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How Much Methane Is in Titan’s Climate System?

�2

Lorenz et al. (2018)

~103–104 GT carbon ~4x104 GT carbon
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The Methane Inventory in Contact with the Atmosphere Strongly 
Impacts the Climate

�3

‣ Agrees with 2D simulations of different total methane reservoirs (Mitchell 2008, JGR 113)

Globally moist surface Seas only

‣ Simulations with the Titan Atmospheric Model (TAM; Lora et al. 2015, Icarus 250)
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The Methane Inventory in Contact with the Atmosphere Strongly 
Impacts the Climate

�4

Globally moist surface Seas only

‣ Cloud observations from Cassini and ground-based instruments
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The Most Successful Idealized Surface Methane Configuration Is One 
With Polar “Wetlands”…ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO3043
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Figure 1 | Seasonal methane precipitation. a, Zonally averaged precipitation (mm d�1) composited over 50 Titan years of the TAM wetlands simulation
used in this study, compared to tropospheric cloud locations as observed by international space station- (ISS) (black circles), VIMS- (small grey circles),
and ground-based telescopes (filled black squares). Vertical dashed lines represent the era of Titan cloud observations (see Methods). b, Maximum zonal
maximum precipitation (mm d�1) over 50 Titan years of the TAM wetlands simulation used in this study (see Methods). Wetlands edges are shown by
horizontal dotted lines in both panels.
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Figure 2 | Titan’s precipitation statistics. a, Probability density functions (d mm�1) for precipitation rates (mm d�1) within each latitude bin. Profiles
include precipitation rates from every output period and every grid cell in the given latitude bin. b, Representative exceedance probabilities (unitless) within
each latitude bin taken by averaging precipitation rates for a given exceedance probability. Shaded regions represent associated recurrence intervals.
Vertical dotted line in both panels shows the minimum precipitation rate (12 mm d�1) estimated for erosion16.

in good agreement with the timing and location of observed
clouds. Our model successfully captures the sporadic nature of
cloud activity and its cessation in northern spring (Fig. 1a), in
contrast to the continuous band of precipitation reported by
previous models30,31. Although total precipitation is largest over the
poles, maximum precipitation intensities peak in the mid-latitudes,
near the boundary of the wetlands (Fig. 1b). Probability density
functions show that low-magnitude precipitation (0–10mmd�1)
is particularly persistent in the polar regions, medium-magnitude
precipitation (10–50mmd�1) just within the minimum range of
erosion16 (Fig. 2, vertical dotted line; see Methods for discussion
of estimate) is most prevalent in the northern hemisphere (NH)
dunes andNH lowmid-latitudes, and high-magnitude precipitation
(>50mmd�1) occurs primarily in the high mid-latitudes of both
hemispheres and rarely elsewhere. The most extreme storms
(⇠100mmd�1) occur almost exclusively in the high mid-latitudes
and have recurrence intervals of 20–30 Titan years (Fig. 2b).

Precipitation and geomorphic connections
Of available geomorphic observations, perhaps the best indicators
of infrequent but extreme storms on Titan that we can leverage
to contextualize our results are alluvial fans identified with
Cassini’s Synthetic Aperture Radar (SAR) instrument5–7. Non-
hydrologic factors such as sediment size, material properties, and
topography may also a�ect alluvial fan formation, but sedimentary
deposits, particularly large ones, are likely associated with intense
precipitation that initiates transport and deposition of large
amounts ofmaterials12,20,24,25,36,39 (see Supplementary Information for
further discussion). Large terrestrial fans can result from floods
recurring on average every few centuries40, and typically result from
deposition over thousand- and million-year timescales39. Although
we are unable to run simulations for such long times, we find in our
simulations that the latitudinal variation of rainfall intensity from
storms with recurrence intervals of 25 Titan years (the approximate
recurrence interval of the extreme⇠100mmd�1 storms in the high
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Figure 1 | Seasonal methane precipitation. a, Zonally averaged precipitation (mm d�1) composited over 50 Titan years of the TAM wetlands simulation
used in this study, compared to tropospheric cloud locations as observed by international space station- (ISS) (black circles), VIMS- (small grey circles),
and ground-based telescopes (filled black squares). Vertical dashed lines represent the era of Titan cloud observations (see Methods). b, Maximum zonal
maximum precipitation (mm d�1) over 50 Titan years of the TAM wetlands simulation used in this study (see Methods). Wetlands edges are shown by
horizontal dotted lines in both panels.
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Figure 2 | Titan’s precipitation statistics. a, Probability density functions (d mm�1) for precipitation rates (mm d�1) within each latitude bin. Profiles
include precipitation rates from every output period and every grid cell in the given latitude bin. b, Representative exceedance probabilities (unitless) within
each latitude bin taken by averaging precipitation rates for a given exceedance probability. Shaded regions represent associated recurrence intervals.
Vertical dotted line in both panels shows the minimum precipitation rate (12 mm d�1) estimated for erosion16.

in good agreement with the timing and location of observed
clouds. Our model successfully captures the sporadic nature of
cloud activity and its cessation in northern spring (Fig. 1a), in
contrast to the continuous band of precipitation reported by
previous models30,31. Although total precipitation is largest over the
poles, maximum precipitation intensities peak in the mid-latitudes,
near the boundary of the wetlands (Fig. 1b). Probability density
functions show that low-magnitude precipitation (0–10mmd�1)
is particularly persistent in the polar regions, medium-magnitude
precipitation (10–50mmd�1) just within the minimum range of
erosion16 (Fig. 2, vertical dotted line; see Methods for discussion
of estimate) is most prevalent in the northern hemisphere (NH)
dunes andNH lowmid-latitudes, and high-magnitude precipitation
(>50mmd�1) occurs primarily in the high mid-latitudes of both
hemispheres and rarely elsewhere. The most extreme storms
(⇠100mmd�1) occur almost exclusively in the high mid-latitudes
and have recurrence intervals of 20–30 Titan years (Fig. 2b).

Precipitation and geomorphic connections
Of available geomorphic observations, perhaps the best indicators
of infrequent but extreme storms on Titan that we can leverage
to contextualize our results are alluvial fans identified with
Cassini’s Synthetic Aperture Radar (SAR) instrument5–7. Non-
hydrologic factors such as sediment size, material properties, and
topography may also a�ect alluvial fan formation, but sedimentary
deposits, particularly large ones, are likely associated with intense
precipitation that initiates transport and deposition of large
amounts ofmaterials12,20,24,25,36,39 (see Supplementary Information for
further discussion). Large terrestrial fans can result from floods
recurring on average every few centuries40, and typically result from
deposition over thousand- and million-year timescales39. Although
we are unable to run simulations for such long times, we find in our
simulations that the latitudinal variation of rainfall intensity from
storms with recurrence intervals of 25 Titan years (the approximate
recurrence interval of the extreme⇠100mmd�1 storms in the high
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Figure 1 | Seasonal methane precipitation. a, Zonally averaged precipitation (mm d�1) composited over 50 Titan years of the TAM wetlands simulation
used in this study, compared to tropospheric cloud locations as observed by international space station- (ISS) (black circles), VIMS- (small grey circles),
and ground-based telescopes (filled black squares). Vertical dashed lines represent the era of Titan cloud observations (see Methods). b, Maximum zonal
maximum precipitation (mm d�1) over 50 Titan years of the TAM wetlands simulation used in this study (see Methods). Wetlands edges are shown by
horizontal dotted lines in both panels.
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Figure 2 | Titan’s precipitation statistics. a, Probability density functions (d mm�1) for precipitation rates (mm d�1) within each latitude bin. Profiles
include precipitation rates from every output period and every grid cell in the given latitude bin. b, Representative exceedance probabilities (unitless) within
each latitude bin taken by averaging precipitation rates for a given exceedance probability. Shaded regions represent associated recurrence intervals.
Vertical dotted line in both panels shows the minimum precipitation rate (12 mm d�1) estimated for erosion16.

in good agreement with the timing and location of observed
clouds. Our model successfully captures the sporadic nature of
cloud activity and its cessation in northern spring (Fig. 1a), in
contrast to the continuous band of precipitation reported by
previous models30,31. Although total precipitation is largest over the
poles, maximum precipitation intensities peak in the mid-latitudes,
near the boundary of the wetlands (Fig. 1b). Probability density
functions show that low-magnitude precipitation (0–10mmd�1)
is particularly persistent in the polar regions, medium-magnitude
precipitation (10–50mmd�1) just within the minimum range of
erosion16 (Fig. 2, vertical dotted line; see Methods for discussion
of estimate) is most prevalent in the northern hemisphere (NH)
dunes andNH lowmid-latitudes, and high-magnitude precipitation
(>50mmd�1) occurs primarily in the high mid-latitudes of both
hemispheres and rarely elsewhere. The most extreme storms
(⇠100mmd�1) occur almost exclusively in the high mid-latitudes
and have recurrence intervals of 20–30 Titan years (Fig. 2b).

Precipitation and geomorphic connections
Of available geomorphic observations, perhaps the best indicators
of infrequent but extreme storms on Titan that we can leverage
to contextualize our results are alluvial fans identified with
Cassini’s Synthetic Aperture Radar (SAR) instrument5–7. Non-
hydrologic factors such as sediment size, material properties, and
topography may also a�ect alluvial fan formation, but sedimentary
deposits, particularly large ones, are likely associated with intense
precipitation that initiates transport and deposition of large
amounts ofmaterials12,20,24,25,36,39 (see Supplementary Information for
further discussion). Large terrestrial fans can result from floods
recurring on average every few centuries40, and typically result from
deposition over thousand- and million-year timescales39. Although
we are unable to run simulations for such long times, we find in our
simulations that the latitudinal variation of rainfall intensity from
storms with recurrence intervals of 25 Titan years (the approximate
recurrence interval of the extreme⇠100mmd�1 storms in the high
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…Which Produces Intense High Mid-Latitude Storms that Correlate 
With Observed Geomorphic Features

Faulk et al. (2017)
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Figure 1 | Seasonal methane precipitation. a, Zonally averaged precipitation (mm d�1) composited over 50 Titan years of the TAM wetlands simulation
used in this study, compared to tropospheric cloud locations as observed by international space station- (ISS) (black circles), VIMS- (small grey circles),
and ground-based telescopes (filled black squares). Vertical dashed lines represent the era of Titan cloud observations (see Methods). b, Maximum zonal
maximum precipitation (mm d�1) over 50 Titan years of the TAM wetlands simulation used in this study (see Methods). Wetlands edges are shown by
horizontal dotted lines in both panels.
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Figure 2 | Titan’s precipitation statistics. a, Probability density functions (d mm�1) for precipitation rates (mm d�1) within each latitude bin. Profiles
include precipitation rates from every output period and every grid cell in the given latitude bin. b, Representative exceedance probabilities (unitless) within
each latitude bin taken by averaging precipitation rates for a given exceedance probability. Shaded regions represent associated recurrence intervals.
Vertical dotted line in both panels shows the minimum precipitation rate (12 mm d�1) estimated for erosion16.

in good agreement with the timing and location of observed
clouds. Our model successfully captures the sporadic nature of
cloud activity and its cessation in northern spring (Fig. 1a), in
contrast to the continuous band of precipitation reported by
previous models30,31. Although total precipitation is largest over the
poles, maximum precipitation intensities peak in the mid-latitudes,
near the boundary of the wetlands (Fig. 1b). Probability density
functions show that low-magnitude precipitation (0–10mmd�1)
is particularly persistent in the polar regions, medium-magnitude
precipitation (10–50mmd�1) just within the minimum range of
erosion16 (Fig. 2, vertical dotted line; see Methods for discussion
of estimate) is most prevalent in the northern hemisphere (NH)
dunes andNH lowmid-latitudes, and high-magnitude precipitation
(>50mmd�1) occurs primarily in the high mid-latitudes of both
hemispheres and rarely elsewhere. The most extreme storms
(⇠100mmd�1) occur almost exclusively in the high mid-latitudes
and have recurrence intervals of 20–30 Titan years (Fig. 2b).

Precipitation and geomorphic connections
Of available geomorphic observations, perhaps the best indicators
of infrequent but extreme storms on Titan that we can leverage
to contextualize our results are alluvial fans identified with
Cassini’s Synthetic Aperture Radar (SAR) instrument5–7. Non-
hydrologic factors such as sediment size, material properties, and
topography may also a�ect alluvial fan formation, but sedimentary
deposits, particularly large ones, are likely associated with intense
precipitation that initiates transport and deposition of large
amounts ofmaterials12,20,24,25,36,39 (see Supplementary Information for
further discussion). Large terrestrial fans can result from floods
recurring on average every few centuries40, and typically result from
deposition over thousand- and million-year timescales39. Although
we are unable to run simulations for such long times, we find in our
simulations that the latitudinal variation of rainfall intensity from
storms with recurrence intervals of 25 Titan years (the approximate
recurrence interval of the extreme⇠100mmd�1 storms in the high
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Figure 3 | Rainfall compared to alluvial fans. a, Temporally and zonally
averaged precipitation (solid, mm d�1) over the full 50-Titan-year
simulation. b, Zonally averaged magnitude (bolded, mm d�1) of
25-Titan-year storms. c, Zonally averaged peakedness (heavily bolded,
unitless) with maximum and zonal average taken over the full 50-Titan-year
simulation. Observed alluvial fan density distribution (black bars from ref. 5,
additional light bars from refs 6,7; see Methods), in number of fans per
106 km2, on the right y-axis for each panel. Each profile (including mean
precipitation) is shaded between the 25th and 75th percentile of the
zonal averaging.

mid-latitudes; see Fig. 2b) correlates well with alluvial fan density
(Fig. 3b) compiled from refs 5–7 (see Methods), with peaks in the
high mid-latitudes of both hemispheres.

In addition to precipitation magnitude, we also examine the
regional patterns of climatic variability. A previous study showed
that terrestrial megafans tend to be observed globally in areas with
high values of discharge variability, which is thought to promote
channel instability and avulsion21, processes that are reasonably
assumed to be present on Titan given the presence of channelized
flow1–3,41 and indications of flood events17,42,43. To quantify climatic
variability, we follow the approach of ref. 21 and calculate the
peakedness, a proxy for variability, in each grid cell as the ratio
of maximum to zonal mean precipitation over the 50-Titan-
year simulation (see Supplementary Information for discussion of
sensitivity to timescale). We find that zonal peakedness is highest
in the high mid-latitudes, approximately where observed alluvial
fans are most concentrated (Fig. 3c). A secondary maximum in
peakedness in the SH low latitudes corresponds with a local rise in
the alluvial fan density in that region. Such a correlation suggests
that the opposing local rise in alluvial fan density in the NH
low latitudes reflects precipitation-induced geomorphic work from
an earlier climate epoch with an opposite orbital configuration44

(note, however, that the fans between 20�–30� N all come from
one location, Elivagar Flumina, and fan identification varies across
di�erent studies—see Supplementary Information).

In the lower latitudes, variability is weaker and major storms
capable of transporting larger grain sizes (>50mmd�1) occur less
frequently than in the high mid-latitudes (Figs 2 and 3), whereas

storms capable of transporting smaller grain sizes (10–50mmd�1)
occur more frequently in the lower latitudes than anywhere else
(Fig. 2). Depending on erosional thresholds, ine�cient fluvial
erosion and transport in low-latitude regions may account for lower
alluvial fan concentrations, as well as limited dissection of cratered
terrain4,9,10 and the production of coarse gravel deposits that further
inhibit erosion5,45.

Titan’s low latitudes are often characterized as dry and convec-
tively stable with few storms, implying that equatorial fluvial fea-
tures1–3 likely produced by mechanical erosion and sediment trans-
port due to channelized flows16 were formed during a wetter past
climate46,47. However, large storms have been observed in the trop-
ics43,48, and suggested in previous models31. Our results suggest that
the observed equatorial surface features can form in Titan’s present
climate. Medium-magnitude precipitation necessary for transport
of small grain sizes (>10mmd�1) occurs in the NH low latitudes
approximately every Titan year (Fig. 2b, top shaded region), sug-
gesting a seasonal driver. Thus, the NH low-latitude precipitation
may be the monsoon-like outpourings of Titan’s intertropical con-
vergence zone (ITCZ), although this same precipitation signal is
more rare in the SH low latitudes, where exceedance probability
for ⇠10mmd�1 precipitation is ⇠40% of that in the NH low
latitudes (Fig. 2b).

The low-latitude precipitation asymmetry in our simulations is
due to Titan’s orbital parameters since simulations with zero orbital
eccentricity produce hemispheric symmetry in the low-latitude
precipitation signal (Supplementary Fig. 5). Geomorphological
observations so far do not indicate significant low-latitude
hemispheric di�erences in the density of fluvial features1–3. The
low-latitude surface morphology appears well-preserved4,9 and able
to retain surface features carved during previous climate epochs. As
such, although heavier storms capable of erosion occur more often
in the NH low latitudes in Titan’s current climate configuration,
the same storms may have incised the SH low latitudes during
a previous orbital configuration44, although the timescale of
landscape evolution on Titan given our precipitation statistics is
left for future work. In the higher latitudes, climate changes due to
Milankovitch cycles appear to have little e�ect on the location of
high-magnitude storms, as shown by the zero-orbital-eccentricity
simulations (see Supplementary Information).

Implications for climate–surface feedbacks
The rare, variable, high-magnitude storms in the highmid-latitudes
are likely caused by baroclinic instabilities driven by tempera-
ture gradients across the wetlands boundary37. Indeed, NE–SW
tilted specific humidity anomalies indicate propagating near-surface
storm fronts in the highmid-latitudes (Supplementary Fig. 1). Evap-
orative cooling of surface liquids poleward of 60� enhances surface
temperature gradients across the wetlands boundaries, which pro-
vide the energy for these baroclinic storms34,37. Comparing Titan
to Earth, we find that Titan’s precipitation variability is overall
higher than Earth’s (see Supplementary Information), in agreement
with Titan’s potential for more violent storms and with potential
implications for a more humidified greenhouse Earth27.

Precipitation data from TAM ‘aquaplanet’ simulations, that is,
initializedwith a globalmethane ocean, do not show the same strong
correlations with observed clouds and geomorphologic landforms
as the climatic patterns from our wetlands simulations. In par-
ticular, aquaplanet simulations lack high-magnitude mid-latitude
storms, exhibit minimal di�erences in regional storm variabilities,
and produce low rainfall magnitudes and frequencies inconsistent
with global fluvial erosion (Supplementary Figs 2 and 3). On the
other hand, wetlands simulations robustly produce high-magnitude
storms and variability peaks in the high mid-latitudes—with only
slight dependencies on the latitude of the wetlands boundaries
(Supplementary Figs 2–4)—consistent with the observed alluvial
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fan area, similar to Moore and Howard (2005). The use of topo-
graphic slope data (e.g. Moore and Howard, 2005; Williams et al.,
2006), would aid greatly in further fan analysis. Currently, these
data are available via DTMs in just a few select locations and along
SAR subswath boundaries, which cross several fans (Fans 39 and
58; Radebaugh et al., 2016), though its use in our study would
require a more complete and finer scale topographic data set to
what is available.

Fig. 4a shows a plot of the number of fans located within 10!
latitude bins from 90!S to 90!N. The total number of fans in each
latitude bin is then normalized in Fig. 4b by the area imaged with
the SAR instrument, effectively describing a fan density. Normal-
ization also removes any observational biases as the physical sur-
face area at polar latitudes is much smaller compared to equatorial
latitudes. Even though the fractional SAR coverage is greater at
polar latitudes, the comparatively small surface areas at those lat-
itudes means the total area imaged by SAR is less. Using a fan den-
sity captures the observed preference for higher latitudes most
accurately.

From this fan density, we find that the majority of fans are
located at latitudes between ±50! and 80!, with few observed fans
located within or even proximal to any of the equatorial dune

fields. The majority of equatorial fans are located around the
mountainous Xanadu region (Radebaugh et al., 2011). Since there
are abundant fluvial networks across all of Titan (Burr et al.,
2013), our observations indicate that either fans never formed at
these latitudes on Titan, or that they did form at a time when the
equatorial climate was more humid and are now mantled with
aeolian deposits. Alternatively, older fans could become reworked
as the landscape evolves.

Fans are also not found near the high-standing labyrinthic ter-
rain, regions of Titan that are suggested to be dominated by
karst-like dissolution processes (M.J. Malaska et al., 2010;
Mitchell et al., 2014; Malaska et al., 2016; Cornet et al., 2015). In
these regions, sediment is either not transported out, or fans previ-
ously formed at the margins of this terrain and are now buried/
degraded. Alternatively, if these regions are primarily organic in
composition and are possibly undergoing karstic dissolution (M.J.
Malaska et al., 2010; Malaska et al., 2016), then sediments may
be removed in solution, and thus fans will not form.

We also describe which fans may be found on bajadas, where
they overlap and emanate from a single elevated ridge or mountain
range. Because individual fans are hard to distinguish onbajadas,we
could easily be underestimating the total numbers of fans in these

Fig. 3. A: Two fans (68 and 69) emanating from small hummocks. B: Two fans are visible in the image (Fans 12 and 13) displaying different morphologies, indicative of
varying formation mechanisms. C: Fan 11, the largest fan in this study, part of the Elvigar Flumina network of braided streams. D: Alluvial fans in Death Valley, CA (36!N,
116.5!W). Image is centered on Badwater Basin, CA with data acquired by the SRTM X-band radar (k = 3.1 cm). Fans in panel D marked with yellow arrows are visible in other
datasets, yet in SAR imagery are difficult to observe due to having a similar backscatter to their immediate surroundings. Note also the large difference in scale between Titan
and terrestrial fans. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

S.P.D. Birch et al. / Icarus 270 (2016) 238–247 241

Birch et al. (2016)
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Corlies et al. (2017)

Titan’s Polar Regions Are Low-Lying; Equator Is Higher Elevation

Supplementary Figure 2: Seasonal precipitation distributions with cloud observations. Zonally averaged precipi-

tation (mm d
�1

) composited over the final five Titan years, as in Fig. 2, compared to tropospheric cloud locations as observed

by ISS (black circles), VIMS (grey circles), and ground-based telescopes (dark grey diamonds). Vertical dashed lines represent

era of Titan cloud observations.

Supplementary Figure 3: Topography map. Color contours show global elevation (m) above the topographic minimum

from Corlies et al. (2017)
39
, interpolated to T21 resolution for our simulations. Grey contours show normalized elevation,

with solid lines indicating above-average elevation and dashed lines below-average elevation. Bolded line represents constant

equipotential (1200 meters) used to initialize the control simulation.
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Does This Imply Poleward Surface/Subsurface Flow? 
Need a Self-Consistent Hydrologic Model to Address Such Questions

‣ Development of a coupled atmosphere–surface hydrology climate model
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Figure 1: Surface hydrology model. Schematic of the surface hydrology components and processes incorporated in our

climate model. A representative longitude slice is shown, with unsaturated low-latitude highlands and saturated high-latitude

lowlands. Light grey represents unsaturated subsurface, grey represents methane table, and dark grey represents impermeable

basement; dark blue represents surface liquid. Transport processes include groundmethane evaporation (GME), infiltration

(I), horizontal subsurface flow of the methane table (Rs) and its special case of seepage onto the surface (S), precipitation (P ),

surface runo↵ (R), and evaporation (E), all in units of length per time. Note that the unsaturated subsurface is not a reservoir

and does not contain liquid (see Methods text for full description of hydrology model).

3

�10

Does This Imply Poleward Surface/Subsurface Flow? 
Need a Self-Consistent Hydrologic Model to Address Such Questions
‣ TAM + hydrology
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Fully Coupled Simulations Quickly Reproduce a Moist-Poles, Dry-
Equator Climate
‣ Simulations initialized from spun-up atmosphere plus a dry surface and 1200 m methane table

Figure 3: Surface liquid distributions. Surface liquid distribution (m) averaged over the final Titan year of each simulation,

where each panel represents same simulation as in Fig. 2. Orange crosses represent point of deepest surface liquid.

surface liquid, and in the dry southern hemisphere have been interpreted as paleoseas (Hayes115

et al., 2016; Birch et al., 2017b)13,30. The control simulation has markedly reduced surface116

liquid in these mid-latitude regions in comparison to the runo↵, high subsurface transport,117

and low infiltration cases, which all produce anomalous seas in the mid-latitudes (Fig. 3;118

note that our maps are not equal-area projections). The anomalous northern mid-latitude119

sea at ⇠60�W so prominent in the runo↵ simulation, for instance, is absent in the control120

simulation. The southern mid-latitude paleobasin at ⇠25�E is in fact the lowest elevation121

region on Titan (Corlies et al., 2017; Birch et al., 2017b)30,39 and is host to a deep anomalous122

sea in the low infiltration case. In the control simulation, however, the northern-most basin123

holds the deepest sea (Fig. 3a, orange cross), consistent with observations of the large north124

polar maria (Hayes, 2016)13.125

1.2 Meridional methane transport126

We partition the total meridional methane transport between the atmosphere, surface, and127

subsurface components (see Methods for details), noting that the partitioning of the total128

atmospheric transport between mean and transient components in all our simulations is sim-129

6

Figure 3: Surface liquid distributions. Surface liquid distribution (m) averaged over the final Titan year of each simulation,

where each panel represents same simulation as in Fig. 2. Orange crosses represent point of deepest surface liquid.

surface liquid, and in the dry southern hemisphere have been interpreted as paleoseas (Hayes115

et al., 2016; Birch et al., 2017b)13,30. The control simulation has markedly reduced surface116

liquid in these mid-latitude regions in comparison to the runo↵, high subsurface transport,117

and low infiltration cases, which all produce anomalous seas in the mid-latitudes (Fig. 3;118

note that our maps are not equal-area projections). The anomalous northern mid-latitude119

sea at ⇠60�W so prominent in the runo↵ simulation, for instance, is absent in the control120

simulation. The southern mid-latitude paleobasin at ⇠25�E is in fact the lowest elevation121

region on Titan (Corlies et al., 2017; Birch et al., 2017b)30,39 and is host to a deep anomalous122

sea in the low infiltration case. In the control simulation, however, the northern-most basin123

holds the deepest sea (Fig. 3a, orange cross), consistent with observations of the large north124

polar maria (Hayes, 2016)13.125

1.2 Meridional methane transport126

We partition the total meridional methane transport between the atmosphere, surface, and127

subsurface components (see Methods for details), noting that the partitioning of the total128

atmospheric transport between mean and transient components in all our simulations is sim-129

6

Su
rfa

ce
 li

qu
id

 (m
)



J.M. Lora      Cassini Science Symposium 2018     August 15, 2018    Boulder, Colorado�12

Fully Coupled Simulations Quickly Reproduce a Moist-Poles, Dry-
Equator Climate
‣ Simulations initialized from spun-up atmosphere plus a dry surface and 1200 m methane table

Figure 3: Surface liquid distributions. Surface liquid distribution (m) averaged over the final Titan year of each simulation,

where each panel represents same simulation as in Fig. 2. Orange crosses represent point of deepest surface liquid.

surface liquid, and in the dry southern hemisphere have been interpreted as paleoseas (Hayes115

et al., 2016; Birch et al., 2017b)13,30. The control simulation has markedly reduced surface116

liquid in these mid-latitude regions in comparison to the runo↵, high subsurface transport,117

and low infiltration cases, which all produce anomalous seas in the mid-latitudes (Fig. 3;118

note that our maps are not equal-area projections). The anomalous northern mid-latitude119

sea at ⇠60�W so prominent in the runo↵ simulation, for instance, is absent in the control120

simulation. The southern mid-latitude paleobasin at ⇠25�E is in fact the lowest elevation121

region on Titan (Corlies et al., 2017; Birch et al., 2017b)30,39 and is host to a deep anomalous122

sea in the low infiltration case. In the control simulation, however, the northern-most basin123

holds the deepest sea (Fig. 3a, orange cross), consistent with observations of the large north124

polar maria (Hayes, 2016)13.125

1.2 Meridional methane transport126

We partition the total meridional methane transport between the atmosphere, surface, and127

subsurface components (see Methods for details), noting that the partitioning of the total128

atmospheric transport between mean and transient components in all our simulations is sim-129

6

Figure 3: Surface liquid distributions. Surface liquid distribution (m) averaged over the final Titan year of each simulation,

where each panel represents same simulation as in Fig. 2. Orange crosses represent point of deepest surface liquid.

surface liquid, and in the dry southern hemisphere have been interpreted as paleoseas (Hayes115

et al., 2016; Birch et al., 2017b)13,30. The control simulation has markedly reduced surface116

liquid in these mid-latitude regions in comparison to the runo↵, high subsurface transport,117

and low infiltration cases, which all produce anomalous seas in the mid-latitudes (Fig. 3;118

note that our maps are not equal-area projections). The anomalous northern mid-latitude119

sea at ⇠60�W so prominent in the runo↵ simulation, for instance, is absent in the control120

simulation. The southern mid-latitude paleobasin at ⇠25�E is in fact the lowest elevation121

region on Titan (Corlies et al., 2017; Birch et al., 2017b)30,39 and is host to a deep anomalous122

sea in the low infiltration case. In the control simulation, however, the northern-most basin123

holds the deepest sea (Fig. 3a, orange cross), consistent with observations of the large north124

polar maria (Hayes, 2016)13.125

1.2 Meridional methane transport126

We partition the total meridional methane transport between the atmosphere, surface, and127

subsurface components (see Methods for details), noting that the partitioning of the total128

atmospheric transport between mean and transient components in all our simulations is sim-129

6

Su
rfa

ce
 li

qu
id

 (m
)

USGS/Cassini SAR



J.M. Lora      Cassini Science Symposium 2018     August 15, 2018    Boulder, Colorado

Figure 2: Seasonal precipitation distributions. Zonally averaged precipitation (mm d
�1

) composited over the final

five Titan years of: a) the control simulation; c) the low subsurface transport simulation; d) the high subsurface transport

simulation; e) the runo↵ simulation; and f) the low infiltration simulation. Panel (b) shows tropospheric cloud locations as

observed by ISS (black circles), VIMS (grey circles), and ground-based telescopes (dark grey diamonds). Vertical dashed lines

represent era of Titan cloud observations from late 2001 to late 2017 (see Supplementary Information).
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Fully Coupled Simulations Quickly Reproduce a Moist-Poles, Dry-
Equator Climate
‣ Simulations initialized from spun-up atmosphere plus a dry surface and 1200 m methane table
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J.M. Lora      Cassini Science Symposium 2018     August 15, 2018    Boulder, Colorado�14Figure 5: Surface liquid accumulation maps for control simulation. From left to right, maps of P , P �E, P �E � I,
P �E� I +R, and P �E� I +R+S, where P is precipitation, E is surface liquid evaporation, I is infiltration, R is net input

from surface runo↵, and S is seepage. Color contours for each panel are same and shown on right in mm d
�1

. Top row gives

averages over the first five Titan years of the control simulation, while bottom row shows averages over the final five Titan years

of the control simulation. Grey contours show normalized topography (Corlies et al., 2017)
39

interpolated to T21 resolution,

with solid lines indicating above-average elevation and dashed lines below-average elevation.

precipitation is locally infiltrated into unsaturated pockets, as demonstrated by the e↵ect of213

infiltration at the highest latitudes (Fig. 5h). Thus, minimal surface runo↵ occurs (Fig. 5i),214

but moderate seepage from the subsurface largely balances surface evaporation from basins215

in low and high latitudes (Fig. 5j), and also helps maintain sea-adjacent unsaturated pockets216

by removing infiltrated liquid (Supplementary Fig. 6; top row).217

Fig. 5j displays the average net surface liquid accumulation at the end of the control218

simulation. Consistent with a stable surface liquid amount, there is approximately as much219

surface drying as wetting; meanwhile, in the subsurface, infiltration is in balance with ground-220

methane evaporation and subsurface transport (Supplementary Fig. 6). However, slight net221

drying in the high-latitude seas of both hemispheres exists in our simulations, suggesting222

that the maria in our simulations would have limited lifetimes over geologic timescales. For223

comparison, net surface drying is pronounced in the low subsurface transport case, while net224

surface wetting occurs in the high subsurface transport and low infiltration cases (Supplemen-225

tary Fig. 8), meaning the surface and subsurface reservoirs of these sensitivity simulations226

are further out of equilibrium by the end of the runs than the control (see Supplementary227

Information).228

2 Discussion229

Adding surface hydrology to an existing GCM produces a latitudinally dichotomous cli-230

mate, with strong solstitial precipitation over saturated polar regions, dispersed mid-latitude231

storms, high-latitude maria, and equatorial deserts. In all cases, the atmosphere deposits232

methane into the low latitudes while surface and subsurface transports route methane into233

mid- and high-latitude basins, particularly in the southern hemisphere at ⇠60�S (Fig. 4),234

which then feed the atmospheric circulation. The infiltration-dominant control simulation235

10

‣ Simulations initialized from spun-up atmosphere plus a dry surface and 1200 m methane table

Infiltration, Runoff, and Subsurface Seepage Are Important 
Contributors to the Surface Moisture Budget
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Infiltration, Runoff, and Subsurface Seepage Are Important 
Contributors to the Surface Moisture Budget

Figure 5: Surface liquid accumulation maps for control simulation. From left to right, maps of P , P �E, P �E � I,
P �E� I +R, and P �E� I +R+S, where P is precipitation, E is surface liquid evaporation, I is infiltration, R is net input

from surface runo↵, and S is seepage. Color contours for each panel are same and shown on right in mm d
�1

. Top row gives

averages over the first five Titan years of the control simulation, while bottom row shows averages over the final five Titan years

of the control simulation. Grey contours show normalized topography (Corlies et al., 2017)
39

interpolated to T21 resolution,

with solid lines indicating above-average elevation and dashed lines below-average elevation.
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Sensitivity Simulations Indicate the Importance of Subsurface 
Methane Transport

Figure 3: Surface liquid distributions. Surface liquid distribution (m) averaged over the final Titan year of each simulation,

where each panel represents same simulation as in Fig. 2. Orange crosses represent point of deepest surface liquid.

surface liquid, and in the dry southern hemisphere have been interpreted as paleoseas (Hayes115

et al., 2016; Birch et al., 2017b)13,30. The control simulation has markedly reduced surface116

liquid in these mid-latitude regions in comparison to the runo↵, high subsurface transport,117

and low infiltration cases, which all produce anomalous seas in the mid-latitudes (Fig. 3;118

note that our maps are not equal-area projections). The anomalous northern mid-latitude119

sea at ⇠60�W so prominent in the runo↵ simulation, for instance, is absent in the control120

simulation. The southern mid-latitude paleobasin at ⇠25�E is in fact the lowest elevation121

region on Titan (Corlies et al., 2017; Birch et al., 2017b)30,39 and is host to a deep anomalous122

sea in the low infiltration case. In the control simulation, however, the northern-most basin123

holds the deepest sea (Fig. 3a, orange cross), consistent with observations of the large north124

polar maria (Hayes, 2016)13.125

1.2 Meridional methane transport126

We partition the total meridional methane transport between the atmosphere, surface, and127

subsurface components (see Methods for details), noting that the partitioning of the total128

atmospheric transport between mean and transient components in all our simulations is sim-129
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Sensitivity Simulations Indicate the Importance of Subsurface 
Methane Transport—Surface Runoff Alone Does Not Reproduce Obs.

Figure 3: Surface liquid distributions. Surface liquid distribution (m) averaged over the final Titan year of each simulation,

where each panel represents same simulation as in Fig. 2. Orange crosses represent point of deepest surface liquid.
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Figure 1: Surface hydrology model. Schematic of the surface hydrology components and processes incorporated in our

climate model. A representative longitude slice is shown, with unsaturated low-latitude highlands and saturated high-latitude

lowlands. Light grey represents unsaturated subsurface, grey represents methane table, and dark grey represents impermeable

basement; dark blue represents surface liquid. Transport processes include groundmethane evaporation (GME), infiltration

(I), horizontal subsurface flow of the methane table (Rs) and its special case of seepage onto the surface (S), precipitation (P ),

surface runo↵ (R), and evaporation (E), all in units of length per time. Note that the unsaturated subsurface is not a reservoir

and does not contain liquid (see Methods text for full description of hydrology model).
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Conclusions

�21

• Titan’s topography and surface liquid distribution suggest a hydrology component to the methane hydrologic 
cycle 

• We have developed a coupled surface–atmosphere model with fully self-consistent hydrology and net 
precipitation 

• This coupled model quickly reproduces observed surface liquid distributions, as well as a moist-polar/dry-
equatorial climate 

• Methane infiltration, surface runoff, and seepage from the subsurface (as well as ground-methane 
evaporation) are important terms in the surface moisture budget 

• Sensitivity simulations indicate an important role for the transport of liquid methane in the subsurface, 
which occurs globally in our model 

• Ongoing and future work are needed to refine/constrain physical parameters of the hydrology model 
• Future work will also include the orographic impact of topography on the atmosphere to address an 

additional potential feedback
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Regional patterns of extreme precipitation on
Titan consistent with observed alluvial
fan distribution
S. P. Faulk*, J. L. Mitchell, S. Moon and J. M. Lora

Geomorphic features typically associated with extreme rainfall events in terrestrial settings, including extensive fluvial
features and alluvial fans, have been detected on Titan’s surface. Methane flow from precipitation on Titan can transport
sediments and potentially erode the icy bedrock, but averaged precipitation rates from prior global-scale modelling are too
low by at least an order of magnitude to initiate sediment transport of observed grain sizes at low latitudes. Here, we quantify
the regional magnitude, frequency and variability of extreme rainfall events from simulations of present-day Titan, with a
general circulation model coupled to a land model partially covered by wetlands reservoirs that can capture Titan’s regionally
varying hydroclimate. We find that the most extreme storms tend to occur in the mid-latitudes, where observed alluvial fans
are most concentrated. Storms capable of sediment transport and erosion occur at all latitudes in our simulations, consistent
with the observed global coverage of fluvial features. Our results demonstrate the influential role of extreme precipitation in
shaping Titan’s surface. We therefore suggest that, similarly to Earth but di�erently from Mars, active geomorphic work may
be ongoing in the present climate on Titan.

Latitudinal variations in geomorphic features observed on
Titan—from extensive fluvial features at all latitudes1–3, to
dissected and mottled terrain in the low and mid-latitudes4,

alluvial fans concentrated in the mid- to high latitudes5–7, and
lake districts8 and a relative lack of craters near the poles9–11—
suggest corresponding variations in climate, tectonics, or lithology.
Given the relatively poorly characterized tectonic and lithologic
environments on Titan, the established role of climate in shaping
planetary surfaces12–14, and the abundant evidence for mechanical
erosion and sediment transport by methane precipitation and fluid
flow on Titan’s surface15–19, we focus here on climatic controls—
namely regionally varying precipitation patterns that can shed light
on localized erosion rates16,17,19. Precipitation and resulting discharge
variability are important for shaping terrestrial geomorphology
since rare but high-magnitude precipitation events initiate flash
floods and debris flows that generally erode more e�ciently
than persistent low-magnitude precipitation and leave geomorphic
signatures in the form of fans20–25. Terrestrial fluvial megafans,
for instance, have been linked to seasonal discharges and are
most prevalent in latitudinal belts that fringe tropical climate
zones, suggesting the influence of climatic patterns on alluvial
fan formation21,26. Titan’s rare rainstorms have been hypothesized
to be violent, on the basis of thermodynamics and convection
models27–29, andmay therefore provide the potential for considerable
geomorphic work in the form of runo�. General circulation
models (GCMs) of Titan’s atmosphere have characterized Titan’s
meteorology through the perspective of seasonally and zonally
averaged precipitation, showing that the seasonal circulation
transports methane to the summer pole30–34. Lost in the averages,
however, are the magnitudes and frequencies of rare but extreme
precipitation events that may exceed thresholds for sediment
transport and erosion11,16,17,19, incise channels3,22,23,35, or trigger large

sediment flows down topographic gradients to produce sedimentary
deposits like alluvial fans as in terrestrial settings20,21,25,36.

We simulate precipitation using the Titan Atmospheric Model
(TAM)32 with a wetlands configuration, wherein inexhaustible
methane reservoirs are imposed poleward of 60� and infiltration
equatorward of 45� (ref. 37). Such a surface liquid distribution is
motivated by hypothesized ‘wetlands’ or lake districts at the lower
elevation polar regions10. This model configuration has enabled
the GCM to realistically simulate many of the observed features of
Titan’s atmosphere, including the mid-latitude cloud distribution
and the paucity of low-latitude clouds during equinox34 (Fig. 1a; see
Methods for further model details).

Quantifying regional precipitation activity
Based on 50 Titan years of simulations (one Titan year is ⇠29.5
Earth years), we examine the spatial distribution of precipitation
events by separating the data into eight distinct latitude bins, refer-
ring to them fromhere on as the dunes (0�–22.5�), lowmid-latitudes
(22.5�–45�), high mid-latitudes (45�–67.5�), and poles (67.5�–90�).
Probability density functions (Fig. 2a) are calculated using every
precipitation event within a given latitude bin (normalized by cosine
of latitude to account for smaller polar surface area; see Meth-
ods). Exceedance probability curves (Fig. 2b)—cumulative distri-
bution functions that give the probability over a given timescale of
exceeding certain precipitation values—are calculated using stan-
dard rank-frequency analysis23,38. The inverse of the exceedance
probability for a precipitation event gives that event’s approximate
recurrence interval—in units of model output periods (which are
10 Earth days)—thus quantifying storm frequency.

The zonal mean precipitation of our simulations (Figs 1a
and 3a) reflects Titan’s dominantly dry climate with seasonal
precipitation activity in the mid-latitude and polar regions34,
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in good agreement with the timing and location of observed
clouds. Our model successfully captures the sporadic nature of
cloud activity and its cessation in northern spring (Fig. 1a), in
contrast to the continuous band of precipitation reported by
previous models30,31. Although total precipitation is largest over the
poles, maximum precipitation intensities peak in the mid-latitudes,
near the boundary of the wetlands (Fig. 1b). Probability density
functions show that low-magnitude precipitation (0–10mmd�1)
is particularly persistent in the polar regions, medium-magnitude
precipitation (10–50mmd�1) just within the minimum range of
erosion16 (Fig. 2, vertical dotted line; see Methods for discussion
of estimate) is most prevalent in the northern hemisphere (NH)
dunes andNH lowmid-latitudes, and high-magnitude precipitation
(>50mmd�1) occurs primarily in the high mid-latitudes of both
hemispheres and rarely elsewhere. The most extreme storms
(⇠100mmd�1) occur almost exclusively in the high mid-latitudes
and have recurrence intervals of 20–30 Titan years (Fig. 2b).

Precipitation and geomorphic connections
Of available geomorphic observations, perhaps the best indicators
of infrequent but extreme storms on Titan that we can leverage
to contextualize our results are alluvial fans identified with
Cassini’s Synthetic Aperture Radar (SAR) instrument5–7. Non-
hydrologic factors such as sediment size, material properties, and
topography may also a�ect alluvial fan formation, but sedimentary
deposits, particularly large ones, are likely associated with intense
precipitation that initiates transport and deposition of large
amounts ofmaterials12,20,24,25,36,39 (see Supplementary Information for
further discussion). Large terrestrial fans can result from floods
recurring on average every few centuries40, and typically result from
deposition over thousand- and million-year timescales39. Although
we are unable to run simulations for such long times, we find in our
simulations that the latitudinal variation of rainfall intensity from
storms with recurrence intervals of 25 Titan years (the approximate
recurrence interval of the extreme⇠100mmd�1 storms in the high

2

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

A
RT

IC
LE
S

N
AT

U
RE

G
EO

SC
IE
N
CE

D
O
I:
10
.10

38
/N

G
EO

30
43

60
°

a
b

0.
30

0.
25

0.
20

0.
15

0.
10

0.
05

30
° 0

Latitude

Latitude

−3
0°

−6
0° 0.

0
0.

2
0.

4
0.

6
Ti

m
e 

(T
ita

n 
ye

ar
s)

0.
8

1.0
Ti

m
e 

(T
ita

n 
ye

ar
s)

60
°

23
0

20
5

18
0

15
5

13
0

10
5

80 55 30

30
° 0

−3
0°

−6
0° 0.

0
0.

2
0.

4
0.

6
0.

8
1.0

Fi
gu

re
1|

Se
as
on

al
m
et
ha

ne
pr
ec
ip
ita

tio
n.

a,
Zo

na
lly

av
er

ag
ed

pr
ec

ip
ita

tio
n

(m
m

d�1
)c

om
po

si
te

d
ov

er
50

Ti
ta

n
ye

ar
so

ft
he

TA
M

w
et

la
nd

ss
im

ul
at

io
n

us
ed

in
th

is
st

ud
y,

co
m

pa
re

d
to

tro
po

sp
he

ric
cl

ou
d

lo
ca

tio
ns

as
ob

se
rv

ed
by

in
te

rn
at

io
na

ls
pa

ce
st

at
io

n-
(IS

S)
(b

la
ck

ci
rc

le
s)

,V
IM

S-
(s

m
al

lg
re

y
ci

rc
le

s)
,

an
d

gr
ou

nd
-b

as
ed

te
le

sc
op

es
(fi

lle
d

bl
ac

k
sq

ua
re

s)
.V

er
tic

al
da

sh
ed

lin
es

re
pr

es
en

tt
he

er
a

of
Ti

ta
n

cl
ou

d
ob

se
rv

at
io

ns
(s

ee
M

et
ho

ds
).
b,

M
ax

im
um

zo
na

l
m

ax
im

um
pr

ec
ip

ita
tio

n
(m

m
d�1

)o
ve

r5
0

Ti
ta

n
ye

ar
so

ft
he

TA
M

w
et

la
nd

ss
im

ul
at

io
n

us
ed

in
th

is
st

ud
y

(s
ee

M
et

ho
ds

).
W

et
la

nd
se

dg
es

ar
e

sh
ow

n
by

ho
riz

on
ta

ld
ot

te
d

lin
es

in
bo

th
pa

ne
ls

.

10
0

a
b

10
−1

N
H

 p
ol

e
N

H
 h

ig
h 

m
id

-la
t

N
H

 lo
w

 m
id

-la
t

N
H

 d
un

es
SH

 d
un

es
SH

 lo
w

 m
id

-la
t

SH
 h

ig
h 

m
id

-la
t

SH
 p

ol
e

N
H

 p
ol

e
N

H
 h

ig
h 

m
id

-la
t

N
H

 lo
w

 m
id

-la
t

N
H

 d
un

es
SH

 d
un

es
SH

 lo
w

 m
id

-la
t

SH
 h

ig
h 

m
id

-la
t

SH
 p

ol
e

10
−2

10
−3

Probability density (d mm−1)

Exceedance probability

Pr
ec

ip
ita

tio
n 

(m
m

 d
−1

)
Pr

ec
ip

ita
tio

n 
(m

m
 d

−1
)

10
−4

10
−5

10
−6

10
−7

0
20

40
60

80
10

0
12

0

10
0

10
−1

10
−2

10
−3

1−
2 

Ti
ta

n-
ye

ar
 st

or
m

6−
10

 T
ita

n-
ye

ar
 st

or
m

20
−3

0 
Ti

ta
n-

ye
ar

 st
or

m
10

−4

10
0

10
−1

10
1

10
2

10
−2

Fi
gu

re
2
|T

ita
n’
sp

re
ci
pi
ta
tio

n
st
at
is
tic

s.
a,

Pr
ob

ab
ili

ty
de

ns
ity

fu
nc

tio
ns

(d
m

m
�1

)f
or

pr
ec

ip
ita

tio
n

ra
te

s(
m

m
d�1

)w
ith

in
ea

ch
la

tit
ud

e
bi

n.
Pr

ofi
le

s
in

cl
ud

e
pr

ec
ip

ita
tio

n
ra

te
sf

ro
m

ev
er

y
ou

tp
ut

pe
rio

d
an

d
ev

er
y

gr
id

ce
ll

in
th

e
gi

ve
n

la
tit

ud
e

bi
n.
b,

Re
pr

es
en

ta
tiv

e
ex

ce
ed

an
ce

pr
ob

ab
ili

tie
s(

un
itl

es
s)

w
ith

in
ea

ch
la

tit
ud

e
bi

n
ta

ke
n

by
av

er
ag

in
g

pr
ec

ip
ita

tio
n

ra
te

sf
or

a
gi

ve
n

ex
ce

ed
an

ce
pr

ob
ab

ili
ty

.S
ha

de
d

re
gi

on
sr

ep
re

se
nt

as
so

ci
at

ed
re

cu
rre

nc
e

in
te

rv
al

s.
Ve

rt
ic

al
do

tte
d

lin
e

in
bo

th
pa

ne
ls

sh
ow

st
he

m
in

im
um

pr
ec

ip
ita

tio
n

ra
te

(1
2

m
m

d�1
)e

st
im

at
ed

fo
re

ro
si

on
16

.

in
go
od

ag
re
em

en
t
w
ith

th
e
tim

in
g

an
d

lo
ca
tio

n
of

ob
se
rv
ed

cl
ou

ds
.
O
ur

m
od

el
su
cc
es
sf
ul
ly

ca
pt
ur
es

th
e
sp
or
ad
ic

na
tu
re

of
cl
ou

d
ac
tiv

ity
an
d
its

ce
ss
at
io
n
in

no
rt
he
rn

sp
rin

g
(F
ig
.
1a
),

in
co
nt
ra
st

to
th
e

co
nt
in
uo

us
ba
nd

of
pr
ec
ip
ita

tio
n

re
po

rt
ed

by
pr
ev
io
us

m
od

el
s30

,3
1 .
A
lth

ou
gh

to
ta
lp

re
ci
pi
ta
tio

n
is
la
rg
es
to

ve
rt
he

po
le
s,
m
ax
im

um
pr
ec
ip
ita

tio
n
in
te
ns
iti
es

pe
ak

in
th
em

id
-la

tit
ud

es
,

ne
ar

th
e
bo

un
da
ry

of
th
e
w
et
la
nd

s
(F
ig
.1

b)
.P

ro
ba
bi
lit
y
de
ns
ity

fu
nc
tio

ns
sh
ow

th
at

lo
w
-m

ag
ni
tu
de

pr
ec
ip
ita

tio
n
(0
–1

0m
m
d�1

)
is
pa
rt
ic
ul
ar
ly

pe
rs
ist
en
ti
n
th
e
po

la
r
re
gi
on

s,
m
ed
iu
m
-m

ag
ni
tu
de

pr
ec
ip
ita

tio
n
(1
0–

50
m
m
d�1

)
ju
st

w
ith

in
th
e
m
in
im

um
ra
ng
e
of

er
os
io
n1

6
(F
ig
.2

,v
er
tic

al
do

tte
d
lin

e;
se
e
M
et
ho

ds
fo
r
di
sc
us
sio

n
of

es
tim

at
e)

is
m
os
t
pr
ev
al
en
t
in

th
e
no

rt
he
rn

he
m
isp

he
re

(N
H
)

du
ne
sa
nd

N
H
lo
w
m
id
-la

tit
ud

es
,a
nd

hi
gh

-m
ag
ni
tu
de

pr
ec
ip
ita

tio
n

(>
50

m
m
d�1

)
oc
cu
rs

pr
im

ar
ily

in
th
e
hi
gh

m
id
-la

tit
ud

es
of

bo
th

he
m
isp

he
re
s
an
d

ra
re
ly

el
se
w
he
re
.
Th

e
m
os
t
ex
tr
em

e
st
or
m
s

(⇠
10
0m

m
d�1

)o
cc
ur

al
m
os
te
xc
lu
siv

el
y
in

th
e
hi
gh

m
id
-la

tit
ud

es
an
d
ha
ve

re
cu
rr
en
ce

in
te
rv
al
so

f2
0–

30
Ti
ta
n
ye
ar
s(
Fi
g.
2b
).

Pr
ec
ip
ita

tio
n
an

d
ge

om
or
ph

ic
co
nn

ec
tio

ns
O
fa

va
ila
bl
e
ge
om

or
ph

ic
ob

se
rv
at
io
ns
,p

er
ha
ps

th
e
be
st
in
di
ca
to
rs

of
in
fr
eq
ue
nt

bu
t
ex
tr
em

e
st
or
m
s
on

Ti
ta
n
th
at

w
e
ca
n
le
ve
ra
ge

to
co
nt
ex
tu
al
iz
e

ou
r

re
su
lts

ar
e

al
lu
vi
al

fa
ns

id
en
tif
ie
d

w
ith

C
as
sin

i’s
Sy
nt
he
tic

Ap
er
tu
re

Ra
da
r
(S
A
R)

in
st
ru
m
en
t5–

7 .
N
on

-
hy
dr
ol
og
ic

fa
ct
or
s
su
ch

as
se
di
m
en
ts

iz
e,
m
at
er
ia
lp

ro
pe
rt
ie
s,
an
d

to
po

gr
ap
hy

m
ay

al
so

a�
ec
ta
llu

vi
al
fa
n
fo
rm

at
io
n,

bu
ts
ed
im

en
ta
ry

de
po

sit
s,
pa
rt
ic
ul
ar
ly

la
rg
e
on

es
,a
re

lik
el
y
as
so
ci
at
ed

w
ith

in
te
ns
e

pr
ec
ip
ita

tio
n

th
at

in
iti
at
es

tr
an
sp
or
t
an
d

de
po

sit
io
n

of
la
rg
e

am
ou

nt
so

fm
at
er
ia
ls1

2,
20
,2
4,
25
,3
6,
39
(s
ee

Su
pp

le
m
en
ta
ry

In
fo
rm

at
io
n
fo
r

fu
rt
he
r
di
sc
us
sio

n)
.L

ar
ge

te
rr
es
tr
ia
l
fa
ns

ca
n
re
su
lt
fr
om

flo
od

s
re
cu
rr
in
g
on

av
er
ag
ee

ve
ry

fe
w
ce
nt
ur
ie
s40
,a
nd

ty
pi
ca
lly

re
su
lt
fr
om

de
po

sit
io
n
ov
er

th
ou

sa
nd

-a
nd

m
ill
io
n-
ye
ar

tim
es
ca
le
s39
.A

lth
ou

gh
w
ea

re
un

ab
le
to

ru
n
sim

ul
at
io
ns

fo
rs
uc
h
lo
ng

tim
es
,w

ef
in
d
in

ou
r

sim
ul
at
io
ns

th
at

th
e
la
tit
ud

in
al
va
ria

tio
n
of

ra
in
fa
ll
in
te
ns
ity

fr
om

st
or
m
sw

ith
re
cu
rr
en
ce

in
te
rv
al
so

f2
5
Ti
ta
n
ye
ar
s(
th
ea

pp
ro
xi
m
at
e

re
cu
rr
en
ce

in
te
rv
al
of
th
ee

xt
re
m
e⇠

10
0m

m
d�1

st
or
m
si
n
th
eh

ig
h

2

©
 2

01
7 

M
ac

m
ill

an
 P

ub
lis

he
rs

 L
im

ite
d,

 p
ar

t o
f S

pr
in

ge
r N

at
ur

e.
 A

ll 
rig

ht
s r

es
er

ve
d.

N
AT

U
RE

G
EO

SC
IE
N
CE

|A
DV

A
N

CE
O

N
LI

N
E

PU
BL

IC
AT

IO
N

|w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eg
eo

sc
ie

nc
e

ARTICLES
PUBLISHED ONLINE: 9 OCTOBER 2017 | DOI: 10.1038/NGEO3043

Regional patterns of extreme precipitation on
Titan consistent with observed alluvial
fan distribution
S. P. Faulk*, J. L. Mitchell, S. Moon and J. M. Lora

Geomorphic features typically associated with extreme rainfall events in terrestrial settings, including extensive fluvial
features and alluvial fans, have been detected on Titan’s surface. Methane flow from precipitation on Titan can transport
sediments and potentially erode the icy bedrock, but averaged precipitation rates from prior global-scale modelling are too
low by at least an order of magnitude to initiate sediment transport of observed grain sizes at low latitudes. Here, we quantify
the regional magnitude, frequency and variability of extreme rainfall events from simulations of present-day Titan, with a
general circulation model coupled to a land model partially covered by wetlands reservoirs that can capture Titan’s regionally
varying hydroclimate. We find that the most extreme storms tend to occur in the mid-latitudes, where observed alluvial fans
are most concentrated. Storms capable of sediment transport and erosion occur at all latitudes in our simulations, consistent
with the observed global coverage of fluvial features. Our results demonstrate the influential role of extreme precipitation in
shaping Titan’s surface. We therefore suggest that, similarly to Earth but di�erently from Mars, active geomorphic work may
be ongoing in the present climate on Titan.

Latitudinal variations in geomorphic features observed on
Titan—from extensive fluvial features at all latitudes1–3, to
dissected and mottled terrain in the low and mid-latitudes4,

alluvial fans concentrated in the mid- to high latitudes5–7, and
lake districts8 and a relative lack of craters near the poles9–11—
suggest corresponding variations in climate, tectonics, or lithology.
Given the relatively poorly characterized tectonic and lithologic
environments on Titan, the established role of climate in shaping
planetary surfaces12–14, and the abundant evidence for mechanical
erosion and sediment transport by methane precipitation and fluid
flow on Titan’s surface15–19, we focus here on climatic controls—
namely regionally varying precipitation patterns that can shed light
on localized erosion rates16,17,19. Precipitation and resulting discharge
variability are important for shaping terrestrial geomorphology
since rare but high-magnitude precipitation events initiate flash
floods and debris flows that generally erode more e�ciently
than persistent low-magnitude precipitation and leave geomorphic
signatures in the form of fans20–25. Terrestrial fluvial megafans,
for instance, have been linked to seasonal discharges and are
most prevalent in latitudinal belts that fringe tropical climate
zones, suggesting the influence of climatic patterns on alluvial
fan formation21,26. Titan’s rare rainstorms have been hypothesized
to be violent, on the basis of thermodynamics and convection
models27–29, andmay therefore provide the potential for considerable
geomorphic work in the form of runo�. General circulation
models (GCMs) of Titan’s atmosphere have characterized Titan’s
meteorology through the perspective of seasonally and zonally
averaged precipitation, showing that the seasonal circulation
transports methane to the summer pole30–34. Lost in the averages,
however, are the magnitudes and frequencies of rare but extreme
precipitation events that may exceed thresholds for sediment
transport and erosion11,16,17,19, incise channels3,22,23,35, or trigger large

sediment flows down topographic gradients to produce sedimentary
deposits like alluvial fans as in terrestrial settings20,21,25,36.

We simulate precipitation using the Titan Atmospheric Model
(TAM)32 with a wetlands configuration, wherein inexhaustible
methane reservoirs are imposed poleward of 60� and infiltration
equatorward of 45� (ref. 37). Such a surface liquid distribution is
motivated by hypothesized ‘wetlands’ or lake districts at the lower
elevation polar regions10. This model configuration has enabled
the GCM to realistically simulate many of the observed features of
Titan’s atmosphere, including the mid-latitude cloud distribution
and the paucity of low-latitude clouds during equinox34 (Fig. 1a; see
Methods for further model details).

Quantifying regional precipitation activity
Based on 50 Titan years of simulations (one Titan year is ⇠29.5
Earth years), we examine the spatial distribution of precipitation
events by separating the data into eight distinct latitude bins, refer-
ring to them fromhere on as the dunes (0�–22.5�), lowmid-latitudes
(22.5�–45�), high mid-latitudes (45�–67.5�), and poles (67.5�–90�).
Probability density functions (Fig. 2a) are calculated using every
precipitation event within a given latitude bin (normalized by cosine
of latitude to account for smaller polar surface area; see Meth-
ods). Exceedance probability curves (Fig. 2b)—cumulative distri-
bution functions that give the probability over a given timescale of
exceeding certain precipitation values—are calculated using stan-
dard rank-frequency analysis23,38. The inverse of the exceedance
probability for a precipitation event gives that event’s approximate
recurrence interval—in units of model output periods (which are
10 Earth days)—thus quantifying storm frequency.

The zonal mean precipitation of our simulations (Figs 1a
and 3a) reflects Titan’s dominantly dry climate with seasonal
precipitation activity in the mid-latitude and polar regions34,
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a b s t r a c t

Simulation results are presented from a new general circulation model (GCM) of Titan, the Titan Atmo-
spheric Model (TAM), which couples the Flexible Modeling System (FMS) spectral dynamical core to a
suite of external/sub-grid-scale physics. These include a new non-gray radiative transfer module that
takes advantage of recent data from Cassini–Huygens, large-scale condensation and quasi-equilibrium
moist convection schemes, a surface model with ‘‘bucket’’ hydrology, and boundary layer turbulent dif-
fusion. The model produces a realistic temperature structure from the surface to the lower mesosphere,
including a stratopause, as well as satisfactory superrotation. The latter is shown to depend on the
dynamical core’s ability to build up angular momentum from surface torques. Simulated latitudinal tem-
perature contrasts are adequate, compared to observations, and polar temperature anomalies agree with
observations. In the lower atmosphere, the insolation distribution is shown to strongly impact turbulent
fluxes, and surface heating is maximum at mid-latitudes. Surface liquids are unstable at mid- and low-
latitudes, and quickly migrate poleward. The simulated humidity profile and distribution of surface tem-
peratures, compared to observations, corroborate the prevalence of dry conditions at low latitudes. Polar
cloud activity is well represented, though the observed mid-latitude clouds remain somewhat puzzling,
and some formation alternatives are suggested.

! 2014 Elsevier Inc. All rights reserved.

1. Introduction

Observations of Titan since the time of the Voyager 1 flyby have
prompted the development of several general circulation models
(GCMs) to study its atmosphere. The first GCM of Titan (Hourdin
et al., 1995) studied the development of atmospheric superrota-
tion, showing relative agreement with then-current observations.
Subsequent axisymmetric (two-dimensional) models provided a
variety of additional insights into Titan’s climate processes, includ-
ing the first studies of the methane and ethane hydrological cycle
(Rannou et al., 2006), stratospheric gases (Hourdin et al., 2004),
and haze-dynamical feedbacks (Rannou et al., 2004; Crespin
et al., 2008). Since the Cassini spacecraft’s present exploration of
the Saturnian system, new GCMs developed to better take advan-
tage of the increasing quality and quantity of data—in particular
by returning to being three-dimensional—, have had success in
reproducing some of the observations, but have also been encum-
bered by a combination of numerical difficulties and unrealistic
assumptions.

GCMs used to investigate Titan’s methane cycle in detail
(Mitchell et al., 2006; Schneider et al., 2012) have shown that the
observed distribution of clouds (Rodriguez et al., 2009, 2011;
Brown et al., 2010; Turtle et al., 2011a) is a natural result of Titan’s
changing seasons, and that the circulation efficiently transports
methane poleward (Mitchell et al., 2006; Mitchell, 2012;
Schneider et al., 2012), drying the equatorial regions (Mitchell,
2008). The use of gray radiative transfer in these models, though,
results in unrealistic surface insolation distributions (Lora et al.,
2011), and precludes extension of the models to the stratosphere.
A variety of additional simplifications, such as prescribed sur-
face-level relative humidity and infinite methane supply from
the surface, have also been employed (Rannou et al., 2006;
Tokano, 2009; Mitchell et al., 2011; Mitchell, 2012), limiting those
models’ ability to predict the distribution of liquids.

Furthermore, with the exception of the CAM Titan model
(Friedson et al., 2009), which did not simulate the methane cycle
but produced a realistic temperature profile, other Titan GCMs
(Hourdin et al., 1995; Tokano et al., 1999; Richardson et al.,
2007), including those used to study stratospheric dynamics and
haze (Rannou et al., 2002; Lebonnois et al., 2012a), have employed
versions of the radiative transfer model of McKay et al. (1989),
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