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Abstract

Titan’s lakes and seas are targets of particular interest for future exploration. We review candidate splashdown areas in Ligeia and
Kraken Mare, and Ontario Lacus. Titan’s thick and dense atmosphere means that landing dispersions of spacecraft are dominated by
uncertainties in wind drift, and thus the feasibility of landing safely in the sea with a simple Huygens-like descent system (i.e. without
guidance or propulsion) is dependent upon these uncertainties being small enough that the landing point dispersion lies within the
sea. Because Titan’s winds vary with season, notably through the formation of a high-speed stratospheric jet in the winter hemisphere,
landing point dispersions are seasonally-dependent as well as latitude-dependent. Ligeia Mare, at 78oN, sees relatively small dispersions
but offers viable Direct-to-Earth (DTE) communication only until 2024. A wide part of Kraken Mare (450 � 90 km) at 70oN can be
comfortably reached at all times, and is viable for assured Direct-to-Earth communication until 2026, or with a relay spacecraft there-
after. The seasonal geometry permits DTE from the northern seas again after 2040. Wind dispersions are always too large for Ontario,
unless a steerable parachute or similar system is used to tighten the landing ellipse.
� 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Among Titan’s many interesting features such as dunes
and river channels revealed by the Cassini–Huygens mis-
sion (e.g. Lorenz and Mitton, 2010; Coustenis and
Taylor, 2008; Brown et al., 2009), perhaps the most striking
aspect is Titan’s geographical diversity and in particular
that there are major and systematic variations with latitude
of the character of the surface and the properties of the
atmosphere. Of these variations, most remarkable is the
presence of large and persistent bodies of hydrocarbon liq-
uids at high latitudes and especially the north. These seas
and lakes have attracted great interest as targets for future
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exploration, most recently as the Titan Mare Explorer
(TiME) Discovery mission concept (Stofan et al., 2013,
Fig. 1) but also the National Research Council/NASA
Decadal Survey Titan Lake Lander circa 2010 (JPL, 2010
– see also Space Studies Board, 2012), and a landed ele-
ment in the NASA–ESA TSSM (Titan Saturn System
Mission) study of 2008 (ESA, 2009; Reh and Elliott,
2010), as well as more recent ideas (Mitri et al., 2014). In
addition to the scientific appeal of in situ study of Earth-
like air–sea interactions and a major volatile reservoir
and chemical deposit of astrobiological interest, Titan’s
seas offer the practical convenience of safe landing by
splashdown and thereby avoid the need to provide retro-
propulsion, impact attenuation by airbag or other systems
that would be costly to develop and test for the Titan
environment. However, to exploit splashdown obviously
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Fig. 1. Artist’s concept of the Titan Mare Explorer (TiME) mission, as conceived at the beginning of the Phase A study (May 2011). An instrumented
capsule, with a camera and planar communications antenna, is shown on Ligeia Mare, with the sun low in the sky. Image: Johns Hopkins Applied Physics
Laboratory/Lockheed Martin.
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requires that the vehicle land at sea, and doing so requires
quantitative consideration of the target areas involved and
the dispersion of the splashdown points by the wind
profile.

Because of Titan’s effective obliquity (actually, largely
due to Saturn’s obliquity of 26.7o), the polar regions see
considerable seasonal variation of solar and earth eleva-
tion. This directly influences illumination, and the possibil-
ity of Direct-to-Earth communication, and indirectly
influences winds, which (especially in the stratosphere)
change significantly with season.

A previous paper (Lorenz et al., 2012a), informed by
Cassini and groundbased observations and four indepen-
dent Global Circulation Models (GCMs), summarized
northern summer polar wind conditions (specifically,
regions north of 70oN, during the 2023–2024 period, or
solar longitude Ls � 150o–170o) and presented a simple
analytical formulation of expected, minimum and maxi-
mum winds as a function of altitude, with specific reference
to the Titan Mare Explorer (TiME) Discovery mission
(Fig. 1). The present paper considers (and quantifies) a
broader range of target locations and seasons to inform
prospects for future missions to Titan’s seas, in which con-
siderable interest remains (e.g. Mitri et al. (2014)).
2. Geographic and astronomical context

Titan’s seas, while anticipated before Cassini, were only
revealed (in winter darkness) over two years after Cassini’s
arrival. Mapping (Fig. 2) by radar showed (Stofan et al.,
2007; Lopes et al., 2007; Aharonson et al., 2009; Lorenz
et al. 2014) many small lakes around Titan’s north pole,
and then three major seas (in order of increasing size,
Punga Mare, Ligeia Mare and Kraken Mare). These are
also now being mapped in the near-infrared (e.g. Sotin
et al. (2012)) as we move towards northern summer. The
southern hemisphere lacks such seas, having only one
major lake (Ontario Lacus).
2.1. Target areas and tolerable footprints

We consider four target areas. The first is Ligeia Mare,
the nominal target of the TiME mission. Being the north-
ernmost, however, this becomes unusable for Direct-to-
Earth communication earliest as the sub-Earth point
migrates south in the 2020s. The next two are regions of
Kraken Mare: this body – the largest sea on Titan – is
somewhat irregular in shape (which may lead to interesting



Fig. 2. Cassini radar mosaics of Titan’s north (a) and south (b) polar regions (stereographic projection: the color table is adjusted to portray liquid
hydrocarbon areas as black and blue). The dramatic difference between liquid cover in the north and south is apparent. The three seas, Punga, Ligeia and
the sprawling Kraken Mare (areas 1, 2 and 3 refer to splashdown targets in the text) and many small lakes dominate the north, while Ontario Lacus offers
the only prospective target in the south. White areas are unimaged by radar at present. Image: NASA/JPL/USGS. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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tidal dynamics – Tokano et al., 2014). One region
(‘Kraken-1’) is the largest dark area observed in the near-
IR, and was also imaged by the Cassini radar on flyby
T30 in 2007 and on T91–95 in 2013, and is centered at
70oN 315oW: its radar reflectivity is generally at the noise
floor of the instrument, suggesting that Kraken, like
Ligeia, is deep. Ligeia Mare was measured to have a depth
of 160 m, using radar altimetry in 2013 (Mastrogiuseppe
et al., 2014) A second area, further south (and thus permit-
ting a later mission) is centered at 64oN, 320oW. Finally,
we consider Ontario Lacus in the south (71.6oS,
186.6oW). We discount unconfirmed reports of low-
latitude lakes: even if such features are real, they are likely
to be shallow and probably transient and thus are unreli-
able targets on which to base mission planning. Indeed,
other low-latitude locations on Titan have been observed
(Turtle et al., 2011a,b) to darken following cloud activity,
and then subsequently brighten (presumably as a result
of evaporation of shallow surface liquids).

We evaluate the tolerable landing point dispersions (i.e.
we define the largest ellipse which is completely – 99% –
within the margins of the sea) for each of these locations
using a Monte Carlo method as follows. Offsets from a
nominal target location are assumed to be normally-dis-
tributed (i.e. Gaussian) in kilometers, in both the zonal
and meridional directions, with the zonal dispersion typi-
cally the larger. From 1000 such points, the number that
fall within the apparent bounds of the dark area is calcu-
lated by looking up the image intensity at the
corresponding pixel and reporting a successful splashdown
if the intensity is below a threshold of about 10% of the
peak brightness in the mosaic. Some example footprints
are shown in Fig. 3 (for Kraken-1) and Fig. 4 (for
Kraken-2 and Ontario). 1000 or more instantiations are
required in order to reliably count ‘misses’: for a 99%
ellipse – where the major axis corresponds to 5 times the
standard deviation specified in the zonal direction – about
10 cases will fall on land.

For Kraken-1, about 1% of instances of a dispersion cal-
culation fall on land when the standard deviations in the
zonal and meridional directions are 90 km and 18 km
respectively, i.e. a 450 � 90 km 99% ellipse. If a more
aggressive risk posture is adopted, such that 1 in 20 cases
miss the sea, the allowable ellipse becomes 500 � 250 km
or 575 � 100 km. Clearly, the size of ellipse one can choose
for an acceptable miss probability depends on the location
chosen, and on the orientation of the ellipse, which will
depend on the specifics of the entry angle, approach azi-
muth, descent time and the winds. For worlds with dense
atmospheres (Titan, Venus), the landing point uncertainty
is typically dominated by the zonal winds (Lorenz, 2015)
and so an E–W aligned ellipse is a useful metric. Note that
in Kraken as a whole, an almost circular ellipse could be
accommodated, were it not for the islands in the middle,
which force the N–S axis to be rather smaller.

A tolerable ellipse for Ligeia Mare is of the order of
300 � 130 km whereas for comparison, the estimated 99%
landing ellipse of the TiME mission at Ligeia in 2023 was



Fig. 3. Splashdown ellipse centered on ‘Kraken-1’ at 70.7oN, 308oW, overlain on a Cassini radar mosaic. A ‘99%’ dispersion of 450 � 90 km can be
accommodated – in this instantiation, 12 of the 1000 instantiations hit land.

Fig. 4. Example dispersions for (a) Kraken-2 – here a 99% 270 � 100 km ellipse centered at 64.5oN, 37oW and (b) Ontario Lacus – note the change in map
scale. The ellipse here, 160 � 60 km, sees some 6.7% of cases fall on land. A smaller 80 � 60 km ellipse would achieve the 99% criterion typically
considered.
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of the order of 110 � 110 km (see Stofan et al. (2013)).
Punga Mare allows only a �120 � 120 km ellipse, or
�190 � 70 km if oriented ideally. The upper part of
Kraken Mare, near Mayda Insula, allows �210 � 190 km
centered at about 75oN, 300oW.
The basin labeled Kraken-2 is rather smaller than
Kraken-1, although fortunately has its longest dimension
in the zonal direction, where dispersions are expected to
be largest: 99% delivery ellipse to 65oN 324oW is
210 � 100 km. A final region at �60o, designated
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‘Kraken-3’ in Fig. 2, may or not have liquid of adequate
areal fraction or extent to be viable – further remote sens-
ing data is needed to determine this.

The only significant body of liquid in Titan’s southern
hemisphere at the present day is Ontario Lacus (e.g.
Turtle et al., 2009, 2011a,b; Wall et al., 2010; Cornet
et al., 2012a,b). The fact that it is merely a ‘Lacus’ rather
than a ‘Mare’ attests to a qualitative distinction between
it and Kraken and Ligeia – not only is it somewhat limited
in horizontal extent, but there is some evidence that it is
rather shallow (Hayes et al., 2010), rather muddy (Clark
et al., 2010), and quite possibly shrinking as Cassini has
observed (Turtle et al., 2011a,b; Hayes et al., 2011). A
‘bathtub ring’ of brighter surface material, possibly evapor-
ite deposits (Barnes et al., 2011) suggests a longer-term
drop in liquid level, that may be consistent with the sea-
sonal asymmetry (Aharonson et al., 2009) with southern
summer shorter but more intense than the north, resulting
in a transfer of volatiles to the north. Thus any mission to
Ontario must presently confront the possibility that it may
land in shallow liquid, and quite possibly sticky or muddy
liquid, and that even areas that are liquid-covered at pre-
sent may not remain so some years hence. On the other
hand, other workers contend (e.g. Cornet et al. (2012a,b))
that no retreat has occurred 2004–2009 and it is possible
that unexpected transparency of the liquid means the
non-zero radar reflectivity arises from comfortable depths.
Ontario, 250 km long by roughly 70 km wide, is inconveni-
ently aligned approximately north–south (see Fig. 4): a
99% delivery ellipse aimed at its widest part is only
�100 � 50 km or 80 � 60 km.

2.2. Seasonal change of communication geometry

A mission using a relay spacecraft either in orbit around
Titan or even around Saturn (as was proposed in the
TSSM study (ESA, 2009) can be conducted on any of the
Titan seas at any time. However, multiple elements raise
mission cost and complexity, and so the possibility
Direct-to-Earth (DTE) communication is an important
consideration. Since the sub-Earth and sub-solar latitudes
are always within a couple of degrees of each other, it fol-
lows that those locations/seasons when Earth is visible are
also those where the sun is above the horizon, although
extended periods of twilight may allow some imaging
science when DTE is not possible (nautical twilight on
Earth corresponds to a sun elevation of �6o). The evolu-
tion of the sub-Earth latitude in the 2020s is shown in
Fig. 5.

Although of only modest importance for both meteorol-
ogy and communications, it may be noted that Titan’s dis-
tance from the sun decreases systematically through the
2020s, from 10.03 AU in 2020 (aphelion is in 2018, just
after northern summer solstice) through perihelion (9.01
AU) in 2032, allowing a 20% increase in data transmission.
The distance then increases and link performance declines
again.
2.3. Communications and science return

As noted by Lorenz (2000), it is possible to equate, at
least crudely, the data return from an in situ mission at
Titan in bits to its installed energy capacity in Joules, i.e.
1 bit of science data costs 1 joule to acquire and send.
This rule of thumb may be inaccurate in missions opti-
mized for high data volume but is a useful starting point
for typical in situ vehicles. To a first order, then, it is unim-
portant whether 10 Mbit of data are sent at 3 kbit/s over
one hour, or at 100 bit/s over 30 h – the total energy
requirement is 10 MJ (or 3 kW-hr) in each case.
However, if electrical power is continuously generated
(e.g. from a radioisotope power source) then the overall
strategy of data return, dictated by Earth visibility, may
result in energy being discarded unless massive battery
storage is provided.

Thus the ‘ideal’ scenario for a polar mission, from a tel-
ecommunications and power standpoint, is one at the high-
est latitude (i.e. Ligeia) at the peak of summer (‘midnight
sun’) where the Earth never actually sets, and thus commu-
nications can be performed continuously and data are
transmitted as they are acquired at a rate that is matched
to the electrical power available. In such a scenario, with
100 W of electrical power available for telecom, a vehicle
could transmit 100 bps continuously, and therefore provide
a data return over 1 Titan day (15.945 Earth days, or
1.38 � 106 s) of almost 150 Mbit, roughly the equivalent
of the return from the Huygens probe.

As we move away from the pole, the Earth and sun take
a progressively more inclined path across the sky. The fact
that Earth reaches a higher elevation is not fundamentally
significant, since atmospheric path loss will not be severe
for X-band or lower frequencies anyway. What becomes
critical is for how long the Earth is high enough to permit
communication.

When the Earth is only above the permitted elevation
threshold for a small fraction of a Titan day e.g. 2 Earth
days, we can imagine attempting to return the full data
amount indicated above (150 Mbit) in that time. This
would require a data rate of nearly 900 bps, and thus a
power of around 900 W. The vehicle must now have a more
powerful transmitter (which may not only imposes severe
hardware demands, but will also introduce more severe
thermal challenges.) More challenging yet is the energy
storage requirement – while in each Titan day the primary
power source (the radioisotope generator, supplying
100 W) can indeed provide the energy per Titan day to
accomplish the 150 Mbit transmission, a battery must sup-
ply 800 W (=900 W–100 W) for two earth days, i.e. an
energy storage of some 38 kW-hr. If we assume a typical
modern energy density for high-performance rechargeable

lithium batteries of 100 W-hr/kg, this would entail a some-
what impractical 380 kg of battery. In other words, for the
scenario when the Earth is visible for only part of the day,
the time-averaged data rate becomes storage-limited rather
than power-limited. Or put another way, without very large



Fig. 5. Direct-to-Earth communication and tracking opportunities depend on the sub-Earth latitude which changes most rapidly around equinox in 2025:
a ± 2o superposed annual oscillation is due to the Earth’s motion around the sun. As solstice is approached in 2032 the movement slows. Ontario Lacus in
the south is visible throughout the period shown.
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on-board energy storage, the data return becomes directly
limited by the number of hours per Titan day that the
Earth is visible above some threshold elevation.

We show, therefore, this metric in Fig. 6, with a con-
servative elevation threshold of 10o. Depending on the
sea state and the antenna beam pattern, such an elevation
should be relatively free of multipath effects (which were
observed in the Huygens telemetry link to Cassini, Pérez-
Ayúcar et al., 2006) or atmospheric attenuation.
Furthermore, only pathological shoreline topography (i.e.
north-facing cliffs) can therefore obstruct Earth view near
the edge of the seas: even 300 m high mountains could only
block a 10o line-of-sight out to 2 km. Also shown are the
visible hours per day for an elevation mask of 5o, which
should be viable for communication on the open sea, but
suffers more atmospheric effects (refraction and attenua-
tion), and a higher probability of terrain blockage and/or
multipath effects.

One may note that since a floating vehicle may drift tens
of km per Titan day in response to surface winds (Lorenz
et al., 2012b) the vehicle’s latitude could change by about
a degree in this period, and the maximum Earth elevation
change by a similar amount. Thus Fig. 6 could be reason-
ably interpreted as follows: for a given acceptable hours-
per-Titan day of visibility, the solid curve (10o) corre-
sponds to when one can be reasonably assured of maintain-
ing communications for one or more Titan days, whereas
the dashed (5o) curve denotes when significant risks of at
least sporadic communication loss may occur after 1
Titan day.

A 100-h threshold might be adopted as a defendable
‘round number’ for a balanced science mission – in 1
Titan day a data return of 100 � 3600 � 100 = 36 Mbit
should be achievable, or a Huygens-like return in 4 Titan
days. One can of course propose lower or higher thresholds
– a mission performing only meteorological measurements
like a terrestrial weather buoy without much imaging data
could be achieved with over an order of magnitude less
data, for example. We reiterate also that a mission
equipped with a relay spacecraft need not be constrained
by Earth visibility, although such a mission could be
enhanced by DTE radio science.



Fig. 6. The Earth hours per Titan day that the Earth is above some specified elevation threshold (5o or 10o) as seen from each location. The rapid decline
in visibility from Ligeia ((a), the northernmost site) is especially evident – a robust (100 hr @ 10o) mission is possible until 2025 at the latest. Sites further
south (Kraken-1 and -3) have slower declines as one might expect, being viable until 2026 and 2027 respectively. Ontario Lacus becomes viable around
2025 and progressively improves, having uninterrupted Earth view after 2030.5.
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3. Wind variations with latitude and season

Having first considered possible splashdown locations,
and their visibility from Earth, we now turn to when (or
indeed whether) these sites can be safely reached. As noted
during the development of Huygens (which had no require-
ment to land at a specific location), the low gravity and
high density of the Titan atmosphere leads to low descent
speeds, and the large scale height means parachute descents
begin at high altitude. These effects lead to long descent
times (>2 h) which give the zonal winds time to sweep a
descending vehicle eastwards (e.g. Flasar et al., 1997), plus
some stochastic drift in any direction. This dependence of
landing dispersion on rather imperfectly-known environ-
mental characteristics presents the designer of new mis-
sions, aimed at specific targets, with interesting
challenges. Before evaluating landing dispersions in detail
in Section 4, we first review how the descent wind environ-
ment changes at different latitudes and seasons.
3.1. Zonal winds in Global Circulation Models

As discussed in Friedson et al. (2009), a key discrim-
inator among Titan GCMs appears to be the extent to
which they predict the zonal superrotation (see also
Lorenz et al. (2012a)). Typically, GCMs have tended to
greatly underpredict the stratospheric superrotation,
although some of the latest models show better success
in this respect, with TitanWRF (Titan Weather Research
and Forecasting, Richardson et al. (2007), Newman et al.
(2011)) and the IPSL model (Institut Pierre Simon
Laplace, Lebonnois et al. (2012), Charnay and
Lebonnois (2012)) predicting superrotation magnitudes
similar to those observed. The details of the altitudes at
which the peak winds are encountered, and their seasonal
variation, vary from model to model, however. Newman
et al. (2011) found that the production of eddies which
are key to the generation of superrotation is be highly sen-
sitive to the amount of dissipation in the model dynamics,
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and is prevented when horizontal diffusion within the
model (included to parameterize sub-grid scale mixing pro-
cesses) is too large. They obtained most realistic results
when little or no explicit horizontal diffusion of angular
momentum or temperature was included (though, as with
most grid point models, TitanWRF also contains a small
amount of implicit diffusion in its solver). The results
shown here come from a ‘dry’ version of TitanWRF (i.e.
with no methane cycle or associated latent heating effects
included) and the simulation was performed assuming a
flat, homogeneous surface with no lakes but including
the diurnal cycle of solar forcing and the impact of grav-
itational tides.

In this paper, we report details from the TitanWRF
model only. Of presently-published models, TitanWRF
produces the strongest superrotation, and while it does pre-
dict somewhat faster zonal wind speeds in the lower strato-
sphere near the equator than were observed by the Huygens
probe (Bird et al., 2005; Folkner et al., 2006) it offers the
best agreement with thermal infrared observations by
Cassini (Achterberg et al., 2011) which indicate in 2005
(Ls � 310o) winds at the 10 mbar level (�100 km) of
�40 m/s at 60oN and at 2 mbar (�150 km) of 100 m/s at
the same latitude. In addition, a further indication of the
high latitude jet is that zonal winds are strong enough to
distort the pressure surfaces of the atmosphere to a degree
that can be detectable in the shape of the central flash of
stellar occultations. Sicardy et al. (2006) infer a zonal
windspeed of �200 m/s at 55oN at Ls � 290o at an altitude
of 250 km (0.25 mbar) in a pair of stellar occultations in
2003.

Fig. 7 shows zonal wind profiles for several sea targets in
the coming decades. We see two principal trends in the
model results (Fig. 7), which might be predicted from the
overall behavior of thermally-driven stratospheric winds
(e.g. Flasar et al. (2005, 2009)). The first is that in general
zonal winds are weaker at high latitude (infinite shear at
the pole would be encountered if they did not decline with
latitude) – thus the Kraken winds are stronger than those
over Ligeia, and the Kraken-2 winds are stronger than
Kraken-1 (which resemble Ontario’s, but phase-shifted by
a half Titan year).

The second effect is that a strong circumpolar jet devel-
ops in the winter hemisphere. This is a general characteris-
tic of planetary atmospheres and is seen on Earth and Mars
as well as Titan (Achterberg et al., 2011; Flasar et al.,
2009). Thus moving away from northern summer into fall,
we expect northern hemisphere winds to freshen. This
trend is seen very well in the time series for 70oN (Fig. 8)
which shows TitanWRF zonal wind output every 3 Titan
hours over Kraken-1, and shows that winds at progres-
sively lower levels in the atmosphere respond progressively
slower (longer lag) to the seasonal forcing. Of particular
relevance to the problem at hand is that these northern
hemisphere winds freshen throughout the 2020s
(Ls � 150o–220o).
3.2. Meridional winds

Meridional winds on Titan were discussed in Lorenz
et al. (2012a), which proposed a symmetric specification
with a 99% envelope that increases modestly with altitude,
specifically |v| < 1 + 3(z/300)0.5, where v is in m/s and z in
km. That specification conservatively spanned the merid-
ional winds encountered by the Huygens probe as well as
GCM results pertaining to Ligeia Mare in 2023
(Ls � 160o). It is seen (Fig. 9) that the same specification
appears to satisfactorily embrace (with minor local excur-
sions, compensated elsewhere) the expected winds for fur-
ther south, and can thus be adopted without modification
for mission analysis purposes everywhere.

4. Landing dispersions

The landing dispersions of planetary probes depend on
three major contributions, see e.g. Lorenz (2015): a delivery
uncertainty due to interplanetary navigation errors (includ-
ing ephemeris uncertainties in the target body itself), an
entry error due to atmospheric density variations and aero-
dynamic effects such as body lift, and dispersions due to
displacement by wind during a parachute descent. The sec-
ond term is small, except for very shallow entries typical for
Mars. Thus at Titan with a much thicker atmosphere where
entries tend to be rather steep, and descents rather long, the
last (wind) term dominates in the zonal direction due to the
superrotating atmosphere. In the meridional direction,
delivery uncertainties and wind displacements may be
comparable.

4.1. Delivery errors

To a first order, an interplanetary delivery uncertainty
may be of the order of a few to �30 km, depending (e.g.
Haw (2003)) on whether the last tracking information prior
to release of the entry vehicle is a few days to �30 days
prior to entry: for reference, the Huygens delivery uncer-
tainty was 6 � 31 km (1r), in part due to poorly-deter-
mined Titan ephemeris at the time, now constrained by
many Cassini flybys to better than 1 km. That delivery dis-
persion is ‘smeared’ by projection onto the spherical planet,
depending on the entry angle. At Mars, where descent
times, and thus wind dispersions, are small and shallow
entries in the thin atmosphere are needed (e.g. Phoenix,
�13o), landing ellipses are dominated by this effect, espe-
cially for high latitude targets. The thick Titan atmosphere,
however, allows much steeper entries (e.g. Huygens, �65o)
and thus the dispersion at the top of the atmosphere may
be roughly doubled (1/sin(65o)) in the along-track direction
– i.e. if the incoming asymptote is northwards and the dis-
persion circle in the plane normal to the asymptote (the ‘B-
plane’) has a 99% diameter of 10 km, then the delivery
points to the top of the atmosphere will be distributed in
a 20 � 10 km ellipse aligned north–south.



Fig. 7. Zonal wind profiles from the TitanWRF model for three locations and target locations, shown as gray triangles. The gray region shows the
variation in the period shown (one sixth of a Titan year, centered around the late 2020’s, Ls � 190o, and the mid-2030’s, Ls � 330o). The dashed line is the
maximum model wind profile assumed for Ligeia Mare in 2023 (Lorenz et al., 2012a) as a common reference. It is seen that the more equatorward Kraken-
2 site (middle) has stronger winds than Kraken-1 (left). Note that while the winds at Ls � 330o have strengthened over Kraken, they are steadier – the gray
region is rather narrow. Ontario Lacus at Ls � 190o has rather strong winds, but these calm significantly in the 2030s.
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Note that because performance of heat shields is often a
critical consideration for entry systems, and the
aerothermodynamic loads are a strong function of entry
angle, the delivery uncertainties are often referred in the
literature in terms of an entry angle uncertainty (dc). For
steep entries typical for Titan, this may be approximately
related to the position uncertainty dx as dc �dx/[(R + h)],
where R is the planetary radius and h the height of the entry
interface, �2575 km and �1270 km respectively, the latter
for historical reasons. The 2003 NASA aerocapture systems
study (taking into account an assumed improvement in
Titan ephemeris due to Cassini, but a progressive degrada-
tion thereof after 2017) anticipated a 3r dc of 1.9o after a
release 30 days prior to entry, whereas an aerocapture orbi-
ter vehicle with its trajectory guided until 2 days before
entry would have dc of �0.6o (Haw, 2003): the total probe
and orbiter delivery uncertainties dx are therefore (3r)
about 100 and 35 km, respectively. These values are useful
working values to assume for the present exercise.
4.2. Wind drift

In determining the landing footprint of a spacecraft, the
horizontal displacement D of the landing point from the
start of descent is the result of the convolution of the wind
profile with the time spent at each altitude. In effect, the
displacement is a weighted average of the wind profile:
for a single parachute, the weighting function can be simply
approximated (Lorenz et al., 2012a; Lorenz 2015) by the
square root of atmospheric density q at each altitude.
Here we estimate the sum Rq0.5(z)U(z) for z = [10, 25, 50,
100, 150] km. For the nominal 2023 Ligeia wind profile
in Lorenz et al. (2012a) with a single parachute descent
from �150 km, this sum yields 27 kg0.5 m�0.5 s�1,
corresponding to an expected 75 km displacement for a
vehicle with a descent time of 8900 s (that of the Huygens
probe). Thus, a simple prefactor of 2.8 km/kg0.5 m�0.5 s�1

can more generally convert the sum into the expected dis-
placement at other locations and seasons – the prefactor



Fig. 8. Seasonal history of zonal winds at 70oN for five altitude levels in the TitanWRF model. Winds increase monotonically with altitude except for a
brief period in the stratosphere in northern summer (Ls = 40o–140o). The seasonal modulation is significant in the stratosphere, and declines at deeper
levels, where it also becomes phase-lagged with respect to the solar forcing (the minimum speed at 150 km occurs at Ls = 110o, about 1.5 Earth years after
summer solstice, whereas the minimum at 50 km altitude is almost a Titan season later). The sharp spikes in the 150 km profile are momentum transfer
events, discussed in Newman et al. (2011).
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would be different for other vehicles/parachutes, and pro-
portional to the total descent time.

The dispersion in landing points will scale with the differ-
ence between the estimate for the minimum and maximum
winds, in the Ligeia case, 209 km E–W (�30 km to
+175 km – Lorenz et al., 2012a, Fig. 3), interpreted as a
99% range (or r � 40 km for a symmetric Gaussian).
While one might, in a full mission design exercise, conduct
a Monte Carlo simulation of entry points, variable vehicle
parameters, and varying wind and atmospheric density
profiles, to a first order the landing point dispersion is
dominated by the winds, and so a normally-distributed
set of landing point offsets can be applied in the zonal
and meridional directions. In this case, the standard devia-
tion to be applied in the zonal direction will be one fifth of
this range (99% corresponds to �2.5r). This now allows us
to map the zonal wind predictions to the splashdown
dispersions.

Fig. 10 shows the expected zonal displacement as a
function of season and location using the TitanWRF pre-
dictions. It is seen at once that Kraken-1 displacements
in 2025–2027 are �150–170 km, which are rather larger
than the �35 km delivery error noted in the previous
selection.

An important question is how to relate the dispersion to
the expected values above. As noted in Lorenz et al.
(2012a), TitanWRF predictions (see the Ligeia 2023 data-
point in Fig. 10 showing the expected displacement of
120 km in 2023) were about 50% higher than the average
of various models and observations, and about 60% of
the range (209 km) between minimum and maximum mod-
els. Thus conservatively we might assign the same factor
(�1.75) to scale up the TitanWRF expected value to the
99% range. It is possible in future that additional observa-
tions may allow the narrowing of this factor, but at present
GCMs are sufficiently discrepant and data sufficiently
sparse (especially in the troposphere, where a descending
probe spends most of its time) that it is difficult to justify
dismissing any individual model.

Applying this factor, then we find Kraken-1 zonal dis-
persions of �1.75*160 = 280 km in 2025–2027, but growing
to some 440 km in the 2030s, with Kraken-2 dispersions
varying between 315 and 490 km. Ontario dispersions vary,
depending on season, between 215 and 440 km. The merid-
ional wind envelope shown in Fig. 9 correspond to 20 km
descent dispersions – we use this value for all places and
seasons.

4.3. Final dispersions

We can derive estimates of the final landing ellipses by
root-sum-squaring the delivery dispersions in the zonal



Fig. 9. Meridional winds (m/s) in the TitanWRF model for the Kraken-1and -2, and Ontario target region (the ‘tornado’ of narrow lines) together with a
general meridional wind envelope (see text) from Lorenz et al. (2012a), thick dashed curves.
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and meridional directions with the wind dispersions. If we
assume the 35 km delivery (�99%) uncertainty indicated
above for a 2-day navigation solution, an entry angle
(�60o) similar to Huygens and a north–south asymptote,
then the top-of-atmosphere delivery ellipse is 35 � 70 km.
The meridional winds smear these points north–south by
a maximum of 20 km, and thus the north–south dimension
of the landing points is (202 + 702)0.5 � 72 km. Taking
Kraken-1 in the 2030s as an example, with a zonal wind
dispersion of 300 km, the long axis of the final ellipse will
be (3002 + 352)0.5 � 302 km, and thus the landing points
are within a 302 � 72 km ellipse, comfortably within the
safe area (450 � 90 km). For comparison, were the delivery
asymptote aligned E–W, the resultant ellipse would be
308 � 40 km. Similarly, for a probe released some distance
from Titan (e.g. 30 days prior to encounter), a 100 km
delivery uncertainty would lead to a splashdown ellipse
of 316 � 200 km or 360 � 102 km. Clearly, the viability
of any given target will depend on the specifics of the entry
angle, dispersion and azimuth as well as the winds, but
these values provide a basis on which to eliminate
unpromising mission candidates.
5. Summary – mission opportunities with huygens descent

systems

We summarize the results of these calculations in
Table 1. First, Kraken-1 appears to be large enough that
it is always accessible for well-navigated deliveries
(dx � 35 km). Even for release tens of days out
(dx � 100 km) the dispersions are small enough that
detailed analysis can probably show the 450 � 90 km
ellipse can be targeted, unless the entry angle is shallow
and the delivery asymptote is north–south.

If we assume Ligeia descent displacements are propor-
tional to Kraken-1 values (in the same proportion as the
2023 results in Fig. 10), then Ligeia is large enough for a
high probability of successful splashdown at all seasons
(although unfortunately its window of DTE visibility ends
the soonest.)

Kraken-2 appears marginal. The smallest zonal wind
dispersion of 315 km is larger than the allowed ellipse size,
even ignoring the contribution from delivery errors. It is
possible that additional data to refine wind dispersion
models could allow Kraken-2 to become viable, but it will



Fig. 10. The integrated displacement (summed TitanWRF zonal wind speed times square root of density at 10, 25, 50, 100 and 150 km) for the three
targets of the late 2020s. The point for Ligeia Mare indicating the proposed TiME mission in 2023, based on the TitanWRF profile in Lorenz et al. (2012a)
is also shown. It is evident that the displacement increases systematically equatorward. From about 2015–2027, the winter stratospheric jet over Ontario
Lacus causes that target to have larger displacements even than the most equatorial Kraken target. Kraken target dispersions increase by about 10% per
year over the 2025–2032 timeframe, leveling out over winter. Only in late southern summer does the displacement for Ontario become comparable with
that of Ligeia in 2023.

Table 1
Targets, allowable dispersions, visibility and delivery opportunities.

Splashdown
site

Target Ellipse (99% E–W,
N–S)

DTE window
(>100 h/Tsol, >10�)

Remarks (99% accessibility with Huygens descent time)

Ligeia 78oN 245oW 300 � 120 km <2024, >2040 Almost always accessible unless meridional delivery errors large
Kraken-1 70.7oN 308oW 450 � 90 km or

240 � 200 km
<2026, >2038 Always accessible (e.g. 302 � 72 km in the 2030s) unless

meridional delivery errors large
Kraken-2 65oN 324oW 270 � 100 km <2027, >2037 Zonal dispersions always just (315 km) too large?
Ontario 72oS 178oW 80 � 60 km 2025–2040 Zonal dispersions always too large (>100 km)
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only be so for a modest period during winter when the
stratospheric winds are weaker.

Ontario appears hopeless for passive parachute delivery.
It is simply too narrow in the E-W direction to accommo-
date any reasonable wind dispersion – the 90 km allowed
width is a factor of more than two smaller than the wind
dispersion, and delivery uncertainties exacerbate the prob-
lem. For a long-range delivery (tens of days release) the
entry dispersions alone make it difficult to be sure of land-
ing in liquid.

Note that there has been progress in this arena. The first
post-Cassini lander design was that of the 2007 Titan
Explorer Flagship mission (Leary et al., 2007; Lockwood
et al., 2008) which featured a lander. At the time, the seas
had only just been discovered, and the (airbag-equipped)
lander was aimed at the equatorial dunefields, these being
a large, contiguous area that would not present significant
boulder or gully terrain hazards. Landing dispersions (a
720 � 220 km ellipse) were estimated with a model
(Titan-GRAM, developed pre-Cassini) which is now
known (Lorenz et al., 2012a) to grossly overpredict merid-
ional dispersions. That version of Titan-GRAM also fails
to include any systematic variation of zonal wind speed
with latitude and season, which we show here are
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important but somewhat predictable. The delivery ellipses
discussed in this paper allow for much tighter targeting
than was the case seven years ago.

6. Mission and spacecraft design alternatives

The discussions in this paper have been with reference to
a somewhat arbitrary 99% success criterion, typical of sin-
gle-spacecraft missions. One can of course entertain a
higher level of risk, e.g. if a mission were to be considered
partly successful if it landed near the shore, although the
probability of survival is much harder to estimate given
our ignorance of small-scale topography on Titan.
Another mission-level approach is to deliver multiple vehi-
cles, and allow that some may fail, but that objectives are
achieved if one lands successfully in the sea.

The wind dispersions, which dominate the discussion,
apply to a Huygens-like descent, lasting 8900 s and starting
from 150 km altitude. One could vary a number of mission
parameters to reduce this dispersion – e.g. a higher entry
ballistic coefficient (higher mass/area) would penetrate dee-
per into the atmosphere, allowing a shorter descent, albeit
at the cost of more demanding heat loads during entry. A
similar result, with a similar penalty in heating, results from
a faster entry speed, or a steeper entry. However, as an
example, doubling the entry speed, with an almost order-
of-magnitude increase in peak heating rate, will penetrate
only about half a scale height deeper into the atmosphere
(say �20 km), reducing the zonal dispersion (see e.g.
Fig. 3 of Lorenz et al. (2012a)) by only �10 km, not
enough to meaningfully alter the conclusions of this paper.
A smaller descent parachute (or indeed none altogether)
would allow a slightly faster descent, although possibly at
the expense of attitude stability which may be important
for imaging. A faster descent also leads to higher splash-
down loads. There are limits in any case on how dense a
capsule can be, since it must float.

It is, however, worth considering just what the landing
requirements would be to splash down in Ontario Lacus,
since it is prominently visible from Earth in coming dec-
ades. It is evident that such a tight splashdown area cannot
be obtained by simple vertical descent (relative to the air)
since it is the poorly-known movement of the air itself that
dominates the landing point uncertainty. Thus the capabil-
ity for controlled (i.e. guided) horizontal movement must
be built into the vehicle – in other words it must fly to
Titan’s surface, not merely fall to it. Since aerothermody-
namic loads on a Titan entry vehicle may be quite modest,
it might be possible to achieve an integrated one-stage
design (resembling, perhaps, the Space Shuttle or one of
its predecessor lifting body test vehicles). A more conven-
tional approach (suggested as ‘Mission Concept 3 –
Gliding Lander’ in Lorenz (2000)) is to deploy a parawing
or steerable parachute: the deployment of an inflatable/
flexible (‘Rogallo’) wing after entry from orbit was in fact
studied quite seriously for the Gemini capsules in the
1960s.
The simplest description of a system is the glide ratio or
lift:drag: if a vehicle can attain a glide ratio of 3:1, then if it
is released and can acquire its desired trajectory (parafoils
are only able to execute slow turns, for example) at an alti-
tude of 100 km, then it can in principle traverse a horizon-
tal distance of 300 km. Simple steerable parachutes
(circular canopies with a slot) have glide ratios of about
0.5 (e.g. Knacke, 1991; Rogallo, 1967). Since descent dis-
persions of the order of 160 km (2r) must be negated, it
follows that a glide ratio of �1 or higher must be achieved.

Higher-performance, and currently operational steer-
able parachute systems such as the JPADS (Joint
Precision Airborne Delivery System – Brown and
Benney, 2005) achieve glide ratios of 3:1 to 4:1 (somewhat
less than the idealized 5:1 assumed by Lorenz (2000) – note
that the system as a whole with the probe and suspension
lines will have a lower glide ratio than the parawing struc-
ture itself). Thus when released at 10 km in still air, they
can reach targets >30 km away, and do so with accuracies
of 100 m or better using GPS guidance – such systems are
now routinely used to accurately deliver supplies and
equipment e.g. in Afghanistan to avoid exposing the launch
aircraft to ground fire. Steerable parachutes are space-
qualified – one was flown in space for 3 years without
degradation (Witkowski, 2010) on the Genesis capsule
(although not, unfortunately, deployed).

Some detailed recent performance data is available from
tests of a steerable parachute (parafoil) for the X-38 crew
return vehicle (Stein et al., 2005). This parachute demon-
strated L/D of �2.8–3.4, depending on the control line
position. This corresponded to a lift coefficient of 0.5–1.0.

There is one complication associated with parafoil deliv-
ery, which is that the vehicle has an appreciable horizontal
velocity. Thus a parafoil flying at L/D = 3 and a descent
rate of 5 m/s (like Huygens) will have a horizontal velocity
of some 15 m/s. Such a velocity may not be safe for splash-
down (some dynamic effects of horizontal motion at
splashdown on the Apollo capsules are examined by
Lorenz (2011)). It may be possible to ‘flare’ the chute or
otherwise reduce the L/D just prior to impact using the
steering actuators, or alternatively switch to a conventional
parachute at low altitude. These measures require either
that the altitude above the lake surface be measured with
a precision of a few meters (likely requiring a radar altime-
ter or similar capability) or that the vehicle switch to a
more conventional parachute in the last km or two of des-
cent (which could be triggered by inertial guidance or pres-
sure sensing, but requires an additional parachute and
release/deployment system). The targeting accuracy would
be limited by the navigation/guidance capability, which
while much poorer on Titan than is possible on Earth with
GPS should nonetheless be adequate. For example, the
inertial guidance on the Curiosity rover, Martin-Mur
et al. (2012), achieved sub-km precision: even allowing
for greater ephemeris errors, and larger divergence of the
navigation solution during the longer descent at Titan,
the center of Ontario could be comfortably reached.
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7. Conclusions

We have considered the extent of seas on Titan, their
visibility from Earth, and the likely landing dispersions
due to winds. The dispersions associated with Huygens-like
descent systems comfortably permit accommodation in the
widest part of Kraken Mare (Kraken-1) at around 70oN,
where Direct-to-Earth communications can be assured
until 2026, and are likely viable with some risk until
2027. Earth visibility at Ligeia Mare is inadequate for
DTE after 2024, based on a criterion of 100 h per Titan
day of visibility above 10o elevation. The Titan Mare
Explorer (TiME) mission was proposed in 2010, with an
anticipated 2016 launch date and 2023 arrival. Now in
2015, it is too late for any realistic development schedule
and interplanetary delivery to accomplish an affordable
(DTE) mission to Titan’s seas until summer returns to
the north in 2040. Missions to Kraken-1, albeit dimly lit
by low sun or twilight in Titan’s hazy atmosphere, are
always possible if a data relay spacecraft is available.

An additional year of Earth visibility (until 2028) is
afforded from a southern basin in Kraken at 64oN, but pre-
sent models suggest strong zonal winds building up in this
season (the winter stratospheric jet) and suggest zonal land-
ing dispersions too large to be viable for this location. Both
the southernmost parts of Kraken (at 60oN) and Ontario
Lacus have been considered, although may have shallows
or mudflats that are not well-characterized by current data.
Ontario sees adequate and improving visibility throughout
the second half of the 2020s – but is too small to have an
acceptable probability of being reached by a simple passive
descent system. A guided descent using present-day steer-
able parachute technology could likely reach a desired tar-
get location, but with additional complexity, actuator
qualification requirements, landing flare or release
requirements.

While other missions to Titan remain affordable and
appealing in the coming decades (for example, an orbiter,
or an aircraft), the most efficient exploration of Titan’s seas
specifically may need to wait until 2040.
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