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Abstract

Sand dunes have been observed throughout the surface of the plandvis\sment of these
dunes has been theorized anf@rred from the lack of craters on dunes. Dune moveirast
not yet been dactly imagedhowever Understanding sand movement processes is vital to a

correct Martian climate model, as well as the safety of future missions to Mars.

Imagery fom several Martian orbiters wasalyzed in an attempt to discern movement of

Martian sad dunes. Additional imagery from Mars Exploration Ro®@portunitywas

analyzed to search for evidence of dune movement or saltation at Meridiani PlanumDitars.

from Opportunity shows that a saltation event occurred sometime in July 2007, at ¢iie rim
Victoria Crater.No dune movement was detected, suggesting that dune movement, if it occurs
on Mars, is on the scale of centimeters or less per Martian year. Future studies should benefit
from added highresolution satellite imagery, which is currgrteing collected by the Mars
Reconnaissance Orbiter, and, if current theories on dune movement are correct, dune movement

should be discernable within a few years.



1. Introduction

OnEarth, sand is a very gmtiful resource. Wind, water and ice, ashasichemical
reactionsand biologicahctivity, all serveto break apart rocks and other solid material into sand
on a large scale. Whilauchof thissandis quickly stabilized by biological and hydrological
processesand converted into sedimentary kpsomeof it, especially in desert climates where
theseinfluences are minimatemains in the form of unconsolidated sand and fdushousands

of years or moresubject to influence by the wind

Sand isanespecially interestinghaterial to studyecause of its granular nature. When
acted upon by wind, sand behaves in ways that, at first glance, seem peculiar. Instaagl of
deposited evenly along a surface, sandastimulates into ripples, driftand duneslt can be
piled high,but can oty sustain slopes up to the material's angle of repose for the local

gravitational force, beyond which the pile will undergo gravitational collapse

Sand dunes cover an estimated 5,000,00b0ckin Eart hés surface (mor e
of the United Sta®, mostly in desrt climes and along shorelingsayward et al.2007)
Wheresurface sandominates, itan present a serious hazard to machindrgn made airborne.
For example, sand storms famously foiled President Jimmy Carter's attempt to resricam
hostages being held in Iran in 198Branules of sandnd dustre so small that they can sneak
throughmicroscopicgaps into the workings of complex machinery, causing serious malfunctions
and shorcircuits The abrasive action of airborne sarath damage or destroy structures and
equipment alike.Unchecked, dunes can cover and rend usglessly anything downwind:

roads, machinery, even entire settleméHtsyward et a].2007 Jones2001)



It has been apparent tldainesexist on Marssincee 1971, when Mariner inaged the
first extraterrestrial dune fielddserson 1976) Observations of extensive dune fields across the
Red Planet in 1972s well as the absence of aupstantialiquid wateror geological activity
on the present Martissurfacemake itclear that aeolian processegindeed the dominant

geomorphidorces which are shapingresentdayMars (Phillips, 1998)

The Uni t &idion$ot Space Bxplorafian i nc | udesforfeture pul at i on
exploration of Mars by both uremned probes and crewed missi{Bgsh 2004) With a clear
goal of establishing the presence of complicated machinery, where great expenditures and
potentially the lives of astronauts will be at stake, it is absolutely essential to understand the
mechants ofaeolianprocesses as they take place on Maus.essential part of this

understanding would be determining the activity of the current Martian surface.

Despite several successful lander and rover missions to Mars in the past few decades, as
well asa steady improvement in the resolution of images taken from orbit, there is still no hard
evidence of dune movemeartywhereon presentlayMars (Williams, 2006) This study sought
to use available imagery from Mars orbiters @uportunityrover to seatt for anydune
movement The analysis concluded that saltation is likedgurringduring the most severe
storms on present day Mars, and that one saltation kkelgtoccurredas recent aduly, 2007.

However, no conclusive evidence for dune movemaeargresentlay Mars was found.

2. Background



2.1 The nature of sandon Earth

Sand covers 20 %Wasbn183a)whill desertsccever approxsmately
20% of Earthos sur f ac erockcohtaining guartz,ifellspamettier by t he
hard mineralsas well as the erosion obralandvolcanic glass. Sand is mainly found near
seashores, where it is created by wave acéilomg rivers, whereocks frequently colliden

strong currentsand in deserts, where it is created byliaegrocesses.

It seems natural, when dealing with a problem of sand movement, to first define exactly
what sand is.Sand is a subset of all granular materials. Granular mateaialbe as large as
boulders and can be as small as 1 um (the scale wtherenal vibration effects become
significant). Sand can be defined as any granular mateniah can be influenced by fluid flgw
however, this definition must be restricted one degree further by putting a lithi diameter
of t he matualgraiasl Thesneed fordhisvestrction is clear; while both a fine
powder and a heap of boulders fit neatly into the granular material definition, they behave quite
unlike traditional sand under a fluid in motighpowderwill be dispersed quite quibkand

suspendedwhile larger rockswill be entirely unaffected, disregarding abrasive erosion.

The definitionof sandused by Bagnolds a very good general oriier the purpose of
dune study{Bagnold 1941) A lower limit for sand grain size can be falhy investigating the
behavior of a fluid flowing over a granular surfade.natural situations, fluid flow is very rarely
fully laminar; it will contain eddies or fAgustso, which represent a
and change in directiorSome 6 these eddies will be in an upward direction, giving the
potential for small particles to be suspended. However, nearer to the ground, the upward and
downward components of the eddies are weaker than other directions. While the intensity of

these upwardusts is variable, it is commonly approximated as 20% of the mean wind velocity



(Alghamdi and Akyurt2001) Therefore, any particle with a terminal velocity lower ta2
times the mean wind velocity will be carried up and suspended indefjptelyided the wind

keeps upAny particle which can achieve this suspension is defineldists

An upper limit for sand grain size is even easier to define. Sand rhweegh two
modes of transportaltationandsurface creep There is an aditional modereptation, which is
the minor saltatioof sand grains physically dislodged inypactingparticles which typically do
not have the energy to dislodge further grgirecaster1995 Parteli 2007) However, as is
apparent by the definition, reptation isnelg a subset of saltation, and so shall be included

within this category.

Saltation is the process where by sand grains actually become airborne, while surface
creep is sand movement by which the grains never actually leave the ground. At some upper
limit, however, the combination of wind pressure and sand impact are no longer sufficient to
move a grain of sufficient size. Grains which remain statioaven in the most intense wind
are defined apebbles Therefore, any granular material which doesfalbuunder the definition

of dust or pebbles sand

Natural sand never consists of uniforrsiged grains. There will always be some natural
variation in the size of sand grains, even those formed from the same rock and by the same

process. The distution of sand grain sizes is known asghadingof the sand.

2.2 Nature of sand movement

Fluid-based and transport takes place close toglanetary surfagewvithin what is

known as thédoundary layerthe layer of wind above the ground where surfacéon affects



the local wind velocity.Within the boundary layer, wind tends to vary logarithmically by height
defined byEquation 1

u(z) =Y nz
k Z, 1

The terms used in this equation will be defined later, however there is an impartant te
to point out nowus, which is known as thehear velocity The shear velocity is not an actual
velocity, but a mathematical parameter of a wpnafile with unitsof velocity. The shear
velocity is constant for a given wind profile, so it is conséddemore convenient, in discussions
of sand movemerand other neasurface processe® refer to boundary layer winds in terms of

shear velocityather than actual velocity.

A single grain can be moved in a variety of ways. It can be moved as padrmd a
avalanche on a slip face or it da@knocked forward along the ground (or even into the air) by
an impacting airborne grain. When analyzing the initiation of sand movement, however, it is

necessary to study the case where a sand grain is movee thyect pressure of the wind.

A sand sheet is obviously stable under a fluid with no velocity. At very low velocities,
friction between individual grains in the sand sheet &#®sgm from moving. However, as wind
velocity increases, eventually dragdlift forcesovercome the forces of friction and gravity
keeping the sand grains in plaead the most exposed sand grains will become airborne

(Lancaster1995)

A grain lifted in this manner will likely have a small initial velocity in relation to the
mean wind velocity at its initial height. Therefore, the faster wind will impart some of its
momentum upon this grain, possibly reaching an equiliorivinere the grain is moving at the

local wind speed. However, the airborne state of the sand parstleridived. When the



particle impacts the sand bedtransfergts ~ — Peseending grain

momentum, usually into several sand grains

In this way, even grains not exposed enougt-—._ Selash

or too large to be moved by the fluid thresho
shear velocity mape dislodged and set in

motion, which initiates a type of sand

movement known asaltation Saltation is a

mode of sand movement involving short
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Figure 1: Initiation of saltation. A single grain
] ] dislodged by the wind can create a cascade of
process by which approximately 75% of sansaltating grains. In this way, a wind which blows
for even a short while can move a significant
movement occuréBagnold 1941) amount of sand.

jumps by individual particles, and is the

When the grain impas the sand bed, it createsmash which is the propulsion of
multiple sand grains at the impact site into the wind strdatie wind remains constant at or
aboveus, theflux of saltating graing will initially increaseexponentiallyas more andhore
grains are impacted and driven into the wind stre8imce each additional saltating grain draws
more momentum from the winthe wind speedhithe saltation layer decreasésventually, the
system reaches an equilibrium airborne grain densityrenthe force of the wind lifts as many

grains as it possibly can into saltation.

In addition to increasing theumberof grains in saltation, impacting grains also serve to
initiate another type of sand movement, knowsw$ace creep Even though grainbat are a
bit too large tcsaltateby direct wind pressure can be dislodged by impacting grains, other grains
are too large to become airborne even when given this extra boost of momentum. However, if

these grains are not too large, they may be knoftkegrd along the sand surfasghout ever



becoming airborne This is the process of surface creep: descending grains impact other larger

grains, moving them forward slightly before friction stops them.

Once saltation has been initiated, the main predatsaltating particles is the impact of
other saltating particles on the sand bed. A peculiar consequence of this property is that after the
initiation of saltation, the shear velocity may drop beteyy and saltation will still continue. At
this pant, the fluid threshold shear velocity becomes unimportant, and a new, lower threshold
comes to light. It is only when the shear velocity drops below this new levehpaet

threshold shear velocityu), that saltation will cease.

The aforementionedaturation of the boundary layismot an instantaneous process. For
any given grain distribution and wind speed, there is a lag between the time saltation is initiated
and when the maximum grain density is reachBage saturation lengths the distane a parcel
of fluid moves before achieving the maximum grain der(@ggnold 1941) It also represents
a rough measure of the distance it takes for a change in one property of the wind flow to reform

into a new velocity profile according to Equation 1.

Sand movement, taken on the level of individual grains, is understandably chaotic. A
single windblown grain impacting the surface damock multiplegrainsinto random
trajectories. However, taking the average paths of individual saltating grainshgives
characteristic pathor a given sand and wind. The length of this path isétiation lengthLs,
an important parameter in many sand transport models, as wethasformation of ripples,

which will be described lat€Bagnold 1941)

The velocty distribution of the wind in the boundary layer is roughly logarithmic by
height, as can be seenkguation 1 However, the level at which the velocity actually drops to

zero is slightly above the actual ground level. In fact, for different valugiseair velocityver



the same surfacéhe wind speedrops to zero at the same height. This texms known as the
surface roughnessvhich will be explained laterlt changes greatly between different types of

terrain, and is dependant mainly on tegree of sand movement and dominant grain size.

3. Physics of sand movement

Sand, a granular material, has some properties of a fluid, some properties of a solid, and
some of neither. As such, it requires unique equations to describe its behaviculgrbrtivhen

under the influence of a flowing fluid.

Some of the first equations to accurately predict the movement of sand and sand
formations were formulated by Ralph A. Bagnold. His bdtkysics of Blown Sand and Desert
Dunes was the first comprehenrs study on all forms of sand transport. It is still used actively
many decades later, and may still be the best work on the physics of sand dunes. Many of his

original equations will be useful in this analysis.

Within the planetary boundary layer, mesimd velocityu varies logarithmically with

heightz according to the relation shown here

u, Z
u(z) =—In—
(2) P

ZO 1

wherea = 0.40 is the von Karman constdAMS, 2000),u- is the wind shear velocity, amglis
thesurface roughnesd he terms+ andz are independent variables which may be determined
experimentally. The von Karman constant does not depend on atmospbpetips; it is an
experimentally derived universal constant. It should be notedgtisanot an actual measure of

surface roughnes$ut an apparent measure, which will be explained later.



With the wind velocity distribution known, it is natural tov@stigate what strength of
wind is needed to initiate sand movement. Individual sand grains are rough, irregular chunks of
material, varying widely from the theoretical spherical shape. Therefore, as Bagnold pointed
out, it is convenient to find a scafjrfiactor for determining the diameter of a sphere of equivalent
composition as the nespherical sand grains which will behave identically under the influence
of a fluid. Thisshape factors dependant largely upon the amount of weathering that the sand
has undergoneas well as the average grading of the sdhchust often be determined
experimentally; for desert sand on Earth, 0.75 is a good approxim@amgmold 1941)
Multiplying the actual average diameter of sand grains by the shape factsrtiieelapparent

grain diameter, which will be used from here on in place of the actual grain diameter.

There are actually two forces imparted upon an exposed sand grain by théParel]
2007) The first, adrag force is due to the friction of the mang air on the grain, and is in the

direction of the fluid flow. It is described by the equation

whered is the diameter of the particléjs its densityp is a constant which depends on the

packing of the grains, and is theshear velocity The second force, thié force, is

w h e rpés thepdifference in pressure from the bottom to the top of the graitheGtale of
sand grains, due to the strong velocity gradient near the surface, the lift force is very significant.

On Earth, it is approximately equal to 85% of the magnitude of the drag force.



At the initiation of sand movement, the drag and lift ésrevork to rotate the grain over

some pivot poinp. These forces are resisted by the gr

where} is the density of the fluid amglis the planetary gravitational constant. Thus, with a

momentum balance, it is easily possible to find the threshold parameters for grain movement.
The forces balance over a pivot pgargeenon the right Thereforewhen(5) is true
Fycosf ¢ (F, - F)sinf 5
the saltation process begifiarteli 2007)

There are several important parameter? /

which govern sand movemeiais well as two

important thresholde/hich indicate when

movement will begin Underunchanging

. " _ N
topographic conditions, the shear velocity is ( r
\ F,
defined by another important quantity, gteear
. Figure 2: Forces governing the initiation of
stress according to the relation sand movement. From Parteli, 2007.
t
u = |- 6
r

where} is the density of the fluid. The shear stress is merely a measure of the drag force per unit

surface area.



As the shear velocity increases, the drag force and lift force increasd.a3 he value
of u. wherethe inequality shown in (53 trueis called thdluid threshold shear velocitp.+).

An equation folu.+ is

S-r

U = A gd

r 7

whereA is theShields parameterThe Shields parameter has been determined exgaity in
the pastand is relatively constant on Earth. Under low atmospheric pressure, however, the

Shields parameter has a complex dependence upon the grain diameter and wind velocity.

At the fluid thresholdthe most exposed sand grains begin torbamed in the fluid.
Because the velocity of the wind works parallel to the surface, the motion of the grain is
temporary; soon, any upward motion of the gra

impacts the sand bed some distatia@nstrean{Bagnold 1941)

As mentioned above, the additional momentum imparted to grains on impact allows
grains of larger sizes to enter saltation. Thus after the initiation of saltationghet threshold
shear velocityu.)) becomes the more important paraene It is typically near 80% of the value

of u.¢ (Parteli, 2007).

If dune movement is indeed occurring, then an important factor to know is the sand flux
g, or the weight of sand transported persecai¢¢ r ¢ i s where Bagnol déds wo
insufficient, as his sand flux equations are fairly accurate, but do not predict the existence of a
threshold velocity.A universal sand flux equation, which has been confirmed by both wind

tunnel and field experiments, here showrtgsation §White, 1979;Lancaser, 1995)
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The problem, then, for determining the existencdufe movemeran Mars through
calculation, lies in the knowledge of several key features of the local Martian surface. Indeed, it
is very possible that there areapks on Mars where saltation still occurs, and others where

aeolianf eat ures are fApetrifiedo, no | onger influe

4. Dune formation and movement

4.1 Small-scale santbrms

Sand under the influence of wind can be found in marigréifit formations, dependant
upon many factors, including grain size, average shear velocity, sand availability, and the

presence of obstacleSandformis a generic term for any sandy deposit or formation.

The simplest sandform is one found in tekeof an immobile object, such as an
exposed rockknown as aand shadoWBagnold 1941) Sand shadows are formed by
deposition okand in saltation due to localized reduction of shear velocity iwitigk shadowof

such arimmobile object.

Behind any objet within a fluid flow, there is aurface of discontinuityoutside of which
the flow is roughly laminar near the mean wind speed, but inside of which is turbulent, with a
mean velocity lower thathe mean wind speed.he reason that sand, not dust,epaksited in

these areas is a direct consequence of the definition of sand we are using here. While sand is



highly influenced by the wind, it will tend to follow a uniform trajectory rather than a changing
streamline in the wind. So a grain flying overaoound an object while in saltation may, by
chance, fall into the wind shadow behind the object, where it will likely stay. A dust grain in

suspension, however, will tend to follow the changing streamlines and fly past the wind shadow.

In addition to sad deposits found in the wakany obstacle will also have a small pile in

front of it, due toyet another wind shadow in front.

Object

Figure 3: Wind flow around a surface object. Sand will tend to accumulate in the wind shadow, where
the wind is turbulent with a lower average speed

A related sand formation issand drift which forms in gaps between objects and in wind

shadows caused by changes in terrain.

Sand shadows and drifts require the presence of obstacles to alter the boundary layer fluid
flow. However, one of the most interestipgpperties of sand is that a flat sand sheet is unstable
under a fluid flow. The mechanism for this peculiar property becomes apparent when you

analyze thease of saltation over a flat sheet of sand

Take the simplifing case of dlat sheet of sand undergoing a uniform barrage of
saltating grainsIn addition to there being a characteristic path to describe the average path of
saltating grains, it turns out that all grains descendvatyauniform angle of descenBecause

of this, the descending grains can be represented by parallel vastorBijgure4.

A Aiflato sand sheet can rirote grameof rpughlyf ect | y f
circular proportions. As such, at any moment there exists a ndeltituminiscule pits and

discontinuities.Figure4 shows just such @eformationwhere a smallepressioras formed



momentarily due ta fewsaltating graindeing removed Because of the neaniform descent
angle of grains in saltation, the existenf¢he depression cause®re sand grains to impact in

the downwind slope of the crater than the upwind slope.

The sand flux due to surface

creep., is proportional to the numbe§>

mall depression .,

Figure 4: Differential intensity of saltation bombardment.

Therefore, the downwind side of the When a chance depression forms in a sand sheet,
ongoeing saltation will serve to deepen the depression

temporay depression is suddenly and extend it downwind

of impacts per surface area.

subjected to a much higher sand flux. Since there are now more grains moving out of the
depression than into it, a continuous saltation will serve to deepen the depression and extend it

downwind.

When the sand surface begins &vidte from the ideal flat sand sheet case, the ideal
situation seen ifrigure4 with an even distribution of descending grains at a constant angle no
longer applies Knowing that saltating grains have a characteristic, @agrain leaving the sand
bed @ some point wiltend toland very near to a point one saltation length downwind.

Therefore, if an area has a much higher sand flux due to increased saltation impacts, the same
will apply for an area one saltation length downwind. In this way, a sihgiece depression

will soon become an extended areaafd ripples These sand ripples have a very regular
wavelength which is dependant upon the prevailing wind speed, and is remains constant over

time as long as the wind speed remains constant.

The shae and height of these ripples depends on the surface sand grading, or the
distribution of sand grain size. This can be deduced by a simple analysis of growing ripples: as

the height of each ripple increases, the average velatdhe grainsvill increase according to



the boundanyjayer wind distributior(Equation ). If the range of grain sizes in a particular sand
bed is small, the higher wind speed at the top of ripples will tend to topple the grains at the crest
into the next trough. Therefoeerarrower range of grain sizes will result in smaller ripples. A

wider range of grain sizes will allow for larger ripples.

As seen previously, an area of increased grain impacts will also see an increase in the
grains moved by surface creep. Therefdre,significant portion of the grains in the sand bed
can only move by surface creepdifferent kind of sand formation will be seen. In this case,
after the initiation of saltation, the smaller grains are slowly removed until the larger grains begin
to daminate. Ripple-like formations will still emerge, but they will have essential differences.
Larger grains only capable of surface creep will begin collecting at each crest, creating a wind
shadow for the subsequent trough similar to th&igmre4. Since the larger grains are moved
much slower than the smaller grains, and cannot move in their own shadow due to a lack of
saltation, the collection at each crest grows larger, as shokigure5. These features are

known agidges

At some point, assumg uniformconditions throughout the sand bed, the ridges will
grow large enough to shelter the troughs completely, halting saltation, and creating a stable
configuration of small, steefaced ripples.However, a more common caseige where there is
anoncoming saltation from upstrearin this scenariothe surface creep will continue to build
the ridges higher. With higher ridges, the wind shadows grow longer, and subsequently the
wavelength increases. |If saltation conditions prevail for long penimiiges can grow
indefinitely. So unlike ripples, the wavelength of ridges does not depend on the mean wind

velocity.



Figure 5: A typical ridge. The line AC represents the wind shadow where no saltation or surface creep is
taking place, the line DA B the area of maximum surface creepand the line AB is where creeping grains
from the crest are avalanching down thelownwind slope. From Bagnold, 1941.

There is a third feature, known amagaripple which can form under the same
conditions as normaipples They are widely spaced, less regular in their repetition than normal
ripples. It is unknown whether their wavelengths are dependant upon grain distribution or
properties of the local wind regimittle is known about their genesis or evoluti@amd many
consider them to be dunes rather than ripples or ridges, but they have been widely observed on

the surface of Mars.

One important feature distinguishes ripples and ridges from sgéimeforms. In ripples
and ridges, the coarsest grains appédne crests, with finer grains in the troughs. The opposite

is true for secalledlarge-scale sand formationshe majority of which are trusand dunes

4.2 Dune formation

The genesis of dunes has actually been observed only rarely in anyldeteaister
1995) Only a few studies have documented properties of dunes from formation until maturity,
and these only noted the physical transformation of the dune, not the sand properties believed to
be important in dune genesis. The accepted theory regatdne formation comes mainly from
the study of mature dunes and wind tunnel scenarios, so there is an inherent uncertainty in the

exact processes which take place.

! http://www.tec.army.mil/research/products/desert_guide/lsmsheet/lsgran.htm



http://www.tec.army.mil/research/products/desert_guide/lsmsheet/lsgran.htm

Contrary to popular belief, a sandy desert floor on Eanthredy composed entirely of
sand. A typical desert floor is either composed of a sandy surface interspersed with pebbles and
a few larger boulders, or what is known ateaert pavementvhere all surface sand and dust

have been removed, leaving a layer of interlocking pebbles.

Thedesert pavement case is irrelevant for our purposes. In other argagébbles
among smaller sand grains will tend to space themselves out evenly, regardless of their initial
distribution. Because of this, the presence of pebbles tends to stagizéd sheet, halting
saltation by raisingo, the level at which average wind velocity drops to zétowever, if a
sand sheet stabilized by pebhbiesubjected to a stronger wind, more sand may be removed,

until another equilibrium level is reached wid¢ine sand grains are sheltered by the pebbles.

A sandy area with large pebbles can sustain a much higher sand flux than a bare sand
sheet. This is due to the tendency of saltating grairebtmunchigher and longer when
impacting an immobile objestichas a pebbleSo when a patch of bare sand forms by
deposition or other processes, the tendency will begasind saltation tadeposit sand on an
existing sand patchHowever, a pebbly surface will have a much higher surface roughness than
asurface obare sand, and so the fluid threshold shear velocity will be much higher as well. So
if the shear velocity isot much highethanu.¢ for the pebbly surface a fi g e n {thesamd wi n d)

patch will be stretched downwind and dispersed.

In the case of a shevelocitymuchhigher than both fluid thresholdaround 4x., a
A st r on gsaltatwn willdggirin earnesbefore the wind reaches the sand patch. At the
upwind edge of the sand patch, saltation increases violently, causing substantial dnag whic
causes a reduction in the wind velocity at and just upwirtdeobare sand patch, which in turn

results in a net deposition of sand. In this way, a strong wind will serve to increase the thickness



of a sand patch, as well as extend it A Srale of surface after genfle wind
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Figure 6: Accretion on a patch of bare sand.

areas of changing surface roughnéssr From wind tunnel experiments by Bagnold, 1941
conditions must be satisfied. First, wiwtlich causes saltation along th@ootheisand surface
must not blow for too long, lest it dissipate the sand accumulation entirely. Second, for the
duration that thetrongwind blows, there must be a consistent supply of sand from upstream, or
else thesmodhersand patch will quickly dissipate in much the same manhleird, there must
not be a large amount of grains in surface creep, as these grains will tend to encroach upon the
smoother patch of sand, preventing dune growiburth and lastly, the smtieer sand must be
at least as long as the saturation length, as there will be varying instances of removal and

deposition as the new wind profile adjustis saturation length, usually between 4 and 6

meters on earth, represents a lower limit for tke sf true sand dunes.

Therearetwo mechanisms by which upwind saltation could be sustaiiieé first case
we will consider is a unidirectional wind profile, whdrath strong and gentlgindsblow inthe

same direction (x15¢{Lancaster1995)

In a undirectional wind regime, any sand patches will have no mechanism by which to
become wider, and may only extend in the downwind direcfidns leads to the appearance of
sand stripswhich are arranged parallel to the prevailing wikbhless the wind isnuch higher

than thes a n ttiréshold shear velocity, these sand strips will soon thin out to the point where



buried pebbles start to reemerge, in addition to encroaching grains in surface aegyertif
aperiod of strong winds occgjran interestig selfsustaining wind regime may form close to the
surface. The intense saltation ongoing over the sand satpsates the boundary layer, slowing

the neassurface wind velocity significantly.

The intervening areas between strips are
pebbly, and uner a gentle wind the higher surface
roughness dictates that the nearface wind
velocity will be lower than over the sand strip.
This situation changes in the above case of a ve |
strong wind. While there may or may not be
saltation over the pebbly dace, the density of

saltating grains will be less, assuming the wind is

not so strong that this area is saturated as well.

vortices among sand strips under seveic
faster wind, which tends to create small eddies asaltation. From Lancaster, 1995.

vortices, the sum of which iscnvergent wind pattern on the sand strips. This process can be
seen inFigure?. If the strong wind can be sustained for a long enough time, these sand strips

may eventually build inttongitudinal duneswhich are arranged parallel to the wind flow.

The second case, where gentle winds blow in a different diretizomthestronger
winds, is much simpler. If an isolatsdnd patch is created, a strong wind will build it up, at the
expense of a nowdenuded area just downwind. If gentle winds occut,jasely above the
saltation threshold, from a different direction, they will thin out the accumulated pile slightly, but

also replenisithe denuded area with a fresh layer of sand. This regime tends tootregie



dunesor transverse dunesiependingn the magnitude of the direction difference. Oblique

dunes are arranged at an angle to the direction of dune propagation, while transverse dunes are
perpendicular to the direction of dune propagatiBegardless of which case occurs, a

continuation of song winds will builda budding dune steadily up to a certain pokibwever,

when the dune reaches a size where it begins to alter the nearby wind profile, it no longer needs a

strong wind to sustain it.

When a dune first forms, a cresaction takemarallel to the dunéuilding wind
typically takes a shape similartiee one shown ifigure8. Because of the projection of the
dune up into the wind streamie dune significantly alters the wind profile. Closer streamlines
on the upwind ostosssideof the dune show areas of higher wind velocity, indicative of a net
positive sand flux, or sand removal. On the downwingeside of the dune, the streamlines
spread apart, showing an area of net negative sand flux, or sand deposition. In thidumay, a
can move essentially unaltered across a desert floor, even if the wind is only strong enough to

move the bare sand on the dune.

—_—

Maximum deposition
Maximum erosion

Incipient Dune

Sand erosion Sand deposition

Figure 8: New dune altering the wind profile above itself. The streamlines appear closer together on the
stossside ofthe developing dune, and further apart on thdeeside, so sand is removed from the front of the

dune and deposited downwind, causing dune movement.



A sand dune can not remain in thisiform, hill-like profile for long. Equation 9 gives

the sand flux omsimple hillshapediune undergoing no net flux (Bagnold, 1941)
q=cgr tan@)x 9

wherex is the horizontal distance from the upwind foot of the damethe velocity of the dune,
} sis the density of the sand in bulk (includiaig between gains), andJis the inclination of the
dune surface at point Therefore, all other factors being equthk both the net removal and
deposition of sand will occur at the point where the slope is the stesip@st) inFigure 8

With an unequal sandui, different areas of the dune will begin to advance at different rates,

leading to an oversteepening of the lee slope as séeguire9.

When sand ipiled on itself like any granular material, it can only support itegj&inst
the force of gravit to a certairpoint. Because of frictional and intgrain cohesive forces, a
sand pile can achieve a fairly large angle, typically around 34° for sand on Eaxtklope

steeper thathis anglewill collapse, avalanching

until the slope below this dital angle, known as m

(a)

theangle of reposeln the case of a moving dune,

. . . . ?
sand avalanching in this manner will eventually /ﬂ 3

morph the lee slope into a fairly straight slope jus (b)
shallower than the angle of repose. This straight ﬂ Py

) (‘)
slope is known as glip face and is alwaysoughly ‘ (©)  Image from Bagnold, 1941

Figure 9: Development of a slip face. In (a), the
transverse to the direction of winds above the  lee slope has steepened to the angle of repose,
and additional deposition at the dune crest
. causes sand to begin avalanching down the
saltation threshold. slope (b), creating a slip face. As the dune
advances, deposition continues to occur at the
dune crest, but stops at the foot of the dune,
With the formation of the slip face, the lee maintaining the entire slope as a slip face



of the dune now contains a wind shadow, with a surface of discontinuity roughly equal to the
surface of htinhd oi dsighas8v mhesivand shadow will serve to increase
deposition even further at the foot of the dune, causing dunes with slip faces to continue to grow.
The dune has now reached maturity, and will continue to evolve and migrate as long esahe

consistent wind above the saltation threshold.

4.3 Dune types

The exact evolution of the dune beyond its initial formation depends upon two factors:
the amount of sand available for saltation outside of the dune, and the wind regime complexity.
The previous descriptions of dunes as, longitudinal, oblique, or transverse refers only to the
arrangement of individual dunes in a gronpeference to the prevailing wind regime. These
termshave little or no bearing on the actual dune typkere aethreemajor types of dunes,
each of which represents different local conditjarsd, most importantlhgll of whichare found

on Mars(Lancaster1995)

The firstdune typearguablythe easiest to recognize, is tharchan dune Barchans
form in area of limited sand availability and unidirectional wind regim&be stoss side of the
dune is relatively featureless and desmaped.Theslip face is curvedresembling a bite which
has been taken out of a doisigaped dunderminatingwith two hornsextending downwind, one

on each side of the dune.

Now, the curved slip face is not an indication of changing wind directions. Itis a
consequence of trehange in sandind interaction as the dune grows. A larger dune begins to

interrupt the linear fluidléw, causing it to curve slightly around both sides of the dune. Since



the local wind speed is the most important factor in determining théaskporientation, this
slight curvature of the horizontal wind profile causes thefalge to become curve@agnold

1941)

Figure10shows a very neat
example of a Martian barchan dune. This
dune exists nea¥1.4°S 44.6E, on the
western rim of Hellas Basin, the largest
impact crater on Marsind is part of a chai

of barchans not seen to the lower left and :

upper right In this image, by the Mars
Reconnai ssance Or b iFigure10: Bachan on wes rim of HeII Basn, Mars
all the classic barchan features are visible. The curved, credwgred slip face is prominently
featuredinthe cented,i ssi pating i nt o Thewemaifideohthendesmie d own wi n
shaped dune is covered in sand ripples, which tend to form on barchans due to their

unidirectional wind environmentThe duneforming wind is from ENEo-WSW, and the

ground outside of the dune is a jumbled bedrock terrain, distributednvah sand deposits,

suggesting very limited sand availabilitfhe dune is about 120 m long from stoss foot to horn

tip, with the horato-horn distance of about 40 m, fairly typical of large barchans found on Earth.

The barchan is one type of the largesup ofcrescenticdunes all of which are formed
under uidirectional wind regimesAnothertype of crescentic dunésvery closely related,
crescentic ridgegnot actual ridges, but a type of dun&rescentic ridges resemble parallel

chains of barcain dunes whickend tooverlap. Logically, crescentic ridgésm in areasvhere



sand availabilitys higher than with pure barcharmt the wind regime is still unidirectional

(Lancaster, 1995)

On earth, the most common type
dune is thdinear dure. However, on Mars,
linear dunes only appear to be dominant i
about 5% of large dune fieldslayward et
al., 2007) Linear dunes appearhen there
are two dominant sanghoving directions,

separated by more than 18%ncaster

1995 The slip face isot fixed with respect Figure 11: Linear dunes near Gale Crater, Mars
to a linear dune, but shifts from one side of

the crest to the other as the wind regime

changes.A related dune typehich has also

been found on Mars is tlieversing dung

which is formed by a wind regime which

periodically changedirection close to 180°.

An even more complicated wind
regime, featuring three or more prominent
wind directions, results in the formationsiar dunes Thesecan bethe largest dunebuilding
to several hundred meters high on Eaithese dunes havmultiple slip faces, which are active
and inactive depending on the current direction of the widil Mars, they are often found on

the floor of smaller craters such as Victoria Crater.



