CHAPTER 11
MOVEMENT OF SEDIMENT BY THE WIND

INTRODUCTION

1 Everyone knows that winds on the Earth are commonly strong enough to erode,
transport, and deposit sediment. What is perhaps less obvious is that the modes of
sediment transport by the wind are greatly different from those of sediment transport by
water flows. This great difference does not arise from any great difference in the
structure of the wind at the lowermost levels in the atmosphere: you saw in Chapter 7
that low in the atmospheric boundary layer the dynamics of flow are the same in all
essential respects as in turbulent shear flows above a solid boundary in water. The
difference lies in the greatly different ratio of sediment density to fluid density, which is
almost eight hundred times greater in air than in water; go back and look at Figure 8-5 in
Chapter 8 to see where the point for p,/p lies for quartz-density particles in air, relative to
the point for quartz-density particles in water. This difference has profound effects on
the nature of particle movement in the two fluid media. As discussed briefly in Chapter
8, the very large ratio of particle density to air density means that the trajectories of
particles that are in transport by the wind are largely independent of the fluid turbulence,
except for fine particles, in the silt and clay size range.

2 Another important difference between sediment transport by wind and
sediment transport by water is that the wind is a more efficient size-sorting agent. For
transport by water, it is broadly true that larger particles are more difficult to move than
finer particles—silts are moved much more readily than gravels, for example—but the
weakness of this effect is highlighted by the nearly equal mobility of a wide range of sand
to gravel sizes in many flow settings, as discussed in Chapter 14. By contrast, the wind
entrains dust and silt much more readily than sand, provided that the sediment is not
bound to the substrate by cohesive forces, and gravel is much more difficult to move than
sand. Except in the very strongest winds, all but the finest gravel sizes are invariably
immobile, whereas water flows, even leaving rheological flows like debris flows out of
account, can move even large boulders if the flow is sufficiently strong.

3 It is not an exaggeration for me to say that the modern era of study of sand
movement by the wind started with R.A. Bagnold’s work in the deserts of North Africa in
the 1930s, which culminated in the publication of his little book (literally “little”: 265
pages in a book measuring 22 cm by 14 cm) The Physics of Blown Sand and Desert
Dunes in 1941. It is a classic, in the fullest sense of the term: it is an outstanding
example of a magisterial work that sets the course of future work in a field of science for
many decades. It is by far the most widely cited work on eolian sediment movement, and
it remains essential reading for anyone who is seriously interested in the topic. Also,
several extensive early wind-tunnel studies of eolian sand transport, with results that are
still valuable today, are worthy of mention (Kawamura, 1951; Zingg, 1952, 1953;
Horikawa and Shen, 1960; Belly, 1964). Chepil, in a long series of papers, (see
especially Chepil, 1945, 1958, 1959), was the pioneer in modern studies of wind erosion
of soils; some of his work bears directly upon the transport of loose sand by wind. After
the appearance of a multitude of papers on saltation from the mid-1970s to the mid-
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1990s, in large part from just a few groups of researchers (Greeley and co-workers;
Willetts and co-workers; Anderson, Haff, and co-workers; see the list of references at the
end of the chapter), the frequency of published works on saltation has decreased
somewhat. You are likely to get that impression if you scan the list of references. For
clear reviews of the eolian sediment movement, see Greeley and Iversen (1985),
Anderson (1989), Anderson et al. (1991), and Willetts (1998).

4 Research in the field of eolian sediment transport, over the past several
decades, has fallen fairly naturally into three overlapping areas: soil erosion; transport of
sand by saltation; and the nature and dynamics of eolian bed forms (wind ripples and
eolian dunes). (The adjective eolian, meaning produced, eroded, carried, or deposited by
the wind, and spelled aeolian in British-style English, comes from the name of a minor
Greek god, Aeolos, who was the keeper of the four winds; see the Encyclopedia Mythica
or the Wikipedia on the Internet for more information.) This chapter deals with the
second of those areas. Loess—deposits of windblown silt that is carried in suspension far
from its source, for tens or even hundreds of kilometers—covers a far larger percentage
of the Earth’s surface than eolian sand, and it is important for agriculture in many parts of
the world, but the topic of loess deposition is beyond the scope of these notes.

SALTATION

Introduction

5 The characteristic mode of motion of sand particles in air is saltation: particles
are launched from the bed, take arching trajectories of widely varying heights and
lengths, and splash down onto the bed at low angles, commonly rebounding and/or
putting other particles into motion. The term, introduced into geology by McGee (1908,
p. 199), is derived from the Latin verb saltare, meaning to jump or leap. Movement by
saltation has also been invoked for water transport of particles near the bed (see chapter
10), although the distinctiveness of saltation in water is not nearly as clear as in air.

6 Saltation in air became well known through the early experimental studies by
Bagnold (1941), Chepil (1945), Zingg (1952), and others. In recent years there has been
much attention to eolian saltation, in part because of the growing concern over
desertification, and also in part because of the interest in how sediment is transported by
wind on other planets—most especially, Mars. Early studies of saltation dealt in large
part with the nature and dynamics of saltation trajectories. Later, especially during the
late 1980s and early 1990s, emphasis tended to shift to a more unified consideration of
the overall saltation system produced by a steady wind. In more recent years, this has
extended to study of saltation in the unsteady winds characteristic of natural
environments. Also, as computational power has grown it has become possible to
develop increasingly sophisticated numerical models of saltation.

7 The study of saltation can be viewed as falling into several related areas:

* threshold for motion

» forces causing liftoff
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* the geometry and dynamics of particle trajectories, including the distributions
of jump height and jump distance

» the effects of wind velocity and of sediment size, sorting, and particle shape on
mode of saltation and on saltation transport rates

the effect of unsteadiness of the wind on saltation

the effect of the saltation cloud on the structure of the near-surface wind

To some extent it is artificial to treat these topics separately, but nonetheless it seems
helpful in developing clear understanding. Accordingly, each of these topics treated in
sections below, after some comments about observing saltation.

8 Saltating particles are highly abrasive, because of their very large relative
inertia—much greater than for water-borne particles. Both natural and artificial solid
materials at heights within the saltation cloud, even hard rocks, are gradually abraded.

Saltating sand also sculpts distinctive eolian landforms. Such topics are not within the
scope of these notes.
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Figure 11-1. Cartoon graph showing the ranges of distinctive modes of eolian particle
movement as a function of sediment size and wind speed. (Inspired by Figure 2 of Owen,
1964.)

9 As the size of particles in saltation decreases toward the silt range, the decrease
in particle mass means an increasing effect of turbulence on particle trajectories. Wind
speed is important in this respect as well, inasmuch as the characteristic magnitude of
velocity fluctuations from eddy to eddy increases with mean wind speed. At sufficiently
fine particle sizes, and for sufficiently strong winds, the particles are carried in
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suspension rather than in saltation; see Figure 11-1 (in the same spirit as Figure 10-3 in
Chapter 10), showing in cartoon form the regions of distinctive modes of eolian particle
movement as a function of sediment size and wind speed. What is known about the
transition from saltation to suspension is described in a later section of this chapter.

10 A distinction is commonly made between saltation, whereby particles take
ballistic excursions well above the bed, and surface creep (also called impact creep or
reptation), whereby particles are moved for short distances without losing contact with
the bed surface. Particles that are too large to be moved in saltation (but not so large as to
be immovable by the given wind) characteristically engage in surface creep. Particles of
sizes susceptible to saltation can also move as creep, however, if a saltation impact is
sufficient only to impart slight movement to a given particle on the bed surface. Even in
very well sorted sediments, surface creep as well as saltation is an important mode of
transport.

Observing Saltation

11 The very best way to appreciate saltation is to observe it for yourself.
Imagine yourself out on the surface of a sand dune on a windy day. If you get your eye
level down to within a few decimeters of the surface—you risk getting sand in your eyes,
ears, nose, and mouth—and sight horizontally across the wind, you see a blurry layer of
saltating sand, with concentration tailing off upward for as much as a meter above the
surface. You are seeing the characteristic saltation cloud. Unfortunately, your eye
cannot easily follow the trajectories of individual particles.

12 To see saltation trajectories clearly, you need to build your own wind tunnel
(Figure 11-2). That’s not a difficult matter, even if you are on a limited budget and have
no more space than an ordinarily large spare room. A classic “Bagnold” wind tunnel
consists of a horizontal rectangular duct, wider than high and with a flared entrance,
emptying into a large box equipped with a fan mounted high in the wall opposite the
downwind end of the duct. If you fabricate the roof of the duct in the form of several
removable segments, it is easy to gain access to the sand bed. Because fans with
continuously variable speed are not easy to obtain or arrange, it would be helpful to
mount an adjustable louver just outside the fan, in order to set the wind velocity in the
duct to any desired value. Lay in a planar bed of medium sand in the duct, turn on the
fan, and gradually increase the wind velocity until saltation is established. The only
significant difference between saltation in your wind tunnel and the saltation you
observed on the sand dune is that the range of eddy sizes in the duct is much smaller, the
consequence being that the wind is not nearly as gusty: the saltation is much closer to
being steady (unchanging with time).
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Figure 11-2. A simple but effective wind tunnel.

13 To see saltation trajectories (Figure 11-3), cut a thin slit along the centerline
of the tunnel roof, not far from the downwind end, and mount a strong light source above
the slit, with a second slit between the strobe and the roof, for good collimation. With
that arrangement you can illuminate a thin streamwise slice of the flow. Trajectories of
saltating particles that move in this illuminated slice show up well as curving bright
streaks. It would be even better to use a stroboscope as the light source. Then the
trajectories show up as series of closely spaced illuminated dots. If the concentration of
saltating particle is not too high, so that individual trajectories can be discriminated, then
by making sufficiently careful measurements of a photographic image you could compute
velocities and accelerations of individual saltating particles along their trajectories.
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Figure 11-3. A lighting arrangement to see saltation trajectories.

Saltation Trajectories

14 The general nature of the trajectories of saltating particles is known from
early descriptions by many investigators, most notably Bagnold (1941) and Zingg (1953),
but also in several later studies. Figure 12-4, from Maegley (1976), is a representation of
a typical saltation trajectory from the early literature on saltation. After launch, the
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subsequent path of the particle is the outcome of the constant downward force of gravity
(that is, the weight of the particle), on the one hand, and the fluid drag force occasioned
by the motion of the particle relative to the surrounding air, which evolves as the particle
traverses its path.

15 Although some authors have described the saltation trajectory as parabolic,
what is immediately apparent about the trajectory in Figure 11-4 is that it is
asymmetrical: the angle of takeoff is much larger than the angle of impact. You could
make two other significant observations about saltation trajectories: they are convex
upward all along their courses, from takeoff to landing; and their length, from takeoff to
landing, is much greater than the maximum height they reach.
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Figure 11-4. A typical saltation trajectory. (From Maegley, 1976.)

16 You can gain some qualitative insight into the asymmetry and upward
convexity of saltation trajectories noted above by means of simple thought experiment on
particle accelerations. Suppose that a particle is somehow launched into the air at some
representative angle, say forty to fifty degrees, at some initial speed (Figure 11-5). If the
medium is a vacuum, you know from elementary physics that the trajectory of the
particle, from takeoff to landing, would be a perfect parabola (Figure 11-5A). If the
medium is air at rest, then the height of the trajectory would be slightly smaller, because
air drag adds to the downward force of gravity and makes the vertical component of
deceleration during ascent smaller. Air drag also acts to decrease the horizontal
component of velocity throughout the course of the trajectory, so the descent of the
particle is at a steeper angle than the ascent (Figure 11-5B).

17 Now suppose that the particle is launched at the same angle and initial speed
into a wind stream. There are two cases to consider: (1) the initial speed of the particle is
less than that of the wind stream, and (2) the initial speed of the particle is greater than
the wind speed. (Here we assume, for simplicity, that because of the logarithmic shape of
the velocity profile the particle traverses only a very thin layer of low wind velocity in the
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immediate proximity to the surface and thereafter finds itself, for most of its path, in a
region in which the wind velocity is nearly constant with height. This does not do
damage to our first-order thought experiment.)

18 If the initial speed of the particle is greater than the wind speed, the wind
causes horizontal deceleration, just as in the case of launch into still air. Qualitatively,
the shape of the trajectory is the same as in the case of launch into still air (Figure 11-
5B). If, however, the initial speed of the particle is smaller than the wind speed, the wind
causes horizontal acceleration, and the steepness of the ascending part of the trajectory is
smaller (Figure 11-5C). The steepness and the shape of the descending part of the
trajectory depends on the relative importance of the downward pull of gravity and the
remaining horizontal acceleration, but in any case the downward path is less steep than
the ascending part. What we can conclude from this simple exercise is that, by
comparison of Figure 11-5C with Figure 11-4, in typical saltation the particle is launched
into the wind with a smaller horizontal component of velocity than the speed of the wind
in the region well above the surface.

Figure 11-5. Qualitative trajectories of particles launched at a fixed angle from a
horizontal surface: A) in a vacuum; B) into air at rest; C) into a wind stream with speed
greater than the initial horizontal component of particle velocity.

19 Following the early observations of saltation trajectories by Bagnold (1941)
and Chepil (1945), many authors have assumed that the particles typically leave the bed
at a steep, nearly vertical angle. Careful measurements of frequency distribution of
takeoff angles by White and Schulz (1977), by use of the technique described above for
viewing saltation trajectories in a wind tunnel, together with high-speed cinematography,
showed that the average takeoff angle was 50°, and less than 10% of the particles
observed had takeoff angles of more than 80° (Figure 11-6A). A notable feature of the
distribution shown in Figure 11-6A is that the distribution is strongly skewed: the mode
lies in the range 20—40°, and the distribution tails off steadily toward steeper angles, but
no angles less than 20° were measured. White and Schulz also found that the average
angle of impact at the end of a saltation trajectory was 14° (Figure 11-6B), and the
distribution was much more nearly symmetrical.
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Figure 11-6. Frequency distribution of A) takeoff angle and B) impact angle for 0.5 mm
glass spheres saltating in a wind tunnel (From White and Schulz, 1977.)

20 The results obtained by White and Schulz might be questioned because they
were obtained from single-size glass spheres. More recent studies have found lower
launch angles. Willetts and Rice (1985), using natural sands, measured average takeoff
angles of 52—54° for particles ejected from rest by impacts of already saltating particles
but considerably smaller average angles of 21-33° for rebounds of already saltating
particles. Nalpanis et al. (1993) measured takeoff angles of 35—41°, for natural sands,
and Nishimura and Hunt (2000) measured even lower takeoff angles of 21-25° for ice
spheres and for spherical mustard seeds. If large and immovable particles are present on
the bed surface, finer particles in saltation are observed to rebound from them upon
impact at sometimes very steep angles, in some cases even with a component in the
direction opposite to the wind.

Saltation Lengths

21 Why are the lengths of saltation trajectories so much greater than the heights?
It was noted at the beginning of this chapter that the relative inertia of sand particles in air
is extremely large, but nonetheless the air at all times exerts a drag force on the particles,
because there is always a difference between the velocity of the particle and the velocity
of the wind. Only for very fine dust particles in suspension does this velocity difference
become negligible.

22 White and Schulz (1977) also measured takeoff speeds and impact speeds of
saltating particles (Figure 12-7). Takeoff speeds averaged about 70 cm/s, not much more
than the friction velocity u=~—but keep in mind that such a value of u+ corresponds to
wind speeds of several meters per second only some centimeters above the bed. Suppose
that a sand particle is launched vertically into a wind stream at such a speed. The rising
particle almost immediately encounters much higher wind speeds. At any given instant,
the velocity of the particle relative to the air is the vector difference between the velocity
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of the particle relative to the ground and the horizontal velocity of the wind relative to the
ground (Figure 11-8). In the initial, rising part of the trajectory, this vector velocity is
directed upward and upwind.
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Figure 11-7. Frequency distribution of A) takeoff speed and B) impact speed for 0.5 mm
glass spheres saltating in a wind tunnel (From White and Schulz, 1977.)
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Figure 11-8. The speed of a saltating particle relative to the surrounding air. Vi, = the
velocity of the wind; V,,; = the velocity of the particle relative to the ground; V,, = the
velocity of the particle relative to the wind.

23 Bagnold (1941) supposed that the importance of the effect of particle speed
relative to the air can be characterized by the ratio of fluid drag force to particle weight, a
quantity he termed the susceptibility (although that useful term has not subsequently
propagated itself through the literature on saltation). Figure 11-9, from Bagnold (1941),
shows the susceptibility of several sand sizes as a function of wind speed. You can see
from Figure 11-9 that for relative speeds of several meters per second the susceptibility of
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sizes between 0.3 mm and 1.0 mm—which largely span the range of sizes of saltating
particle—Ilies between about one and ten: the air drag is greater than the particle weight,
but not far greater. The implication is that the air drag does not much affect the details of
the saltation trajectory but is important in determining the overall course of the trajectory.
If the fluid drag were much less, the saltation length would be reduced. A further
implication then seems to be that for saltation trajectories on Mars, where the density
ratio p,/p is even greater than on Earth, saltation height should be greater, relative to
saltation length, than on Earth.
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Figure 11-9. The susceptibility of two particle sizes as a function of wind speed. (From
Bagnold, 1941.)

24 The average impact speeds of about 160 cm/s measured by White and Schulz
(Fig. 11-7) are much less than the wind speed at heights traversed by the particles near
the tops of their saltation trajectories. Given that wind speeds are greater than that down
to heights of only a few centimeters, those values of impact speed tell us that the wind
has not nearly “finished the job” of accelerating the particle to the prevailing wind speed
before the particle descends to splash down again onto the bed.

25 The foregoing material is only the briefest qualitative introduction to saltation
trajectories. Several authors, beginning with Bagnold, have developed methods for
computing saltation trajectories; see, for example, Owen (1964) and White and Schulz
(1977). As Bagnold notes, it is essentially the same problem as the practical computation
of the trajectories of cannonballs and artillery shells. The basic computational 329
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problem is that neither the velocity nor the fluid drag on the particle can be assumed
independently: the two evolve together.

Saltation Heights, and the Magnus (Robins) Effect

26 It seems to be a common belief that the near-surface zone of saltation (the
saltation cloud) has a well-defined upper limit. This might in part be because of the
statement in Bagnold’s influential 1941 book that the saltation cloud has “a clearly
marked upper surface” (p. 10). Also, Owen, in his classic 1964 paper, illustrates a series
of saltation trajectories all with the same shape, height, and length (his Figure 1), which a
casual reader might assume was intended to represent real saltation—but Owen in fact
took care to point out that the figure was meant only to illustrate the simplifying
assumptions he made in his study, and that the saltation “in reality must be endowed with
a certain randomness” (Owen, 1964, p. 226).

27 It is clear, from later observational studies, that for a given sand and wind
there is a considerable variation in the height to which saltating particles rise. This shown
perhaps most clearly by results of measurements of sand transport rate as a function of
height above the bed. Using beds of moderately well sorted sand, both Zingg (1953) and
Williams (1964) found that the sediment transport rate, per unit width across the wind
and for unit height above the bed, varied as a negative exponential function of the height
above the bed. Several later studies have shown similar results. (For more on sand
transport rates in saltation, see the later section.)
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Figure 11-10. Trajectories of a saltating glass sphere calculated for the case of drag only
(non-rotating sphere; dashed curve) and drag plus lift (a sphere with a rotation rate of 275
per second; semi-dashed curve) compared with the observed trajectory (solid curve).
(From White and Schulz, 1977.)

28 If you go back to what you learned in Physics I, you can easily compute the
theoretical height to which a saltating particle would rise in the contrary-to-fact case of
no air drag on the particle. The particle has some initial kinetic energy, mv*/2, where m is
the mass of the particle and v is the initial speed of the particle. As the particle rises,
against the pull of gravity, its kinetic energy is converted to potential energy of height,
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mgh, where g is the acceleration due to gravity and / is height above the bed. To find the
maximum height of rise, at the top of the parabolic trajectory, set the kinetic energy equal
to the potential energy and solve for : h =1/2g.

29 The value of the no-air-drag result is that it serves as a standard for
comparison of actual saltation trajectories. In light of what was said in the earlier sections
on saltation trajectories, we might conclude that real trajectories should always have a
lesser maximum height of rise, owing to air drag. We would, however, be mistaken:
experiments (e.g., by White and Schulz, 1977) slow clearly that saltation heights are even
greater than the no-air-drag value (Figure 11-10). The reason seems to lie in the spin of
the saltating particles.

30 As observed early on by Chepil (1945), particles in saltation have
spectacularly high spin rates of hundreds of revolutions per second. The spinning must
somehow be imparted to the particles at, and/or soon after, takeoff into the wind stream.
Spinning generates a lift force that acts while the particle is in flight. This effect of
spinning is generally called the Magnus effect for cylinders and the Robins effect for
spheres (Figure 11-11). Rotation of the particle changes the streamlines so that they are
no longer symmetrical about the particle: streamlines are closer together above the
particle, implying that velocities are greater there than they are below the particle (Figure
11-11). From the Bernoulli equation (Chapter 3) it follows that the pressure is less above
the particle than below, and the particle experiences a lift force. The variation in lift
coefficient with rate of spinning is known, so the lift force can be calculated. White and
Schulz (1977) could account for the observed saltation trajectories only by taking this
effect into account. For most observed trajectories the rate of spinning could not be
observed directly, but a good fit of observed trajectories to theoretical calculations could
be made by assuming a rate of spin of several hundred revolutions per second. This is
known from photographic studies to be about the right value for the spin.
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Figure 11-11. Vertical streamwise cross section through a spinning sphere immersed in a
flowing fluid, to illustrate the Robins effect. See text for explanation.
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Threshold of Motion for Eolian Sand Transport, and the Question of the Forces That
Cause Saltation

31 Clearly, no particles at rest on a broad horizontal surface of sand are set in
motion until the wind reaches a certain strength. At wind speeds below the threshold for
movement, the forces on the sand particles are the same as was discussed in Chapter 9 for
water flows, because the fluid dynamics of the wind very near the ground is the same for
air as for water. As in water flows, the nature of the fluid forces on the bed-surface
particles—pressure forces and viscous forces, which can be resolved into a drag
component, parallel to the bed, and a lift component normal to the bed—are a function of
the particle Reynolds number. In fact, much of what is known about lift and drag forces
as a function of particle Reynolds number has been learned from experiments in wind
tunnels, beginning with Einstein and ElI-Samni (1949) and Chepil (1958, 1961).

32 The difficulties in defining the onset (or even the existence) of a definite
threshold flow strength as discussed in Chapter 9 for sediment under water flows exist for
sediment under air flows as well, although with certain important differences. As you
saw in Chapter 9, in water flows the sediment transport rate in the range of flow strengths
for which the threshold might be located is wide, and the mode of movement (bed load)
is the same over that range. In contrast, in air flows a different mode of sediment
movement—saltation—sets in soon after movement begins, and transport rates increase
far more rapidly once sediment movement begins than in water flows.

33 As the wind speed increases, particles are set in motion by the fluid forces.
Beginning with Bagnold, this has been called the fluid threshold or the aerodynamic
threshold. Soon after particle motion starts—in just a few seconds—saltation sets in, in a
kind of cascade whereby the concentration of saltating particles increases rapidly to its
equilibrium state. Then, if the wind speed decreases, the saltation eventually ceases. The
condition of cessation of saltation is called the impact threshold. One of the first-order
facts about saltation is that the fluid threshold is at a wind speed less than the fluid
threshold, as first remarked by Bagnold (1941) and confirmed observationally many
times since. There is thus a strong hysteresis effect in saltation.

34 There has been a long-standing controversy about whether bed particles hop
and roll for a brief time before cascading into fully developed saltation, as first proposed
by Bagnold (1941), or whether they vibrate in place, in response to the rapidly fluctuating
fluid forces they feel, before finally being launched into movement above the bed
surface, as reported by soil scientists studying entrainment of soil particles by the wind.
The consensus seems to be that, in the case of sand particles, the sand particles undergo
some brief movement as bed load for a brief time before saltation develops.

35 Observations of movement threshold under air flows have been made since
the early days of the modern era of research on sand movement by the wind. Following
on early studies by Bagnold (1941), Chepil (1945, 1959), and Zingg (1952, 1953),
Iversen et al. (1976a) made extensive observations of eolian thresholds by use of
sediments of varying size, density; their results (Figure 11-12) show a nearly constant
value of threshold Shields parameter for boundary Reynolds numbers down to about five,
and then increasing threshold Shields parameter with further decrease in boundary
Reynolds number. As mentioned in Chapter 9, the Shields parameter for threshold under
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air is somewhat greater than for under water, for the same values of boundary Reynolds
number.

threshold parameter
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Figure 11-12. Plot of threshold Shields parameter against boundary Reynolds number for
observations of threshold conditions for a number of sediments under air. From Iversen et
al. (1976a); their threshold parameter 4 is the same as the Shields parameter except that
s 1s used in the denominator instead of (o, - p) in the variable (ps - p)g, called ' in these
notes.

36 Nickling (1988) devised an experiment in which particles newly set into
motion at near-threshold conditions were observed by means of a horizontal laser beam
directed horizontally across the flow one millimeter above an originally intact planar sand
bed. Sediments with a range of size and sorting were used. Nickling’s results showed
(Figure 11-13) that for the relatively poorly sorted sediments there is a range of flow
strengths (as measured by the shear velocity) for which small number of particles are
moved before flow strengths become great enough for saltation to begin, whereupon the
number of particles in motion increases sharply. For the relatively well-sorted sediments,
however, that range of flow strengths effectively vanishes: saltation begins immediately
upon attainment of motion brought about by the fluid forces.

37 Most studies of threshold of eolian transport have been made in wind tunnels,
in which nearly steady winds can be arranged. In the field, observations of threshold are
far more difficult, in large part because winds across natural sand surface are much
gustier, owing to the much larger scale of eddies in the lower atmosphere. In small wind
tunnels, fluctuations in bed shear stress with time at a point are short relative to the time
scales of saltation of individual particles, whereas in the field they are typically far
longer. Such considerations point toward a later section of this chapter, on saltation in
unsteady winds.
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Figure 11-13. Plots of numbers of particles in motion, per unit time and per unit width
normal to the wind, versus shear velocity, for two sediments: A) a relatively poorly
sorted sand, with mean size 0.77 mm and with a sorting value of 0.39 phi units, and B) a
relatively well sorted sand, with mean size 0.51 mm and sorting of 0.15 phi units. (From
Nickling, 1988.)

38 The forces that cause a particle to be launched into a saltation jump in the
wind have been controversial. There are two candidates: aerodynamic forces of lift and
drag, and impacts by other saltating particles as they splash down onto the bed. (Of
course, the two could, and probably do, act in concert; the question is which is the more
important.) The moderate to large takeoff angles of saltating particles do not in
themselves indicate the relative importance of the two kinds of forces: it might be
supposed that strong aerodynamic lift forces should be responsible for steep takeoff
angles, but it is clear also that similarly steep angles can be the result of rebounds upon
splashdown. The controversy dates back to the early days of the modern era of study of
eolian sand movement: Chepil (1945, 1961) considered aecrodynamic forces to be
dominant, whereas Bagnold (1941) believed saltation impacts to be principally
responsible for saltation takeoff.

39 1t seems clear that the presence of the saltating particles extracts momentum
from the wind within the saltation layer, as discussed in a later section, so the fluid shear
stress on the bed must be much less than would be the case with the same sand bed and
with the same overlying wind but with the bed particle immovable. Owen (1964) went so
far as to hypothesize that the shear stress exerted by the wind on the sand bed is just
sufficient to maintain the surface particles in a mobile state. The implication of that
hypothesis is that the aerodynamic forces of lift and drag should be much less important
in maintaining saltation than rebound of particles, as well as mobilization of other

particles, at the point of collision.
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40 Theoretical models of continuous saltation, beginning with Tsuchiya (1969,
1970) and Reizes (1978), demonstrate that saltation can continue once started, without
the necessity of any fluid lift or drag forces acting on particles resting on the bed, but they
do not lead to any predictions about particle trajectories that can distinguish this
hypothesis conclusively from the fluid-force hypothesis.

The Effect of Saltation on the Velocity Profile of the Wind

41 You have seen that the air exerts a drag force on the saltating particles as they
rise from the bed. Conversely, the equal and opposite force exerted by the particles on
the wind tends to slow the wind. Given the commonly substantial concentration of
particles in the saltation layer, you should expect the structure of the wind in the saltation
layer to be different from that in the absence of saltation. At first thought, you might
assume that there is a kind of symmetry at work here: perhaps the particles tend
accordingly to speed up the wind as they descend from the tops of their trajectories down
into region of lower wind speed. If, however, our earlier deduction to the effect that the
particles have not yet been fully accelerated by the wind even when they reach the ends
of their trajectories is true, then the saltating particles must be responsible for a net
decrease in wind velocity. You will see below that this is indeed the case.

42 As with so many aspects of eolian saltation, Bagnold was the first to give
systematic attention to the effect of saltation on wind velocity. Bagnold (1941), and many
later researchers, have measured wind-velocity profiles in the presence of saltation.
Figure 11-14, taken directly from Bagnold’s book, shows actual measurements.

43 Recall from Chapter 4 that the air speed over a fixed rough bed varies
logarithmically with height above the bed, according to the law of the wall for rough
boundaries (Equation 4.33, reproduced here as Equation 11.1, for your convenience):

u y
— =Aln— (11.1)
U yO

where y,, the roughness length, is nothing more than a convenience variable to put the
law of the wall as expressed in the form of Equation 4.41 into a neater form. The
roughness length y, has the property that when the profile expressed by Equation 11.1 is
extrapolated downward, its intercept with the U /u,, axis (nominally, zero wind velocity)
is at a value of y, the height above the bed, of D/30 for close-packed granular
roughness—but in reality Equation 11.1 ceases to hold at heights above the bed not much
greater than the particle diameter, as discussed in Chapter 4.
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Figure 11-14. Profiles of wind velocity in saltation. (From Bagnold, 1941.)

44 1In a dimensional plot of wind speed u against height y above the sand bed, if
u 4 is changed, the slope of the velocity profile varies, but the intercept y, does not,
according to Equation 11.1 (see Figure 11-15, an idealization of Figure 11-14). What
Figure 11-15 shows is that when a saltation layer is present the profile of wind speed in
the region above the saltation layer is still logarithmic, but with a significant
modification: profiles for different shear velocities no longer converge on the point (0,
Vo) located on the y axis (where u = 0) but, approximately, on a point (¢, y,"), where uy’
is not equal to zero and y,’is much larger than y,. The effect on the velocity profile
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above the saltation layer is the same as if the roughness of the bed had been increased—
as if, in Equation 4-41 or 4-42 the size of the roughness elements, D, had been increased.
The saltation layer thus adds resistance to the wind, as we deduced at the beginning of
this section.

10_ / =
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Figure by MIT OpenCourseWare.

Figure 11-15. Idealized plot of vertical distribution of wind velocities in saltation. Solid
lines show profiles observed where the particles are fixed to the bed; dashed lines show

profiles observed where particles are saltating over a planar bed of loose sand. (Figure by
G.V. Middleton.)

45 The question then arises: how low does the wind speed become, deep in the
saltation layer, just above the tops of the bed particles? Owen (1964) offered the
following hypothesis, noted in an earlier section: the shear stress exerted by the wind on
the sand bed is just sufficient to maintain the surface particles in a mobile state—which is
much lower than would be the case with the same sand bed and with the same overlying
wind but with the bed particle immovable.

Jump-Distance Distribution

46 The downwind distance traversed by saltating particles ranges from very
short, perhaps of the order of a few millimeters (the minimum saltation distance is partly
a matter of semantics, hinging upon one’s view of the transition from particle movement
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in surface creep to particle movement in saltation) to very long, as much as several
meters in strong winds under which the saltation layer extends upward by more than a
meter. When the flights of a large number of saltating particles in a uniform wind are
considered, there is some well defined probability distribution of jump distances.

47 Measuring the jump-distance frequency distribution is not straightforward.
Direct measurement of jump distances, by means of tracking trajectories
photographically, is likely to be biased toward the longer trajectories, owing to the
greater particle concentrations at lower levels, which tend to obscure the individual
trajectories, and the slower particle speeds, which makes measurements of speeds from
photographic images more difficult. The few attempts at measurement have exploited the
indirect method of measuring the catch of particles in long bed-level traps of various
designs (Kawamura, 1951; Horikawa and Shen, 1960; Belly, 1964).

48 1t is not difficult to show that the jump-distance distribution is related to the
distribution of catch in a horizontal sand trap by

fin=a= 42 (112)

(Kawamura, 1951), where f{ ) is the frequency distribution of saltation jump distances 7,
G is the saltation catch (mass per unit area and unit time) in a horizontal trap with leading
edge at x = 0 and extending downwind in the positive x direction, and G is the total mass
launched into saltation from a unit area in unit time.

49 The few measurements of jump-distance distribution show three significant
features:

* The frequency of jump distances increases monotonically with decreasing jump
distance, apparently right up to the transition to surface creep; in other words,
the maximum of the curve is at very small, or even zero, jump distance.

» The mean jump distance is significantly greater than the spacing of the wind
ripples over which the saltation takes place.

* There is no well-defined maximum jump distance, as is to be expected, given
the gradually decreasing concentration of saltating particles with height, but the
frequency of jump distances several meters long is not negligible.

50 Mass-balance considerations in the context of jump-distance distributions are
enlightening. Think about saltation that is uniform, in the sense that the picture of
saltation is exactly the same at every point along the wind direction. Uniform saltation is
very closely approximated where a sand-moving wind blows steadily over a level sand
surface of great extent. In uniform saltation, the mass of particles launched from a small
unit area of the bed must be equal to the mass of particles arriving onto that area—and,
more specifically, the jump-distance distributions of both the incoming and outgoing
particles must be identical, or the saltation would not be uniform. This is a demanding
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requirement, because each incoming particle gives rise to zero, one, or more outgoing
particle motions with jump distances not likely to be identical to its own. Nature
somehow manages to adjust the jump-distance distribution of outgoing particles to be the
same as that of the incoming particles. There must be a self-regulating mechanism at
work: if not enough downwind transport is engendered from the unit area by the
incoming particles, the intensity of saltation falls off downwind until what leaves matches
what arrives, and if the incoming particles cause an even greater transport rate out of the
area, the saltation transport rate increases until the rate becomes uniform. This
transformation of incoming saltation to outgoing saltation can be described in terms of
what Werner (1990) calls the splash function. The following makes these matters more
concrete.

51 In eolian saltation the mass of moving particles that make contact with a
small reference area on the bed includes particles launched into saltation from a range of
distances upwind, from only a fraction of a particle diameter, in the case of the surface
creep, to as much as a few meters, in the case of the highest-flying particles in saltation.
With x as incoming jump length, let the function gj;(x) represent the jump-distance
distribution of this incoming mass of particles, expressed as mass per unit bed area per
unit time. Similarly, with y as outgoing jump length the function gy /y) represents the
corresponding jump-distance distribution of the outgoing mass of particles. In uniform
saltation, incoming and outgoing mass must be the same for any given jump length, so
gout and gjy are identical distributions. Mathematically this can be expressed as

Tg(X)F(x, y)dx = g(v) (11.3)

Where F(x, ) is the splash function of Werner (1990). Equation 11.3 is an integral
equation—one that contains an integral. A function with the form of F in Equation 11.3
is said to be the kernel of the equation. In this case, a mathematician might call F' a self-
replicating kernel function, because it has the remarkable property of transforming the
other factor in the integral on the left, g(x), into an identical function, g(y), on the right.

52 The requirement, mentioned above, that in uniform saltation the jump-
distance distributions become adjusted so that the incoming and outgoing jump-distance
distributions, g;, and g, are identical and a function of the wind strength can be
expressed in the context of Equation 11.3 as follows. For each value of incoming jump
distance x, the splash function acts on the incoming mass of saltating particles to give a
contribution to the mass distribution of outgoing jump distance, and the sum of all of
these contributions is the outgoing mass distribution of jump distances.

53 What can we say, qualitatively, about the nature of the splash function F?

* The momentum of incoming particles, and therefore their ability to set particles in
motion at any given outgoing jump distance, increases with increasing incoming jump
distance, so F should be a monotonically increasing function of x at constant y for all y,
including y = 0.
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* The mass of particles set in motion by arrival of particles with a given jump distance x
should be greater for smaller outgoing jump distances than for larger, so F should be a
monotonically decreasing function of y for constant x.

* Incoming particles with very small jump distances can give rise to only a narrow range
of jump distances, and therefore relatively small momentum, not much larger than their
own, whereas incoming particles with very large jump distances, and therefore relatively
large momentum, can give rise to a wide range of outgoing jump distances from very
small to even larger than their own, so the overall rate of decrease of F' with increasing y
at constant x should be sharpest for very small x and become gentler with increasing x.

» F must approach zero as x approaches zero, because the mass of particles mobilized
must go to zero as the incoming jump distance, and therefore the momentum of the
incoming particles, goes to zero.

Figure 11-16 shows, qualitatively, what the splash function F might actually look like.

Fixy)

Figure 11-16. A qualitative representation of the splash function.

Saltation Transport Rates

54 It was mentioned in the section on saltation heights that the concentration of
saltating particles tails off gradually upward. This is known from sampling to measure
the transport rate of saltating particles. Such measurement is simple in principle but
somewhat troublesome in actual practice. The common procedure is to install, on a
vertical shaft or frame in the sand, a series of particle-catching devices, which are
uncovered for a fixed time and then the mass of particles caught in each is measured. A
curve of catch versus height is plotted, and the total transport rate is the integral of that
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curve from the bed to a level above the highest saltation heights. Once the transport at
any given level is known, the concentration of the saltating particles at that level can be
found if the time-average wind speed is measured at the same level at the same time,
inasmuch as the transport rate must equal the concentration times the speed of passage of
the parcel of air that contains the particles. Systematic measurements of transport rate
date from the time of Bagnold (1941); see also the early and widely cited work of
Williams (1964).

55 One practical problem is that any such catching devices, no matter how well
designed, inevitably disturb the passing wind to some extent, and even aside from that,
measurements near the sand bed, where the mass flux of particle is greatest, is difficult to
arrange. In recent years, high-resolution measurements using non-intrusive optical
sensors have been developed (e.g., Butterfield, 1999), thus mitigating some of the
problems. Another problem is that it is not easy to measure the transport rate of sediment
moved as surface creep.

56 A more general problem, however, has to do with what is actually being
measured. The wind is gusty on natural sand surfaces. Even on a broad, horizontal sand-
coved plain, the large-scale eddy structure in the lowermost atmosphere means that the
saltation catch varies with time on periods of seconds to many minutes. The problem is
exacerbated on the upwind flanks of sand dunes, owing to the strong wake produced by
an upwind dune. A catch averaged over many minutes may be very different from an
“instantaneous” measurement, taken over a number of seconds. This problem could be
circumvented in a wind tunnel, but the tunnel would have to be large enough that the
saltation profile is fully developed vertically even in very strong winds. Few wind
tunnels are of such a size.

Saltation in Unsteady Winds

57 Inrecent years, increasing attention has been given to how the saltation cloud
adjusts to changing wind conditions, given that winds in the outdoors are
characteristically highly variable, on time scales of minutes to hours. The problem can be
posed as follows. A surface of loose sand lies susceptible to saltation. A strong gust of
wind initiates saltation. How do the conditions of saltation respond? The saltating cloud
responds rapidly. The response of the saltation to the changing wind speed has been
studied in wind tunnels and in the field (e.g., Butterfield, 1991, 1998) (Figure 11-17), and
several numerical models have been developed to account for the observations (e.g.,
Anderson and Haff, 1991; McEwan and Willetts, 1991; Spies and McEwan, 2000; Spies
et al., 2000). In Figure 11-18, from numerical simulations by Spies and McEwan (2000),
you can see how the transport rate develops in time and space: at a given time after onset
of the wind, the transport rate reaches a maximum near the upstream edge of the sand
bed, and the maximum in transport rate moves downstream with time.
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Figure 11-17. Synchronized measurements of transport rate (grams per centimeter width
per second) and shear velocity (meters per second) versus time for a sinusoidally varying
wind velocity. The open squares are for wind velocity, and the heavy curve is for
transport rate. (From Butterfield, 1998.)

58 One significant aspect of the response of saltation to a sudden increase in
wind speed, from below threshold to well above, is that the saltation transport rate first
increases but then decreases somewhat before settling into equilibrium with the wind.
The reason is easy to understand: it takes some time for the effect of theft of fluid
momentum on the part of the saltating particles to develop—so there is a brief period of
time during which the aerodynamic forces on bed particles has not decreased
significantly, while the impact forces exerted by saltating particles on the bed have
already become significant. As the wind adjusts in such a way as to exert a smaller bed
shear stress (see the earlier section), the saltation cloud settles down to a state of
somewhat less vigorous saltation. There is thus a transient maximum in saltation
transport at the outset of a transport event. Spies et al. (2000) have done numerical
simulations of this effect (Figure 11-19).

The Transition from Saltation to Suspension

59 You learned way back in Chapter 3 that the characteristic fluctuations in
velocity in a turbulent flow are a certain small percentage of the mean velocity. Because
of that, the characteristic vertical fluctuating velocity in near-surface winds should
increase with wind speed. If those vertical velocities are sufficiently large, even saltating
sand particles are affected in the trajectories by the fluctuations. Likewise, in a wind with
a given speed, the effect of the velocity fluctuations on particle trajectories increases with
decreasing particle size.
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Image removed due to copyright restrictions.
Please see: Spies, P. J., and I. K. McEwan. "Equilibration of Saltation."
Earth Surface Processes and Landforms 25 (2000): 437-453.

Figure 11-18. Results of numerical simulations to show how saltation transport rate
develops in time and space after initiation of a steady wind.

60 The transition from classic saltation trajectories to trajectories that are non-
negligibly affected by turbulence is an area of study in eolian sedimentation that has less
attention than the study of saltation. A distinction needs to be made here between (1) fine
particles (usually referred to in the eolian literature as dusf), which are raised either
directly by the wind or indirectly by the impact of saltating larger particles on exposed
surfaces of sediment or bedrock, and which go directly into true suspension even at wind
speeds for which vertical fluctuating turbulent velocities are much lower than the settling
velocities of the coarser saltating particles, and (2) sand particles moved by winds so
strong that the vertical fluctuating velocities become comparable to the settling velocities
of the particles, causing particle trajectories to show at least some influence of
turbulence. Nishimura and Hunt (2000) found, in a wind-tunnel study of particle
trajectories, that the transition from saltation to suspension begins to be noticeable when
the shear velocity is still as low as one-tenth the particle settling velocity. As wind
speeds increase beyond that, particle trajectories show greater and greater irregularity due
to interaction with turbulent eddies (Figure 11-20).
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Figure 11-19. Simulated transport rate as a function of time for saltation in a wind tunnel.
The initial shear velocity was 0.37 m/s, and the shear velocity one steady-state saltation
had developed was 0.55 m/s.
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Figure 11-20. Cartoon of the transition from saltation to suspension. A) Saltating
particles are unaffected by fluid turbulence; B) saltating particles are slightly affected by
fluid turbulence; C) particle trajectories are strongly affected by fluid turbulence. (From
Nishimura and Hunt, 2000.)

Models of Eolian Saltation

61 After the early work of Reizes (1978), and concurrently with the development
and elaboration of the concept of the splash function by Werner and co-workers, the
focus of studies of eolian saltation began to shift toward modeling of eolian sediment
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transport as a unified phenomenon with saltation dynamics as the basis (e.g., Anderson
and Hallet, 1986; Ungar and Haff, 1987; Anderson and Haff, 1988; Werner and Haff,
1988; Werner, 1990; Haff and Anderson, 1993). As time has gone on since the late
1980s, with the development of ever greater computing power, numerical models of
eolian transport have become more and more able to simulate the physics of saltation and
the consequences for eolian sediment flux.

62 Models at first aimed at simulating saltation transport in steady and fully
developed winds, of the kind that can be produced without difficulty in a long wind
tunnel (e.g., McEwan and Willets, 1991, 1993a, 1993b; Willetts, 1998). More recent
models have moved on to simulation of unsteady winds—for example, a saltation event
in which a sudden strong wind gust generates a cloud of saltating particles, which
develops in time and with downwind distance, as described in an earlier section (e.g.,
Spies and McEwan, 2000; Spies et al, 2000).

Sand Movement on Mars and Venus

63 Look back at Figure 8-5, in Chapter 8, to remind yourself that the case of
sand transport by wind on the Earth’s surface is only one point in the wide range of
density ratios for which solid particles are transported by fluid flows. The density ratio
for sand movement on Mars (if we assume that the mineral particles available on the
Martian surface are not greatly different in density from those on the surface of the Earth)
lies even farther to the right along the py/p axis than the density ratio for eolian sediment
transport on Earth. In contrast, the Venus case lies not much farther to the right than the
case of transport of ultra-heavy minerals (gold being the obviously important example)
by water flows on the Earth’s surface! It seems fair to say that the great bulk of the
research so far on transport of loose particulate sediment on Mars and Venus has come
from the research group headed by R. Greeley, and especially on the part of J.D. Iversen
and of B.R. White (Greeley et al., 1974; Greeley et al., 1976; Iversen et al., 1975; Iversen
et al. 1976a; Iversen et al. 1976b; Iversen et al. 1976¢; White, 1979; Iversen and White,
1982; White et al., 1987) as well as more recent contributions (e.g., Fenton and
Bandfield, 2003; Bourke et al., 2004). Much of the data and conclusions from the work
of Greeley’s group is presented in the book by Greeley and Iversen (1985). The
emphasis in these notes is on eolian sand movement on Mars, in light of the spectacular
recent advances in our understanding, and the much enhanced interest, that have arisen
from the Rover results.

64 A first-order and seemingly unassailable deduction we can make at the outset
is that saltation should be the dominant mode of movement of sand-size particles on
Mars—because the relative inertia of the particles is even greater than in eolian transport
on Earth. In the case of Venus, for which the density ratio is greater than for sand in
water on Earth by not much more than one order of magnitude, particle trajectories are
much more likely to be affected by the turbulence in the wind than is the case for
saltation on Mars.

65 Look back to the discussion of the effect of density ratio on thresholds, in
Chapter 9, to see that in terms of the Shields diagram, in which the threshold for sediment
motion is expressed in terms of the Shields parameter and the particle Reynolds number,
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the difference between dimensionless threshold for mineral particles in water and for
mineral particles in air is not entirely clear (to me, at least). Given the great differences
in atmospheric density between Earth and Mars, as well as the difference in gravity, you
should expect that when expressed in dimensional terms the thresholds should be quite
different. Figure 11-21 shows a comparison of motion thresholds expressed in terms of
the shear velocity of the wind.
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Figure 11-21. Predicted threshold shear velocity versus particle diameter for Earth, Mars,
and Venus. (From Greeley and Iversen, 1985.)

66 1t seems clear that saltation jump heights and lengths must be much greater on
Mars than on Earth, owing to the greater wind speeds and lesser gravity. Another
significant deduction we can make is that because of the much greater wind speeds on
Mars, together with the even greater relative inertia of the particles, the destructive
effects of impacts of saltating mineral particles on rock surfaces should be even greater
on Mars than on Earth.

REFERENCES CITED

Anderson, R.S., 1989, Saltation of sand: a qualitative review with biological analogy: Royal

346



Society (London), Proceedings, v. B96, p. 149-165.

Anderson, R.S, and Haff, P.K., 1988, Simulation of eolian saltation: Science, v. 241, p. 820-823.

Anderson, R.S., and Haff, P.K., 1991, Wind modification and bed response during saltation of
sand in air, in Barndorff-Nielsen O.E., and Willetts, B.B., eds., Aeolian Grain Transport
1; Mechanics: Acta Mechanica, Supplementum 1, Springer-Verlag, p. 21-51.

Anderson, R.S., and Hallet, B., 1986, Sediment transport by wind: Toward a general model:
Geological Society of America, Bulletin, v. 97, p. 523-535.

Anderson, R.S., Sgrensen, M., and Willetts, B.B., 1991, A review of recent progress in our
understanding of aeolian sediment transport, in Barndorff-Nielsen O.E., and Willetts,
B.B., eds., Aeolian Grain Transport 1; Mechanics: Acta Mechanica, Supplementum 1,
Springer-Verlag, p. 1-19.

Bagnold, R.A., 1941, The Physics of Blown Sand and Desert Dunes: Chapman & Hall, 265 p.

Belly, P.Y., 1964, Sand Movement by Wind: US Army, Corps of Engineers, Coastal Engineering
Research center, Technical Memorandum 1, 38 p.

Bourke, M.C., Bullard, J.E., and Barnouin-Jha, O.S., 2004, Aeolian sediment transport pathways
and aerodynamics at troughs on Mars: Journal of Geophysical research, v. 109, E07005,
16 p.

Butterfield, G.R., 1991, Grain transport rates in steady and unsteady turbulent airflows, in
Barndorff-Nielsen OE, Willetts BB, eds, Aeolian Grain Transport 1; Mechanics: Acta
Mechanica Supplementum 1, Springer-Verlag, p. 97-122.

Butterfield, G.R., 1998, Transitional behaviour of saltation: wind tunnel observations of unsteady
winds: Journal of Arid Environments, v. 39, p. 377-394.

Butterfield, G.R., 1999, Near-bed mass flux profiles in aeolian sand transport: high-resolution
measurements in a wind tunnel: Earth Surface Processes and Landforms, v. 24, p. 393-
412.

Chepil, W.S., 1945, Dynamics of wind erosion I, Nature of movement of soil by wind: Soil
Science, v. 60, p. 305-320.

Chepil, W.S., 1958, The use of evenly spaced hemispheres to evaluate acrodynamic forces on a
soil surface: American Geophysical Union, Transactions, v. 39, p. 397-404.

Chepil, W.S., 1959, Equilibrium of soil grains at the threshold of movement by wind: Soil
Science Society of America, Proceedings, v. 23, p. 422-428.

Chepil, W.S., 1961, The use of spheres to measure lift and drag on wind-eroded soil grains: Soil
Science Society of America, Proceedings, v. 25, p. 343-345.

Einstein, H.A., and El-Samni, E.A. 1949, Hydrodynamic forces on a rough wall: Reviews of
Modern Physics, v. 21, p. 520-524.

Fenton, L.K., and Bandfield, J.L., 2003, Aeolian processes in Proctor Crater on Mars:
Sedimentary history as analyzed from multiple data sets: Journal of Geophysical
research, v. 108 (E12), 5129, 39 p.

Greeley, R., and Iversen, J.D., 1985, Wind As a Geological Process on Earth, Mars, Venus and
Titan: Cambridge University Press, 333 p.

Greeley, R., Iversen J.D., Pollack, J.B., Udovich, N., and White, B., 1974, Wind tunnel studies of
Martian aeolian processes: Royal Society (London), Proceedings, v. A341, p. 331-360.

Greeley, R., White, B., Leach, R., Iversen, J., and Pollack, J., 1976, Mars: wind friction speeds
for particle movement: Geophysical Research Letters, v. 3, p. 417-420.

Haff, P.K., and Anderson, R.S., 1993, Grain scale simulations of loose sedimentary beds: the
example of grain—bed impacts in acolian saltation: Sedimentology, v. 40, p. 175-198.

Horikawa, K., and Shen, H.W., 1960, Sand movement by wind action: US Army, Corps of
Engineers, Beach Erosion Board, Technical Memorandum 119, 51 p.

347



Iversen, J.D., and White, B.R., 1982, Saltation threshold on Earth, Mars and Venus:
Sedimentology, v. 29, p. 111-119.

Iversen, J.D., Greeley, R., White, B.R., and Pollack, J.B., 1975, Eolian erosion of the Martian
surface, Part 1: erosion rate similitude: Icarus, v. 26, p. 321-331.

Iversen, J.D., Pollack, J.B., Greeley, R., and White, B.R., 1976a, Saltation threshold on Mars: the
effect of interparticle force, surface roughness, and low atmospheric density: Icarus, v.
29, p. 381-393.

Iversen, J.D., Greeley, R., and Pollack, J.B., 1976b, Windblown dust on Earth, Mars and Venus:
Journal of the Atmospheric Sciences, v. 33, p. 2425-2429.

Iversen, J.D., Greeley, R., White, B.R., and Pollack, J.B., 1976¢, The effect of vertical distortion
in the modeling of sedimentation phenomena: Martian crater wake streaks: Journal of
Geophysical Research, v. 81, p. 4846-4856.

Kawamura, R., 1951, Study of sand movement by wind: University of California, Berkeley,
Institute of Engineering Research, Technical Report HEL-2-8, 40 p.

Maegley, W.J., 1976, Saltation and Martian sandstorms: Reviews of Geophysics and Space
Physics, v. 14, p. 135-132.

McEwan, 1.K., and Willetts, B.B., 1991, Numerical model of the saltation cloud, i» Barndorft-
Nielsen, O.E., and Willetts, B.B., eds., Aeolian Grain Transport 1; Mechanics: Acta
Mechanica, Supplementum 1, Springer-Verlag, p. 53-66.

McEwan, 1.K., and Willetts, B.B., 1993a, Sand transport by wind: a review of the current
conceptual model, in Pye, K., ed., The Dynamics and Environmental Context of Aeolian
Sedimentary Systems: Geological Society of London, Special Publication 72, p. 7-16.

McEwan, 1.K., and Willetts, B.B., 1993b, Adaptation of the near-surface wind to the development
of sand transport: Journal of Fluid Mechanics, v. 252, p. 99-115.

McGee, W.J., 1908, Outlines of hydrology: Geological Society of America, Bulletin, v. 19, p.
193-220.

Nalpanis, P., Hunt, J.C.R., and Barrett, C.F., 1993, Saltating particles over flat beds: Journal of
Fluid Mechanics, v. 251, p. 661-685.

Nickling, W.G., 1988, The initiation of particle movement by wind: Sedimentology, v. 35, p.
499-511.

Nishimura, K., and Hunt, J.C.R., 2000, Saltation and incipient suspension above a flat particle
bed below a turbulent boundary layer: Journal of Fluid Mechanics, v. 417, p. 77-102.

Owen, P.R., 1964, Saltation of uniform grains in air: Journal of Fluid Mechanics, v. 20, p. 225-
242,

Reizes, J.A., 1978, Numerical study of continuous saltation: American Society of Civil
Engineers, Proceedings, Journal of the Hydraulics Division, v. 104, p. 1305-1321.

Spies, P.J., and McEwan, 1.K., 2000, Equilibration of saltation: Earth Surface Processes and
Landforms, v. 25, p. 437-453.

Spies, P.J., McEwan, K., and Butterfield, G.R., 2000, One-dimensional transitional behaviour in
saltation: Earth Surface Processes and Landforms, v. 25, p. 505-518.

Tsuchiya, Y., 1969, Mechanics of the successive saltation of a sand particle on a granular bed in a
turbulent stream: Kyoto University, Disaster Prevention Research Institute, Bulletin, v.
19, Part 1, no. 152, p. 31-44.

Tsuchiya, Y., 1970, On the mechanics of saltation of a spherical sand particle in a turbulent
stream: Kyoto University, Disaster Prevention Research Institute, Bulletin, v. 19, no. 5, p.
52-57.

Ungar, J.E., and Haff, P.K. 1987, Steady state saltation in air: Sedimentology, v. 34, p. 289-299.
Werner, B.T., 1990, A steady-state model of wind-blown sand transport: Journal of Geology, v.

348



98, p. 1-17.
Werner, B.T., and Haff, P.K., 1988, The impact process in aeolian saltation: two-dimensional
simulation: Sedimentology, v. 35, p. 189-196.

White, B.R., 1979, Soil transport by winds on Mars: Journal of Geophysical Research, v. 84, p.
4643-4651.

White, B.R., and Schulz, J.C., 1977, Magnus effect in saltation: Journal of Fluid Mechanics, v.
81, p. 497-512.

White, B.R., Leach, R.N., Greeley, R., and Iversen, J.D., 1987, Saltation threshold experiments
conducted under reduced gravity conditions: AIAA, 25th Aerospace Sciences Meeting,
12-15 January, Reno, Nevada, Paper AIAA-87-0621, 9 p.

Willetts, B.B., 1998, Aeolian and fluvial transport: Royal Society (London), Philosophical
Transactions, Series A, v. 356, p. 2497-2513.

Willetts, B.B., and Rice, M.A., 1985, Intersaltation collisions, in Barndorff-Nielsen, O.E., ed.,
Proceedings of the International Workshop on the Physics of Blown Sand: Demark,
University of Aarhus, Department of Theoretical Statistics, Memoir 8, p. 83-100.

Williams, G., 1964, Some aspects of the eolian saltation load: Sedimentology, v. 3, p. 257-287.

Zingg, A.W., 1952, A study of the characteristics of sand movement by wind: M.S. thesis, Kansas
State College, 79 p.

Zingg, A.W., 1953, Wind tunnel studies of the movement of sedimentary material: State
University of lowa, lowa Institute of Hydraulic Research, Fifth Hydraulics Conference,
Proceedings, McNown, J.S., and Boyer, M.C., eds., p. 111-136.

349




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


