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Abstract

sand hops and bounces {
see the dunes grow, run, collide {
form the eld's pattern.

Aeolian sand dune morphologies and sizes are strongly cocteel to the envi-
ronmental context and physical processes active since duftemation. As such, the
patterns and measurable features found within dunes and denelds can be inter-
preted as records of environmental conditions. Using matimatical models of dune
and dune eld evolution, it should be possible to quantitatvely predict dune eld
dynamics from current conditions or to determine past eld onditions based on
present-day observations.

In this dissertation, we focus on the construction and quaitative analysis of a
continuum dune evolution model. We then apply this model toards interpretation
of the formative history of terrestrial and martian dunes ad dune elds. Our rst
aim is to identify the controls for the characteristic lenghscales seen in patterned
dune elds. Variations in sand ux, binary dune interactions, and topography are
evaluated with respect to evolution of individual dunes. Tlough the use of both
guantitative and qualitative multiscale models, these ragdts are then extended to
determine the role such processes may play in (de)stabilin of the dune eld. We
nd that sand ux variations and topography generally destabilize dune elds, while
dune collisions can yield more similarly-sized dunes. Wenstruct and apply a phe-
nomenological macroscale dune evolution model to then quaatively demonstrate
how dune collisions cause a dune eld to evolve into a set of ifmrmly-sized dunes.
Our second goal is to investigate the in uence of reversingimads and polar processes
in relation to dune slope and morphology. Using numerical periments, we investi-
gate possible causes of distinctive morphologies seen int&aotic and martian polar
dunes. Finally, we discuss possible model extensions ancded observations that
will enable the inclusion of more realistic physical enviraments in the dune and dune
eld evolution models.

By elucidating the qualitative and quantitative connections between environmen-
tal conditions, physical processes, and resultant dune arine eld morphologies,
this research furthers our ability to interpret spacecraftimages of dune elds, and
to use present-day observations to improve our understamdj of past terrestrial and
martian environments.
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1. INTRODUCTION

Interactions between wind ow, transported granular sedirant, and bedform mor-
phology (Figure[1.l) create aeolian landforms which recorcbntemporaneous envi-
ronmental conditions and processes, over a range of spatad temporal scales. For
example, the sizes and shapes of terrestrial dunes strongl/ect surface and at-
mospheric conditions throughout their evolution, which ca span seasons to decades
and decameters to kilometers (Sauermann et al. 2001, Sauamm et al. 2003, Bourke
et al. 2009). On much larger scales, the spatial distributioof and complexity within
martian and terrestrial dune elds are studied as records akgional conditions over
long timescales (Kocurek & Ewing 2005, Bishop 2007, Haywaed al. 2009).

Within the last few decades, much progress has been made tosgquantitatively
connecting environmental conditions with resultant dune mrphology and behavior.
This is primarily due to the increased availability of spaceraft images of dune elds
on di erent planetary surfaces, and the development of a datled continuum dune
evolution model. The combination of these two advances hasegtly aided dune
evolution studies as images of dunes evolving within a rangé environmental condi-
tions have allowed for better validation of model assumptits and structures and the
application of these models has improved landform image @rpretation.

bedform
morphology |\ toPography
ener and slope
1oy effects
regime
# flow bedform
lversion evolution
and variation

airflow grain motion » | sediment

(wind) transport

momentum extraction

Figure 1.1 . Interactions and feedbacks that occur in the evolution ofrmaeolian
bedform system (based on a gure in Walker & Nickling 2002). @olian bedforms
form over a wide range of scales, from ripples (decimeters weters wavelength) to
dunes (decameters to kilometers), to dune elds and mega-des.
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1.1. Motivation

Dune and dune evolution models have not been able to replieatll observations,
however, which limits their use in connecting dune eld morpology with environ-

mental conditions. In particular, an important open questn remains regarding the
equilibrium or maximum size of dunes which creates the uniim dune sizes found
within many dune elds (such as the crescentic dunes in Whit8ands National Mon-
ument, New Mexico or the martian dune eld shown in Figuré_1IR It is generally

accepted that these dune eld patterns are indicative of ewation through a process
of self-organization (Werner 1995, Kocurek & Ewing 2005, &iop 2007) towards a
steady state.

Figure 1.2 . This image (HIRISE PSP.0086282515) shows a martian dune eld
within a crater with two dominant dune sizes (200m and 600mexcept for near the
boundaries of the eld (where topography is probably in uering dune evolution).
Such pattern superposition can occur through multiple genations of dune construc-
tion and evolution, where in each generation the dune eld teds towards a simple
pattern through dune interaction (Kocurek & Ewing 2005).

Not all elds are patterned, however. Some elds, such as thi€elso dune eld in
California or the martian dune eld shown in Figure[1.8, showsigns of a disrupted
initial pattern and scaling, with the majority of dunes beirg of similar sizes and a
few dunes that are signi cantly larger. It is an open questio if this is due to abrupt
changes in environmental conditions, a slow and natural elion within the eld
conditions or dynamics, or a scale-dependent e ect of bouad/ conditions. Patterns
(or lack thereof) within di erent elds may also result from localized in uences and
from a combination of processes and conditions.

Despite these complications, a quantitative understandg of how dune eld pat-
terns can form (or be disrupted) is needed as this directly lates to assumptions
regarding the timescale over which dunes and dune elds radoinformation.
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Figure 1.3 . This image (HIRISE PSP0071722570) shows a martian dune eld
where runaway growth appears to be occuring. Many small, dorm barchan

dunes (200m wide) populate this area, interspersed with a sth number of large

megabarchans (large, central one is1040m wide). All dunes have left-facing slip-
faces, suggesting that they formed under the same environnt& conditions and were
(are?) migrating towards the left. The megabarchans havergious crests and mul-
tiple slipfaces on the windward slope, suggesting that thesdunes formed through
collision of the barchans (a hypothesis also put forward bydairke & Balme (2008)).

The areas downwind of the two megabarchans shown are mostigwvoid of other dune
structures, implying that the collisions are predominantf resulting in coalescence.
There are no apparent topographical or environmental reass for the size disparity
between the megabarchans and the barchan dunes.

In this research, we evaluate the in uence of topography andune collisions on
dune and dune eld evolution. We focus on the identi cation & characteristic length-
scales, and related environmental or dynamic controls, thanay yield a maximum
dune size. The conditions under which a dune eld will not fon similarly-sized dunes,
but instead will contain a few that are signi cantly larger, are also explored.

1.2. Previous Studies

The rst rigorous studies of aeolian bedforms were completdoy Bagnold (1941) who
showed that aeolian sand ripples evolve into bedforms of ehateristic spacing and
heights, and that these lengthscales are controlled in a c@stent manner by grain
size and wind conditions. As dunes exhibit similar morphotpes and behaviors as
ripples, and are formed by the same physical processes, itassumed that they can
be modeled with a similar method. The rst full formation and evolution models
of dunes utilized a simple cellular automata model of wind-ansported sand slabs
where each transported slab would move a discrete distancerithg a time step; this
saltation-type motion can be considered the large-scale cdraverage motion of an
accumulation of sand (Werner 1995, Momiji et al. 2000, Bispoet al. 2002). These
minimal phenomenological models, surprisingly, yieldedeldforms with dune shapes
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that varied depending on sediment supply and wind variabily (Figure [.4), as ob-
served in nature (FigureLb).

Numerical experiments with these discrete models aimed tdentify the in uence
of non-linear e ects, such as wind speedup and associatechdaux variations on the
upwind slopes. Additional studies attempted to identify claracteristic lengthscales
within dune elds. Recent work by Pelletier (2009) argued tht dunes saturate in size
due to feedback between landform-induced surface roughsesd saltation ux. Due
to the discrete nature of these models, however, it is di culto quantitatively connect
the in uence of speci ¢ environmental conditions on detag of dune morphology, size,
and behavior.

'.‘;! \F ‘.

|

Figure 1.4 . Dune elds created with a cellular automata model, under dering

sequences of transport direction (indicated with arrows).Initial topography in all

simulations was random in morphology. A: Simulated barchadunes form under
unidirectional wind. B: Simulated linear dunes form under bdirectional winds. C:
Simulated star dunes form under four wind directions. Imagetaken from Werner
(1995).

Continuum models of dune evolution were also developed wiiconsidered sand
ux over topography and then related that ux to changes in topography (Howard
et al. 1978, Stam 1996, Sauermann et al. 2001). The derivatiand analysis of model
equations allowed model parameters (and environmental atditions) to be quantita-
tively connected with characteristic landform scales and amphologies, yielding infor-
mation about the minimum size of dunes (Kroy et al. 2002) andhe initial growth
of dunes (Andreotti et al. 200®). However, these continuum models did not yield
information about the maximum dune size. In fact, numericakimulations showed
that dunes will grow without bound unless the sediment supplis limited. Based on
these dynamics, Hersen et al. (2004) showed that if dunesenact with each other
only through sediment ux, then dunes within that eld will h ave no characteris-
tic maximum lengthscale. Instead, dunes will coalesce, patually yielding smaller
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Figure 1.5 . Diagram showing the dune types/shapes that form in di erenwind
and sand availability regimes. Image is from Bishop et al. ®2).

numbers of larger dunes.

It appears that the largest dunes may be limited in size due t@sonances with the
atmospheric boundary layer (Andreotti et al. 2009). Howevwe this does not account
for the seemingly limited sizes and spacings of smaller deneOne possibility is that
stochastic processes, such as variations in wind strengthcadirection, may play a role
in the stabilization of dune elds by preferentially destalilizing large dunes (Hersen
et al. 2004, Elbelrhiti et al. 2005, Elbelrhiti et al. 2008). However, such processes,
being stochastic, are dicult to quantify and to incorporate into generic analysis
or simulation of dune elds. A study by Werner (1999) attemped to do this, by
estimating rates of bedform defect merging and relating thito average dune sizes.

Another mechanism that has been proposed to regulate duneesiand spacing, and
that depends on sand and dune dynamics broadly common to allige elds, is dune
collision. When dunes collide, sand is redistributed betwa the dunes. As long as the
net sand exchange is from the large to the small dune, it is pkle for a dune eld
to evolve into a patterned structure after many collisions lersen & Douady 2005).
Some studies have considered the evolution of dune elds tugh collisions between
dunes (Lima et al. 2002, Parteli & Herrmann 2003, Lee et al. 88) and have created
elds containing similarly-sized dunes. However, these mels generally rely on ill-
de ned assumptions and model-speci ¢ parameters, making di cult to generalize
their results.
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1.3. This Work

In this dissertation, we aim to explore the in uence of spea environmental condi-
tions (i.e., sand ux, topography, and reversing winds) andlynamical processes (i.e.,
binary interactions, aeolian/cold climate process intergtions), and to quantitatively
connect these in uences to dune and dune eld morphology. Hse studies have relied
on an iterative combination of model development, analysiend numerical simula-
tion. Generally, models have been run in non-dimensionalage to view the dynamics
and morphological trends without bias from environment-sgci ¢ parameters. The
scales are then reintroduced for comparison with observedrtestrial and martian
dunes and dune elds.

In Chapter [2, the physical processes and environmental catidns that create
dunes and dune elds are reviewed. These processes and emuimental conditions
are discussed again in Chapteér 3 in the form of equations andrameters within the
dune evolution model. This section also includes analysiac&non-dimensionalization
of the dune evolution model equations.

In Chapters[4 through[6, we investigate the in uence of progses and environ
mental conditions on dune size regulation. In Chapterl 4, weonsider the in uence
of sand ux on and between dunes. In Chaptef]5, we consider the uence of in-
teractions between dunes. In particular, we couple the dummodel with a simple,
phenomenological dune eld model to evaluate the e ect duneollisions will have
on dune size evolution within a eld; most of this content is pblished in Diniega
et al. (2010). Finally, in Chapter[6 we consider the in uencef topography on dune
migration, and shape and size stability. We do this by evalueng the e ect a small
hill or step will have on isolated dune evolution and a binarglune collision, and then
extending those results to dune eld evolution.

In Chapter [7, we consider an application of the dune evolutiomodel, which is
extended to include reversing winds and cold climate proses. We present prelimi-
nary investigations of the in uence these additional procgses will have on dune slope
evolution. In particular, we aim to understand the formatio of distinctive lee slope
morphology observed within Antarctic and martian polar dures.
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2. THE PHYSICAL SYSTEM

Aeolian dunes develop whenever there is a source of granulaaterial, wind of suf-
cient strength to move this material, and an \obstacle" to induce initial accumula-
tion. These landforms have been found on Earth, Mars (e.g.,r&eley et al. 2003),
Venus (e.g., Greeley et al. 1992), and even the Saturnian slite Titan (e.g., Lorenz
et al. 2006). Dunes can also form underwater and are similar morphology and be-
havior to aeolian dunes (Endo, Kobu & Sunamura 2004) after gpopriate rescaling
(Claudin & Andreotti 2006). In this study, however, we focusexclusively on aeolian
dunes.
In this chapter, we brie y explain how dunes form and identy important physical

processes and environmental conditions. This will help mwate the model we use to
explore dune and dune eld dynamics, which is discussed in @bter [3.

2.1. Dunes and Dune Fields

Dunes are classi ed based on their large-scale morphologyhich has been observed
to be strongly correlated with two environmental conditios: the amount of sand
available and the variation in wind direction (Figure[L.5). This correspondence indi-
cates that sand ux dynamics and localized sediment and windonditions are highly
in uential in determining the shape of dunes, and that thesespeci c dune shapes
are \attractor" or equilibrium states (Werner 1995, Hesp & Hastings 1998, Andreotti
et al. 200&). This allows dune morphology to be used to infer the envirenental con-
ditions during dune formation. Conversely, a lack of corration between the present
environment and a dune shape is indicative of changes in thend and/or sediment
parameters.

However, many dunes have complex shapes and dune elds maysist of super-
imposed dune forms. To reverse-engineer the environmentainditions throughout
the evolutionary age of the dune eld from complicated dunerad dune eld morphol-
ogy, quantitative models are needed to determine exactly Wwoa dune's size and shape
will evolve. Such models are also essential in determiningva a dune will respond
to changes in the environment and to estimate the temporal anspatial scales of
dune adjustment. Finally, models are needed to decouple tleeects of changes in
localized environmental conditions (e.g., due to naturalwelution of sediment supply
or seasonal wind variation) versus general dynamic procesge.g., due to variations
in sand ux between dunes as dunes grow and/or collide).
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2.1.1. Dunes forming in unidirectional wind ow

The dune and dune eld models considered in this study are twdimensional. This
restricts their application to dunes which form in unidiretional wind ow, and ne-
glects processes and forces that occur transverse to the avidirection. In natural
environments, even strongly unidirectional wind ow will have some variation, and
this may need to be considered when examining detailed duneagnorphology. This
study focuses only on general trends and scalings, howewehich are assumed to be
relatively invariant with respect to slight wind variation and sand ux in the third
dimension (when averaged over su cient time). Three-dimesional models have used
to examine more complicated dune forms (Parteli, Schatz & Henann 2005, Parteli
& Herrmann 2007, Re et et al. 2010), but these models are usiyabased on sim-
ple extensions of the two-dimensional model (such as twostnsional slices, coupled
through transverse di usion); it remains to be shown that trese simple models ade-
guately re ect the physical three-dimensional e ects and pcesses.

Two dune types form in unidirectional winds:transverse dunesand barchan dunes
(Figure [1.5). Transverse dunes are extensive, linear dunegh crest lines perpen-
dicular to the wind direction; the dominant wind direction an be determined by
locating the steeper slope (which faces downwind). Theserdis form in regions of
high sand supply, with small or non-existent sand-free intdunal areas (sand cov-
erage of 10%; Lancaster 1995). Transverse dunes are found in 40% afdstrial
sand seas and over a majority of martian sand seas (Wiggs 20@&chwammle &
Herrmann 2004). A reversing dune is a transverse dune thataves under winds
that periodically change direction 180. Three-dimensional simulations of transverse
dunes produce translationally invariant dunes (Schwamnal & Herrmann 2004), so
two-dimensional simulations are generally assumed to be gent (e.g., unless de-
fects occurring along a dune crestline are of interest; Wean1999).

Barchan dunes, also known asrescent dunesare often the focus of dune studies
as they are one of the smallest dune forms, are often easilg@ssible by car, and form
under \simple" conditions of low sediment supply and unidiectional wind (Andreotti
et al. 200&). These dunes are isolated bedforms, with large sand-fregerdune
areas (Lancaster 1995). Dominant wind direction can be detained easily from their
shape, as their horns and their steepest slope point downwinThese dunes have an
intrinsically three-dimensional shape (Schwammle & Hemann 2005), which causes
important di erences in sand ux (Hersen 2004) and dune cabions (Gay 1999, Endo,
Taniguchi & Katsuki 2004), so care must be taken in applyingwo-dimensional model
results towards the interpretation of these three-dimensnal landforms.

2.1.2. Dune geomorphological terminology

The dune's stoss slope is the upwind (or windward) slope, and thdee slope faces
downwind. The dune'sbrink is the location on the lee slope where ow separation
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occurs and gravity-driven avalanching becomes the dominaprocess, causing the
slope to abruptly steepen to the angle of repose (34°). The dune surface that is at

the angle of repose is called slipface this surface is always oriented downwind and
rapidly adjusts to environmental changes, so is the best ifghtor of the recent wind

direction (Bagnold 1941). The dunecrest is the highest point on the dune, which
does not always coincide with the brink (Schwammle & Herrman 2005, Parteli,

Schwammle, Herrmann, Monteiro & Maia 2005, Schatz & Herrmran 2006). These
terms are illustrated in Figure[2.1.

wind direction

stoss slope P> §I6p?

Figure 2.1 . Schematic diagram illustrating some dune geomorphologgrminology.

2.2. Relevant Processes and Environmental Conditions

When out in the eld, especially under strong wind conditioss, it is apparent that the
sand transport is complicated and chaotic. It involves inteaction between the (gusty)
wind and sur cial grains (through wind-exerted shear stres), and between moving
grains and the stationary grains/ground (through granularimpacts). Since Bagnold
(1941), much work has gone into simplifying and averaging dse small-scale and fast
interactions into quantitative and simple relations betwen average wind strength and
sand ux (e.g., Fryberger 1979, Ilversen & Rasmussen 1999,r&wsen 2004). Other
studies have then aimed at understanding how sand ux relaseto dune evolution
(e.g., Howard et al. 1978, van Dijk et al. 1999, Sauermann et. 2001). Here we
brie y outline dominant processes and conditions; we willansider these again in the
next chapter as we construct the dune model.

2.2.1. Sand motion

Sand is transported primarily through interactions betwee the wind and the ground
surface. As the wind blows over the sand surface, di erentzad particles are trans-
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ported di erent distances via several processes (Figure2, resulting in a natural
size-sorting within dunes.

Dunes are composed of sand particles (70500m ; Figure[2.3); in this context,
sandde nes a grain of a speci c size (versus a particular compaisin, etc.) which has
the lowest wind-exerted shear stress threshold for motiorfrigure [Z.4). This natural
size-sorting results from the di culty in moving grains of aher sizes: larger particles
are more di cult to move due to their higher mass, and smallemparticles are more
di cult to move due to higher intergrain cohesion (Bagnold 1941). Sand particles are
lifted by the wind, but are too large to be kept aloft so are moed downwind via short
jumps, in a motion calledsaltation. Impacting saltating grains will impart energy
to the ground surface, resulting in additional particles mang in small, randomly-
oriented ballistic jumps, in a motion calledreptation (Lancaster 1995).

Other types of motion (suspensionof smaller particles andcreep of larger par-
ticles) are neglected in this dune evolution model, as nomusd-sized particles are
more di cult to move. Additionally, once small grains (dust or clay) are suspended,
they can be transported distances signi cantly larger thardunes or dune elds (Uno
et al. 2009), and thus are e ectively removed from the system

- - = T .
s, ~ ~suspension
/ Ve
/, q
///

11/

i _ - = - = —— — == — _ -
saltation _ _ T == ==_C
reptaton| — — T T T T - -~ T -
// -~
transport of free-fall
grains up stoss slope on lee slope

creeE )

Figure 2.2 . On the left are schematic illustrations of sediment transprt processes.
Dunes are primarily made up of sand-sized particles (diamet 100 m), which are
transported via saltation and reptation. On a dune (decametrs to a kilometer in
length), grains are transported over the brink of the dune byhe wind. If the dune
is su ciently large to shelter the lee region and cause air w separation (the shadow
zone), then these grains free-fall onto the upper surfacetbt lee slope. As this region
steepens beyond the angle of repose, small avalanches tpams material down-slope
{ thus, creating a slipface at the angle of repose. These pesses give the dune its
distinctive, asymmetric shape and move the dune forward.
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Figure 2.3 . Diagram illustrating the sharply-peaked and narrowly-spported grain

size distribution found within terrestrial dunes (image t&en from Besler 2008) that
forms due to natural process-driven grain size-sorting. Astated by Besler (2008),
\the granulometeric distribution in an aeolian deposit is 10t a random or an ephemeral
property, but represents a proper characteristic of the adgtment to the depositional

environment."

2.2.2. Wind velocity pro le and shear stress

The wind's shear stress velocityy ) quanti &s the \strength" of the wind: the shear
stress that it exerts upon the ground | = = .r, Where is a scalar { the term
within the shear stress tensor that refers to the vertical x of momentum caused
by the horizontal component of stress (x,)). Over a at, non-vegetated plane and
in conditions of neutral atmospheric stability, u is independent of height. It can
be related to the wind velocity at a heightz, however, via the Prandtl-von Karman
model:
u@z) = L, (2.1)
2y

where is von Karman's constant (  0:4), and z; is the aerodynamic roughness
length. It is important to note that in natural conditions, such as unsteady winds or
sediment transport, the measured wind velocity pro les do ot correspond with the
log-linear model close to the surface. However, this modsl ¢considered su ciently
accurate over long temporal and spatial averaging (Walker &lickling 2002).

The log-linear model, whereu and are constants in space and time, is also
invalid within an internal boundary layer over large topogaphy, as compression and
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Figure 2.4 . Diagram showing the shearstress velocityi() needed to move patrticles
of di erent diameters due to wind-exerted shear stress. Thicurve has been deter-
mined theoretically and empirically on the Earth, and it is &sumed that a similar
curve will be found on other planets. Note that the shown reteon (based on a study
by Iversen & White 1982) predicts that martian dune sand shdd be coarser than
terrestrial dune sand, which is consistent with estimatesfaverage grain size from
thermal measurements (Edgett & Christensen 1991).

acceleration of air ow will alter the shear stress exertedFfank & Kocurek 1996):

decreasing slightly at the base of a hill due to ow stagnatio, and then increasing
(up to doubling in magnitude) as it moves upslope towards therest (Walker &

Nickling 2002, Walker & Nickling 2003). This can be correcteby using a modi ed

shear stress ( = o(1 + ~)) where the correction factor (3 is location- and slope-
dependent (discussed more in subsectidn 311.2).

2.2.3. Sand ux

As the wind blows over a sandy surface, it exerts streamwisbesr stress (Walker &
Nickling 2002) and imparts momentum to grains at the surfagenitiating a sand ux
(transported via saltation and reptation; Figure[2.2). Ths sand ux will increase until
the wind-borne momentum is just enough to maintain the sandux (Owen 1964).
Since Bagnold (1941), much work has been done to quantify shsaturated sand
ux (also called the sand drift potential). Bagnold derivedand empirically veri ed
that sand ux is proportional to u3. Other studies have re ned these equations
through laboratory and theoretical studies (e.g., Lancast 1995, Bullard 1997, Ni
et al. 2004, Sorensen 2004, Duan & Herrmann 2006), but a rghly cubic relation
with the shear stress velocity is consistently found and wibe used in the remainder
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of this study.

It is important to note, however, that the relationship between wind speed and
sand ux is discontinuous (Lettau & Lettau 1978, Fryberger 979) as grains are
not moved unless the shear stress exerted on the grains by thend is above some
threshhold ( ¢, the uid threshold in Bagnold 1941). For example, a system of sand
grains with a diameter of 250m requires a minimum friction velocity of 0:28m/s
(Sauermann et al. 2001) to move the grains (on Earth). Gendhg terrestrial modeling
studies assume that the wind speed is su ciently above the tleshold amount that
this is not a concern. When modeling martian dune evolutiorthis restriction may
become more important, as discussed in Parteli & Herrmann @R27) and this study
(Chapter [7).

An additional complication is that the windspeed thresholdfor sustaining grain
motion (the impact thresholdin Bagnold 1941) is less than;. This suggests that
although the initial ability of the wind to transport sand may depend primarily on
higher gust velocities, sustained motion may depend on a (ith) lower average ve-
locity. This di erence is especially important on Mars, whee the ratio between the
two thresholds is 0:1 (Kok 2010). It has been proposed that this hysteresis e ect
has important implications for Mars (Almeida et al. 2008); neasurements of wind
speed imply that the wind speed may rarely be above the uid tteshold (Greeley
et al. 1980, Parteli & Herrmann 2007) which is inconsistent ith observations of salta-
tion (Sullivan et al. 2008). On the Earth, the two thresholdsare much closer together
(ratio  0:8) so this e ect can be neglected in modeling studies (Kok 201

2.2.4. The shadow zone

As the wind passes over a dune brink, the (previously compeesl and accelerated)
air ow expands and decelerates, generating a drop in suriashear stress. This de-
crease in shear stress can be extreme if the change is slopsuisiently abrupt; as
the air ow passes the dune's brink, it can separate from theopography and create
a region of low pressure, generally containing a weak recilation ow (Figure £.5]
Frank & Kocurek (1996), Walker & Nickling (2002)). This recirculation ow is gen-
erally too weak to move much sand, so we approximate it as a zoof stagnant air
(Figure [2.2). Grains transported over the brink into thisshadow zonesimply fall
directly down onto the top few meters of the slipface of the dwe, piling up until the
angle of repose is exceeded and avalanching occurs (Lanea995).

It was originally assumed that the extent of the shadow zoneomld correspond to
the distance necessary for ow to return to far- eld velociy values. However, wind
tunnel (Walker & Nickling 2002) and numerical modeling (Pasons et al. 2004) ex-
periments indicate that a horizontal distance of tens of theipwind dune's height is
needed for full boundary layer recovery, which is much largéan the observed spac-
ing between dunes (4-10 times the upwind dune's height (Laaster 1995)). Instead,
this distance correlates roughly to the ow reattachment ditance (Frank & Kocurek
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1996, Walker & Nickling 2002, Parsons et al. 2004, Schatz & Herrma 2006) and
it is now thought that full ow recovery may never occur over tosely-spaced dunes
(Walker & Nickling 2003). Implications of ow di erences ower closely-spaced dunes
versus an isolated dune will be examined in more detail in ssdction[5.1.2.

Figure 2.5 . Schematic diagram showing ow separation as the wind owswver the
dune brink, forming a recirculation zone, followed by the w#tached ow. Image is

from Walker & Nickling (2002).

Beyond the shadow zone, observations indicate that rapidasion will occur as the
wind is undersaturated and accelerating as it recovers (Hogrger et al. 1984, Baddock

et al. 2007).
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3. THE DUNE MODEL

The seminal work of Sauermann et al. (2001) is the basis for st@urrent continuum
models of the formation and evolution of sand dunes. This sy constructed a two-
dimensional model which considered the evolution of an wirdliven sand ux layer
over a dune, and mass exchanges between this layer and the eutself. Its main
improvement over previous models (e.g., Stam 1996) was thelusion of a spatial
delay (the saturation length) over which the sand ux evolvd toward the carrying
capacity of the wind. This spatial delay had rst been obsemd and measured by
Bagnold (1941) and had been discussed in various modelingidies (e.g., Howard
et al. 1978), but was not incorporated into previous modelsSimulation and analysis
have proven the value of including this spatial delay in theantinuum dune evolution
model, as it xes the unphysical anchoring/lengthening of he foot of the dune seen
in previous models and provides a characteristic length deaelated to minimal dune
size (Andreotti et al. 200D, Claudin & Andreotti 2006). Later re nements considered
linearized versions of the equations (Kroy et al. 2002, Andotti et al. 200b) as well
as extension to 3-dimensions (Hersen 2004).

Such dune evolution models have been used to study the in uegs of wind and
sand ux on details of dune morphology (Herrmann et al. 200%arteli et al. 2006) and
the in uence of vegetation and induration in stabilizing dunes (Herrmann et al. 2008).
Additionally, many studies have examined the characterigt scaling of dune formation
and evolution in di erent environments, such as underwateor on Mars (e.g. Claudin
& Andreotti 2006, Parteli & Herrmann 2007).

In this chapter, we outline the continuum dune evolution modl used in our studies.
We also analyze model equations to determine appropriate ohel parameters and
characteristic dune size scales.

3.1. Model Description

One drawback in the use of a continuum model is the large numbef constitutive
equations and environmental parameters that must be speed. In developing our
own version of the two-dimensional continuum dune model, weave endeavored to
identify the ingredients which have a signi cant quantitatve e ect on results. With
respect to these ingredients (which are outlined below antuistrated in Figure 3.2),
our model deviates little from assumptions used in other cinuum dune models. As
in those models, we evolve two layers of sand: the moving samolume ux q(x;t)
and dune heighth(x; t).
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3.1.1. Separation bubble

The pro le of the near-surface air ow is a function of topogaphy, and takes into
account air ow separation in regions downwind of sharp chayes in slope (theshadow
zone described in subsection 2.2.4). Only weak recirculation cars in these regions
(Frank & Kocurek 1996y, Walker & Nickling 2002), so sand free-falls onto the lee
slope, and then avalanches down, forming a slip face (Lant&rs1995). The upper-
boundary of the shadow zone is theeparation bubblewhich extends downwind from
the brink until the ow reattaches to the topography and aeolan sand transport
resumes (Sauermann et al. 2001, Walker & Nickling 2003).

The precise details of ow separation can only be found thragh uid dynamic
calculations over the detailed dune topography, which is nevell described and which
evolves in time. Fortunately, it appears su cient to phenonenologically approximate
the separation bubble in calculations of wind-exerted sheatress upon the dune's
stoss slope (Sauermann et al. 2003). We take this route in ogontinuum model
and base our separation bubble shape on studies of air ow oveimple dune-like
geometries (Schatz & Herrmann 2006). We require only that:

the separation bubble must match at the dune crest with the Jae and slope
of the topography (C?), and

the separation bubble is scale-invariant, so will have xedspect ratio.

Past studies (e.g. Kroy et al. 2002) use a cubic polynomial dkat is a simple
functional that ts the requirements. In this model, we calalate the separation
bubble (s; describes the pro le of the separation bubble extending dowvind from
the i dune) as the upper-right portion of an ellipse with an semimbr to semimajor
axis ratio of =6:5. This is based on the results of Schatz & Herrmann (2006), ete
CFD models were used to calculate actual streamlines overrkitype obstacles, and
the streamline coming o the dune brink was t to an equation.

We also conducted experiments with di erent types of functins for the separation
bubble (parabolic, cubic, circular, elliptical function3. We found that the exact form
of the function did not greatly change the calculated sheatrgss on the dune's stoss-
slope as long it was su ciently smooth C!) when paired with the original dune
topography at the dune brink. One way in which the exact fungobnal form of the
separation bubble does matter is that it provides a \separa&in constraint” on the
topography, as we de ne air ow separation as occuring wheh; < s; (equivalently,
when the dune slopd, extending downwind from the brink is steeper than the slope
of sj).

The overall separation bubble functions is de ned then as a compilation of the
separation bubble found over each individual dune:

s = max(h;sj):
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Note that ass; is only de ned downwind of thei" dune, the dune topography and the
streamline always coincide on the upwind slope of the duns; (= h;, excluding any
area sheltered by an upwind dune's separation bubble); to ¢hlee of a dunes; h;.

3.1.2. Shear stress

As described in subsection 2.2.2, the wind-exerted shearests depends on the far-
eld strength of the wind ( o) and the topography-induced air ow compression ();
such that

= o(l+~): (3.1)

Over a dune, ~is generally calculated through the use of boundary layer egtions
derived for air ow over a gently sloping, symmetrical hill Jackson & Hunt 1975, Weng
et al. 1991) involving a weighted-integral of the height gi@ient over the region and
the local gradient itself:

Z 1

oA s )

d + Bsy(X): (3.2)
1

Note the smooth air ow prole (s) is used to account for air ow separation; this
has the benet of avoiding numerical di culties as the dune bpography () is not
di erentiable at the brink.

The parametersA and B are generally treated as phenomenological parameters;
physically, they relate to the logarithmic ratio between tle dune and its surface
roughness (discussed in Appendix A). Most studies assumeathsurface roughness
depends primarily on sand grain diameter; in this caséy and B can be treated as
constants, as the dunes change in size by a factor of I8aximally, and the sand grains
are 10’ times smaller than the smallest dune. A study by Pelletier (209) considered
that the e ective surface roughness will depend on the domamt landform wavelength
within a landscape: as ripples mature, they will dictate thesurface roughness (not
the grains), and so on. We have experimented with this approl, but did not nd a
large change in dune and dune eld evolution.

Generally, we uséA =4, B = 1 in this study (Kroy et al. 2002). These expressions
produce an acceptable approximation of the shear stress dee along the stoss slope
of an isolated dune (Figure 3.1; Sauermann et al. 2003). Indglshadow zone to the
lee of the dune, the near-surface wind is negligible so theesin stress is generally
assumed to be zero and the sand ux simply decreases exporiht.

3.1.3. Saturated sand ux

The wind's shear stress is used to calculate the saturatednshvolume ux, which
is the equilibrium volume of sand the wind could move if the wid velocity and
topography were homogenous. Equivalently, this is the sandx that can be just
maintained by the wind-borne momentum (Owen 1964).
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Figure 3.1 . Circles show the measured shear velocity () over a dune, normalized
by the far- eld shear stress ( .o); these measurements show good agreement with
the shear stress predicted by the Jackson-Hunt equation (&bline) over an isolated
dune. To provide spatial context, the dune's pro le is alsolsown (crosses, with height
normalized by crest height:h=H). Image taken from Sauermann et al. (2003).

To calculate the saturated sand ux ), we use Bagnold's relation d =2,
Bagnold 1941), which is a valid approximation as long asis su ciently higher than
the threshhold amount needed to initiate sand movement. Weoasider the simple
linearized relationship:

& = (o(l+~))%*? (3.3)
S+ g =) (3.4)

where the shear stress has been divided into a constant fagld parameter (o, the
shear stress exerted by a constant-velocity wind over a atlane), and a topography-
dependent perturbation term («£x;t), de ned in subsection 3.1.2).

3.1.4. Sand ux

Due to the discrete nature of sand transport and the complexiteractions of saltating
and reptating grains, the actual sand ux evolves after a domwind spatial delay
(called the saturation length) in comparison to the saturated ux:

8
2%4 h> andh=s
c&=>0 h< andh=s (3.5)

: I—q h<s:
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In these equations]s is the length over which the sand ux catches up to the saturagtd
sand ux. Physically, it depends on the distance saltatingreptating sands bounce and
on the ratio of saltating to reptating grains (Sauermann et kb 2001). The constraints
on the di erent RHS cases correspond to several physical &iraints:

When air ow separation occurs b < s; only on the leeside of the dune), then
at the surface of the dune there is no e ective wind ow and sahfree-falls onto
the lee slope.

The limit is the height of sand above some \bedrock" layeh(= 0) below which
we assumeh 0 and no erosion can occur. Thus, when this layer is exposed
(h < ), g is constrained to be non-positive. Additionally, if the wird is exerting
shear stress upon the surfaceh(= s), then it is assumed that moving grains
will experience elastic collisions with the hard surface dncontinue moving (so

o = 0).

It is important to note that the sand ux depends only on the dune and air ow
pro le (through the shear stress calculations), not on sandx values found in previous
timesteps. This assumption of \instantaneous" sand ux adjstment is based on the
large di erence in timescales over which the sand ow and théune evolve; individual
sand grains migrate tens of centimeters per second and dumemgrate tens of meters
per year (a 16 di erence).

3.1.5. Mass conservation and avalanching

Finally, we present the equation that couples our two layersf sand by relating the
sand volume ux (qg) to changes in dune height If). This is a simple mass balance
equation (also known as the Exner equation):

hy =-q: (3.6)
In our simulations, we use the modi ed equation:
hy =-q + (D (hy)hy)y; (3.7)

where the added diusion term accounts for avalanches. In rsb other studies
(e.g. Sauermann et al. 2001), avalanching (within each tims&tep) was accounted for
through a separate BCRE-type (Bouchaud et al. 1994) di usio model. In this work,
the di usion has been included directly in the model equatio to simplify analysis
and numerical simulation.
Avalanches occur only when the dune slopéy) exceeds the angle of repose (a

maximum slope characteristic to piled cohesionless graaulmaterial,  34°). This

is accounted for by letting the di usion coe cient D vary as a function ofh,. When
the angle of repose is reached or exceedéd,is chosen su ciently large that the
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timescale of avalanching dominates all other timescales. W&h h, is smaller than the
angle of reposeD is chosen small enough so as to operate over a very long tinadsc
re ecting small-scale smoothing processes such as turtmtl@ir ow and the random
orientations of reptating grains.

Both analysis and simulation testing were employed to selethe values ofD (hy).
The Peckt number of the system re ects the relative timesales of di usion versus
advection, and can be computed as:

Pe= LV=D:

We are interested in dune lee slope dynamics, kas the length of the lee slope ( H,
where H is the dune crest height) andV is the migration velocity of the dune. A
simple geometric argument shows tha/  Q=H, where Q is the sand ux over the
dune crest (Bagnold 1941). Thus:

Pe Q=D: (3.8)

Di usion (avalanching) should dominate when the dune slopexceeds the angle of
repose, so we chood® Q (causingPeto be small). D is chosen to be two orders
of magnitude smaller thanQ otherwise.

In Section 7.3, we will explore the e ect and physical signcance of this approxi-
mation in more depth.

3.1.6. Complete system

The complete and closed system of equations is as follows:

hy = 8 G + (D (hy)hy)x (3.9)
2 % h> andh=s
o = >O h< andh=s (3.10)
" h<s
G = Cqo (1+ g~) (3.11)
“is(x )
~ = A ——=d + Bsy (3.12)

1

wheres is as de ned in subsection 3.1.1. Typical parameters used terrestrial and
martian dune simulations are given in Table 3.1.

3.1.7. Non-dimensionalization

There are two natural length scales in these equations: theimmum sand depth
at which saltating grains will not be in uenced by the underying bedrock () and
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Wi (| — separation
bubble
dune
N shadow
saturated zone
sand flux

actual sand flux

Figure 3.2 . Schematic diagram showing the variables that are computéd a contin-

uum dune model: dune topography separation bubble/shadow zoneé saturated

sand ux (via shear stress calculation) actual sand ux ! dune topography. This
diagram is the result of a simulation run, with the vertical sale of each parameter
exaggerated for clearer superposition.

the saturation length (Is). As d ls (where d is a typical grain diameter),
the minimal sand depth should be a small value even in the noimdensional model.
Thus, |5 is taken as the characteristic lengthscale. The natural sieafor the ux is
the unperturbed/ at-plane saturation ux = Cq 3:2.

This allows us to de ne a characteristic time ofl2=(C, ¢ °), leaving just a few
nondimensional constants:

the parameters in our stress perturbation equationAX and B), which are un-
changed.

a new lower limitonh (=lg! -,

and a non-dimensional di usion coe cient (D(;lz) ' D(hy)) which is the inverse

Peckt number (discussed in subsection 3.1(.)5).

The non-dimensionalized equations are (note abuse of natat: tilde's denoting
non-dimensionalization have been dropped):
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Earth | Mars
saturation length (Is) [m] 1 13
wind velocity threshold for saltation (U . ) 0.28 | 15
far- eld saturation sand ux (G, = Cq ¢ -) at 1.5 ,, [M2/s] 2e-3 | 4e-5
di usion coe cient when avalanches occur O(hy 34°) [m?/s] | le-2 | le-5
di usion coe cient otherwise ( D (h, < 34°)) [m?/s] le-4 | le-7
lower limit on mobile sand () [m] le-3 | 1e-3

Table 3.1 . Typical parameters used in terrestrial and martian dune siulations,
based on values found in Sauermann et al. (2001), Parteli & Hmann (2007). The
value for was approximated as 10 times the typical dune sand diametewhich
appears comparable between Earth and Mars (Claudin & André&o 2006, Parteli &
Herrmann 2007).

Z,

~= oA X )y g, (3.13)
1
3
6 = 1+ =~ (3.14)
g 2
2 q h>~andh=s
o = >O h< ~andh=s (3.15)
" q h<s:
hy = G + (D (hyx)hy)x (3.16)

3.1.8. Simulation algorithm

The simulation evolves the non-dimensional dune pro lé over a time step dt, via
several steps:

1. Consider the dune pro leh(x;t,);

2. Apply diusion to the surface, causing \instantaneous" a&alanches where the
slope exceeds the angle of repose (this is done rst to elirate unrealistic steep
slopes);

3. Calculate separation bubbles(x);
4. Calculate shear stress perturbation (s);

5. Calculate saturated sand uxgs(~);
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6. Calculate actual sand ux via g (o) equation;
Note that it is this step which preserves nonnegativity of hasgc 0 (only
deposition can occur) as long as h is small (i.e., can't erobelow the \bedrock"
surface:h < ).

7. Calculate evolution indh(g);
8. Iterate for next time step: h(x;th+1) = h(x;t,) + dh.

Further details of the numerical algorithm are given in Appadix A.

3.2. Model Analysis

Studies of isolated dune evolution are able to replicate reanable dune pro les of
many sizes and types, such as tranverse dunes (Figure 3.3)tbree-dimensional
barchans (e.g., Hersen 2004). Comparison between simuthtdune forms and be-
haviors and observed dunes is the primary method used for ition of the model
equations. A more quantitative exploration of observed rations is also done through
numerical simulation and analysis.

h [m]

-10 0 10 20
x [m]

-50 -40 -30 -20

Figure 3.3 . Sample steady-state two-dimensional terrestrial aeohadune pro les
calculated through numerical simulation. Dierent dune coss-sectional areas are
shown, from a roughly minimum-sized transverse dune (dun&sth height less than
1m consist of a convex windward slope with no slipface; thesee known asdome
duneg to a dune 14m in height. Note that the vertical axis is exaggated { the
average windward slope for these proles is 1P, which is comparable with mea-
surements (Cook et al. 1993, Parteli, Schwammle, HerrmanMonteiro & Maia 2005).

3.2.1. Linear stability analysis

Linear stability analysis of similar model equations (witlout the di usion avalanche
term) about a perfectly at plane with ux at the saturated u x value (h(x;t) = Hg
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(> ) and g(x;t) = 1) was originally done by Andreotti et al. (2002). We simply
restate the results here, as we assume the initial pertuban is su ciently small that
di usion can be neglected (i.e.D remains small). For perturbations of the form:

h = Ho+ Hexp(t + ikx) (3.17)
q 1+ Qexp(t + ikx) (3.18)

we have a perturbation growth rate of:

_3k?( Ajkj+ B)

2(1+ k?) (3.19)
Thus, the instability grows in time when
B>Ajkj)j kj<B=A; (3.20)

i.e., we expect a long wavelength instability. Taking just lhe linear portions of
d =dk = 0 we see a maximal growth wavenumber:

2B
kmax = ﬁ (3.21)
A
22K = max = 3? (3.22)

Plugging in A =4, B =1, we have a wavelength of 38, which is observed numerically
to be the rst wavelength of growth.

Redimensionalizing withls ~ 1m for terrestrial dunes orlg  13m for martian
dunes (Claudin & Andreotti 2006), we approximately replicke the mean dune sizes
observed on these two planets (Figure 3.4) of around 30m an@@n, respectively.
This demonstrates that the model equations used do capturdad initial dynamics
of dune growth, which depends on the characteristic lengttcale Is. Further dune
growth is due to nonlinear e ects, such as ow separation andune interactions.

3.2.2. Reduced dimensional analysis

To further simplify the dune model, we neglect the detailed uhe morphology and
instead approximate the dune form with a piecewise linear ape (Figure 3.5). This
allows us to describe the pro le with just two variables:m(t), the horizontal location
of the dune brink, and (t), the stoss slope:

8
2 (O)(x m(t)+ H; m(t) H= (t) <x<m (t)

h( (t);m(t)) = S -tan(34°)(x m)+ H; m(t) <x<m (t) + H=tan(34°) (3.23)
"0 otherwise
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Figure 3.4 . Histograms of the dune wavelengths measured on (a) Earth durgb)
Mars. (a) The solid line shows barchan dune wavelengths thrghout a Moroccon
dune eld, and the dashed line shows dune wavelengths on thendward side of a
mega-barchan within that eld. (b) The solid line shows dunevavelengths measured
within in several intracrater elds, and the dashed line cosiders only Kaiser crater
(19E, 47S) dunes. Averaged wavelength values are 20 m (sdiek on panel a), 28 m
(dash line on panel a), 510 m (solid line on panel b) and 606 mash line on panel
b). Images taken from Claudin & Andreotti (2006).
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The dune heightH can be determined as a function of if the volume V (which
is the area of the dune shape in one dimension) is speci ed ahdld constant:
s

H()=

2V .
1= +1=tan(34°)

(3.24)

34

Figure 3.5 . This is the simplest representation of a dune pro le, whergiven an
initial and constant dune area (V), only two variables (m and ) are needed to de ne
the dune shape and location.

We consider temporal evolution oin and by projecting the right hand side of
Equation (3.6) (dh=dt = ( @h=@)fdm=dt) + (@h=@(d =dt) = - ¢;) onto the space
spanned by@h=@and @h=@ To complete this projection, we use the inner product:

Z m@
H;gi = f (X)g(x)dx (3.25)
m(t) H= (1)
and the functionsv; = 1 and v, = x m+ L=2, which span the same subspace as
@h=@m@nd @h=@over the dune's stoss slope.
The second inner product results in:

2d
12 dt
This equation gives the evolution of the windward side anglehich is independent
of m. With this analysis, we can see that for a given dune mass, tistoss slope ()
will approach an equilibrium value, implying the existenceof an equilibrium dune
shape for a given dune size. However, this slope is higher nthabserved transverse
dune stoss slopes, which have average values ofL®® (Momiji et al. 2000, Partel,
Schwammle, Herrmann, Monteiro & Maia 2005) and peak valuesf 15 (Cooke
et al. 1993). Thus, detailed dune morphology and dynamics rsuplay a role in
setting observed dune shapes and sizes.

The rst inner product yields:

dm _ 1h , d eH
dt" @

h o;Vval = (3.26)

i
L2=2) : (3.27)
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Figure 3.6 . Dynamics of windward slope as a function of slope for severh erent
size dunes (the values V refer to the dune's cross-sectioaata). For each dune size,
there is a single stable equillibrium value (for large duneshis is about 18).
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If the dune has a steady shaped(=dt = 0), then the dune migration velocity will be:

1 . _gqm H=) qg(m),
e ﬁh Oc; Vai = 0 :

and we reproduce the observed inverse relationship betwetie dune height and its
velocity (Bagnold 1941).

A reduced-dimension model was also developed for a two-dusgstem, and is
described in Appendix B. This model was used to investigatarary dune collisions,
but the large number of coupled variables needed to descritiee system (12 versus 2
in the one-dune system) did not simplify the simulations ormalysis, so this approach
was abandoned.

dm _ (3.28)
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4. INFLUENCE OF SAND FLUX

As the dune evolution model was constructed based on the amged-dynamics of
sand transport, we begin our analysis by considering the inence of sand ux on an
individual dune's evolution. In this chapter, we then exted those results to evaluate
dune evolution within a eld, where dunes interact through and ux (i.e., a dune's
in ux sand amount is set by the upwind dune's out ux).

4.1. Physical Description

As discussed in Section 2.1, sediment supply and sand ux dgmics exert crucial
in uences on dune evolution. The sand ux over a dune is one ¢fie main measure-
ments made within eld studies of dunes. However, estimatesf the total saltating
sand ux cannot be easily related to dune migration, as:

dunes are not perfect collectors. A large fraction of the imming sand ux can
be lost 0o the horns of barchan dunes (Hersen 2004), and sandncalso be lost
from transverse dunes (Momiji & Warren 2000);

dune migration and growth is related to the net (not gross) sal ux over a
dune;

the sediment ux available to a eld generally originates ata point or line
source(s), and thus is not uniform within a eld. Instead, the sediment ux
available to a dune within the eld depends primarily on the anount of sand
escaping from the nearest upwind dune(s) and topography.

Thus, to consider dune evolution within a eld, it is necessy to consider the exchange
of sand between dunes.

4.2. Model Results

As the goal of these simulations is to evaluate the e ect of sd ux (not total sand
available), simulations were run with a semi-in nite boundry condition with xed
in ux.

4.2.1. The need for a non-zero in ux

Laboratory (Katsuki, Kikuchi & Endo 2005) and eld observations (Hersen 2004)
show that dunes will lose sand downwind through crest defectand other three-
dimensional features, such as barchan dune horns, as theplge and migrate. This
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loss is enhanced through stochastic variations in wind dicgon and strength. Thus,
an incoming sand ux is necessary for a dune's continued etasce.

In our simulations, these three-dimensional e ects are nigted; we essentially
consider only defect-free transverse dunes, so care mustthken in comparing our
two-dimensional simulation results to three-dimensionalunes. When the dune form
is constrained to two dimensions, the slipface can act as arfeet collector, losing
sand only when the dune slipface length is small (so that sorsaltating grains pass
completely over the lee slope). Measurements of sand ux ovihe brink of a ter-
restrial desert transverse dune showed that 55%{95% of tharsl ux is deposited
within 1m of the crest, and 84{99% within 2m (Nickling et al. 204).

From equation 3.5, we can see that sand ux decays exponerlyaonce past the
dune brink from equation 3.5 (andgs = O in the separation bubble):

& = =q 4.1)

ls
) q(x) et X (4.2)

As the lengthscale for sand ux decay i¢s, we have a minimum slipface height that
will scale with Istan(34°) (as the slipface is at the angle of repose). For Earth,
the minimum dune height at which a slipface develops and isadile is 1m, which
is about twice the scale height. As a dune's height increasbgyond this amount
(H Istan(349)), it should very e ciently collect sand.

Observations and modeling studies have found that the saritapping e ciency of
the slipface increases as the dune grows (Momiji & Warren 2D0even within three-
dimensional dunes. This creates an unstable equilibrium da size (at which the sand
in ux equals the sand out ux). Smaller dunes will experiene an net loss of sand and
shrink in size, while larger dunes will experience a net gaand grow.

4.2.2. Sand ux over a dune

In previous studies of dune evolution, there has been scartemtion paid to the in ux
sand amount beyond a general assumption that it is small withespect to the far-
eld saturated sand ux (g, = Cg1 , C 0:2). Observations of the interdune sand
ux generally support this assumption (Fryberger et al. 198); it is thought that the
interdune sand ux remains limited to a small fraction of thesaturated sand ux due
to the uctuations in wind speed enhancing deposition ontoraall-scale topography
when a larger amount of sand is mobilized. Additionally, anysand available for
saltation within interdune regions is rapidly eroded as thevinds downwind of dunes
and the separation bubble accelerate as they recover, aneaypically undersaturated
in sand ux (Fryberger et al. 1984, Baddock et al. 2007).

Despite this apparent natural limitation in keeping the in ux sand amount (equiv-
alently, the multiplicative factor C 2 [0; 1]) small, we investigate the in uence this
free parameter exerts on dune evolution model.
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Simulations of a dune moving over at topography showed twoypes of behaviors:
for low C values the dune migrated, and for large valueS the dune did not migrate
but instead grew in height and length with an anchored foot. Hor very large values
of C, the dune also grew backwards due to the slight decrease ireah stress at the
toe of the dune which caused deposition.) These di erent bakiors were caused by
di erences in the amount of sand eroded from the foot and stesslope of the dune,
to be deposited on the lee side.

Simple physical scaling arguments yield the threshold betgn di erent values.
The total amount of additional sand that the wind can carry wken it encounters the
dune is (1 C)Q, while the amount of sand that must be moved for the dune to
migrate is the mass of the duneNl). Thus, the threshold between dune migration
vs. dune growth depends on (1 C)Q=M (which has units of inverse time): when
(1 C)Q=M is smaller than a threshold amount the dune will remain in plee and
grow, and when (1 C)Q=M is larger, the dune will migrate (Figure 4.1).
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Figure 4.1 . Plot showing that di erent dune dynamics: migration (*) or stationary
growth (), occur depending on the sand in ux amount relative to the doe size.
The boundary between the two dynamics is found when (1 C)=M  0:002; with
the far-eldinux (let Q 1) (1 C)Q=M 5e-6.

Thus, we again see unstable dynamics { for a give@ and Q, large dunes will
grow while smaller dunes migrate.
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4.3. Physical Implications

Our results provide a negative conclusion with regards to ntrols on maximum trans-
verse dune size: sand ux e ects alone cannot regulate duné&e within a eld.
For a given sand ux, simulated single dunes instead grow wibut bound (limited
only by the total amount of sand available for accumulation) Previous continuum
(Schwammle & Herrmann 2004) and discrete (Momiji 2001) dueamodel studies found
that the average transverse dune height within a eld scalewith the square root of
time.

Combining this result with a line source of sediment for theeld, and the increase
in sand-trapping e ciency as a dunes grows means that dunesithin a eld should
exhibit coalescent behavior: larger dunes will collect allpwind sand, while smaller
dunes will become sand-starved and shrink in size, causirdgen to release more sand
to the larger dunes (through increased downwind sand ux andollisions).

This analysis and our results are comparable to a study of bdran dune evolution
by Hersen et al. (2004) (Fig. 4.2). That study found that sotary barchans and
barchan elds are unstable in the case of a constant wind, wWitinstabilities developing
within a eld of 100m wide dunes after a century, over a migrabn distance of a
few kms. As observed dune elds hundreds of kilometers long adontain dunes of
uniform size, Hersen et al. (2004) concluded that there muskist another dynamical
mechanism that stabilizes the dunes sizes.

Figure 4.2 . Sketch illustrating dune size instability within a eld due to the ex-
change of sand between the dunes: small barchan dunes exgee a net loss of
sand, which causes their downwind neighbors to grow. This qgess continues as
the small dunes shrink and the large dunes grow, causing aesdence as the sand is
concentrated in a smaller number of larger dunes. Image i®f Hersen et al. (2004).
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We concur with this conclusion, and seek to identify a procsges) that limits
dune size within a eld, or that manages to balance the ux ingbilities (at least
within larger dunes). In the following chapters, we invesgate the in uence that
dune interactions and bedrock topography can play in dune drdune eld evolution.
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5. INFLUENCE OF DUNE INTERACTIONS

Studies which consider the evolution and behavior of a sirgtlune cannot be directly
extended to evolution of dunes within a eld, as isolated dues do not behave and
evolve the same way as dunes within a eld. For example, as disssed in Chapter 4,
individual dunes are unstable with respect to changes in theand ux. This implies
that dunes in a eld, evolving only through sand ux, should e/entually coalesce into
a small number of large dunes (Hersen et al. 2004); as this dogot occur, other
processes must aid in limiting the sizes of dunes within a @l

In this chapter, we investigate the e ect of neighboring duas on shear stress and
saltation. We also consider the dynamics of binary dune cislions, and evaluate evo-
lution within a eld through binary dune collisions. We nd t hat collision dynamics
can yield a eld of similarly-sized dunes if the in ux dunes'sizes are chosen from a
su ciently constrained population.

5.1. Physical Description

Wind tunnel (Walker & Nickling 2003) and eld studies (Lancaster 1985, Baddock
et al. 2007) of isolated or closely spaced dunes have showatttie presence of non- at
topography (such as terrain or neighboring dunes) will altethe wind-exerted surface
shear stress, which in turn changes sand ux and dune evolah. For example,
the distance before ow reattachment occurs is foreshorted by the presence of a
downwind dune, causing the ow velocity at the foot of this dme to be lower (Walker
& Nickling 2003). Wind speed up over the stoss slope is thenuiad to increase faster
over paired dunes than over isolated dunes (Lancaster 195)otentially steadying
sand ux rates in the upper-portions of the stoss slope and @neasing crestal erosion
(Walker & Nickling 2003).

5.1.1. E ects not included in this study

These changes in ow dynamics are caused by greater turbutenas the reattaching
ow encounters the downwind dune's stoss slope and is compsed (Sweet & Kocurek
1990, Baddock et al. 2007). This added turbulence is not acotded for in the air ow
model used (subsections 3.1.1-3.1.2), so is not presentigluded in the dune evolution
model used in this study. Empirical studies are needed to priole constraints on how
the added turbulence will change sand transport and dune ietactions; work by
Palmer (2010) and Ewing & Kocurek (2010) are the only availdé studies that have
begun to quantitatively examine this problem.

The interdune distance also is controlled by the reattachnm¢ and recovery of air-
ow in the lee of the upwind dune (Walker & Nickling 2002, Waller & Nickling 2003,
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Schatz & Herrmann 2006, Baddock et al. 2007) (as describedsimbsection 2.2.4). This
spacing may be in uenced by three-dimensional or time-vaiyg factors, such as com-
plex secondary ow patterns (Walker & Nickling 2003), the iridence angle between
the wind and dune crest, or changes in atmospheric stabili§Gweet & Kocurek 1990);
as the model used is two-dimensional and assumes steady aiv, these factors are
not considered. Thus, this study does not focus on the specicontrols and pro-
cesses that control dune spacing, only dune sizes. Our meathof modeling saltation
over sand-free interdunal areas (described in subsectiori 3) causes spacing between
simulated dunes to be proportional to the ow reattachment dstance. This distance
we assume to be proportional to the upwind dune height (subséon 3.1.1), causing
our modeled interdune spacing to be related to dune sizes;idhresult matches to
rst-order observations of barchan and transverse dunes @ncaster 1988).

5.1.2. First-order e ect of topography on shear stress

We rst investigate the distance over which non- at topogrghy will interact with a
dune by considering the asymptotic behavior of the shear stgs perturbation exerted
at a point x by a nearby dune:

Z i
d lipf
une slipface hx (X

~ (x) = (X )y (5.1)

dune foot

If the dune is downwind ofx, then the denoting where the dune is locatedh( (x

) 6 0) will be negative. The side of the second dune closer (andhus of more
in uence) is the stoss (positively sloped) side, so the ot e ect of the shear stress
perturbation is negative. Similarly, if the second dune ispwind, the relevant will
be positive and the more in uential side of the second dune the negatively sloped
side, so the overall e ect on the shear stress perturbatiors inegative. This makes
physical sense, as additional topography would shift the wd-streamlines upward,
thus decreasing the shear stress exerted on a dune surface.

To estimate the e ect more quantitatively, assume a distane of d between the
point of calculation and the dune foot. The dune is of length, SO Xgune foot = X + d,
Xdune slipface = X + d+ | (Figure 5.1). Translating the horizontal coordinate syste to:

= d and assumingl  d yields:

_Snecrds ) L ahxrds )

T, T @y ¢ T o g L+ =d (5-2)
|

L hxtd+s ya =dd:  (53)
d o

neglecting all higher order terms. (The last expression deed is the rst-order taylor
expansion ofﬁ wherex 1,as=d 1 within the interval of integration). As the
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wind direction

Figure 5.1 . Schematic diagram illustrating variables used in rst-oder topography-
induced shear stress estimation.

R
dune is migrating over a at plane, éhx(x+ d+ )d =0. We integrate-by-parts the
remaining integral (with boundary conditionsh = 0):

-1 Z,
~ az h(x+ d+ )d (5.4)
A
— (5.5)
d 2
) (5.6)

where A is the total dune cross-sectional areaA(= RO'h(x +d+ )d ) andH is the
dune height (assumingA  H?; Figure 5.2).

This topography-induced decrease in shear stress resultslower saltation rates.
As sand transport occurs at a slower rate, dune evolution, gration, and interactions
will also occur at slower rates. Although this does not put arhit on dune size, this
e ect will play a (small) role in slowing dune growth as dunesvithin the eld increase
in size. Additionally, this will provide more time for other stabilizing processes to
in uence dune and dune eld evolution.

5.2. Study of Dune Collisions

We investigate the dynamics of binary dune collisions by itializing our continuum
dune model with two dunes of speci ed size, the smaller loead upwind of the larger.
The initial dune pro les were steady-state pro les calculéed during simulations of
isolated dune formation (found with periodic boundary condions). The initial dune
spacing was chosen by testing for the minimal distance at wdfi no changes in size
occurred immediately in the downwind dune because of the mence of the upwind
dune (because of changes in its shear stress and, thus, samd calculation). To
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Figure 5.2 . Log-log plot of the magnitude of the calculated ~ as a function of
distance from an upwind dune's foot, normalized by the dung'height (H %I).

The di erent curves were computed for dunes of di erent sizg with the expected -2-
power (trendline) appearing whend > 30H ( 3l): ~ (d=H) 2. The ~ curves
curl up on the right as d becomes comparable to the computatial domain size.

eliminate a dependence on the sand in ux rate (which in uenes dune migration and
growth, as discussed in subsection 4.2.2), periodic boumgaonditions were used.

In these simulations, the upwind (and smaller, thus fasterlune catches up to the
downwind dune. As the shadow zone of the upwind dune impingapon the foot of
the downwind dune, sand in the foot of the downwind dune is ndransported by
the wind and so is left behind and is eventually absorbed by ¢hupwind dune. As
the downwind dune loses sand, its pro le gradually become&@ter, which causes
its velocity to increase. Similarly, the upwind dune gainsand, becomes taller, and
decreases its velocity. Eventually, the upwind dune begin® climb the downwind
dune and the two dunes would lose their distinct shapes andrfo an amorphous
two-humped dune-complex. Sand continues to be exchangeddahe humps change
in height (the upwind hump grows and the downwind hump shrin&) while moving
toward, then (once the downwind hump is the smaller of the twoaway from each
other (Figure 5.3).

Simulations were run with combinations of dunes with crossectional areas of 10
400m? (corresponding to initial heights of 1 15m), and dune pairs were categorized
by the resultant type of interaction (Figure 5.4).

We noted two qualitatively distinct outcomes: (1)coalescenceaesulted when the
downwind hump subsided into the dune complex, resulting inn@ uni ed dune, and
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(2) ejection occurred when the downwind hump managed to separate compabt
resulting in an exchange of material between the collidingushes. In a small number
of cases, the downwind hump managed to separate but was tooadhto remain stable
and so would eventuallydisappear We initially examined this case separately; as it
occurred in only a small number of cases, we reclassi ed it an extreme case of
ejection.

Plotting the di erent types of dune interactions as a functon of the sizes of the
colliding dunes (downwind cross-sectional arealpeore VS. UpwiInd cross-sectional
area: apefore < A pefore; Figure 5.4), it can be seen that the boundary between coa-
lescence and ejection cases (i.e., the intermediary dis@ap cases) roughly follows a
straight line passing through the origin. Along that line the size ratio between the
two dunes before interaction is constantr = (a=A)pefore  1=3. From this, we can
see that if we consider a pair of dunes such that the line fronhat point (A; a) to the
origin is less steep than that boundary (equivalently, theise ratio of the two dunes
is between 0 and £3), coalescence occurs. Conversely, when the line betwegroant
and the origin is steeper than the boundary (or the size ratis between £3 and 1),
the collision results in two dunes or ejection. Thus, it is gpears that the size ratio
(r) between the dunes is what determines a collision result, nthe individual sizes
of the dunes.

5.2.1. De ning the interaction function

To understand in more detail what will result when two dunes allide, we also com-
pute the size ratio of the dunes after collisionf((r) = ( @gownwind =Aupwind )after; Where
adownwind, atter = O If the dunes coalesce), and plotted this against the sizatio before
dune collision ). Resultant dunes which disappear are treated as very smajection
dunes because the sizes are measured as soon as the dunefegrapparates into two
dunes. As can be seen in Figure 5.5, the data collapses ontargyke curve, indicating
that dune size ratio resulting from a collision is uniquely etermined by the size ratio
before collision. We interpolate between the calculated ps to generate theinterac-
tion function, which we will use in the dune eld model to relate the beforeollision
size ratio (r) to the after-collision ratio (f (r)). We note that the interaction function
has the following characteristics:

The function f (r) monotonically increases.

When the initial size ratio of the colliding dunes is smallethan a threshold
amount (herer  1=3), f (r) = 0 indicating coalescence.

In the limit where very similarly sized dunes collidef (r) appears to! 1.

Similar results have been found elsewhere in the literaturd=or example, stud-
ies of discrete numerical simulations of interacting thredimensional barchan dunes
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Figure 5.3 . Schematic diagram illustrating a dune collision. The topgraphy/dune
pro les are outlined in black, and the separation bubble is wtlined in gray. The
horizontal arrows show relative dune velocity and the vertal arrows show changes
in dune height. From top to bottom: 1. The upwind (smaller) dune approaches
the downwind dune. 2. Eventually its separation bubble impiges upon the foot of
the downwind dune, arresting that sand. 3. As the upwind duneontinues to move
toward the downwind dune, it gains sand that the downwind dua leaves behind. 4.
As the upwind dune grows and the downwind dune shrinks, therelative crest height
reverses, allowing the downwind dune to migrate faster thathe upwind dune. 5.
If the downwind dune loses all of its sand before it can migrataway, then we have
coalescenceOtherwise, we have arejection case.
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Figure 5.4 . Plot of the di erent types of dune interactions as a functim of the sizes
of the dunes before collision: the area of the downwind dunf) vs. the area of the
upwind/smaller dune (a). Note that the boundary betweencoalescenceand ejection
roughly follows a straight line through the origin with sloge of roughly 3. This
implies that if the dune size ratio before collision: d=A)pefore IS SmMaller than 1/3,
then coalescence occurs. Conversely, #A)pefore > 1=3, then two dunes result.

(Katsuki, Nishimori, Endo & Taniguchi 2005) and laboratoryexperiments of subaque-
ous barchan dune collisions (Endo, Taniguchi & Katsuki 20Q4yield results which
support our hypothesized interaction function charactestics. Additionally, a study
by Duman et al. (2005) using continuum numerical simulatims of three-dimensional
barchan dune interactions found an interaction function (Kjure 5.6) which also con-
sists of a continuous, monotonic relation between size rai before and after collision,
with f (r)! Oasr! Oandf(r)! lasr! 1.

5.2.2. Dependencies of the interaction function

The balance between the timescale over which the upwind dumeerges with the
downwind dune and the rate at which the downwind dune shrink¢and migrates
faster) is what determines the end result of a collision.

For example, the timescale over which the dunes merge is vesfiort if dunes
initially have very di erent sizes, as the relative velociy between the dunes is large.
The dunes will merge together before the downwind dune canrstk su ciently to
escape, whichiswhy (r)! Oasr! 0. Conversely, the rate at which the downwind
dune shrinks is more important if dunes are initially very snilar in size, because
the relative velocity will be low. As they will move towards ach other over a long
time period, the downwind dune will be able to slowly escapdtar becoming slightly
smaller than the upwind dune. The two dunes will end up closeteach other in size,
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Figure 5.5 . Plot of the area ratio of colliding dunes, before collisions. after.
Note the distinct zones of interaction results: coalescem®ccurs when the dune size
ratio before interaction is below some threshold (1/3); whethe ratio is above that
threshold, then the output size ratio generally falls along speci c curve, independent
of the absolute sizes of the dunes (the outlier corresponds the smallest dune pair
sampled). In the legend, the numbers given are the total nunelp of simulations which
yielded that particular type of interaction.
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Figure 5.6 . This plot was derived for three-dimensional barchan duneotlisions by
Dugan et al. (2005) and shows volume ratios of colliding bahan dunes before versus
after collision (the dots, along with a best t curve). It exhibits the same characteris-
tics as the interaction function shown in Figure 5.5: a thrdwld between coalescence
(c) versus all ejection-type interactions (b/bu/s: breedng, budding, solitary waves),
a single monotonic curve along which all points fall and whicpasses through (0,0)
and probably (1,1). The straight line shown has a slope of one
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sof(r)! lasr! 1.

However, the range of the interaction function does not ingtle the end-point (1)
as it is not possible for an interaction to yield two exactly isnilar dunes { these two
dunes will move at exactly the same velocity, whereas an ejed dune must be able to
move away from the upwind dune. By similar reasoning, the doamn of the function
also does not include 1 as it is not possible for dunes mignagi at the same velocity
of collide. The range (but not the domain) does include O asrig as coalescence can
occur.

A continuum between these two e ects is expected, as the tirmeale over which
dunes interact will increase as the disparity between thezgs of the two dunes in-
creases. This yields a continuous, monotonic function.

In summary, we expect an interaction function to have the ftdwing characteris-
tics:

f:(0;1)! [01),

continuous and monotonically increasing,
f(r)! Oasr! O,

f(r)! lasr! 1.

The exact form of the function will depend on factors which $ehe timescale over
which the dunes interact and the rate of the sand exchange beten the dunes. In
the continuum dune model, for example, one way to change thate at which sand
is exchanged is by increasing the aspect ratio of the sepacet bubble ( ). This
lengthens the shadow zone of the upwind dune, causing the fad the downwind
dune to be caught in that shadow zone and arrested sooner. ThHewnwind dune,
thus, loses more sand before the upwind dune begins to gaimda As the growth
of the upwind dune is delayed relative to the shrinkage of thdownwind dune, the
downwind dune will need to shrink more to become the smallef the two. When
the downwind dune is nally ejected, it will be smaller (and he upwind dune will be
larger), causing the interaction function to be lower (i.e.f (r) will decrease8r where
f(r) > 0). Conversely, if the length of the separation bubble is dezased, then the
interaction function will be higher. Test simulations haveshown this to be the case,
although the e ect was small (Figure 5.7).

5.2.3. Implications of the crossover value

Our interpolated interaction function for transverse dune (Figure 5.5) is included in
this study to explain the general form of an interaction funton. The speci ¢ function

that was found through our two-dimensional dune simulatios, however, will not be
used in the remainder of this study because that functionabfm (where8r, f (r) <r)

yields coalescence-dominated dynamics.
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Figure 5.7 . This plot shows the best- t interaction functions for transverse dunes,
after using di erent separation bubble aspect ratios () in the continuum dune model:
from top, =3, 6.5 (shown in Figure 5.5), 8, 10. As hypothesized,(r) decreases as
the separation bubble aspect ratio is increased (lengthewgy the length of the shadow
zone) due to its in uence on how quickly the downwind dune islde to lose sand.

When 8r 2 (0;1);f (r) <r, then in every collision the larger dune grows and the
smaller dune shrinks. As the smaller dune in every collisishrinks and eventually
coalesces with the larger dunes (for small enoughf (r) = 0), the dune eld perpet-
ually evolves into a system containing a smaller number ofriger dunes. This type
of dune eld dynamics will never yield a stable pattern of sinfarly sized dunes, and
will in fact never be stable (as shown in Proposition 1).

Proposition 1 (Guaranteed Coalescence)Let us consider a dune eld with a con-
tinuous in ux of dunes chosen from a xed size population witsome variance (i.e.,
not a delta-function). If this eld's interaction function f satis es the following:

1. 8r 2 (0;1); f(r)<r, and
2. 9r. such that8r<r ¢;f(r)=0,
then the dune eld will perpetually exhibit coalescent dymacs.

Proof. If the in ux dLﬁle size population is xed, then the average sie of a dune
within the eld (M = 7 Mp(M)dM, wherep(M) is the probability density of dune
sizes within the eld) WI|| be the same as the average dune siawithin the in ux
population unless coalescence occurs and the number of dumkecreases. Thus, it
is su cient to show that interactions resulting in coalescace will continuously occur
within the eld.
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This can be seen by considering the variance@{M ) (given by the second moment:
01 M?2p(M)dM). As 8r; f (r) <r, then mass is distributed from the smaller to the
larger dune (n! m andM! M+ , > 0), and:

(m )2+(M+ )2 = m*+M2+2(M m) +2 2
> m2+ M2 (5.7)

Thus, we see that the variance will increase with every bingrdune collision. As the
mean is unchanging (unless coalescence is occurring), this implies that, after
a su cient number of interactions, small dunes will be creatd that will experience
collisions with r su ciently small ( r <r ) that f (r) = 0. This will only be negated
if the dune eld becomes size-sorted (i.e., all of the smalludes are at the front
of the eld), but size-sorting cannot occur as long as the (®d) in ux of dunes is
continued. O

Conversely, wher8r;f (r) >r, then in all collisions the dunes become more similar
in size. Eventually, after many collisions, the dune eld wi always evolve into a
system of many similarly-sized dunes (with any remaining #isions occurring around
r 1), as shown with Proposition 2.

Proposition 2 (Guaranteed Patterning). Let us consider a dune eld with a con-
tinuous in ux of dunes chosen from a xed size population. Ithis eld's interaction
function f is such that8r 2 (0;1); f (r) >r. then the dune eld will evolve into a
system of similarly-sized dunes.

Proof. We agaim,consider the the variance of the probability dengitof dune sizes
within the eld ( 01 M?2p(M)dM). As 8r; f (r) > r, then mass is distributed from
the larger to the smaller dunefn! m+ andM ! M , > 0), and:

(m+ )>+(M )2 = m>+M2 2M m) +2 %

This is smaller thanm? + M2 only if < (M m), but this is within the de ned
limit of mass exchange (< (M m)=2)as the small dune cannot become larger than
the large dune (or it would be the large dune). Thus, we see that the variance will
decrease with every binary dune collision, implying that tb system moves towards a
population of similarly-sized dunes. O

In most systems, the variance will be kept non-zero throughize-sorting (as small
dunes escape at the front of the eld) and as the in ux is contiued (if coalescence
has occurred,M within the eld will be larger than the mean size within the in ux
population).

As one more extreme example: Br;f (r) = r, then dunes will behave similar to
solitons in that all interactions will preserve the sizes ahe dunes involved, as if the
dunes simply pass through each other.
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Most natural dune eld interaction functions will not correspond with one of
these examples (in particular, see Livingstone et al. (200for a discussion about the
unphysical nature of the soliton example). Instead, a natat dune eld interaction
function will probably be a combination of these extreme exaples, with some regions
wheref (r) <r, some regions wherk(r) > r , and transition points wheref (r) = r. In
these cases, the dynamics of the dune eld can be determineaisked on the interaction
function crossover value the valuer such that for all higherr < 1,f(r) >r. We
de ne the crossover value as the lower bound on the regieonnecting to (1,1)where
f (r) >r. An interaction function may have several regions where(r) r, but only
the region including (1,1) is of interest, as it is necessaffpr f (r) >r asr ! 1 for
interactions to actually push the system toward a eld whereall dunes are about
the same size. Additional lower regions whetfe(r) > r will a ect the timescale over
which the system evolves, but not the end state. Even in simations with a carefully
paired in ux dune population and interaction function (sud as a strongly-peaked
bimodal dune size distribution, with f (r) = r at the ratio of the two peaks and
r =1), eventually a collision results in one dune of su ciently di erent size that the
eld is pushed out of a patterned formation.

To further see thatr , as de ned, is the important parameter, we approximate the
interaction function as a map from interval [Q 1] onto itself. In a true discrete-time
dynamical system wherd (r) is iterated over the unit interval, we have an invariant
set (r ;1) which is bounded by an unstable equilibrium point () and the stable
equilibrium point (1) (i.e., applying f"(r)! l1asn!1 ,ifr 2 (r ;1]. Although this
is not a perfect approximation to the interaction function @s dunes do not repeatedly
collide with each other: although a given collision may have > r , subsequent
collisions involving those dunes may involve other dunesdhare su ciently di erent
in size to yieldr <r ), the argument still applies as a collision which has>r will
yield dunes which are each more likely to have subsequentlsibns which involve
r>r (as the variance of the system has decreased, as discussedroposition 2).

Thus, for a dune eld model to possibly form a stable patterng system, its in-
teraction function needs to haver < 1. Generic interaction functions with this
characteristic (in addition to those characteristics outhed in subsection 5.2.1) will
be considered in constructing the dune eld model.

In Diniega et al. (2010), we showed that the precise detaild ¢the interaction
function are unimportant, and only the interaction function crossover value has a
signi cant in uence on the end state of the simulation. Basd on this, we use simple
piecewise-linear functions (Figure 5.8) for the remaindeaf this study, where the only
adjustable parameter isr .

5.2.4. Other studies and their interaction functions

As we showed above, if =0 (8r; f(r) > r), the system will always achieve a
pattern of similarly sized dunes. Conversely, f =1 (8r; f (r) r), the system will
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Figure 5.8 . Examples of the piecewise-linear interaction functionssed in the re-
mainder of this study; r = 0:1 (thin), r = 0:5 (medium), andr = 0:8 (thick).
Simulation tests showed the exact functional form is not imprtant when considering
the end state of the simulation { only the crossover valuer () matters. Thus, simple
functions like these can be used as valid representativesatif reasonable interaction
functions with the samer .

never have a stable patterned structure. This latter is the ase we found with our
two-dimensional simulations of colliding dunes (Figure 5): 8r; f (r) <r, so zero
was an attractive xed point and the dune eld moved toward pefect coalescence as
long as collisions occurred.

This was an odd and unexpected result, as a study by Pelleti¢€2009) had man-
aged to simulate the creation of patterned transverse duneelds (Figure 5.9) using a
discrete model. A key di erence between our model equatiomencerned the calcula-
tion of the shear stress exerted by the wind. In Pelletier (Z®), a nonlinear correction
was introduced to account for the added turbulence that del@ps as ow compresses
over steeper slopes, causing a decrease in shear stress: ;4 (1 wh2), where
is the shear stress calculated with the Jackson-Hunt moddEquations 3.1 and 3.2).
In adding this modi ed shear stress calculation into the biary collision simulations,
the interaction function did change in form (Figure 5.10) ad was shifted upwards
asr ! 1; however it still did not yield anr < 1. Additionally, even the use of the
linear Jackson-Hunt shear stress calculation within the dcrete model appeared to
generate stable dunes (Figure 5.9). Thus, other di erencdsetween the model used
in Pelletier (2009) and this study must account for the creabn of the pattern, as
the in uences of collisions and sand ux are not su cient. Curently, no continuum
transverse dune model has resulted in a patterned dune eld.

The interaction function derived for collisions between br@han dunes in previous
studies (e.g., Duan et al. 2005) all haver < 1 (r 0:12 in Figure 5.6), which
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Figure 5.9 . Plot of normalized bedform height fi=z) versus time for a discrete
bedform evolution model using a linear (open circles) and nlinear (close circles)
shear-stress calculation (Pelletier 2009), based on an eage of ten simulations. With
short evolution times, height and spacing grow proportiortaly to the square root of
time (dashed line); over long-times, the dunes reach a stgadtate condition in which
height and spacing do not increase signi cantly with time. kgure is taken from
Pelletier (2009).

accounts for why those studies created patterned dune eld&Ve extend the results
of those studies, in showing that whem < 1, the interaction functions may yield a
patterned structure.

5.3. Field Model Description

As it is not reasonable to use the dune evolution model to exame the evolution and
interactions of the hundreds of dunes within a eld, a multisale approach is instead
used. Within the dune eld model, the dunes themselves aredated as particles with
morphologies and dynamics approximated using simple phenenological relations,
such as the interaction function.

5.3.1. Approximation of single dunes

Rather than keep track of every degree of freedom in the comtium model, it is useful
to only track dunes according to their size and location. Toetermine when dunes are
close enough to interact, we make reasonable assumptionabtheir morphology
and zone of in uence. Dune shape is assumed to be scale-imsat, approximated as
a triangular wedge with a stoss aspect ratio of 10 (Parteli,cBwammle, Herrmann,
Monteiro & Maia 2005), a lee aspect ratio of :5 (angle of repose), and a separation
bubble with an aspect ratio of 6 (Schatz & Herrmann 2006) (Fige 5.11).
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Figure 5.10 . Interaction function (large black markers) found with a mali ed shear
stress calculation, which takes into account the decrease shear stress over steep
slopes, due to turbulence that develops as ow compressese(letier 2009). This
function steepens for higher values, as compared to the function found with our
dune model (small gray marker), but still hasr = 1. Markers follow the convention
of Figure 5.5.

The dunes move with a velocity inverse to their crest heightAndreotti et al.
2002); i.e., v k=H. The coe cient k varies between actual dune elds (Bagnold
1941). In this study, it is arbitrarily set at 100m2=yr.

5.3.2. Interactions and initialization: particle model

We initially attempted to use a Smoluchowski coagulationytpe study to analyze dune
eld evolution (described in Appendix C), as such equationare commonly used to
describe the evolution of large populations (by evolving # number densityP of
particles of sizex at a time t). Unfortunately, the dune eld system su ciently di ered
from the physical systems considered by Smoluchowski eguais (such as molecular
interactions within a vapor) that this approach became unwéldy: as sediment comes
from a point or line source, it made more sense to use a semnite eld instead of
periodic boundary conditions; secondly, dunes do not codgte, but instead exchange
mass when they collide. Thus, this approach was abandonedavor of a deterministic
particle model.
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Figure 5.11 . Approximation of the morphology of a dune, with xed stoss apect
ratio of 10 and lee aspect ratio of 1.5. This shape is used taeenine the dune's zone
of in uence as a function of area - two dunes interact when theeparation bubble
(with aspect ratio of 6) of the upwind dune touches the foot othe downwind dune,
as shown.

Our particle dunes move within a one-dimensional semi-inite eld. Collisions
occur when the foot of the downwind dune is touched by the sedion bubble of the
upwind dune. The distance between dunes after collision ialculated the same way,
with the downwind dune located just outside the separation ubble of the upwind
dune.

The results of dune collisions are governed by the interaoti function, which
relates the size ratio of the dunes before collision to thezsiratio of the dunes after
collision (as described and derived in subsection 5.2.3)n bur dune eld model,
collisions occur instantaneously once dunes are close egioto interact.

Initial cross-sectional areas for the dunes (for either iti@l or in ux dunes) are
taken from a speci ed range with uniform distribution. Whenwe consider a semi-
in nite domain with an upwind in ux of dunes, we assume a cor&nt mass in ux rate
of 30m?=yr to relate injection frequency to dune size. In general, thisorresponded
to 1000 in ux dunes per 1000 years for simulations run with a sianean dune
size M =40m?), and 400 when a larger mean dune siz&( = 100m?) was used.

5.3.3. Model assumptions

Here we highlight and explain several assumptions we have dea(in decreasing im-
portance) in designing our dune eld model:

1. Sand ux e ects are ignored. This means that dunes only change size when
they collide and the total size of colliding dunes is consesgt during a collision
(i.,e., (@+ Adpefore = (a+ A)atter)- In reality, sand can be lost or gained by
dunes between and during collisions (Elbelrhiti et al. 2008 Including this
sand ux, however, adds an additional layer of complexity othe model, and
such processes are not currently constrained by observatgoor experiments.



61

The e ect this assumption may have on simulation results wilbe addressed in
subsection 5.4.3.

2. The interaction function is assumed to be spatially and teroglly constant.
Dune collisions occurring at di erent times or locations a& assumed to obey
the same interaction function. The interaction function, lowever, may depend
on local conditions, such as the type of sand included in theudes. As timescale
is not considered, in this study it is not important that the interaction function
may change shape. If the interaction function crossover va should change
temporally or spatially, however, as is suggested in Besl¢2002), then this
could impact the end state of the dune eld. The physical imptations of this
will be discussed in subsection 5.4.3.

3. Collisions happen instantaneouslyWe considered this to be an acceptable ap-
proximation as we observed that the time between collisionsas much longer
than the collision timescale in our simulations. Additiondy, this simpli es the
collision-dynamics as only two dunes can collide at a time.

4. Dune sizes are chosen from a uniform distributionAlthough physical systems
generally have other types of distributions (e.g., Gaussi a uniform dune size
distribution will be used in this study as its structure is the simplest. This will
remove one level of complexity from analysis of simulatioesults. Additionally,
we will discuss the e ect of a Gaussian distribution of duneizes in subsection
5.4.3.

5. The dune shape and zone of in uence are speci ed somewhatiaduily . Both
of these will a ect the timescale of dune eld evolution, andhe zone of in uence
directly relates to the interdune spacing of a patterned sysm. These values will
have no e ect, however, on whether or not a system will form able similarly-
sized dunes, which is the focus of this study.

6. The value of the constant in ux rate and the coe cient in the \elocity relation
are also arbitrarily speci ed. Again, both of these constants will play a role in
the timescale over which the eld attains its end state. As Inog as dunes are not
injected on top of one another, they have no other in uence otihe simulation.

5.3.4. Possible eld end states

This study is concerned with thelong-time behavior of dune elds { with this as-
sumption, a dune eld can evolve towards two possible outcaes: (1) a dynamic
equilibrium is established where all dunes are and remaimslar in size; we call this
end statequasi-steady(for example, the crescentic dunes in White Sands, New Meaic
or the martian dune eld shown in Figure 1.2); or (2) the eld may undergorunaway
growth, with one or a few dunes continually growing through coalesoce with upwind
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dunes (a possible example of this type of dune eld structuren Mars is shown in
Figure 1.3).

Let us emphasize that because we are concerned with only thedestate of a
simulation, the exact timescales for evolution are not coiered in the following
tests. The e ect timescale will have when model results areompared with actual
dune elds will be discussed in subsection 5.4.3.

In the quasi-steadyend state, all dunes have approximately the same size and
interdune spacing { the epitome of a patterned dune eld. Theeld will evolve into
the following characteristics:

Since the dunes will become similar in size, they will move tviapproximately
the same velocity and, thus, rarely interact with each other

The interdune spacing will be similar across the eld, as tlsi quantity depends
on their de ned zone of in uence, which depends on their sigsubsection 5.3.2).

Even if new dunes with a range of sizes are introduced (e.gayough an in ux
condition), interactions ultimately yield dunes of simila size with the rest of
the eld.

This end state is characterized by a linear increase in the mber of dunes and
a steady mean dune size.

In the runaway growthcase, one or a few dunes become large enough relative to
their surrounding dunes that all future interactions occurbetween very disparately
sized dunes( small), which results in the larger dune getting still large(and coalesc-
ing with all smaller upwind dunes). This will result in the fdlowing characteristics:

The system will eventually settle into a size-sorted eld, wh dune size mono-
tonically decreasing with distance from the upwind boundar

In ux dunes will generally be smaller than the dunes found abr near the be-
ginning of the eld, so will interact with a few dunes at the bginning, generally
losing sand and eventually coalescing with an anomaloushrgie dune.

This causes the number of dunes in the eld to be quasi-consia

If periodic boundaries had been used, then no size-sortingncoccur and the
nal outcome is just a single large dune.

5.4. Results

Our results show that a dune eld's end state depends only omé interaction function
crossover value and in ux dune size distribution's standal deviation/mean ratio. The
way in which these two parameters are coupled can be seen molgarly in Figure
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5.12, which shows a simulation's end state as a functioniofand =M . A boundary
between parameter values yielding a quasi-steady or runayvgrowth end state clearly
exists. To understand this coupling, we utilize a probab#itic approach to predict the
evolution of a dune eld.

5.4.1. Threshold between end states

As it is not clear how to estimate the probability that a dune eld will enter a
speci ¢ end state, we instead ask how probable it is that a sghe collision involving
an individual downwind dune of mean in ux size M) will involve an upwind in ux
dune of sizea such thatr = a=M >r , ora > Mr ? As discussed in subsection
5.2.3, interactions involvingr > r push the dune eld towards a quasi-steady end
state because the collision results in more similarly-saa&lunes.

The reason that the probabilistic outcome of an individual dne collision should
be related to the predictions of a dune eld's end state is retts from the nature of the
runaway growth end state: the runaway growth end state inveks a small number of
dunes becoming substantially larger than the rest of the den eld through collisions.
If the probability is low that interactions between subsegant in ux dunes (i.e., near
the beginning of the dune eld) will yield dunes more similain size ¢ >r ), then it
is more likely that a single dune can eventually become dispdely large enough to
enter into runaway growth. Furthermore, as runaway growthnvolves a dune growing
through collisions, the initial size that we consider is soewhat arbitrary { so we
consider the probability with regards to the mean sized in o dune.

We hypothesize that calculating the probability thata > r M for the lowest
r which yields runaway growth will yield insight about the boundary between the
possible simulation end states. The results of many simulahs are shown in Table
5.1, where it can be seen that the probability at the boundarpetween the two end
states is consistently very large. We can see in Figure 5.12at as long as the size
distribution of the in ux dunes is not overly wide ( < 0:5M), even with a 90%
probability that any single interaction will involve a massratio r >r and will yield
more similarly-sized dunes, the simulation will still acléve runaway growth.

Physical implications of this probabilistic analysis are @cussed in subsection
5.4.3.

5.4.2. Inuence of other model parameters

We have shown that whether or not a dune eld model achieves atterned structure
depends intimately on the interaction dynamics and dune famation. Thus, both of
these processes need to be well constrained before a modal lma compared to a
physical dune eld. If one is only interested in predicting he end state of the sim-
ulation, however, just one parameter in dynamics (the intexction function crossover
value) and and one parameter in dune initialization (the inux condition's standard
deviation/mean ratio) need to be constrained. Theoreticdy, if an actual dune eld is
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Figure 5.12 . Plot showing the model end state, as a function of the intecsion
function crossover value and the standard deviation/meanatio (uniform distribu-
tion). Notice the clear boundary between the regions cornesnding to each end
state: quasi-steady state (squares) vs. runaway growth fcies). This boundary
is consistent between simulations with a mean in ux dune sizof 40nt (small point
markers) and 100 (large point markers). Additionally, it is not linear, but i s roughly
bounded (when standard deviationr< 0:5 mean) by the trendlines corresponding to
a 100% (dashed) and 90% (solid) probability that a collisiomvolving a downwind
mean-sized dune will have a mass ratio>r and thus result in two similarly sized
dunes.
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dune size| mean | threshold | probability at
range [nT] | size (M) r threshold r
10 70 40 0:4 90%
25 55 40 0:6 100%
35 45 40 0:9 90%
25 175 100 0:4 90%
50 150 100 0:5 100%
80 120 100 0:8 100%

Table 5.1 . Table showing the probability that a collision involving amean-sized
in ux dune will yield more similarly-sized dunes, for simuditions with di erent in ux
ranges, and at the lowest yielding runaway growth. If the dune range given is the
uniform distribution [c;d], then the mean sizeM = (c+ d)=2, and thB probqpilﬂy
P@>Mr )=1 P(a<Mr )=1 (Mr o¢o=d ¢o=(M Mr 3)="12.

patterned and appears to be stable, then nding one of thesevb parameters should
also yield information about the other.

Many other structural factors do a ect the timescale over with the simulation
achieves its end state, however, which by extension a ectsude size and interdune
spacing (Table 5.2). This means that unless a physical duneld has achieved its end
state, these other factors (such as dune velocity and initigonditions) must also be
constrained to reliably compare simulation results with ofervations.

5.4.3. Physical implications

As was shown in subsection 5.4.1, a dune eld will achieve raway growth even if a
high probability (90%) exists that an average collision neathe spatial beginning of
the dune eld will result in similarly sized dunes ¢ >r ). An even larger probability
is needed for the eld to achieve a quasi-steady end state { wdh relates to a very
careful coupling between the in ux condition and the interation function crossover
value; given this, it appears surprising that most observedune elds do not appear
to be in a state of runaway growth.

Assuming the premise that the dune eld model presented in gon 5.3 ade-
quately captures the results of dune collisions, there aréree extreme explanations:

1. Collisions are the dominant stabilizing mechanism for ce elds. Thus, for
most dune elds to appear patterned, the physical system { th the environ-
mental conditions which in uence dune formation and the ingraction dynamics
{ must naturally fall into the small window needed for this to occur.

2. Collisions may play a role in redistributing sand from lage dunes to small
dunes, but the model is incomplete. Other processes (e.guterdune sand ux
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Structural element E ect
Interaction function: Form (e.g., steepness) timescale

Extent of coalescence zone| timescale

Multiple regions of f (r) >r | timescale

Crossover value end state
Initial conditions: negligible as long as not
containing dunes overly
large compared to the in-
ux, and su cient time is
given for them to be as-
similated/run ahead
In ux condition: Mean value timescale

Standard deviation/mean end state

Table 5.2 . A summary of di erent dune eld model components, for a modewith
semi-in nite boundaries, and the e ect each component hasnothe model's end state
results. Any component which a ects timescale will also a et dune size and spacing
evolution. In this study, we were primarily interested in thre simulation's end state.

or intra eld dune nucleation) or factors (e.g., variationsin in ux) are needed
to increase the stability of patterned dune elds.

3. Patterned dune elds are not stable landforms. The timesde over which a
dune eld destabilizes, however, is very long compared to ¢htimescales over
which its environment changes.

The rst point is a plausible explanation for barchan elds, as numerical simula-
tions of barchan dune interactions yield interaction fundbns with very low crossover
values, which means the in ux distribution does not need to & tightly constrained
for the dune eld to possibly become patterned. For exampleDuian et al. (2005)
found anr 0:12 (volume ratio) for zero-o set collisions between barchmes (Fig.
5.6). Using a crossover value that low in this model (transted to r = 0:16 for the
cross-sectional area ratio by Lee et al. (2005)), and assungia uniformly distributed
area in ux starting with 10m? ( 1m height), the upperlimit on the in ux distri-
bution can be as high as 110t( 5m height) and the system will still achieve a
guasi-steady state. Additionally, even if the crossover \ize is higher, it seems rea-
sonable to assume that dune initialization should result ira narrow range of dune
sizes, so still yield a quasi-steady end state.

In Section 5.2, we showed, however, that simulations of tramerse dune collisions
yield r = 1. In this case, if transverse dune elds do achieve stableafterned
structures, the second explanation must be correct. Alteatively, the third point is
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correct (or the original premise is wrong).

The second explanation (that the model is incomplete) needs be carefully eval-
uated, as size- or age-dependent dune eld stabilizing presses do occur. For ex-
ample, large barchan dunes can be destabilized through wimndriations and dune
collisions, as long-wavelength perturbations form on theanks of these dunes and
break away. This prevents any dunes from becoming overly g and increases the
likelihood that a dune eld will remain patterned. Intra el d dune destabilization has
been studied in the eld (Elbelrhiti et al. 2005, Gay 1999),n the laboratory (Endo,
Taniguchi & Katsuki 2004), and in three-dimensional continum simulations (Du@an
et al. 2005, Katsuki, Nishimori, Endo & Taniguchi 2005, Elblkehiti et al. 2008).

The results of dune collisions may also depend on local caimhs, such as the age
of dunes involved or the type of sand making up the dunes. In Bler (2002), on-going
dune collisions were studied in di erent elds in the Libyandesert, and the apparent
collision results in each locale were compared with the dwigranulometrics. In that
study, it was hypothesized that a downwind dune made of softand ner grains was
more likely to coalesce with the colliding upwind dune, whal a downwind dune made
of more compacted and coarser grains was more likely to havecallision result in
ejection. As younger/smaller dunes are more likely to conia softer, ner grains,
and older/larger dunes are more likely to contain more compged, coarser grains
(Besler 2005), this would mean that large dunes would be lefisely to coalesce and
enter runaway growth.

The rate of sand redistribution through these processes afod their e ect on the
dune eld's interaction function, however, still needs to le quanti ed through numer-
ical simulation, observation, and/or laboratory experimats, before these processes
can be included in a dune eld model.

The nal explanation is in reference to the fact that, in thismodel, the timescale
of collisions was ignored and the rate of migration and dunajection were arbitrarily
speci ed. This is acceptable as long as we are concerned owiyh the dune eld's
end state. However, if the timescale over which a dune eld hieves runaway growth
is overly long, environmental conditions may vary or the dua eld may run into a
physical boundary long before the dune eld will reach thistate. Currently, there is
no reason to expect that the timescale over which runaway gmth occurs should be
very long. In this study, our choice of parameters yieldedriiescales on the order of
a century (which is consistent with estimates by Hersen et a{2004)).

However, long timescales may play a role if the actual diskiiution of dune sizes
is strongly-peaked. With simulations that were run with Gagsian in ux dune size
distributions (with comparable =M as were used with uniform distributions, and
with a low-end cuto at 1m?), runaway growth occurred at lower crossover values
(Fig. 5.13), but after much longer time periods (10 100 times longer). This was
unexpected, because we had hypothesized that a peaked digition could have the
same standard deviation/mean ratio value as a uniform distoution, and be far less
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likely to have a su cient number of small r interactions for the dune eld to achieve
runaway. The “tails' of the distribution ended up being morén uential than the peak,
however { very large or very small dunes had a very low probdiy of being injected
into the dune eld, but after a very long time it was more likely that an apparently
“stable’ patterned dune eld would become destabilized anenter runaway growth.

The peaked nature of the distribution did exert a “stabilizig' in uence on transi-
tory dune eld dynamics { in a few cases with intermediaryr values, a eld would
appear to switch from quasi-steady state to runaway growthral then back. Addition-
ally, when simulations were run with tail-less Gaussian disbutions (which is a more
physically realistic distribution), the observed decreasin the threshold crossover val-
ues disappeared. The impact of using a realistic in ux duneize distribution should
be more thoroughly studied in the future.

0.35

025  Runaway growth

influx dune population s / M ratio
o
N

u} o o o o
J ooooo\oO Q9 o
o o @ o o o o

005'1:I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
crossover value

Figure 5.13 . Plot showing the model end state, as a function of the intecsion
function crossover value and the standard deviation/meanatio (Gaussian distribu-
tion). Notice that the boundary between the regions corresmding to each end state
(roughly demarked by the solid trendline): quasi-steady ate (squares) vs. runaway
growth (circles), is at lower crossover values as compareal the results with uniform
distribution (dashed trendline). However, simulations rquired 10 10 longer times
to achieve an end state. Additionally, the left shift in the lundary disappears if the
tails are removed from the Gaussian distribution. As in Figte 5.12, the size of the
point-markers denotes the mean of the dune size distributio

5.4.4. Possible future model improvements

As discussed in the second point in subsection 5.4.3, somalidnal physical pro-
cesses may need to be included before the model can provides aisntly complete
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picture of dune eld evolution. For example, the model may b@nproved by including

(i) sand ux between and during collisions, (ii) dune destallization between and dur-
ing collisions, and (iii) variations in the in ux condition or interaction function. Ad-

ditionally, if the model is to be expanded to consider evolign of a three-dimensional
dune eld, dunes would be able to split into more than two dung after a collision
(Duian et al. 2005, Katsuki, Nishimori, Endo & Taniguchi 2005).

As long as the processes and e ects considered are assume@dour during a
collision (such as sand ux, dune destabilization, and/or digher number of resultant
dunes), then the model would not need to signi cantly changim structure. The e ects
of sand ux and dune destabilization during a collision cowd simply be added into
a higher-dimension interaction function (e.g., the total ige of the dunes and the size
ratio after collision could be a function of the size ratio ath total sizes of the dunes
before collision), and the interaction function could re et the formation of more
than two dunes by calculating multiple after-collision sie ratios. Thus, although the
function would doubtlessly be much more complex, it is unlédy that the nature of its
e ect on the dune eld's end state would signi cantly changefrom what is presented
in this study; i.e., it is likely that the \crossover surfacé would still be the only
in uential component of the interaction function in the anaysis about the end state
of a dune eld.

Another possible addition to the model would be to include taporal or spa-
tial variations in the interaction function (e.g., becauseof granulometric sand type
changes in the dunes (Besler 2002)), or temporal variatioms the in ux condition
(e.g., because of changes in local vegetation or sand supply this case, the range
of possibler and/or =M values, and the rates of parameter change would need to
be incorporated into the analysis, as those factors could gl a dune eld between
end states. For example, if the interaction function crosser value could widely vary
over short time/spatial scales, a dune eld that would be expcted to enter runaway
growth at the mean crossover value could in fact be stabilideas large dunes would
break up before becoming su ciently larger than the surrouding dunes. If, instead,
the in ux dune population's standard deviation changed ovwelong time periods, an
apparently patterned dune eld could be destabilized.

Furthermore, if the variation in range and period of these pameters were properly
coupled, it should be possible to see oscillation betweenettwo end states. In fact,
all of these di erent types of behavior (apparently runaway! patterned, apparently
patterned ! runaway, and oscillatory) have been observed in simulatisnwith a
Gaussian distribution of in ux sand dunes (see subsection43).

To complete the model, it may also be necessary to allow duneotution between
collisions { such as through sand ux or dune destabilizatio. These types of inter-
collision processes, however, would be more problematicddd into the model, as
now dune evolution is partially uncoupled from the collisins. New analysis would
needed to carefully determine inter- and intra-collision whe size evolution functions,
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and related parameter(s) would need to be constrained.

Finally, if we are to include temporally or spatially varying parameters, and/or
inter-collision dune evolution in the model, then timesca becomes an important
concern. Dune evolution can now occur continuously (e.ghrough intra- and inter-
collision sand ux), semi-periodically (e.g., with a varyng in ux condition), or even
stochastically (e.g., storm-caused destabilization ofrige dunes). With these di erent
timescales, superimposed periodicities between dune gtiowand destabilization may
occur, possibly resulting in pseudo-periodic or chaotic #shing between the runaway
growth and quasi-steady states.

As we can see, a more \complete" model can quickly become mumalre complex
{ and interesting. However, to properly include these proases in the model, identify
in uential parameters, and be able to derive predictions atut a particular dune eld,
a far better understanding of these processes is needed. $haxperimental and eld
work is vital in providing a quanti cation of the timescalesand e ects these di erent
processes have on dune and dune eld evolution.
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6. INFLUENCE OF BEDROCK TOPOGRAPHY

As we have shown, interactions between air ow, sediment treport, and topography
have a large impact on the formation and distribution of ae@n landforms, such
as dunes; Chapters 2 and 3 described in detail how dunes arenfed through a
feedback between dune topography and wind-induced sedirhé&ransport. However,
it is not well-understood how non- at (non-erodible) bedrak topography will a ect
dune formation and evolution; despite (or perhaps becausg this, geological studies
will often attribute strange dune forms to the e ect of terran. For example, the shape
and orientation of Antarctic ‘whaleback' dunes was attribted to underlying moraine
structure (Calkin & Rutford 1974, Selby et al. 1974) (a studyby Bristow et al. (2009)
showed that this was not the case).

In this chapter, we investigate the e ect of non- at bedrocktopography on isolated
dune size and migration. Those results will then be extended the e ect that terrain
will have on binary dune collisions, and related dune eld elution.

6.1. Physical Description

Numerical dune simulations are generally run with a at bedock layer, whose only
e ects are to halt erosion beyond a baseline (e.ch,= 0) and to enhance saltation over
exposed bedrock. However, dune elds are found in non- at gmonments: martian
dune elds are often found inside of craters (Fenton et al. 2&) and mountains and
valleys shape the dune elds on Earth (Gaylord & Dawson 198¥Viggs et al. 2002)
and Mars (Bourke, Bullard & Barnouin-Jha 2004). However, its not well-understood
how to include relevant topography within the model withoutgreatly complicating
the simulation or obscuring features of interest.

Additionally, detailed topographic information is often rot available for inclusion
in the models. In these cases, an understanding of the conti@c between dune mor-
phology and underlying topography could be used to reverssgineer estimates of
terrain slopes based on observed dune morphology. For exdeymualitative analysis
of this type is currently being done for Titan. We have almosho topography informa-
tion about this moon of Saturn, but comparative analysis beteen dune terminations
on Titan and dunes in the Namibian desert has yielded infornti@n about the sign
of topographical slopes (i.e., topographic highs vs. lows)n some places, this dif-
fered from topographical inputs to global atmosphere cir¢ation models (Radebaugh
et al. 2010); analysis of dune forms also yielded oppositendidirections (Radebaugh
et al. 2008) from those predicted by the atmosphere model, tbbahanging the topo-
graphical inputs yielded more consistent results (Radebgh et al. 2010).

Here we present preliminary attempts to study the in uence épography exerts
on the migration and shape of an isolated dune. We will extenthese results to
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gualitatively estimate e ects within large-scale and morecomplicated dune elds,
but note that current numerical experiments have the folloimg limitations:

As the simulation is two-dimensional, the perturbations casidered are perpen-
dicular to wind ow, causing obstruction of sediment transprt or sheltering
e ects. We do not consider the e ect of channeled air ow or dter three-
dimensional e ects.

To more closely identify and quantify the in uence of topogaphy, we restrict
ourselves to only small and simple perturbations: a Gaussi#ill or an upwards
or downwards step.

Future studies should consider more complicated underlygntopography, and will
require validation through quantatitive comparison with dserved dune elds.

6.2. Inuence of Terrain on Isolated Dune Evolution

Numerical experiments in non-dimensional space were usaxihvestigate how dune
shape and migration dynamics changed as a dune moved overdgpaphy { a Gaus-
sian hill of speci ed height and standard deviation or an upard/downward step of
speci ed height (Figure 6.1). Simulations were initializd with isolated dune pro les
that were found to be steady-state over a at surface, with doe area of 100-400.
Results from these control simulations with dunes of size Q2280, 400 (the results
generally shown in gures) are listed in Table 6.1.

Dune area| height | length | migration velocity
120 7.53 | 43.48 0.3401
280 11.74 | 63.10 0.2227
400 14.09 | 74.33 0.1864

Table 6.1 . Table showing dune shape and migration values over at togwaphy.

6.2.1. Over a smooth hill

As shown in Figures 6.2-6.4 (0.5, 1 and 5-high Gaussian hiltespectively), the dune's
shape and migration rate varied both before and after encotaming the hill, within
a zone of perturbation. After encountering the hill, the due adjusted back to its
original shape and migration rate.
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Figure 6.1 . Diagrams showing simulation ground initialization for iwvestigating
the in uence topography will have on dune migration and evaition. We focus on a
bedrock Gauss'tan hill (top):y = Aexp(-(x 100¥=2 2) or upward/downward step
A x 2 [100Q 300]
0 otherwise

and standard deviation = 10; the step example has heighA = 1.

(bottom): y = . The Gaussian hill example has heighf = 1

6.2.2. Over upward and downward steps

As was found with the Gaussian hill, the dune's shape and mafion rate were
changed upon encountering a step, and then readjusted withia zone of pertur-
bation. Figures 6.5-6.7 show changes in dune migration rateeight, and length for
steps of 0.5, 1 and 2-high, respectively.

Upon encountering the upward step, the lower portion of theuhe became caught.
This caused the dune crest to migrate faster, as e ectively smaller dune (the upper-
portion only) was migrating forward, over the step. This cased the dune height
to decrease and the dune length to increase. However, as thgpear-portion moved
forward, the lower portion of the dune was then exposed to theind and began to
also move over the step, causing the dune length to decreageléss than the regular
amount). Finally, after some distance from the step (whichnicreased with both dune
and step size), the dune adjusted to nearly its original shapand migration rate.

The reverse happened upon encountering the downward stephd& dune initially
slowed down when it reached the step, as sand was shelteretiibd the step. As the
sand pile behind the step grew to be taller than the step, thepper portions were
exposed to the wind and began to migrate with a dune migrationelocity higher
than the original velocity. Eventually, most of the sand reacumulated within the
dune and it adjusted back to a steady shape and migration rataVhen the step was
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Figure 6.2 . Plots showing the changes induced in dune migration rateglght, and
length by a 0.5-high Gaussian hill located at 100, with staradd deviations of 10
and 20 (thick lines). Dunes plotted had sizes of 120, 280, ad@0; the bottom plots
contain values normalized by the values found with no topogphy (Table 6.1).
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Figure 6.3 . Plots showing the changes induced in dune migration rateglght, and
length by a 1-high Gaussian hill located at 100, with standar deviations of 10 and
20 (thick lines). Details are as described in Figure 6.2.
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Figure 6.4 . Plots showing the changes induced in dune migration rateglght, and

length by a 5-high Gaussian hill located at 100, with standar deviations of 10 and
20 (thick lines). Strange behaviors occur when the dune hbigs comparable to the
topography height; for example, the 120 dune (7.5-high) apars to move backwards
as it encounters the 5-high hill, temporarily morphing intoa two humped feature.
Neither the 120 nor 280 dunes survive migration over the si@é-high, 10-standard
deviation hill (they both became stuck behind the hill, and bwly leaked sand), and
even the 400 dune loses sand (height drops to0:75 original value). Plot legend is
as described in Figure 6.2.
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much smaller than the dune (e.g., Figure 6.5), the dune negrtecovered its original
shape and size. When the step was comparable to the dune heighlarge fraction
of the dune mass became trapped behind the backward step, seg the nal dune
size to be much smaller; this is especially visible in the ddrences between dunes in
Figures 6.6-6.7.

6.2.3. E ect on isolated dune evolution

With both the Gaussian hill and steps, the change in dune migtion speed (and asso-
ciated changes in dune shape) depended primarily on the tagaphy to dune height
ratio (Figure 6.8); we found a near-linear relation betweethe maximal fractional
change in velocity and this height ratio. Generally, the maxum change in velocity
over an upward step was an increase, and the maximum changesioa downward
step and a Gaussian hill was a decrease. Exceptions occurvdten the perturbing
topography's height was large; in these cases, sand was lwsthe sheltered lee of the
topography or due to leakage during the encounter, which néléed in a smaller dune
size and higher migration velocity.

We also investigated the length of the zone of perturbatiorbth before and after
the topography; Figure 6.9) to investigate the spatial extet of transitory changes in
dune shape and migration rate. We found that:

The distance over which the dune was perturbed in shape andzsibefore a
step was independent of dune size and increased with the peliation height.
Before the Gaussian hill, the dune was perturbed much eanigoughly one dune
length); perturbation lengths in this case exhibited nonhear dependencies on
dune size and perturbation shape.

After encountering either a step (upward or downward) or a Gassian hill, the
distance over which the dune adjusted back into a steady-seashape seems to
depend on both the perturbation size and shape. In most casékis distance
scales roughly with dune length: 2 3 times the pre-perturbation dune length.

6.3. Implications for Field Evolution

Based on these preliminary numerical experiments of how tain changed the evolu-
tion and behavior of an isolated dune, we begin to estimateéhin uence of topography
on dune eld evolution.

6.3.1. E ect on dune collisions

Dune migration over topography will alter dune collision dpamics and the interac-
tion function due to induced changes in dune migration veldtg. Changes in dune
velocity have a large in uence on the amount of sand excharmgy¢hroughout a dune



78

Migration velocity Dune height Dune length
0.36 8.5 55
I 8 50
w034 7.5
< 7 45
0.32 6.5 40
0 200 400 0 200 400 0 200 400
0.23 . 125 80
0 1 !
o ;e n " " i
& 0.225 DN N 12 I N 70 !
N [ ; umemees- Lo_ + ~=='\ R - ‘\
1 \,-"'"" f 1y \ I’- i R Tt S
< 022 L 115 l 5 60 ' N
\/' ‘I
0.215 11 50
0 200 400 0 200 400 0 200 400
0.2 15 90
Noagp - B 80
< : F e e : g
0.18 13 70 :
0 200 400 0 200 400 0 200 400
e)
[}
N
©
£
o
[

200 400 0 200 400
dune crest location

Figure 6.5 . Plots showing the changes induced in dune shape and migmatirate
by 0.5-high steps, upward at 100 and downward at 300. Dunesofied had sizes of
120, 280, and 400; the bottom plots contain values normaléy the values found
with no topography (Table 6.1).
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Figure 6.6 . Plots showing the changes induced in dune shape and migmatirate

by 1-high steps, upward at 100 and downward at 300. Plot legéns as described in

Figure 6.5.
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Figure 6.7 . Plots showing the changes induced in dune shape and migmatirate

by 2-high steps, upward at 100 and downward at 300. Plot legéns as described in
Figure 6.5.
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Figure 6.8 . The maximal change in dune velocity (either increase or dease) due
to topography, either a step (black; * = upward, o = downward) or a Gaussian hill
(gray; 4 = standard deviation of 10, = 20). The line markers denote perturbation
height: 0.5 (solid), 1 (dashed), 2 (dash-dotted), and 5 (dtad); they connect the
values for di erent dune sizes: 120-280-400 (left to rightithin a sequence).

collision as this depends primarily on the timescale of theollision (as described in
subsection 5.2.2). In this study, we consider only cases wé&dopography is located
downwind of colliding dunes; topography located upwind of uhes will perturb the
shear stress exerted on the dunes (see subsection 5.1.2)vkill not otherwise a ect
dune collisions.

Generally we found that the presence of topography will inease the likelihood
of a dune collision to result in coalescence. In simulatiomsn with Gaussian hills
and downward steps, the non- at topography caused a decreas dune migration
rate, causing the ejected dune to be slowed. This allowed thieines to interact a
second time, and for sand to be moved back from the smaller durno the larger.
Figure 6.10 illustrates a clear example of this: this colisn resulted in ejection over
at terrain, but a downwind encounter with a Gaussian hill caused further sand
exchange, resulting in coalescence and net sand loss. InestBimulations where the
topography was large relative to the ejected dune, sand wasst from this dune even
if it did not re-interact with the upwind, larger dune; in either case, the downwind
dune became smaller, making later coalescence more likely.

If it is possible for sand to be moved from the larger dune to thsmaller, this
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Figure 6.9 . The perturbation zone length, before (black) and after (qy) the
topography normalized by the dune length (before perturb&n), as a function of
perturbation height normalized by the dune height. The leftplot shows the e ects
of an upward step (*) and downward step (), while the right plot shows the e ects
of a Gaussian hill with standard deviation of 10 (0) or 204 ). The line markers
denote perturbation height: 0.5 (solid), 1 (dashed), 2 (d&sdotted), and 5 (dotted);
they connect the values for di erent dune sizes: 120-280@Qleft to right within a

sequence).

would instead result in a pair of dunes that are more similarni size. This could
perhaps occur if the upwind dune become caught on large topaghy (such as a hill
or upward step) and leaked sand to the smaller downwind duneHowever, within
these two-dimensional simulations, the topography wouldadve rst interacted with

the smaller downwind dune, and would have exerted a greateeet due to the larger
relative size. Thus, the net change in the downwind dune'sza should still be to
decrease in size.

In three dimensions, it may be possible for the smaller dune bypass topography
which catches the upwind larger dune. Additionally, topogaphy that is less wide than
the dune (and thus will exert three-dimensional e ects) carperhaps cause a larger
dune to break into several pieces. This has been shown to ocaithin barchan dunes
due to wind variations (Elbelrhiti et al. 2005).

6.3.2. Eect on dune eld pattern formation

Binary collisions within two-dimensional elds and occuring around and over non-
at topography appear to result in more cases of coalescenaer at least result in
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Figure 6.10 . These plots show the size of colliding dunes (120 with 240)ybughout
a collision. In (A) the dunes collide on at terrain: they brie y merge and then a
small dune is ejected. (B) shows the perturbative e ect of fpography, as the presence
of a 1-high, 10-standard deviation Gaussian hill downwindfdhe collision slows the
ejected dune su ciently to cause a second interaction, reding in coalescence and
net sand loss.

dunes of more disparate sizes. Individual dune collisionkdt result in sand transfer
from the smaller to the larger dune pushes the system towardim-away growth (as
discussed in subsection 5.4.1). Thus, it appears that top@gphy, in a ecting dune
collisions, will have a destabilizing in uence on patterndrmation within transverse
dune elds.

However, this in uence can perhaps be dampened. For exampées dunes recover
from their interaction with topography over a few dune-lenths (Figure 6.9), we would
expect topography to exert a destabilizing in uence only whin closely-packed dune
elds (where dune spacing is comparable to dune length). Inude elds with large-
interdunal spacings, the in uence topography will exert ondune collisions may be
minimized. Alternatively, the development of sediment-ih interdune areas (such as
those found in most transverse dune elds) can insulate theudies from large bedrock
topography, dampening the in uence of terrain even within losely-packed elds.

Thus, bedrock topography may only a ect dune collision dynanics under speci ¢
conditions. If these conditions occur only during an early griod of transverse dune
eld evolution, this could cause an initial enhancement of@alescence within the eld;
the in uence of topography may decrease as the eld maturesd allow the eld to
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stabilize (under the in uence of other processes).

6.3.3. Inclusion of topography in the dune eld model

As the primary e ect of terrain on dune collisions and dune & evolution is related
to variations in dune migration velocities, it should be pasble to include topography
within the dune eld model outlined in Section 5.3 by:

Letting the dune migration velocity (between collisions) b a function of prox-
imity to terrain and the ratio of dune height to topography haght. Simplifying
assumptions will be needed to accomodate dependecies onogmaphy shape.

Modifying the interaction function to re ect changes in rehtive dune velocity
when terrain is also involved in the collision. As in the rstpoint, this will
depend on the relative size of the topography with respect tthe interacting
dune and possibly on the shape of the topography.

Sand leakage will need to be considered between and duringnducollisions,
when a small dune encounters large topography. Lost sand cganerally be
assumed to accumulate on the downwind dune (in two-dimensis).

Many more simulations and studies are needed to determinergile relations that
will re ect the way that dune migration speed changes basedh@erturbation height
(relative to dune height) and shape, and the distance over wdi terrain will exert an
in uence is felt. These preliminary results, however, do tlicate that simple relations
may be found for how the dune migration velocity varies withapography height (rel-
ative to dune height). The most complicated quantity appeas to be the perturbation
zone length.

These results also indicate that simple two-dimensional wiies will only show
enhanced coalescence within dune elds. More complicatedrée eld evolution pro-
cesses (such as sand accumulation in the interdune areasyl dhree-dimensional ef-
fects may need to be considered to determine if topographyrcaxert a stabilizing
in uence on dune eld evolution.
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7. AN APPLICATION: MARTIAN POLAR DUNES

In this chapter, we investigate the in uence of reversing wid directions, di usive
processes, and ice cementation on dune slope evolution. i is to quantitatively
connect speci ¢ morphologies to processes and environmanparameters, which will
aid in the interpretation of actual dune forms.

Figure 7.1 . An image (HIRISE PSP.0102692620; 81.7N,133.6E)of an example of
the break in lee slope seen in many martian polar dunes. Thepgarance of a 10m
wide \bright ribbon" along the dune brink is due to a lack of rpples and increased
slope on the upper portion of the lee slope, relative to thewer portion.

This work was motivated by our observation that martian dune located in the
mid-latitudes and polar regions exhibit a break in slipfacslope (Figure 7.1), which is
not found elsewhere (Figure 7.2, 7.3). Within terrestrial dnes, this type of slipface
morphology forms due to wind reversals (Koster & Dijkmans BB, Burkinshaw et al.
1993, Bishop 2001, Bristow et al. 2010). Due to the apparerdtitudinal control on
where this feature is observed, we hypothesize that dune gearphology may also be
a ected by cold climate processes, such the formation of aoe cemented core and/or
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increased downslope sand transport.

a) b)
100m 200m
Figure 7.2 . HIRISE images of other lee slopes seen on martian dunes.

Image (a) shows examples of sharp, clean brinks and smoothe leslopes
(PSP_0104131920; 20N,79E). Image (b) shows examples of shallow and rduiee
slopes (PSP0067161220; 60S, 340E).

7.1. Physical Description

Antarctic dunes are studied as possible terrestrial analags of martian polar dunes,
due to similarities between their cold and arid formative erironments. They also
appear to share many morphological details, such as deniiat features: fans, slumps,
and visible ice layers have been observed within both coltirsate terrestrial (Bourke
et al. 2009, Calkin & Rutford 1974, Steidtmann 1973) and maidn dunes (Bourke
2005, Horgan et al. 2010). Within Antartic dunes, these feates form due to the
inclusion of inter-bedded sand, snow, and/or ice deposit8¢urke et al. 2009, Calkin
& Rutford 1974). There is much evidence for subsurface wateare on Mars, in both
the mid-latitudes and polar regions. In the North Polar SandSea on Mars, neutron
current measurements and modeling results imply the existee of an ice-rich (and
immobile) underlying topography with a relatively desiccted upper-layer (  6cm
depth; Feldman et al. 2008), and recently-formed impact ctars in the mid-latitudes
have exposed near-surface pure ice (Byrne et al. 2009).

Understanding how cold climate processes will change dunekition has impor-
tant implications for present-day dune evolution on Mars, s such processes will slow
landform migration. In cold-climate environments, dunes ften are stabilized due
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Figure 7.3 . HIRISE images of dune elds were inspected to located dun&gth
\clean" and sharp slipfaces and crestlines (red), highlyreded slipfaces and rounded
crestlines (blue), and slipfaces with an apparent break inape (green). Black dots
denote dunes where viewing conditions (illumination andfofrost cover) made it
di cult to discern the condition of the slipface.

to coverings of snow, ice-cementation, and possible incsea to the threshold shear
velocity of sand motion due to increased humidity (Lindsay 973, Selby et al. 1974).
Reversing (seasonal) winds will also slow dune migrations ghe dune must now ad-
just its shape before migrating (Figure 7.4; Burkinshaw etlal1993). Comparison of
aerial photographs of Antarctic reversing dunes yielded a04r (1961-2001) average
migration rate of 1.5m/yr (Bourke et al. 2009), while datingof stratigraphy within
the same dunes yielded average migration rates of 0.05-1/gnover 1300yrs (Bristow
et al. 2010). This is much slower than the tens of meters peraemigration rates of
similarly-sized desert dunes (Cook et al. 1993, Gay 1999).

7.2. Inuence of Reversing Winds

Winds that change direction by 180 will yield reversing dunes. These dunes can be
di erentiated from transverse or barchan dunes (which fornmin unidirection winds,
as described in subsection 2.1.1) due to their steeper andimon-smooth slopes that
form as the stoss slope becomes the lee slope, and visa ve@a.the new lee slope,
free-falling sand piles up at the angle of repose on the uppgortions of the previously-
stoss slope; on the new stoss slope, an apron of lower slopenfoat the base of the
previously-lee slope. Reversing dunes can be found withiertestrial desert (Bishop
2001, Burkinshaw et al. 1993) and cold climate dune elds (Kster & Dijkmans 1988,
Bristow et al. 2010).
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Figure 7.4 . Dune pro les measured over a 7m high African transverse darduring
the winter season (March to September), showing stages ofrgureversal. During the
summer the winds blow from the east, and during the winter frm the north-west.
Image is from (Burkinshaw et al. 1993).

A study by Fenton et al. (2005) showed the probable existena# reversing dunes
in Proctor crater (47S, 30E) on Mars. These dunes contain glaces with three orien-
tations and the kinked lee slope (Figure 7.5). Two of the slipce orientations coincide
with predicted wind directions: within this intracrater dune eld, geostrophic-induced
winds blow from the west during the fall and winter, and katakatic winds blow from
the east during the spring and summer. It is likely that simir reversing winds will
be found in other intracrater dune elds and in the polar regins.

To investigate the in uence that reversing winds will have a dune slope and
behavior, we numerically experimented with di erent perid lengths (duration of a
cycle during which the wind blows to the left and then right) aad ratios (the time
the wind blows to the left versus to the right). Simulation paameters for sand
ux were taken from a martian barchan dune modeling study (Tale 3.1; Parteli &
Herrmann 2007). Windspeed was held constant at 1.5 times threshold value.
Simulations were initiated with a dune formed under unidiretional winds blowing to
the right.

As observed within terrestrial dunes (e.g., Burkinshaw etla1993), a reversing
wind slows dune migration and steepens the dune's slopesdéiie 7.6). The amount
of steepening depends primarily on the frequency of wind rensal (Figure 7.7, 7.8),
and only weakly on the period of wind cycling and the dune size

7.3. Inuence of Di usive Processes

Numerical experiments showed that dune slope values alsopdad on assumptions
made about down-slope transport of sand (e.g., avalanchinghat is modeled via
di usion. For example, reversing wind simulations run witha di usion coe cient

one order of magnitude higher yielded much lower slopes (Eig 7.9); this change in
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Figure 7.5 . MOC images showing possible reversing slipfaces on dunetha eastern
edge of the Proctor crater dune eld (47S, 30E). Images taken the fall (a, MOC
NA M19/00307) and spring (b, MOC NA E09/02707) show the sameraa with bright
accumulations on opposing slipfaces. Figures (c) and (d)uistrate the locations of
slipface brinks and bright accumulations. Figure (e) showboth sets of slipfaces
and bright material. The movement of bright material is thowht to be caused by a
seasonal shift in wind direction. Image is taken from Fentoat al. (2005).
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Dune profiles formed in reversing winds
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Figure 7.6 . Under unidirectional winds, the dune migrates 97m; under:® (9/10 of
time wind blows to right, 1/10 to left) winds, 63m; and under 31 winds, 35m. The
dune also grows in height, as its slopes steepen. The perigkd was six sols.

slope was comparable or larger than that resulting from adgiment to a wind reversal

(Figure 7.7) or any other factors, illustrating that di usion needs to be properly
estimated before simulation results can be compared with sérved dunes. In the
physical situation, this dependence on di usion re ects tle fact that a dune's shape
results from a competion between saltation (which piles sdnand increases slope)
and di usion (which decreases slope).

In terrestrial desert dune systems, it generally can be assed that di usion is
comparable in strength to saltation only within lee slope alanches. In this case,
as discussed in subsection 3.1.5, the diusion coe cient ishosen so that di usion
operates on the same timescale as saltation when avalancleesur, and at a much
longer timescale (increased by 2-3 orders of magnitude) ettwise. The e ective
di usion, however, can be increased through any process thareferentially transports
material downslope, such as atmospheric turbulence, credmeze-thaw cycles, seismic
shaking, micro-meteorite impacts, or CQ sublimation (Figure 7.10).

Additionally, if saltation does not occur for a large fracton of time (due to sedi-
ment or wind limits), then simulation results and model timeneed to be scaled via
this fraction to yield real-time results. As the di usion coe cient is inversely related
to time ( length?/time), this coe cient needs to be increased by the same muit
plicative scale as time, to accurately re ect the e ect of dusion operating over the
longer real-time period.

Current studies place martian dune evolution on timescalesf ten-thousands of
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Figure 7.7 . Simulations were run with a ratio of 3:1 for the time the windblew
to the right versus left, with di erent period lengths. Both stoss (upper plot) and
lee (lower) slopes adjust to a mean value, with primary depdence on the ratio (not
period length). The variance in average slope does increasih the period length,
as the dune has a longer time to adjust to a wind direction befe it reverses.
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Figure 7.8 . Both lee and stoss dune slopes adjust to a mean value that deuls on
the frequency of wind reversals, but is nearly independent the period length (not
shown) and dune size (large markers: dunes30m high; small:  20m.). Dashed lines
show e ect of unidirectional wind, which is consistent in siss values with observations
(Burkinshaw et al. 1993, Parteli, Schwammle, Herrmann, Mateiro & Maia 2005).
The mean lee slope is lower than the angle or repose as caltiates include smoothing
at the top and bottom of the slope. This is the cause of the appent oversteepening of
the lee slope { as the wind reverses direction, the smoothupgrtions of the previously-
lee slope (which lie at very low slopes, especially at the taaf the slipface) are swept
towards the dune and shortened.
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Figure 7.9 . Simulations of dune evolution under reversing winds, but i a dif-
fusion coe cient multiplied by 10 from that used to create Figure 7.8. Again, both
slopes adjust to a mean value that depends on the frequencywihd reversals, but
the dune is signi cantly shallower on both sides. Only the lager dune was used, as
the smaller dune quickly became a symmetric, shallow heap.

years (Parteli & Herrmann 2007), comparable to estimates falimate shifts and cold
climate processes. This was based on the assumption that thend speed exceeds the
threshold for saltation initiation only 40s every 5yrs (basd on wind speeds recorded
by the Viking spacecraft) { so simulation results were scadeby 10°. Although other
studies claim that saltation should occur more often (Almeia et al. 2008, Kok 2010)
due to the di erence between the uvial threshold and impacthreshold for saltation,
the current lack of observed dune migration makes it likelyhat a temporal scaling
of at least a few orders of magnitude is necessary.

Recent martian dune modeling studies (e.g., Parteli & Herramn 2007) have not
accounted for this, but have created dune forms that look siiflar to martian dunes.
This implies that the e ective diusion rate on Mars is compaable to the model
rate, after scaling down by 10 (or whatever time scaling is necessary). Currently
no estimates for di usion due to stochastic processes exigDne study has estimated
a di usion rate of 2e-12n%/s for ice-driven creep on martian debris slopes (Perron
et al. 2003). This rate should be small relative to ice-drive creep within granular
material (such as within dunes) and is probably much smallethan di usion from
aeolian/cold climate processes and avalanching, but pralas us with a starting value.
Scaling this di usion coe cient by 107 yields a simulation di usion rate of 2e-5m/s,
which is comparable to the rate used in our simulations for alanches (Table 3.1).
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Figure 7.10 . CO, frost coats these polar dunes (imaged by HiRISE; 84.7N, 0.BE
As the frost accumulates, it can become translucent ice anduse increased insolation
heating at its base. This causes explosive vapor eruptionshich entrain dust and
create dark spots, rings, and fans at the surface. Such adtywcan create small chan-
nels (Hansen et al. 2007) and mass-wasting events (localizéumps and avalanches)
on the dune slope (Horgan et al. 2010). On this dune, there iscear correlation
between sublimation spots visible in spring (left) and smbhvalanche locations visi-
ble in summer (right), after the frost has sublimated (examigs are highlighted with
numbered markers).

However, as we have shown, model dunes are highly dependemttiois simulation
di usion rate, so it will be crucial to better constrain this value before comparing
simulation results to observed mid-latitude and polar maitin dunes.

7.3.1. Possible method for estimating the di usion rate

The location of the break in a dune's lee slope may also relatecompetition between
saltation and di usive processes (in addition to reversingvinds). Within dunes with
a break in lee slope, the upper portion is the slipface, whesaltation is active:
Q x?=Tsau, Where x is the horizontal length of the slipface (the portio of the lee
slope at the angle of repose; Figure 7.11). Di usion opera®ver the entire lee slope:
D L2=Tg , where L is the horizontal length of lee slope. If the dune leslope
pro le is psuedo-steady (i.e, returns to the same value aftea wind reversal cycle),
this implies that Tq.:  Tgqi and we nd that D=Q  (L=x)2. This relation provides
us with a possible method for estimating the relative di usbn to saltation rate over
the dune based on lee slope morphology, by comparing duneghvgimilar L=x ratios.
Preliminary simulation results indicate that this may be the case. In these simu-
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Figure 7.11 . Schematic diagram showing lee slope lengthscales that nisg related
to the relative di usion vs. saltation rate on a dune.

lations, ux is nearly equivalent between dunes of similar spect ratio (as the shear
stress calculation depends on nearby-slope values, as dssed in subsection 3.1.2)
and di usion was a constant. Figure 7.12 shows that the lengtof the slipface (after

the wind blows towards the right, the dominant direction, aml the slope adjusts back)

varies with dune size and frequency of wind reversals. Howeythe ratio of lee slope
to slipface length (=x) is very similar between simulation runs.

The spread that appears when the period length increases igedto di erences
that form between dunes' aspect ratios, as the dunes are alile more completely
adjust to the new wind direction; this causes di erences inhte sand ux over the
dunes. This is also the reason that the smallest dune experaéng the 3/1 wind
reversal behaves di erently { this dune is able to more comptely adjust its shape
between wind reversals, so it has a di erent shape at the end a wind reversal cycle
than the other dunes, and does not experience the same ux.

7.4. Results

Our simulation results demonstrate speci ¢ and quantitatve connections between
dune slope morphology and reversing wind directions and datlimate processes (Ta-
ble 7.1). Although these results are preliminary and indida the high-level of cou-
pling between processes, careful combinations of measuesbcan perhaps be used to
decouple the e ects of these processes in the interpretatiof actual dune forms. Ad-
ditionally, climate, polar process, and sediment cementain studies will aid e orts by
independently constraining some model parameters, such egctive di usion rates.

These results will also aid in future e orts to replicate a spci ¢ martian dune
shape. If a study successfully replicates the details of amiform, this implies that
the simulation parameters and processes used are relatedatod (relatively) scaled
appropriately to the environmental conditions and formatve processes of the observed
dune. Although there is no guarantee of this relation, modglarameters can provide
at least a starting dataset for understanding a dune's enanment.

This may prove especially useful in understanding the formian of \extreme" dune
shapes, such as at-topped dune seen in Antartica (Figure I3) and on Mars (Figure
7.14). Currently, we have been unsuccessful in numericaltgplicating this dune
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Figure 7.12 . Simulations show that the length of the slipface (x) variesvith dune

size and frequency of wind reversals, and appears indepemtdef the wind reversal
period length. The ratio of the lee slope to slipface (L/x) apears independent of all
of these values as long as the dune aspect ratios remain san{inot the case with very
long period lengths or very small dunes), so may be primarilelated to the relative

rates of di usion and saltation. (Large markers: dunes 30migh; small: 20m.)

form; it appears that a very carefully selected combinatiof high di usion, slope-
dependent ice cementation, and reversing winds will be nesstl Another interesting
and currently unexplained dune form is the elongated and pfiace-less Antarctic
“whale-back' dune (Bristow et al. 2009).

7.4.1. Implications for martian dunes

Our simulation results show that polar processes and reverg winds cannot be ne-
glected in modeling studies of martian mid-latitude and pealr dunes. Such pro-
cesses may explain observed morphological di erences beén mid-latitude intra-
crater dunes and polar dunes (Bourke, Balme & Zimbelman 2004 Additionally,
steeper mean stoss slopes and shallower mean lee slopes ingvertant implications
for estimations of dune height (e.g., Bourke et al. 2006) angblume, which relate to
estimates of regional and global erosion rates and sedimextiume.
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Dune Morphology Related Process/Parameter

round/ attened tops di usion, wind reversal, in ux of sand to sides
symmetry of dune/dual slipfaces| ratio for wind reversal, cementation

slipface length di usion vs. saltation, period of wind reversal
mean lee/stoss slopes ratio for wind reversal, di usion

Table 7.1 . Table showing connected dune slope measurables and the udated
process/parameter associated with such features.

Figure 7.13 . An Antarctic reversing dune with a at top, displaying slipface devel-
opment on both sides. The west facing 'summer" slipface isiile on the right side
of the dune. Image taken from Bristow et al. (2010).
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Figure 7.14 . HIRISE image of a at-topped dune with slipfaces on two side
(PSP_0042351300; 49S, 34E) in Matara crater dune eld. The sinuous guds on
the left of the dune are hypothesized to be formed by meltingrgund ice (Miyamoto
et al. 2004).
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8. CONCLUSIONS

The aim of this dissertation work was to investigate the rolghat various environ-
mental conditions and dynamic processes play in determigndune and dune eld
morphology. We have approached this through a mixture of madl development,
analysis, numerical simulation, and comparison with obseations. In Chapter 3, we
constructed and analyzed the dune evolution model. Chapted through 6 focused on
identifying and quantifying the in uence that sand ux, dune collisions, and bedrock
topography will play in dune size regulation. In Chapter 7, & focused on details of
dune slope and morphology, and extended the dune evolutiononkel to include re-
versing winds and cold climate processes. Detailed conatuss were provided within
each chapter; here, only general conclusions are given,rgavith broad discussion of
implications for terrestrial and martian dunes and dune etls. We also brie y discuss
possible future extensions of these studies.

8.1. Dune Field Morphology

In section 1.1, we rst discussed the fact that many dune eld contain uniformly-sized
dunes. Many studies have used this to argue that a dune eld elves into specic
patterns and that dunes will tend towards a maximum or equibrium size, but this
argument has yet not been validated or extended into quanative connections with
speci ¢ environmental conditions or processes. This digtgtion aimed to address
this open question.

In Chapter 4, we demonstrated that there is no equilibrium lated dune size.
Instead, dunes will achieve an unstable equilibrium size ad on the incoming sedi-
ment ux; within a eld where dunes interact only through the sand ux, this leads
to coalescent behavior.

This result motivated the focus of Chapter 5, which was to irestigate the in u-
ence that interacting dunes will have on dune size within a ld. We rst considered
the in uence that non- at topography (such as neighboring dines) will have on shear
stress, and thus on sand ux. This also predicted coalescedynamics, so we focused
instead on mass exchange through dune collisions. This syuds not the rst to
construct a dune eld model, but it is the rst to sequentially and thoroughly ex-
plore the components of contemporary dune eld models and tdentify the crucial
elements that are needed to connect model results to an obsst dune eld. We
identi ed speci c criteria for a patterned dune eld to form, and quantitatively con-
nected the dune eld's end-state (patterned: Figure 1.2 orunaway growth: Figure
1.3; subsection 5.3.4) with its collision dynamics and in x size population.

Although we showed it is possible for a dune eld to become patned, it was
unclear how likely it is that so many dune elds just naturally have the correct cou-
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pling between the dune interaction processes and the duneaheation size population.
In Chapter 6, we completed preliminary numerical experimés to explore the e ect
non- at bedrock topography would have on isolated dune ewalion, and extended
this to binary dune collisions. We had hoped that topographyvould exert a stabi-
lizing in uence and would create more similarly-sized durse but it in fact did the
opposite (at least in two dimensions). Both Gaussian hillsral upward/downward
steps enhanced interaction between colliding dunes, retsod in a higher sand trans-
fer from the smaller to the larger dune. This increased the pbability for coalescence
and overall pushed a dune eld towards runaway dynamics.

In summary, we have primarilynegativeresults with respect to dune size regulation
through isolated dune evolution via sand ux and migration @er topography. This
strongly implies that studies focused on the evolution of @or a few dunes will not
be su cient for identifying the reason that dunes within a eld often tend towards a
uniform size. In other words, a dune evolution model cannotrsply be scaled up for
studies of dune eld evolution.

Instead, studies need to be multi-scale and to focus on ingations that occur
within the eld between neighboring dunes and between dunesnd (possibly non-
constant) environmental conditions. For example, in Char 5 we showed that dune
collision dynamics can result in the dune eld evolving intouniformly-sized dunes,
given a proper coupling between the in ux dune size populain and the interaction
rule. Further and more detailed investigation is needed herto explore the premise
that most dune elds naturally have the right conditions for pattern formation.

There are other possible processes that may enhance duned etabilization
through size-dependent e ects (and preferential break-upr stabilization of large
dunes). Some of these will be discussed in Section 8.3.

8.2. Dune Morphology

Although isolated dune modeling studies may not be su cienfor understanding dune

eld evolution, the dune evolution model has been shown to beseful in analysis of
detailed dune morphology. Past studies using a continuum de evolution model have
been used to quantitatively connect observed martian andiieestrial dune shapes with
environmental conditions throughout dune evolution.

However, the contemporary dune evolution model is limitedsait relies on several
simplifying assumptions about constancy in the environmér{such as steady winds
and at bedrock topography) and dynamics. In this dissertaibn, we have attempted
to extend the model to accomodate more complicated envirommts.

In Chapter 6, we showed that non- at bedrock topography (sutas a Gaussian hill
or step) will temporarily alter a dune's shape and migratiomate. Although the dunes
did adjust back to their original shapes and migration velaty (unless the topography
and dune were of comparable height), these changes need todomsidered when
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making comparisons between simulation results and obsetv@unes evolving over non-
at terrain (e.g., in a crater). Alternatively, an understanding of the in uence that
topography has on dune evolution can perhaps be used to reserengineer topography
estimates based on observed dune shapes.

The dune evolution model was also extended to include reverg winds and po-
lar processes, as presented in Chapter 7. Although this rétsuof this study are
ill-constrained due to a lack of comparative observationgur simulation results show
speci ¢ and quantitative connections between dune slope mphology and reversing
wind directions and polar processes that could be used in tleterpretation of ob-
served polar dune elds on the Earth and Mars. Our results argery preliminary,
but they do provide a framework for future studies aimed at gantifying the in uence
polar processes and reversing winds exert on terrestrialdamartian dune evolution.

That study also highlights the importance of properly scatig all model parameters
in a consistent manner to accurately portray the e ect of ineracting processes (such
as gravity-driven avalanches, general di usion processeand wind-driven saltation).
This last point will be discussed further in subsection 8.3.

8.3. Future Extensions

Here we propose several research extensions that should ioguded in the construc-
tion of future dune and dune eld evolution model studies. Eisting observations and
gualitative models imply that these processes exert measlne e ects on dune and
dune eld morphology, and thus should be considered when &tpreting observed
dune forms.

8.3.1. Dune nucleation

In subsection 5.4.1, we showed that two model parameters cpletely predicted
whether or not a dune eld would become patterned after a lag number of dune
collisions (Figure 5.12): (i) an interaction parameter desibing when collisions will
redistribute sand from the larger to the smaller dune (the @ssover valuey ), thus
decreasing dune size polydispersity, and (ii) the the staadd deviation/mean ra-
tio of the in ux dunes' size distribution, which correspona to the polydispersity of
the dune sizes found at the beginning of the eld, when dunegst form and have
not yet interacted with each other. Previous studies have taulated dune size and
spacing distributions within mature terrestrial (Wilkins & Ford 2007) and martian
(Bishop 2007) dune elds and proved that dunes undergo somar of organization to
create non-random distributions. These studies, howevedjd not explain the origin
of the organization, which could depend on processes and eommental conditions
during dune formation and/or subsequent interaction.

A method for quantifying the size distribution created thraigh dune nucleation
within observed elds would provide constrained estimatefor the in ux population
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used in a dune eld model. This will allow modeled dune eldsd more closely resem-
ble speci c, observed dune elds and increase the predicticability of our dune eld
model. Additionally, by isolating the e ect of formation processes and conditions on
dune eld morphology, this study will provide much-needed alidation and calibration
information for dune initiation models.

8.3.2. Evolving intra eld sediment conditions

Currently, the dune evolution model considers only the meagrain size within the
dune, and even this is indirectly included within a ow paraneter that directly relates
to the minimum dune size (Andreotti et al. 200B) and dune destabilization (Elbelrhiti
et al. 2005): the sand ux saturation length (a spatial delayn the sand ux's response
to the local wind regime). As this ow parameter is generallyheld constant in dune
evolution model studies, it is implicitly assumed that the nean grain size does not
greatly change throughout a simulation.

Field studies have shown that dunes may nucleate with a strgly peaked and
spatially-uniform grain distribution, but spatial variations in mean grain size and
grain size distribution naturally evolve (Figure 2.3) as aunction of wind regime, dune
age/type, and underlying sediment composition (Wang et aR003, Besler 2005). As
brie y mentioned in subsection 5.4.4, increasing obserianal evidence implies that
these variations can strongly in uence dune and dune eld dyamics. For example,
Besler (2002) examined apparent collision dynamics withmn-going dune collisions in
the Libyan desert, and compared this with the dunes' granutaetrics. Based on these
observations, she hypothesized that dunes made of softerdaner grains were more
likely to coalesce, while interacting dunes made of more cpacted and coarser grains
was more likely to have a collision result in separate, sirailly-sized dunes (enhancing
stability of a patterned dune eld). Due to winnowing e ect, older/larger dunes are
more likely to contain more compacted, coarser grains (Besl2005), meaning that
dune collision dynamics are not constant, and should enhanpattern formation as
a dune eld ages. Additionally, as surface grains increasa mean size, sediment
transport rates should slow and older dunes should be stabh#d.

This stabilization of more mature dune elds due to granule wface shielding,
along with the overall generally larger size of older dunesan perhaps explain why
dune eld reorganization seems to occur over much slower temcales than dune
construction, leading to multiple dune patterns superimpsed within a dune eld
(Kocurek & Ewing 2005).

8.3.3. Process interactions

As discussed in Chapter 7, when multiple processes are ralalvin dune evolution,
it is important to estimate (or at least constrain) the relative timing and param-
eter magnitudes related to the dierent processes. This isspecially important if
the processes are interacting to create the dune form; forample, it is competition
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between di usive processes and wind-driven saltation thatreate the stoss/lee dune
slopes and the asymmetry in the dune cross-sectional pro [Eigure 2.1, 2.2; Sec-
tion 2.2). Estimates of these relative process rates can setimes be found through
independent studies, thus allowing for predictions of dunevolution and morphol-
ogy. Conversely, the relative rates can sometimes be estima from observations and
scaling arguments (e.g., subsections 3.1.5, 7.3.1).

It is also important to investigate how discrete processesilwinteract with con-
tinuous or averaged processes. For example, in Chapter 7 wewed that discrete
reversals of wind direction in uence some dune measurablk@sich as an instantaneous
measure of the dune slope), while the time-averaged procésshich can be approx-
imated as a continuous process) in uenced other measurablésuch as the average
dune stoss slope; Figure 7.7).

This is also important when a process occurs over much longenescales (such as
ice-cementation of sediment in polar regions) than changesmobile-sediment supply
and or wind conditions. As pointed out in Chapter 7, studies sing discrete intervals
of saltation (rather than a temporally-scaled continuousaltation simulation) may be
especially important in martian dune studies, as saltations thought to occur only
rarely (Parteli & Herrmann 2007) and may interact with slowe, but more continuous,
cold climate processes.

Finally, it has also been proposed that seasonal storms plan important role
in regulating dunes' sizes by inducing long-wavelength pgearbations on large dunes,
which cause them to break into several dunes (Elbelrhiti etla2005). Given the
observational support for this theory, it would be very useifl to include this stochastic
process in the dune eld model. However, this will rst requie a quanti cation of
storm occurrence rates, and exploration of how important # discrete events will be,
versus considering only the long-time-averaged in uence.

8.4. The Need for Comparative Observations

As discussed in Chapter 1, increased collaboration betwedune geologists, physical
modelers, and mathematicians has greatly aided e orts to @untitatively connect
dune and dune eld evolution with environmental conditionsand physical processes.
For example, the increased availability of spacecraft imag of dune elds on di erent
planetary surfaces in the last decade has helped with the igdtion of assumptions
and parameters used in the basic dune evolution model. Cuntg, however, the
main constraint on further dune and dune eld evolution modedevelopment remains
a lack of eld or laboratory observations. In particular, there are very few studies
which focus on dune interactions and nucleation, which gresalimits model predictive
ability.

Studies such as those presented in this dissertation can,wever, serve as as
guides for future observational studies. Scaling relatisrand behavior trends derived
through model equation analysis and numerical experimeritan provide information
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about possible connections between dune measurables andential environmental
conditions or physical processes. For example, this dissgion highlights the need
for these eld and laboratory studies:

Changes in localized saltation rates as dunes collide withreeighboring dune
(Section 5.2) or with bedrock topography (Section 6.2);

Measurements of relative saltation and di usion rates, andesultant dune stoss
and lee slopes (Section 7.3);

Dune size distribution found at the beginning of the dune a and created
through nucleation processes (subsection 8.3.1).

Future interative comparisons between mathematical modglof dune and dune
eld evolution and eld and laboratory observations will continue to elucidate, in
greater and greater detail, the quantitative connections étween environmental con-
ditions and dune morphology/behavior. As dunes are prime arples of geomorphic
markers of environmental conditions over many scales, thestudies provide impor-
tant contributions towards the advancement of scienti ¢ krowledge and understand-
ing of surface and climate evolution on the Earth and other phets.
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A. THE NUMERICAL ALGORITHM

As outlined in subsection 3.1.8, the simulation evolves theon-dimensional dune
prole h over a time step dt, via several relations. Within our modelall relations
have been linearized to simplify analysis.

Within each time step, we start with the dune pro le (h"). The following steps are
then followed to yield the dune pro le at the next time step f"*!), and the process
is iterated.

A.1. Avalanching

Avalanching is applied to smooth the surface and to keep slep below the angle of
repose. This process is assumed to be di usive in nature, assdribed in subsection
3.1.5. The di usion coe cient at a mid-gridpoint ( X; 1=; which is betweenx; and

Xi 1;12[1;2;:::;N]) is calculated via backward di erences:
D(X; 1) 1+Dgexp (j(hi h; 1)=dx tan(ref. angle))y
1 hl 1+exp (j(hy h; 1)=({*Iz>q' tan(ref. angle))= )
slope check
%tanh(Gl(hi g, Gp))+1=2 (A.1)
I {z }

ground check

The leading coe cient (D) is the low-level di usion that smooths the surface due to
wind variability, etc. The “slope check' term (Figure A.1) etermines if avalanching
should occur; if so, then the di usion coe cient is increasd by the multiplicative
factor D, (generally 1G or 10°). The “ground check' term (Figure A.2) determines
how much sand is available for avalanching; no avalanchingaurs when within G,
(the limit is de ned in subsection 2.2.3) of the the non-erodible suida (gr), which
was generally de ned a$ = 0 (sometimes more complicated topographies were used,
as described in Chapter 6). When periodic boundary conditis were used, then
ho = h,; when semi-in nite boundary conditions were used, the (x;-;) =0 to X
the end-gridpoint.

An implicit central di erences scheme was then applied to deulate di usion, with
a forward di erence in time:

hy ( D (hy)hy)x
h'*t h'"  Diu=hisi (Dist=+ Di 122)hi + Di 120y 3
Ta@ T % (A2)
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Figure A.1 . Function used to determine di usion coe cient, based on leal slope.

When the slope is below the angle of repose (vertical dashauk), then this function

I 1. When the slope is at or above the angle of repose, then thimétion ! D,.

The exact shape of this function is determined by the ref. afg (which determines

when it increases; generally ref. angle = 4pand (which determines its steepness;
=0:02).

ground check

0
(h-gr)/ e

Figure A.2 . Function used to determine di usion coe cient, based on auilability
of mobile sand. When the sand depth is less tha@, , then avalanching does not
occur. The exact shape of this function is determined by th&; (which determines
the steepness; her&; = 200) and G, (which determines at what depth the sand
should not avalancheG, = 5).
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A.2. Separation bubble

We then calculate the separation bubbleq) which describes the air ow over the
surface. This is done by locating all brink locations, and #n extending the upper-
right portion of an ellipse (of = 6:5 aspect ratio, as de ned in subsection 3.1.1)
from each brink, with continuous value and slope at the conggon point. The
air ow pro le for the entire simulation box is then found by taking the maximum of
the juxtaposition of these partial-ellipse-pro les and tle dune topography. The full
pro le is C! except where a separation bubble rejoins downwind topograyp (where
itis CO).

A.3. Shear stress

The shear stress perturbation ()-is calculated from the separation bubble §) via
fourier methods (Matlab FFT) applied to the Jackson-Hunt egation (Jackson &
Hunt 1975, Weng et al. 1991):

b = (A K+B D) & (A.3)

where K is the the convolution of = x (the Hilbert transform) and the spatial-
derivative in fourier space jkj), and D is the spatial-derivative in fourier space ik).
The parametersA and B determine the importance of the local versus global slope,
and depend logarithmically on the ratio of geometric lengttale (conventionally, the
dune half-length;L = =2k) to the surface roughness ( % grain diameter; zp). For

a dune, the geometric lengthscale is typically 6-9 orders afagnitude longer than
the surface roughness, s& 4 andB 1. These parameters can be calculated
more exactly via the following equations (explained in moreletail in Jackson &
Hunt 1975, Weng et al. 1991, Kroy et al. 2002):

L=z,
2 2 =In (note implicit formula) (A.4)
In( 2=In()) ?

A = ANGE 1+In( )+2In( =2L)+4 ¢ (A.5)
In(_ *=In()) 2

B TIL (A.6)

where is the von Karman constant ( 0:4) and ¢ is Euler's constant ( 0:577)

A.3.1. Jackson-Hunt equation

In this subsection, we brie y describe the derivation of theJackson-Hunt equation
(which is explained in full detail in Jackson & Hunt 1975, Weg et al. 1991). We focus
on this equation as its inclusion is perhaps the weakest agsgption within our dune
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evolution model. The use of this \shallow hill" approximaton has been empirically
validated (Sauermann et al. 2003) for ow over an isolated che on a at surface, but

it may (is probably) not be a valid approximation over more cmplicated terrain and

dune morphologies. However, at this time no better approxiation is known.

The study by Jackson & Hunt (1975) considers wind ow over a te-dimensional
low, symmetric hill (Figure A.3; H L and slope everywhere on the order ¢i=L,
the study usedh(x=L) = H=(1+(x=L)?)) with constant surface roughnessz,; assume
L=zo!'1 ; note that L=z = as in Eqgn. A.4) and far- eld shear stress velocity
(u ). Far above and upwind/downwind from the hill (i.e., asy=L or jx=Lj!1 ), the
air ow will follow the Prandtl-von Karman model (Egn. 2.1 ):

(
_ u=lIn(y=z) y<
Uo(y) = In(=zo) vy (free stream velocity). A7)

uo(')

free stream flow

outer region

R hill profile = h(x/L) inner region
HY

—X
<—L—>

Figure A.3 . Schematic diagram showing air ow regimes over a low hill. Mage is
from Jackson & Hunt (1975).

Over the hill, the study considers ow within two layers. Within the inner layer
(of depth *; note that "=z, = from Egn. A.4), the horizontal velocity (u) is given
to the rst approximation by the upstream velocity at the same displacement above
level ground ( y =y h(x=L); y is the height over the far- eld at plane). However,
continuity implies the existence of a vertical velocity (de to air ow compression
from the hill: v = hyug( Yy)) which causes a perturbative pressurepf on the outer
region, and thus a change in horizontal velocity within the ater region (u(x;y) =
uo(y) + t(x;y)). Continuity of pressure between the regions then implieghat there
is also a horizontal perturbation velocity within the inner region (i.e, within the
inner boundary, the wind velocity at a local height over the Hl is that given by the
Prandtl-von Karman model plus a perturbation: uj(x; y)= ug( y)+ di(X; ).
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These perturbations (~and v) are rst calculated within the outer region. They
are further constrained (andu-is calculated) by matching velocity and pressure terms
at the boundary between the inner and outer layers.

Solving for the ow within the outer region involves consideation of the vertical
displacement of the ow due to presence of the hill (in the iner region). The outer
ow's upper and far- eld boundary conditions are set by the &r- eld conditions, as
far from the hill (i.e., asy=L or jx=Lj! 1 ) the displacement and thus the vertical
velocity u should tend to zero. This suggests that the vertal scale of the outer region
( ) must be of the same order as the horizontal scale of the inneagion, which is the
length of the hill L.

The perturbation terms within this layer (&, v, and p) can be expressed in asymp-
totic power series for the limitIn !1

In 1
WO+ = y® 4o A.
e, U (U = U ) (A.8)

Normalizing u so that the linear inertial terms are of the same order as ther@ssure
gradient terms, then substituting into the momentum equatbn (up to O(1=In))
yields, fory <

@2 @6
@=0) @) -~ ° (A.9)
@Ww @6
@x=L) * @x=L) 0 (A.10)
@y @ . ew @WP
oD @) - "UWagen t @D (A.12)
@WwW @ . @w
@x=L) + ax=l) - ln(y_L)@X:L) (A.12)
(A.13)
This vyields:
rave =0 (A.14)
rav® = vO=y=L)? (A.15)
wherer 2 = @guz + @y@fL)Z'

Fory > , asdup=dy= 0 the equations lead to:
rav@ = o (A.16)
rav® = o

To justify the neglect of higher order terms, the following sale constraints are
needed: In In( =L ) and In( =L) = O(1). As long as these conditions are satis ed,
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then the asymptotic expansion (Egn. A.8) will be valid withn the outer region for
bothy< andy>

At the boundary between the inner region and the outer regiofi.e., asy=L! 0
in the outer region and y="!1 in the inner region), the perturbative pressure
(p) and horizontal and vertical velocities (x, v) must match. Solving Eqn. A.12 and
A.16 in Fourier space (w.r.t. the x-coordinate) with all boundary conditions yields:

Z
L =1 he(s)
) = X
P®(x) = . el S)ds (A.17)

on the surfacey=L ! 0. The lower boundary of the inner region §y = z;) must
satisfy the no-slip condition (i.e.,u = v = 0). The thickness of the inner region {) is
found by considering the necessary balance between the deedion and the stress
gradient when y=" O(1).

As was done for the outer region, the velocities and pressucan be expanded
asymptotically within a power series for the limit In( ) !' 1

e, o U9+ %u}” + 11 (A.18)
which yields:
(%) ) (

g{%)+ @@;}f%) = @7%):\) - @@bf:)\) (A.19)
@(?xgu+ @%i) Ty _y@@g:‘> - (420

Mt 3e T e @
@@f:\) =0 (A.21)
@@fz‘) = 2w gy Ty@@ky(jz‘) h22)

Solving these equations yields:

u u In(y=z) g %In() PO+ .. (A.23)

which, as expected, is the asymptotic solution at both the Wer bound of the outer
region (y=L ! 0) and the upper bound of the inner region (y="!1 ). The rst
term in Egn. A.23isup(y) (Egn. A.7), so the remainder is the perturbative horizonta
velocity (u: Figure A.4).
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y/L

-1 0 1 x/L

Figure A.4 . Normalized perturbative velocities (x; Yy)) at di erent positions at
the surface of a low hill. Image is from Jackson & Hunt (1975).

Once the perturbative horizontal velocity is calculated, tican be rewritten as a
perturbation to the shear stress (= (u )? 4):
2 y@r

u @y

(A.24)

A.4. Sand ux

As we are working in the non-dimensional space (i.e., havernmlized by the far- eld
sand ux C ), the saturated sand ux ¢ =1 +3=2~
The actual sand ux is found via backward di erences:

& = & 4
26(xi) qxi) h gr> andh=s
alxi) a(xi 1)=dx = S 0 hi grr,< andh=s (A.25)

q(xi) h<s

Within the second case, sand is neither deposited nor erodas bedrock is exposed.
Within the third case (s > h only inside the shadow zone/separation bubblely 0
so only deposition occurs. These two cases preserve the regativity of h, asg; 0
(only deposition can occur) as long aB is small.

When periodic boundary conditions are usedj is calculated via matrix inversion.
When a semi-in nite boundary conditions are used, them is calculated from a xed

th = Gn.
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A.5. Update the dune pro le
Changes in dune pro le are then found via the Exner equationdiscretized via up-
winding (backward di erencing, as sand blows in one direain):

ht = Ok
(™ hi")=dt (g g 1)=dx (A.26)



113

B. TWO-DUNE REDUCED DIMENSION MODEL

This model was constructed to investigate the dynamics of aoltision between two
dunes within a reduced complexity frame. The aim was to isdimportant behaviors
without consideration of detailed dune morphology. Unfornately, although this
model can be used to simulate binary dune collisions, we weanaable to decouple
the evolution of the six model variables, so the reduced dimgion system was not
actually easier to simulate or analyze.

B.1. Two-dune Structure

We specify the total cross-sectional areaA( of the two dunes, and assume that it
is conserved throughout the collision. The lee slopes areed at the slope of repose
( =tan(349°)), and the dunes are initiated in contact with each other. Tle two-
dune pro le (h; Figure B.1) is now specied by ve variables: the windward kpes
of the dunes (4, where "u' denotes upwind and "d' denotes downwind), the fogits
of the dunes' crests i, 4), and the distance between the foot of the structure and an
arbitrary location (m). The distance between the dunes' crestsl) is xed since we
speci ed A, and is equal to:

S
d= E+ E 2A0 1 + i
d 1= +1=4 d
where A, is the \overlap” volume:
HZ2 1 1 H?2 1 1
A= 4 — 4+ 44 =4~ A
° 2 u 2 d

Note that d is positive (and physically meaningful) only ifAq 2 [0; A]. Addition-
ally, if Ap = 0 (i.e., the two interacting dunes are disjoint), thend is not uniquely
de ned (d H—; + Hu): to uniquely de ne d, we restrict the dunes to be just touching
(d= He + Huy

We de ne the dune prole (h(x;t); Figure B.1), which is piece-wise linear and



114

PRE m W Ly 'POST

Figure B.1 . Schematic diagram of the reduced dimension two-dune sttuce.

continuous with six regions:

S 0 Xx2PRE=(1 ;m), pre-dune
(x m) X2 Wy, = (m;m+ Hey,
upwind dune's stoss slope
(x m He) X 2Ly =(m+ Heym+ He o Ho Harday,
+H, upwind dune's lee slope
h=_(x m H d)g4 X2 Wg=(m+ Huy He Hetdormy oy ),
+Hgq downwind dune's stoss slope
(x m Hye=y d x 2Lg=(m+H+dm+ Het d+ He);
+Hyg downwind dune's lee slope
0 X2 POST=(m+ Hut d+ Hai1);
' post-dune
(B.1)

B.2. Derivatives of the Two-dune Pro le

Derivatives of this function with respect to the variables ee as follows:



q
d%'*'1 Hu(1:u+1:c%

14
u

1 Hu(]_: ut

1= ):

X 2 PRE
X2 W,
X2 Ly

X2Wd
X 2 Ly
x2 POST

2A0
1= d+l =

2A¢

1= d+1=

x 2 PRE
X2 W,
X2 Ly

X2Wd

X2 Ly
x2 POST

x 2 PRE
X 2 W,
X2 Ly

X2Wd
X 2 Ly
x2 POST

x 2 PRE
X2 W,
X2 Ly

X2Wd
X2|_d
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(B.2)

(B.3)

(B.4)

(B.5)
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8
0 x 2 PRE
% u X2 W,
h X 2L
@h_ ! (B.6)
@m d X2 Wy
X 2 Ly
"0 x2 POST
100} W, L Wy Ly
501
o ey
——
50 | R
u
Hu
100 | | =~ ~Hd
0 5 10 15 20 25

Figure B.2 . Plot of numerically computed partial derivatives of the due pro le
(h), with respect toH,; Hg; ; and 4 in regionsW,, L,, Wy, and L.

Assuming that h can be expressed purely as a function of the evvariables
( u; 4 Hy; Hg; m), we have:
dh _ @h @h @h @h @h
i + — 4+t — + — + —m;
it- @ @ e er T e
where () %?. Projecting this function onto a space spanned by the partiaerivatives
of h yields the time-derivatives of the di erent variables.

(B.7)

B.3. Isolating Time-derivatives

We identify a set of functions that spans the same space as tpartial derivatives
Figure B.2, as follows:
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Test function one (T1) is a linear function on the windward sipe of the rst
dune, and isolates :

X m e x2Ww,
y= v .
0 otherwise

Test function two (T2) is a linear function on the windward sbpe of the second
dune, and isolates 4:

Hu Hgqg Huy+d
y= X m = Seis— X2 Wy

0 otherwise

Test function three (T3) is a constant function over the winavard slope of the
rst dune, and it isolates m:

1 x2WwW,
y 0 otherwise

Test function four (T4) is a constant function on the leewardslope of the rst
dune, and isolates (after subtracting o known parts from tle above derivatines)
Hy:

1 x2L,

y= 0 otherwise

Test function ve (T5) is a constant function on the leeward $ope of the second
dune, and isolates (after subtracting o known parts from tle above derivatines)
Hy:

1 x2Ly4

Y= 0 otherwise
We now can use the inner product:
YA 1
hf;gi = f(x)g(x)dx

1

to project the RHS of the conservation equationl = ¢) onto the space spanned
by the test functions.
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hAT1; o
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hT 1; @Qh_ui
Z u

X m P
Wu u
ali
1
1

2 (x m)_,dx

23
23

HTL (B.8)

H;

which is the result found with the one-dune reduced model (Eqtion 3.26). The
two-dune model also reproduces the results of the one-dunedel for , (Figure
B.3) when run with only one dune (i.e., letHy = 0; one-dune model is discussed in

subsection 3.2.2).

0.05

Figure B.3 . Dynamics of windward slope as a function of slope for sevedherent
size dunes, computed using the two-dune model. Results hdlkie same general shape
and characteristics as those found with the one-dune moddtigure 3.6. Some noise
is present due to small transitive variations in the dune prd¢e.

Similarly, test function two yields:

_d=

a2
\.1

hT2; oi: (B.9)

(Hqg 2ho )3

1= +1= ¢
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Test function three yields:

Z
) @h @h
hT 3; i = — ,+ —m dx
a we @7 @
) m = 1 hT3, oi+6——hHTl oi : (B.10)
Hu HU

Note that if we have a steady windward slope on the rst dune (, = 0), then we
would just have:

h T3; Okl _ Gbnto rst dune's foot Qout over rst dune's crest
Hy Hy

which is the same as that found with the one-dune model (Equan 3.28).
Test function four yields:

rn:

Z
. @h @h @h
hT 4; i = — 4+ —H,+ —m dx
“ e en et
) H, = hTé; Okl N 6 UhTHlé Ql | hT3|;_| Qd  _ }+ i(B.ll)
o] u u
Hu 1:2+Al:d u

Finally, test function ve yields:

hT5, o = ZLd guh—“+@@dh—d+ glgl—_lﬂ+ @Ql_:l—_lﬁ+ g:]m dx
hes s e SN BN, O, o
(ot ML He= o)
= hrI5; q,<i=Hd+1|_2|5“ 1 E"é“— hT1;, oi +

Sq Hi Poioy, w2 g
(He P92 P 7o e &

1 H, hr4; Gl N 6 (ATl o N hT3; o

P oy P HZ Hy
d 6 uth; qx' i .
H. H. hT3 o
1 g_c_j M (B.12)

d

With this reduced dimension simulation of binary dune colsions, coalescence
occurred when the downwind dune's crest dropped onto the upvd dune's lee slope.
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If this did not happen (Hyq remained higher thanh 2 L), then ejection resulted.
Tests showed that predicted dynamics were consistent witthdse found with the full
dune evolution model (Section 5.2), but the reduced dimemsi simulation returned
less information with regards to the ejected dune's nal s The simulation also was
not simpler in use or faster, so this approach was abandoned.
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C. SMOLUCHOWSKI DUNE INTERACTION STUDY

Smoluchowski coagulation equations are used to to descrillee evolution of the
number densityP of particles of sizex at a time t. This is useful when systems consist
of a very large number of particles, such as within gaseous kecular interactions.

In the continuous case, the Smoluchowski equation is:

. yA X Z 1
@Fg’tt) = % K(x yiy)P(x y;P(y;t)dy K (x;y)P(x; t)P (y; t)dy;
0 0
where the operator K) is known as the coagulation kernel and describes the rate
at which particles of sizex interact with particles of sizey. The rst term on the
RHS of the equation corresponds to interactions which inaese P(x), and the second
corresponds to interactions which remove elements from B(x

If we were able to derive the proper form of the kernel functiofor a dune eld,
we could perhaps use this framework to analyze the evolutiaf the number density
of dunes of size m within the eld.

Unfortunately, the dune eld system di ered from the physial systems analyzed
by Smoluchowski in two key ways: interactions are asymmetrias dunes and sediment
move only downwind; secondly, dunes do not coagulate, butstead exchange mass
when they collide.

Although this approach was abandoned in favor of a discreteagicle model (dis-
cussed in sections 5.3), here we outline our kernel functiaerivation. The kernel
function is a compilation of two functions: the rate R) at which an upwind dune of
MmassSaperore aNd a downwind dune of mas®\eiore iNteract, and the probability (O)
that this interaction will yield a dune of sizeM .

C.1. Rate Function

As we have xed a scale-invariant dune morphology, it is irdevant if we consider dune
height or area; as dune velocity is related to height, for sipticity the following relation
will be given in terms of height (and height area™2). We consider interacting dunes
of pre-collision heighth and H. As dunes move in one direction, following the wind
direction, R(h;H) = 0 if the upwind dune (the rst argument) is smaller than the
downwind dune. Assumingh < H , their rate of interaction will be determined by
their relative velocity. In the frame of reference of the sleer dune, the two dunes will
interact once per time needed for the faster dune to do one darlof the simulation
box (if periodic boundary conditions are assumed). Thus, thrate of interaction is
R = 1=T, whereT is the time length of this orbit. As we are in the reference frae of
the slower dune, the velocity that the faster dune is movingtasv V=h 1 H 1
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(= a ¥2 A '), The distance traveled is the length of the simulation boxL(), so
T= 5, on
ht H! H h
R= L ~ LhH (€1

which is illustrated in Figure C.1.

2 4 6 8 10 12 14 16 18 20
a

Figure C.1 . Plot of the rate of interaction (number of collisions per uit time)
between an upwind dune of siza h? and a downwind dune of sizeA H?2
(equation C.1).

To validate this analytical result, we counted dune colligins within randomly
generated dune elds (Figure C.2). Note that this relationkip is quite dierent
from the rate function found for collisions between gas maleles (which exchange
velocities), whereR 1.

C.2. Output Function

Our output function will be in the form of a -function, as it will be determined based
on numerical simulation of our full dune evolution model, wich is deterministic. Our
output function must also be a superposition of two cases, @®metimes one dune
is the result of interaction (coalescence) and sometimesdvdunes result (ejection).
We de ne the following case-functions (where th@ and A again refer only to the
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2 4 6 8 0 12 14 16 18 20
a

Figure C.2 . The number of interactions (number of collisions per unitilme) between

an upwind dune of sizea and and a downwind dune of sizé\, as counted within 30
simulation runs.

pre-collision sizes, and the rst argument refers to the upiwd dune size):

O(a;A;M) = Cq(a;A) (a+ A (M) (C.2)
where Cc(a; A) _ 1 C%)BJ?SCGI’]CE OCcurs (C.3)

0 EJGCtIOH OCccurs
Oe(a; A; M ) = Ce(a; A) (M after, upwind (abefore; Abefore) M ) + (C-4)

(M after, downwind (Z}, A) M ) (C-5)

0 coalescence occurs

whereCq(X;y) = L
e(XY) 1 ejection occurs

(C.6)

The full output function is, thus, O(a;A;M) = O¢(a;A;M) + Og(a;A;M). For
any givena and A, the integral of O over all output dune sizes ) yields the total
number of dunes which result from the collision:

Z 1
1 coalescence occurs
O(a;A;M)dM = :

o (C.7)
0 2 eJectlon occurs

To determine the exact form of the output function, we need tknow how the
masses of two interacting dunes in uences the mass(es) oéttlunes which result from
the interaction. To do this, we study the numerical results bmany, many interactions
(as discussed in subsection 5.2.1), which results in consttion of a 1-to-1 interaction
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function (f ) between the before-collision size ratior (= ( @gownwind =Aupwind )before) and
the after-collision size ratio 6 = (@gownwind =Aupwind )after) (Figure 5.5). Note that
r 2 (0;1), but that f (r) = s2 [0;1), as if coalescence occuss= 0.

We nd the following expressions (where lowercase alwaysrages the smaller of
the two dunes):

1+rs
(Qafter =@vefore) = 1+ SF (C.8)
(Adter =Pociore) = o (€.9)
after —/\before - 1+s .

Thus, if coalesce does not occur (i.es, 6 0), for a dune of massM to result,

we need an input dunes of siz@perore = M LIE2; Aperore = M s(::LL:Sr) Of @pefore =

M "9 Ay = M 25 If coalescence does occus € 0), then to get a dune of
massM to result, we needapeiore = M 15 Apefore = M % and r less than the
coalescence threshold (=43 in our example, Figure 5.5). These expressions allow
us to fully de ne our -functions, as they uniquely de ne the relation between the

pre-collision and post-collision dune sizes.
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