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Titan Atmospheric Model 
The general circulation model (GCM) used in this work is a fully 
three-dimensional model that couples the GFDL FMS spectral 
dynamical core to a suite of parameterizations for Titan: 

1. Fully non-gray, scattering two-stream radiative transfer that 
includes opacity from haze, CH4, C2H2, C2H4, C2H6, HCN, and 
pairs of H2, N2, and CH4 

2. Moist processes including large-scale condensation and a 
quasi-equilibrium moist convection scheme 

3. Boundary layer diffusion, and atmosphere-surface exchange 
of momentum, heat, and vapor 

4. Multi-layer land model for calculating surface temperatures, 
and a “bucket” scheme for self-consistently tracking surface 
liquid 

TAM simulations straightforwardly reproduce Titan’s atmospheric 
temperatures, zonal winds, and low-latitude humidity compared to 
Cassini/Huygens measurements. Shown at right are equatorial 
profiles of temperatures and zonal winds, and Huygens/HASI 
measurements (dashed lines) for comparison. The temperature 
structure is accurate through the stratopause, and atmospheric 
superrotation is well reproduced. These features make TAM ideal 
for studying Titan’s atmosphere and for diagnosing its circulation. 

Lora, J.M., J.I. Lunine and J.L. Russell (2015). GCM simulations of Titan’s middle and 
lower atmosphere and comparison to observations. Icarus 250, 516–528
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Fig. 2. The spectrum from one NIRSPAO pixel (top panel; black), at the location specified by the blue arrow in the slit-viewing camera image (inset), is compared with 
the radiative transfer model spectrum (blue). The residuals are plotted in the bottom panel, with the ordinate scale magnified relative to the top panel. Residuals from 
radiative transfer models with minimum saturation altitudes that are either higher or lower in the atmosphere (gray) illustrate the spectral sensitivity to this parameter. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. The simulated surface specific humidities at the season of the observations (left). The green area shows the range of results for “wetlands” simulations with various 
saturation parameterizations, including those from Lora and Mitchell (2015) . Blue and red curves show simulations under “aquaplanet” and “observed” lake configurations 
( Lora et al., 2015 ), respectively. The corresponding surface-level relative humidities from the various TAM simulations (right) for the season of the observations. Colors are 
the same as in the left panel. Dotted vertical lines mark the edges of “wetlands”. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 4. The zonal-mean surface temperatures corresponding to the time of the ob- 
servations. Green area shows the range of results for both “wetlands” and “ob- 
served lakes” simulations; blue curve shows the “aquaplanet” simulation. Dotted 
vertical lines mark the edges of “wetlands.” Black points with error bars show sur- 
face brightness temperatures measured between April 2013 and September 2014 by 
Cassini CIRS ( Jennings et al., 2016 ). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. The minimum saturation altitude z s determined by fitting spectra observed 
on 17 July 2014 UT at each location along the slit (blue) compared to the methane 
variation presented in Ádámko vics et al. (2016) (gray). Regions that were reported 
to have increased (decreased) tropospheric methane correspond to lower (higher) 
saturation altitudes. The sub-observer longitude is 291 °W. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version 
of this article.) 

Please cite this article as: J.M. Lora, M. Ádámko vics, The near-surface methane humidity on Titan, Icarus (2016), 
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Fig. 7. Comparison of the retrieved and simulated specific (left) and relative (right) humidities near the surface. Blue points with uncertainty envelopes are the same as 
in Fig. 6 , while the green areas are the simulation results as in Fig. 3 . (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
and evaporation from the lake surfaces intensifies, likely triggering 
convective cloud activity if the overlying troposphere is sufficiently 
unstable. 

Conversely, it is difficult to reconcile the apparent retrieved in- 
crease in near-surface humidity toward the southern hemisphere 
(in the constant haze opacity case) with any of the simulations. 
Ádámko vics et al. (2016) interpret the increase in column methane 
toward the south pole, approaching winter at the time of the ob- 
servations, as possibly arising from evaporation from moist ground, 
as Ontario Lacus is a vastly insufficient source of methane and such 
an increase implies distinct source regions of methane vapor in the 
two hemispheres. But even the TAM “wetlands” simulation, with 
surface methane covering the entire south pole, is only marginally 
consistent with the retrieved specific humidities toward the south 
( Fig. 7 ). Two possibilities emerge as solutions to this conundrum: 
Either much more of the southern hemisphere is covered in liquid 
(possibly down to the low latitudes), or the assumption of constant 
low-level haze opacity begins to fail in the southern hemisphere. 
An inherent problem with the former option is that such a liq- 
uid distribution would push the system closer to the “aquaplanet”
configuration, which is incompatible with observations of Titan’s 
surface ( Lorenz et al., 2006; Mitchell and Lora, 2016; Stofan et al., 
2007 ), so we are left to conclude that the observational uncertain- 
ties toward the south preclude a determination of the meridional 
variation of low-level atmospheric methane there. 

As a result, a conservative interpretation is that Titan’s near- 
surface meridional humidity variations roughly fall in the areas of 
overlap of the uncertainty envelopes of our two end-member re- 
trievals. As such, low-latitude variations are difficult to make out, 
but the increase in humidity toward the north pole is a more ro- 
bust feature (though with still substantial uncertainties). The same 
general trend is true of the “wetlands” simulations, where subtle 
low-latitude variations of humidity give way to large increases to- 
ward the polar regions. 

From late 2006 through early 2007, Brown et al. (2009) mea- 
sured low-altitude fog near the south pole, indicating a saturated 
atmosphere above the surface. There did not seem to be a cor- 
relation with the location of Ontario Lacus, and the meteorologi- 
cal conditions giving rise to the observed phenomenon remain un- 
known. If we speculate that the existence and location of fog, like 
higher-altitude clouds, are seasonally variable, and further assume 
that the meteorology of the north and south poles are similar, then 
saturated conditions near the surface at the north pole may be 
consistent with the formation of fog there. Predictions from circu- 
lation models suggest that analogs of the large clouds seen during 
southern summer should already be occuring near the north pole; 
it is unclear if the current absence of prominent convective clouds 
near the north pole is related to the possibility of saturated condi- 
tions and the stability of the troposphere. 

Future near-IR observations used to measure the methane con- 
tent near the surface will continue to face the challenge of dif- 
ferentiating between the opacity due to methane absorption and 
that due to haze scattering. This degeneracy exists even though 
the methane spectrum in the near-IR is highly variable with wave- 
length, while the haze opacity is not. The difficulty arises from the 
fact that in the spectral regions where methane opacity is low (and 
the reflectivity is high)—wavelengths that are sensitive to atmo- 
spheric opacity down to the surface—an increase (decrease) in the 
methane mole fraction leads to changes in the reflectivity spec- 
trum that are similar to a decrease (increase) in the haze opacity. 
The many weak, densely-spaced, and pressure-broadened methane 
line wings contribute to a pseudo-continuum in the methane line 
opacity. 

While very high S/N observations may be able to resolve the 
differences in line wing shapes due to methane variation from 
those due to haze variation, it is unclear whether systematic in- 
strumental uncertainties will limit the S/N that can be achieved. 
Spectra at longer wavelengths, approaching the mid-IR, have less 
densely spaced methane lines, which suggests that there may be 
a better chance of resolving line profiles that are sensitive to 
the methane content near the surface. However, telluric thermal 
emission makes ground-based observation of Titan at these wave- 
lengths prohibitively difficult. Combining simultaneous observa- 
tions in the visible, near- and mid-IR, at both low and high scatter- 
ing phase angles could probe both the methane and haze opacity 
in a way that might break the degeneracy for methane retrievals. 
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Appendix A. Spectral fitting methodology 

Since z s has discrete values for each layer in our radiative 
transfer model, we follow a brute force approach for optimization 
of this model parameter. For each particular observing geometry 
that corresponds to a pixel in the slit, we set z s to each layer of 
the model and determine a goodness-of-fit parameter (e.g., as in 
Ádámko vics et al., 2010 ) that is the ratio of the mean absolute de- 
viation of the residual in the spectrum for each channel, λ, relative 
to the observational uncertainty, 
̂ χ2 (z s ) = 1 

n 
n ∑ 

i =1 
| I obs (λ) − I calc (λ; z s ) | 

σobs . (A.1) 
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back-radiation from the atmosphere is lower/higher than it would be in local radiative equilibrium
with the annual-mean insolation at low/high latitudes, and the greatest instantaneous surface
radiative imbalance occurs at the summer poles (Mitchell 2012). The combined effects of nearly
uniform back-radiation from the atmosphere and a significant seasonal cycle of insolation account
for local enhancements in RT of one to two orders of magnitude over the global-mean, radiative-
convective prediction.

4.1.1. The implied heat transport. The top-of-atmosphere radiative imbalance, RT = S−OLR,
in Figure 1 clearly implies significant meridional heat transport in the atmosphere. Following
Trenberth & Stepaniak (2003) and Mitchell (2012) and assuming the surface to be in energy
balance, the zonal-mean, column-integrated [(1/g)

∫ ps
0 [·]dp , here denoted by overbars] thermo-

dynamic equation can be written as

1
a cos ϕ

∂

∂ϕ
(cos ϕFME ) = RT, (3)

where

FME = vc pT + v# + vLq (4)

is the meridional flux of moist static energy, MSE = c pT + # + Lq , v is the meridional velocity,
# is the geopotential, and q is the specific humidity of methane in kg kg−1. Integrating RT from
the south pole, the energy transport of the atmosphere is

TME (ϕ) = 2πa cos ϕFME (5)

= 2πa2
∫ ϕ

−π/2
RT cos ϕ′dϕ′. (6)

Figure 5a shows TME from the integration of RT in Figure 1. We see that Titan’s atmosphere
transports ∼7.5 TW of energy poleward in each hemisphere. From Equation 4, the transport can
be accomplished by fluxes of latent energy, Lq , or dry static energy, c pT + #.

Figure 5b shows annual-mean TME and the components due to latent heat, TLE , and dry
static energy, TDE , from TAM simulations with surface liquid methane restricted to latitudes
poleward of ±60◦. Much like in Earth’s tropics (Trenberth & Stepaniak 2003), the majority of
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Figure 5
The estimated atmospheric heat flux from integrating Titan’s top-of-atmosphere radiative imbalance, RT, (a) estimated from
observations and (b) derived from the wetlands simulation with the Titan Atmospheric Model.
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poleward heat transport is accomplished by dry static energy fluxes, as was also noted by Lora
et al. (2015). Inspection of the time variation in global-mean MSE confirms that the equilibrium
condition stated in Equation 4 holds for seasonal and longer timescales (not shown). The annual-
mean energy transport masks much larger transports that cross the equator and reverse with
seasons (Mitchell 2012, Lora et al. 2015). We emphasize here that methane is transported to the
summer (warmer) pole by the circulation, and cold trapping of methane refers to the relative
reduction in evaporation during wintertime. Furthermore, polar deposition of liquid methane is
not hemispherically symmetric, as latent energy fluxes are cross-equatorial at low and intermediate
latitudes, and thereby transport a small amount of moisture from the southern to the northern
hemisphere (see Section 5 for more on the implications of this hemispheric asymmetry). Poleward
of the wetlands, latent fluxes contribute ∼2 TW to the poleward heat transport at high latitudes.

4.1.2. Seasonal amplification of the surface radiative imbalance and methane cycle. Con-
sideration of the arguments in Section 3.1 suggests that Titan’s OLR should have only moderate
seasonality compared to the insolation, and this appears to be the case (Li 2015). If we also consider
the back-radiation from the atmosphere to the surface—the greenhouse effect—to be independent
of time and flat in latitude, as is almost certainly the case, then we conclude that a considerable
seasonal cycle of radiative imbalance must be present at Titan’s surface (Mitchell 2012, Williams
et al. 2012). However, this effect is partly offset by the attenuation of shortwave radiation through
the slant path of Titan’s thick atmosphere at the summer pole (Lora et al. 2011), and the net result
is a radiative imbalance of ∼1 W m−2 at any given season, as shown in Figure 6a. In the high-
latitude region where liquids are present, the TAM simulation responds to radiative heating by
evaporating methane, as shown in Figure 6b. The evaporative cooling of methane is significant,
such that it tends to reduce surface temperature below the atmospheric boundary layer temper-
atures, and this results in a reversal of sensible heat fluxes, as shown in Figure 6c. An inverted,
stable boundary layer is notoriously difficult to parameterize, because in this situation turbulence
is inhibited by the strong static stability (Mitchell et al. 2009), but the effectiveness of the rectifi-
cation is uncertain. In the present TAM simulation, reversed sensible heat fluxes at summer high
latitudes roughly double the amount of evaporation relative to the radiative imbalance. However,
better modeling of stable boundary layer energy fluxes will become even more important as de-
tailed studies of Titan’s high-latitude meteorology are undertaken, which presents a significant
challenge for these studies.
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Figure 6
Zonal-mean surface energy fluxes in one year of the wetlands simulation with the Titan Atmospheric Model. Positive fluxes are
downward, into the surface. (a) Radiative flux imbalance, RS. (b) Surface latent energy flux (i.e., evaporative cooling), E. (c) Sensible heat
flux.
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Energy transport in Titan’s atmosphere 
inferred from observations of the 
radiation imbalance (a) and as simulated 
by TAM (b). Transport of latent energy is 
small, but non-negligible, and implies 
considerable advection of atmospheric 
methane. 

Mitchell, J.L., J.M. Lora (2016). The climate of 
Titan. AREPS 44, 353–380

Motivation: Titan is the only satellite in the Solar System—and the only Ocean World—with a substantial atmosphere, 
and the only known object other than Earth to sustain stable surface liquids. Because methane close to Titan’s surface 
is near its triple point, an active methane cycle akin to Earth’s water cycle operates in Titan’s atmosphere-surface 
system. Titan’s lakes and seas are impressive in size, but small compared to the total methane inventory of the 
atmosphere. This raises the questions of whether there is more liquid methane in the surface layers than is apparent, 
and how the atmosphere redistributes this methane globally.

Simulated surface energy fluxes 
through one Titan year (positive 
down), which demonstrate local 
and seasonal variations driving 
the exchange of heat and 
moisture between atmosphere 
and surface.

Simulated boundary layer specific humidity (a) 
and surface-level relative humidity (b) in an 
ensemble of “wetlands” runs (green), a lakes-
only run (red), and a methane-ocean run (blue), 
indicating the importance of the surface liquid 
distribution to the atmospheric humidity. All 
curves correspond to the season of ground-
based observations (2014).

Comparison of the “wetlands” simulations 
(green) to retrieved boundary layer specific 
humidity and surface-level relative humidity 
from recent high-resolution ground-based 
observations with Keck/NIRSPAO (blue points 
with uncertainty envelopes). 

Lora, J.M., M. Ádámkovics (2017). The near-surface 
methane humidity on Titan. Icarus 286, 270–279

on the total number of craters (and hence a lower limit on the
derived ages). The counts also do not account for the variable cov-
erage of Titan’s surface with the Cassini RADAR instrument. We
therefore determined the probability of detection of craters of dif-
ferent sizes, using the technique outlined in Neish and Lorenz
(2012). Briefly, we constructed a 360 ! 180 array, with each box
representing a 1! ! 1! area on Titan’s surface. The regions covered
by SAR through the T108 flyby (January 11, 2015) were flagged,
and the center location for an impact crater of a specified diameter
between ±19.5! latitude or >42! latitude was chosen at random.
Where the product of the two arrays was non-zero, a crater would
have been detected. The experiment was repeated 1000 times, and
the results are listed in Table 3. This gives a corrected crater count
of 28 craters larger than 22 km in diameter between ±19.5! and 5
craters poleward of 42!. Using impactor fluxes from Case A in
Zahnle et al. (2003), these counts suggest that the age of Titan’s
equatorial region is 500 Myr, while the age of Titan’s polar regions
is 100 Myr. This implies that Titan’s surface must be at least
500 Myr old. If the putative cratered terrain identified by Moore
et al. (2014) represents degraded craters, it could be considerably
older. However, it would be difficult to confidently distinguish
between a 2 Gyr old surface (as predicted by Tobie et al. (2006))
and a 4.5 Gyr old surface (as predicted by Moore and Pappalardo
(2011)).

It is important to note that the results presented here are
dependent on a number of parameters used in our model. Some
parameters were judged to be well known from terrestrial studies
of fluvial erosion (i.e., the discharge exponent), or are well con-
strained for materials on Titan (i.e., the density of liquid methane).
These parameters were left constant for all model runs. We then
varied three parameters that we thought would most affect the rel-
ative infilling rates or resultant morphology of craters on Titan:
grain size (d), rock weathering rate (Kb), and rock erodibility (Kf).

Of these three parameters, the relative infilling rate was most sen-
sitive to the rock weathering rate (note the differences between
the left and right columns in Figs. 3 and 11), and secondarily, the
rock erodibility. Thus, to understand the rate of crater modification
on Titan, we must better understand the rock weathering rate and
rock erodibility. Further experimental studies using Titan-relevant
materials (such as those outlined in Collins et al. (2011) and Litwin
et al. (2012)) will be important to better constrain the weathering
rate on Titan, as will further modeling and observations of Titan’s
climate. The grain size, on the other hand, had little effect on the
relative infilling rate. Note the similarities between Cases 1 and
3, where the only difference is in the size of the grains used in
the model. This is fortunate, since the dominant grain size of
Titan’s regolith is unknown, but likely spans the range of
sand-sized to gravel-sized (Tomasko et al., 2005; Keller et al.,
2008; Atkinson et al., 2010). However, the grain size did affect
the morphology of the resultant craters. Thus, comparisons
between the results of the models and images of craters on Titan
may help to constrain the dominant grain size of Titan’s colluvium.

Near the equator, aeolian infilling also appears to be an impor-
tant modification process, and may account for the majority of the
observed crater infill there. There are several ways to distinguish
between fluvial and aeolian degradation mechanisms, which can
help to determine the dominant degradation mechanism in this
region of Titan. First, fluvial and aeolian processes produce distinct
morphologies (Forsberg-Taylor et al., 2004). Fluvial processes pref-
erentially destroy the crater rim and steepen the crater walls, while
aeolian processes tend to leave the rim relatively untouched and
fill in the crater interior with sand. Craters on Titan show evidence
for both such morphologies. Second, the two processes produce
different depth distributions. Fluvial modification acts quickly to
reduce the depth of a crater, producing a population of craters that
are all uniformly infilled. Aeolian infilling is constant with time,

Table 3
Crater counts on Titan, corrected for incomplete coverage.

Diameter
(km)

Number of craters
(±19.5!)

Probability of detection
through T108 (%)

Corrected number
of craters

Number of craters
(>42!)

Probability of detection
through T108 (%)

Corrected number
of craters

16
p

2–32 5 67 7.5 0 78 0
32–32

p
2 7 69 10.2 4 80 5.0

32
p

2–64 3 73 4.1 0 81 0
64–64

p
2 3 74 4.0 0 85 0

64
p

2–128 1 81 1.2 0 88 0
256
p

2–512 1 95 1.0 0 97 0

Fig. 13. The position of Titan’s impact craters plotted over a mosaic of Cassini synthetic aperture radar images. The size of each marker is scaled relative to the crater’s
diameter. The white boxes indicate latitudes of greater than 42!; the black box indicates latitudes between ±19.5!. The background VIMS mosaic is from Barnes et al. (2011).
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Where are Titan’s surface liquids? The observed crater distribution 
shows substantially more craters at low-latitude highlands, 
suggesting the possibility of “wetlands” at Titan’s low-lying high 
latitudes. The polar regions already sustain lakes and seas, so 
polar “wetlands” just extend the surface area of contact between 
surface liquids and the atmosphere. 

Neish, C.D., et al. (2016). Fluvial erosion as a mechanism for crater modification on 
Titan. Icarus 270, 114–129

Zonal-mean precipitation distribution  
from two TAM simulations, one with 
polar “wetlands” (a), and the other 
with global surface methane (b). A 
comparison between the predicted 
precipitation and observed cloud 
locations (grayscale symbols) shows 
that wetlands produce a better match 
to observations. Most prior modeling 
has assumed ample surface liquids, 
producing rain distributions similar to 
(b).

a b
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