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Polar methane accumulation and rainstorms on Titan
from simulations of the methane cycle
T. Schneider1, S. D. B. Graves1, E. L. Schaller2 & M. E. Brown1

Titan has a methane cycle akin to Earth’s water cycle. It has lakes in
polar regions1,2, preferentially in the north3; dry low latitudes with
fluvial features4,5 and occasional rainstorms6,7; and tropospheric
clouds mainly (so far) in southern middle latitudes and polar
regions8–15. Previous models have explained the low-latitude dry-
ness as a result of atmospheric methane transport into middle and
high latitudes16. Hitherto, no model has explained why lakes are
found only in polar regions and preferentially in the north; how
low-latitude rainstorms arise; or why clouds cluster in southern
middle and high latitudes. Here we report simulations with a three-
dimensional atmospheric model coupled to a dynamic surface
reservoir of methane. We find that methane is cold-trapped and
accumulates in polar regions, preferentially in the north because
the northern summer, at aphelion, is longer and has greater net
precipitation than the southern summer. The net precipitation in
polar regions is balanced in the annual mean by slow along-
surface methane transport towards mid-latitudes, and subsequent
evaporation. In low latitudes, rare but intense storms occur around
the equinoxes, producing enough precipitation to carve surface
features. Tropospheric clouds form primarily in middle and high
latitudes of the summer hemisphere, which until recently has been
the southern hemisphere. We predict that in the northern polar
region, prominent clouds will form within about two (Earth) years
and lake levels will rise over the next fifteen years.

Explanations for Titan’s tropospheric clouds range from control by
local topography and cryovolcanism11,12 to control by a seasonally
varying global Hadley circulation with methane condensation in its
ascending branch8,17. General circulation models (GCMs) have sug-
gested that clouds either form primarily in mid-latitudes and near the
poles in both hemispheres18—which is inconsistent with the observed
hemispheric differences14—or that they form where insolation is at a
maximum17, which is likewise not fully consistent with newer observa-
tions14,15. Similarly, explanations for the polar hydrocarbon lakes range
from control by local topography and a subsurface methane table2 to
control by evaporation and precipitation, which depend on the atmo-
spheric circulation16,19. GCMs have suggested that surface methane
accumulates near the poles, but also show it in mid-latitudes16, where
no lakes have been observed, and they have failed to reproduce the
observed hemispheric asymmetry. Additionally, no model is fully con-
sistent with the cloud distribution or has shown low-latitude precip-
itation that is intense enough to carve fluvial features. Indeed, it has
been suggested that the atmosphere is too stable for rainstorms to
occur in low latitudes20. Yet intense and, in at least one case, apparently
precipitating storms have been observed6,7.

To investigate the extent to which major features of Titan’s climate
and methane cycle can be explained by large-scale processes, we use a
GCM that includes an atmospheric model with a methane cycle and
surface reservoir. The atmospheric model is three-dimensional (3D), in
contrast to previous two-dimensional (2D) models16–18, because the
intermittency of clouds and features such as equatorial super-rotation21

(impossible in axisymmetric circulations22) point to the importance of
3D dynamics. The surface reservoir gains or loses methane according to

the local rates of precipitation (P) and evaporation (E), with horizontal
diffusion as a simple representation of slow surface flows from moister
to drier regions. We show zonal and temporal averages from a simu-
lation in a statistically steady state, which does not depend on initial
conditions except for the (conserved) total methane amount present in
the atmosphere-surface system (here, the equivalent of 12 m liquid
methane in the global mean if all methane were condensed at the
surface). See Supplementary Information for details.

In the statistically steady state, our model shows an annual- and
global-mean methane concentration in the atmosphere corresponding
to 7 m liquid methane—possibly higher than, but broadly consistent
with, observations23,24. The remainder is at the surface. Methane has
accumulated near the poles (Fig. 1a). It is transported there from
spring into summer by a global Hadley circulation (Fig. 1b), with
ascent (Fig. 2) and a precipitation maximum (Fig. 1c) over the summer
pole. Some of the methane accumulating near the summer pole flows
along the surface (on Titan it may also flow beneath the surface2)
towards mid-latitudes. It evaporates and is transported back towards
the opposite pole when the circulation reverses, around equinox. Polar
regions lose methane from late summer to winter, with zonal-mean net
evaporation rates (E 2 P) reaching around 0.2 m yr21 (1 yr referring to
1 Earth year) in the southern summer (Fig. 1b). This is consistent with
observations: the zonal-mean evaporative loss rate is of similar mag-
nitude to (but smaller than) the recently observed local drop in south-
polar lake levels25. We predict that the north-polar region will gain
methane for roughly the next 15 yr, with zonal-mean net precipitation
rates (P 2 E) reaching about 1.4 m yr21 around the northern summer
solstice (NSS; Fig. 1b). This should lead to an observable rise in lake
levels.

Methane is cold-trapped at the poles. Along with annual-mean
insolation, annual-mean evaporation is at its lowest near the poles.
(Evaporation is the dominant loss term in the surface energy balance
and scales with insolation.) Surface temperatures decrease from low
latitudes towards the poles throughout the year (Fig. 1d), because
almost all solar energy absorbed at the poles is used to evaporate
methane. At the same time, precipitation is highest near the summer
pole (Fig. 1c) because the insolation maximum destabilizes the atmo-
sphere with respect to moist convection. This can be seen from the
moist static energy (MSE), which is a more direct measure than tem-
perature for the energetic effect of solar radiation on the atmosphere.
This is because if, as on Titan and in our GCM, the surface heat
capacity is negligible26, only net radiation at the top of the atmosphere
drives the vertically integrated MSE balance; similarly, insolation
variations are the dominant driver of variations in the MSE balance
integrated over the planetary boundary layer. Indeed, along with
insolation, near-surface MSE is highest near the summer poles
(Fig. 1e). This implies a propensity for deep convection, because the
slow rotation and large thermal inertia of Titan’s atmosphere constrain
horizontal and temporal variations in temperature and MSE above the
boundary layer, keeping them weak27, and the vertical MSE stratifica-
tion controls convective stability (MSE increasing with altitude indi-
cates stability; ref. 26). Lower latitudes, by contrast, do not favour deep
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convection, even though they are warmer than the summer poles,
because their maximum insolation is weaker, so their maximum
near-surface MSE is also lower (Fig. 1e). The result is the drying of
lower latitudes and the accumulation of methane at the poles, similar
to the results of previous models but without methane accumulation in
mid-latitudes16 (see Supplementary Information for possible reasons
for this difference).

In the model’s low latitudes, rainstorms are rare but intense: that is,
although low latitudes are dry and have smaller mean precipitation
rates than the poles (Fig. 1c), they have the largest precipitation intensity
(Fig. 1f). Precipitation rates in the more intense storms are greater than
10 mm per (Earth) day, similar to rough estimates of the rates needed to
carve the observed fluvial surface features4,28. The precipitation intensity
is largest before and around the equinoxes, when the reversal of the
Hadley circulation (see Fig. 1b) is associated with dynamic instabilities.
These instabilities generate waves strong enough to trigger deep con-
vection and intense rain if they advect relatively moist air from higher
latitudes over the warm low latitudes. This is in contrast to 2D and local
models that suggest that intense precipitation does not occur in low
latitudes16–18,20; however, it is consistent with the observations of intense
and apparently precipitating low-latitude storms on Titan6,7.

In the GCM as on Titan3, there is more surface methane in the
northern polar regions than in the southern (Fig. 1a). This asymmetry
is a consistent feature, irrespective of initial conditions (for example,
whether methane is initially in the atmosphere or at the surface). It is

caused by Saturn’s orbital eccentricity, which leads to a northern summer
(currently around aphelion) that is longer and cooler than the southern,
and therefore allows more methane to be cold-trapped. Although the
maximum rate of net precipitation (Fig. 1b) is greatest in the warmer
southern summer, polar net precipitation integrated over a Titan year
(about 30 Earth years) is greatest in the north, primarily because its rainy
season is longer. For example, averaged over the polar caps bounded
by the polar circles (63.3uN/S), the period during which absorbed
insolation exceeds 0.5 W m22 is 14% longer in the north than in the
south. Annually integrated net precipitation is 0.86 m (38%) greater in
the north; 0.76 m of this is attributable to increased precipitation, and
0.10 m to decreased evaporation. (The contribution of evaporation to
the hemispheric asymmetry is small because it scales with insolation,
which, in the annual mean, is equal in the north and south; this contra-
dicts a previous hypothesis that the hemispheric asymmetry is due to
evaporation differences3.) In the model’s annual mean, the excess net
precipitation in polar regions is balanced by along-surface methane
transport towards mid-latitudes and subsequent evaporation, so sur-
face methane extends farther towards the equator in the north than in
the south (Fig. 1a). The same is true on Titan3. Thus, surface or sub-
surface transport of methane is essential for maintaining a statistically
steady state with non-zero net precipitation in polar regions and asym-
metries between the hemispheres; we expect that such transport occurs on
Titan. One reason that previous models16 did not produce hemispheric
asymmetries is that they were lacking a representation of this transport.
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Figure 1 | Annual cycle of zonal-mean climate statistics in Titan GCM. The
lower time axes start at the autumnal equinox (corresponding to November
1995); the upper axes indicate corresponding calendar years. Solid grey lines are
contours of absorbed solar radiation at the surface (contour interval
0.25 W m22), and dashed grey lines mark the northern summer solstice (NSS)
and southern summer solstice (SSS). a, Methane surface-reservoir depth
(colour scale truncated at 20 cm). b, Net evaporation (E 2 P) at the surface
(colours, contour interval 0.1 mm day21, with 1 day 5 86,400 s) and column-
integrated meridional methane flux (arrows, with the longest corresponding to
a flux of 5.4 kg m21 s21). The methane flux is largely accomplished by the mean
meridional (Hadley) circulation; eddy fluxes are weaker by a factor of 3 or
larger, and are strongest in the middle and low latitudes. c, Precipitation rate.
d, Surface temperature. The surface temperatures are roughly consistent with
observations30, with similar equator–pole temperature contrasts and with a

winter pole that is around 1 K colder than the summer pole. (Generally,
tropospheric temperatures in the simulation are within 1 K of Titan
observations; see Supplementary Fig. 2.) e, MSE per unit volume averaged
between surface and 2-km altitude. MSE is the sum of gravitational potential
energy and moist enthalpy, including the contribution of the latent heat of
methane vapour26. f, Precipitation intensity (precipitation rate when it rains).
The precipitation intensity is the mean precipitation conditional on the
precipitation rate being non-zero (exceeding 1023 mm day21). All fields are
averages over longitude and time (25 Titan yr) in the statistically steady state of a
simulation with a total of 12 m liquid methane in the atmosphere–surface
system. The statistically steady state was reached over a long (135 Titan yr) spin-
up period. Although the GCM climate is statistically zonally symmetric, climate
statistics such as the methane surface-reservoir depth exhibit instantaneous
zonal asymmetries (‘lakes’), which can persist for several Titan years.
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Our GCM also reproduces the observed tropospheric methane-
cloud distribution (Fig. 3). For the period with detailed observations
(2001 onwards), the GCM reproduces the observed prevalence of
clouds in the southern hemisphere mid-latitudes and polar region; it
also reproduces the decreasing frequency of south-polar clouds since
2005 (Fig. 3a)6,13–15. For 2001 onwards, the GCM indicates a lack of
clouds in the northern hemisphere, consistent with observations of
Titan made with ground-based telescopes6,13 and the Cassini Visual
and Infrared Mapping Spectrometer (VIMS; ref. 14). Observations
with the Cassini Imaging Science Subsystem (ISS; ref. 15) indicate
more frequent northern-hemisphere clouds (Fig. 3a), but these seem
to be lake-effect clouds: they are associated with stationary zonal in-
homogeneities in topography and the lake distribution29 that are not
captured in the GCM. The relative frequency of clouds in the GCM fits
observations better than previous 2D models16–18. A 3D model that
resolves waves and instabilities in the atmosphere is essential for repro-
ducing the non-sinusoidal seasonal variations of cloudiness.

Deep convective clouds in the GCM form not only above the polar
near-surface MSE maximum, but also in the summer-hemisphere
mid-latitudes (Fig. 2). There they form above relatively high surface
temperatures (Fig. 1d), which destabilize the boundary layer with
respect to dry convection. This occasionally leads to moist convection
and mean ascent in the free troposphere (above shallow boundary-
layer circulation cells), resulting in a secondary cloud-frequency
maximum above the boundary layer (Fig. 2). The surface reservoir
underneath these clouds is depleted (less than 7 cm depth in the mean,
see Fig. 1a), consistent with the observed lack of lakes in mid-latitudes2.
We predict that, with the reversal of the Hadley circulation in spring,
north-polar clouds will emerge within about 2 yr, earlier than sug-
gested by other models17, and should be clearly observable for roughly
10 yr; around NSS, prominent cloudiness may extend into mid-lati-
tudes (Fig. 3b). The validity of our predictions of seasonal changes will
soon be testable as Titan’s northern-hemisphere spring proceeds into
summer and new observations become available.
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