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Methane rain on Saturn’s moon Titan makes it the only place, other than
Earth, where rain interacts with the surface. When and where that rain wets
the surface changes seasonally in ways that remain poorly understood. Here,
we report the discovery of a bright ephemeral feature covering an area of 120,000
km? near Titan’s north pole in observations from Cassini’s near-infrared in-
strument, VIMS on June 7, 2016. Based on the overall brightness, spectral
characteristics, and geologic context, we attribute this new feature to spec-
ular reflections from a rain-wetted solid surface like those off of a sunlit wet
sidewalk. The reported observation is the first documented rainfall event at
Titan’s north pole and heralds the arrival of the northern summer (through

climatic evidence), which has been delayed relative to model predictions. This
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detection helps constrain Titan’s seasonal change and shows that the “wet-
sidewalk effect can be used to identify other rain events.

Keypoints:

e We report the discovery of a bright ephemeral feature near Titan’s north
pole in observations from Cassini’s near-infrared instrument, VIMS.

e We detect a super-bright, broad specular reflection (glint) when the sur-
face is illuminated by the Sun, provided the ground is wet.

e Our detection of a wet surface near Titan’s north pole is the first evi-
dence of rain during north polar summer.

e Detections of broad specular reflections is a new technique for monitor-

ing the occurrence of precipitation across Titan’s surface.
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1. Introduction

A major objective of the Cassini Solstice Mission was to search for evidence of sea-
sonal changes on Titan [Tokano et al., 2006; Addmkovics et al., 2007] —both atmospheric
(clouds) and surficial (rainfall) —that were expected to occur as Titan moved toward the
northern summer solstice in 2017. Cassini arrived in the Saturn system during south-
ern summer (2004) and observed clouds and rainfall at the south pole [Porco et al.,
2005; Schaller et al., 2006; Turtle et al., 2009], consistent with General Circulation Mod-
els (GCMs) [Tokano and Lorenz, 2006; Schneider et al., 2012]. However, as northern
summer approached, the increase in cloud activity in the northern hemisphere that was
predicted by such models was not observed. In particular, models predicted an increase
in-the cloud, storm, and rain activity by 2016. Instead, only small, isolated patches of
clouds over the north pole began appearing in 2014 (T104 and later flybys).

While both Cassini and Earth-based telescopes [Schaller et al., 2006; Roe et al., 2002]
have observed clouds on Titan, rain has only been inferred through observed surface
changes that require high resolution views. Although four instruments on Cassini were
able to observe Titan’s surface: the RADAR [FElachi et al., 2004], Imaging Science Subsys-
tem (ISS) [Porco et al., 2004], Visual and Infrared Mapping Spectrometer (VIMS) [Brown
et al., 2004], and Composite Infrared Spectrometer (CIRS) [Jennings et al., 2017], only
the VIMS and ISS instruments operate at short enough wavelengths to observe surficial
veneers like rainfall.

The ISS instrument observed Titan’s surface through the CB3 filter at 0.93 pm, and

detected surface darkenings associated with rainfall events at southern high latitudes
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near the beginning of the mission (southern summer) [Turtle et al., 2009] and later at
equatorial latitudes close to the spring equinox [ Turtle et al., 2011]. Subsequent to each of
these events, VIMS observed surface brightening over months to years after the presumed
rainfall [Barnes et al., 2013b]. In neither case could VIMS detect the initial darkening of
the surface (likely due to timing and flyby geometries). CIRS in the past has detected

seasonal changes in surface temperature variations [Cottini et al., 2012].

2. Observation

Herein, we report the discovery of an extensive ephemeral feature (Figure 1) near Ti-
tan’s morth pole that was observed by Cassini VIMS during the T120 (June 07, 2016)
flyby and which had disappeared by the next flyby, T121 (July 25, 2016, with similar
observation geometry); 3 Titan days (48 Earth days) later. The ephemeral feature is
distinct due to its brightness, especially at longer wavelengths (5 pm) and covers an area
of ~120,000 km? (spreading across 12 VIMS pixels; bigger than any of the Great Lakes
on Earth). The spatial sampling of these pixels is on average ~130 km in the north-south
direction and ~50 km in the east-west direction. In addition to the spectral data from
VIMS, we use data from the RADAR, ISS, and CIRS instruments to constrain the ori-
gin and nature of this anomalously bright, ephemeral feature that we henceforth call the
“Bright Ephemeral Feature” (BEF). The ISS and VIMS data provide spectral informa-
tion, RADAR data provide geologic context, while the CIRS data provide insight into the
regional temperatures.

The previous flyby, T119 (06 May, 2016), occured 2 Titan days before the T120 flyby,

and showed cloud cover over the north pole in VIMS data (see SOM for an image of T119).
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Prior to this, the region had most recently been observed by VIMS during the T106 flyby
~ two years earlier (24 Oct, 2014), and the BEF was not observed (Figure 1A) (See SOM
for observation geometries). The ephemeral nature of the feature suggests that the BEF
was formed by some transient, short-lived process at the north polar region of Titan, which
distinctly brightened the region during T120 flyby. Later, the region resumed its usual
spectral characteristics by the next flyby, T121 (Figure 1C). We propose that the BEF

represents a broad specular reflection from a wetted surface brought about by rainfall.

3. Method

To study how quickly the Bright Ephemeral Feature (BEF) changed, we compared the
region corresponding to the BEF in the T120 flyby with the next flyby, T121, and the prior
flyby in which the region was visible, T106. Table 1 shows the observation geometries
of the VIMS data cubes used. To rule out the possibility that we did not observe the
BEF in T106 and T121 due to unfavorable geometry, we list the distance of the T120
BEF from the specular point in each flyby in Table 1. The distance of BEF from the
inferred specular point for T106 and T121 (847 km and 470 km) is marginally different
from T120’s (632 km). Given the small change in the distance between the BEF and
T106, T121 specular points, we would have observed the feature if BEF was present on
T106.and T121 flybys. This indicates that we do not see the feature in T106 and T121
flyby due to its ephemerality rather than observation geometry.

We create a VIMS color composite of the observation and overlay it on the RADAR

map of the north pole of Titan to infer the geographic location of the BEF in Figure 2.
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We then create spectra of different spectroscopic units and compare their brightnesses in
Figure 3.

When we compare the spectra of different units from the T120 observation in Figure
3B, namely, BEF, specular, clouds, evaporite, and land, we use spectra from the same
cube to minimize the atmospheric effects due to observation geometry (See SOM).

The areas where we see the BEF in VIMS are observed at high phase and emission
angles by ISS (at 0.93 pm) which makes it difficult for ISS to detect any darkening
or brightening associated with the region. CIRS observations of the region, before and
during/after the rainfall event, do not provide clear indications of a temperature drop due

to any rainfall-derived cooling of the region.

4. Hypotheses

Several mechanisms could potentially produce the reported spectral signature in VIMS
data: clouds, fog, evaporites, direct specular reflections (i.e., reflections off large smooth
surfaces), and broad specular reflections. In the following text, we consider the merits of
each of these possibilities and demonstrate how all but the broad specular reflections can
be ruled out.

The T120 flyby contains extensive clouds in addition to the BEF that serve as the basis
for our spectral comparison. Although VIMS observes from 0.3 to 5.1 ym in 352 spectral
channels, Titan’s surface is only visible through the atmosphere in seven narrow spectral
windows, at 0.92, 1.06, 1.26, 1.57, 2.0, 2.7 and 5 um [Brown et al., 2004]. VIMS data
are expressed in terms of surface reflectance as I/F (where I is the observed radiance

and 7F is the incident solar irradiance). The surface and clouds on Titan show distinct
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spectral responses [Rodriguez et al., 2006, 2009]. We incorporate these spectral response
characteristics into a color composite (RGB= 5 pum, 2 um, and 2.7 pm) [Barnes et al.,
2007; Sotin et al., 2012] to facilitate the identification of various spectral units in the
observation. Though also bright at 5 pum, clouds are brighter at 2.7 um [McCord et al.,
2006; Rodriguez et al., 2011; Griffith et al., 2009] owing to their high altitude. The wings of
the 2 um band of clouds also indicate altitude. As a result, the color composite effectively
distinguishes clouds (purple in Figure 1D) from BEF (orange in Figure 1D).

Low-lying clouds or fog [Brown et al., 2009], however, cannot be entirely ruled out
simply based on spectral comparison of the BEF with typical high-altitude clouds. Near-
surface fog is difficult to distinguish from bright surface features in spectra without a
reliable atmospheric radiative transfer correction. However, both the bright and red (5
pm) spectrum of the BEF (in Titan’s atmospheric windows) and the fact that the BEF
does not extend over nearby large lakes (where one might expect the humidity to be
higher) argues against the possibility of a low-lying fog. Even if the latter case is true, the
oceurrence of a fog layer necessitates a wet (humid) source underneath. Thus, the wetting
of land surface by rain is strongly supported, especially considering the large areal spread
of the BEF.

Evaporites, direct specular reflections, and broad specular reflections are all surface
phenomena. While broad specular reflections from a liquid surface can occur if the surface
is roughened by waves [Barnes et al., 2014] or nitrogen bubbles [Malaska et al., 2017,
Hofgartner et al., 2014], a broad specular return from a solid surface requires smoothing

of the surface at length scales comparable to the wavelength of light, as would occur if the
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surface were wet (like a wet-sidewalk after rainfall). RADAR and ISS data observations
(Figure 2) show that the BEF occurs over a solid land surface, bordering known lakes in
some places: the north- western edge of the BEF coincides with Lagoda Lacus (equivalent
radius of ~ 54 km). However, waves on Lagoda Lacus would be discrete, smaller than the
lake area, and cannot cause the bright pixels. The BEF is ~ 3 orders of magnitude larger
than the lake.

A commonly observed unit, particularly in the north, are 5 pm bright deposits observed
to abut many filled and empty lakes that are believed to be evaporitic material, comprising
deposits left behind when lakes evaporate (Figure 3B) [Barnes et al., 2011; MacKenzie
et al., 2014]. Two lines of logic, however, strongly disfavor evaporite deposits for the BEF.
The first is the spatial extent. Evaporites typically only border the edges of lake —the
deposit observed along the southern end of Ladoga Lacus spans an area of 300 km? (as
observed during the T76 flyby, May 08, 2011) compared to the BEF, spanning an area of
~ 120,000 km?. Second, and most importantly, no evaporites have been observed to form
and then disappear within a window of only a few Titan days, as was observed for the
BEF (Fig. 1A, B, C).

Direct specular reflections, which we define as the reflection of light off a surface that is
smooth at scales both comparable to the wavelength of light and to the projected image
of the Sun on the surface [Stephan et al., 2010; Barnes et al., 2013a; Soderblom et al.,
2012], depend on viewing-geometry and result in an unusually high I/F. In the T120 flyby
we observe the direct specular reflection from the Sun (I/F of ~2 in the 5 pm spectral

window) from the surface of Xolotlan Lacus at 82.7°N, 78.6°W.
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We observe the direct specular reflection of the Sun (I/F of ~2 in the 5 um spectral
window) in the T120 flyby, at 82.7°N, 78.6°W from the surface of the lake, Xolotlan
Lacus (Figure 2C), ~632 km away from the BEF. As a sidenote, the specular point seems
close to the BEF or wetside walk in the Earth analog (Figure 1E). This is due to the
smaller angular distance between the specular point and the BEF as compared to T120
observation.

Even though the BEF does not occur at the specular point, it does show spectral
similarities to direct specular reflections on Titan. We compare the spectrum of the BEF
with those of sea, clouds, land, evaporites, and the direct specular reflection (Figure 3 A,
B), all taken from the same flyby (T120) to minimize atmospheric effects (See Method for
observation geometry). The direct specular reflection is the brightest “feature” at 5 pm
in the observation. The next brightest feature at 5 um (by 50%) is the BEF. A rough
surface cannot, on its own, reflect specularly. However, surface wetting coats the irregular
surfaces of the rough region resulting in a smoother surface than what is underneath.
The spectral brightness and observation geometry immediately indicate that the BEF is

a broad specular reflection due to smoothing of a surface that was otherwise dry.

5. Modeling surface roughness

In order to test our hypothesis, we model the BEF’s surface roughness to characterize
specular reflections from a macroscopically rough surface (Figure 4). We use a numerical
planetary specular model [Barnes et al., 2014; Soderblom et al., 2012] with Gaussian-
distributed slopes and azimuthal symmetry, for the same observation geometry as the

T120 observation (Figure 4B).
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For small roughnesses with RMS slopes of o ~ 2° (Figure 4C), only the direct specular
reflection at the specular point appears. As we increase the roughness parameter —o
—the specular reflection spreads over a larger number of pixels, each pixel receiving lesser
solar flux, resulting in a fuzzier reflection distributed over a broader region. Over an area
equivalent to the BEF, the model-determined o values indicate that the required slopes
to gets signals comparable to our observation are ~12 - 14 ° (Figure 4D). This is twice
the ovalue of the inferred waves in Punga Mare (liquid surface), which were determined
using the same model, to be ~ 6 °. Figure 4E shows that, at higher slopes, ( ~24 °) the
reflections become independent of the roughness parameter and show the entire solar flux

(1/Fyaz, see Method) distributed over Titan’s hemisphere.

6. Results and Discussion

Based on our detailed analysis of the Cassini data coupled with roughness modeling
and testing the feasibility of various possibilities, we propose that the BEF represents a
broad specular reflection from a rough, wetted surface —presumably brought about by
rainfall (T120 flyby, June 07, 2016), 2 Titan days after the observed cloud coverage (T119
flyby, May 06, 2016). A rough land surface could be smoothed by a recent surface wetting
due to a summer-rainfall event. Earth analogs of wetted sidewalks (Figure 1E) and a
mudflat [Clark et al., 2010] in Utah’s Bonneville Salt Flats (Figure 1F) broadly fit the
BEF profile. The RADAR data show the area to be rough, variegated, and non-uniform
(at-scales of ~2 cm). A wet-sidewalk region is wet on a solid but rough substrate that at

the right geometries produces broad specular reflections. These help us conclude that the
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BEF would have properties similar to a wet sidewalk that arises from a recently wetted,

solid and rough surface on the north pole of Titan.

7. Conclusion

The reduced and delayed cloud and storm activity at Titan’s north pole as opposed to
the model predicted activity suggests that our current understanding of Titan’s changing
seasons is incomplete. Our reported observations represent the first documented rainfall
event on the north pole of Titan. We discover this rainfall based on a novel technique “wet-
sidewalk effect” (broad specular reflections from a smoothened, original rough surface).
Identifying the location and timing of the rainfall offers important data points for Titan
GCMs, helping constrain why the northern summer cloud activity is delayed relative
to predictions —especially because the north pole hosts most of Titan’s lakes and seas
[Hayes, 2016]. Apart from helping us understand Titan’s weather and long term climate,
a broad specular reflection observation like this helps us derive the roughness of the solid
surfaces on Titan. Surface roughness of a region holds clues to its geologic evolution,
nature of surface interactions and even has implications for landing site evaluations for

future missions [Turtle et al., 2017] to Titan.
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Table 1. Details of T106, T120 and T121 flybys, which cover the location of BEF over three time stamps. It helps us
determine the existence of this feature over time, and we conclude that it is an ephemeral feature. The inferred specular

points of the flybys are tabulated. We also show the distance of T106 and T121 specular points from the BEF. Sp. Pt.

) Geophysical Union. All Rights Reserved.

means Specular Point. The fact that the distance of inferred specular point

Spatial Sampling

Flyby Info Cube No Hu.mxm_ Sampling ﬁormmm H“Dnamsom mwgmmmmos Inferred Sp. Pt. Dist. from B ' (lat x long)
(pixel/degree) (®) (°) (*) (km) 2 (km,/pixel)
T106, 24 Oct. 2014 CM1792831393 2.2 120 50 73 T1°N, 65°W 847 M 100 x 90
T120, 07 June 2016 CM1844022476 2.08 116 52 65 82°N, 78°W 632 = 95 x70
T121, 25 July 2016 CM1848148220 3.1 113 65 95 83°N, 6°W 470 S 55x35




Figure 1.  VIMS wet-sidewalk color composite (R:5um, G: 2.7um, B:2um) of Titan’s north polar
region showing the region corresponding to the BEF in the flybys A) T106, 24 October, 2014 B) T120,
07 June, 2016, and C) T121, 25 July, 2016. The yellow box in 1C shows the disappearance of the Bright
Ephemeral Feature (BEF) three Titan days later (See Table 1). D) Zoomed- in view of the north polar
region from the T120 flyby annotated to identify the features. The BEF is marked by magenta arrows
in the figure. The black dot marks the north pole. E) Analog for the T120 BEF on a cloudy day after
rainfall. The specular reflection at the boundary of a puddle can be seen as a bright speck while the
road’s wetted surface is reflecting broadly at the right geometries. F) Analog for the T120 BEF as
mudflat in Utah’s Bonneville salt flats
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Figure 2. The figure is in a different orientation than Figure 1. Kraken Mare is in the bottom right
as opposed to the bottom left in the previous figures. A) RADAR map of the north polar region of
Titan in Polar Stereographic projection. The yellow box indicates the region corresponding to the BEF
illustrating that the region is mostly solid land. The non-data regions are white. B) VIMS infrared
color composite (R:5 pm, G: 2.7 pm, B:1.3 um) representing the yellow-boxed region as in the RADAR
map of the north pole. C) VIMS infrared color composite (3B) (R:5 pm, G: 2.7 pm, B:1.3 pm) overlain
on the north polar map of RADAR (3A) showing the BEF and specular point. The red arrow indicates
the specular reflection point (82.7°N, 78.6(°W) near Xolotlan Lacus. The magenta arrows indicate the
BEF we observe in T120.
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Figure 3. A) The colored boxes correspond to the different regions in the T120 observations:
dark blue (clouds), green (land), light blue (sea), red (specular reflection), magenta (BEF), and yellow
(evaporites). B) The spectra corresponding to the regions in similar colors as the boxes in A. Grey solid
boxes show spectral regions affected by methane absorption and thus blocked by Titan’s atmosphere. C)
Shows the spectra for the location of the BEF. The slightly higher reflectance at shorter wavelengths of
the T106 observation (cyan) is because of the higher emission angles. The magenta spectrum corresponds
to the BEF during the T120 June 2016 flyby which is distinctly brighter than other spectra at 5um.
The yellow spectrum indicates reflectances for the same region three Titan days later during the T121

July 2016 flyby.
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Figure 4. A) Modeled reflectance (I/F) variation with surface roughness for the broad specular
reflection (BEF) observed during the T120 flyby. The modeled (magenta) reflectance peaks at roughness
(o) values of ~14° indicating that the BEF’s surface roughness could be of that order. B) T120 Cassini
image cube CM1866022476 where the BEF is observed. C) Model-generated synthetic images for the
T120 observation geometry with a surface roughness parameter of 2° reveals only the specular reflection.
One thing tonote is the scale in the synthetic images: as we increase the roughness or specular deviation
angle —o —the specular reflection spreads over a larger number of pixels, each pixel receiving lesser
solar flux for higher ¢ and hence the scale changes. D) o of 12° covers the extent of BEF. E) o of 24°
distributes the entire solar flux onto the Titan hemisphere.
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