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We seek to address the question of what processes are at work to fill Ontario Lacus while other, deeper
south polar basins remain empty. Our hydrological analysis indicates that Ontario Lacus has a catchment
area spanning 5.5% of Titan's surface and a large catchment area to lake surface area ratio. This large
catchment area translates into large volumes of liquid making their way to Ontario Lacus after rainfall.
The areal extent of the catchment extends to at least southern mid-latitudes (40°S). Mass conservation
calculations indicate that runoff alone might completely fill Ontario Lacus within less than half a Titan
year (1 Titan year = 29.5 Earth years) assuming no infiltration. Cassini Visual and Infrared Mapping Spec-
trometer (VIMS) observations of clouds over the southern mid and high-latitudes are consistent with
precipitation feeding Ontario’s large catchment area. This far-flung rain may be keeping Ontario Lacus
filled, making it a liquid hydrocarbon oasis in the relatively dry south polar region.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

With a thick atmosphere, a methane-based hydrological cy-
cle, stable bodies of standing fluid at its surface, and many ac-
tive surface processes, Saturn’s largest moon Titan is surprisingly
Earth-like. The pressure-temperature conditions (1.4 atm, 90-94 K)
(Fulchignoni et al., 2005) are close to the triple point of hydrocar-
bons (e.g methane’s triple point is ~92 K). Hence, hydrocarbons
play the same role on Titan as water plays on the Earth. The move-
ment of fluid on the surface has created fluvial networks and val-
leys (Porco et al., 2005; Elachi et al., 2006; Barnes et al., 2007;
Jaumann et al.,, 2008) which have been extensively observed and
studied (Perron et al., 2006; Burr et al., 2013) by the Cassini mis-
sion. Titan’s surface conditions therefore make it the only known
extra-terrestrial planetary body to currently have an active surface
hydrology governed by an Earth-like hydrological cycle.

As a result of this cycle, Titan has lakes and seas of hydrocar-
bons at its poles (Stofan et al., 2007). However, the exact compo-
sition of the liquid for any given lake is not well known. Thermo-
dynamic models estimate lake composition using in situ observa-
tions from the Huygens probe (e.g. Cordier et al., 2009). This model
led to the conclusion that the lakes consist mostly of ethane,
with lesser amounts of methane (10%) and propane (7%) along
with other hydrocarbons. The discovery of ethane in Ontario La-
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cus based on VIMS observations (Brown et al., 2008) is consistent
with the model predicted composition of lakes.

However, recent observations reveal that one composi-
tion model does not fit all liquid bodies. Bathymetry studies
(Mastrogiuseppe et al., 2014; Le Gall et al.,, 2016) and lab based
experiments (Mitchell et al.,, 2015) indicate that the northern
sea Ligeia Mare has a composition of nearly pure methane.
Lorenz (2014) suggests that composition varies across Titan’s
seas due to the differing solute abundance because of lati-
tude dependent precipitation and evaporation. MacKenzie and
Barnes (2016) also find that the evaporite configuration of dif-
ferent lakes varies thereby indicating potentially different bulk
composition of the lakes. These findings reinforce Lorenz’s idea
of latitude based precipitation and evaporation (or some similar
latitudinal influenced mechanism) leading to diverse composition
of the hydrocarbon lakes and seas. In spite of these develop-
ments, the precise bulk composition of these lakes still remains
indeterminate.

The mechanism driving spatial distribution of the lakes on Ti-
tan’s surface is also not well understood. While many lakes dot
the north polar region of Titan (Stofan et al., 2007; Sotin et al,,
2012) it is perplexing to see an almost barren south polar region.
The south polar region is devoid of liquid except four small lakes
and one large lake, Ontario Lacus. Ontario Lacus was the first fluid
body observed by Cassini mission using the Imaging Science Sub-
system (ISS) instrument (Turtle et al., 2009). Several studies have
been carried out to interpret its composition (Brown et al., 2008),
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Fig. 1. Titan’s global topographic map derived by Lorenz et al. (2013) in Polar stere-
ographic projection. Ontario Lacus is located within the region marked by the black
box. The black arrows indicate the other low elevation regions in the south pole
that are empty. The seams in the image are the available topography information
while the rest of the topography is generated by an interpolation procedure due to
the absence of global topographic data. The spatial sampling is 22 km (0.5°) per
pixel.

smoothness (Wye et al., 2009; Cornet et al, 2012b), and its
bathymetry (Hayes et al., 2010).

Ontario Lacus measures 235 kmx 75 km (Wall et al., 2010)
with surface area of ~16,200 km?2. The other four small lakes
(Wood et al., 2013) in the south polar region are Crveno Lacus
(~32 kmx24 km), Shoji Lacus (~6 kmx6 km), Tsomgo La-
cus (~53 km x 15 km), and Kayangan Lacus (~9.5 km x 9.5 km).
Some large basins near the south pole of Titan exist at lower eleva-
tions than Ontario Lacus, but remain empty currently. Fig. 1 shows
Hagal, Rossak, and Romo basins, along with Ontario Lacus’ basin.

Ontario Lacus is readily recognizable in the south polar region
by its shape which resembles a right human footprint (Fig. 2).
The morphology of Ontario Lacus tells a story of active processes.
Mountains surround the northern end of Ontario Lacus and rise
to heights of ~400 m. The lake’s western shore hosts a delta-like
morphological feature (Wall et al., 2010) at the end of Saraswati
Flumen, a very long channel (300 km) distinctly observable in the
RADAR data and as shown in Fig. 2B and 2C by arrows. A bay ex-
ists along the eastern shoreline which has likely been modified by
fluvial processes (Wall et al., 2010). The southeast corner of On-
tario Lacus shows a bathtub ring of evaporite (Barnes et al., 2009;
Cornet et al., 2012a; MacKenzie et al., 2014). These processes col-
lectively indicate that Ontario Lacus likely represents a dynamic
hydrological system. Earlier studies (Cornet et al, 2012a; Hayes
et al, 2010) suggested that Ontario Lacus lies in a shallow de-
pression but more recent bathymetric studies by the radar detec-
tion of a lake-bottom reflection indicate that the depth could be as
much as ~90 m in some places, with an average depth of ~50 m
(Mastrogiuseppe et al., 2016).

Aharonson et al. (2009) proposed that the asymmetry in the
liquid distribution between the north and south pole may be
due to the long term climate variations caused by the eccentric-
ity of Saturn’s orbit around the Sun. This scenario has been fur-
ther explored using General Circulation Models (GCM) (Lora and
Mitchell, 2015). Although plausible, the lack of pervasive evapor-
ite deposits at the south polar region (MacKenzie et al., 2014) does
not align with these hypotheses. In either scenario, it is difficult to
explain why Ontario Lacus, neither the lowest point of the south
pole nor the largest basin, remains filled in an otherwise dry re-
gion. In this work, we address this question via a detailed hydro-

logical analysis of Ontario Lacus using topographic and synthetic
aperture RADAR datasets. The major objectives of this study are to
identify and characterize the major drainage features around On-
tario Lacus, and determine whether surface hydrology of the region
around Ontario Lacus can shed light on why it is currently filled.
We discuss our three main analyses in the following sections.
Section 2 discusses the analysis for catchment area using RADAR
derived high resolution topography as well as low spatial resolu-
tion global topography (based on extrapolated data). In Section 3,
we evaluate the feasibility and conditions for the fluid availablil-
ity at Ontario Lacus using a simple mass balance model utiliz-
ing current estimates of precipitation, evaporation and infiltration.
Section 4 illustrates our stream profile analysis around Ontario La-
cus aimed at understanding the hydrological evolution of the re-
gion which is followed by discussion and conclusions in Section 5.

2. Catchment area

Catchment area refers to the area from which rainfall flows into
a river, or lake. It forms an important parameter to understand the
surface hydrology of a region.

2.1. Method

We analyze the topography of the region around Ontario La-
cus using ArcGIS to determine the extent of its catchment area.
Sparse coverage of high resolution topographic data is an obsta-
cle for our present day understanding of Titan. The extent of the
available stereo-derived topography (1.4 km per pixel) data of our
study area is indicated by a black outline in Fig. 1. These data pro-
vide the local scenario for the determination of the catchment area
of Ontario Lacus. Details of the topographic mapping are discussed
in Section 4.1.

To fill in the gaps of topography, Lorenz et al. (2013) interpo-
lated a global topography map for Titan using SARtopo and al-
timetry data (Stiles et al., 2009). To test the validity of this ap-
proach (Lorenz et al., 2013) downsampled the Earth’s topography
data with the geographical distribution where Titan data are avail-
able and carried out a spline interpolation. The topography map
generated all the major topographical features on the Earth except
the Tibetan plateau. This indicates that Lorenz et al. (2013) inter-
polation technique captures the overall trend in topography(Fig. 3).

The global topography map has a resolution of ~22 km per
pixel, fifteen times coarser than the available high resolution stereo
topography in the immediate vicinity of Ontario Lacus. Despite this
difference, the interpolated map is useful as it provides the re-
gional context necessary for estimating the catchment area con-
tributing to Ontario Lacus. We re-interpolate these data using the
Topo to Raster tool available in ArcGIS 10.1 (ESRI) to generate cor-
rect surfaces (Tarboton, 1997). The resulting topography map is
used to determine the catchment area of Ontario Lacus as follows:

i We first remove depression artifacts or pixel-scale lows from
the digital elevation model. These “sinks” are localized surfaces
of internal drainage that do not drain anywhere and thus cause
the algorithm to go into an infinite loop.

The algorithm then generates a flow direction raster where

each cell drains or flows in a particular direction depending on

the elevation of the surrounding terrain.

From the flow direction raster, we generate a drainage network

map based on local flow accumulations.

iv We then place bucket points at the edge of an accumulation
or at major confluences. Specifying a bucket point indicates the
outlet of the catchment area into the lake or stream for calcu-
lating the total flux into the body.

=

i

ii
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Fig. 2. The spatial extent of the study area and available data coverage. A) RADAR coverage for the south polar region of Titan, B) Ontario Lacus C) The longest stream in the
region, Saraswati Flumen in the vicinity of Ontario Lacus creates a deltaic deposition (Wall et al., 2010).
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Fig. 3. A) High resolution stereo DEM acquired using the RADAR T57/T58/T65
stereo (1.4 km per pixel resolution) data. B) Flow accumulations (bright white pix-
els) calculated by ArcGIS’ hydrology tool on the topographic data of Ontario Lacus.
The white lines indicate regions where fluid accumulates. The blue dotted line de-
marcates the spatial extent of Ontario Lacus. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

We validate our results obtained from the global interpolated
data by performing the above analysis on the high resolution but
limited coverage topographic data around Ontario Lacus. Despite a
fifteen times difference in resolution, the results from the high and
low resolution topography data are consistent.

2.2. Results

The total catchment area of Ontario Lacus is shown in Fig. 4 and
corresponds to an area of ~4.6 x 10 kmZ. The catchment is made
up of two sub-catchment regions as shown in Fig. 4B: western
sub-catchment (bound by thick line), and eastern sub-catchment
(bound by thin line). The one towards the south (bound by dashed
line) drains away from Ontarion Lacus and is not included. Based
on the available topography data, the western and eastern sub-
catchments drain into Ontario Lacus and so we have used the com-
bined area of these two regions as the catchment of Ontario for
our calculations. The RADAR images of the eastern sub-catchment

indicate potentially high elevation regions (bright terrain in RADAR
data) which might affect the contribution of this sub-catchment
to Ontario. However, incomplete RADAR coverage over the eastern
sub-catchment prevents a definitive determination of the drainage
divide. While the catchment area estimates should be considered
with some caution, broad scale topography of the region shows
draining towards Ontario Lacus. Any small changes to the contri-
bution will not drastically change our final interpretation.

To put this in perspective, Ontario Lacus is about the size
of Lake Michigan. Yet, Lake Michigan has a catchment area of
~0.11 x 106 km?, one and a half orders of magnitude smaller than
Ontario Lacus. 5.5% of Titan’s surface area (8.3 x 107 km?, assuming
Titan is a sphere) is covered by Ontario Lacus’ catchment area. We
think this is substantial planetary coverage for a lake as big as Lake
Michigan, whose catchment area covers only 0.02% of Earth’s sur-
face. Another Earth analog could be Lake Eyre in Australia, which
sits in an endorheic basin (a drainage basin that doesn’t drain into
the ocean), like Ontario’s, and covers 1/6th of the Australian conti-
nent. Lake Eyre has one of the biggest catchments of all the lakes
on Earth, which at ~1.2 x 106 km? is still just one quarter the size
of Ontario’s catchment. The evaporation rate and precipitation rate
around Lake Eyre region are 0.2 m/Earth year and 0.25 m/sEarth
year. For comparison, the evaporation and precipitation rate we use
for Ontario Lacus are listed in Table 1.

The ratio of catchment area to surface area for a lake is a mea-
sure of inflow into the system. From our data this ratio for Ontario
Lacus is 83 while it is 118 for Lake Eyre. Therefore in hydrologi-
cal context, Ontario Lacus might be similar to Lake Eyre, although
more arid. Despite being mostly dry, Lake Eyre basin still gets filled
by periodic floods and groundwater recharge with varying amounts
of fluid. Even a slight rainfall converts Lake Eyre into a semi-arid
region. A similar increase in precipitation might result in filling
of the paleo-basins on the south pole over geological time scales,
however such an increase has not been observed during Cassini’s
lifetime.

We are unable to contrast the catchment area of Ontario Lacus
with other deeper basins on the south pole due to poor altimetry
coverage available in those regions. The interpolated global topog-
raphy map is primarily derived from RADAR altimetry and SAR-



334 R.D. Dhingra et al./Icarus 299 (2018) 331-338

-==- No Contribution

Ontario
- Lacus ﬂ

Fig. 4. A) Catchment area of Ontario Lacus (in polar stereographic projection) derived from hydrological analysis. The magenta extent marks combined catchment area that
drains into Ontario Lacus. The black dotted line marks the region which does not drain into Ontario Lacus but its surrounding basins. The catchment regions are overlaid
on the DEM of the region to provide the elevation context. B) The three major catchment regions of Ontario Lacus (see Discussion section). Solid line shows the catchment
that distinctively contributes to Ontario Lacus. The faint line to its right shows the catchment that might not directly contribute to Ontario but is inferred based on regional
trends. The dotted line in B) shows the catchment that does not contribute to Ontario. It drains into the Romo Planitia, close to the south pole. C) RADAR image of a section
of the catchment area (boxed area in B) indicating a potential drainage divide (shown by white arrow) which might affect the total catchment area of Ontario Lacus.

Table 1
List of the parameters used in the mass balance study for Ontario Lacus.
* based on Mitri et al. (2007) ** based on Schneider et al. (2012).

Semi Minor Axis 75 km
Semi Major Axis 235 km
Ontario Area 16,200 km?
Maximum Depth 0.09 km
Maximum Volume 1,462 km3

4,600,000 km?

1.2 m/Titan year
4 m|Titan year
30 m/Titan year
23.6 m/Titan year

5,440 km?3/Titan year
18,400 km?/Titan year
1,660 km?3/Titan year
1,300 km?/Titan year

Result from 2.1 Total Catchment Area

Precipitation Rate 1*
Precipitation Rate 2**
Evaporation Rate 1*

Evaporation Rate 2**

Runoff 1*
Runoff 2+
Evaporative Loss 1*
Evaporative Loss 2**

Input for eqn 3

Results from 2.2

Topo. Stiles et al. (2009) derived a technique for estimating topog-
raphy using the overlap between each of the five radar beams that
make up a SAR image, which he named SARTopo. Since Ontario
Lacus has been well covered by RADAR strips we were able to ex-
tend our analysis to the surrounding regions. We were not able to
derive any meaningful watersheds for the other basins using the
global topography map. For the bigger seas on the north pole of
Titan (Lorenz et al., 2013) roughly estimated the catchment areas
as thrice the surface areas of the seas.

A future mission to obtain global topography with a resolution
of ~50 km would be required to do this task completely. It is per-
plexing that the other, deeper basins are closer to the pole and still
remain dry which is in contrast to the latitude based precipitation
suggested by GCM models like that of Schneider et al. (2012). How-
ever, its intriguing to note that the largest sea at Titan’s North Pole
is also farthest from the pole.

Precipitation Evaporation

J, \/ Runoff
Infiltration ‘I"L

Depth

Fig. 5. A diagrammatic representation of all the hydrological parameters included
in the mass balance calculations for Ontario Lacus.

3. Mass balance

Our results from Section 2, namely the large catchment area for
Ontario Lacus, motivate us to use mass balance calculations to try
to understand the movement of fluids in the drainage system of
Ontario Lacus. We do this by assuming conservation of mass flux
and calculating the mass balance in/out of the system. The param-
eters of this model comprise of precipitation, evaporation, runoff
and infiltration as shown in Fig. 5. The model helps us approxi-
mate how each parameter contributes in the fluid movement.

3.1. Method

We model incoming fluid accumulation and outgoing losses to
determine whether a lake might be filled or empty.

Change in the lake volume = Input — Loss + Sources or Sinks

(1)
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Input derives from the precipitation over the catchment area
(calculated in Section 2.2). Loss occurs due to evaporation from the
lake’s surface. The difference between precipitation and infiltration
(i.e the runoff) would eventually feed the lake. Ontario’s surface
area as determined using ArcGIS is ~16,200 km? The depth of the
lake has 90 m as an upper limit and 50 m as an average. We ex-
press this balance in the form of an equation:

S8 (HA))
ot
where H represents the depth of the lake, A;, the surface area of
the lake, P, the precipitation over the catchment area A., and E is

the evaporation from the lake.

We assume that the lake is in a steady-state, i.e there is no
change in the liquid level. We acknowledge that, since evaporites
have been identified along the shoreline of Ontario Lacus (Barnes
et al., 2009; Cornet et al., 2012a; MacKenzie et al., 2014), the
lake level has definitely changed over geologic time. Furthermore,
Hayes et al. (2010) and Turtle et al. (2011b) indicate that the lake
level may have changed in Cassini’s lifetime. Cornet et al. (2012b),
however, suggests no change in Ontario Lacus’ extent between
2005 and 2010. We proceed with the steady state assumption since
the lack of gross variations places an upper limit on 5(;1?, ),

In the absence of knowledge of the porosity of Titan’s surface
(Hayes et al., 2008), we assume it to be impervious and as such our
estimates are a maximum for runoff. Hence evaporation is the only
process by which the system is losing liquid. The left hand side of
Eq. (2) disappears under our steady-state assumption, reducing our
model to:

PA; = EA, (3)
Thus, the factors that determine whether Ontario Lacus remains
filled according to this mass balance calculation are the contribut-

ing catchment area, lake’s surface area, precipitation and evapora-
tion rates.

:PAC_EAI (2)

3.2. Results

Precipitation into a catchment area determines the fluid in-
put. We find the volume of the fluid input to Ontario La-
cus as ~5440 km3/Titan year based on precipitation rates
from Mitri et al. (2007) and ~18,442 km?3/Titan year based
on precipitation rates from Schneider et al. (2012). While
Mitri et al. (2007) uses a bulk aerodynamic model to get
the precipitation and evaporation rate, the rates calculated by
Schneider et al. (2012) uses simulations with a three-dimensional
atmospheric model coupled to a dynamic surface reservoir of
methane. Since the catchment area of Ontario Lacus is large (~4
million km?2), it plays a major role in quantifying the fluid input.
However, there are no firm estimates on either the evaporation
or precipitation rates on the surface of Titan. So, we proceed fur-
ther by utilizing the values from the literature to evaluate whether
any of the lower or upper bounds scenarios (low precipitation, low
evaporation and high precipitation, high evaporation) are consis-
tent with our observational inferences assuming that rates of evap-
oration/precipitation are valid.

Comparing the estimated rate of fluid input volume (~5,440
km3/Titan year) with the volume of Ontario Lacus (~1,462 km3 as
an upper limit corresponding to depth of 0.09 km) suggests that
the lake would be filled in less than half a Titan year (1 Titan year
= ~29.5 Earth years) provided precipitation happens at the same
rate that we use in our previous calculation of fluid input to On-
tario Lacus and the lake starts empty. With the depth of the lake
at an average of 0.05 km even less volume is needed. Therefore,
when we use the average depth, precipitation floods the lake in
one Titan year. Table 1 lists the parameter values that we use and
the results that we get using the mass balance calculations.

Evaporation from the lake’s surface accounts for the fluid loss
from Ontario Lacus. Mitri et al. (2007) determines the evapora-
tion rate as 11m/Earth year (324 m/Titan year) for wind speeds
of 1m/sec. Since these wind speeds seem high for Titan surface
conditions (Lorenz, 2014), we take the baseline value of 1 m/Earth
year or 30m/Titan year as the evaporation rate. We also use an-
other value for evaporation rate, 23 m/Titan year (Lorenz, 2014),
as an alternative lower value. The volume lost from Ontario’s sys-
tem amounts to be 1660 km3/Titan year or 1306 km?3/Titan year
depending on the evaporation rate we choose.

Thus, using the available evaporation and precipitation rates for
Titan, the evaporation from Ontario Lacus’ surface area would be
smaller than the precipitation (over the catchment area) in our
mass balance calculation. It follows that the input fluid volume to
Ontario Lacus is larger than the fluid loss from the system by evap-
oration alone. These results complement our results of a sizeable
catchment area (in Section 2) contributing fluid to Ontario Lacus.
However, this consistency between observed inference and theo-
retical estimates should be treated with caution in view of the un-
certainties associated with evaporation and precipitation rates. We
certainly need more robust measures of these parameters from fu-
ture missions to Titan.

4. Stream profile determination

We extract elevation profiles of some of the prominent streams
in the area to compare their maturity levels or tectonic upliftments
(Cartwright et al., 2011; Burr et al., 2013) around the region. A flat-
ter stream profile generally indicates a matured stream that has
worked its way over the bedrock by erosion and flow over a long
time (Davis, 1899) assuming no tectonic uplift to rejuvenate the
stream. In contrast, a stream profile with many knickpoints might
indicate a tectonically active region (Wobus et al., 2006). Thus, ob-
serving the stream profile gives us insights into the hydrological
evolution of the region.

4.1. Method

The high resolution digital elevation models (DEMs) on Ti-
tan are generated by stereoanalysis of overlapping SAR (Synthetic
Aperture RADAR) swaths and are controlled to agree with altime-
try and SARTopo data in absolute elevation (Elachi et al., 2004; Kirk
and Howington-Kraus, 2008).

The DEM for this analysis was generated in two parts from the
SAR image swaths taken on flybys T57 and T58 each combined
with the swath from T65. Incidence angles in the stereo overlap
vary from 38.5° to 45.3° (North to South) for T57, 25.7° to 34.5°
(North to South) for T58, and 22.3° to 33.0° (West to East) for T65
flyby. Given that the pairs have almost perpendicular look direc-
tions, and using a matching precision of 1.4 pixel (250 m), the ex-
pected vertical precision EP (Leberl et al., 1992) ranges from 85 to
120 m, or an average around 100 m but with the south end (T58)
generally being a little bit better. The DEM was produced in BAE
System’s SOCET SET stereo software package (Miller and Walker,
1993, 1995), using a rigorous sensor model for the RADAR SAR im-
ages.

Because of the difficulty of matching noisy radar images, the
DEM was made by interactive measurement of a large number of
ground points that were connected into a triangulated surface and
then interpolated. The precision and accuracy of the altimetry are
much better than the stereo precision, so the absolute heights in
the DEM are only good to the ~100 m level set by the stereo.

Using these DEMs we first map Karesos Flumen, Hubur Flumen,
and Saraswati Flumen in the vicinity of Ontario Lacus. Then we ex-
tract the stream elevation profile from the high resolution topog-
raphy data. A MATLAB-based algorithm convolves the accumulated
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Fig. 6. The general topographic profile of a few streams around Ontario Lacus. A
flat profile might indicate a mature stream with no tectonic uplift. As the profile
suggests, Saraswati (in red) flumen is flatter, whereas the profile of other two flu-
minae, Karesos and Hubur (in blue and green respectively) are steeper - not too
surprising as they originate in mountains. The abrupt changes in the profile of Kare-
sos could be a topographical artifact because of coarse resolution topography data.
However, the broad trend still suggests a steeper gradient of Karesos flumen com-
pared to the other two fluminae. The inset shows location of these fluminae near
Ontario Lacus in a RADAR map. The gentler gradient of Saraswati Flumen could also
suggest that it has a much larger drainage with headwaters not covered by the lim-
ited DEM dataset. We indicate this absence of data through a question mark in the
stream profile. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

flow at a given location with its elevation and flow direction to
generate the profiles as shown in Fig. 6.

4.2. Results

The extracted stream profiles indicate that Karesos and Hubur
Fluminae, which fall from the high northern mountains near On-
tario Lacus have steep gradients. The elevation at the head of these
streams extends as high as 400 m. The abrupt changes in the pro-
file of fluminae are topographical artifacts because of coarse reso-
lution topography data. In contrast, the western stream, Saraswati
Flumen (the one associated with the deltaic deposition), has a
much gentler gradient which suggests either a more developed flu-
vial system than the rugged mountains in the north or that the
substrate beneath Saraswati is more erodible, consistent with its
geological setting relative to the mountainous rivers. Alternatively,
our observation of the gentler gradient could be due to a much
larger drainage for Saraswati Flumen, with its headwaters invisible
because they are unavailable in the SAR imagery. Since we carry
out this analysis only on the high resolution DEM we are restricted
by the available data. Hubur, like Saraswati, is a longer river, and
thus the steeper part of the stream profile might not be available
in our data for the mapping.

We also report the occurence of a putative oxbow lake along
the path of Saraswati flumen in the RADAR data (see Fig. 7). Such
features on Earth are associated with low gradient, sediment rich
river systems. When a meandering river straightens its course the
bend in the river is cut off from the flow, creating an isolated lake.
Oxbow lakes are more frequently found in the course of alluvial
rivers on Earth. The observation of a putative oxbow lake supports
the idea that the western channel, Saraswati Flumen, might be an
alluvial channel that experienced fluctuations in its discharge in
the past. However, high resolution imagery data of the region is
required to validate this observation.

In order to see the evolution of hydrological processes in Titan-
like conditions we investigate how Hack’s Law evolves on Titan’s
streams. Hack’s Law (Willemin, 2000) relates the flow length of
a stream to its contributing drainage area. If “L” is the length of
the longest stream and “A”, the catchment area of the basin, then

Hack’s Law may be written as A = C L' where C is an empirical
constant. The exponent “h” is 1.65 to 1.7 for most terrestrial rivers.

We determine Hack’s Law for Saraswati Flumen, the longest
channel in our study area by using the catchment area, A and
stream length, L for every point along the river to derive h. Using
a power law fit the exponent “h” is found to be 1.6. These observa-
tions might be an early indication that there could be some simi-
larity in hydrological processes on Titan and Earth. However Hack’s
Law is empirical and adding more data points to it is necessary for
a more accurate exponent value.

5. Discussion

Our study highlights that the large catchment area of Ontario
Lacus may be the main factor for keeping Ontario filled, while
nearby deeper basins in Ontario’s vicinity remain dry. The catch-
ment area extends to at least the southern mid-latitudes (40°S)
based on our analysis. Cassini VIMS has observed clouds at south-
ern mid-latitudes (~40°S) (Brown et al., 2009; Rodriguez et al.,
2011) in the previous flybys. Various climate models also predict
the formation of clouds over these latitudes (Rannou et al., 2006;
Mitchell, 2012). The presence of certain types of clouds implies
precipitation in those regions. If these clouds do bring rain then
our analysis suggests that a large fraction of this rain, drains into
Ontario Lacus. As a consequence, the large catchment might keep
Ontario Lacus filled.

The eastern sub-catchment, bound by the thin line amounts
to ~2 million km2. Although the incomplete RADAR coverage of
the eastern sub-catchment suggests some discontinuities between
this catchment and Ontario Lacus, the lack of any topographic
minima in the immediate vicinity gives us confidence that this
sub-catchment ultimately drains towards Ontario Lacus. It should
be noted, however, that even the western sub-catchment by it-
self represents a substantial catchment area for Ontario Lacus and
therefore would still support our large catchment area hypothe-
sis for the filled nature of this lake. The eastern sub-catchment
amounts to be ~2 million km2. If we consider that the east-
ern sub-catchment does not contribute to the fluid input of On-
tario Lacus we are still left with the western sub-catchment of
another 2 million km?. When multiplied by the precipitation rate
(1.2 m/Titan year) the volume contribution from the western sub-
catchment amounts to be 2400 km3/ Titan year. This volume still
exceeds the present volume of Ontario Lacus (1,462 km?3). The es-
timated values however should be treated with caution in view of
the associated uncertainties.

Our mass balance model implies that the fluid input to the lake
exceeds the estimated fluid loss from the lake. This, in conjunction
with the huge catchment area contributing fluid is in line with our
observation of currently filled Ontario Lacus at the south pole of
Titan. The large catchment area of Ontario Lacus compared to the
surface area of the lake would likely dwarf the fluid loss due to
evaporation. We, therefore expect that even small amount of pre-
cipitation, but spread over the large catchment area of Ontario La-
cus, will have the potential to keep this lake filled.

However, we acknowledge that the evaporation rate depends
on the composition of the lake. If the composition of the lake is
purely methane brought in by fresh rain (Turtle et al., 2011a), then
it will evaporate faster because methane’s vapor pressure is 3 or-
ders of magnitude higher than ethane’s. Thus, there is a probability
that Ontario Lacus is highly enriched in ethane and hence ceases to
evaporate any further. Since the loss tangent (or opacity) of liquid
ethane is greater than that of methane (Mitchell et al., 2015), the
preceding hypothesis indicates that RADAR wouldn’t be able to see
the depths of Ontario Lacus if it were only liquid ethane which is
not the case (Mastrogiuseppe et al., 2016). Ontario Lacus probably
is a mixture of ethane and methane.
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Fig. 7. T56 flyby synthetic aperture RADAR (SAR) image of Saraswati Flumen that shows a putative oxbow lake (or lakebed, perhaps). A) Shows western shoreline of Ontario
Lacus in RADAR data. Saraswati Flumen’s extent is shown in yellow. Saraswati Flumen is also shown in Fig. 2C by yellow arrows and the context provided in 2A and 2B. B)
The blue box shows a zoomed in view of Saraswati Flumen with the green arrow pointing at the putative Oxbow lake. 7C is similar to 7B but without the stream'’s extent
marked. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Our analysis also suggests that even though Ontario Lacus is not
at the lowest elevation on the south pole, it still is in a regional
minimum.

6. Conclusion

The main challenge in our study is the coarse cell size of topo-
graphical data. However, useful information can still be extracted
from the available data. Better topographic coverage of the region
at higher spatial resolution would significantly strengthen such
analyses in the future. A hydrological model defining fluid flow
combined with General Circulation Models (GCMs) to constrain the
weather will likely add greater details to this study.
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