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Wavelength Optical Depth Single-Scattering Albedo
0.93µm � 0.93 = 3.2 � 0.93 = 1.00
1.08µm � 1.08 = 2.5 � 1.08 = 0.99
1.28µm � 1.28 = 2.1 � 1.28 = 0.98
1.58µm � 1.58 = 1.45 � 1.58 = 0.96
2.0 µm � 2.0 = 1.02 � 2.0 = 0.77
2.68µm � 2.68 = 0.8 � 2.68 = 0.507
2.78µm � 2.78 = 0.8 � 2.78 = 0.463
5.0 µm � 5.0 = 0.3 � 5.0 = 0.4998

Table 1
Atmospheric parameters assumed for the orange-rind atmosphere validation

described in Section 3.2.

Yanovitskij 1974). We assume an isotropically scattering atmo-
spheric phase function in both cases for simplicity (we use more
complex atmospheric phase functions in later tests outlined be-
low). Figure 4 shows four different curves in different colors …
one for the spherical planet as viewed at four different phase an-
gles (0� , 45� , 90� , and 135� ). TheSRTC++result closely tracks
the theoretical result of the Chandrasekhar slab all the way up to
just below a single-scattering albedo of 1.0 where the theoretical
value no longer applies. HenceSRTC++works for this simple
phase function in a multiple-scattering regime.

3.2. Atmosphere and Surface

For the next veri“cation step we compareSRTC++results to
those of a more general semianalytic model. We use a model de-
rived by one of us (BKJ) from Thomas & Stamnes (2002) and
initially used in Vixie et al. (2015). The model separately calcu-
latesI / F contributions from different scattering histories involv-
ing at most one atmospheric scatter. Speci“cally, we look at the
terms that correspond to: (1) photons that make it through the
atmosphere, scatter off the surface, and make it all the way out
unscathed; (2) photons that scatter off the atmosphere once and
then back to the detector; (3) photons that scatter “rst off the at-
mosphere, and then off the surface, before being detected; and (4)
photons that scatter off the surface “rst, then scatter off the atmo-
sphere on their way out. Usingelephant detectors inSRTC++,
then, we can compare the Monte Carlo result directly to the semi-
analytical result for each scattering history individually.

In this comparison we assume a uniform-extinction, 30-
km-thick atmosphere with haze that scatters according to the
Tomasko et al. (2008) phase function below 80 km. For pur-
poses of the test we assume optical depths� and single-scattering
albedos� as shown in Table 1. These values are consistent with
bothHuygensresults (Tomasko et al. 2005) andCassinimeasure-
ments of atmospheric transmission within Titan•s spectral win-
dows (Barnes et al. 2013; Hayne et al. 2014; Maltagliati et al.
2015a). As we intend to test our model and not simulate actual
Titan in this particular instance, we set the surface albedoA = 1.0
and we ignore gasous absorption.

On the SRTC++side, this model run uses 22,606,068 pho-
tons, illuminating the full disk of Titan. We install 18 different
detectors , eachelephants in this case, spread out in phase
angle from the Sun from 0� to 170� in 10� increments. This run
took overnight to complete.

3.3. One Scatter at Surface (__0)

The “rst term corresponds to scatter only from the surface,
I__0

F
= � A� s(i,e, � )eŠ� (� (i)+� (e)) (7)

wherei is the incidence angle,e is the emission angle, and� is
the phase angle.I__0 corresponds to the intensity at the detector
for light that only re”ects off the surface one time, and that is

not extincted by the atmosphere on the way in or the way out.
We convert this to the more easily interpretedI / F by dividing by
the solar ”uxF. A is the surface albedo.� s(i,e, � ) refers to the
surface phase function (hence the s), which could potentially be
a function of the incidence, emission, and phase angles. Finally,
� is the one-way atmospheric optical depth at normal geometry
(i.e., looking straight down or up through the atmosphere), and
the 	 functions of incidence (i) and emission (e) correspond to
the number of atmospheres traversed by photons in this geometry
under the plane-parallel approximation „ so	 (i) = 1

cosi .
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Figure 5. This “gure is the “rst of four plots comparingSRTC++to a semi-
analytical model (described in Section 3.2) at different scattering orders. For each
of these four plots we assume a 30-km deep orange rind atmosphere with the scat-
tering phase function of Tomasko et al. (2008) for below 80 km (to testSRTC++•s
use of complex phase functions). The optical depth� and single-scattering albedo
� were chosen to be representative of Titan within each window. This particular
plot showsI / F as a function of wavelength within Titan•s near-infrared atmo-
spheric windows for light thatonly scatters off the surface, and not from the at-
mosphere. Both approaches arrive at the same answers for this (relatively simple)
case.

We show the results for the 1-scatter from surface case in Fig-
ure 5. In this plot and the other comparisons to the semianalytical
model we generate our error bars empirically. For each geometry
(i.e., i = e = 20� ) we collect all of the pixels in thecolorCCD
that match the incidence and emission to within a given toler-
ance (here we use 5� ). We assign the asteriskSRTC++value in
Figure 5 to the average of the pixels in that collection, and the
error to their standard deviation. Because that collection includes
a wide diversity of phase angles between� = 0� and� = i +e this
approach overestimates the errors. But because we compare the
same set of pixels in both theSRTC++and semianalytical cases
the validation comparison remains valid.SRTC++and the semi-
analytical approach agree within very tight tolerances „ not en-
tirely unexpected as this case is particularly simple compared to
multiple-scattering cases.

3.4. One Scatter in the Atmosphere (__1)

In the semianalytical model, light that scatters only once in the
atmosphere has an intensity of

I__1

F
= �� p(i,e, � )

	 (e)
	 (i) +	 (e)

�
1ŠeŠ� (� (i)+� (e))� (8)

where new parameter� corresponds to the atmospheric single-
scattering albedo and new functionp to the atmospheric scatter-
ing phase function, which potentially depends on the incidence,
emission, and phase. We compare the results of this equation and
that ofSRTC++in Figure 6.

The resulting plots show more complicated behavior than those
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Figure 6. Here we again compare SRTC++ results to semianalytical results,
in this case for photons that only scatter one time within the atmosphere. The
solid line plots the result of Equation 8 while the asterisks with error bars show
SRTC++’s answer. The analytical model assumes plane-parallel geometry, and
hence is well outside its range of validity by the time i = e = 80◦.

for the surface-only case. At longer wavelengths (i.e., at 5 μm),
the expected I/F increases monotonically with viewing angle (we
assume that the incidence angle equals the emission angle so as
not to end up with 92 different lines in the plot) as the higher path
length increases the slant optical depth. For shorter wavelengths,
though, like at 0.93 μm, the situation gets more complicated. The
i = e = 0◦ case shows up as the dimmest. But instead of a mono-
tonic increase, the 0.93 μm I/F peaks at i = e = 20◦ before de-
creasing and later increasing again toward very high incidence
and emission. The more highly forward scattering phase function
at shorter wavelengths causes the disparity. Note the interesting
case where the two blue curves, i = e = 20◦ and i = e = 70◦ both
have the same I/F at 0.93 μm but then diverge as they head to-
ward longer wavelengths and lower optical depths. This effect is
a bit unintuitive, but shows up in both models as SRTC++ and the
semianalytic model track each other well up to i = e = 70◦.

At i = e = 80◦, though, the two models disagree. Presumably
this discrepancy results from applying the semianalytic model,
which assumes plane-parallel geometry, beyond the point where
it produces physical results.

3.5. Two Scatters: Atmosphere, then Surface (_10)

We also explore the behavior of the orange rind plane-parallel
atmosphere in SRTC++ where photons experience two scatters.
While SRTC++ tracks the signal independently for any number
of scatters, and where they occur, with elephant detectors,
here we look at just the two-scatter case for ease of comparison
to the semianalytical model. This case is quite a bit trickier for
the analytical model in that we need to integrate over the upward
hemisphere as seen from the surface, which encompasses all of
the possible paths that the photon could take between its initial
atmospheric scatter and its eventual surface scatter. We param-
eterize that hemisphere in terms of the zenith distance ζ and the
azimuthal angle θ in the sky as seen from the surface scatter point.
The hemispherical integral becomes one over ζ and θ such that

I_10

F
= πωe−τα(e)

∫ π/2

0

∫ 2π

0

p(i, ζ,θ)
α(i)

α(i) −α(ζ)
Φs(ζ,e,θ)dθdζ.

(9)
where now both the phase function for the surface Φs and that
for the atmosphere p drive the final flux. We compute this nested
integral numerically. If you try it yourself, take care to ensure
that your inputs to the phase functions appropriately correspond

to the angles between the incident and intermediate vector for the
atmospheric phase function, and for the intermediate to emission
vector for the surface phase function.
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Figure 7. Here we plot the results of double-scattering radiative transfer calcu-
lations for the I/F as a function of wavelength for a Titan-like orange-rind at-
mosphere. In particular, here we only track those photons that first scatter off of
the atmosphere, and then scatter off the surface to the detector. Because only a
fraction of the total photons simulated experience this precise history, the signal-
to-noise ratio in the SRTC++ data has decreased relative that in Figure 5. However
the results agree well between the Monte Carlo SRTC++ and the semianalytical
model from Equation 9.
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Figure 8. These images show the spatial results from the _10 calculations de-
scribed in Section 3 for both the semianalytical model (left, from Equation 9) and
SRTC++ (right). The relatively low signal-to-noise ratio evident in the pixel-to-
pixel variation results from (1) selecting only that fraction of photons that experi-
ence the specific history _10 (i.e., ones that first bounce off of the atmosphere, then
bounce off of the surface and arrive at the detector) and (2) using this many pho-
tons allowed us to sufficiently demonstrate that SRTC++ satisfactorily reproduces
known plane-parallel results as shown in Figure 7. Running additional photons
always improves the signal-to-noise ratio, but takes progressively longer owing to
the signal-to-noise ratio’s dependence on the square-root of the number of pho-
tons input. The colors map red to 5.0 μm, green to 2.0 μm, and blue to 1.3 μm.
This image depicts a uniform sphere of albedo 1.0 illuminated from the left at 90◦
phase angle. Hence the strong red signal in the semi-analytical case comes from
geometry near the terminator with high incidence angle i – a regime in which its
plane-parallel assumptions break down.

The result of that numerical integration of Equation 9 we show
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in Figure 7, along with the equivalent SRTC++ answer. The mod-
els track together across 80◦ in incidence and emission. In fact,
they track surprisingly well – at least partially as a result of the
squat 30-km atmospheric extent imposed on the SRTC++ calcu-
lations for the precise purpose of testing their comparison to the
plane-parallel semianalytical model.

We show a spatial example of the results in Figure 8 as viewed
from the detector with 90◦ phase. The bright red near the termi-
nator of the semi-analytical model is bogus as the very high inci-
dence angle near the terminator invalidates plane-parallel results.
The pixel-to-pixel noise in the SRTC++ image is real — the more
photons in the simulation, though, the higher the signal-to-noise
gets.

3.6. Two Scatters: Surface, then Atmosphere (_01)

The complement of Equation 9, photons bouncing first from
the surface then from the atmosphere and to the detector, is given
by

I_01

F
= πωe−τα(i)

∫ π/2

0

∫ 2π

0

p(i, ζ,θ)
α(e)

α(e) −α(ζ)
Φs(ζ,e,θ)dθdζ.

(10)
The hemisphere of integration remains the sky from the surface
point, but now the intermediate segment comes after that suface
scatter instead of before it. Owing to the simlarity between Equa-
tion 9 and Equation 10, the two equations yield the same answer
regardless of the atmospheric phase function in the case where the
surface phase function is Lambertian. The I/F differs between
the _10 and _01 cases under non-Lambertian surface phase func-
tions (we see a difference when using an isotropic surface phase
function, for example).
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Figure 9. This figure represents our last comparison between SRTC++ and the
semianalytical model. In this two-scatter, surface-then-atmosphere case, the lines
show Equation 10 and the asterisks with error bars show the SRTC++ result. Al-
though the semianalytical values match those from the atmosphere-then-surface
case (Figure 7), the higher SRTC++ noise here (i.e. lower signal-to-noise ratio)
results from Titan’s highly forward-scattering haze particles’ phase function (see
text).

Given the assumed Lambertian surface scattering we see results
in Figure 9 for the surface-then-atmosphere case are consistent
with those from the atmosphere-then-surface case. The noise in
the SRTC++ calculations is higher here, though, because of the
highly forward-scattering nature of Titan’s haze particles (from
the Tomasko et al. (2008) phase function). Those fewer photons
whose direction after their surface scatter brings them to within
a few degrees of being pointed at the detector contribute more

strongly to the detected intensity; hence the statistics of those rel-
atively smaller numbers yields higher noise in Figure 7 than in
Figure 9. Overall the results of the SRTC++/semianalytical com-
parisons give us confidence in the SRTC++ calculations.

3.7. Plane-Parallel Titan

For a final validation we compare SRTC++ calculations
to those of the existing Spherical Harmonic Discrete Ordi-
nate Method plane-parallel radiative transfer model from Evans
(2007) adapted for Titan by Hirtzig et al. (2013). We ran the
Hirtzig et al. (2013) model without gasous absorption and for
endcases with surface albedo A = 0.0 (all atmosphere) and A = 1.0.
For purposes of validation of SRTC++, the Hirtzig et al. (2013)
model run assumes a Tomasko et al. (2008) atmospheric pro-
file and haze phase functions, with interpolated single-scattering
albedos between the high and low layer values within the middle
atmospheric layer.

We then set up SRTC++ with an analogous atmosphere, but
compressed vertically by a factor of 100 to more closely emulate
the plane-parallel assumptions of the Hirtzig et al. (2013) model.
We use two separate runs of 135,636,528 photons each, one for
A = 0 and one for A = 1, with the photon generator emitting
photons concentrated on areas with the appropriate geometry. We
ran each run on a separate computer over a 3-day weekend.
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Figure 10. This plot compares SRTC++ results to those from the Hirtzig et al.
(2013) plane-parallel model for a Tomasko et al. (2008) Titan atmosphere with
no gaseous absorption. The top set of points correspond to a model with surface
albedo A = 1.0, while the lower plots show results for a black A = 0 surface.

Figure 10 shows the resulting intercomparisons. The Hirtzig
et al. (2013) plane-parallel model and SRTC++ both agree from
i = e = 0◦ through i = e = 50◦.

4. DURATION

A drawback to Monte Carlo methods for three dimensional ra-
diative transfer is that they tend to be slow. We have offset this
weakness with paralellization and a fast implementation in C++,
but undoubtedly we can optimize further. In the meantime, we
show an indication of how fast SRTC++ runs right now in Fig-
ures 11 and 12.

Figure 11 plots the computational speed in terms of throughput
in photons per second as a function of the number of CPU cores
that we use in the calculation. These runs executed on a dual
8-core (16 total cores) 3.2 GHz machine using the Titan model
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Figure 11. In this first of two benchmark graphs, we show SRTC++ calculation
speed as a function of the number of CPU cores used in the calculation. The
throughput is nearly linear, with a small concave-down aspect resulting from the
computation overhead of running in parallel. On the whole the system scales well
in this CPU regime. The grey dashed line provides a reference to guide the eye in
assessing deviations from straight-line behavior.
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Figure 12. Here we plot the total computation time for an uniform orange-rind at-
mosphere with different optical depths. Higher optical depths require much longer
to complete; hence SRTC++ will be slow when simulating, for instance, radiative
transfer through Titan’s atmosphere at optical wavelengths.

atmosphere from Section 3.7 with 57800 photons per run. As
we designed the SRTC++ algorithm for each photon to calcu-
late almost entirely independently from the others, the program is
‘embarassingly parallel’ in that we see only minor degradation in
throughput per core even up to 16 cores executing simultaneously.

Atmospheric optical depth τ also significantly affects compute
time. In Figure 12 we show the computation time for 57800 pho-
tons in uniform-extinction orange-rind atmospheres of differing
optical depths. Computation times increase greater-than-linearly

with optical depth, so while radiative transfer on Titan at 2μm
where τ = 1 proceeds rapidly, calculations at visible wavelengths
where τ ∼ 10 take considerably longer.

5. APPLICATION

We developed SRTC++ to complement existing plane-parallel
codes. Those models do a good job of modeling Titan near-
IR reflectance spectra in geometries i � 60◦ e � 60◦ where the
plane-parallel approximation holds. SRTC++ will model spatial
problems, creating simulated images to characterize near-limb
and near-terminator geometries, imaging resolution and surface
nonuniformity, surface phase functions, specular reflections, and
other problems.

To illustrate SRTC++’s capabilities we use it to calculate emis-
sion phase functions for Titan, which we show in Figure 13.
Complementary to our earlier Figures like Figure 7, which as-
sumes specular geometry with an incidence angle equal to the
emission angle, Figure 13 uses a fixed incidence angle of 60◦ and
varies only the emission angle. If you were a spacecraft starting
right above the illuminated point on the 4PM afternoon equator,
you could acquire an emission phase function by staring at that
point as you moved around the moon. But you could do so in
any direction. To show how that direction would affect your mea-
surements, we show the emission phase function as if you were
in a prograde equatorial orbit heading toward the terminator and
looking back (dark green), as if you were in a retrograde equa-
torial orbit heading toward noon (red), and as if you were in a
polar orbit (blue). The differences between these azimuths result
from the backscattering (red) and forward-scattering (dark green)
properties of Titan’s atmospheric haze.

The SRTC++ algorithm as we describe it here represents an ini-
tial first-cut that can start to address useful problems. But we plan
many improvements and optimizations in the future as needed.
For instance, right now SRTC++ only accounts for gaseous ab-
sorption within the atmospheric single-scattering albedo param-
eter. As a future improvement we intend to separately treat
haze and gas opacities, using correlated-k coefficients to simu-
late VIMS’ rather coarse spectral resolution elements. SRTC++
will probably never be the best choice for large problems that re-
quire high spectral resolution, however, like computing radiative
atmospheric heating rates.

While at present SRTC++ includes a canned Tomasko et al.
(2008) atmospheric model, Doose et al. (2016) since described
improvements on the Tomasko et al. (2008) atmospheric model.
Thus while we will maintain the present model capabilities, future
applications of SRTC++ will preferentially assume the Doose
et al. (2016) Titan haze scattering properties.

The surface phase functions included in SRTC++ now (just
isotropic and Lambertian) are azimuthally symmetric. However
Buratti et al. (2006) showed a long time ago that Titan’s sur-
face does not obey a Lambertian law, but rather shows significant
backscattering properties. Buratti et al. (2006) used a Henyey-
Greenstein surface phase function. But with better knowledge of
diffuse atmospheric illumination from SRTC++, along with an
additional 12 years of VIMS data, we hope to infer more detailed
surface properties on Titan’s various terrains from their phase
functions using SRTC++.

Specular reflections from Titan’s lakes and seas (Stephan et al.
2010; Barnes et al. 2011; Soderblom et al. 2012) will prove a
separate challenge. Purely specular surfaces will require sepa-
rate calculations of two different paths to each detector through
the specular point. Specular reflections from a roughened surface
(like the wavy Punga mare described in Barnes et al. 2014), how-
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Figure 13. These graphs show an example of SRTC++’s capabilities in the form of emission phase functions for Titan at four representative near-infrared window
wavelengths. Each uses a single illuminated patch on the surface at the equator with 60◦ incidence angle. SRTC++ shows the interesting differences in the I/F as a
function of emission when viewed at different angles: red shows the emission phase function as viewed from lower phase angles (i.e., toward the Sun), dark green shows
the emission phase function at higher phase angles (the forward-scattering regime), and blue shows the emission phase function as acquired from detectors heading north
from the illuminated patch (orthogonal to the Sun-Titan-Spacecraft plane).

ever, can be modeled with the present construction via particular
non-azimuthally symmetric phase functions.

Because of its inherently three-dimensional structure, SRTC++
can also simulate atmosphere-only phenomena. In particular,
limb observations of atmospheric haze, stellar and/or solar oc-
cultations, and Titan’s winter south polar cloud (West et al. 2016)
would be amenable to analysis using SRTC++.

Thinking bigger-picture, SRTC++ can also be applied to the
photometric and spectroscopic properties of exoplanets. Di-
rect detections of planets (e.g., Kalas et al. 2008) measure disk-
integrated planetary properties; SRTC++ could be used to accu-
rately forward-compute expected photometric behavior of such

planets as a function of phase as they orbit their parent star (Ca-
hoy et al. 2010). SRTC++ might also be profitably applied to
transit spectroscopy of planets (Hubbard et al. 2001) — partic-
ularly those with thick and/or extended Titan-like atmospheres
(Checlair et al. 2016). The high slant optical depths in such cases
(Fortney 2005), potentially combined with east-west and equator-
pole inhomogeneities (Fortney et al. 2010), lend themselves nat-
urally to SRTC++’s explicit and accurate approach.

While not yet incorporated, the detector design allows for
future intelligent coaddition of colorCCD’s to maximize CPU
time. For instance, after a single run, if the user desires a higher
signal-to-noise ratio, then results from a second run could be
coadded with those of the first run. Similarly separate instances
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of SRTC++ could be run on different computers, only to have
their colorCCD results combined later to amalgamate separate
computers as a greater cluster.

Right now SRTC++ uses OpenMP for parallelization. OpenMP
unlocks all of the cores on a single computer for use. A future
improvement might be to use the alternate parallelization scheme
MPI, which allows networks of computers to all contribute their
CPU cores toward a particular problem. Such a change would
enable SRTC++ to run on large supercomputers that do not use
shared memory as well.

The compilation process might be facilitated by use of
a photon generator more sophisticated than that of our
photongenerator_square. The raster pattern performs
much better than an entirely random photongenerator in
that its noise drops as N−1 as opposed to N− 1

2 (Press et al. 2007,
page 404). However it requires that the user decide in advance
how many photons to use. It would be straightforward to in-
stead implement a new photongenerator to make use of
the Sobol’ (1967) distrubution. The Sobol’ sequence is subran-
dom an deterministic, but progressively fills in holes left in two-
dimensional space such that it could be cut off at an arbitrary
point without introducing spatial irregularities (see Press et al.
2007, Figure 7.8.1).

Further speedup may be possible using an exact precomputa-
tion of the single-scattering component. Because most of the sig-
nal in a SRTC++ output comes from singly scattered photons (ei-
ther __0 or __1), most of the noise comes from that component,
too. If the single-scattered components of an elephant detector
were assigned as semianalytical values, then the net noise would
depend only on the higher-order scattering components. The ul-
timate result of such a modification would be higher precision
results with fewer input photons.

As written SRTC++ depends on other packages and thus
requires speciric effort to install on operating system archi-
tectures other than that on which we wrote it (FreeBSD).
Therefore we provide access to SRTC++ via a whole-disk
image of a working FreeBSD system that can be run from
a thumb drive or as a virtual machine. You can find that
disk image at the SRTC++ github repository located at
https://github.com/SRTCpp/Code where we also in-
clude a copy of the primary source code files (which are also ac-
cessible via DOI as doi: 10.5281/zenodo.1193815).

The authors acknowledge the support of the NASA/ESA
Cassini mission. JWB acknowledges support from the NSF
Astronomy & Astrophysics (A&A) Program grant #1313427.
SMM, EFY, and JMS acknowledge support from NSF grant
#1518226. Additional support was provided by Hubble program
number HST-GO-12900.003-A from NASA through a grant from
the Space Telescope Science Institute, which is operated by the
Associate of Universities for Research in Astronomy, Incorpo-
rated, under NASA contract NAS5-26555.SR is partly supported
by the Institut Universitaire de France. SR and TC also ac-
knowledge financial support from the UnivEarthS LabEx pro-
gram of Sorbonne Paris Cite (ANR-10-LABX-0023 and ANR-
11-IDEX-0005-02) and the French National Research Agency
(ANR-APOSTIC-11-BS56-002 and ANR-12-BS05-001-3/EXO-
DUNES). The authors acknowledge Johnathon Ahlers for in-
sights into compiling SRTC++ under Linux. Thanks to reviewer
Chris McKay and to editor Thomas Robitaille for constructive
comments.

REFERENCES

Ádámkovics, M., Mitchell, J. L., Hayes, A. G., Rojo, P. M., Corlies, P., Barnes,
J. W., Ivanov, V. D., Brown, R. H., Baines, K. H., Buratti, B. J., Clark, R. N.,
Nicholson, P. D., & Sotin, C. 2016, Icarus, 270, 376

Baes, M., Davies, J. I., Dejonghe, H., Sabatini, S., Roberts, S., Evans, R., Linder,
S. M., Smith, R. M., & de Blok, W. J. G. 2003, MNRAS, 343, 1081

Barnes, J. W., Brown, R. H., Soderblom, L., Buratti, B. J., Sotin, C., Rodriguez,
S., Le Mouélic, S., Baines, K. H., Clark, R., & Nicholson, P. 2007, Icarus, 186,
242

Barnes, J. W., Brown, R. H., Turtle, E. P., McEwen, A. S., Lorenz, R. D.,
Janssen, M., Schaller, E. L., Brown, M. E., Buratti, B. J., Sotin, C., Griffith,
C., Clark, R., Perry, J., Fussner, S., Barbara, J., West, R., Elachi, C., Bouchez,
A. H., Roe, H. G., Baines, K. H., Bellucci, G., Bibring, J.-P., Capaccioni, F.,
Cerroni, P., Combes, M., Coradini, A., Cruikshank, D. P., Drossart, P.,
Formisano, V., Jaumann, R., Langevin, Y., Matson, D. L., McCord, T. B.,
Nicholson, P. D., & Sicardy, B. 2005, Science, 310, 92

Barnes, J. W., Clark, R. N., Sotin, C., Ádámkovics, M., Appéré, T., Rodriguez,
S., Soderblom, J. M., Brown, R. H., Buratti, B. J., Baines, K. H., Le Mouélic,
S., & Nicholson, P. D. 2013, ApJ, 777, 161

Barnes, J. W., Soderblom, J. M., Brown, R. H., Buratti, B. J., Sotin, C., Baines,
K. H., Clark, R. N., Jaumann, R., McCord, T. B., Nelson, R., Le Mouélic, S.,
Rodriguez, S., Griffith, C., Penteado, P., Tosi, F., Pitman, K. M., Soderblom,
L., Stephan, K., Hayne, P., Vixie, G., Bibring, J., Bellucci, G., Capaccioni, F.,
Cerroni, P., Coradini, A., Cruikshank, D. P., Drossart, P., Formisano, V.,
Langevin, Y., Matson, D. L., Nicholson, P. D., & Sicardy, B. 2009, Planetary
and Space Science, 57, 1950

Barnes, J. W., Soderblom, J. M., Brown, R. H., Soderblom, L. A., Stefan, K.,
Jaumann, R., Le Mouélic, S., Rodriguez, S., Sotin, C., Buratti, B. J., Baines,
K. H., Clark, R. N., & Nicholson, P. D. 2011, Icarus, 211, 722

Barnes, J. W., Sotin, C., Soderblom, J. M., Brown, R. H., Hayes, A. G., Donelan,
M., Rodriguez, S., Le Mouelic, S., Baines, K. H., & McCord, T. B. 2014,
Planetary Science, 3, 3

Buratti, B. J., Sotin, C., Brown, R. H., Hicks, M. D., Clark, R. N., Mosher, J. A.,
McCord, T. B., Jaumann, R., Baines, K. H., Nicholson, P. D., Momary, T.,
Simonelli, D. P., & Sicardy, B. 2006, Planet. Space Sci., 54, 1498

Cahoy, K. L., Marley, M. S., & Fortney, J. J. 2010, ApJ, 724, 189
Chandrasekhar, S. 1950, Radiative transfer.
Checlair, J., McKay, C. P., & Imanaka, H. 2016, Planet. Space Sci., 129, 1
Coustenis, A., Lellouch, E., Maillard, J. P., & McKay, C. P. 1995, Icarus, 118, 87
Dlugach, J. M. & Yanovitskij, E. G. 1974, Icarus, 22, 66
Doose, L. R., Karkoschka, E., Tomasko, M. G., & Anderson, C. M. 2016, Icarus,

270, 355
Dupree, S. A. & Fraley, S. K. 2012, A Monte Carlo Primer: A Practical

Approach to Radiation Transport (Springer Science & Business Media)
Evans, K. F. 2007, Journal of Atmospheric Sciences, 64, 3854
Fortney, J. J. 2005, MNRAS, 364, 649
Fortney, J. J., Shabram, M., Showman, A. P., Lian, Y., Freedman, R. S., Marley,

M. S., & Lewis, N. K. 2010, ApJ, 709, 1396
Griffith, C. A. 1993, Nature, 364, 511
Griffith, C. A., Doose, L., Tomasko, M. G., Penteado, P. F., & See, C. 2012a,

Icarus, 218, 975
Griffith, C. A., Lora, J. M., Turner, J., Penteado, P. F., Brown, R. H., Tomasko,

M. G., Doose, L., & See, C. 2012b, Nature, 486, 237
Griffith, C. A., Penteado, P., Baines, K., Drossart, P., Barnes, J., Bellucci, G.,

Bibring, J., Brown, R., Buratti, B., Capaccioni, F., Cerroni, P., Clark, R.,
Combes, M., Coradini, A., Cruikshank, D., Formisano, V., Jaumann, R.,
Langevin, Y., Matson, D., McCord, T., Mennella, V., Nelson, R., Nicholson,
P., Sicardy, B., Sotin, C., Soderblom, L. A., & Kursinski, R. 2005, Science,
310, 474

Hayne, P. O., McCord, T. B., & Sotin, C. 2014, Icarus, 243, 158
Hirtzig, M., Bézard, B., Lellouch, E., Coustenis, A., de Bergh, C., Drossart, P.,

Campargue, A., Boudon, V., Tyuterev, V., Rannou, P., Cours, T., Kassi, S.,
Nikitin, A., Mondelain, D., Rodriguez, S., & Le Mouélic, S. 2013, Icarus, 226,
470

Hubbard, W. B., Fortney, J. J., Lunine, J. I., Burrows, A., Sudarsky, D., & Pinto,
P. 2001, ApJ, 560, 413

Jonsson, P. 2006, MNRAS, 372, 2
Kalas, P., Graham, J. R., Chiang, E., Fitzgerald, M. P., Clampin, M., Kite, E. S.,

Stapelfeldt, K., Marois, C., & Krist, J. 2008, Science, 322, 1345
Maltagliati, L., Bézard, B., Vinatier, S., Hedman, M. M., Lellouch, E.,

Nicholson, P. D., Sotin, C., de Kok, R. J., & Sicardy, B. 2015a, Icarus, 248, 1
Maltagliati, L., Rodriguez, S., Sotin, C., Cornet, T., Rannou, P., Le Mouelic, S.,

Solomonidou, A., Coustenis, A., & Brown, R. 2015b, European Planetary
Science Congress, 10, EPSC2015

McKay, C. P., Pollack, J. B., & Courtin, R. 1989, Icarus, 80, 23
Porco, C. C., Baker, E., Barbara, J., Beurle, K., Brahic, A., Burns, J. A.,

Charnoz, S., Cooper, N., Dawson, D. D., Del Genio, A. D., Denk, T., Dones,
L., Dyudina, U., Evans, M. W., Fussner, S., Giese, B., Grazier, K.,
Helfenstein, P., Ingersoll, A. P., Jacobson, R. A., Johnson, T. V., McEwen, A.,
Murray, C. D., Neukum, G., Owen, W. M., Perry, J., Roatsch, T., Spitale, J.,
Squyres, S., Thomas, P., Tiscareno, M., Turtle, E. P., Vasavada, A. R., Veverka,
J., Wagner, R., & West, R. 2005, Nature, 434, 159

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 1992,
Numerical recipes in C. The art of scientific computing (Cambridge:
University Press)

—. 2007, Numerical recipes: The art of scientific computing (Cambridge:
University Press)

Rages, K. & Pollack, J. B. 1983, Icarus, 55, 50
Rannou, P., McKay, C. P., & Lorenz, R. D. 2003, Planet. Space Sci., 51, 963
Richardson, J., Lorenz, R. D., & McEwen, A. 2004, Icarus, 170, 113
Robitaille, T. P. 2011, A&A, 536, A79
Rodriguez, S., Le Mouélic, S., Sotin, C., Clénet, H., Clark, R. N., Buratti, B.,

Brown, R. H., McCord, T. B., Nicholson, P. D., Baines, K. H., & the VIMS
Science Team. 2006, Planet. Space Sci., 54, 1510

This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at The Astronomical Journal,
published by IOP Publishing. Copyright restrictions may apply. doi: 10.3847/1538-3881/aac2db



12 BARNES et al.

Smith, B. A., Soderblom, L., Beebe, R. F., Boyce, J. M., Briggs, G., Bunker, A.,
Collins, S. A., Hansen, C., Johnson, T. V., Mitchell, J. L., Terrile, R. J., Carr,
M. H., Cook, A. F., Cuzzi, J. N., Pollack, J. B., Danielson, G. E., Ingersoll,
A. P., Davies, M. E., Hunt, G. E., Masursky, H., Shoemaker, E. M., Morrison,
D., Owen, T., Sagan, C., Veverka, J., Strom, R., & Suomi, V. E. 1981, Science,
212, 163

Smith, F. L. & Smith, C. 1972, Journal of Geophysical Research, 77, 3592
Smith, P. H., Lemmon, M. T., Lorenz, R. D., Sromovsky, L. A., Caldwell, J. J., &

Allison, M. D. 1996, Icarus, 119, 336
Sobol’, I. M. 1967, Zhurnal Vychislitel’noi Matematiki i Matematicheskoi

Fiziki, 7, 784
Soderblom, J. M., Barnes, J. W., Soderblom, L. A., Brown, R. H., Griffith, C. A.,

Nicholson, P. D., Stephan, K., Jaumann, R., Sotin, C., Baines, K. H., Buratti,
B. J., & Clark, R. N. 2012, Icarus, 220, 744

Soderblom, L. A., Kirk, R. L., Lunine, J. I., Anderson, J. A., Baines, K. H.,
Barnes, J. W., Barrett, J. M., Brown, R. H., Buratti, B. J., Clark, R. N.,
Cruikshank, D. P., Elachi, C., Janssen, M. A., Jaumann, R., Karkoschka, E.,
Mouélic, S. L., Lopes, R. M., Lorenz, R. D., McCord, T. B., Nicholson, P. D.,
Radebaugh, J., Rizk, B., Sotin, C., Stofan, E. R., Sucharski, T. L., Tomasko,
M. G., & Wall, S. D. 2007, Planet. Space Sci., 55, 2025

Solomonidou, A., Coustenis, A., Hirtzig, M., Rodriguez, S., Stephan, K., Lopes,
R. M. C., Drossart, P., Sotin, C., Le Mouélic, S., Lawrence, K., Bratsolis, E.,
Jaumann, R., & Brown, R. H. 2016, Icarus, 270, 85

Solomonidou, A., Hirtzig, M., Coustenis, A., Bratsolis, E., Le Mouélic, S.,
Rodriguez, S., Stephan, K., Drossart, P., Sotin, C., Jaumann, R., Brown, R. H.,
Kyriakopoulos, K., Lopes, R. M. C., Bampasidis, G.,
Stamatelopoulou-Seymour, K., & Moussas, X. 2014, Journal of Geophysical
Research (Planets), 119, 1729

Squyres, S. W., McKay, C. P., & Reynolds, R. T. 1985, J. Geophys. Res., 90, 12

Stephan, K., Jaumann, R., Brown, R. H., Soderblom, J. M., Soderblom, L. A.,
Barnes, J. W., Sotin, C., Griffith, C. A., Kirk, R. L., Baines, K. H., Buratti,
B. J., Clark, R. N., Lytle, D. M., Nelson, R. M., & Nicholson, P. D. 2010,
Geophys. Res. Lett., 37, L7104

Thomas, G. E. & Stamnes, K. 2002, Radiative Transfer in the Atmosphere and
Ocean, 546

Tomasko, M. G., Archinal, B., Becker, T., Bézard, B., Bushroe, M., Combes, M.,
Cook, D., Coustenis, A., de Bergh, C., Dafoe, L. E., Doose, L., Douté, S., Eibl,
A., Engel, S., Gliem, F., Grieger, B., Holso, K., Howington-Kraus, E.,
Karkoschka, E., Keller, H. U., Kirk, R., Kramm, R., Küppers, M., Lanagan, P.,
Lellouch, E., Lemmon, M., Lunine, J., McFarlane, E., Moores, J., Prout,
G. M., Rizk, B., Rosiek, M., Rueffer, P., Schröder, S. E., Schmitt, B., See, C.,
Smith, P., Soderblom, L., Thomas, N., & West, R. 2005, Nature, 438, 765

Tomasko, M. G., Doose, L., Engel, S., Dafoe, L. E., West, R., Lemmon, M.,
Karkoschka, E., & See, C. 2008, Planet. Space Sci., 56, 669

Tomasko, M. G. & West, R. A. 2010, Aerosols in Titan’s Atmosphere, ed. R. H.
Brown, J.-P. Lebreton, & J. H. Waite, 297

Vixie, G., Barnes, J. W., Bow, J., Le Mouélic, S., Rodriguez, S., Brown, R. H.,
Cerroni, P., Tosi, F., Buratti, B., Sotin, C., Filacchione, G., Capaccioni, F., &
Coradini, A. 2012, Planet. Space Sci., 60, 52

Vixie, G., Barnes, J. W., Jackson, B., Rodriguez, S., Le Mouélic, S., Sotin, C.,
MacKenzie, S., & Wilson, P. 2015, Icarus, 257, 313

West, R. A., Del Genio, A. D., Barbara, J. M., Toledo, D., Lavvas, P., Rannou, P.,
Turtle, E. P., & Perry, J. 2016, Icarus, 270, 399

Wolf, S. 2003, Computer Physics Communications, 150, 99
Xu, F., West, R. A., & Davis, A. B. 2013, J. Quant. Spec. Radiat. Transf., 117, 59
Young, E. F., Rannou, P., McKay, C. P., Griffith, C. A., & Noll, K. 2002, AJ, 123,

3473
Yusef-Zadeh, F., Morris, M., & White, R. L. 1984, ApJ, 278, 186

This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at The Astronomical Journal,
published by IOP Publishing. Copyright restrictions may apply. doi: 10.3847/1538-3881/aac2db


