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After molecular nitrogen, methane is the most abundant species in Titan's atmosphere and plays a major role in its energy budget and its chemistry. Methane has strong bands at 3.3 µm emitting mainly at daytime after absorption of solar radiation. This emission is strongly affected by non-local thermodynamic equilibrium (non-LTE) in Titan's upper atmosphere and, hence, an accurate modeling of the non-LTE populations of the emitting vibrational levels is necessary for its analysis.

We present a sophisticated and extensive non-LTE model which considers 22 CH 4

levels and takes into account all known excitation mechanisms in which they take part. Solar absorption is the major excitation process controlling the population of the v 3 -quanta levels above 1000 km whereas the distribution of the vibrational energy within levels of similar energy through collisions with N 2 is also of importance below that altitude. CH 4 -CH 4 vibrational exchange of v 4 -quanta affects their population below 500 km. We found that the ν 3 →ground band dominates Titan's 3.3 µm daytime limb radiance above 750 km whereas the ν 3 +ν 4 →ν 4 band does below that altitude and down to 300 km. The ν 3 +ν 2 →ν 2 , the 2ν 3 →ν 3 , and the

Introduction

The absorption of solar radiation in the CH 4 vibrational bands in the nearinfrared (mainly between 1 and 3.5 µm) plays a major role in the thermal balance of Titan upper atmosphere [START_REF] Appleby | CH 4 nonlocal thermodynamic equilibrium in the atmospheres of the giant planets[END_REF][START_REF] Yelle | Non-LTE models of Titan's upper atmosphere[END_REF]. Thus, its accurate modeling is very important for establishing its thermospheric temperature structure.

Measurements of CH 4 3.3 µm emissions of Titan upper atmosphere have been taken from Earth-based observations in the recent past [START_REF] Kim | Note: Three-micrometer CH 4 line emission from Titan's high-altitude atmosphere[END_REF][START_REF] Geballe | High-resolution 3 micron spectroscopy of molecules in the mesosphere and troposphere of Titan[END_REF]. Although these measurements have a very good spectral resolution, their vertical and horizonal resolution is rather poor. In addition, the strong telluric absorptions affecting many lines make it difficult to quantitatively assess the contributions of some bands. [START_REF] Kim | Note: Three-micrometer CH 4 line emission from Titan's high-altitude atmosphere[END_REF] were able to discriminate between the strongest ν 3 →ground fundamental band and the weaker ν 3 +ν 4 →ν 4 transition, showing, in spite of the large difference in strength, comparable intensities. They found that the nadir emission from Titan in these bands originates at 530-630 km. They, however, were not able to observe any other weak band contributing in this spectral region, e.g., the 2ν 3 →ν 3 or ν 2 +ν 3 →ν 2 . By using a simplified non-LTE model, they derived collisional de-excitation rates for the ν 3 and ν 3 +ν 4 levels, being smaller for the latter, and made an estimation of the temperature of ∼140 K in the ∼400-700 km altitudes. [START_REF] Geballe | High-resolution 3 micron spectroscopy of molecules in the mesosphere and troposphere of Titan[END_REF] also observed Titan's atmosphere from ground-based instrumentation with high spectral resolution in the 2.9-3.5 µm region. They observed the CH 4 ν 3 +ν 4 →ν 4 and ν 3 +ν 2 →ν 2 bands, and the ν 3 →ground HCN emission near 3.0 µm, and claimed that they originated in the upper atmosphere. They were able to account for the methane emission around the mesopause (using the abundances derived by [START_REF] Kim | Note: Three-micrometer CH 4 line emission from Titan's high-altitude atmosphere[END_REF], i.e., 1.9%) but they needed an abundance around the mesopause about three orders of magnitude larger than the accepted values to reproduce the HCN emission,. Later re-analysis of that data [START_REF] Yelle | HCN fluorescence on Titan[END_REF][START_REF] Kim | Clouds, haze, and CH 4 , CH 3 D, HCN, and C 2 H 2 in the atmosphere of Titan probed via 3 µm spectroscopy[END_REF] revealed that the HCN emission measured mainly originated at significantly lower altitudes (300-400 km) and that accepted values of HCN were actually able to account for the emission. Also [START_REF] Seo | Titan at 3 microns: Newly identified spectral features and an improved analysis of haze opacity[END_REF] analyzed the same measurements, although limited to the 2.87-3.12 µm region. They derived from observations around 3.1 µm (tropospheric) methane mixing ratios consistent with the Gas Chromatograph Mass Spectrometer (GCMS) mea-surements [START_REF] Niemann | The abundances of constituents of Titan's atmosphere from the GCMS instrument on the Huygens probe[END_REF] within a factor of two, at least at low and mid-latitudes. [START_REF] Negrão | Titan's surface albedo variations over a Titan season from near-infrared CFHT/FTS spectra[END_REF] successfully modeled the CH 4 absorption in the 1-2.5 µm region measured by a mid-spectral resolution ground-based spectrometer assuming a constant mixing ratio of 1.8% above the tropopause. The ISO Earth-orbiting observatory also performed observations of Titan's nearinfrared atmospheric bands, mainly from methane. The analysis of [START_REF] Coustenis | Titan's 3-micron spectral region from ISO highresolution spectroscopy[END_REF] shows that ISO's highest altitude probed at 3.3 µm is around 200 km whereas it is about 120 km for shorter wavelengths. They derived CH 4 disk-averaged abundances at the surface not exceeding 3%.

More recently, observations of Titan atmosphere in this spectral region have been taken by the Cassini Visual-Infrared Mapping Spectrometer (VIMS) during the several encounters of the Cassini spacecraft with Titan since late 2004 until present. These observations offer an unprecedented opportunity to study the middle and upper atmosphere of Titan, since the spectra show a wealth of near-infrared emissions, including those of HCN [START_REF] Adriani | Vertical profiles of HCN in Titan's atmosphere from non-LTE emission at 3 microns by Cassini/VIMS observations[END_REF], CH 4 , CH 3 D, C 2 H 2 , and CO [START_REF] Baines | The Atmospheres of Saturn and Titan in the Near-Infrared First Results of Cassini/vims[END_REF][START_REF] Baines | On the discovery of co nighttime emissions on titan by cassini/vims: Derived stratospheric abundances and geological implications[END_REF]. A preliminary analysis of some of the observations in the CH 4 3.3 µm region has been presented by [START_REF] Brown | Observations in the Saturn system during approach and orbital insertion, with Cassini's Visual and Infrared Mapping Spectrometer (VIMS)[END_REF]. They described the major features of the CH 4 emission in this spectral region and deduced a CH 4 volume mixing ratio in the stratosphere of 0.02, although with a rather large uncertainty (50%).

In this paper, we study the Cassini/VIMS 3.3 µm emissions in Titan's mesosphere and thermosphere in more detail. We used spectra collected from tangent altitudes, that is, emission measured at the limb (almost perpendicular to the surface), to better resolve the vertical structure. The major emitter in this spectral region is CH 4 which, because of its large abundance and its rich vibrational spectra, has many weak and strong bands that contribute to these Titan's limb near-infrared emissions. We have developed a sophisticated non-LTE model, based on our previous model for CH 4 and other gases on the Earth's atmosphere [START_REF] López-Puertas | Non-LTE radiative transfer in the Atmosphere[END_REF][START_REF] Funke | Analysis of nonlocal thermodynamic equilibrium CO 4.7 µm fundamental, isotopic and hot band emissions measured by the Michelson Interferometer for Passive Atmospheric Sounding on Envisat[END_REF], which calculates the populations of the CH 4 vibrational levels. The model was adapted to Titan atmospheric conditions and a thorough study of the radiative processes and collisional mechanisms involved has been carried out. This allowed us to analyze in detail the sources of excitation of CH 4 emission from 500 to 1100 km of Titan and, specifically, to quantify the contributions of the different, strong and weak, CH 4 bands to the atmospheric limb radiance. We have used the non-LTE model to derive the CH 4 abundance in Titan upper atmosphere (500-1100 km) from VIMS daytime measurements near 3.3 µm and to address the constrains imposed by the uncertainties in the non-LTE model parameters.

Observational Data

The Visual-Infrared Mapping Spectrometer (VIMS) on board the Cassini spacecraft is an imaging spectrometer capable of obtaining data cubes with up to 64×64 pixels in the spatial field of view, and 352 separate wavelengths for each of these pixels. The angular resolution varies from 0.17×0.17 mrad over the visual (VIS) channel (0.35-1.08 µm) to 0.25×0.5 mrad over the infrared (IR) channel (0.85-5.2 µm). The visible-wavelength portion of the data cube is provided by a frame-transfer CCD. The infrared spectrum beyond 0.9 µm is provided by a single linear array of 256 InSb photo detectors with constant 0.12 mm spacing. The VIMS optics includes a tip/tilt mirror that step-scans the image plane over the entrance aperture of the IR spectrometer. The VIS and IR channels have spectral resolutions of 7 nm and 16 nm, respectively.

More details on the instrument can be found in [START_REF] Brown | The Cassini Visual And Infrared Mapping Spectrometer (VIMS) investigation[END_REF]. In this paper we analyze only the spectral region around 3.3 µm taken in the IR channel, where the spectral resolution is ∼16 nm.

The Cassini spacecraft has visited Titan 45 times during its nominal mission (last flyby, T44, on 28th May 2008) since its arrival at the Saturn system in the fall of 2004. From those measurements, we analyze in this paper the data taken during two flybys: T34 (19 July 2007) and T35 (31 August 2007) (see Table 1).

The calibration (both spectral and radiometric) of the images has been carried out using the last updated VIMS pipeline (RC17), as described in [START_REF] Mccord | Cassini VIMS observations of the Galilean satellites including the VIMS calibration procedure[END_REF], [START_REF] Filacchione | Calibrazioni a terra e prestazioni in volo di spettrometri ad immagine nel visibile e nel vicino infrarosso per l'esplorazione planetaria[END_REF], [START_REF] Filacchione | Saturn's icy satellites investigated by Cassini-VIMS. I. Full-disk properties: 350-5100 nm reflectance spectra and phase curves[END_REF], and [START_REF] Clark | Detection and mapping of hydrocarbon deposits on titan[END_REF]. The instrument noise error in the 3.3 µm region is about 3×10 -8 W m -2 nm -1 sr -1 .

Regarding the spectral calibration, VIMS IR wavelength values vary linearly with the band number, following the expression λ = 0.01668×B --0.7381 µm where B=96-351 for the IR channel. Only a small but clear pattern deviation from that linear fit occurs, which is smaller than 0.1% in the region around 3.3 µm [START_REF] Cruikshank | Carbon dioxide on the satellites of Saturn: Results from the Cassini VIMS investigation and revisions to the VIMS wavelength scale[END_REF].

The geometry of the observations (latitude, longitude, distance from the spacecraft, local time, and phase, emission and incidence angles for each centre pixel for every cube) has been determined using an ad hoc NAIF-SPICE toolkit [START_REF] Acton | Ancillary data services of NASA's Navigation and Ancillary Information Facility[END_REF] that takes into account the VIMS navigation parameters reported in each PDS header taking into account the specific parameters of the VIMS instrument. For each cube, we have collected all the available spectra at tangent altitudes ranging from around 500 to 1200 km. In order to assure the selection of profiles normal to the surface, we have selected the pixels covering the atmosphere with geographical coordinates such that they differ less than 1 • from those of the corresponding pixel at the surface (see [START_REF] Adriani | Vertical profiles of HCN in Titan's atmosphere from non-LTE emission at 3 microns by Cassini/VIMS observations[END_REF] for further details). The coordinates of the tangent height profiles for all cubes analyzed here are listed in Table 1 and plotted in Fig. 1.

We have selected the spectral cubes attending the following criteria. First, since we are interested in the high altitude region (above 400-500 km), where the atmospheric signal is weak, we have selected those cubes with the smallest noise, that is, the largest integration time. Secondly, we selected spectral cubes covering as large as possible a latitudinal range. Thirdly, we tried to have the best vertical resolution as possible, better than ∼100 km. Finally, we selected spectral cubes characterized by a phase angle lower than 60 • both to minimize the stray-light contamination and to have the largest atmospheric signal. Since the emissions we analyzed are excited by absorption of solar radiation, the highest the Sun over the horizon (smaller solar zenith angle, SZA), the largest the expected signal. We stress that daytime measurements during the flybys analyzed are limited to the southern hemisphere and so are the retrieved CH 4 abundances derived in this study. Measurements covering the northern hemisphere were taken during nighttime, where the non-LTE emission vanishes.

The non-LTE Modeling

Description of the non-LTE model

We have adapted the Generic RAdiative traNsfer AnD non-LTE population Algorithm (GRANADA) non-LTE code (described in more detail in [START_REF] Funke | Carbon monoxide distributions from the upper troposphere to the mesosphere inferred from 4.7 µm non-local thermal equilibrium emissions measured by MIPAS on Envisat[END_REF]) to calculate the CH 4 vibrational temperatures for Titan's atmosphere. That model was originally developed for the Earth's atmosphere and uses a generalized scheme for inclusion of radiative and collisional processes for calculating the populations of any specified molecule. The line-by-line radiative transfer calculations within GRANADA are performed with the Karlsruhe Optimized and Precise Radiative transfer Algorithm (KO-PRA) [START_REF] Stiller | Sensitivity of trace gas abundances retrievals from infrared limb emission spectra to simplifying approximations in radiative transfer modelling[END_REF].

The CH 4 molecule has four fundamental modes of vibration: two bending modes (the symmetric v 2 and the asymmetric v 4 ) and two stretching modes (the symmetric v 1 and the asymmetric v 3 ). We will note hereafter the vibrational levels as (v 1 , v 2 , v 3 , v 4 ) or, for simplicity, v 1 ν 1 + v 2 ν 2 +v 3 ν 3 +v 4 ν 4 . Both refer to levels with a total of v 1 , v 2 , v 3 and v 4 quanta in the v 1 , v 2 , v 3 and v 4 modes, respectively. That way, for example, level (0,0,1,2) will also be noted as ν 3 +2ν 4 .

We consider eighteen vibrational levels of the main isotope 12 CH 4 and 4 levels of the second most abundant isotope 13 CH 4 , including their ground levels (see Table 2). Figure 2 shows the energy levels included for the main isotope, that are grouped in "equivalent" levels which have similar energies and therefore are expected to suffer similar collisional processes. Each of these groups is noted hereafter as V * , where *=7.6, 3.3, 2.3 and 2.7 refers to the approximate wavelength corresponding to the mean energy of the levels in the group. It is important to note that, even if we define these groups, we treat each of their levels separately in the non-LTE modeling. We include as well fortyone vibrational bands (see Table 3), out of which radiative transfer between atmospheric layers is calculated for twenty-two.

The inversion of the system of multilevel steady state equations has been performed with GRANADA using the Curtis matrix formalism [START_REF] López-Puertas | Non-LTE radiative transfer in the Atmosphere[END_REF]. GRANADA has also the ability to solve the system using the lambda iteration method. We chose the Curtis matrix formalism because it showed a similar accuracy and it is less computationally expensive.

The spectroscopic data were taken from the HITRAN compilation, 2004 edition [START_REF] Rothman | The HITRAN 2004 molecular spectroscopic database[END_REF] with the addition of data for bands 2ν 3 →ν 3 , ν 2 +ν 3 +ν 4 →ν 2 +ν 4 , ν 3 +2ν 4 →2ν 4 , and 4ν 4 →2ν 4 [START_REF] Wenger | Spherical Top Data System (STDS) software for the simulation of spherical top spectra[END_REF]V. Boudon, private communication, 2009). The solar fluxes have been adapted from SOLAR 2000 [START_REF] Tobiska | The SOLAR2000 empirical solar irradiance model and forecast tool[END_REF], considering the Sun-Saturn distance.

The collisional processes included in our model are listed in Table 4. These processes connect the levels as shown in Fig. 2. Briefly, processes 1a, 1b, 2a and 2b include the thermal relaxation of the bending modes v 2 and v 4 in collisions with N 2 and CH 4 . The most effective of them are collisions between the most abundant N 2 with methane molecules excited in the asymmetric bending mode v 4 (process 1a). Processes 3a and 3b account for the vibrationalthermal, V-T, collisional re-distribution of vibrational quanta among the levels in a given group. The latter also take place mainly in collisions with N 2 (process 3a). Processes 4, 5, and 6 describe the vibrational-vibrational (V-V) coupling between CH 4 levels exchanging v 4 , v 2 , and v 3 quanta, respectively. The most important of these processes affecting the population of the levels are processes 1a, 3a and 4. Process 1a keeps the levels in or close to local thermodynamic equilibrium (LTE), all levels in each group are coupled to each other through the fast thermal collisions with the abundant N 2 (process 3a), and each group is connected to the group with closest energy below mainly through v 4 -quanta exchange (process 4). The latter also couples levels excited in the v 4 mode (v 4 >1) to the ν 4 level (v 4 =1). The rest of the processes have little effect on the vibrational populations.

Figure 3 shows the vibrational temperatures of the CH 4 levels of the main isotope. The vibrational temperature of a vibrational level v is widely used to describe its non-LTE population and is defined as:

T v = - E v kln( nvg 0 n 0 gv ) , ( 1 
)
where n v and n 0 are the number density of the vibrational level v and the ground vibrational state, respectively, and g v and g 0 their degeneracies. E v is the energy of level v, and k is the Boltzmann constant. The pressuretemperature (p-T) profile used is a composition of the Titan's atmosphere engineering model of [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF] below 480 km, scaled to Huygens Atmospheric Structure Instrument (HASI) measurements [START_REF] Fulchignoni | In situ measurements of the physical characteristics of titan's environment[END_REF], and the HASI results above that altitude (hereafter YH-atmosphere).

We smoothed the HASI profile and kept it constant for altitudes higher than 650 km in order to remove the potential effect of dynamics on the thermal structure. The N 2 number densities are those derived from the Huygens probe's GCMS measurements [START_REF] Niemann | The abundances of constituents of Titan's atmosphere from the GCMS instrument on the Huygens probe[END_REF] (freely accesible from http://pdsatmospheres.nmsu.edu) below 500 km and Cassini's Ion Neutral Mass Spectrometer (INMS) measurements [START_REF] Waite | Ion Neutral Mass Spectrometer Results from the First Flyby of Titan[END_REF] for higher altitudes. The CH 4 number density profile below 1050 km is the average of the profiles derived here from VIMS measurements (see section 4). We have extended that profile for altitudes above using the INMS measurements scaled to match our results in the uppermost altitude (1050 km).

The population of the V 7.6 levels (ν 2 and ν 4 ) is completely dominated by V-T processes (mainly through quenching by N 2 , process 1a) from the surface up to about 400 km, where they start to deviate from LTE. Above that altitude, V-T collisions start to be less frequent as the total density decreases and the ν 4 level population is also controlled by absorption of radiation emitted from the warmer layers below. The coupling between ν 2 and ν 4 occurs through the fast collisions with N 2 (process 3a), which affects mainly the population of the more energetic ν 2 level. This level is strongly coupled to ν 4 up to 800 km.

Even if the v 4 -quanta V-V exchange (process 4), which always involves ν 4 , is important for populating and depopulating higher energy levels, it does not affect the population of ν 4 because that is relatively high.

At altitudes below 200 km the quenching by N 2 through process 1a is responsible for keeping the populations of the V 3.3 levels (2ν 4 , ν 2 +ν 4 , ν 1 , ν 3 and 2ν 2 ) close to or in LTE. Above that altitude and up to 700 km, the exchange of v 4 -quanta (process 4) is however more important and completely couples these levels with ν 4 , which is in LTE, up to 400 km. The absorption of solar radiation is also an important mechanism affecting the population of ν 3 above 500 km and ν 2 +ν 4 above 600 km, and, indirectly and only up to 800 km, the rest of the levels in its group (2ν 4 , ν 1 and 2ν 2 ) through the strong coupling due to process 3a. The collisions with N 2 through the latter process efficiently redistribute the energy among the levels within the same group, populating the lower energy levels and depopulating the higher energy ones.

The effect of the collisional processes on the levels in the V 2.3 and V 1.7 groups are analogous to those in V 3.3 . Coupling with the ν 4 level (process 4) is efficient below 500-600 km. Nevertheless, levels in these two groups are out of LTE at all altitudes because, due to their low population, their collisions involving v 4quanta exchange (process 4) and with N 2 through process 1a are not frequent enough. Levels inside each of these groups are strongly coupled among each other up to 500 km due to process 3a. The absorption of solar radiation by the levels in these groups is important at all altitudes.

Figure 4 shows the vibrational temperature of the ν 3 level for solar zenith angles (SZA) from 40 • to nighttime conditions. As the SZA increases, the population of this level decreases. This behavior occurs because the sunlight travels a longer optical path for a larger SZA and, therefore, suffers a larger absorption. The abrupt changes for SZAs larger than 120 • are due to the lack of illumination once the sun sets at those altitudes.

Titan's 3.3 µm non-LTE radiance

We have used the KOPRA radiative transfer code [START_REF] Stiller | Sensitivity of trace gas abundances retrievals from infrared limb emission spectra to simplifying approximations in radiative transfer modelling[END_REF] to simulate CH 4 spectral radiance in the 3.3 µm region. We have included the contribution of all bands in Table 3 and used the level populations calculated for the YH-atmosphere described above (see Fig. 3).

Figure 5 shows the simulations of the Titan's atmosphere limb CH 4 spectra around 3.3 µm at VIMS spectral resolution (∼16 nm) for different tangent altitudes and a solar zenith angle of 60 • . The contributions from the most important CH 4 bands are also shown. The emission is centered at 3315 nm and the P-branch (3350-3450 nm) is more intense than the R-branch (3200-3300 nm), mainly due to the asymmetry of the fundamental band (ν 3 →ground). The width of the spectral region where each of the methane contributing bands emit is similar and their Q-branches (3300-3350 nm) peak at similar wavelengths (always between 3310 and 3360 nm).

Figure 6 shows the corresponding integrated radiance for the whole spectral interval (3210 nm-3450 nm) as a function of tangent altitude. The ν 3 fundamental band dominates the total CH 4 emission above about 750 km. At that altitude, this band is optically thick and the relative contribution to the total emission of the weaker ν 3 +ν 4 →ν 4 first hot band becomes more important, being the main contribution below. The emission from the ν 3 +ν 2 →ν 2 first hot band, the 2ν 3 →ν 3 second hot band and the ν 3 fundamental band of the minor isotope 13 CH 4 are about one order of magnitude smaller than the other two at all altitudes, each contributing 5-8% to the total radiance at 650 km. The ν 3 +2ν 4 →2ν 4 and the ν 2 +ν 3 +ν 4 →ν 2 +ν 4 second hot bands contribute about 5% each at 500 km. The contribution from other CH 4 bands is negligible.

Figure 7 shows the variation of the total CH 4 limb radiance profiles with the SZA. The maximum of the radiance occurs at altitudes around 500 km at all SZAs larger than 90 • . This radiance maximum diminishes as the SZA increases, according to the behavior of the CH 4 vibrational temperatures (see Fig. 4). Nevertheless, the change of the radiances with SZA is not very acute at almost any altitude until around SZA=90 • . At SZAs larger than 90 • , the radiance drastically decreases and, although the atmospheric layers above about 200 km are illuminated until SZA as large as 110 • , the solar radiation does not strongly penetrate at these SZAs.

3.3 Sensitivity of the vibrational temperatures and radiance to model parameters

Effect of the collisional rates

The population of the vibrational levels at altitudes where collisions are important depend on the rates of the collisional processes involved. In this section, we investigate the effect of the uncertainty in the collisional rates on the vibrational temperatures for the YH atmosphere and for a SZA=60 2001), who measured a value of 1.8×10 -11 cm 3 s -1 and 6×10 -11 cm 3 s -1 , respectively, for the levels in the V 1.7 group. We used as the nominal rate the mean of both results and scaled it for the other groups of levels (V 7.6 , V 3.3 and V 2.3 ) according to the harmonic oscillator law. Decreasing this rate tends to decouple each level to the other levels in its group.

The effect on the vibrational temperatures of using the smaller Doyennette et al. (1998)'s rate (Fig. 8) is noticeable below about 1000 km. The ν 3 , ν 2 +ν 3 and 2ν 3 populations increase at all altitudes where the effect of this process is noticeable, with maximum vibrational temperature variations of 7 K at 650-700 km, 6 K at 550 km, and 9 K at 550 km, respectively. The populations of these levels, with high energy in their groups and highly populated due to absorption of solar radiation, particularly above 700 km, increase because of the reduced de-excitation to lower energy levels when decreasing k g,N 2 . Opposite to that behavior, those of 2ν 4 , 3ν 4 and 4ν 4 , with lowest energies of their groups, decrease at all altitudes affected (not shown) because of the reduced de-excitation from higher energy levels. The populations of levels with intermediate energy in each group, like ν 3 +ν 4 (in V 2.7 ) and ν 2 +ν 3 +ν 4 or ν 3 +2ν 4

(in V 1.7
) is also intermediate. Their vibrational temperatures show maximum decrease of 0.5 K at 1000 km, 3 K at 750 km and 5 K at 800 km, and maximum increase of 6 K at 550 km, 3 K at 500 km and 7 K at 500 km, respectively.

These levels are mainly coupled to higher energy levels highly populated by solar absorption in their groups, like ν 2 +ν 3 and 2ν 3 respectively, above 600-800 km, and to the least energetic levels, like 3ν 4 and 4ν 4 respectively, below.

Therefore, the decrease in this rate reduces the number of molecules relaxing to those levels from higher energy levels above those altitudes, decreasing their populations, and from these levels to the lower energy levels below, increasing their populations.

The response of the vibrational temperatures when using the larger rate of Ménard-Bourcin et al. ( 2001) is the opposite, but slightly smaller (not shown),

which is an example of the non-linear response of the vibrational levels populations to changes in the processes rates. Process 3b barely affects the population of the CH 4 levels.

The impact of the change of the rate of process 3a (k g,N 2 ) on the simulated CH 4

3.3 µm (3200-3500 nm) integrated limb radiance is shown in Fig. 9 (red and green lines), which mainly reflects the change in the vibrational temperatures of the ν 3 and the ν 3 +ν 4 levels, the main responsibles of the methane total radiance (see Fig. 6). It is noticeable (>5%) at altitudes below 850 km, where the ν 3 level vibrational temperature starts to be affected by the uncertainty in this process (see Fig. 8) and increases as the tangent height decreases. The radiance change is smaller than 10% above 750 km and smaller than 25% above 650 km. It is maximum around 500 km (45% more radiance when using the smaller rate of [START_REF] Doyennette | Vibrational energy transfer in methane excited to 2?3 in CH 4 -N 2 /O 2 mixtures from laser-induced fluorescence measurements[END_REF] and 20% less radiance when using the larger rate of Ménard-Bourcin et al. ( 2001)), where the maximum contribution of the first hot band (ν 3 +ν 4 →ν 3 ) to the total radiance occurs.

Process 4, representing v 4 -quanta exchange with the ν 4 level, connects levels of different groups containing v 4 -quanta (v 4 =0) and, in fact, is the most important process coupling different groups of levels. Decreasing its rate k vv4 reduces the vibrational energy transfer from the higher energy v 4 -quanta levels to ν 4 , leading to larger populations of the former. Ultimately, that also affects the population of the other levels in their groups through process 3a. For example, a k vv4 decrease translates into larger populations of not only the 2ν 4 level, driven by the slowest V-V exchange with the ν 4 , but also of the other levels in V 3.3 , driven by the lower 2ν 4 population. This behavior is similar for the other groups of levels, except for the V 7.6 group, which population decreases (although not dramatically since the population of ν 4 is more than two orders of magnitude larger than other v 4 -quanta levels). [START_REF] Avramides | Vibrational-vibrational and vibrationaltranslational/rotational processes in methane, oxygen gas-phase mixtures[END_REF] reported a k vv4 value of 4.1×10 -11 cm 3 s -1 . [START_REF] Doyennette | Vibrational energy transfer in methane excited to 2?3 in CH 4 -N 2 /O 2 mixtures from laser-induced fluorescence measurements[END_REF], [START_REF] Hess | Vibration->vibration energy transfer in methane[END_REF][START_REF] Ménard-Bourcin | Rovibrational energy transfer in methane excited to 2v3 in CH 4 -N 2 mixtures from double-resonance measurements[END_REF] also measured this rate and provided values of 9.2×10 -11 cm 3 s -1 , 1.8×10 -11 cm 3 s -1 , and 1.2×10 -11 cm 3 s -1 , respectively. More recently, [START_REF] Boursier | Vibrational relaxation of methane by oxygen collisions: Measurements of the near-resonant energy transfer between CH 4 and O 2 at low temperature[END_REF] reported rates of 2.2, 3.3 and 4.4×10 -11 cm 3 s -1 for the v 4 -quanta exchange involving 2ν 4 , 3ν 4 and 4ν 4 , respectively. We selected a nominal rate of 4.1×10 -11 cm 3 s -1 because, using the CH 4 mixing ratio measured by GCMS [START_REF] Niemann | The abundances of constituents of Titan's atmosphere from the GCMS instrument on the Huygens probe[END_REF], that provided the best fit to VIMS limb radiance at 500-600 km. In that altitude range, methane is still well mixed [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF][START_REF] Lara | Vertical distribution of Titan's atmospheric neutral constituents[END_REF] and the contribution to the signal due to aerosol scattering is not significant, since the measurements are above Titan's haze layer [START_REF] Adriani | Vertical profiles of HCN in Titan's atmosphere from non-LTE emission at 3 microns by Cassini/VIMS observations[END_REF][START_REF] Porco | Imaging of Titan from the Cassini spacecraft[END_REF].

The effect of using the slowest value for k vv4 [START_REF] Doyennette | Vibrational energy transfer in methane excited to 2?3 in CH 4 -N 2 /O 2 mixtures from laser-induced fluorescence measurements[END_REF] is shown in Fig. 10. Since absorption of solar radiation and process 3a dominate the level populations above 700 km, the effect of this rate is only noticeable below that altitude. Maximum changes in the vibrational temperatures are 5 K at 500 km, 4-5 K at 400 km and 2-10 K at 300 km for the the main 3.3 µm emitting levels in the V 3.3 , V 2.3 and V 1.7 groups, respectively. The magnitude of the effect on a level within each of these three groups depends on its coupling with the 2ν 4 , 3ν 4 and 4ν 4 , as the case may be, which are the ones suffering the largest decreases in their populations. For example, the change of the ν 3 +2ν 4 T v is larger than that of the ν 2 +ν 3 +ν 4 because the former is more strongly coupled to 4ν 4 through process 3a, due to their closer energy. below 350 km, in LTE. Since the levels in the V 3.3 group are also completely coupled to 2ν 4 at those altitudes, their populations remain unchanged there (see ν 3 in Fig. 10).

The corresponding change in the limb radiance is shown in Fig. 9 (dark blue line) and occurs at altitudes below 600 km, increasing by 20% around 400 km.

That variation mainly reflects the change in the ν 3 +ν 4 level population because the contribution from the first hot band is significantly larger than from the fundamental band at the tangent heights where the variation in k vv4 affects the ν 3 population (400-600 km).

Current uncertainties in processes 5 and 6 produce changes in vibrational temperature smaller than 0.5 K (not shown).

Effect of p-T profile

We compared the vibrational temperatures and the number densities of the CH 4 levels for two distinct pressure-temperature (p-T) profiles: a) the combined Yelle-HASI profile described in the previous sections (YH-atmosphere); and b) the atmosphere recommended in Yelle's engineering model [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF] (hereafter Y-atmosphere). In order to isolate the effect of the p-T profile, we kept, for this test, the same CH 4 number density for both reference atmospheres. The differences between the total number densities in these two cases are shown in Fig. 11. The Y-Atmosphere is 20% less dense below 500 km, 50% less dense at 650 km and 70% less dense above 800 km.

Figure 12 shows the kinetic temperatures (black lines) and the corresponding vibrational temperatures of the main 3.3 µm emitting CH 4 vibrational levels calculated for these two reference atmospheres. The populations of the CH 4 levels remain essentially unchanged above 1000 km for both atmospheres because they are driven exclusively by absorption of solar radiation at those altitudes. The smaller density of the Y-atmosphere implies a smaller N 2 abundance, which makes collisions through process 3a less frequent and, thus, the energy re-distribution among the levels in the groups less efficient. Therefore, the effect above 600 km behaves as a decrease in the k gN 2 rate. Below that altitude, process 4 is also important and there is an additional effect driven by the ν 4 population. Since the ν 4 level is very close to LTE at those altitudes, the change in kinetic temperature is translated into a similar change in the vibrational temperature of the ν 4 level. The rest of the levels are also affected through their coupling with the ν 4 level (process 4) at those altitudes, particularly, the V 3.3 levels.

The lighter Y-atmosphere increases the ν 3 vibrational temperature 5 K around 750 km. That is also the response of levels ν 3 +ν 4 and ν 2 +ν 3 , although the change is smaller (2 K). In the same way, the 2ν 3 population is 6 K larger for the Y-atmosphere whereas those of the lower energy levels of the V 1.7 group (ν 3 +2ν 4 and ν 2 +ν 3 +ν 4 ) are smaller (2 and 7 K, respectively). The response of the populations is smaller or even the opposite at altitudes below 600 km because it is compensated through the effect of process 4, which directly or indirectly links all levels to ν 4 . The population of the latter at those altitudes is close to LTE and affected by changes in the local kinetic temperature and, therefore, is smaller for the colder Y-atmosphere. That lowers the population of the rest of the levels. The effect of the Y-atmosphere on the emitter levels vibrational temperatures is smaller than 1 K below 600 km, except for ν 3 below 450 km, which is completely coupled to ν 4 at those altitudes (and thus in LTE)

and suffers a maximum decrease of 10 K around 200 km.

These changes in the vibrational temperatures produce a change in the integrated radiance smaller than 10% above 800 km and below 600 km and smaller than 20% at the remaining altitudes (see Fig. 9). This is an important result because the radiance at a given tangent altitude depends on the pressure and temperature structure below that altitude. Note that this effect is different from that directly induced by the pressure and temperature on the number density of the ground state (and hence on the upper state). The former acts through the effectiveness of the excitation process, while the second is induced by the number density of the ground state of the transition.

Effect of the CH 4 abundance

We have also isolated the effect of the CH 4 abundance for a fixed p-T profile. This test demonstrates the need of an iterative methane retrieval scheme in which an update of the vibrational temperatures in each iteration is necessary. We used the YH-atmosphere with two different CH 4 volume mixing ratio (vmr) profiles: the one derived here extended with Cassini-INMS measurements above 1050 km and the one from the recommended model by [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF] merged to a constant vmr below 650 km (see Fig. 17). The difference between these two vmr profiles is 100-200% from 800 to 1200 km (being the one derived here smaller), and it decreases below to be almost the same at 700 km. The vibrational temperatures calculated for these cases are shown in Fig. 13.

The vibrational temperatures barely change except that of the ν 3 level, which is 5 K smaller around 800 km for the larger Yelle CH 4 abundance. That smaller excitation is due to less solar radiation reaching that altitude, reduced at altitudes above by a larger absorption caused by the larger abundance of CH 4 molecules. Below 1100 km, the fundamental band (ν 3 →ground) stops being optically thin and a smaller solar flux reaches the altitudes below (that is why the vibrational temperature of the ν 3 level starts to decrease at that altitude).

In consequence, the absorption of solar radiation decreases at 800 km when increasing the CH 4 abundance above. For the other bands, the sensitivity to a CH 4 density change is less pronounced because they become optically thick at lower altitudes, where collisions are more important.

Figure 9 shows the corresponding effect on the 3.3 µm integrated radiance.

When increasing the CH 4 volume mixing ratio, the number density for most levels show similar changes to that of the ground level. That of ν 3 increases to a lesser extent due the smaller vibrational temperature. Taking into account the non-linear behavior of the limb radiance, the overall increase produced by the [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF] CH 4 volume mixing ratio is 15% at 700 km and 40% at 950 km, i.e., smaller than the corresponding change in the CH 4 abundance.

Analysis of the Measurements and Retrieval of CH abundance

We have analyzed VIMS daytime observations measured during two Titan's flybys, containing 4 different cubes (see Table 1). Our data selection criteria left measurements taken only in the southern hemisphere. Figure 14 by VIMS agrees very well with our simulations at that tangent height. The radiance in the spectral region of 3300-3450 nm (Q-and P-branches) is well reproduced at all altitudes. However, the radiance in the 3200-3300 nm region (R-branch) increases relative to the other branches at altitudes above about 750 km (not shown). The magnitude of that excess of emission is similar to the CH 4 emission in the R-branch for all daytime spectra analyzed. That excess of emission does not originate from CH 4 because all main emitting bands have been included in our calculations and, additionally, no CH 4 band emission can be equally or more intense than that from the main isotope fundamental band at those altitudes. Furthermore, no known CH 4 band shows its maximum intensity between 3250 and 3300 nm nor shows such a large asymmetry between its P-and R-branches. Further analysis of that emission is beyond the scope of this paper. The accurate modeling of the CH 4 component presented here can be then used to isolate and characterize that interfering emission. Thus, in order to avoid systematic errors in our retrievals due to emission not arising from CH 4 , we only used the spectral region covering the Q-and P-branches (3299.5 to 3497.9 nm) at all altitudes.

Figure 15 shows the radiance integrated in the spectral interval used in our retrievals (3299.5-3497.9 nm), approximately the regions of the Q-and Pbranches, averaged over the 20 cases studied at tangent heights from 500 to 1500 km. The figure also shows the noise of a single measurement, which is similar to the signal around 1100 km. Hence, we retrieved methane from VIMS spectra only up to 1050 km.

Titan's limb atmospheric emission has been simulated in the retrieval with the Geofit Broad Band (GBB) radiative transfer code, originally designed for the Earth atmosphere. This code is the self standing version of the forward model internal to the Geo-fit Multi-Target Retrieval (GMTR) system [START_REF] Carlotti | GMTR: Two-dimensional geo-fit multitarget retrieval model for Michelson Interferometer for Passive Atmospheric Sound-ing/ Environmental Satellite observations[END_REF] updated to perform simulations over a broad frequency interval using a line by line cross sections computation. The GBB code has been upgraded

introducing VIMS instrumental characteristics (field of view and spectral instrumental response) along with the possibility to compute the limb radiance in non-LTE. The latter was taken into account using the non-LTE population ratios previously calculated by GRANADA and Eqs. 10 and 14 of [START_REF] Edwards | Non-local thermodynamic equilibrium studies of the 15 µm bands of CO 2 for atmospheric remote sensing[END_REF], that account for the non-LTE absorption coefficients and source function, respectively. The computed radiances have been validated with the non-LTE computations made with the KOPRA radiative transfer algorithm [START_REF] Stiller | Sensitivity of trace gas abundances retrievals from infrared limb emission spectra to simplifying approximations in radiative transfer modelling[END_REF] used in previous sections.

The modified GBB forward model has been included in a retrieval code that exploits the optimal estimation technique [START_REF] Rodgers | Inverse Methods for Atmospheric Sounding: Theory and Practice[END_REF] and the global fit technique [START_REF] Carlotti | GMTR: Two-dimensional geo-fit multitarget retrieval model for Michelson Interferometer for Passive Atmospheric Sound-ing/ Environmental Satellite observations[END_REF] to retrieve he volume mixing ratios (vmr) of Titan's atmospheric gases from VIMS limb radiance. The non-LTE populations of the CH 4 vibrational levels were computed with the non-LTE model described above. The retrieval procedure minimizes the cost function through the Gauss Newton iterative procedure. At each iteration the solution is expressed by

x i+1 = x i + (K T S -1 m K + S -1 a ) -1 (K T S -1 m n -S -1 a (x i -x a )) (2) 
where x i is the vector of the solution at iteration i, K is the jacobian matrix containing the derivatives of the observations with respect to the retrieved parameters, S m is the variance covariance matrix (VCM) of the measurements,

x a and S a are, respectively, the a-priori values of the parameters and their VCM, and n is the vector containing the differences between the observed and the simulated radiances.

In our retrieval code, the derivatives of the spectra with respect to the retrieved parameters (the jacobians, K) have been computed numerically. The spectra have been simulated on a frequency grid of 0.0005 cm -1 , in order to properly model the shape of the lines at the low pressures typical of Titan mesosphere, and then convolved with the VIMS spectral response function. All 3.3 µm CH 4 bands indicated in Table 3 (including those of the 13 CH 4 isotopologue) have been included in the line by line computation. To avoid underestimation of the computed radiances, a very low threshold for the line strength of the lines included in the computation has been used (0.10×10 -32 cm -1 molecule -1 cm 2 at 296 K).

The CH 4 abundance retrieval scheme used consisted in two main loops. In the inner loop, the CH 4 vibrational temperatures were kept constant and the volume mixing ratio was derived using the method described above. After convergence, the vibrational temperatures were updated in the outer loop using the non-LTE model and the vmr retrieved in the previous iteration.

The a priori CH 4 vmr profile used was that derived from GCMS measurements [START_REF] Niemann | The abundances of constituents of Titan's atmosphere from the GCMS instrument on the Huygens probe[END_REF] below 500 km and Cassini-INMS measurements [START_REF] Waite | Ion Neutral Mass Spectrometer Results from the First Flyby of Titan[END_REF] above, and the a-priori errors were set to 100% of the a-priori profile.

We have retrieved a single vmr profile from each single spectra profile, with SZA limited to 70 • to avoid inhomogeneties of non-LTE. In total 20 observations coming from 4 different VIMS cubes have been analysed (see Table 1). The retrieved individual CH 4 volume mixing ratio profiles are shown in ) and from uncertainties in the assumed pressure-temperature. From the analysis in section 3.3, overall they are estimated to be 7% at 1050 km, 25% at 850 km and 60% at 650 km. These are significantly larger than systematic instrumental errors.

Figure 16 also shows the mean retrieved CH 4 profile, with a standard deviation ranging from 1200 ppmv at 650 km to 7000 ppmv at 1050 km. Except for two outlier profiles, the retrieved methane profiles are rather compacted, which suggests a weak dependence of the methane abundance on latitude. Our mean profile also suggests that the CH 4 abundance does not strongly deviate (less than 30% up to 850 km and less than 60% up to 1050 km) from its well mixed value of 1.4×10 4 ppmv around 600 km.

We have compared our results with those from models and other measurements. Figure 17 shows comparisons between the average CH 4 volume mixing ratio profile derived here with those from the [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF] recommended and maximum engineering models, the [START_REF] Wilson | Current state of modeling the photochemistry of Titan's mutually dependent atmosphere and ionosphere[END_REF], the updated In order to reduce the errors originated by the assumed p-T profile, we have also compared the CH 4 number density profiles, calculated using the retrieved volume mixing ratio and the p-T profile described in Section 3.1. Note that the errors due to the p-T profile are not completely avoided since they also propagate through the modeling of the levels non-LTE populations. The comparisons are shown in Fig. 18. The methane number density retrieved in this work is within the range of the values in [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF] (between their recommended and their minimum models below 700 km and between the recommended and their maximum models above). Our methane number density measurements agree very well with the calculations from the updated [START_REF] Lara | Vertical distribution of Titan's atmospheric neutral constituents[END_REF] model up to 700 km. It is larger (up to 50%) at altitudes above.

The measurements from Voyager reported in [START_REF] Vervack | New perspectives on titan's upper atmosphere from a reanalysis of the voyager 1 uvs solar occultations[END_REF] are also about 50% smaller above 900 km. Measurements from the Cassini Ultraviolet Imaging Spectrometer (UVIS) [START_REF] Shemansky | The Cassini UVIS Stellar Probe of the Titan Atmosphere[END_REF] show up to 50% larger values below 650 km and up to 50% smaller above.

Summary and Conclusions

We have analyzed Cassini-VIMS 3. • Absorption of solar radiation is the only excitation mechanism controlling the population of levels containing v 3 -quanta above 1000 km.

• Collisions between methane and molecular nitrogen which redistribute the vibrational energy among the levels in each vibrational level group is the most important collisional process determining the populations of the levels with v 3 -quanta. This process affects their populations at altitudes below 1000 km.

• Vibrational-thermal (V-T) collisions relaxing excited molecules to lower energy groups do not play a major role on the populations of the CH 4 levels, except for ν 4 and ν 2 , for which they are important and keep them very close to LTE below 500 km.

• Vibrational energy exchange of v 4 -quanta is important below 500 km and couples the high energy levels with the ν 4 state. Levels in group V for the rate of these collisions.

• Uncertainties in the collisional rates (mainly in the redistribution of vibrational energy in N 2 collisions, and also in vibrational energy exchange of v 4 -quanta below 600 km) yield vibrational temperature errors of up to 8 K, 5 K and 9 K of ν 3 , ν 3 +ν 4 and 2ν 3 , respectively. The pressure-temperature structure affects the vibrational temperatures through the nitrogen number density above 600 km and through the temperature profile below. The vibrational temperatures increase 5 K for ν 3 and 2ν 3 and 2 K for ν 3 +ν 4 at 700 km due to the change from the pressure-temperature profiles assumed in this work to that of [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF].

Using the non-LTE model, we have simulated 3.3 µm Titan's limb radiance at VIMS spectral resolution from 350 to 1100 km and found that:

• The daytime radiance maximum occurs around 500 km and moves slightly upwards with increasing solar zenith angle, peaking at 700 km at SZA=100 • .

• The main contributor to the total limb radiance is the CH 4 v 3 fundamental band (ν 3 →ground) above 750 km and the ν 3 +ν 4 →ν 4 first hot band below.

The contribution from the ν 3 +ν 2 →ν 2 first hot band range from 5 to 8% at altitudes below 800 km. Emission from the 13 CH 4 isotope fundamental band is 7% of the total around 600-700 km and about 5% below. Contribution from the 2ν 3 →ν 3 band is about 5% below 750 km. Contribution from other weaker bands (ν 2 +ν 3 +ν 4 →ν 2 +ν 4 and ν 3 +2ν 4 →2ν 4 ) add from 5% at 650 km to almost 10% of the total radiance at 400 km. The latter strengthens the importance of modeling those bands for an accurate analysis of methane 3.3 µm radiance.

• Errors in the simulated radiance arising from uncertainties in the collisional rates are 5% above 900 km, 25% at 600 km and 50% at 400 km. The radiance sensitivity study to the pressure-temperature shows changes from the profile assumed here to that from [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF] of 4% above 900 km, 17% at 650 km, and 10% below.

We have compared our radiance simulations with measurements of Titan's 3.3 µm Cassini-VIMS limb daytime emission and found that methane spectra alone is not able to explain the shape of the VIMS 3.3 µm spectra. An emission not originating from CH 4 overlaps the CH 4 v 3 R-branch. This emission is present in all daytime spectra analyzed above 800 km. The spectral position, tangent altitudes and magnitude of the emission allow us to assure that it is not due to missing CH 4 bands in our simulations. Further analysis on that emission will be subject of a future work.

We have retrieved methane abundance in the southern hemisphere from Cassini-VIMS 3.3 µm measurements on the P-and Q-branches considering non-LTE.

Our results show no significant latitudinal methane variation. The average retrieved methane volume mixing ratio does not vary strongly with altitude.

Below 850 km, it deviates less than 30% from the value at the lower limit of our retrieval and shows a slightly larger gradient above, reaching 2.5×10 4 ppmv around 1000 km. Typical noise errors of the retrieved profiles are 10-15% whereas systematic errors (coming mainly from uncertainties in the collisional rates and pressure-temperature) are 7%, 25% and 60% at at 1050, 850 and 650 km, respectively. Comparisons with measurements from other instruments 

  shows mean the VIMS measured spectrum in the 3.3 µm region during daytime (solid line) at a tangent height of 650 km. The spectrum has been averaged from 20 individual spectra covering solar zenith angles from 42 • to 70 • and interpolated in tangent height. The simulated non-LTE methane spectrum (dashed black line) is also shown, calculated at a tangent height of 650 km and for SZA=60 • , using the CH 4 abundance retrieved in this work (see below). The shape of the complete CH 4 3.3 µm band (3200-3450 nm) measured

Fig. 16 .

 16 Fig. 16. Typical noise retrieval errors for the individual profiles range from 1000 to 2000 ppmv (10-15%). The systematic errors in the retrieved profiles come mainly from the uncertainty in the non-LTE parameters (mainly

  3 µm limb radiance measured in Titan's upper atmosphere(450-1100 km). These emissions mainly originate from the strong methane v 3 band and, due to the low atmospheric density at those altitudes, they are far from local thermodynamic equilibrium (LTE). We have developed a sophisticated non-LTE model for methane in Titan after the adaptation of the Generic RAdiative traNsfer AnD non-LTE population Algorithm (GRANADA) code for the Earth described in[START_REF] Funke | Analysis of nonlocal thermodynamic equilibrium CO 4.7 µm fundamental, isotopic and hot band emissions measured by the Michelson Interferometer for Passive Atmospheric Sounding on Envisat[END_REF]. Our model calculates the non-LTE populations of 18 CH 4 vibrational levels of the main CH 4 isotope and 4 of the 13 CH 4 minor isotope. Our main findings regarding the behavior of the non-LTE populations during daytime are:

Fig. 2 .

 2 Fig. 1. Section of Titan's atmosphere showing the geolocations and the vertical distribution of the spectral mapping cubes listed in Table 1. The observations refer to the TA (open squares), T34 (open circles) and T35 (grey crosses) Titan encounters. The view of Titan in the center corresponds to encounter TA, representing the Titan opposite side with respect to the prime meridian one. Tangent altitudes (grey dashed lines) are plotted every 500 km.

Fig. 3 .

 3 Fig. 3. Nominal vibrational temperatures of the main isotope levels of CH 4 for the YH-atmosphere (see text) and SZA=60 • . Kinetic temperature is shown in black.

Fig. 4 .

 4 Fig. 4. Vibrational temperatures for the ν 3 level for different solar zenith angles (colors correspond to the values shown in the legend). Kinetic temperature is shown in black.

Fig. 5 .

 5 Fig. 5. Titan CH 4 limb simulated spectra around 3.3 µm at the tangent height shown. The contribution of each band (colors) as well as the total (black) are plotted.

Fig. 6 .

 6 Fig. 6. Left: Integrated radiance of main CH 4 bands emitting at 3.3 µm. Colors are the same as in Fig. 5. Right: Relative contribution of CH 4 bands to total radiance.

Fig. 7 .

 7 Fig. 7. Dependence of the CH 4 3.3 µm band integrated radiance on solar zenith angle (Left: Profiles for the solar zenith angles indicated in colors; Right: Ratio of each profile with respect to that corresponding to SZA=60 • .)

Fig. 10 .

 10 Fig. 10. Effect of k vv4 on the CH 4 vibrational temperatures of the main 3.3 µm emitting levels at SZA=60 • . Solid: Nominal rate (Avramides and Hunter, 1983); dashed: Rate from Doyennette et al. (1998). Kinetic temperature is shown in black.

Fig. 11 .

 11 Fig. 11. Comparison of the total number density of the Yelle-HASI (YH) atmosphere (solid) and the Yelle (Y) atmosphere (dashed). Their relative difference (YH-Y) is shown in the right panel.

Fig. 12 .

 12 Fig. 12. Sensitivity of the vibrational temperatures of the main 3.3 µm CH 4 emitting vibrational levels (see labels) for SZA=60 • to the pressure-temperature structure (solid: YH-atmosphere; dashed: Y-atmosphere). The black lines show the corresponding kinetic temperature profiles.

Fig. 13 .

 13 Fig. 13. Sensitivity of the CH 4 vibrational temperatures of the main 3.3 µm emitting levels to the CH 4 abundance at SZA=60 • (solid: this work extended with INMS above 1050 km CH 4 vmr; dashed: Yelle recommended CH 4 vmr merged to a constant value below 650 km; see Fig.17).
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Fig. 14 .Fig. 15 .

 1415 Fig. 14. VIMS mean daytime spectrum (red line) and methane simulated radiance (dashed) in the 3.3 µm region at 650 km. The simulated spectrum fits the measurements in the complete CH 4 band at this tangent height.

  3.3 (2ν 4 , ν 2 +ν 4 , ν 1 , ν 3 and 2ν 2 ) are in LTE below 400 km due to this process. Based on our simulations of Titan's 3.3 µm emission, we suggest a value of 4.1 cm 3 s -1

  Radiative transfer. RT: full radiative transfer among atmospheric layers included. Sun: The absorption of solar radiation in this band is important (i.e., A 21 >> l t , where A 21 is Einstein coefficient for spontaneous emission of the vibration-rotation band and l t is specific loss of the upper level of the transition due to collisions).

	Table 3 CH 4 vibrational bands included in the model.		
	Group	Upper level Lower level ν0 (cm -1 ) RT †
	-	ν 2	ν 4	222.58	
	7.6 µm	3 ν 4	2ν 4	1274.50	
		2ν 4	ν 4	1285.24	RT
		4ν 4	3ν 3	1290.60	
		ν 2 +2ν 4	ν 2 +ν 4	1293.00	
		ν 2 +ν 4	ν 2	1296.66	
		ν 4	ground	1310.76	RT
		ν 2 +ν 3 +ν 4	ν 2 +ν 3	1321.00	
		ν 1	ν 2	1383.66	RT
		ν 3	ν 2	1485.58	
	6.5 µm	ν 2 +ν 4	ν 4	1519.24	
		2ν 2	ν 2	1528.66	RT
		ν 2	ground	1533.34	RT
		ν 1 +ν 2 +ν 4	ν 1 +ν 4	1551.50	
		ν 1	ν 4	1606.24	
		ν 3	ν 4	1708.16	
		2ν 2	ν 4	1751.24	
	3.3 µm	3 ν 4	ν 4	2559.74	
		4ν 4	2ν 4	2565.10	RT
		2ν 4	ground	2614.25	RT, Sun
		ν 2 +ν 4	ground	2838.20	RT, Sun
		2ν 3	ν 3	2986.07	RT, Sun
		ν 1	ground	2916.48	RT
		ν 3 +2ν 4	2ν 4	2992.00	RT, Sun
		ν 2 +ν 3	ν 2	3006.66	RT
		ν 3	ground	3019.49	RT, Sun
		ν 3 +ν 4	ν 4	3029.24	RT
		ν 2 +ν 3 +ν 4	ν 2 +ν 4	3031.00	RT
		2ν 2	ground	3064.39	RT
	2.3 µm	3 ν 4	ground	3870.00	RT, Sun
		ν 2 +2ν 4	ground	4123.00	
		ν 1 +ν 4	ground	4223.50	RT, Sun
		ν 3 +ν 4	ground	4340.00	RT, Sun
		ν 2 +ν 3	ground	4540.00	RT, Sun
	1.7 µm	4 ν 4	ground	5161.10	
		ν 3 +2ν 4	ground	5588.00	RT, Sun
		ν 1 +ν 2 +ν 4	ground	5775.00	
		ν 2 +ν 3 +ν 4	ground	5861.00	Sun
		2ν 3	ground	6004.99	RT, Sun
	7.6 µm (iso=2)	ν 4 (62)	ground	1292.00	RT
		2ν 4 (62)	ν 4	1296.16	RT
	3.3 µm (iso=2)	2ν 4 (62)	ground	2588.16	RT
		ν 3 (62)	ground	2999.06	RT
	†				

Table 4

 4 Collisional processes included in the CH

4 model.
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show that our retrieved VIMS CH 4 number densities are 10 to 50% smaller than the [START_REF] Shemansky | The Cassini UVIS Stellar Probe of the Titan Atmosphere[END_REF] Cassini-UVIS measurements below 650 km and 10 to 50% larger than results from Voyager [START_REF] Vervack | New perspectives on titan's upper atmosphere from a reanalysis of the voyager 1 uvs solar occultations[END_REF] and from Cassini-UVIS [START_REF] Shemansky | The Cassini UVIS Stellar Probe of the Titan Atmosphere[END_REF] above. Our derived methane volume mixing ratio is within the limits of the [START_REF] Yelle | The Yelle Titan atmosphere engineering models[END_REF] model and in excellent agreement with the [START_REF] Krasnopolsky | A photochemical model of Titan's atmosphere and ionosphere[END_REF], the updated [START_REF] Lara | Vertical distribution of Titan's atmospheric neutral constituents[END_REF] and the [START_REF] Müller-Wodarg | Horizontal structures and dynamics of Titan's thermosphere[END_REF] models. It is smaller than calculations from [START_REF] Wilson | Current state of modeling the photochemistry of Titan's mutually dependent atmosphere and ionosphere[END_REF] at all altitudes. VIMS measurements support those models which show a weak deviation from well mixed values from the lower atmosphere up to 1000 km. 

Same as for process 1a [START_REF] Siddles | The vibrational deactivation of the bending modes of CD 4 and CH 4 measured down to 90 k[END_REF] 2b

Same as for process 1a [START_REF] Siddles | The vibrational deactivation of the bending modes of CD 4 and CH 4 measured down to 90 k[END_REF] 3a -11 with:

This work

Redistribution of (v

with: 

Avramides and Hunter (1983) 5

This work [START_REF] Hess | Vibration->vibration energy transfer in methane[END_REF])

if i =j [START_REF] Hess | Vibration->vibration energy transfer in methane[END_REF])

for the rest [START_REF] Hess | Vibration->vibration energy transfer in methane[END_REF] i and j refer to CH 4 isotopes.

k and l refer to two levels of the same group (see Table 2). Right: Ratio with respect to the nominal radiance. (1996) (dark blue), Voyager measurements [START_REF] Vervack | New perspectives on titan's upper atmosphere from a reanalysis of the voyager 1 uvs solar occultations[END_REF]) (red), and UVIS measurements [START_REF] Shemansky | The Cassini UVIS Stellar Probe of the Titan Atmosphere[END_REF] (light blue).