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Titan was observed with the Adaptive Optics Bonette at the Canada–France–Hawaii Telescope during October 27th 1998 (UTC), when the satellite was at greatest eastern elongation (GEE) with respect to Saturn and its leading hemisphere was seen from the Earth. The seeing was excellent during these observations (with peaks at 0.3 in the visible), and this allowed us to successfully image Titan for the first time in the J band, where the adaptive optics correction is highly dependent on the atmospheric conditions. Images were obtained in the center of the so-called “methane windows,” where the absorption is weak (at 1.29 –J1– and 1.6 µm –H1–) and also in the wings of the CH4 bands (at 1.18 µm –J2– and 1.64 µm –H2–) with narrowband filters. The latter wavelengths yield information on Titan’s stratosphere and allow us, by subtracting its contribution from the J1 and H1 images, to infer furthermore direct information on the surface properties. The resolution on the J and H diffraction-limited images is about 0.08–0.1 , translating into about 10 independent resolution elements or 20 pixels on the Titan disk. We have obtained reconstructed PSFs of very high signal-tonoise ratio, with associated Strehl ratios of about 35% in J and 50% in H. Hence, new and more efficient deconvolution methods (such as MISTRAL) were applied to the images, reducing ringing defects and restoring the initial photometry while enhancing the contrast on the observed features. Thus, the main features of the Titan atmosphere (bright south pole) and surface (large bright equatorial region



and darker areas)—as previously observed with ADONIS/ESO, as well as with the HST and the Keck telescopes—are apparent, but with a much higher level of detail and contrast (about 30%) at these wavelengths. In addition, on the J1 and J2 images, along with the north–south asymmetry (which is probably due to seasonal effects), another bright feature is reported for the first time seen on Titan’s morning limb (anti-Saturn during GEE). This feature may be diagnostic of diurnal effects (such as morning fog) at altitudes of 70–90 km (due to the cycle of the condensable species), but requires further investigation before its origin can be firmly identified. On the surface images (corrected for limb effects and atmospheric contribution), the large equatorial feature is found to be bright also at 1.3 µm (thus further constraining models of the surface composition). The high quality of the data allows us to resolve this area into three or more individual peaks, possibly towering over a mountainous plateau covered with ice (a plausible candidate being ethane ice). In any event, our images show this part of Titan’s leading hemisphere to be more complex than previously suggested by models of Titan’s surface. From our albedo maps, it appears that the darker areas have reflectances that are about three times lower than the bright equatorial region. c 2001 Elsevier Science (USA) 
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1. INTRODUCTION



Observations of Titan in the near infrared have been continuously exercised from the ground for almost a decade now, bringing new, exciting information on the atmosphere and surface of the satellite. In combination with images from the HST, the Earth-based Titan data place constraints on the possible nature of a surface that has avoided direct detection in the visible even by space missions due to a very efficient backscattering by stratospheric aerosols. In contrast, in the near-infrared, the scattering optical depth of the Titan haze is smaller than in the visible or the ultraviolet (by factors of 3–10) (Rages et al. 1983; Tomasko 1984; Griffith et al. 1991). The submicrometer particles scatter light more efficiently at shorter than at longer wavelengths. Furthermore, the atmospheric regions reached by the incident light depend essentially on the strength of the methane absorption bands. This absorption varies considerably with wavelength, thus giving access to different altitude levels that can be probed in the atmosphere. There exist in the near-IR several spectral windows where the absorption of methane is weak enough and the atmosphere sufficiently transparent to allow sounding of the surface. Due to its small angular diameter (0.8 arcsec), comparable to the mean value of the seeing at good observing sites, Titan can be spatially resolved from the Earth’s orbit only thanks to the HST (Smith et al. 1996; Meier et al. 2000) and from the ground by means of adaptive optics in the near-infrared (as was demonstrated when the first spatially resolved images of the satellite were obtained using the ADONIS prototype (COMEON) by Saint-P´e et al. (1993)), or by speckle imaging (Gibbard et al. 1999). In the case of Titan, the adaptive optics and speckle images efficiently compete with observations made by the HST (e.g., Combes et al. 1997a). The ADONIS adaptive optics system, located at the ESO telescope in Chile, has previously been used for Titan observations in the H and K bands since 1994 (Combes et al. 1997a). Titan’s atmosphere is less affected by scattering at 2 µm than at shorter wavelengths. As a consequence, we first observed Titan with ADONIS in the 2-µm band despite a lower incoming solar flux. Since then, taking the Earth’s atmospheric transmission into account, ADONIS has covered various orbital phases on Titan and different wavelength regions (around 1.6 and 2.0 µm), with narrowband filters situated in the methane atmospheric windows (H1 and K1), that is, outside the strong methane absorption bands. We have also acquired data in the wings of these bands (H2 and K2) in order to retrieve information on the Titan atmospheric properties at these wavelengths and to be able to constrain the atmospheric contribution on our images. Subtracting the “atmospheric” images from the “window” images gives us access to Titan’s surface. Both the leading and the trailing hemispheres of Titan were observed with ADONIS. The 2-µm surface images (Combes et al. 1997a) showed a broad bright equatorial region on Titan’s leading hemisphere centered near 114◦ LCM, extending



over roughly 30◦ in latitude and 60◦ in longitude in accordance with HST results (Smith et al. 1996) and spectroscopic measurements indicative of a much brighter leading rather than trailing side (Lemmon et al. 1993; Griffith 1993; Coustenis et al. 1995). This region was resolved into several (3 or perhaps more) distinct areas. The surface of Titan’s trailing hemisphere at 2.0 µm as seen on the ADONIS images was not completely dark, but showed bright zones near the poles, with the larger and brighter (by factors of about 2) area near the north pole (Combes et al. 1997a). ADONIS was also used in 1995, 1996, and 1997 to observe Titan in the H and K bands, with the H1, H2, K1, and K2 narrowband filters (at 1.6, 1.65, 2.0, and 2.2 µm) and with circular variable filters (CVFs) during several consecutive nights (Combes et al. 1997b). Titan was not observed with ADONIS in the windows near 1 µm, due to the system’s limited efficiency at short wavelengths. Observing Titan at short wavelengths with adaptive optics, thus complementing the ADONIS observations, became possible with the advent of PU’EO at the CFHT. 2. THE PU’EO ADAPTIVE OPTICS IMAGES



2.1. Adaptive Optics Systems Adaptive optics (AO) was developed in order to compensate in real time for the effects of the atmospheric turbulence on the imaging quality and to restore nearly diffraction-limited images (Gendron and L´ena 1994, 1995). The improved resulting images can be furthermore optimized by means of a posteriori deconvolution by the point spread function (PSF) at the time of the observations. In imaging Titan, we used two different AO systems, both developed with the contribution of the Space Research Department of Paris Observatory (DESPA). In the first one, ADONIS, implemented on the 3.6-m ESO telescope in Chile (Rigaut et al. 1991; Saint-P´e et al. 1993), the departures of the actual wavefront from its ideal figure are continuously measured in a set of subapertures into the telescope pupil by a Shark–Hartmann wavefront sensor using a CCD detector array. They are compensated at high time rate by opposite phase variations through deformations of a very thin mirror, induced by linear motors in a set of discrete points conjugated with the subapertures. The PSF is obtained from stellar images recorded just before and after the acquisition of Titan (some seconds of exposure time). ADONIS is well adapted for correcting significant phase defects for a large number of spatial modes of the wavefront distorsions. It is then well adapted for observations at wavelengths of 1.6 or 2 µm and longer, on observing sites of moderate seeing quality. The second one, PU’EO, implemented on the 3.6-m CFH telescope at Mauna Kea (Lai et al. 1997; Rigaut et al. 1998), is based on a different concept proposed first by Roddier et al. (1988). The defects of the wavefront are determined by the sensing of the local curvatures of the wavefront using Avalanche Photo
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Diodes (ADP) as detectors. Their compensations are obtained by local curvatures of a deformable mirror. The PSFs are derived directly from the data accumulated by the wavefront analyzer during the Titan exposures (V´eran et al. 1997). PU’EO is optimized for limited phase corrections and for low spatial orders of the wavefront distortions, but the use of the ADPs instead of the CCD allows for faster corrections. PU’EO takes full advantage of the usually excellent seeing conditions on Mauna Kea. It is then more efficient than ADONIS at shorter wavelengths, and in particular, in the case of Titan, in the near-1-µm methane windows. In both cases, Titan is sufficiently bright and its angular diameter as seen from the Earth (0.854 arcsec on Oct. 26th) is sufficiently small to be used itself as the reference source for the wavefront analyzer. For a detailed description of the PU’EO adaptive optics system and the associated camera KIR, visit http://www.cfht.hawaii.edu/ instruments. 2.2. PU’EO Observations of Titan We observed Titan with PU’EO at the CFHT on October 26th, 1998 Hawaiian local time (October 27, 7–13 h UTC), when Titan was at greatest eastern elongation (GEE) with respect to Saturn and the leading hemisphere was visible. Titan’s diameter in the sky was 0.856 arcsec. The phase angle of our 1998 PUEO observations is −0.502◦ , if the Sun is considered to be the origin of the phase angle (that is, in a Sun–Titan–Earth configuration). This is indeed a small phase, but not zero, and from the work of Lockwood et al. (1986) on the albedo dependence on phase angle we might expect that there could be a visible effect in disk-resolved images. The subsolar point coordinates were latitude = −15.5◦ and longitude = 92◦ . The subsolar point being located to the right (to the east-map) of the sub-Earth point, the phase effect would result in the eastern hemisphere (sub-Saturn at GEE) exhibiting an east-map (or evening) limb brightening. As with ADONIS, the observing procedure consists of a set of elementary Titan images with very short exposure times (typically 1 s) recorded alternatively on two different quadrants (C1 and C3) of the bidimensional detector array (KIR) thanks to an internal scanning (on–off) mirror. The pixel size of the KIR camera is 0.035 arcsec. During our observing night, we benefited from exceptionnally good seeing conditions, with peaks at 0.25 arcsec in the visible. The data sets from our observations of Titan and of the standard star used in photometry (see Section 3.2) are described in detail in Table I. In this study we have mainly used the higher-quality images taken between 7:00 and 10:00 h UTC on Oct. 27th, when the seeing was better than 0.5. The atmospheric conditions allowed us to obtain diffractionlimited images in the 1.28- and 1.6-µm windows and in the methane bands. To our knowledge, the J band at this wavelength was observed for the first time. Our narrow-band filters (Fig. 1)
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TABLE I Titan and Standard Star Observations on October 27th, 1998 UTC Time (UTC)



Object



Filter



Seeing in arcsec



07:01 07:06 07:14 07:34 08:04 08:06 08:17 08:30 08:41 08:53 09:00 09:13 09:21 09:39 10:08 10:18 10:32 11:37 11:59 12:12 12:47



HD152740 HD152740 Titan Titan HD152740 HD152740 Titan Titan HD152740 HD152740 HD152740 HD152740 Titan Titan FS4 FS4 FS4 FS4 Titan Titan FS4



H1 H2 H2 H1 J1 J2 J2 J1 J1 J2 H1 H2 H2 H1 H1 H2 J1 J2 J2 J1 J2



0.29 0.38 0.44 0.30 0.32 0.36 0.25 0.31 0.33 0.29 0.50 0.41 0.54 0.50 0.50 0.85 0.91 1.01 0.98 1.02 1.01



are centered at 1.293 µm (J1), 1.59 µm (H1), 1.18 µm (J2), and 1.636 µm (H2). The full-width at half-maximum (FWHM) on these filters is about 0.15 µm for J1 and H1 and 0.10 µm for J2 and H2 (Table II). As can be seen in Fig. 1, the separation of the H1 and H2 filters is not as efficient as between J1 and J2. Hence, the H2 filter includes some contribution from the surface component of Titan. 2.3. The Point Spread Functions The PSFs were obtained using the automatic AO PSF reconstruction method described in V´eran et al. (1997) and implemented at CFHT. Unlike the traditional empirical method that relies on acquiring a guide star just after or before the science exposure, the CFHT automatic method derives the PSF directly from data accumulated by the AO system during the science exposure. Not only does this method not waste any observing time, it is also not affected by the short term seeing fluctuations, TABLE II Characteristics of the Filters and Other Parameters Filter name



Wavelength center ±1/2 FWHM (µm)



J1 J2 H1 H2



1.293 ± 0.075 1.180 ± 0.05 1.590 ± 0.071 1.636 ± 0.05



Region probed Atmosphere and surface Atmosphere Atmosphere and surface Atmosphere mainly (and surface)



Averaged geometric albedo 0.24 ± 0.025 0.12 ± 0.01 0.18 ± 0.02 0.09 ± 0.01
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FIG. 1. The J1, J2, H1, and H2 narrowband filters (dashed lines) and their position with respect to the methane windows in Titan’s atmosphere, represented by spectra (full lines) from Coustenis et al. (1995). The dotted lines were obtained by multiplying the Titan spectra with the profiles of the filters used in our imaging. In the case of the atmospheric images, the maximum flux is displaced with respect to the filters’ center, by +0.04 µm for J2 and −0.045 µm for H2.



and therefore the recovered PSF is very accurate, especially for bright objects such as Titan. The retrieved resolution on our images is on the order of 0.1 arcsec in H and 0.08 in J, translating into about 10 independent resolution elements or 20 pixels on the disk for the raw images (Table III). Our high-resolution raw images in the J and H bands are shown in Fig. 2 along with the diffractionlimited PSFs, which carried a very high signal-to-noise ratio. The associated Strehl ratios were quite good, about 30–35% in J and 45–50% in H (Table III). 2.4. Orientation of the Images and Longitude Notation There are two orientation conventions that are usually used in the various papers related to spatialy resolved images of Titan: the astronomical convention with north up and east-sky to the left of north and the cartographic—or geographic—convention TABLE III Characteristics of the Point Spread Functions Filter–quadrant



Wavelength (µm)



Strehl ratio



FWHM (arcsec)



J1–C1 J1–C3 J2–C1 J2–C3 H1–C1 H1–C3 H2–C1 H2–C3



1.293 1.293 1.18 1.18 1.59 1.59 1.636 1.636



0.313 0.354 0.289 0.320 0.460 0.491 0.459 0.438



0.085 0.084 0.078 0.078 0.098 0.097 0.100 0.100



with north up and east-map to the right of north. Both conventions are identical in the projections of the images. They differ only in wording. HST papers (Smith et al. 1996; Meier et al. 2000) and Combes et al. (1997a) use the cartographic description, whereas Gibbard et al. (1999) use the astronomical one. Given Titan’s synchronous rotation, the sub-Saturn point is fixed and Titan’s rotations around itself and around Saturn are counterclockwise when seen from the north. The sub-Saturn meridian is used by all of the authors as the origin of longitudes (L = 0◦ ). Then the Titan leading hemisphere is always facing Earth at GEE and the trailing hemisphere at greatest western elongation (GWE). The morning limb is then the anti-Saturn (west-map, east-sky) one at GEE and the sub-Saturn (west-map, east-sky) at GWE. In articles dealing with Titan spectra, the longitude of central meridian (LCM) convention is always used and hence there is no confusion. The reports of the authors dealing with Titan images differ mainly in longitude notations. HST articles (Smith et al. 1996; Meier et al. 2000) used geographical longitudes, with their maps centered at L = 180◦ and east-map longitudes increasing to the right and west-map longitudes increasing to the left, the latter noted L ◦ (W) or −L ◦ . On the Gibbard et al. (1999) images, longitudes increase toward east-sky (to the left of north), with the reported dark regions at longitudes of 150–160◦ (S. E. Gibbard, private communication, 1997), which is the same as using the LCM system (with longitude increasing toward the west-map according to the IAU cartographic convention) as Combes et al. (1997a) did. Similarly to the latter authors, in this paper we use the cartographic
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FIG. 2. Raw images of Titan taken at 1.29 (J1) and 1.18 (J2) µm, as well as at 1.6 (H1) and 1.64 (H2) µm with PU’EO, along with the associated PSFs, in surface representations, clearly showing the Airy rings, indicative of achieving the diffraction limit. In the figures containing Titan images, north is up and east-map is to the right (see Section 2.3 for explanations on the conventions).



convention (north up and east-map to the right of north) and the LCM system. Note that the cylindrical projection maps and/or orthographic projection hemispheric images published by the four teams are very similar and hence in agreement (e.g., Fig. 7 of Combes et al. 1997a), with bright and darks spots seen on the same locations and rotating at the same rate from west-map to east-map. This was confirmed between this paper’s images and HST images (Smith et al. 1996) on a map projection (R. D. Lorenz, private communication, 2000). For further information and to view some explicative images associated with this subject, the reader is invited to visit our Web site (http://despa.obspm.fr/ planeto/titan oa.html). 3. DATA PROCESSING



We have carefully applied sophisticated reduction processes to our data. The elementary images were first corrected for the sky contribution by subtracting the images recorded in the detector quadrant after a Titan pose and while Titan is being recorded in the adjacent quadrant (that is, we record Titan in C1, then in C3 while the sky is recorded in quadrant C1). This method of interleaving Titan and sky elementary exposures is very efficient since the sky brightness in the near-infrared is known to vary rapidly. The elementary images of each quadrant are then co-added, with the sky brightness subtracted, resulting in two Titan images (from C1 and C3). These are then flat-fielded and corrected for bad pixels and correlated noise. The deconvolution and center-to-limb effects processes are applied to each quadrant image separately. To enhance the signal we then sum the quadrants.



3.1. Deconvolution Thanks to the high quality of the retrieved PSFs and to the high SNR of the images of Titan, the applied deconvolution processes were very efficient. After first tests with well-known methods such as Lucy–Richardson and Wiener, we have also used two newly developed methods that tend to minimize the ringing effects usually associated with the restoration of objects with sharp edges such as planets. The first of these two methods is the so-called MCS or Magain method (Magain et al. 1998). In brief, this method is a twostep process: first the PSF is deconvolved by a kernel function; second the image is deconvolved by the kernel-deconvolved PSF. For both deconvolutions, we used the Lucy–Richardson method, which preserves positivity. The final image has a resolution set by the kernel, which in this case was chosen to be a Gaussian with a FWHM equal to the FWHM of the diffraction figure of the telescope. This significantly reduces the ringing artifacts, which, with more conventional methods, appear near the edge of the planet and prevent accurate photometric measurements. The last deconvolution method we have applied to our images of Titan is called MISTRAL for Myopic Iterative and STeppreserving Restoration ALgorithm (Conan et al. 1998a,b). This method has been especially designed for planetary objects; it is also possible to cope with an imperfectly known PSF (hence the term “myopic”), as explained below. We have found experimentally that with this last method the ringing artifacts are further reduced while the contrast on the surface is further enhanced. This is probably due to the fact that MISTRAL is a regularized deconvolution method, where the regularization takes explicitly into account the presence of sharp discontinuities, without sacrificing resolution to ringing
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reduction. By avoiding the ringing effects, it is possible to preserve the initial photometry. Therefore all further deconvolutions in this article will be performed with MISTRAL, which we describe hereafter in more detail. This method is based on a maximum a posteriori (MAP) approach, which means that the restored object is defined as the most likely one given the image, the noise model, and the available prior information on the type of object being observed. By using Bayes’ rule and taking the opposite of the logarithm of the probabilities involved, the restored object can equivalently be defined as the one that minimizes a compound criterion, which has two terms. The first term uses a statistical noise model to measure the discrepancy between the recorded image and the image model. Our noise model incorporates both Poisson and detector noises. The second term is the so-called regularization criterion and is a metric in charge of penalizing the objects that deviate from our prior information on the type of object being observed. The prior information used by MISTRAL is that the object consists of a mixture of smooth areas and abrupt edges. The corresponding metric is a so-called L2 – L1 criterion, which is quadratic for small object gradients in order to smooth out the noise, and linear for large ones; the underlying idea is to smooth out small intensity fluctuations that result from noise while preserving large intensity fluctuations corresponding to the edge of the planet (Conan et al. 1998a,b). In the case of the Titan atmosphere, this would translate into a sharp edge of a size smaller than one resolution element, which is the case after the MISTRAL deconvolution was applied to our images (Fig. 3). Additionally, the compound criterion can be shown to be convex, so that the solution is both unique and stable with respect to noise. The minimization of the criterion is performed by means of a fast conjugate gradient routine. Lastly, MISTRAL also includes a myopic mode for the case of an imperfectly known PSF (e.g., for a PSF obtained by imaging a nearby star shortly before or after the object of interest). In this mode, the object and the PSF are jointly estimated using the above-mentioned information on the noise and on the type of object, as well as the available information on the PSF average and variability; the latter is embodied by an additional term in the criterion to be minimized. The myopic mode is not used in this paper due to the high quality of our PSFs. To illustrate the results on our Titan images when using the different deconvolution methods, we show on Fig. 3 the J1 and J2 images treated with the Lucy-Richardson, Wiener, Magain, and MISTRAL deconvolutions. All deconvolved images show the same broad features independently of the method used. This gives us confidence in these features, which do not correspond to artifacts. The quality recovered is, however, not the same for each method. In the case of Lucy–Richardson, there are obvious ringing effects, the bright and dark rings clearly seen around the outer parts of the disk. The Wiener deconvolution offers no conservation of positivity for photometry. Here the black outer ring is also followed by a bright edge ring, while a second bright



FIG. 3. Four deconvolution methods applied to the J1 and J2 images of Titan. The Lucy–Richardson and Wiener methods are compared to the MISTRAL and Magain methods, which give access to photometry, by preserving the positivity (see text) and show no ringing effects, which are apparent in the images treated by the two classic methods. The MISTRAL method further preserves the sharp edges.



inner ring can be seen in J2. The Magain method shows no evidence for ringing effects, but does not conserve the sharp edges. Finally, MISTRAL preserves the positivity for photometry and the sharp edges and shows no ringing.
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FIG. 4. Titan’s geometric albedo maps in the H1 (1.60 µm), H2 (1.64 µm), J1 (1.29 µm), and J2 (1.18 µm) filters, produced from the images deconvolved with MISTRAL.



Following deconvolution the center-to-limb effects have also been modeled, taking into account the fractal characterization of the Titan aerosols (Rannou et al. 1999), and the appropriate correction was applied to the images (see Combes et al. (1997a) for details). The limb effects are very little influenced by the ringing, and we are clearly in the presence of sharp edges.



We have then obtained albedo maps for each deconvolved Titan image (Fig. 4), where the disk averages represent the geometric albedos, equal to 0.24, 0.12, 0.18, and 0.09 for J1, J2, H1, and H2 respectively (Table II), in good agreement with spectroscopic measurements of Titan’s geometric albedo at these frequencies (Lemmon et al. 1995; Coustenis et al. 1995; Griffith et al. 1998).



3.2. Photometric Calibration: Titan’s Geometric Albedo We have calibrated the solar flux incident on Titan in each of our images (after deconvolution but without center-to-limb effects correction). We do so by multiplying it with Gaussians simulating the filters’ effects at the associated wavelength (Fig. 1) and defined the photon flux from the atmosphere for each filter, hence the specific radiation intensity. For this we have used interleaving observations of a standard calibration star (see Table I): HD152274 is a F5-type star (α = 2h27 45 , δ = 8◦ 51 30 ) of magnitude 8.49 in J and 8.276 in H. The absolute photometric accuracy on our images is better than ∼5%. The MISTRAL algorithm we used for the deconvolution effectively preserves the total flux. Taking into account the image processing and the flux calibration, our albedo values are good to ∼10%.



4. FEATURES OBSERVED



In the J2 filter we are sounding the upper atmosphere since, due to the strong CH4 absorption at 1.18 µm, the contribution to the signal from the surface and the lower atmosphere is definitely negligible. This is also basically the case for the H2 filter, even if its characteristics are not as favorable as expected. This is all the more the case closer to the planet’s limb and away from the image center, in all filters, including J1 and H1. The latter two filters (and to a lesser extent H2) show additional bright areas and darker inlets (mainly close to the center), due to the surface and to some contribution from the lower atmosphere. Because some of these features (like the central bright spot) were observed at different times by various investigators and they recur without
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changing position or shape, it is highly probable that they are not transient phenomena (such as moving clouds), but real surface morphology. The features observed in our images and pertaining either to the atmosphere or to the surface (insofar as we can distinguish the two components) are discussed extensively hereafter. 4.1. Titan’s Atmosphere Two phenomena can be observed in the J2 deconvolved images (Fig. 3) and on the photometric profiles (Fig. 5): a quite extended north–south asymmetry and a west–east (or morning/evening) asymmetry restricted to the limbs. Vertical and horizontal profiles of our deconvolved images at the four spectral bands are shown in Fig. 5. All the filters clearly show the north–south atmospheric asymmetry, with a bright south polar region extending over 4 pixels and corresponding to a brightness increase of about 17–33% in the south with respect to the north. This phenomenon has been previously observed by Caldwell et al. (1992), Combes et al. (1997a), and Gibbard et al. (1999). It is not present in the final results published by Smith et al. (1996) or Meier et al. (2000) due to the data reduction method applied to the HST images and which tends to eliminate zonally symmetric surface features, as pointed out by the authors. It is observed, however, clearly on their published raw data before subtraction of a “mean atmosphere.” This asymmetry has been extensively discussed in previous papers, and is attributed to seasonal effects on Titan (see for instance Lorenz et al. (1997)), associated with a strong seasonal enhancement of the haze optical depth in the south polar region (the reverse was true during the Voyager encounter). In Combes et al. (1997a), this enhancement of opacity over Titan’s south pole was evaluated to be of about twice the northern opacity. Another feature, of an origin different than the previous one, which significantly shows in our J1 and J2 images (about 9% in J1 and 16% in J2 and at levels of 
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