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ABSTRACT

The interaction between sand-dune patterns and topographic obstacles is a primary
signal of sand transport direction in the equatorial region of Saturn’s moon, Titan. A
streamlined, tear drop appearance emerges as dune crestlines wrap around topographic
obstacles and a dune-free zone develops on the east side of many obstacles. The
morphologies formed by this interaction give the impression that sand transport is from
the west to east in Titan’s equatorial region. However, this transport direction is in
conflict with the expected wind regime based on Titan’s rotation and many global
climate models. The physical mechanism behind the interpretation of the dune-obstacle
interaction is not well explained, leaving a gap in the understanding of the sand
transport and equatorial wind directions on Titan. In order to better understand this
interaction and evaluate wind and sand transport direction on Titan, we take a two-fold
approach to studying dune-topography interactions. We use optical imagery on Earth
and Cassini radar imagery on Titan in ArcGIS to map spatial variations in dune crestline
orientations proximal to obstacles. We also use digital elevation models to analyze the
three-dimensional geometry — height, length, width and slope of the dune-topography
relationships on Earth. We identify three types of obstacles: positive topography, neutral
topography and negative topography. Positive topography is defined as double or more
in relief than the surrounding dune height, neutral topography is at the surrounding dune
height and negative topography is lower than the surrounding dune heights. Results

show that dune patterns are deflected further away from positive relief than neutral or

i



negative relief. Furthermore, positive relief has a dune free obstacle shadow, neutral
relief has a smaller dune free obstacle shadow to no obstacle shadow zone, and negative
relief has an obstacle shadow zone characterized by increased dune wavelength
proximal to the obstacle’s wind-shielded side. The obstacle height, width, slope and
wind variability appear to play a role in determining if a lee-dune, rather than a dune-
free lee-zone forms. These factors provide further geomorphic evidence that sand
transport directions on Titan were from west to east during the formation of the dune-

obstacle interaction morphologies.
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1. INTRODUCTION

Titan, a moon of Saturn, is covered by sand dunes between 30 degrees
north and south of the equator (Lorenz et al., 2006; Radebaugh et al., 2008; Elachi et al.,
2006, 2010; Mastrogiuseppe et al., 2014). Dunes have a mean crestline length of 50 km,
a mean crest spacing between 2 and 3 km, and are oriented 270 degrees azimuth + 11
degrees (Barnes et al., 2008; Radebaugh et al., 2008; Lorenz and Radebaugh, 2008;
McDonald et al., 2016). The dune sand composition is thought to be organic materials
such as hydrocarbon dust or nitrile grains, tholins, organic covered ice, or CO2 ice,
based on spectral properties and atmospheric organic material production models
(Griffith et al., 2003; Soderblom et al., 2007; Janssen et al., 2009; Barnes et al., 2015).
These suggested materials are thought to be 300 um based on wind tunnel modeling
(Burr et al., 2015), and may reach the predicted sand size by sintering, lithification,
flocculation, or evaporate formation (Barnes et al., 2015). Based on morphology, Titan’s
dunes are linear and thought to be elongating from west to east based on the interaction
of linear pattern with the topographic obstacles within the dune field (Lorenz et al.,
2006; Radebaugh et al., 2008; Neish et al., 2010).

The explanation that the dunes are elongating from west to east hinges on the
interpretation of the landscape morphology that forms from the interaction of Titan’s
dunes and isolated topographic obstacles within the dune field. Dunes deflect laterally
around obstacles and transition into a streamlined, tear-drop shape on the inferred

downwind direction (Figure 1). This streamlined shape of the dune-obstacle interaction



is the primary basis for the west-to-east transport direction. However, this interpretation
conflicts with the observed rotation of Titan and the expected easterly winds that arise
from the conservation of momentum between the spinning solid surface and the
atmosphere. Global Circulation Models (GCMs) and geomorphic studies predict a range
of wind conditions that cannot entirely explain the west-to-east elongation (Lebonnois et
al., 2012; Lora et al., 2015; Tokano, 2008, 2010). Alternative explanations that offer
hypothesis to explain an west-to-east elongation include methane storms (Charnay et al.,
2015; Huseo and Sanchez-Lavega, 2006), Intertropical Convergence Zone (ITCZ) winds
(Tokano, 2010), and long-term climate cycles (Ewing et al., 2014).

This study examines how topographic obstacle shape modifies dune-field
patterns using Earth-analog study sites in comparison to Titan’s dune fields.
Characteristic pattern parameters such as dune orientation, spacing, and crest length are
mapped at 25 sites in five deserts, which contain topographic obstacles within dune
fields. The paper first discusses the analog study areas and presents results that show
trends in dune reorientation patterns and dune spacing associated with specific regions
around an obstacle. The discussion reviews the type and origins of obstacle-modified
dunes and discusses the interpretation of sand transport direction, wind direction, and

boundary conditions from dune-obstacle interactions on Earth and Titan.
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Figure 1. Digitally polygoned obstacles from Titan’s Fensal (a,b) and Senkyo (c,d) dune fields. The target obstacles
are in purple at center. White lines for Fensal and black lines for Senkyo are manually digitized crests. Mapping
conducted using a mosaicked Synthetic Aperture Radar (SAR) image. Dunes are interpreted as dark lineations
surrounding the bright area at the center of the field (polygoned in purple) interpreted to be a topographic-obstacle.
INote the high density of dunes on the west side of the obstacle and mottled area to the east with increased dune
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This study examines how topographic obstacle shape and relief modify dune
patterns using Earth-analog study sites and comparison to Titan’s dune fields.
Characteristic pattern parameters such as dune orientation, spacing, and crest length are
mapped at 25 sites in five deserts, which contain topographic-obstacles within dune
fields. The paper first discusses the analog study areas and presents results that show that
trends in dune reorientation patterns and dune spacing changes can be associated with
certain regions around an obstacle. The discussion reviews the type and origins of
obstacle-modified dunes and discusses the interpretation of sand transport direction,
wind direction, and boundary conditions from dune-obstacle interactions on Earth and

Titan.



2. STUDY AREAS

Five desert regions on Earth were selected based on the presence of linear,
longitudinal dunes and isolated topography that sits within the field of longitudinal
dunes. These sites are within the Kalahari Desert, the Namib Desert, the Ramlat Sand
Sea and the Irq Al Idrisi Sand Sea in Libya, the Negev and Sinai Desert, and the Western

Sahara Desert.

2.1 Namib Desert

The Namib Desert is a 34,000 km” dune field (Figure 2a), located in southwest
Africa. This desert is characterized by linear, longitudinal dunes in the central and
northern portions of the field, with crestlines oriented roughly north to south by the
seasonally varying winds from the northeast and southwest (Lancaster, 1981).
Barchaniod transverse dunes can also be found in a 20-30 km wide region along the
Namib coast (Lancaster, 1981), with the entire dune field thought to have developed in
the Pliocene (Miller, 2014). The dunes’ sediment source has been primarily attributed to
the Orange River (Garzanti, 2012), which delivers sediment to the coast, where the
material is mobilized back onshore by ocean currents and subsequently by coastal winds
from the beach sands found west of the dune field into the Namib desert (Lancaster,
1981; Stone, 2013). Additional, but less abundant sediment sources include recycled
underlying Tsodab sandstone bedrock and more locally along the eastern region of the

Namib by the hinterland rivers Kuiseb and Tsonab (Garzanti, 2012; Lancaster, 1981).



Rock outcrops of the Tsondab and Sossus Sandstons Formations (Ward, 1988)
are used in this study as topographic obstacles. The Tsonab Sanstone Formation is a unit
of aeolian dune, sand sheet, fluvial, and playa deposits, while the Sossus Sandstone
Formation is characterized by aeolian deposits (Ward, 1988). All outcrops selected are
surrounded on all sides by linear dunes.

Several rock outcroppings, which are used in this study as topographic-obstacles,
are identifiable in this sand sea as primarily Tsonab Sandstone Formation but also
Sossus Sandstone Formation, (Ward, 1988). The Tsonab Sanstone Formation is a unit of
aeolian dune, sand sheet, fluvial, and playa deposits, while the Sossus Sandstone
Formation is characterized by aeolian deposits (Ward, 1988). The outcrops range
between 4 km to 15 km in length and width (Table 1) and are located within the Namib

Sand Sea and are surrounded on all sides by linear dunes.
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2.2 Kalahari Desert

The Kalahari Desert is a 100-200km wide, semi-arid desert (Figure 2a), spanning
parts of South Africa, Botswana, and Namibia (Lancaster, 1988). Linear dunes with a
variety of planimetric patterns are oriented northwest to southeast, with some variation,
and occupy a majority of the Kalahari Desert (Bullard et al., 1997). The sediment
supplying these dunes is thought to originate from the Auob River Valley based on a
range of geologic evidence analyzed in Miller (2014), with more southerly paleo-winds
likely shaping the present dune field, which is concluded based on a comparison
between resultant sand drift direction, which varied greatly by year and location, and
modern dune orientations (Bullard et al., 1996). These linear dunes are thought to have
formed sometime 32,000 yr B.P., but have since been reactivated at various intervals
through time (Lancaster, 1989).

Deflation pans, or small, enclosed basins, spaced at roughly one pan per 20 km
occur in the study area and sit below the average interdune elevation. The pans are
thought to be ephemeral lakes formed 12 — 20,000 years ago and are characterized today
by downwind lunette dunes formed during periods of deflation (Lancaster, 1978;

Holmes et al., 2008).

2.3 Libyan Deserts
The Libyan Desert is part of the greater Sahara Desert, and contains a wide range
of dune types within the major seas Idhan Murzuq, Ramlat Zaltan, the Great Sand Sea,

and the Ramlat Rabyanah which all encompass a range of simple, composite, and



compound dune forms of longitudinal dune type (Lisenbarth, 1991) (Figure 2b). The
southern sand seas of the Libyan Desert have not been specifically studied for their age,
however, the Sahel, which is found just south of the Libyan sand seas, was constructed
between 19 and 15.6 ka with periods of dune reworking more recently (Bristow and
Armitage, 2015). Winds are from the north and east (Lisenbarth, 1991). Sediment is fed
into the basins within which the Ramlat Rabyanah and the Irq Al Idrisi lie, by alluvial
fans from neighboring outcroppings of the African Craton (Charman, 2010; Goudarzi,
1970). Outcrops within the sand seas are likely composed of African Craton material

(Goudarzi, 1970).

2.4 Sinai Desert

The Negev and Sinai Deserts contain a 13,000 km2 dune field occupying the
northern portion of the Sinai Peninsula in Egypt and Israel (Figure 2b) (Roskin et al.,
2011; Tsoar, 1995). Winds for this region blow the strongest in winter from the
southwest to northwest directions, with a resultant westerly wind (Roskin et al., 2011).
The dunes within this desert range in type, but are dominated by linear dunes (Tsoar,
1983; Rubin et al., 2008) with crestlines oriented east-west for most the northern field,
with some northwest to southeast crestlines found in the southwest Sinai Desert, and
southwest to northeast trends in the western dune field (Muhs et al., 2013). Most dune
formation occurred during the Last Glacial Period with additional aeolian activity

occurring during the Pleistocene and Holocene. Sediment supplied to the sand sea is



primarily from the Nile Delta and less substantially from the Wadi El Arish drainage
system (Mubhs et al., 2013).

Interrupting the flow of dunes is the Gebel Maghara, or Meghara Dome, a
carbonate outcropping of Jurassic age (Said and Barakat 1958), which has been chosen
as an obstacle for this study. The Meghara Dome is found centrally within the Sinai
Desert and has linear dunes found along the north, west, and south sides of the mountain.
To the east of the Dome, along east side, are alluvial fans and few to no linear dunes

identifiable.

2.5 Western Saharan Desert

The western Sahara Desert comprises a series of northeast to southwest trending
linear dune-dominated sand seas including the Azefal, Agneitir, Akchar, and Azaouad
that traverse the borders of Mali and Mauritania (Lancaster et al., 2002; Jacobberger,
1989) (Figure 2c). The sand seas across the western Saharan Desert experienced two
clear episodes of dune construction during the Late Pleistocene and the later Holocene
(Swezey, 2000; Lancaster et al., 2002). Identification of multiple dune trends in the
region indicates changes in wind patterns with time (Fryberger, 1980, Lancaster et al.,
2002) and present day winds explain the smallest and most recent dune-field patterns
(Lancaster et al., 2002).

The Azefal and Akchar sand seas overlie Precambrian basement rock in eastern
Mauritania, Miocene-Pliocene rocks near the coast, and the Ageitir sand sea sits on top

of the Pleistocene rocks (Lancaster et al., 2002). Based on previously completed
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geologic mapping, the obstacles used could be outcroppings of Oujeft Group sandstones,
or Atar Cliffs, Nouatil, Teniegouri, and Jbeliat Group sandstones, dolostones,

conglomerates, and stromatolitic reefs (Alvaro, 2012; Shields et al., 2007).
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3. METHODOLOGY

3.1 Earth analog GIS methods

Five different Earth desert regions were selected based on the presence of both
linear, longitudinal dunes and isolated topography that sits within dune field. Within
each desert, a minimum of two topographic obstacles were selected. In total, 37 different
topographic obstacles were selected (Table 1).

Landsat 8 and SPOT (Satellite Pour I’Observation de la Terre) satellite imagery
was used as the base imagery digitize the dunes and topographic obstacles studied on
Earth. The imagery used had a spatial resolution between 2.5m to 15m. SPOT provided
higher spatial resolution, but had limited coverage and Landsat provided lower
resolution, but has worldwide coverage. The imagery used was accessed using the
ArcGIS worldwide map.

Advanced Spaceborne Thermal Emission and Reflection Radiometer Digital
Elevation Models (ASTER DEMs) were used to examine the topography of the
obstacles. ASTER DEMs are a joint Ministry of Economy, Trade, and Industry/ Earth
Remote Sensing Data Analysis Center, (METI/ERSDAC) and National Aeronautics and
Space Administration/ Land Processes Distributed Archive Center (NASA/ LPDAAC)
product composed of 60km by 60km data tiles a standard deviation of vertical error of
12.6 m and a horizontal error between 3 m and 6 m. The DEMs were processed by
METI and NASA to remove cloudy pixels and to the remove bad values and outlier

values from the DEMs.
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For each of the obstacles selected, the crestlines surrounding longitudinal dunes
were digitized at least one-half topographic obstacle diameter or more in all directions
using GIS software. This was completed using an ArcMap World Imagery basemap of
projected in Winkel Tripel. This projection was chosen based on the Tissot indiatrices
map projection analysis (Goldberg & Gott III 2007) which preserves shape, orientation,
and distance well for the regions in Africa where the dune fields studied are located. The
DEMs provided by METI/NASA were in the geoid reference WGS84, and were re-
projected into Winkel Tripel. Once these topographic obstacles were selected, obstacle
and dune parameters were measured for each topographic obstacle and surrounding dune
crestlines. These parameters included obstacle length, width, height, and shadow zone
length and dune crest spacing. These parameters are defined in Figure 3a and 3b.

DEMs available for the Earth deserts were used to characterize the three-
dimensional morphology of the obstacles. Relief was measured from the interdune
height to highest obstacle elevation point and slope was calculated for each DEM grid
cell. Slope values were classified with break points at 4, 9, 14, 29, and 75 degrees to
normalize the slope maps across all topographic obstacles, and relief was normalized by
subtracting the interdune elevation from highest elevation point of an obstacle.

Dune crestlines surrounding each obstacle were subdivided into 50m segments.
An azimuthal value for each 50m segment was calculated. The line trend within the 0-
180 degree range was recorded. The line data were processed using the ArcMap Near
Function

(http://help.arcgis.com/EN/ARCGISDESKTOP/10.0/HELP/index.html#//00080000001q

13



000000) to find the distance from line segment to the nearest topographic-obstacle.
These data were subdivided into crestlines found upwind, downwind, and at the corners
found between perpendicular and parallel to the resultant wind direction of the obstacles.

The corner measurements are denoted as W1, W2, S1, and S2 as shown in Figure 3a and

Table 2.

sand transport

(7
§
&
&
&

(7
S side W1

topographic
obstacle

%

dune crest
obstacle spacing or
length wavelength

topography

height
obstacle 6 distance to

width obstacle

Jodsueuy pues

side S1 side/S2

-J: length

Figure 3a. Figure 3b.
Figure 3. Schematic diagram defining how measurements were taken around each topographic-obstacle for this
study. Diagram in plan view (a) and profile view (b).

3.2 Wind roses and sand roses

Wind Roses were generated using the NCEP/NCAR Reanalysis Derived data as
created by the NOAA (National Oceanic & Atmospheric Administration). The dataset
includes the near surface u and v wind vectors, which represent a reanalysis of long-term
means for the daily wind measurements for the years 1981 through 2010. These u and v

wind vectors represent a Sigma 0.995 level, which is equivalent to an elevation above
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the earth’s surface that has a 99.5% of surface pressure. As such, this data represents
what NOAA refers to as a surface level or roughly 42.2m above the surface (Lileo et al.,
2013). The spatial resolution of the data is 2.5 degrees by 2.5 degrees. U and v wind
vector values were collected for each topographic-obstacle location. Because of the grid
cell size, several obstacles were contained within one cell and, in total, 8 grid cells were
analyzed. The u and v data was then used to calculate the resultant wind magnitude and
wind direction over the 29-year period (Figure 4a and 4b).

The magnitude and direction values for each location were compiled into rose
diagrams using the code created by Daniel Pereira (Copyright © 2015, Daniel Pereira).
Because not all winds can mobilize sediment, only wind speeds above the transport
threshold value for the smallest reported grain size of each dune field was used. This
provides for a wide range of wind data to be analyzed, while recognizing that only a
fraction of the winds transport sand. These data were collected from previous field
studies at each location. Grain size ranges included 0.1-1 mm for the Libyan Desert
(Charman, 2010), 0.18-0.78 mm for the Namib Desert (Lancaster, 1981), 0.21-0.22mm
for the Kalahari Desert (Lancaster, 1986), 0.075—1 mm near obstacle M-C (Benito,
1974) and 0.25-0.1mm (Li Sen et al., 1999) in the Western Sahara, and 0.12-0.25 mm in
the Sinai and Negev Deserts (Roskin et al., 2014). Using the smallest grain sizes
reported for each dune field and the relationship between wind speed, grain size, and
threshold of motion established by Bagnold (1942) (Figure 4c), a threshold wind speed
was calculated for each of the eight sets. Wind speeds less than the calculated threshold

were removed from the wind rose diagrams and the rose diagrams only represent wind
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speeds above the fluid threshold. Sediment flux diagrams were generated using the
Fryberger and Dean (1979) equation (Figure 4) where a sediment flux was calculated

for each 10-degree sector of each rose diagram.

. ; u
wind magnitude = Ju? + v? wind direction = arctan (—)
u = X component v

u = X component
VvV =y component

VvV =y component

Figure 4a. Figure 4b.

u* = fluid speed at threshold of motion (m/s)
A = coefficient = 0.1
o = density of grain = 2.65
p = density of fluid (air) = 1.225 kg/m3
g = gravity
d = grain diameter

Figure 4c.

V*Z (V* _ Vt*) * Cllp

g
q=
g = gravity
C’’ = empirical constant = 6.7
p = density of air = 1.225 kg/m3
V* = shear velocity
Vt* = minimum shear velocity to saltate

Figure 4d.
Figure 4. Equations used for the calculation of wind roses and sand roses. The equation for u* threshold of motion
from Bagnold 1942 (a) and the equation for sediment flux modified from Fryberger and Dean 1979.

3.3 Titan GIS methods
Cassini Synthetic Aperture RADAR (SAR) imagery was employed to map dunes
and topographic obstacles on Titan. The SAR imagery collected by the Cassini

Spacecraft is in the microwave spectrum, with a spatial resolution between 0.35 km and
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1.7 km (Elachi, 2004). Although, previous work has derived elevation data using pairs of
SAR images with different angles (Callegari et al., 2015), by estimating dune height
based on atmosphere thickness (Lorenz et al., 2010), and employing radarclinometry
techniques (Neish et al., 2010), no topography data was used in this study of Titan. Only
planimetric parameters of the obstacles and dunes were measured and compared to Earth
datasets.

Senkyo and Fensal dune fields were chosen based on data availability, data
quality, dune crestline visibility, and the presence of isolated topography within the dune
field. Criteria for selecting Titan obstacles were identical to those used for Earth. This
resulted in a total of 24 obstacles selected for all sand seas on Titan (Table 1). Crestlines
were digitized at least one half topographic obstacle diameter or more in all directions
away from the obstacle using ArcGIS software. Dune crestlines for each obstacle were
subdivided into 400 m segments. 400 m segmentation was selected because of the coarse
resolution of the SAR data as compared to the SPOT and Landsat data and because the
obstacles on Titan cover eight times the planimetric area as Earth. Thus, the
segmentation of crestlines was scaled accordingly. Other manipulations of the line data

were done same as with the Earth data described above.
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4. RESULTS

4.1 Obstacle morphology: Earth

Obstacles morphologies were classified based on the relief of the obstacle
relative to the crest height of the surrounding dunes. Obstacles were identified as
positive (Fig. 5a,d) negative (Fig 5b,e) and neutral relief (Fig. 5c,f). Positive topography
was defined as at least double the height of surrounding dunes. Neutral topography was
defined obstacles with heights approximately the same as the surrounding dunes.
Negative topography is lower than the dune height.

In this study, negative obstacles are exclusively associated with deflated playas
within the Kalahari. The obstacles range in height between 12 and 50 meters below
interdune elevation with an average of 10m below interdune elevation. These obstacles
occupy the smallest range of planimetric areas of all obstacle categories studied and
range between 0.74 km® and 8.83 km” (Table 1). Every playa has a rim downwind that
rests above interdune elevation at most 30m (Table 1) and extends between 1 and 6.5km
along the downwind edge of each playa (Figure 7e). In-board from the rim, the basin is
bowl shaped with steepest slopes occurring on the downwind sides at most 7 degrees.
Slopes of the rims range between 0 and 35 degrees (Figure 7e, f) and are highest on the
downwind side. The obstacle shadow zone of negative obstacles shows an increase in
dune spacing along the wind-shielded side of the topography on average 1.67x, and a
decrease of 0.93x along the windward side compared to the wavelength of the

surrounding field. Negative obstacles have dune occupied obstacle shadow zones.
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Within the shadow zone, both lunette dunes and linear dunes form directly adjacent to

the wind-shielded side of the obstacle in most instances (Figure 8a, b). The increased

dune crest wavelength found immediately behind the obstacle transitions back to a

wavelength that matches the surrounding dune field within 8 km from the edge of the

obstacle, but frequently less. Unlike other obstacles, the shadow zone does not sit below

the interdune elevation, but rather is at the interdune elevation (Figure 5d).
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Figure 5. 15m resolution Landsat satellite image of a negative relief obstacle in Kalahari (a), a neutral relief
Libyan obstacle (b), and a positive relief Libyan obstacle (c) with elevation profiles for the negative (d), neutral (),
and positive (f) relief obstacles displayed directly below them.
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obstacles (b,c), a dune-shadow shaped lake found in a depression along the wind-shielded side of an obstacle in
Mali near Timbuktu (d), and neutral relief, Kalahari obstacles (e,f).
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Figure 7. Slope parameter maps with associated slope values of a neutral relief obstacle in Libya (a, b), positive
relief obstacle in Libya (c,d), and a negative relief obstacle in Kalahari (e,f).
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Neutral obstacles represent outcroppings in our study. These obstacles fall between 51
and 164m above interdune elevation, with an average height of 39m, and dip below
interdune elevation at most 81m (Table 1). Neutral obstacles represent a narrower range
of planimetric areas between 20.9 km? and 175.0 km” when compared to positive
obstacles, but occupy greater areas than negative obstacles. These obstacles range in
slope between 0 and 46 degrees but are dominated by slopes in the 4-9 degree range, and
a few slopes in the 29-75 degree range (Figure 7c, d). Obstacles categorized as neutral
are associated with an obstacle shadow zone along the wind-shielded face (Figure 6e).
For neutral obstacles, the obstacle shadow zone typically does not have dunes
immediately behind the wind-shielded obstacle face, but develops dunes one dune crest
wavelength or two at most behind the obstacle, and returns to dune field mean within 22
km. Dune crest wavelength is an average 1.47x the surrounding dune field mean along
the wind-shielded side, and 0.79x along the windward side. Furthermore, there is no
depression found on the wind-shielded side (Figure Se).

Positive obstacles chosen for the study represent outcroppings through
mountains. These topographic features range in height between 121m above interdune
elevation and 729 m, with an average height of 294 m (Table 1). Positive obstacles
represent the widest range in planimetric area of all obstacles studied, from 2.7 km? to
437.4 km®. The topography occasionally dips below interdune elevation by at most 44m,
with slopes ranging between 0 and 59 degrees. Slope values are dominated by values in
the 4-9 degree range, but positive obstacles have a higher percentage of slopes within the

29-75 degree range than neutral or negative obstacles, with a concentration of high
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slopes along the windward side (Figure 7a,b). Along the windward side dune wavelength
is .62x to 1.03x dune field mean, while the wind-shielded side wavelength is 1.05 —
1.28x field mean. For the positive obstacles associated with an obstacle shadow zone
that is completely void of dunes, the obstacle shadow zone is widest on the wind-
shielded side of the obstacle, and narrows to a point downwind of the obstacle. The
length of the shadow zones varies greatly from obstacle to obstacle across all the study
areas, between 1.3 km and 58.5 km (Table 1). Shadows that are void of dunes
altogether, such as in Libya (Figure 8e¢) or Western Sahara (Figure 8d), are also
associated with a depression on the wind-shielded side of the obstacle that varies in
depth from obstacle to obstacle between 20 and 44m below interdune elevation.

In addition to variation in the obstacle relief, the geomorphology associated with
the different obstacles is highly varied. All obstacles within the Namib were flanked on
all sides by large alluvial fans before giving way downslope to the dune field (Figure
6a), while Libyan obstacles had a few, isolated alluvial fans. Obstacles within the
Kalahari and the Western Sahara had no alluvial fans. Furthermore is the inferred
amount of material piling found along the windward side versus the wind-shielded side
for various obstacles. For all positive obstacles and some neutral obstacles studied in
Libya, West Sahara, and Namib there is a gradual increase in landscape elevation on the
windward side, which drops directly behind the obstacle’s highest slopes or sharpest
peaks into a depression (Figure 5c, 5f). Additionally, there is sand found to occupy the

region right up to or against the high slopes windward, which are not present along the
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wind-shielded side. This relationship in slope trends is not true for the Kalahari, negative
obstacles.

The geomorphology of dune-free shadow zones of the obstacles also varied
greatly. All obstacles within the Namib had dune-free shadow zones (Figure 6b).
Although the dune-free shadow zones in the Namib are covered by sandsheets, obstacle
shadow zones in Libya are characterized by evaporite playas (Figure 6¢) and
alternatively sand sheets. In yet another example, standing water existed within the
dune-free shadow zone (Figure 6d) in the Western Sahara. In other Western Sahara
studied examples, obstacle shadow zones were defined by playas or sand sheets with
isolated patches of vegetation. Overall the range of geomorphic environments
recognized within the dune-free shadow zones studied included sandsheets, standing

water, playas, vegetation, or some combination among those geomorphologies.
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4.2 Obstacle morphology: Titan

Target obstacles on Titan for this study exhibit a broad range of planimetric
morphologies and have been interpreted as topographic obstacles based on the radar
bright, or rough, appearance of these features in SAR imagery (Elachi et al., 2006;
Radebaugh et al., 2007) (Figure 9). These obstacles range in size between 1 to 33 km in
width and 3 to 130 km length with a range in planimetric area between 21.4 and 3149.8

km? (Table 1).
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Figure 9. Plot of obstacle width against obstacle profile in km for each and every obstacle study on both Earth and
Titan. Not the Titan obstacles occupy more of the larger width to profile sizes than the Earth obstacle analogs.

On Titan no wind data is available and the obstacle shadow zones are inferred to

be radar bright zones within which no dune-shaped radar dark surfaces are visible and
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which extend in the direction of the linear dune crestline orientation. These radar bright
areas vary in brightness giving a mottled appearance, which results from a combination
of the incidence angle of the SAR microwave signal and the backscatter efficiency of the
imaged material (Elachi, 2004). As such, previous studies have interpreted the RADAR
bright areas to be rough, rocky terrain while the dark absorbing areas are interpreted to
be smooth absorbing features such as dunes (Lorenz et al., 2006; Radebaugh et al., 2008;
Elachi et al.,2006., 2010; Mastrogiuseppe et al., 2014). Based on the criteria of dune free
regions, a shadow zone occurs on the east side in 8% of studied obstacles. However,
defining the shadow zone to be a region where an increase in dune wavelength and a
greater exposure of the radar bright, interdune material exists, 92% of the obstacles
measured in Fensal and Senkyo dune fields having dune occupied obstacle shadow

zones on the east side.

4.3 Crestline modification around negative obstacle relief

The range of crestline deflection around negative relief obstacles varies between
0 and 70 degrees. 82% of the deflected dunes occur within 3 km of the pan (Figure 10),
which is 18 dune wavelengths from the pan. However, for the windward side dune
orientation returns to dune field mean between 1 — 4 wavelengths. Beyond 3 km from
the obstacle sides, dune orientation begins to recover to the mean dune field orientation
of 127 degrees. This contrasts with positive and neutral obstacle types where

reorientation ranged up to 70 degrees (Figure 8).
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Kalahari Dune Orientation Vs. Distance from Obstacle (Negative Obstacles)
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Figure 10. Plot of dune crests azimuthal orientation values subdivided into 50m segments against the how far the
dune crest is away from the obstacle. This plot depicts dunes around negative relief obstacles in the Kalahari Desert
only.

Crest wavelength varies by position around the obstacle. Dunes adjacent to the
windward side of the obstacle have an average wavelength of 158.5m, which is 93% of
the mean wavelength of the surrounding longitudinal dune field at 170m. Within 1 km of
the obstacles windward edges, wavelength decreases to an average of 81% and 64%
wavelengths respectively (Table 2a) with a coincident high-degree of reorientation
(Figure 10). Dune wavelength increases along the southeast and south edges, as well as
immediately downwind of the obstacle to between 1.1x and 1.7x field-mean wavelength
(Table 2a). The distance between the downwind edge of the obstacle and a return to
field-mean dune spacing and orientation varies by locality between 0.7 and 8.3 km
(Table 1). Dune crestlines returned to the field-mean wavelength at 2.0-2.5 km for the
windward side recognized by the narrowing of the distribution of wavelengths at 2.5 km
from the obstacle(Figure 10). Dunes on the wind-shielded side gradually return to field-

mean orientation at around 5.5 km.
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4.4 Crestline modification around neutral obstacle relief

Crestlines adjacent to neutral relief obstacles typically recover to the field mean
orientation at a shorter distance, measured in dune wavelengths, from the obstacle than
all positive and most negative obstacles. Dune crestline reorientation occurs up to 5 km
or 3 field-mean wavelengths from the windward obstacle edge (Figure 8c), but most are
modified within 3 dune wavelengths and, more typically, not modified at all (Figure 8d).
A comparison between crestline orientation and distance from obstacle demonstrates
crestline reorientation ranges from 10 degrees (e.g., Western Sahara, Figure 11b) to 45
degrees (e.g., Libya, Figure 11a) from the field mean and within our estimated error

range of crestline orientation mapping.
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Libya Dune Orientation Vs. Distance from Obstacle (Neutral Obstacles)
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Figure 11. Plots of dune crests azimuthal orientation values divided into 50m segments against how far the dune
crest is away from the obstacle. Plots depict neutral relief obstacles only for Libya (a) and Sahara (b).

As with negative relief dune-obstacle interactions, the dune crest wavelengths vary
depending on proximity and location relative to the obstacle. The crestline wavelength
along the windward face of the Sahara study areas shows a slight increase in wavelength
at 103% of the field mean, whereas the Libya desert study area shows a decrease in
wavelength at 93% of the field mean (Table 2a). Neutral relief obstacles are associated
with an increase in crest wavelength on the wind-protected side of the obstacles,
however there is a region 1 — 3 wavelengths in length where no dunes are present behind
the obstacles (Figure 7b). For neutral relief obstacles, the obstacle shadow zone also

varies widely from obstacle to obstacle, between 3.0 and 39.0 km (Table 1).
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4.5 Crestline modification around positive relief obstacle

Positive relief obstacles can be found in the Libyan Desert, Sinai Desert, Western
Sahara Desert, and Namib Desert. The relationships and interactions between the
surrounding dune field and positive relief obstacles are not unlike those found for
negative and neutral relief obstacles, but can still be characterized independently.

Among the negative, neutral, and positive relief obstacles, positive relief
obstacles are associated with the greatest amount of dune crest deflection between 4 and
7 crest wavelengths out from the topographic-obstacle (Figure 8e and 8f) or at most 15
km on the windward side. Yet, crestlines do not reorient the dunes away from the
surrounding dune field orientation more than 60 degrees for most study areas plotted
(Figure 12a, b, ¢, d). Furthermore, the change in dunes from reoriented away from the
field mean to matching dune field mean occurs along the windward side at roughly 20
km, but this transition occurs nearer 30 km away along wind-shielded side in the Sahara
(Figure 15d), with a similar but less marked trend observable for the Sinai obstacles of

11km and 13 km respectively (Figure 15b).
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Figure 12. Plots of dune crests azimuthal orientation values divided into 50m segments against how far the dune
crest is away from the obstacle. Plots depict dunes around positive obstacles in Libya (a), West Sahara (b), Namib
(c), and Sinai (d).
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Libya Dune Orientation Vs. Distance from Obstacle (Neutral Obstacles)
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Figure 13. Plot of dune crests azimuthal orientation values subdivided into 50m segments against the how far the
dune crest is asway from the obstacle. This plot depicts dunes around neutral relief obstacles in the Libyan Desert
only.
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Figure 14. Plots of dune crests azimuthal orientation values divided into 50m segments against how far the dune
crest is away from the obstacle. . Plot depicts dunes around neutral obstacles in Libya.
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Figure 15. Plot of dune crests azimuthal orientation values subdivided into 50m segments against the how far the
dune crest is away from the obstacle. This plot depicts dunes around the wind facing side of the obstacle (a,c) and
the wind shielded side of the obstacle (b,d) for the Sinai and West Sahara obstacles respectively.
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Similarly to the negative and neutral relief dune-obstacle interactions, there are
different wavelength changes dependent on dune crest location relative to the obstacle.
Crestlines near the windward face are on average between 62% and 103% of dune field
mean, while the wind-shielded dunes between 105% and 128% field mean dependent on
desert area. As such, positive obstacles have more closely spaced dunes along the
windward face and larger wavelengths along the wind-shielded face coincide with the
faces of the obstacles that experience the highest wind exposure are associated (Figure
12 a, b, ¢, d). Like other obstacle relief types, the further away from the obstacle, the
more dune crestlines match the orientation and wavelength of the unmodified dune field.
Furthermore, all positive relief obstacles are associated with either a dune free, obstacle
shadow zone and coincident landscape depression on the wind-shielded side of the

topography (Figure 8e, f) or alternatively greater wavelength dune crests.

4.6 Crestline modification in Fensal and Senkyo dune fields

Many of the same observations can be made for the Titan dune fields of Fensal
and Senkyo as can be made for their Earth counterparts. However, without elevation
data, Titan’s dune-topography interactions do not have the context of obstacle
morphology (that is positive, negative, or neutral relief). Nonetheless, there exist
comparable relationships to the dune-topography interactions on Earth.

First, dunes are reoriented more proximally to an obstacle than are distally, as
can be seen by graphing the dune crestline orientation against distance the dune is from

the obstacle (Figure 16). Second, the west side of the obstacles the dune reorientation
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returns to field-mean by 50-60 km out in the Senkyo field (Figure 16a), yet to the east
side the dune crests do not match the surrounding dune field orientation until 90 —
100km away from the east edge (Figure 16b), with a similar trend seen in the Fensal
plots (Figure 16¢ and 16d).

Second, most dune-topography interactions show an increase in wavelength of
crest lines along the eastward side of the obstacles (Table 2b). The east side shows a
dune wavelength change between 104% and 106% when compared to the field mean
wavelength. However, along the west side of the obstacles dune wavelength decreases
between 98% and 83% of dune field mean. Along the northeast, northwest, southeast,
and southwest edges of obstacles, a decrease in crest wavelength is observable, between
75% and 98% of the surrounding average dune field wavelength. As with the Earth
analog obstacles, the obstacle shadow zone length varies widely from obstacle to

obstacle between 3.2 and 42.3 km in Fensal and 3.7 to 47.4 km in Senkyo (Tablel).
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Figure 16. Plot of dune crests azimuthal orientation values subdivided into 400m segments against the how far the
dune crest is away from the obstacle. This plot depicts dunes around the west side of the obstacle (a,c) and the east
side of the obstacle (b,d) for the Senkyo and Fensal obstacles respectively.
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5. DISCUSSION

Do dune-obstacle interactions show a signature of wind speed and wind and sand
transport direction? Researchers have compared the appearance of Titan’s linear dune-
obstacle interactions to similar features on Earth (Radebaugh 2013, 2010; Lorenz et al.,
2006; Neish et al., 2010), but have not examined the variability among the dune-obstacle
interactions, the formative processes, or the reliability of morphology to interpret winds
or sand transport direction. This study examines a range of topographic obstacle
morphologies and the resulting dune-patterns around obstacles in order to develop
hypotheses about the formative mechanisms and application to interpreting Titan’s

aeolian equatorial landscape.

5.1 A review of obstacle-influenced dune types

A wide range of obstacle-modified dunes occur on Earth as a consequence of the
interaction between winds and topographic obstacles. Recognizing these dune types and
the formative mechanisms of these dune types provides a basis to evaluate the type of
dune-obstacle interactions on Titan. Obstacle-modified dunes include echo dunes, sand
drifts, lee dunes or sand shadows, climbing dunes, falling dunes, and sand ramps
(Lancaster and Tchakerian, 1996; Xiao et al., 2015; Xianwan et al., 1999; Tsoar, 1983).
Echo dunes form upwind of obstacles via a reverse-flow eddy resulting from the
interaction of the wind and the obstacle (Tsoar, 1983). Sand drifts form in the lee of two

adjacent obstacles as a result of the deceleration of flow downwind of the gap between
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two obstacles (Luo et al., 2014; Bagnold, 1942). Lee dunes or sand shadows form in the
wind-sheltered lee of an obstacle and can extend parallel to the wind into a linear dune
ridgeline (Figure 17a). (Xiao et al., 2015; Bagnold, 1942). Climbing and falling dunes,
also called mountain dunes, migrate up and down a gently sloped terrain (Xianwan et al.,
1999) (Figure 17c and d). Sand ramps are the buildup of sediment up against the
windward side of an obstacle primarily by aeolian but additionally by deposition of
fluvial and talus processes (Lancaster & Tchakerian, 1996) (Figure 17b). Although this
suite of obstacle-modified dunes may exist on Titan, the scale of these dune types on
Earth, with the exception of lee dunes, is below the spatial resolution of Titan SAR data.
Lee dunes, which form at a scale detectable by the Titan SAR data typically develop as a
singular, elongate dune in the lee of an obstacle. The linear dunes observed on Titan are
found to populate all sides of obstacles, thus lee dune formation alone cannot explain the
range of observed morphologies on Titan. At the dune-field scale, Titan’s dunes appear
to reflect regional sediment supply, sediment availability and wind conditions rather than
localized conditions created by obstacles as with other obstacle modified dunes. Similar
to obstacle-modified dunes, however, dune-field patterns adjacent to the obstacle appear
to be modified by the size, shape and slope of the obstacle, which in turn, modify wind

flow and sediment availability.
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Figure 17a. Figure 17b.

Figure 17c. Figure 17d.

Figure 17. Schematic diagrams depicting obstacle-influenced dunes, including sand drifts modified from Luo et al.,
2014 (a), sand ramps based on the descriptions of and figures in Lancaster & Tchakerian 1996 (b), and mountains
dunes, that is climbing (c) and falling (d), modified from Xianwan et al. 1999.

5.2 Formative mechanisms obstacle morphology and dune patterns
The topographic characteristics that appear to most strongly influence the dune
patterns adjacent to an obstacle are the magnitude of the relief of an obstacle and the

windward slope of an obstacle. Why does windward slope modify dune orientation? As
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with echo dunes, reverse and deflected wind flow is expected at the windward side of an
obstacle. The modification of wind conditions could in turn locally affect dune
orientation, however, detailed observations of dune-modification around obstacles
reveals that dunes, which are clearly impacted by flow modification, only occur within a
500 m of the obstacle (Cisneros, 2014) for a 2 km by 4 km obstacle. This suggests that
wind modification by the obstacle alone effect cannot account for crestline deflection
several kilometers away from the obstacle as we have observed.

Upwind reverse wind flow would also promote sand deposition upwind of the
obstacle. The magnitude of the flow reversal depends on the windward facing slope and
wind strike angle such that higher slopes promote more sand deposition (Qian et al.,
2011, Tsoar, 1983). In turn, more sand deposition upwind of the obstacle changes
sediment availability and forces the pattern modification away from the obstacle. In
contrast, obstacles with a more gently sloped windward slopes would promote the
bypassing of sediment around the obstacle and result in less pattern modification.

The relationships between obstacle windward slope, wind strike angle, and wind
velocity have been determined both mathematically and experimentally to play a role in
how material interacts with an obstacle. These parameters in conjunction determine
whether sediment is exclusively deposited along the windward slopes of an obstacle,
both deposited and carried up the windward face, or solely transported up the windward
face in the form of climbing dunes. Tsoar (1983) experimentally and mathematically
determined that a stagnation point occurs along windward slopes of 38 degrees or

greater. Below the stagnation point a reverse eddy forms depositing material on the
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windward face and above which flow passes over the obstacle. Furthermore, these
experiments demonstrated that the higher the windward slope, the greater the amount of
material was deposited windward at a constant wind speed. Thus, when considering
windward slope and a constant flow speed alone, obstacles with slopes 38 degrees or
greater will accumulate material along the windward face. Xianwan (1999) considered
changes in flow speed and strike angle of the wind. The study’s experimental approach
demonstrated that greater wind strike angle, greater windward slopes, and lower wind
speeds result in more windward deposition. Notably, material can accumulate along the
windward slopes of an obstacle with slopes lower than 38 degrees given a high enough
wind strike angle. Xianwan (1999) experimentally found windward deposition can occur
at slopes as low as 30 degrees but higher than 15 degrees if the wind strike angle is
sufficiently high or wind speed sufficiently low.

These previous studies provide some possible context to what is observed in the
studied obstacle dune interactions, where greater windward slope angles resulted in
greater reorientation of dunes laterally. This could offer an explanation as to why the
positive obstacles, with up to 59 degree windward slopes saw the greatest reorientation
of dunes at 4 — 7 crest wavelengths, where the higher slopes promoted a greater amount
of material deposited windward, resulting in more material forced laterally to reorient
dunes further out. By extension, the neutral obstacles, which have low windward slopes,
most in the 4 — 9 degree range (Figure 7d), show minimal to no deflection of dune crests.

The negative obstacles, despite the proximally reoriented dunes, do not have

slopes sufficiently high enough along the windward edges to result in the deposition of
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material and by extension the lateral reorientation of dune crestlines. As such, the model
we propose for neutral and positive obstacles does not work for our negative relief
obstacles. Yet, previous studied have established that negative relief landforms within
the Kalahari, specifically dried river valleys, are associated with the deflection of dune
crests (Bullard et al., 1995). Previous work suggests that the modification of wind flow
as well as sediment supply that results from the river valleys presence could explain the
modification of dune field patterns (Bullard et al., 1998). While the modification of wind
flow does not work at the larger scales associated with the neutral and positive obstacles,
the negative obstacles are small enough to work with more current obstacle modified

flow studies (Cisneros et al., 2014).

5.3 Variations in the shadow zone behind obstacles

Although dune deflection around an obstacle is a defining characteristic of the dune-
obstacle interactions, the dune-free shadow zones that form on one side of an obstacle
are widely used to infer wind and transport direction. Are dune-free shadow zones
typical of the leeward side of obstacles? The results show that dune-free zones correlate
strongly with positive relief obstacles and form downwind of an obstacle in the resultant
wind and sand transport directions (Figure 8e,f). The heights and slopes of the obstacles
imply the shadow zones form from a sediment shielding mechanism whereby sediment
is simply blocked from deposition behind the obstacle, rather than removal of sediment
through wind modification by the obstacle. Interestingly, in an obtuse bimodal wind,

sand deposition behind the obstacle would be expected as sediment is moved into the
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shadow zone from the sides (Cisneros et al., 2014) for a 2 km by 4 km obstacle.
However, the size and shape of the shadow zone does not appear to vary with wind
regime alone, which suggests other boundary conditions such as sediment supply,
sediment availability, the presence of a near surface water table, and vegetation, may
control the size and shape of the shadow zone.

In many instances a depression occurred within the dune-free shadow zones
behind positive relief obstacles. The presence of a depression found in the wind-shielded
side of an obstacle could mean elevations low enough to interact with the underlying
water table, as an increase in moisture could trap sediment, preventing the formation and
migration of dunes. For example, the shadow zone of obstacles in Libya extends 44 m
below the mean interdune elevation surface, which is within the range of the near surface
Nubian Sandstone Aquifer System (Sefelnasr et al., 2015). In one instance, a lacustrine
feature is formed within the shadow zone of an obstacle in Mali (Figure 6d) and in other
instances evaporites are observed within the obstacle shadow zone (Figure 6c¢).

In negative relief obstacles, dunes occupy the leeward side of the obstacle, but
formed at a spacing greater than that of the surrounding dune field (Table 2a). Although
a number of factors affect dune wavelength, low sediment availability appears to play a
strong role in creating the wider spaced dunes in the Kalahari. In this case, some
sediment likely bypasses through the pans and is deposited downwind. Alternatively,
various generations of dunes are recognized to have formed within the Kalahari over the
past 20,000 years (Lancaster, 1989) and the wider spacing may reflect previous

formative wind and sediment availability conditions.
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5.4 Titan dune-topography interaction comparisons

By using the observed relationships on Earth between topography and dune
morphology, interpretations can be made about the topographic obstacles observed on
Titan. Many of Titan’s obstacles appear to exhibit the strong dune deflection of a
positive relief Earth obstacle (Fig. 8e, f and Fig.1a-1c¢), implying that the obstacles are
both positive relief and have steep windward slopes. Several obstacles on Titan,
however, show little or no deflection of dune crestlines (Figure 1d). This is consistent
with the neutral topography on Earth. Notably, the up to 70-degree deflection of
crestlines observable along the windward face negative topography on Earth (Figure 10)
can be found for a few obstacles on Titan (Figure 16a, c). Although this could be
interpreted to mean that negative topography exists on Titan, the steep slopes found
along the windward side of the Earth negative topography may drive the deflection in
negative topography as it does in positive topography and thus we cannot discriminate
between positive and negative topography on Titan.

Despite the archetypical image of Titan’s tear-dropped shaped obstacles, 92% of
the obstacles we measured on Titan do not have a shadow zone void of dunes. This
could imply a number of conditions about the dune fields on Titan. The absence of a
shadow zone may imply that Titan’s obstacles are more like the neutral topography
measured in this study or do not have exceptionally high windward slopes that would
affect the sediment transport. It could also imply that sediment supply is abundant and
that winds are strongly bimodal, which would allow sand to enter the shadow zone from

the sides. Lastly, the range of boundary conditions on Titan is different from Earth and
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may variably promote or limit the formation of a dune-free shadow zone. For example,
dune-free shadow zones could form where the dune-free zone is a depression and
interacts with a shallow liquid table, which would be consistent with observations of
sediment availability limited dune morphologies in Titan’s dune fields (Ewing et al.,

2015).

5.5 Sediment availability and wind direction

Identifying a resultant wind and sand transport direction is possible on Titan
when considering the analysis done for the Earth analogs where we know wind
conditions. It is clear based on the wind data and resultant sand flux roses that the dune-
shadow zone is associated exclusively with the wind-shielded side of an obstacle (Figure
8b, d, e.f,). However, while the shadow zone indicates a net wind and sediment transport
direction, it does not match those two parameters exactly in orientation (Figure 18a), and
so can only be used as a broad indicator of wind and sediment transport direction.
Furthermore, this obstacle shadow zone is characterized by either a dune free zone or a
widening of crestlines between 1.05 and 1.67x the dune-field mean (Table 2b). For
Titan, where only 8% of the obstacles studied have an identifiable dune-free shadow
zone, the dune free regions are found only along the east-southeast obstacle sides in
Fensal, and the east-northeast obstacle sides in Senkyo. Additionally, a widening of
crestlines between 1.04 and 1.06x the dune-field mean is also associated solely with the
east-southeast and east-northeast obstacle sides of Fensal and Senkyo, respectively

(Table 2a).
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Average dune wavelength along the windward side of the obstacles for the Earth
analogs indicate another trend. While three of the five earth deserts show a decrease in
dune wavelength on the windward side, between 62% and 93% of field mean, two of the
five deserts show a slight increase in wavelength between 103% and 101%3x (Table 2a)
field mean. But, even when the windward side exhibits a slight increase in dune spacing,
the accompanying wind-shielded side exhibits an even greater increase in dune spacing,
so for one of the deserts with a slight dune spacing increase on the windward edge of
1.01x, the wind-shielded edge has an even greater dune spacing of 1.28x to the dune
field mean. The other desert with a dune wavelength increase of 1.03x dune-field mean
wavelength has a dune free shadow zone and so we cannot compare the two sides. Titan
demonstrates the same trend, where there is a greater dune spacing along the east side,
between 104% and 106% and a decrease in dune spacing along the west side, between
89% and 98%.

The distance away from an obstacle that reorientation of dunes occurs can be
identified by the magnitude of the moving standard deviation (red) plotted on Figures
14, 15, and 16. For all of the Earth study areas, the moving standard deviation
approaches to dune field mean 65% nearer the obstacle on the windward side when
compared to the wind-shielded side. When applying these observations to the Titan west
face and east face dune orientation plots (Figure 16a — d), we see that standard deviation
returns to near dune field mean nearer the obstacle on the West side than the East side.
This suggests the windward facing side is along the West and the wind-shielded side is

along the east.
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These analysis of the obstacle shadow zone, dune spacing, and deflection of
crests relative to known wind and sediment transport directions for the Earth analogs
would suggest a net sediment transport and wind direction from west to east across both
Titan study areas, where more locally Fensal is more east-southeast and Senkyo is more

east-northeast.

5.6 Interpreting wind and sand transport direction on Titan

Identifying a resultant wind and sand transport direction is possible on Titan
when considering the analysis done for the Earth analogs where we know wind
conditions. It is clear based on the wind data and resultant sand flux roses that the dune-
shadow zone is associated exclusively with the wind-shielded side of an obstacle (Figure
8b, d, e.f,). However, while the shadow zone indicates a net wind and sediment transport
direction, it does not match those two parameters exactly in orientation (Figure 18a), and
so can only be used as a broad indicator of wind and sediment transport direction.
Furthermore, this obstacle shadow zone is characterized by either a dune free zone or a
widening of crestlines between 1.05 and 1.67x the dune-field mean (Table 2b). For
Titan, where only 8% of the obstacles studied have an identifiable dune-free shadow
zone, the dune free regions are found only along the east-southeast obstacle sides in
Fensal, and the east-northeast obstacle sides in Senkyo. Additionally, a widening of
crestlines between 1.04 and 1.06x the dune-field mean is also associated solely with the

east-southeast and east-northeast obstacle sides of Fensal and Senkyo, respectively

(Table 2a).
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Figure 18. Plot of resultant wind direction and resultant sand flux against average obstacle dune shadow orientation
for the Kalahari, Libya, West Sharaha, Namibia, and Sinai deserts (a). Plot of the stoss-ward and lee-ward crestline
spacing against dune-field average crestline spacing for the Kalahari, Libya, Namibia, Sinai, West Sahara, Fensal,

and Senkyo dune fields.
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Average dune wavelength along the windward side of the obstacles for the Earth
analogs indicate another trend. While three of the five earth deserts show a decrease in
dune wavelength on the windward side, between 62% and 93% of field mean, two of the
five deserts show a slight increase in wavelength between 103% and 101%x (Table 2a)
field mean. But, even when the windward side exhibits a slight increase in dune spacing,
the accompanying wind-shielded side exhibits an even greater increase in dune spacing,
so for one of the deserts with a slight dune spacing increase on the windward edge of
1.01x, the wind-shielded edge has an even greater dune spacing of 1.28x to the dune
field mean. The other desert with a dune wavelength increase of 1.03x dune-field mean
wavelength has a dune free shadow zone and so we cannot compare the two sides. Titan
demonstrates the same trend, where there is a greater dune spacing along the east side,
between 104% and 106% and a decrease in dune spacing along the west side, between
89% and 98%.

The distance away from an obstacle that reorientation of dunes occurs can be
identified by the magnitude of the moving standard deviation (red) plotted on Figures
14, 15, and 16. For all of the Earth study areas, the moving standard deviation
approaches to dune field mean 65% nearer the obstacle on the windward side when
compared to the wind-shielded side. When applying these observations to the Titan west
face and east face dune orientation plots (Figure 16a — d), we see that standard deviation
returns to near dune field mean nearer the obstacle on the West side than the East side.
This suggests the windward facing side is along the West and the wind-shielded side is

along the east.
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These analysis of the obstacle shadow zone, dune spacing, and deflection of
crests relative to known wind and sediment transport directions for the Earth analogs
would suggest a net sediment transport and wind direction from west to east across both
Titan study areas, where more locally Fensal is more east-southeast and Senkyo is more

east-northeast.

51



6. CONCLUSIONS

The interaction between sand dune patterns and topographic obstacles is
considered a primary signal of sand transport direction in the equatorial region of
Saturn’s moon, Titan. We find a robust connection between the spatial manifestation of
topographic-obstacle morphology and dune pattern changes that provide a means to
interpret dune-obstacle interaction on Titan. The primary conclusions from the analog
study of Earth dune-obstacles are that obstacles types vary in type and morphology and
may be positive, negative or neutral relief formed by bedrock or deflation of dune-field
sediments. The degree of deflection of dunes around an obstacle recognized by the
deviation of the dune orientation from the mean dune-field crestline orientation relates to
the steepness of the windward slope of an obstacle. Dune-free zones adjacent to
obstacles typically form on the leeward side of positive relief obstacles, but a number of
boundary conditions, including surface moisture, play a role in determining the size and
shape of the shadow zone. Where shadow zones do form, these zones align with the
resultant wind and sand transport directions. These key relationships support the west to
east sediment transport direction inferred on Titan based on dune-obstacle interactions.
However, the range of dune-obstacle morphologies on Titan also reveal that Titan’s
obstacles may also form with the same range of diversity as on Earth and that boundary
conditions on Titan, as on Earth, may play a significant role in determining the

morphology of dune-interactions.
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APPENDIX

WIND TUNNEL MODELING

To support and elaborate on the mapping and spatial characterization of dune
topography interactions, a series of wind tunnel experiments were planned. Wind tunnel
experiments examine the formation of linear ripples in the presence of obstacles of
different shapes. The use of ripple morphology as a proxy for dune morphology is based
on the idea that both dunes and ripples show a similar pattern—scale of bedform, which
has similar fundamental processes (Pelletier, 2009; Ewing, 2006). As such, we could test
a range of obstacle morphologies under a more controlled and uniform setting that that
found in nature.

For the methodology we planned to vary obstacle height, length, and width ratios
to test how ripples will respond to various types of topography observed for the Earth
obstacles studied. A series of 40 to 50 images at a range of heights and locations around
the wind tunnel platform ripples and obstacle were planned at timed intervals to import
into a photogrammetric program. This would provide a way to digitize and quantitatively
analyze how the ripples respond to varies obstacle morphologies placed in the wind
tunnel.

Preliminary runs were conducted to demonstrate that linear dunes could be
established in the wind tunnel. We started out experiments with a flat bed of mixed
bimodal sediment size of 0.18 mm and 0.55 mm in a bed of around 2.5 cm in thickness.

The bimodal size distribution was chosen so that the coarser grains would migrate to the
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ripple crests, effectively highlighting ripple crest location. Rotating the wind tunnel
platform 135 degrees every couple of minutes successfully resulted in linear ripples.
Sediment was added incrementally outside the rotating platform to avoid surface
armoring and my extension cessation of ripple migration. At this point an obstacle
(wooden block in Figure 19a) was placed at the center of the rotating platform. The
experiment was then repeated but this time a sloped obstacle made of green clay (Figure
19b) was placed at the center of the platform.

Preliminary results were encouraging for a couple of reasons: first we
successfully produced linear ripples in the wind tunnel, and second we observed similar
pattern-scale bedform morphology to what we observed for the Earth dune-obstacle
interaction counterparts. For the preliminary run where we placed a wooden block in the
center of the rotating platform, we observed ripple crest line deflection along the
windward side of the block, scouring along the windward side of the block, and a lack of
observed sediment transport along the wind-shielded side of the block (Figure 19a). For
the clay obstacle preliminary run, we observed ripple crest line deflection on the
windward side of the obstacle, scouring along the windward side of the obstacle,
however not as much as observed with the wooden block, and a lack of observed
sediment transport along the wind-shielded side of the block (Figure 19b).

Were we able continue to test a series of different obstacle morphologies and the
resulting ripple patterns, we believe these experiments would help us better understand
the relationships between obstacle morphology and dune patterns on both Earth and

Titan. Due to the break down of the University of Texas at Austin wind tunnel, which
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could not be repaired in time to conduct these experiments, we were not able to complete

this portion of the study.

Figure 19a.

Figure 19b.
Figure 19. Image looking down on linear ripples formed in the wind tunnel with a wooden block (a), and a clay
object (b) serving as a topographic-obstacle analog.
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Desert o o " . " . Obstacle Normalized Normalized
Planet Located 0 D : Degr‘ees) w|r dth (km) P:;ﬁle (km) Shadow :I:::'&:rzl; Ob“::::e“d Obstacle Max | Obstacle Min
Within Length (km) Height (m) Height (m)
Earth Sinai S-A 33.465022 30.692274 | 22.060751 | 24.970251 | 16.995025 195.476 Positive 507 70
S-B 33.523756 30.816781 | 15.042993 | 13.245879 16.617163 435.294 Positive 695 199
Western M-A -9.474060 21.677336 7.234653 16.270249 15.650763 107.828 Neutral 51 -17
Earth Sahara M-B -2.795118 17.387895 1.503691 1.894893 19923.116 2.7021 Positive 170 6
Desert M-C -14.241795 21.328228 | 0.480919 4.256797 39.076931 | 4.083719135 Positive 182 66
L-Al 22.064978 24.953630 1.23133 0.719606 6.83825 0.996312637 Positive 139 6
L-A2 22.056373 24.909945 | 5.626555 5.270549 6.626576 | 22.76580328 Positive 197 -17
L-B1 22.020615 24.286094 | 9.142996 13.372905 | 17.662088 | 111.0132411 Neutral 122 -65
L-B2 22.095885 24.230490 | 7.851853 10.142011 | 62.662006 | 64.04505349 Neutral 105 -31
L-C1 20.888822 22.822856 | 3.602985 5.067118 3.027175 | 14.01526259 Positive 54 -25
L-C2 20.948170 22.774912 | 8.833839 15.502218 | 14.945933 85.834289 Positive 121 -44
Ubyan L-D1 20.554042 22.570427 | 2.506512 2.404342 2.290227 | 6.030566363 Pos?t?ve 176 76
Earth Desert L-D2 20.605716 22.428770 | 33.294499 | 18.8597677 | 58.522653 | 357.9558669 Positive 244 -4
L-D3 20.719075 22.305656 | 6.522101 7.23449 11.47767 | 31.18162674 Positive 249 102
L-D4 20.598781 22.253525 | 6.132466 10.06094 20.644465 | 42.20977398 Positive 60 -9
L-E 22.546206 25.222044 | 12.248558 | 14.3630498 | 3.027175 | 101.2696295 Neutral 100 -81
L-F1 22.554209 20.183616 3.50752 4.76826 19.5821886| 7.22554633 Neutral 61 9
L-F2 22.550938 20.155625 | 0.387363 0.70469 4.5356 0.211958434 Neutral 66 30
L-F3 22.540934 20.127457 2.86715 4.15866 22.184502 | 6.095263398 Neutral 91 27
L-F4 22.527894 20.093319 5.45788 5.69434 16.44463 | 7.420975895 Neutral 118 30
K-A 20.275654 -27.249793 | 4.921692 1.55216 24.259671 | 8.08623761 Negative 30 -34
K-B1 20.380139 -27.162622 | 3.364912 3.351992 4.144093 7.99571391 Negative 19 -23
K-B2 20.414988 -27.177570 | 2.35001 1.547242 3.678113 2.75016524 Negative 6 -50
K-C 20.504037 -27.481732 | 5.587463 1.350172 4.908216 8.3355792 Negative 24 -20
K-D 20.445629 -27.045191 | 2.688714 1.36274 4.62437 3.250117 Negative 29 -12
Kalahari K-E 20.535339 -26.999533 1.36798 0.74354 4.13628 0.740977335 Negative -3 -35
Earth Desert K-F 20.578707 -27.005843 | 1.217882 0.928535 4.357258 | 0.962806401 Negative -7 -49
K-G 20.504037 -27.481732 | 4.339822 2.55525 2.0224 6.95991588 Negative 14 -26
K-H 20.706778 -27.492647 | 3.126433 3.51731 4.192351 8.8310735 Negative 17 -31
K-I 20.882525 -27.430757 | 2.419502 2.419502 5.512924 5.59771329 Negative -10 -31
K-J 20.743753 -27.367974 | 10.524651 5.145 4.9061 3.59802328 Negative 5 -35
K-K1 20.826793 -27.340464 | 2.670738 2.82449 3.680977 6.15590395 Negative 1 -35
K-K2 20.893766 -27.373865 | 3.971086 2.416975 3.896035 1.81290931 Negative 1 -35
N-A 15.263579 -25.372277 | 4.93947 7.386106 9.318733 24.1226361 Positive 229 -208
Earth Namib N-B 15.424253 -25.805910 | 15.236524 | 8.273581 10.375526 70.623733 Positive 410 -161
Desert N-C 15.515868 -25.242295 4.46835 6.444119 3.016455 26.391203 Positive 302 -15
N-D 15.524237 -25.242179 | 6.804458 6.871165 6.208432 63.3684346 Positive 729 97
Fen-A -46.706949 8.653944 | 30.419039 | 130.863778 | 38.306627 | 3149.762572 ? ? ?
Fen-B -42.408959 8.063924 | 22.075392 | 33.126394 |42.3683177| 644.2073816 ? ? ?
Fensel Dune Fen-C1 | -35.245869 2.277576 | 9.702101 21.277539 | 33.375838 | 157.8773319 ? ? ?
Titan Field Fen-C2 -34.789139 2.347084 | 11.787241 | 23.048736 9.813218 186.5064214 ? ? ?
Fen-C3 -34.364089 2.577517 | 14.792773 | 14.8211133 | 12.550401 | 364.3293577 ? ? ?
Fen-D1 | -39.379985 -6.342364 | 25.00158 21.08064 28.225396 | 320.9336775 ? ? ?
Fen-D2 | -38.633277 -6.114115 | 24.099348 | 24.099348 | 25.092911 | 379.4587874 ? ? ?
Sen-Al | 106.527579 -12.002871 | 15.177947 34.64974 4.042843 | 264.2450401 ? ? ?
Sen-A2 | 106.898699 -11.819191| 10.575433 | 19.679831 | 9.2380462 | 138.621749 ? ? ?
Sen-A3 |107.248612 -11.635510 19.846258 | 23.552561 6.775072 | 254.6502069 ? ? ?
Sen-B1 | 108.895188 -6.559673 2.47141 6.659289 3.735541 | 11.51010367 ? ? ?
Sen-B2 | 109.496048 -6.705675 | 10.705343 27.32448 14.720302 | 223.5855726 ? ? ?
Sen-C1 | 103.936686 -11.525776| 2.84579 3.811822 6.284001 | 8.561565062 ? ? ?
Sen-C2 | 104.388215 -11.633512| 10.257032 | 17.270025 | 13.429493 | 72.03055401 ? ? ?
Sen-C3 | 104.397935 -11.792466 | 1.541226 3.433306 5.610472 | 3.308418355 ? ? ?
Titan Senkyo Sen-D 97.180595 -6.951508 | 19.667308 | 47.151972 | 25.772916 | 471.9304202 ? ? ?
Dune Field Sen-E 78.776495 7.524181 | 17.297688 | 56.0400166 8.99585 733.5072465 ? ? ?
Sen-F1 | 108.240878 -9.492828 | 7.580952 7.7000628 8.49148 56.8538524 ? ? ?
Sen-F2 | 108.935163 -9.411496 | 5.005485 9.602635 5.895718 | 34.51236831 ? ? ?
Sen-F3 | 108.586749 -8.956546 | 32.577184 | 50.787874 47.477366 | 1152.452368 ? ? ?
Sen-F4 | 110.489038 -9.518244 | 7.844844 9.096394 6.837818 | 49.11926496 ? ? ?
Sen-G1 | 108.098913 -10.316680 | 5.943525 4.64788 6.10222 21.38612442 ? ? ?
Sen-G2 | 108.514213 -10.178331| 6.7733 19.415665 7.426169 | 92.81916355 ? ? ?
Sen-G3 | 108.982531 -10.552168 | 20.358444 | 49.92659 45.076566 | 630.2985465 ? ? ?
Sen-G4 | 109.821968 -10.254865 | 16.646366 | 57.902508 23.85046 | 691.8893906 ? ? ?

Table 1. Physical parameters of all the obstacles studied. Obstacle IDs are assigned based on desert location, a
alphabetic letter, and a numeric value if the obstacle is within one obstacle diameter of another obstacle, where both
obstacles will then have the same letter but a different number.
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Dune Spacing Relative to Topographic-Obstacle Side

Dune Field
) Obstacle Face | Kalahari | Libya | W™ | Namibia sinai
Ratio of Obstacle Face Sahara
Dune Spacingto  |Side W1 0.80999131[ 0.98323914| 0.8312615| 0.58150332( 0.50557759
Average Unmodified |39€ W2 0.6416168| 0.90648727| 0.52473751| 0.53112114| 0.36298463
ge " Side S1 1.16137154] 0.88553219| 0.72099695( 0.94538191|  N/A
Dune Field Dune  [gi5.s; 1.10635925| 0.936167| 0.44475894] 0.71103178| 0.62538307
Spacing Wind-Shielded Side | 1.66507106]  N/A N/A 1.28326141| 1.0490474
Wind-Facing Side | 0.93216364| 1.03187364| 0.93302004 1.01123059| 0.61975555
Table 2a.
Dune Spacing Relative to Topographic-Obstacle Side
Dune Field
) Obstacle Face Fensel Senkyo
Ratio of Obstacle Face
Dune Spacingto |59 East1 0.91937701| 0.9760408
A Unmodified 598 E2st2 0.99840811 [ 0.89517319
verage Unmoditied Isije west-1 0.83799029 | 0.76519506
Dune Field Dune  [sige west-2 0.92387171] 0.74529831
Spacing East Side 1.0397908| 1.06000662
West Side 0.9780839| 0.83908211

Table 2b.

Table 2. Ratio of obstacle face dune spacing to the dune-field average dune spacing recorded at all sides of each
target obstacle, with dune spacing averaged across each Desert study area on Earth (a) and each dune field study

area on Titan (b)
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