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We use data from the VIMS instrument on board the Cassini spacecraft to construct high
sensitivity and high spatiaksolution maps of the locations of tropospheric clouds on Titan in

the latenorthernwinter season during which the Cassini prime mission took place. These
observations show thah this seasarclouds on Titan are strongly hemispherically asymmetric.
Mid-latitude clouds, in particular, occur only in the southern hemisphere aadbtever been
observed in the north. Such an asymmetig generalaigreement with circulation models where
subsolar surface heating controls the locations of cloudsppdars in conflict witmodels

where perennial polar hazes prevent significanmtreertime polar heating from affecting the
circulation. The southern mildtitude cloudsppear to be distributed uniformly in longitude,
contrast to some previous observations. Southernlatghde clouds exhibit a significant
concentration, howevebetween about80 and 270 degrees E longitudespatially and

temporally uniform cloud always appears northward of ~50 degrees N latitude. This cloud
appears unchanged over the course of the observations, consistent with the interpretation that it is
cau®d bycontinuousethane condensation as air subsates radiatively cools through the
tropopause. The location of tliboud likely provides a diredtacer ofelements ofiorth polar
atmospheric circulation, potentially allowing continuous monitoringirgiulation changes as

Titan passes through equinox into north polar spring and suriiveeshow that a similar

analysis of this dataset by Rodriguez et al. (2009) contains substantial errors and should not be
used.



Introduction

The dramatic images of sén@ networks, shorelines, and rounded pebbles on Titan taken from

the Huygens probe convincingly show that Titan, like the Earth, has a surface carved by flowing
fluids. Cassini imaging and radar have shown abundant lakes near the north pole, dry dunes near
the equator, and a smaller number of lakes near the south pole. The central phenomenon
connecting and likely explaining these disparate observations is the seasonal methane
meteorological cycle on Titan.

While for many years it was thought that Titan wasapable of supporting clouds or
precipitation(i.e. Hunten et al., 1984dbservations of variable cloud systeirfgst from
groundbased observations and later from Cagsimve demonstrated that convection,
condensation, anidpresumably precipitation are indeed sporadically prevalent across Titan.
Understanding this ntieane meteorological cycle holds the key to understanding much of the
diversity of features on the surface of Titan.

The first evidence for clouds on Titan came in 1995, just before Titan autumnabequ
whenGriffith et al. (1998)saw Titan brighten dramatically in surfapenetrating windows in
nearinfrared whole disk spectra. Radiative transfiealysis showed that this brightening was
not tied to the surface but rather came from the middle of the troposphere, at the level expected
for clouds caused by moist convection. The clouds that caused the brightening were estimated to
have covered ~3% of the disk of TitanGriffith et al. (2000)later found that a small amount of
variable tropospheric cloud change wia$ected in 9 out of 11 nights of observations spanning
from September 1993 until September 1999 (brangehe 1995 equinox)These changes
covered ~0.5% of the disk of Titan during this period and, for the small number of observations
available, at tnes varied on time scales of hours or dayggesting vigorous convection

The first successful imagingf clouds on Titartame in December 2001, just before
southern summer salise, whenBrown et al.(2002)andRoe et al(2002)found variable clouds
clustered near the south pole. This polar phenomenon had not been predicted, but it was
suggested by Brown et al. to Bee to the heatmof the surface during the yedosg perpetual
daylight of the polar summer and the subsequent initiation of convective instabilities. This
hypothesis immediatelyuggestedthatTi t ands met e oouldbk girgnglg al cycl e
seasonally dependent, andttbhaderstanding of this cycle will require observations over a large
fraction of Titanés 30 year season.

Long term monitoringrom largegroundbased telescopes revealed the first hints of seasonal
change occurring on TitaRoe et al(2005a)detected the first clouds seen at a location other
than the south polar regions. These clouds were concentrated in a band near 40 degeees south
latitude Continued longerm monitoring, however, suggesthet these cloudsere
preferentially forming over a single longitude on the surface of Titan, indicative of some sort
control by surface geography, rather than a seasonal Bifectt al(2005b) Observations by
Cassini, in contrast, missed the largig-latitude cloud outbursts seen by Raeal., but
suggested that smallerid-latitude clouds were morepersistent presence apparently
uncorrelated with geograpliriffith et al., 2005)
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In perhaps the strongeclue to date for understanding the seasonality of the hydrological
cycle,Schaller et al(2006b)found that the south polar cloud system, which was visible in
almost every single image from 2001 until late 2004 suddenly disapp@&aestisappearance
camewithin several month ahetime period in which the south pole had abruptly become no
longer the latitude of maximumsolation.

As the north pole of Titan began to come into sunlight and into view (from the Cassini
perspective) starting in 2004, a large ubiquitous scatteriry [gojeward of about 50 degrees
and at an altitude around 40 km began to reveal itSelffith et al. (2006)used indirect
evidence to suggest that this northern hood was caused by ethane condensation tkat had be
earlier predicted bfrannou et al(2006) Closer examination alloweBrown et al.(2009)to
infer that underneath this high generally unvarying cloud sporadic convective clouds were also
rapidly changing, possibily through a mechanism similar to that which formefédat clouds
on the earth.

Motivated by these and subsequent observat
clouds, and precipitation have been developed over the past fewMéahell et al., 2006;
Rannou et al., 2006; Tokano, 2008/hile most of these models broadly predict the general
features that have already been observed (south polar clouds at the time of southern summer
solstice , for example), they give quite different predictions for the future, inguiditails as
critical as wheror if rain shouldoccur in the equatorial regions near the Huygens landing site,
whether a nortlsouth asymmetry in precipitation should be expected, and whether the dune
regions on Titan should be dry. Understanding the locations and stjidfactivity,
particularly as Titan goes through equinox, is the key to understanding which of these
predictions is most robust and how Titanbs se
hydrology, and atmosphere of the satellite.

The fouryearlong Cassini prime mission provides a sampling of Titan for an equivalent
of approximately mielanuary until the end of February for terrestrial seasons. Whilsdation
shifts are unlikely on these moderately short time spans, careful observation iraggiveto
detect the effects of the movement from southern summer sdlstioetober 2002)o the
approach of vernalgqeiinox (in August 2009)T'he Visual and Infrared Mapping Spectrograph
(VIMS) on Cassini is particularly well suited to the detectind astudy of clouds. VIMS creates
hyperspectral images which allow the extraction of a spectrum at each point within the field.
These spectral images can then be used to measure cloud positions and®Geffithtset al.,

2005)

VIMS has some distinct advantages over grebased telescopes. First, theatition
and sensitivity of VIMScan be significantly higher owing to the advantage of being on a
spacecraft making a close encoungacond, a full spectrum fmo 1-5 microns can be obtained
without gaps due to terrestrial atmospheric absorptions. Third, VIMS is not constrained to
limited observing seasons as are the ground based observatnally, Cassini can view Titan
from multiple viewpoints, allowing, foexample petter observations of the poles than can be
obtained from the earth.



These advatages are not without cost. One main disadvargag@VS observations is
the lack of information on time scales of several days. Usually data are collectedgle dl gy
and then no further observations are obtained for weeks or sometimes even months. Ground
based observations have shown that cloud behavior on Titan can develop over time scales of a
week or longer whiclean benaccessible to VIMSSimilarly VIMS can miss sporadic shert
lived events that can be seen from the grodnidirther disadvantage is the lack of randomly
phased observations. Cassini will often encounter Titan many times in a row at the same
illumination geometry, leading to possible biasesbserved clouds.

Taking into account the advantages and disadvantages of VIMS observations of Titan
clouds, we concentrate on three major questions that can best be answered with the VIMS data:

1. Does the latitudinal distribution of clouds on Titan pama specific circulation
style that is captured by any of the circulation models available?

2. Do thelongitudinalconcentrationseen byRoe et al(2005b)in rare brightmid-
latitudecloud outbursts occur ithe more frequent smaller@hds?

3. Is the north polar cloud attributed to the presence of ethane persistent and stable

Observationsand Analysis

All VIMS observations from the Cassini prime mission are publically availdble VIMS

observéions were obtained from the Planetary ®8lstemg¢PDS)Imaging Nodemaintained at

the Jet Propulsion Laborato#ll images in the echive were downloaded, and those with a
target name of ATI TANO were retained for anal
archive were used to tuthe raw data into flux calibrated and ffslded images with

appropriate wavelengths for each chanl&iS3 software was used to extract geometric

information from each of the images which were then converted into standard FITS files for ease

of manipuétion.

Clouds on Titan are best identified by their unique spectral behavior. Titan is spectrally
dominated in the infrared by a series of absorptions from methbare the atmosphere is

optically thickto the surface (Fidl). Between these absorptiohg atmosphere is largely
transparent and the surface can be d8arthe wings of the absorptions the atmosphere can be
optically thick to the surface, but optically thin to higher altitudes within the atmosphere.
Groundbased studies take advantage of tiehavior by obtaining images at wavelengths of
~2.0umto see to the surface2.lum to isolate altitudes within the troposphere (where clouds
occur) and higher, aneR.2um to isolate altitudes in the stratosphere (above the clouds) and
higher. Clouds &n be identified by the appearance in the surface and troposphere filters but their
absence in the stratospheric filters.

For the VIMS data we perform a similanalysis by synthetically creating images out of
wavelengths sensitive to particular altitud@hile we could determine optimal wavelengths
theoretically through a radiative transfer model of the atmosphere, we have found, instead, that
empirically determined wavelengthse more effectiveNe found these by first taking

wavelengths similar to thgroundbased filter wavelengths, isolating obvious cloud and surface
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features, and examining the best wavelengths for distinguishing amongrihesfhannel
numbers that we use to construct our final sytithmages are shawin Table 1 and shown in
Fig. 1.

To construct the final images for cloud identificataomd remove occasional bad pixelghin
thehyperspectral image, we medieach of tle three sets of channels aft@rmalizing each of
the surface channels by a typical surface spectrum, ealsh ttbposphere channels by a typical
cloud spectrum, and each of the stratosphere channels by a typical stratosphere spectrum.
Examples of the images are shown in Figures 1 and 2.

Each of theapproximately 900@riplets of images is visually inspectedsarch for clouds

Many of the brightest clouds are sufficiently obvious in the images that no extra care need be
taken in the identification. For the faintest clouds, we confirm their presence on multiple images
-- obtained either immediately before oteaf-- before identifying as clouds. For each of the
images identified as having clouds, we haetect all image pixels that contain a clpogking
abinary map of observed clouds on Titan for each image. For each image we also construct a
second map siwing where clouds could have been observed had they been present. We have
found empirically that pixelthat are viewed at a solar phase angle of under 90 degrees and a
surface emission angle of under 90 degrees are excellent for cloud detection. &touds ¢
occasionally be seen at higher angles, but these can often disappear into or be confused by the
stratospheric has. At this point we havan image showing surface coverage and cloud

locations for each VIS image of Titan. As a final product, we takeleaf the cloud and

coverage images and reproject them to common map projections. We chose a rectangular
projection, with a resolution di.5 degrees in latitude @hongitude (corresponding to en per

pixel at the equator), and north and south polaailgatlike projections with resolutions of 16

km per pixel. We refer to these final reprojected products as cloud and coverage maps.

The cloud maps contain no information on the brightness of a cloud. Optically thin clouds which
are just barely detectabdee treated identically to the largest optically thick clouds. While
additional information could be gleaned from cloud brightness, the variations in viewing
geometries make such an analysis prohibitive. We will, instead, continue to consider the simple
guestion of whether or not a cloud of any brightness or thickness was present during an
observation.

Results

To examine the cloud locations on Titan, we first group each of the observatiotesnptrral

clusters all obtained within a ~3 day period. In gahthese clusters are targeted flybys of Titan,

but there are occasional ntigby clusters that we also examin®'e then take each set of image

and coverage maps for each temporal image cluster and construct full map projections showing
where there wasowerage or cloud at any point in the temporal cluster. While we know Titan
clouds to be variable on time scales as fast as hours, we consider these maps to be a reasonably
accurate representation of the instantaneous distribution of clouds during daefitén flybys

and nonrtargeted cluster(Fig. 3). We refer to these as flyby cloud and coverage maps.



We first examine the overall distributiaf clouds. Using each of the 4igby coverage maps we
create a surface coverage mamwing the number of ybys that eackpoton the surface has

been observed with solar phase and emission angles lower than 90 (éigrekss. Other than

the far north, which remains in the dark during this late northern winter data set, all locations on
Titan have been coved a minimum of 4imes,with a median number of times of coverage of

20 andwith the maximum coverage beig. We nextcreate a fractional cloud coverage map by
summing the flyby cloud maps and dividing by the total coverage Frem this map, shown in

Fig. 4b, we can then see the fractiohthe VIMS observations in which a cloud was present at
each location on the surface

Several features stand out in thactionalcloud coverage map. Firssjgnificant latitudinal

structure exists in the fractionelbud coveragerig. 5 shows the mean fractional cloud coverage
as a function of latitude over the 4 year duration of the prime mission. Most significantly, clouds
are nearly always present north of 50 N latitude. Indeed, an examination of the indiyiojal f
cloud maps shows that the observations are consistent with the coverage of the cloud being
essentially100% above these latitudasall times The only locations at these northern latitudes
that do not show cloud cover are on the limbs &ges whez all of the nodimb locaions

show cloud cover. It appears likely that the northern cloud cover is indeed complete and we are
simply insensitive at the extreme limlBased on the determination @fiffith et al. (2006)that

this cloud is at higher altitudes than the other clouds, we will refer to it as the high altitude north
polar cloud.

The soutern clouds appear to consi$ta group between 30 and 60 S latitude, which we will

call thesouthermmid-latitude cbuds, and the group stubf 60 S latitude. Though there appears

to be no distinction in coverage, we will label the group from 60 to 80 S latitude thiatiigtie
clouds and those with 10 degrees of the south pole the south polar clouds. Equatdsal clou
(within 30 degrees of the equator) have been extremely rarepamatthern equivalesto the
southermmid-latitude clouds have ever been seen. Indeed, an examination of the individual flyby
maps shows that all clouds in the north are connected togheailtitude north polar clouand

that the apparent excursions to lower latitude in the north are simply regions where the
southernmost extent of the north@alarcloudis slightly ambiguous in the images.

A keyindicatorto the style of circulatioon Titan is not just the latitudinal distribution of

clouds, but the seasonal evolution of this distribution. Figure 6 shows cloud latitudes with time
for each of the 48 flyby maps. Several interesting features appear in the temporal distribution
with latitude. First, after the large cloud outbursts of late 2004, initially documentechiayler

et al.(2006a) cloud activity does indeed seem to diminish for a period of Baealler et al.
(2006b)found that cloud activity detectable from the ground all but ceased in 2005. From VIMS
clouds are still visible during this time owing to the higher sensitivity of ViM&8ouds, but

these clouds arat a reduce level compared to earliand later times. Schaller et al. (2009)

found conthued diminished cloud activigpproximatelyfrom October 2006 untdune 2007
Interestingly, this period appears as a resurgenclod activity in the VIMS data. A direct
comparison of the times of the Schaller et al. (2009) observations with the VIMS observations
shows, again, that smadtale cloud activity can be seen from VIMS that is missed by the
groundbased imaging or speoscopic data.



As of June2008i approximately one terrestrial year before Titan equiadikle latitudinal

evolution of cloud position appeatiough the beginning of 2008 did see clouds the furthest

north they had ever been detected (excluding theh padar clouds)The 12 May 2008 T43

flyby, in which clouds cover latitudes essentially from the south pole to the equator, occurs in the
aftermath of the large scale cloud outburst detected from the ground by Schaller et al. (2009b)
beginning on 14 ApriR008. In this event a single localized atmospheric disturbance appears to
have propagated waves which initiated cloud activity throughout the southern hemisphere of
Titan.

Circulation models of cloud activity on Titan all assume a longitudinally homogsrsemface
and produce no larggcale longitudinal variations in cloud activit/hile the distribution of
southern midatitude clouds appears essentially uniforne distribution of southernigh-
latitudeclouds observed by VIMS appeatscidedly noruniform. In Figure 7 we show the
fractional coverage of micand highlatitude southern clouds as a function of longitude. The
frequency of occurrence bfgh-latitude cloudsvith a peak between 180 and®degrees E
longitude

We examine several factors tltuld conspire to show longitudinal structure when none is
present. First, the distribution observing geometries is far from random. An examination of

Fig. 3 shows that, for example, for 9 flybys between 22 July 2006 and 29 Jan 2007 the viewing
geomety was nearlydenticaland only side of Titan was observed. Such biases in observing,
combined withseasonal variatiom globalcloudiness, coulcelad to detection of longitudinal
variation when none is actually preseho investigate this possibilityye examine subsets of the
flybys, excluding blocks of times when the overall cloud activity seems high or seems low. In all
cases we have investigated, the longitudinal structures of the southern clouds remain. We
conclude that thegre not due to biasedmmpling and are a persistent feature in overall cloudy

and norcloudy conditions.

Precisely estimating the statistical significance ofabgervedongitudinal structuref the high

latitude cloudss difficult. Clouds are correlated on unknown spatial ssmporal scales and

different flybys had different sensitivitiesxd coverages. One imperfect way to estimate the
statistical significance is make simulated observations of known distributions and determine the
frequency with which extreme longitudinanation is seen. As a simple method of

implementing this technique, we take each flyby and add a randomly chosen systematic offset to
all longitudes. We then reconstruct coverage and fractional cloud maps and examine longitudinal
distributions. Tis methal has the advantage of precisely retainingaitteallongitudinal and

latitudinal correlations of thebserved clouds, withdisadvantage that thengitudinal

observing biases cannot be taken into account. Creating such simulated data sets 1008 times, w
have found that longitudinal maximum as highitasse seen in the real dag¥ o are seen only
4.4%o0f the time By this imperfect test the longitudinal variations seen in the VIMS data are
significantat the 95% confidence levédding in the unknowriactor of longitudinal observing

biases allows the possibility that the longitudinal structure could be due to random chance, but
we will instead tentatively conclude that the longitudinal Hagitude cloud structure is real.



We conclude that the longdinal variation seen in the higatitude southern clouds is not

caused by temporal variability of overall cloud cover coupled with observing bias, nor is it likely
that it is a simple sampling fluctuation. The variation is most likely real and, if Soative of
complexities in cloud formation on Titan beyond the simple featureless planet models.

Discussion

We use the observed spatial and temporal distribution of clouds to examine circulation,

longitudinal structure, and stability dfe highaltitude rorthern cloud, and we compare these

results to other analyses of the same data set.

Circulation: Models oftropospheric cloud formationfdri t and6s at mosphere can
classified by the largscale latitudinal structure of tinéroposphericirculation. The models of

Rannou et al(2006)predict a moderatelgemispherically symmetitroposphericirculation

with northern and southern midtitude clouds being formdtbm air which ascends from near

the equatorln this circulationthe overallmid-latitudecloud frequency on Titan changes with

time, but little latitudinal evolutionmpearsn the locations of cloud€louds, when they appear,

are nearly always at the poles or at northern and southerlatiigies.

Othercirculation models armorestrongly seasonally varying and hespherically asymmetric
(Mitchell, 2008; Mitchell et al., 2006; Tokano, 200%) these models the location of the mid
latitude clouds comes clas® tracking, with some time lag, the seasonal latitude of maximum
insolation. The location of the midtitude cloudsnarks the equivalent of the terrestrial inter
tropical convergence zone.

From the sensitivity studies performed by Tok&2@05) it appears that one criticdifference
between these wwery differentstyles of mode}- thepresence of perennial polar haze in the
Rannou et al(2006)modeli can have dramatic effects on circulatidimis haze prevents
significant solar heating from occurring at the summer pole, causing the derfguerature
maximum to be confined to within ~30 degrees of the equator at all seasons. The muting of
summer surface temperatugggpears to preveatsignificant seasonal circulation asymmetry
from developing.

Quantitative comparison between models amskovations is difficult, but we attempt to

examine some of the major differences between the models for clues as to which, if any, more
correctly descr iAbmodelsicdrrectly@redictthe sauthdrnastidituden .

clouds and the generat@irrence of polar cloud¥he biggest discrepancies betwélea

observations andny of the models are the lack of the northern-laiitude cloudghat are

predicted by Rannou et al. (2005) and the presence of substantial high latitude southern clouds
that arenot predicted by Rannou et al.

The lack of appearance of northern ratitude clouds in grountdased data has long been
known(Roe et al., 2005b; Schaller et al., 2006h)t because of viewing angle ardnsitivity

limits, no definitive answer to the question of the existence of these clouds could be made. The
VIMS data, however, with their substantially improved sensitivity and frequently excellent
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viewing condition conclusively show that Titan matitude clouds are only present in the
southern hemisphere during late northern winkae continued presence of high latitude
southern clouds has not been seen from grduaseéd observations because of the poor viewing
geometry, but with excellent VIM&oveiageit is seen that these clouds are frequently present.
The discrepancy with the Rannou et al. model appears substantial.

Comparison of the observationsnmdels ofMitchell et al.shows that these models match the
lack of northern midatitude clouds iad predicthe substantial high latitude southern cloulfs.
general, the Mitchell et al. models provide a substantially better match to the observations

A possible cause of the discrepancies between the Ranno(&0é)model and the

observations could be the inclusion of significantly larger amounts of summer haze than actually
occuron Titan. Examination of detailed haze distributions produced by the original models of
Rannou(2004)shows that they predict summer polar haze to be within a factor of two of the
winter polar haze optical depth. While no studies have specifically focused on quantitatively
examining the most recent summertime polar haze opacity, the longaddrigs-quality

groundbased adaptive optics that were obtained starting near summer gokstiBeown et al.,

2002; Roe et al., 2005a; Roe et al., 2005b; Schaller et al., 2006a; Schaller et al. sROG&k)
significant winter haze at the north pole while showing essentially no haze over the summer
southern pole. Observations at shorter wavelength could better constrain the polar haze opacities.
Copious latesoutherrssummer observations are now available froas<ihi which could

guantitatively and definitively answer this question. Such an analysis should be considered a
high priority. The Mitchell et al. models include no ha¥¢hile significant winter haze is indeed
known to accumulate, there is no substastiglight to block, so the overall effect of the

circulation is small.

While the comparison to the data strongly favors the more asymmetric Mitchell et al. type of
tropaspheric circulation over the mmsymmetric Rannou et al. type of tropospheric citmria

the definitive test of thedgpes ofmodels will come, however, as Titan moves through equinox
in August 2009The Mitchell et al. models predict a band of clouds that moves continuously
from southerrdatitudesuntil it reaches northern midtitudes. The Rannou et al. model predicts
the disappearance of all npolar clouds for about five years until both northern and southern
mid-latitude clouds reappearhe cloudsystems should, at this poimipve through the

equatorial regions (or perhaps dipapr entirely) before reappearing at northern-laidudes

and polar latitudes/hile only ahint of such movement can be seen in the data to March 2008
the rapid shifting should begin quite soon in these models.

Longitudinal structureRoe et al(2005b)found that the occurrence of southern Haititude
clouds was songly peaked at a longitude dd tlegree<€. A broad secondary peak was also
present between about 180 and 270 degrees E longNodwrich significant midiatitude
strucure appears in the present ddtaere is a small amount of temporal overlap of the VIMS
data, which begins on 3 July 2004, and the Roe et al. data, which ends on 21 FEmMEAAEG5.
this time period the grourblased observations frequently showed-fatdude clouds centered
nearlO degrees. The S data, however, coverddat longitudeonly once, and a cloud near
zero degrees was indeed seen.



Thedifference between the geographic control of-4hatitude cloud location as observed by Roe
et al.(2005b)and the consistentith uniform coverage seen in the current observations is
striking. No simple explanation is particularly satisfactory

The highlatitude clouds, in contrast to those at Hatitude, do indeed appear to exhibit non
rancbm longitudinal structure. Interestingly, the region of cloud concentration is in the generally
darker region of the south pole and covers an area observed to darken sometime between July
2004 and June 20@3urtle et al., 2009)Clouds could be more prevalent over regions of surface
moisture, such as seen at the north Btewn et al., 2009)or, alternatively, the presence of
clouds could contribute to precipitation atheé darkening of the polar region. Without additional
knowledge of the geological properties of the south polar region it will be difficult to understand
this observed longitudinal structure.

North polar cloudEarly VIMS observations were used to suggleat the high altitude north

polar cloud was a distinct type of cloud from the rapidly varying convective methane clouds
observed earligfGriffith et al., 2006) Thenorth polar cloud was fourtd be higher in elation

and spatially and temporally unvarying oe tbcales observed. In additj@pectral information

was used to show that the north polar cloud particles were significantly srhafiehe particles

in the convective clouds in the southern hemisphdt@f these properties were used to suggest

that these clouds were the features predicted by Rannoy22@8)to be caused by ethane as
subsiding air at the north paladiatively cools and condenses near the tropop&Visie we

have argued above that Rannou et al. get the general characteristics of the circulation wrong, it is
clearthat this prediction of an ethane condensation cloud in regions of subsidence is independent
of the details of the circulation. Indeed, a close examination of the Ranno(2éb&)lmodel

shows that between 2004 and 2008, substantial opacity is predicted on above ~70 degrees
latitude.The significantly further southern extent of this das reminder that while the

prediction of the ethane cloud is likely correct, the overall circulation predicted by this’ imodel
including the regions where subsidence should be occurisilikely different

The existence of this high altitude nortHgracloud formed at the location where stratospheric
air subsides through the cold tropopause provides a potemiaitgstingracer of atmospheric
circulationand coolingon Titan. While tropospheric clouds have been used to attempt to trace
regions ofuplift and convection, their generally rare and stochastic nature makes them difficult
to interpret as a tracer. The north polar cloud, in contrast, appears uniform and omnhgvese
the region While no clear change in the location of the north pdiaud can be seen in the
present datdracking the extent of this cloud, particularly through and beyond equinox could
provide key insights into winter circulati@nd coolingon Titan.

Comparison with other resulté. similar analysis of a smaller subs4$tVIMS clouds has
recently appeared from Rodriguez et(2009) who use an automated routineather than
human inspection to detect the existence of clouds. A direct comparison betagemman
generatedesultsand their automated resutsowssignificant differences/Vhile some common
clouds are detected by both methods, both analyses frequently show dmudshe other does
not.
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We have reexamined the full VIMS dataset and found that in each cdiserepancy the fault
lies with the automated results of Rodriguez et al. (2008).automated routenappears to da
poor job of detectinglouds it lacks sensitivig, so faintclouds are almost always missedl. |
other casedjoweversuch as the T1ffyby, the automated routine misses brgyhtest cloud
feature on the satellitat the south pole, but picks up much fainter-tattude cloudsOddly,

one of the brightest clouds seen during the Cassini missiangdbe TO flyby, is missed
entirely, while at the same timihe automated routine reports clouds in other places during TO
wherewe verify thatno clouds exist. Other flybys have cloud detecti@portedvherewe have
verified thatno clouds exists, including high southern latitude cloudsd T4, T17, T29, T30
and T38 and northern midtitude clouds during T5.

It appears that the task of automatically identifying clouds in a data set with variable resolution,
phase angles, and emission angfiesugh a still poorly modeled atmosphéeya prohibitively

difficult task. Human identification, while tedious, appears to date the only reliable method.
Giventhe pootbehavior of their cloud detection routivee conclude thaheproducts of the
Rodriguez et al. (2009nalysis should not be ed.

Conclusions

High sensitivity and high resolution observations from the VIMS instrument on board the
Cassini spacecraft show the overall behavior of clouds on Titan in the late winter season. These
observations show that clouds on Titan are stronglyis@marically asymmetric. Midhtitude

clouds, in particular, occur only in the southern hemisphere and have not ever been observed in
the north. Such an asymmetry is at odds with circulation models in winarig summer polar

haze prevents significant samer polar heating, leading lessenedeasonal variation in cloud
activity (i.e. Rannou et al., 2006)The hemispheric asymmetry of the clouds instead points to a
surface where seasonal temperature variations control the latitudinal appearance of clouds on
Titan (i.e. Mitchell, 2008)

No longitudinal variationgre seen in the mildtitude clouds, including no peal the location
where Roe et a(2005b)previously observed a concentratiomuich brightemid-latitude
clouds.High-latitude clouds do, however, appear preferentially over latitudes seefs by &
generally darker, including one region seenrdergo albedo chang€Rurtle et al., 2009)
While surface differences might be responsible for the longitudinal variaineretation is
currently hindered by our almost complete lack of geological knowledge of the south polar
regions.

The hgh altitude north polar cloud appears unchanged over the course of the observations,
consistent with the interpretation that it is caused by ethane condensation as air snbisides
radiatively cools The location of thigloud could provide &racer of nath polar atmospheric
circulation, potentially allowing continuous monitoring of circulateo coolingchanges as
Titan passes through equinox into north polar spring and summer.
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Figure 1. Spectrum of a location on Titan watltropospheric cloud (red) compared to the

spectrum of a nearby location without a tropospheric cloud (blue). The wavelength regions that
we use to construct our synthetic surface, troposphere, and stratosphere images are shown. The
surface images are cstnucted from wavelengths with little methane absorption, the troposphere
images is constructed from wavelengths with moderate methane absorption, and the stratosphere
images are constructed from wavelengths with strong methane absorption. In2he 20

region, the wavelengths closely reproduce those used from the ground. With VIMS, however, we

can add in many additional wavelengths to increase sensitivity and-ggmake.
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Figure 2. Examples of constructed surface, troposphere, atoksginerémages, along with the
binary map showingvhereclouds have been identifiedilhe images are constructed from VIMS
file v1561870175 1 obtained on 30 June 2007. The clouds seen in this image include typical
southern midatitude clouds and the ubiquitous higltitude north polar cloud. Small laké&ect
clouds can be seen within the north polar cloud.
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Figure Tropsheric clouds bserdy Cassini/VIMS. For each flyb we show a north polar,
rectangular, and south polarojection. For the polar projections the latitude grids are shown at

60 and 30 degrees north or south and 0 degrees longitude is down. The rectangular projections
have grid marks every 45 degrees of longitude and 30 degrees of latitude. Zess degitude

is on the left. Darked marks the regions that were observed by VIMS during each flyby with
coverage sufficient to have detected clouds. White marks regidrepotphericlouds

detectedOrange shows detections of the north polar ethane clardmetropopause.
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(a) VIMS coverage map

(b) Fractional cloud coverage map

(c) ISS basemap

Figure 4. (a) A map of the coverage of the surface of Titan by VIMScdleescale shows the
number of flybys during which each region of the surface was imaged at appropriate solar and
spacecraft geometry for the detection of deuThe projection geometry is identical to that in
Fig. 3. (b) A map of the fractional cloud coverage on Titan. The grey scale shows the number of
times that a cloud was observed at each region divided by the number of times that each region
was observedFig 4a). The scale bar saturates at 0.6, which is the maximum fractional coverage
in the southern mithtitude clouds. Tie fractional cloud cover of the north polar ethane cloud
approaches 100%he hatched regions show the extent of the northerntregarpause ethane
cloud.(c) An ISS base map for comparison to the cloud locations. The southetlatitigte
clouds are suggestively located near the darkest regions of the south pole.
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