points at 10�S–10�N, whose origin is
unknown, since clouds were typically absent at this region.

For this model we derive an increase in haze density above
80 km of 20þ5

�15% between 35�S and 5�S, and a single scattering
absorption increase by 18 ± 8% over 45�S–15�N (Fig. 17). The
methane abundance variation, the largest allowable by the data,
is a decrease of 50þ15

�25% between 25�S and 35�N latitudes
(Fig. 18). Here, the errors indicate the spread of I/F values in the
data. The observed methane variation is compatible with a
1:5þ1:3

�1:0 K drop in temperature above 20 km between 25�S and
35�N latitudes. Another member of the family of possible solu-
tions was also examined with the extended dataset: that with a
constant latitudinal methane abundance. We find that the ex-
tended data indicate haze parameters consistent with those de-
rived previously (Fig. 16). We find that the VIMS dataset agrees
with several exemplar solutions, and indicates no additional ef-
fects except the occasional occurrence of methane clouds. In addi-
tion, the variations are not correlated with longitude, indicating
that any upper tropospheric and stratospheric methane changes
correlate with latitude only.

8. Heating rate

Titan’s haze absorbs 40% of the incoming solar radiation (McKay
et al., 1991), thereby affecting the radiative forcing of the atmo-



Fig. 19. Solar heating rates as a function of latitude calculated for sub-solar latitude
of 22.54�S, which occurred on 14 January 2005. We adopt a constant methane with
latitude and the corresponding derived haze abundances (Fig. 10). The heating rates
at 10�S are calculated for haze thicknesses characterizing the northern and southern
hemispheres to indicate the effect of the NSA.
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Fig. 18. The distributions for the two alternative model parameters used to vary the
methane abundance, shown in the same way as the parameters for the haze
(Fig. 17). These results derive from the same model that produced the haze
characteristics in Fig. 17. The methane abundance distribution was derived by
applying a multiplicative factor to the GCMS methane profile above 20 km (top), or
by applying a temperature difference to the HASI profile above 20 km (bottom).
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sphere. The latitudinal variations in the haze therefore affect the
atmospheric heating of each hemisphere. To evaluate this effect,
we calculate the heating rate of the current season for our model
which has a uniform latitudinal methane abundance. We find, for-
tunately, that the haze variations have a limited effect. Instead, the
solar heating rate at each latitude is controlled mostly by the local
solar zenith angle. As shown in Fig. 1 of Tomasko et al. (2008b), the
heating above 80 km results from the visible absorption of the haze
aerosols rather than by methane gas. Changes in the thickness and
absorptive properties in the haze cause the heating to shift only
slightly to higher or lower altitudes. At deeper levels, the single
scattering albedo of the haze aerosols is higher, and the absorption
by methane gas has a larger relative contribution. At the lowest
levels, the wings of the methane bands become optically thick,
and their absorption dominates the solar heating. Since none of
our families of solutions changes the methane mixing ratio at deep
levels (consistent with the high resolution observations by Pente-
ado and Griffith (2009) near 1600 nm) the solar heating at these
levels does not vary.

We compute the net solar flux of sunlight integrated over the
passband from 0.3 to 3.0 lm. We average the flux over a Titan
day for a range of latitudes, assuming a sub-solar latitude of
22.54�S (that of 14 January 2005, the day Huygens landed on Ti-
tan). We calculate the difference in the net solar flux at each alti-
tude, which when divided by the heat capacity of the gas,
provides the solar heating rate. The results, shown in Fig. 19 and
in Table 4, minus the thermal infrared cooling rates when they be-
come available, will yield the net heating or cooling rates for the
current season.

As expected, the solar heating rates vary over several orders of
magnitude with altitude due to the differing penetration of sun-
light and even more by the greater heat capacity of the denser
gas at low altitudes. Fig. 19 shows the heating rate at 30�S and
10�S, two latitudes straddling the sub-solar point, with therefore
similar insolations. The small 10–15% difference in the heating
rates below 150 km results from the different haze optical depths
associated with the NSA. We find therefore that although the haze
optical depth above 80 km altitude varies significantly in this uni-
form methane model, the solar heating rates are quite similar.
9. Discussion

Our analysis indicates that VIMS observations at 0.35–1.6 lm
measure the spatial variation of Titan’s stratospheric haze and, as
a result of the low spectral resolution, the methane abundance
variations only in the upper troposphere (Fig. 15). The large alti-
tude range sampled by the visible to near-IR wavelength coverage
only in part limits the ambiguity between the methane and haze
spectral effects.

The latitudinal haze variation that we have measured for the
current epoch has been tracked to change with Titan’s season such
that the hemisphere with the largest optical depth in the high haze
(currently the northern hemisphere) follows winter (Lorenz et al.,
2004, 2001, 1999, 1997). Called the north–south asymmetry
(NSA), this differential hemispherical haze structure exhibits a
characteristic wavelength dependence: the winter hemisphere is



Table 4
Solar heating rate (K/Titan day).

Altitude (km) 50�N 30�N 10�N 10�S (from N) 10�S (from S) 30�S 50�S

351 10.22 18.41 22.33 25.00 17.14 18.76 21.17
253 2.70 7.57 10.45 12.27 8.99 9.91 10.93
204 1.034 3.721 5.657 6.910 5.327 5.910 6.442
196 0.867 3.220 4.996 6.147 4.779 5.314 5.778
188 0.726 2.801 4.439 5.521 4.347 4.837 5.236
180 0.615 2.430 3.942 4.942 3.975 4.435 4.786
172 0.524 2.084 3.430 4.339 3.563 3.978 4.288
164 0.444 1.786 3.001 3.839 3.176 3.558 3.819
156 0.376 1.521 2.590 3.336 2.822 3.172 3.395
148 0.306 1.267 2.188 2.852 2.470 2.777 2.960
140 0.254 1.058 1.840 2.413 2.119 2.397 2.555
132 0.208 0.860 1.517 2.002 1.804 2.040 2.167
124 0.163 0.695 1.230 1.635 1.501 1.704 1.805
116 0.126 0.547 0.976 1.306 1.220 1.389 1.469
108 0.094 0.422 0.758 1.017 0.972 1.110 1.169
100 0.071 0.318 0.577 0.779 0.754 0.863 0.908

92 0.0501 0.2358 0.4310 0.5845 0.5781 0.6624 0.6938
84 0.0352 0.1736 0.3225 0.4396 0.4398 0.5059 0.5280
76 0.0168 0.0798 0.1448 0.1954 0.2354 0.2752 0.2966
68 0.0107 0.0591 0.1109 0.1514 0.1777 0.2075 0.2216
60 0.0076 0.0445 0.0874 0.1209 0.1387 0.1622 0.1717
52 0.0050 0.0292 0.0598 0.0845 0.0955 0.1121 0.1173
45 0.0031 0.0186 0.0394 0.0566 0.0639 0.0753 0.0781
39 0.0022 0.0125 0.0268 0.0390 0.0440 0.0519 0.0535
33 0.0014 0.0079 0.0170 0.0249 0.0282 0.0334 0.0343
27 0.0011 0.0060 0.0129 0.0190 0.0211 0.0250 0.0256
21 0.0007 0.0045 0.0099 0.0148 0.0162 0.0191 0.0193
15 0.0007 0.0034 0.0075 0.0111 0.0124 0.0148 0.0150

9 0.0005 0.0027 0.0059 0.0088 0.0099 0.0118 0.0120
3 0.0003 0.0018 0.0039 0.0059 0.0065 0.0078 0.0078
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Fig. 20. Calculations of the I/F at 6 wavelengths indicate that an increase in the
slightly darker haze above 80 km altitude causes a reversed effect in the infrared I/F
compared to the effect at visible wavelengths. The profiles in the top panel are at
continuum wavelengths, those in the bottom are methane band wavelengths. These
calculations assume the model that has a constant methane abundance with
latitude and the corresponding haze characteristics (Fig. 10).
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found to be darker than the summer hemisphere for wavelengths
between 0.34 lm and 0.6 lm, and brighter at wavelengths be-
tween �0.61 lm and 0.9 lm (Lorenz et al., 1999). VIMS data indi-
cate that the NSA extends to �2.2 lm, where the northern
hemisphere is currently �38% brighter than the south.

The larger optical depth of Titan’s haze in the winter hemi-
sphere indicates a greater number density of haze particles. This
density disparity is explained as resulting from the seasonal trans-
port of haze due to the atmosphere’s general circulation, which
flows roughly from the summer to the winter hemisphere (Hutzell
et al., 1996). Lorenz et al. (1999) reproduce the wavelength depen-
dence of the NSA with a simple model that entails the transport of
dark particulates. This transport of dark particles predicts the 15%
brightness ratio that VIMS measures currently at 480–500 nm
(Figs. 20 and 21). The 60% S–N difference in haze optical depth
we find assuming no methane variation agrees with that found
from ground-based observations by Ádámkovics et al. (2006),
though we find this variation to be localized between 20�S and
10�S. Consistent with Lorenz et al.’s model, we find that the current
NSA can be explained by a difference in the population of particles
above 80 km, which, according to DISR measurements, are indeed
slightly darker than the haze particles below 80 km (Tomasko
et al., 2008c). Our constant methane model explains moreover
the measured wavelength dependence of the NSA as shown in
Fig. 20. This study thus supports Lorenz’s hypothesis that the trans-
port of dark particles causes the NSA. Moreover, VIMS data suggest
that the transport of the DISR-detected dark particles above 80 km,
in particular, causes the NSA. A picture emerges that the NSA is due
to the fact that visible and near-IR observations sample altitudes of
roughly �50–100 km (Fig. 1) that straddle the 80 km boundary be-
tween two haze layers that differ in scattering properties (Tomasko
et al., 2008c). At visible wavelengths, methane absorption is weak
and the addition of slightly darker particles above 80 km is suffi-
cient to darken Titan’s winter hemisphere, since less light is re-
flected back from the underlying brighter particles. At near-IR
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wavelengths, the NSA is observed within the strong methane
bands. Here the extra dark particles increase the scattering such
that more light is scattered from Titan’s atmosphere rather than
absorbed by methane. The winter hemisphere thus appears bright
(Fig. 22). These combined effects are possible because the single
scattering albedo (SSA) from 0.5 to 1.6 lm of the haze above
80 km (SSA = 0.90–0.96) and below 80 km (SSA = 0.95–1.00) does
not differ substantially, and yet nonetheless incurs a significant ef-
fect because multiple scattering is involved (Fig. 6).

We find that between 27�S and 19�N latitude, a constant meth-
ane abundance, as well as one that decreases by 60% towards the
north, is allowed by the data. At 70�S–27�S, and 19�N–45�N, spec-
tral variations with latitude are of similar amplitude as those at a
constant latitude, and thus indicate no measurable methane varia-
tion. The lowest altitudes where methane abundance is probed (at
20–30 km, by the 0.61 lm band) occur where the atmospheric
methane at the landing site is saturated (Tokano et al., 2006). Thus
any methane variations in these altitudes likely derive from slight
Fig. 22. Cartoon explanation of the formation of Titan’s NSA. Huygens DISR
measurements detected a change in the reflective properties of Titan’s haze at
80 km altitude; the slightly darker haze above 80 km is represented by the gray
boxes, and the brighter haze by the white boxes. Red and black wiggly lines
represent sunlight within the strong methane bands (well sampled at near-IR
wavelengths) and in the continuum outside the bands (well sampled at visible
wavelengths), respectively. Our calculations indicate that the NSA results from the
transport and buildup of the dark haze in the winter hemisphere. At continuum
wavelengths, sunlight is reflected from both haze layers, with little methane
absorption; an increase in the thickness of the dark haze causes more light to be
absorbed, and a decrease in Titan’s I/F. Within the methane bands, the addition of
the darkish haze decreases the column abundance of methane traversed by the
photons, thereby incurring more scattering and a higher I/F.
temperature variations. A 1.5 K tropopause temperature drop is
enough to decrease the methane abundance by 50%. The methane
variation that we measure is consistent therefore with a 0–2 K
drop in the tropopause temperature between 25�S and 35�N lati-
tude. Our results are consistent with an analysis of latitudinal var-
iation in the methane abundance below 10 km from Keck
observations (Penteado and Griffith, 2009). These ground-based
data indicate no variation in methane between 32�S and 18�N. Ta-
ken together with the VIMS data presented in this paper, methane
is either constant in Titan’s troposphere, or varies in the upper tro-
posphere as a result of circulation and/or temperature effects.

We find that the atmospheric heating rate at each latitude is af-
fected mainly by the solar incidence angle, rather than the north–
south variation in the haze distribution. However, the ethane win-
ter polar cloud discussed by Griffith et al. (2006), not investigated
here, may play a large role in establishing the heating rate over the
winter pole. Solar heating may cause temperature variations at the
tropopause, depending on the circulation and the manifestation of
the long radiative time constant of the troposphere, which exceeds
a Titan year (Smith et al., 1981). The range of possible methane
profiles can be further constrained with temperature measure-
ments. Voyager measured a tropopause temperature increase of
0–1 K between 60�S and 60�N latitude in the northern spring
(Courtin and Kim, 2002; Samuelson et al., 1997). Cassini radio
occultation measurements, in the process of being analyzed, will
more precisely quantify the current latitudinal temperature gradi-
ents of Titan’s tropopause.

A constant methane abundance in the tropical lower atmo-
sphere is consistent with the atmosphere’s thermodynamics,
which indicates insufficient seasonal and daily variations in insola-
tion to fuel large humidity changes (Griffith et al., 2008). In con-
trast, the polar atmosphere, not fully sampled here, experiences a
summer increase in insolation potentially high enough, depending
on the overlying polar cap opacity, to fuel an increase in humidity
due to the evaporation of polar lakes (Griffith et al., 2008). High
summer humidities, allowed by our data, may thereby fuel sum-
mer storms. Observations of the emerging northern pole will ad-
dress this possibility further.

The latitudinal haze and methane variations will be further con-
strained with an analysis of VIMS limb and occultation observa-
tions. These geometries provide more direct vertical resolution
over Titan’s atmosphere, thereby indicating which latitudinal
changes in the spectra originate in the troposphere and which orig-
inate in the stratosphere. Tropospheric changes are more sensitive
to the methane abundance, due to its increasing abundance to-
wards lower altitudes, and thus these observations will further
constrain the possible methane and haze profiles. Observations
similar to these will be conducted through Cassini’s extended mis-
sion, which is currently planned to cover almost half a Titan year.
Similar analyses will constrain the seasonal radiative forcing, haze
transport, and methane content of the atmosphere, all of which are
needed to understand Titan’s circulation and methane cycle.
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